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Two volunteers help demonstrate and install solar panels in Highland Park, Michigan, in May 2021. The event was hosted by the local 
nonprofit Soulardarity, which teaches local residents about solar power, installs solar-powered streetlights that also provide wireless 
internet access, and helps local communities build a just and equitable energy system. Adopting energy storage with decentralized 
solutions, such as microgrids or off-grid systems, can promote energy equity in overburdened communities. Photo credit: Nick Hagen.
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Startlement
by Ada Limón, 24th Poet Laureate Consultant in Poetry at 
the Library of Congress

It is a forgotten pleasure, the pleasure 
of the unexpected blue-bellied lizard

skittering off his sun spot rock, the flicker 
of an unknown bird by the bus stop.

To think, perhaps, we are not distinguishable 
and therefore no loneliness can exist here.

Species to species in the same blue air, smoke— 
wing flutter buzzing, a car horn coming.

So many unknown languages, to think we have 
only honored this strange human tongue.

If you sit by the riverside, you see a culmination 
of all things upstream. We know now,

we were never at the circle’s center, instead 
all around us something is living or trying to live.

The world says, What we are becoming, we are 
becoming together.

The world says, One type of dream has ended 
and another has just begun.

The world says, Once we were separate, 
and now we must move in unison.

A poem written for the Fifth National Climate Assessment. 
© 2023 Ada Limón. All Rights Reserved.
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About This Report
The Global Change Research Act of 19901 mandates that the US Global Change Research Program (USGCRP) deliver a report to Congress 
and the President not less frequently than every four years that “integrates, evaluates, and interprets the findings of the Program and 
discusses the scientific uncertainties associated with such findings; analyzes the effects of global change on the natural environment, 
agriculture, energy production and use, land and water resources, transportation, human health and welfare, human social systems, and 
biological diversity; and analyzes current trends in global change, both human-induced and natural, and projects major trends for the 
subsequent 25 to 100 years.”

The Fifth National Climate Assessment (NCA5) fulfills that mandate by delivery of this Assessment and provides the scientific foundation 
to support informed decision-making across the United States. By design, much of the development of NCA5 built upon the approaches 
and processes used to create the Fourth National Climate Assessment (NCA4),2 with a goal of continuously advancing an inclusive, diverse, 
and sustained process for assessing and communicating scientific knowledge on the impacts, risks, and vulnerabilities associated with a 
changing global climate (App. 1). 

The findings in this report are based on a comprehensive review and assessment of information sources determined to meet the standards 
and documentation required under the Information Quality Act and the Foundations for Evidence-Based Policymaking Act of 2018 (App. 2), 
including peer-reviewed literature, other literature, Indigenous Knowledge, other expert and local knowledge, and climate data processed 
and prepared for authors by NOAA’s Technical Support Unit (TSU; see Guide to the Report section below and App. 3). 

NCA5 was thoroughly reviewed by Federal Government experts, external experts, and the public multiple times throughout the report 
development process. An expert external review was performed by an ad hoc committee of the National Academies of Sciences, 
Engineering, and Medicine.3 Additional information on the development of this Assessment can be found in Appendix 1: Assessment 
Development Process.
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Guide to the Report

Intended Audience
The products of the US Global Change Research Program are designed to assist the Nation and the world in understanding, assessing, 
predicting, and responding to human-induced and natural processes of global change. National Climate Assessments synthesize scientific 
information and evaluate the state of the science on climate change to inform a broad audience of decision-makers across the country. 
These decision-makers include national, state, local, and Tribal governments, city planners, public health officials, adaptation specialists, 
nurses, farmers, business owners, community organizers, researchers, water utilities, ecosystem managers, educators, students, the media, 
and concerned individuals who need to make timely decisions about the climate impacts they are facing. National Climate Assessments 
make policy-neutral and policy-relevant information accessible and actionable by relying on the expert judgment of the report authors 
to determine what topics are included in each chapter, to describe what we know and where uncertainties remain, and to clearly 
communicate the risks, responses, and opportunities associated with climate change.

Categories of Chapters and Their Scope

Overview
The Overview chapter presents the major findings of the 
report alongside highlights drawn from across NCA5. This 
chapter provides a synthesis of material from the underlying 
report chapters.

Physical Science Chapters
The Climate Trends and Earth Systems Processes chapters (Chs. 
2, 3) assess how climate change affects physical Earth systems, 
with a focus on the United States, including observations and 
projections of climate change and discussion of how methods 
to understand changes in Earth systems have advanced since 
NCA4, which was released in November 2018. 

National Topic Chapters
The national topic chapters (Chs. 4–20) summarize current and 
future risks related to climate change and what can be done to 
reduce those risks for a variety of societal and economic sectors 
of the United States. This Assessment builds on the range of 
topics covered in NCA4 by adding two new chapters: Economics 
(Ch. 19) and Social Systems and Justice (Ch. 20).

Regional Chapters
The regional chapters (Chs. 21–30) assess current and future 
risks posed by climate change to each of the 10 NCA5 regions 
(Figure 1). These chapters provide detailed discussions of 
region-specific challenges, opportunities, and success stories 
for managing risks and impacts. 
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Fifth National Climate Assessment Regions

The Fifth National Climate Assessment explores subnational climate change risks, impacts, and responses in each of the 10 regions shown. 
Figure 1. The map shows the 10 US regions that correspond to the 10 regional chapters of the report (Chs. 21–30). The same regional boundaries are used in text 
and figures throughout the Assessment to provide regional-scale information where appropriate. Adapted from USGCRP 2018.2 
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Response Chapters
The response chapters (Ch. 31: Adaptation and Ch. 32: 
Mitigation) assess the science of adapting to a changing climate, 
emissions reductions, and other efforts that together describe 
the US’s existing and potential response to climate change, 
including benefits, trade-offs, targets, limitations, and best 
practices. The National Climate Assessment does not evaluate or 
recommend specific adaptation or mitigation policies.

Focus on… Features
To better address critical and timely topics with themes that 
span the Assessment chapters, NCA5 pioneered a new feature: 
a set of five “Focus on…” boxes on important cross-cutting 
issues. High-priority topics were nominated by authors during 
early development of the report; final topics were approved 
for inclusion by the Federal Steering Committee. Authors 
from multiple NCA5 chapters assessed literature, coordinated 
cross-report discussions, and contributed text and figures to 
these features. 

Appendices
The first three appendices outline the development process, 
legal standards of scientific quality for assessing scientific 
information, and the climate scenarios and datasets used to 
support author assessment. Appendix 4 explores indicators of 
observed climate-related changes that support findings across 
NCA5. Appendix 5 is a glossary defining select terms in the 
context of how they are typically used across the Assessment.

Glossary of Terms
Throughout the online version of the report, definitions of 
terms in the glossary (App. 5) are accessible via an interactive 
hover-over feature where text appears with a dotted underline. 
Any usage of a term that differs from the glossary definition is 
explicitly defined within chapter text.

Artwork and Gallery
The NCA5 Art × Climate gallery showcases the work of visual 
artists across the country. These artworks and their accom-
panying descriptions speak to the causes and impacts of 
climate change, as well as the ways that people are responding. 
Submissions of visual art were collected through a public call, 
and finalists were selected by a jury panel of experts (App. 1). 
Artworks that appear throughout the PDF version of the report 
are denoted by a teal border. The artworks and associated 
artists’ statements are not Assessment products and do not 
necessarily represent the views of the authors or USGCRP.
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Structure and Format of Chapter Content

Key Messages
Chapters are centered around Key Messages, which are 
conclusions based on authors’ expert judgment and synthesis of 
the assessed information sources. Many Key Messages present 
findings in the context of risks to natural and/or human systems. 
The text supporting each Key Message provides evidence, 
discusses implications, identifies intersections between systems 
or hazards, and presents examples of paths to greater resilience.

Confidence and Likelihood
Evaluating confidence and likelihood is a key part of the 
assessment process. As in previous Assessments, NCA5 uses 
specific terms to convey information about scientific confidence 
and certainty associated with important findings, observa-
tions, and projections. Chapter authors use a range of calibrated 
terms adopted from the Intergovernmental Panel on Climate 
Change (IPCC) Fifth Assessment Report4 to describe the levels of 
confidence and, where appropriate, the assessment of likelihood 
associated with the statements in their Key Messages (Tables 1, 2). 

• Confidence in a finding is based on the type, amount, 
quality, strength, and consistency of evidence; the skill, 
range, and consistency of methods to detect, evaluate, 
attribute, and interpret climate trends; and the degree of 
agreement across scientific information sources.

• Likelihood of a finding is based on measures of certainty 
expressed probabilistically; in other words, based on 
statistical analysis of observed or projected results or on the 
authors’ expert judgment based on their assessment across 
scientific information sources.

These calibrated terms are presented in parentheses and set in 
italics after relevant phrases or sentences in the Key Messages. 
Statements in Key Messages that do not include either likelihood 
or confidence terms are intended as statements of fact. In some 
cases, calibrated likelihood assessments are also included in 
italics in the narrative text supporting Key Messages. 

Table 1. Calibrated Language for Confidence Assessment

The NCA5 calibrated uncertainty language listed here and in Table 2 follows standards developed 
for the Intergovernmental Panel on Climate Change Fifth Assessment Report. The confidence 
levels listed below are used to reflect the quantity, quality, and degree of agreement across the 
evidence base underpinning an assessment finding. Source: Mastrandrea et al. 20114

Confidence Level Definition

Very high
• Strong evidence (established theory, multiple sources, well-docu-

mented and accepted methods, etc.)
• High consensus

High
• Moderate evidence (several sources, some consistency, methods 

vary and/or documentation limited, etc.)
• Medium consensus

Medium
• Suggestive evidence (a few sources, limited consistency, methods 

emerging, etc.)
• Competing schools of thought

Low
• Inconclusive evidence (limited sources, extrapolations, inconsistent 

findings, poor documentation and/or methods not tested, etc.)
• Disagreement or lack of opinions among experts

Table 2. Calibrated Language for Likelihood Assessment 

The calibrated uncertainty terms below are used to express a probabilistic assessment across the 
evidence base of the likelihood of observed or projected results. Source: Mastrandrea et al. 2011.4

Likelihood Assessment Numeric Probability of Outcome

Virtually certain 99%–100%

Very likely 90%–100%

Likely 66%–100%

As likely as not 33%–66%

Unlikely 0%–33%

Very unlikely 0%–10%

Exceptionally unlikely 0%–1%
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Traceable Accounts
Each chapter concludes with a section entitled Traceable 
Accounts, which provides information on the overall process 
used to develop the chapter as well as a separate Traceable 
Account section for each Key Message. These Traceable 
Accounts describe the supporting evidence behind each Key 
Message, the process and rationale authors used in reaching 
their conclusions, and the author team’s expert assessment of 
the confidence in and, where applicable, likelihood of these 
conclusions. As such, Traceable Accounts provide information 
about the state of the science, document sources of uncertainty, 
identify research gaps, and allow traceability to data and 
resources. 

Additional information on Key Messages and Traceable Accounts 
can be found in the Front Matter for NCA4.2

Figures and Tables
Each figure in the report includes a figure number and title, 
a figure intent, and a caption. The figure title (embedded at 
the top of the figure) briefly describes what is shown in the 
figure, the figure intent (shown below the figure) provides a key 
takeaway message of the figure, and the caption (shown below 
the figure intent) provides additional information on how to 
interpret the elements of the figure. Where original figures have 

been developed for the Assessment, the figure credit listed at 
the end of the caption notes the affiliation of the NCA5 authors 
or contributors responsible for the development of the figure. 

Each figure and some tables are accompanied by a metadata 
survey, which can be accessed in the online version of the report 
by clicking on the eyeball icon above the figure or table (see the 
table below for explanations of additional icons used throughout 
the report). The metadata survey describes data sources, figure 
or table development methods, copyright information, and other 
important documentation. All figures that appear in the online 
version of the report are also accompanied by alternative text 
for screen readers.

Icon Description

Share a chapter, chapter section, figure, table, box, or other 
content element

Access metadata for a table or figure

Download a figure

Access additional information about a figure, table, or box 
in the Climate Resilience Toolkit

Access additional information about a figure, table, or box 
in the NCA5 Atlas

Metrics and Definitions Used Across the Report
Economic Estimates 
Unless otherwise noted, economic estimates in this report have been converted to 2022 US dollars using the US Bureau of Economic 
Analysis’s Implicit Price Deflators for Gross Domestic Product, Table 1.1.9.12 Where documented in the underlying literature, discount rates 
in specific estimates in this Assessment are noted next to those projections.

Use of Scenarios
Climate modeling experts develop global climate projections for a range of realistic futures. These projections capture variables such as the 
relationship between human behavior, greenhouse gas (GHG) emissions, the Earth system processes and responses to changes in concen-
tration of GHGs in our atmosphere and oceans, and resulting impacts, including temperature change and sea level rise. Because there are 

https://apps.bea.gov/iTable/?reqid=19&step=3&isuri=1&1921=survey&1903=11
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uncertainties inherent in all of these factors—especially human behavior and the choices that determine emissions levels—the resulting 
range of projections are not predictions but instead reflect multiple potential pathways for our collective future (Ch. 2). The scenarios do 
not have relative likelihoods assigned and are all plausible futures.

NCA5 authors were advised to assess the full range of scenarios available. While use of specific scenarios was not mandated across the 
report, authors were encouraged to report impacts under more than one scenario in order to describe a range of possible outcomes. Few 
climate projections extend past 2100, limiting the information available for authors to evaluate trends 100 years into the future (Box A3.1). 

To help communicate author findings effectively, the naming convention with simplified summary descriptions shown in Table 3 is used 
across the report to describe the Representative Concentration Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs) used in 
Phases 5 and 6 of the Coupled Model Intercomparison Project (CMIP5 and CMIP6), respectively. Scenarios other than those described in 
Table 3 are referred to by name. 

Table 3. Descriptive Terms for Common Climate Scenarios Used in NCA5

This table summarizes the terms used to describe scenarios from Phases 5 and 6 of the Coupled Model Intercomparison Project (CMIP5 and CMIP6). This standardized terminology is 
used throughout the report when discussing scenarios to facilitate easier comparison by readers. Sources: Arias et al. 2021; Gidden et al. 2019; Meinshausen et al. 2020; O’Neil et al. 
2017; Riahi et al. 2017; van Vuuren et al. 2011 5,6,7,8,9,10

Climate 
Scenario Descriptor

CMIP5 CMIP6 Summary

Very High Scenario RCP8.5 SSP5-8.5

Among the scenarios described here, these reflect the highest range of carbon dioxide (CO2) emissions and no 
mitigation. Total annual global CO2 emissions in 2100 are quadruple emissions in 2000 (RCP8.5 and SSP5-8.5). 
Population growth in 2100 doubles from 2000 in RCP8.5, but the SSP5-8.5 population remains relatively stable, with 
approximately 13% growth in 2100 from 2005. Both scenarios include fossil fuel development, but SSP5-8.5 has higher 
economic growth than RCP8.5. 

High Scenario RCP6.0 SSP3-7.0

These scenarios reflect high CO2 emissions with limited (RCP6.0) or no (SSP3-7.0) mitigation. Total annual CO2 
emissions in 2100 are more than 75% higher than in 2000 in RCP6.0, and triple that of 2000 emissions in SSP3-7.0. 
Compared to 2000, both scenarios include expanded fossil fuel development and population growth but slow 
economic growth.

Intermediate Scenario RCP4.5 SSP2-4.5
These scenarios reflect reductions in CO2 emissions from current levels. Total annual CO2 emissions in 2100 are 46% 
(RCP4.5) and 67% (SSP2-4.5) less than the year 2000. Mitigation efforts include low-carbon technology (SSP2-4.5) and 
expanded renewable energy compared to 2000 (RCP 4.5).

Low Scenario RCP2.6 SSP1-2.6
These scenarios reflect rapidly declining and net-negative CO2 emissions (with CO2 removal from the atmosphere 
exceeding human-caused emissions) by 2100. Mitigation efforts include increased renewable energy. Adaptive capacity 
reflects effective governance institutions, reduced inequality, and international cooperation (SSP1-2.6).

Very Low Scenario n/a SSP1-1.9

Among the scenarios described here, SSP1-1.9 reflects the greatest reduction in global greenhouse gas emissions 
and substantial CO2 removal from the atmosphere. Total annual CO2 emissions have a steeper decline than SSP1-2.6, 
dropping by more than 145% by 2100 compared to 2000. Mitigation efforts include a shift to nuclear and renewable 
energy and sustainable land use. Adaptive capacity benefits from international cooperation and sharing of technology.
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Box 1. Global Warming Levels Measure How Much the Planet Has Warmed
In this report, the term “global warming level” is used to describe the level of global temperature increase relative to preindustrial temperatures conditions (the 1850–1900 
average). A given global warming level is reached when global annual warming, defined by the average temperature over multiple decades, exceeds a specified level. Although 
this Assessment primarily reports temperatures in Fahrenheit, global warming levels are usually reported and more widely known in degrees Celsius. For example, the 
Paris Agreement set a goal of holding the increase in global average temperature to “well below” 2°C (3.6°F) and pursuing efforts to limit the temperature increase to 1.5°C 
(2.7°F) above preindustrial levels. Thus, global warming levels are typically defined in this report with their Celsius value first and their Fahrenheit value in parentheses.

Internal variability in the climate system means that even as the world rapidly warms, some years will be hotter and some years will be cooler than the multidecadal average. 
This annual variability means that even if a single year occurs in which Earth is 1.5°C (2.7°F) hotter than the preindustrial average, the 1.5°C global warming level has not neces-
sarily been reached. Conversely, such variability also means that climate impacts projected to occur at a given global warming level may occur earlier than expected, before that 
level is reached in terms of multidecadal average temperatures. In addition, temperatures in some parts of the world are warmer or cooler than the global average. For example, 
a global warming level of 2°C (3.6°F) would result in regional temperatures in parts of the United States that are more than 2°C above preindustrial levels (Figure 1.14). 

Global warming levels are not thresholds; they do not represent “safe” levels of warming, nor does exceeding a particular global warming level mean that it is too late to slow or 
halt many of the impacts of climate change by reducing greenhouse gas emissions. Continued action to reduce emissions can avoid the worst impacts of climate change and 
provide valuable benefits to society and ecosystems no matter what global warming level is reached or exceeded. At regional or local scales, climate impacts, such as increased 
risks of extreme weather, depend on changes to underlying drivers like local temperatures and rainfall. These changes in turn depend on the level of global warming. The level of 
global warming depends on future emissions, which depend on human actions. This means that future projections are conditional: when or if Earth reaches a particular level of 
warming is largely dependent on human choices.

To support decision-making related to 
future sea level risks, a set of five specific 
trajectories were selected to cover a 
range of plausible future global mean 
sea level conditions. Table 4 displays the 
naming convention used by NCA5 authors 
to describe the range of possible rise in 
global and US sea levels. Although the 
sea level rise scenarios in Table 4 were 
developed using global warming levels 
derived from the Shared Socioeconomic 
Pathways and there are similarities in the 
naming conventions (e.g., low, interme-
diate, high), they have distinct definitions 
and are used in different ways from 
the climate scenarios shown in Table 3 
(App. 3).11

Additional information on scenarios can be 
found in the Overview and in Appendix 3.

Table 4. Descriptive Terms for Common Sea Level Rise Scenarios Used in NCA5 

Future global mean sea level rise and sea level rise along United States coastline are shown for five scenarios in feet 
(and meters), relative to a 2000 baseline. The US values shown in the right half of the table are averaged across the US 
coastal regions, including the contiguous US, Alaska, Hawai‘i and the US-Affiliated Pacific Islands, and the US Caribbean. 
The national values shown in the table differ substantially from regional values. For example, sea level rise is higher in 
the Gulf Coast and lower or even negative in some parts of Alaska. In the next 30 years (2020–2050), sea level along the 
contiguous US coasts is expected to rise 0.92 feet (0.28 m), the same amount of sea level rise observed over the last 100 
years (1920–2020). See Chapter 9 for regional sea level information. Adapted from Sweet et al. 2022.11

Sea Level Rise 
Scenario Descriptor

Global Mean Sea Level United States

Year 2050 2100 2150 2050 2100 2150

Low 0.49 (0.15) 0.98 (0.3) 1.31 (0.4) 0.59 (0.18) 0.98 (0.3) 1.64 (0.5)

Intermediate-Low 0.66 (0.20) 1.64 (0.5) 2.62 (0.8) 0.75 (0.23) 1.64 (0.5) 2.95 (0.9)

Intermediate 0.92 (0.28) 3.28 (1.0) 6.23 (1.9) 0.89 (0.27) 3.28 (1.0) 6.89 (2.1)

Intermediate-High 1.21 (0.37) 4.92 (1.5) 8.86 (2.7) 1.12 (0.34) 4.92 (1.5) 8.86 (2.7)

High 1.41 (0.43) 6.56 (2.0) 12.14 (3.7) 1.38 (0.42) 6.56 (2.0) 12.46 (3.8)

https://unfccc.int/sites/default/files/resource/parisagreement_publication.pdf
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Key Advances Since the  
Fourth National Climate Assessment

Advances since the publication of the Fourth National Climate Assessment (2017–2018) have 
led to new understanding of the changing climate system, the resulting impacts on society, and 
approaches to reduce risks. See Appendix 1 for advances in the development process of NCA5.

Physical Climate Science
Reduced uncertainty: New observations combined with 
improved modeling provide multiple lines of evidence 
supporting advances in understanding and projections of climate 
change. Improved understanding has significantly narrowed the 
estimated range of global warming expected from a doubling of 
CO2 in the atmosphere to 4.5°–7.2°F (2.5°–4.0°C). (KMs 3.2, 3.3)

Improved attribution: Advances have increased confidence 
in the linkages between many weather disasters and climate 
change, and scientists can now estimate the role of climate 
change in some types of extreme events in real time. For 
example, climate change was estimated to have increased the 
rainfall of Hurricane Harvey in 2017 by about 15% to 20%. (Ch. 2; 
Introduction; KMs 2.2, 3.3)

Incorporating socioeconomics: New model projections are 
based on policy-relevant scenarios that span plausible future 
social and economic development pathways (Table 3). These 
scenarios allow for a deeper exploration of the interactions 
between development and emissions pathways, as well as 
technology pathways to reach net-zero emissions goals. (KMs 
2.3, 3.2, 6.3, 32.2; App. 3)

New models: The latest generation of Earth system models 
incorporates more detailed simulations of the physical 
climate system and provides improved understanding of how 
regional-scale processes will change with warming. (KM 3.3)

Risks and Impacts
Connecting justice: More information is available on dispropor-
tionate climate change impacts on overburdened communities, 
including a better understanding of how climate impacts 
exacerbate, and are exacerbated by, social inequities. (KMs 4.2, 
9.2, 11.2, 12.2, 14.3, 15.2, 16.1, 19.1, 21.3, 26.4, 27.1, 31.2; Introductions 
in Chs. 16, 17, 20)

Untangling interconnections: Observations and enhanced 
modeling highlight the compounding and cascading effects 
of climate change on interconnected food, energy, and water 
systems. Understanding of how climate change affects national 
security, sustainable and equitable development, and disaster 
risk reduction and recovery has improved. (Chs. 17, 18; KMs 4.2, 
5.2, 6.1, 6.2, 12.2, 19.3) 

Damages by degrees: Improved understanding of the risks 
human and environmental systems face under each additional 
increment of global warming has helped scientists quantify 
potential damages to health, ecosystems, livelihoods, and the 
economy (see Box 1). (Ch. 8, Introduction; KM 19.1)



Fifth National Climate Assessment xxix

Responses
Sophisticated support: Improved tools, data, and climate 
projections needed to support adaptation, mitigation, and 
resilience measures are becoming more widely available, 
including advancements in quantifying the economic, health, 
and environmental benefits from climate actions and better 
documentation of how the benefits and burdens of investments 
are distributed. (Ch. 4, Introduction; KMs 5.3, 7.3, 11.3, 12.2, 13.2, 
31.5, 32.4; Box 17.1)

Understanding people: The social sciences are providing 
new insights into how people experience climate change and 
how climate actions are understood, communicated, and 
implemented. Increased documentation of institutional changes, 
partnerships, knowledge sharing, and sustainable financing 
options are supporting climate action at multiple levels of 
government. (KMs 12.3, 31.4, 31.6; Ch. 20)

Indigenous Knowledge: Growing efforts to integrate Indigenous 
Knowledge in community adaptation actions build on 
accumulated knowledge that has enabled Indigenous Peoples 
to adapt to environmental change for millennia. (KMs 16.3, 25.5, 
27.6, 28.2, 29.5, 30.5; Box 27.2)

Real-world examples: More examples of adaptation in practice, 
such as green infrastructure, nature-based solutions, and 
changes in governance and financing, are now available. Cities 
and states that have implemented adaptation actions are sharing 
best practices and aiding cooperation, and many communities 
are learning from climate change responses led by Tribal and 
Indigenous Peoples. (KMs 12.3, 16.3; Ch. 31)

Reporting Suspected Errata
In case of a suspected error in this report, please send an email containing the following information to nca-errata-group@usgcrp.gov:

Your full name 
Your organization (if applicable) 
Chapter and section (e.g., chapter title, Key Message number, or figure number) 
An explanation of your concern

mailto:nca-errata-group%40usgcrp.gov?subject=
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The Fifth National Climate Assessment documents observed 
and projected vulnerabilities, risks, and impacts associated with 
climate change across the United States and provides examples of 
response actions underway in many communities. This Overview 
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How the United States Is Addressing Climate Change

The effects of human-caused climate change are already far-reaching and worsening across 
every region of the United States. Rapidly reducing greenhouse gas emissions can limit future 
warming and associated increases in many risks. Across the country, efforts to adapt to climate 
change and reduce emissions have expanded since 2018, and US emissions have fallen since 
peaking in 2007. However, without deeper cuts in global net greenhouse gas emissions and 
accelerated adaptation efforts, severe climate risks to the United States will continue to grow.

Future climate change impacts depend on 
choices made today
The more the planet warms, the greater the impacts. Without 
rapid and deep reductions in global greenhouse gas emissions 
from human activities, the risks of accelerating sea level rise, 
intensifying extreme weather, and other harmful climate impacts 
will continue to grow. Each additional increment of warming is 
expected to lead to more damage and greater economic losses 
compared to previous increments of warming, while the risk 
of catastrophic or unforeseen consequences also increases. 
{2.3, 19.1}

However, this also means that each increment of warming that 
the world avoids—through actions that cut emissions or remove 
carbon dioxide (CO2) from the atmosphere—reduces the risks 
and harmful impacts of climate change. While there are still 
uncertainties about how the planet will react to rapid warming, 
the degree to which climate change will continue to worsen is 
largely in human hands. {2.3, 3.4}

Taelyn B.

In addition to reducing risks to future generations, rapid 
emissions cuts are expected to have immediate health and 
economic benefits (Figure 1.1). At the national scale, the benefits 
of deep emissions cuts for current and future generations are 
expected to far outweigh the costs. {2.1, 2.3, 13.3, 14.5, 15.3, 32.4; 
Ch. 2, Introduction}

https://nca2023.globalchange.gov/art-climate/#art-Taelyn-B.
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Climate Change Risks and Opportunities in the US

Climate change presents risks while action to limit warming and reduce risks presents opportunities for the US.
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Figure 1.1. (top left) Changes in multiple aspects of climate are apparent in every US region. The five maps present observed changes for five 
temperature, precipitation, and sea level rise metrics: 1) warming is apparent in every region (based on changes in annual average temperature 
in 2002–2021 compared to the 1901–1960 average for the contiguous United States, Hawai‘i, and Puerto Rico and to 1925–1960 for Alaska); 2) 
the number of warm nights per year (days with minimum temperatures at or above 70°F in 2002–2021 compared to 1901–1960) is increasing 
everywhere except the Northern Great Plains, where they have decreased, and in Alaska, where nights above 70°F are not common; 3) average 
annual precipitation is increasing in most regions, except in the Northwest, Southwest, and Hawai‘i, where precipitation has decreased (same time 
periods as annual average temperature); 4) heavy precipitation events are increasing everywhere except Hawai‘i and the US Caribbean, where there 
has been a decrease (trends over the period 1958–2021); and 5) relative sea levels are increasing along much of the US coast except in Oregon, 
Washington, and Alaska, where there is a mix of both increases and decreases (trends over 1990–2020). {2.2, 9.1; Figures 2.4, 2.5, 2.7, 2.8} 
(top center) Every fraction of a degree of additional warming will lead to increasing risks across multiple sectors in the US (see Table 1.2 and 
“Current and Future Climate Risks to the United States” below). Without rapid, substantial reductions in the greenhouse gases that cause global 
warming, these climate risks in the US are expected to increase. 
(top right) People born in North America in 2020, on average, will be exposed to more climate-related hazards compared to people born in 1965. 
How many more extreme climate events current generations experience compared to previous generations will depend on the level of future 
warming. {Figure 15.4} 
(bottom left) This climate stripes chart shows the observed changes in US annual average surface temperature for 1951–2022 and projected 
changes in temperature for 2023–2095 for five climate scenarios, ranging from a very high scenario, where greenhouse gas emissions continue 
to increase through most of the century, to a very low scenario, where emissions decline rapidly, reaching net zero by around midcentury (see 
Figure 1.4 and Table 3 in the Guide to the Report). Each vertical stripe represents the observed or projected change in temperature for a given year 
compared to the 1951–1980 average; changes are averaged over all 50 states and Puerto Rico but do not include data for the US-Affiliated Pacific 
Islands and the US Virgin Islands (see also Figure 1.13). 
(bottom right) Although climate benefits from even the most aggressive emissions cuts may not be detectable before the middle of the century, 
there are many other potential near-term benefits and opportunities from actions that reduce greenhouse gas emissions. {2.3, 8.3, 10.3, 13.3, 14.5, 
15.3, 19.1, 31.3, 32.4}
Figure credits: (top left, top center, top right, bottom right) USGCRP, USGCRP/ICF, NOAA NCEI, and CISESS NC; (bottom left) adapted from panel (c) 
of Figure SPM.1 in IPCC 2023. 

https://doi.org/10.59327/IPCC/AR6-9789291691647.001
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Box 1.1. Mitigation, Adaptation, and Resilience

Throughout this report, three important terms are used to describe the 
primary options for reducing the risks of climate change:

• Mitigation: Measures to reduce the amount and rate of future 
climate change by reducing emissions of heat-trapping gases 
(primarily carbon dioxide) or removing greenhouse gases from 
the atmosphere.

• Adaptation: The process of adjusting to an actual or expected envi-
ronmental change and its effects in a way that seeks to moderate 
harm or exploit beneficial opportunities.

• Resilience: The ability to prepare for threats and hazards, adapt 
to changing conditions, and withstand and recover rapidly from 
adverse conditions and disruptions.

US emissions have decreased, while the 
economy and population have grown 

Annual US greenhouse gas emissions fell 12% between 2005 
and 2019. This trend was largely driven by changes in electricity 
generation: coal use has declined, while the use of natural gas 
and renewable technologies has increased, leading to a 40% 
drop in emissions from the electricity sector. Since 2017, the 
transportation sector has overtaken electricity generation as the 
largest emitter. {11.1, 13.1, 32.1; Figures 32.1, 32.3}

As US emissions have declined from their peak in 2007, the 
country has also seen sustained reductions in the amount 
of energy required for a given quantity of economic activity 
and the emissions produced per unit of energy consumed. 
Meanwhile, both population and per capita GDP have continued 
to grow. {32.1; Figures 32.1, 32.2}

Recent growth in the capacities of wind, solar, and battery 
storage technologies is supported by rapidly falling costs of 
zero- and low-carbon energy technologies, which can support 
even deeper emissions reductions. For example, wind and solar 
energy costs dropped 70% and 90%, respectively, over the last 
decade, while 80% of new generation capacity in 2020 came 
from renewable sources (Figures 1.2, 1.3). {5.3, 12.3, 32.1, 32.2; 
Figure A4.17} 

Across all sectors, innovation is expanding options for reducing 
energy demand and increasing energy efficiency, moving to 
zero- and low-carbon electricity and fuels, electrifying energy 
use in buildings and transportation, and adopting practices that 
protect and improve natural carbon sinks that remove and store 
CO2 from the atmosphere, such as sustainable agricultural and 
land-management practices. {11.1, 32.2, 32.3; Boxes 32.1, 32.2; 
Focus on Blue Carbon}

James Keul

https://nca2023.globalchange.gov/art-climate/#art-James-Keul
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Historical Trends in Unit Costs and 
Deployment of Low-Carbon Energy 
Technologies in the United States
Increasing capacities and decreasing 
costs of low-carbon energy 
technologies are supporting efforts to 
further reduce emissions.
Figure 1.2. Costs of onshore wind 
(a), solar photovoltaics (b), and 
electric vehicle (EV) batteries (c) 
have decreased sharply since 2000 
(data shown here start in 2010), as 
the cumulative capacities of wind 
and solar generation (d and e) and 
the cumulative number of EVs sold 
(f) have increased. {Figure 32.8} 
Figure credit: Electric Power Research 
Institute, National Renewable 
Energy Laboratory, NOAA NCEI, and 
CISESS NC.
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Accelerating advances in adaptation can help 
reduce rising climate risks

As more people face more severe climate impacts, individuals, 
organizations, companies, communities, and governments are 
taking advantage of adaptation opportunities that reduce risks. 
State climate assessments and online climate services portals 
are providing communities with location- and sector-specific 
information on climate hazards to support adaptation planning 
and implementation across the country. New tools, more data, 
advancements in social and behavioral sciences, and better 
consideration of practical experiences are facilitating a range of 
actions (Figure 1.3). {7.3, 12.3, 21.4, 25.4, 31.1, 31.5, 32.5; Table 31.1} 

Actions include:

• Implementing nature-based solutions—such as restoring 
coastal wetlands or oyster reefs—to reduce shoreline 
erosion {8.3, 9.3, 21.2, 23.5}

• Upgrading stormwater infrastructure to account for heavier 
rainfall {4.2}

• Applying innovative agricultural practices to manage 
increasing drought risk {11.1, 22.4, 25.5}

• Assessing climate risks to roads and public transit {13.1}

• Managing vegetation to reduce wildfire risk {5.3}

• Developing urban heat plans to reduce health risks from 
extreme heat {12.3, 21.1, 28.4}

• Planning relocation from high-risk coastal areas {9.3}

Despite an increase in adaptation actions across the country, 
current adaptation efforts and investments are insufficient 
to reduce today’s climate-related risks and keep pace with 
future changes in the climate. Accelerating current efforts and 
implementing new ones that involve more fundamental shifts 
in systems and practices can help address current risks and 

Pam DeChellis

prepare for future impacts (see “Mitigation and adaptation 
actions can result in systemic, cascading benefits” below). 
{31.1, 31.3}

Climate action has increased in every region 
of the US
Efforts to adapt to climate change and reduce net greenhouse 
gas emissions are underway in every US region and have 
expanded since 2018 (Figure 1.3; Table 1.1). Many actions can 
achieve both adaptation and mitigation goals. For example, 
improved forest- or land-management strategies can both 
increase carbon storage and protect ecosystems, and expanding 
renewable energy options can reduce emissions while also 
improving resilience. {31.1, 32.5}

https://nca2023.globalchange.gov/art-climate/#art-Pamela-DeChellis
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US Adaptation and Mitigation Actions
Cities and states are acting on climate change, with a substantial 
increase in new activities underway since 2018.
Figure 1.3. Since 2018, city- and state-level adaptation plans and 
actions (green bars, left) increased by 32%, complemented by a 14% 
increase in the total number of new state-level mitigation activities 
(blue bars, right; 69% have updated their policies). In 2021 there 
were 271 city-level mitigation actions in place (open circles, right), 
according to the Global Climate Action Tracker. Renewable energy 
and energy efficiency projects on Tribal lands have also expanded 
(not shown). {31.1, 32.5; Figure 16.4; Table 1.1} Figure credit: US 
Army Corps of Engineers, EPA, Pennsylvania State University, NOAA 
NCEI, and CISESS-NC. 

Climate adaptation and mitigation efforts involve trade-offs, 
as climate actions that benefit some or even most people can 
result in burdens to others. To date, some communities have 
prioritized equitable and inclusive planning processes that 
consider the social impacts of these trade-offs and help ensure 
that affected communities can participate in decision-making. 
As additional measures are implemented, more widespread 
consideration of their social impact can help inform decisions 
around how to distribute the outcomes of investments. {12.4, 
13.4, 20.2, 21.3, 21.4, 26.4, 27.1, 31.2, 32.4, 32.5; Box 20.1}



Overview | 1-12Fifth National Climate Assessment

Table 1.1. Climate Actions Are Taking Place Across All US Regions

Examples of recent local adaptation, resilience, and mitigation actions around the country follow.

Region Action

Northeast The 2022 stormwater code in Pittsburgh, Pennsylvania, requires new developments to plan for projected increases in heavy rainfall under climate 
change rather than building to historical rainfall amounts. In 2021, the city also committed to achieve carbon neutrality by 2050. {Box 21.1} 

Southeast

Following repeated flooding from multiple hurricanes, measures to reduce flood risk in Princeville, North Carolina, include buyouts, 
elevating homes, and building housing that meets local flood standards. In Orlando, Florida, the city and businesses are adopting 
commercial building energy-efficiency requirements and electric vehicle readiness policies and have used wastewater and food scraps 
from parks and resorts to generate renewable biogas. {Boxes 22.1, 32.3}

US Caribbean
Many community-based organizations in Puerto Rico have undertaken actions to advance adaptation, social transformation, and 
sustainable development. These organizations work to expand renewable energy and equitable access to energy resources, prepare for 
disasters, restore ecosystems, strengthen agriculture and food security, and protect public health. {23.5}

Midwest
A wetland creation project in Ashtabula, Ohio, restored habitat displaced by shoreline development, improving coastal protection for 
the port on Lake Erie. In Michigan, some state forestlands are being managed to bolster carbon storage and to support recreation and 
wildlife habitat. {24.2, 24.4; Figure 24.9} 

Northern 
Great Plains

The Nebraska Natural Resources Conservation Service supported farmers in testing soil health and evaluating soil management practices that 
promote climate adaptation. Across the region, wind electricity generation tripled between 2011 and 2021, with a growing number of Tribes 
leading the Nation’s renewable energy transition by installing wind, solar, and hydropower. {25.3, 25.5; Box 25.3}

Southern 
Great Plains

Texas- and Kansas-based groups are supporting soil and land management practices that increase carbon storage while protecting 
important ecosystems. Wind and solar energy generation and battery storage capacities have also grown, with the region accounting 
for 42% of national wind-generated electricity in 2022. {26.2} 

Northwest The Confederated Tribes of the Colville Reservation are prioritizing carbon capture in their forest and timber management efforts, 
leading to improved air and water quality and wildlife habitat as well as preservation of cultural areas and practices. {27.3}

Southwest
In response to severe drought, seven Colorado River basin states, the US and Mexican governments, and Indigenous Peoples are collaborating to 
improve water conservation and develop adaptation solutions. Dozens of cities are committed to emissions reductions; for instance, Phoenix is 
on track to meet a 2030 goal of 50% reduction in greenhouse gas emissions from 2018 levels. {Ch. 28, Introduction; Box 28.1}

Alaska
To address climate threats to traditional foods, the Chugach Regional Resources Commission is integrating Indigenous Knowledge and Western 
scientific methods in its adaptation efforts, including weekly water sampling for harmful algal blooms and restoring clam populations. Kelp 
farming is also being developed to reduce the effects of ocean acidification, serve as a carbon sink, and generate income. {29.7; Box 29.7}

Hawai‘i and 
US-Affiliated 
Pacific Islands

The Kaua‘i Island Utility Cooperative achieved a 69.5% renewable portfolio standard in 2021, and the island is occasionally 100% 
renewably powered during midday hours; it is projected to achieve a 90% renewable portfolio by 2026. Guam, the Republic of the 
Marshall Islands, the Federated States of Micronesia, and Palau plan to use blue carbon ecosystems to offset emissions while also 
protecting coastal infrastructure. {30.3; Box 30.3}
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Meeting US mitigation targets means reaching 
net-zero emissions

The global warming observed over the industrial era is unequiv-
ocally caused by greenhouse gas emissions from human 
activities—primarily burning fossil fuels. Atmospheric concen-
trations of carbon dioxide (CO2)—the primary greenhouse gas 
produced by human activities—and other greenhouse gases 
continue to rise due to ongoing global emissions. Stopping 
global warming would require both reducing emissions of CO2 
to net zero and rapid and deep reductions in other greenhouse 
gases. Net-zero CO2 emissions means that CO2 emissions decline 
to zero or that any residual emissions are balanced by removal 
from the atmosphere. {2.3, 3.1; Ch. 32}

Once CO2 emissions reach net zero, the global warming driven 
by CO2 is expected to stop: additional warming over the next few 
centuries is not necessarily “locked in” after net CO2 emissions fall 
to zero. However, global average temperatures are not expected 
to fall for centuries unless CO2 emissions become net negative, 
which is when CO2 removal from the atmosphere exceeds 
CO2 emissions from human activities. Regardless of when or if 
further warming is avoided, some long-term responses to the 
temperature changes that have already occurred will continue. 
These responses include sea level rise, ice sheet losses, and 
associated disruptions to human health, social systems, and 
ecosystems. In addition, the ocean will continue to acidify after 
the world reaches net-zero CO2 emissions, as it continues to 
gradually absorb CO2 in the atmosphere from past emissions. {2.1, 
2.3, 3.1; Ch. 2, Introduction} 

National and international commitments seek to limit global 
warming to well below 2°C (3.6°F), and preferably to 1.5°C (2.7°F), 
compared to preindustrial temperature conditions (defined as 
the 1850–1900 average). To achieve this, global CO2 emissions 
would have to reach net zero by around 2050 (Figure 1.4); global 
emissions of all greenhouse gases would then have to reach net 
zero within the following few decades. {2.3, 32.1} 

Andrea Ruedy Trimble

https://nca2023.globalchange.gov/art-climate/#art-Andrea%20Ruedy-Trimble
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Future Global Carbon Dioxide Emissions Pathways

Different scenarios of future carbon dioxide emissions are used to explore the range of possible climate futures.
Figure 1.4. The five scenarios shown (colored lines) demonstrate potential global carbon dioxide (CO2) emissions pathways modeled from 2015 
through 2100, with the solid light gray line showing observed global CO2 emissions from 2000 to 2015. See Table 3 in the Guide to the Report for 
scenario definitions. Many projected impacts described in this report are based on a potential climate future defined by one or more of these 
scenarios for future CO2 emissions from human activities, the largest long-term driver of climate change. The vertical dashed line, labeled “Today,” 
marks the year 2023; the solid horizontal black line marks net-zero CO2 emissions. Adapted with permission from Figure TS.4 in Arias et al. 2021.

https://doi.org/10.1017/9781009157896.002
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While US greenhouse gas emissions are falling, the current 
rate of decline is not sufficient to meet national and interna-
tional climate commitments and goals. US net greenhouse gas 
emissions remain substantial and would have to decline by 
more than 6% per year on average, reaching net-zero emissions 
around midcentury, to meet current national mitigation targets 
and international temperature goals; by comparison, US 
greenhouse gas emissions decreased by less than 1% per year on 
average between 2005 and 2019. {32.1}

Many cost-effective options that are feasible now have the 
potential to substantially reduce emissions over the next decade. 
Faster and more widespread deployment of renewable energy 
and other zero- and low-carbon energy options can accelerate 
the transition to a decarbonized economy and increase the 
chances of meeting a 2050 national net-zero greenhouse gas 
emissions target for the US. However, to reach the US net-zero 
emissions target, additional mitigation options need to be 
explored and advanced (see “Available mitigation strategies can 
deliver substantial emissions reductions, but additional options 
are needed to reach net zero” below). {5.3, 6.3, 32.2, 32.3}

David Zeiset

https://nca2023.globalchange.gov/art-climate/#art-David-Zeiset
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How the United States Is Experiencing Climate Change

As extreme events and other climate hazards intensify, harmful impacts on people across the 
United States are increasing. Climate impacts—combined with other stressors—are leading to 
ripple effects across sectors and regions that multiply harms, with disproportionate effects on 
underserved and overburdened communities.

Current climate changes are unprecedented 
over thousands of years 

Global greenhouse gas emissions from human activities continue 
to increase, resulting in rapid warming (Figure 1.5) and other 
large-scale changes, including rising sea levels, melting ice, 
ocean warming and acidification, changing rainfall patterns, 
and shifts in timing of seasonal events. Many of the climate 
conditions and impacts people are experiencing today are 
unprecedented for thousands of years (Figure 1.6). {2.1, 3.1; 
Figures A4.6, A4.7, A4.10, A4.13}

As the world’s climate has shifted toward warmer conditions, 
the frequency and intensity of extreme cold events have 
declined over much of the US, while the frequency, intensity, 
and duration of extreme heat have increased. Across all regions 
of the US, people are experiencing warming temperatures and 
longer-lasting heatwaves. Over much of the country, nighttime 
temperatures and winter temperatures have warmed more 
rapidly than daytime and summer temperatures. Many other 
extremes, including heavy precipitation, drought, flooding, 
wildfire, and hurricanes, are becoming more frequent and/or 
severe, with a cascade of effects in every part of the country. 
{2.1, 2.2, 3.4, 4.1, 4.2, 7.1, 9.1; Ch. 2, Introduction; App. 4; Focus on 
Compound Events}

US and Global Changes in Average Surface Temperature

The US has warmed rapidly since the 1970s.
Figure 1.5. The graph shows the change in US annual average surface 
temperature during 1895–2022 compared to the 1951–1980 average. 
The temperature trend changes color as data become available for more 
regions of the US, with Alaska data added to the average temperature 
for the contiguous US (CONUS) beginning in 1926 (medium blue line) 
and Hawai‘i, Puerto Rico, and US-Affiliated Pacific Islands data added 
beginning in 1951 (dark blue line). Global average surface temperature is 
shown by the black line. Figure credit: NOAA NCEI and CISESS NC.
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Rapid and Unprecedented Changes

Current climate conditions are unprecedented for thousands of years.
Figure 1.6. Human activities since industrialization have led to increases in 
atmospheric greenhouse gas concentrations that are unprecedented in records 
spanning hundreds of thousands of years. These are examples of some of 
the large and rapid changes in the climate system that are occurring as the 
planet warms. (Greenhouse gas concentrations {2.1}; sea level rise {3.4}; global 
temperature {2.1}; drought {2.2, 3.5}) Figure credit: USGCRP and ICF.

Risks from extreme events are increasing

One of the most direct ways that people experience climate 
change is through changes in extreme events. Harmful impacts 
from more frequent and severe extremes are increasing across 
the country—including increases in heat-related illnesses and 
death, costlier storm damages, longer droughts that reduce agri-
cultural productivity and strain water systems, and larger, more 
severe wildfires that threaten homes and degrade air quality. 
{2.2, 4.2, 12.2, 14.2, 15.1, 19.2; Focus on Western Wildfires} 

Extreme weather events cause direct economic losses through 
infrastructure damage, disruptions in labor and public services, 
and losses in property values. The number and cost of weath-
er-related disasters have increased dramatically over the past 
four decades, in part due to the increasing frequency and 
intensity of extreme events and in part due to increases in assets 
at risk (through population growth, rising property values, and 
continued development in hazard-prone areas). Low-income 
communities, communities of color, and Tribes and Indigenous 
Peoples experience high exposure and vulnerability to extreme 
events due to both their proximity to hazard-prone areas 
and lack of adequate infrastructure or disaster management 
resources. {2.2, 4.2, 17.3, 19.1; Focus on Compound Events}

In the 1980s, the country experienced, on average, one (infla-
tion-adjusted) billion-dollar disaster every four months. Now, 
there is one every three weeks, on average. Between 2018 and 
2022, the US experienced 89 billion-dollar events (Figure 1.7). 
Extreme events cost the US close to $150 billion each year—a 
conservative estimate that does not account for loss of life, 
healthcare-related costs, or damages to ecosystem services. {2.2, 
19.1; Ch. 2, Introduction; Figures 4.1, A4.5}



Overview | 1-18Fifth National Climate Assessment

Damages by State from Billion-Dollar Disasters (2018–2022)

The US now experiences, on average, a billion-dollar weather or 
climate disaster every three weeks.
Figure 1.7. Billion-dollar weather and climate disasters are events 
where damages/costs reach or exceed $1 billion, including 
adjustments for inflation. Between 2018 and 2022, 89 such events 
affected the US, including 4 droughts, 6 floods, 52 severe storms, 
18 tropical cyclones, 5 wildfires, and 4 winter storm events (see 
Figure A4.5 for the number of billion-dollar disasters per year). 
During this period, Florida had the highest total damages ($140 
billion) and experienced the highest damages from a single event— 
Hurricane Ian ($113 billion). Over the 1980–2022 period, Texas 
had the highest total damages ($375 billion). While similar data are 
not available for the US-Affiliated Pacific Islands, Super Typhoon 
Yutu caused $500 million in property damage alone in Saipan and 
the northern Marianas in 2018 (NCEI 2019). Increasing costs over 
time are driven by changes in the assets at risk and the increase in 
frequency or intensity of extreme events caused by climate change. 
Adapted from NCEI 2023.

Cascading and compounding impacts 
increase risks

The impacts and risks of climate change unfold across 
interacting sectors and regions. For example, wildfire in one 
region can affect air quality and human health in other regions, 
depending on where winds transport smoke. Further, climate 
change impacts interact with other stressors, such as the 
COVID-19 pandemic, environmental degradation, or socioeco-
nomic stressors like poverty and lack of adequate housing that 
disproportionately impact overburdened communities. These 
interactions and interdependencies can lead to cascading 
impacts and sudden failures. For example, climate-related 
shocks to the food supply chain have led to local to global 
impacts on food security and human migration patterns that 
affect US economic and national security interests. {11.3, 17.1, 17.2, 
17.3, 18.1, 22.3, 23.4, 31.3; Introductions in Chs. 2, 17, 18; Focus on 
Compound Events; Focus on Risks to Supply Chains; Focus on 
COVID-19 and Climate Change}

The risk of two or more extreme events occurring simulta-
neously or in quick succession in the same region—known 
as compound events—is increasing. Climate change is also 
increasing the risk of multiple extremes occurring simulta-
neously in different locations that are connected by complex 
human and natural systems. For instance, simultaneous 
megafires across multiple western states and record back-to-
back Atlantic hurricanes in 2020 caused unprecedented demand 
on federal emergency response resources. {2.2, 3.2, 15.1, 22.2, 
26.4; Focus on Compound Events; Ch. 4, Introduction}

Compound events often have cascading impacts that cause 
greater harm than individual events. For example, in 2020, 
record-breaking heat and widespread drought contributed to 
concurrent destructive wildfires across California, Oregon, 
and Washington, exposing millions to health hazards and 
straining firefighting resources. Ongoing drought amplified the 
record-breaking Pacific Northwest heatwave of June 2021, which 

https://www.ncdc.noaa.gov/stormevents/eventdetails.jsp?id=830028
https://www.ncei.noaa.gov/access/billions/
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was made 2° to 4°F hotter by climate change. The heatwave led 
to more than 1,400 heat-related deaths, another severe wildfire 
season, mass die-offs of fishery species important to the region’s 
economy and Indigenous communities, and total damages 
exceeding $38.5 billion (in 2022 dollars). {27.3; Ch. 2, Introduc-
tion; Focus on Compound Events, Focus on Western Wildfires} 

Climate change exacerbates inequities 
Some communities are at higher risk of negative impacts from 
climate change due to social and economic inequities caused 
by ongoing systemic discrimination, exclusion, and under- or 
disinvestment. Many such communities are also already over-
burdened by the cumulative effects of adverse environmental, 
health, economic, or social conditions. Climate change worsens 
these long-standing inequities, contributing to persistent 
disparities in the resources needed to prepare for, respond to, 
and recover from climate impacts. {4.2, 9.2, 12.2, 14.3, 15.2, 16.1, 
16.2, 18.2, 19.1, 20.1, 20.3, 21.3, 22.1, 23.1, 26.4, 27.1, 31.2}

For example, low-income communities and communities of 
color often lack access to adequate flood infrastructure, green 
spaces, safe housing, and other resources that help protect 
people from climate impacts. In some areas, patterns of urban 
growth have led to the displacement of under-resourced 
communities to suburban and rural areas with less access to 
climate-ready housing and infrastructure. Extreme heat can lead 
to higher rates of illness and death in low-income neighbor-
hoods, which are hotter on average (Figure 1.8). Neighborhoods 
that are home to racial minorities and low-income people have 
the highest inland (riverine) flood exposures in the South, and 
Black communities nationwide are expected to bear a dispro-
portionate share of future flood damages—both coastal and 
inland (Figure 1.9). {4.2, 11.3, 12.2, 15.1, 22.1, 22.2, 26.4, 27.1; Ch. 
2, Introduction}

Land Surface Temperature and Its Relationship to Median 
Household Income for Three Cities

Lower-income urban neighborhoods experience higher surface 
temperatures. 
Figure 1.8. The figure shows the spatial distribution of maximum land 
surface temperature (LST) in 2020 for Atlanta (a), Houston (b), and 
Minneapolis (c). Graphs (d), (e), and (f) depict the relationship between 
maximum LST and median household income across census tracts in 
each city (see also Figure A4.4). A statistical trend analysis (the Theil-
Sen estimator) returns negative values for all three cities, indicating that 
LST decreases as income increases (solid red line). Dashed red lines 
indicate the 95% confidence interval, meaning that the true slope of the 
trend is expected to fall within this range. Note that LST is measured 
at ground level and may differ from surface air temperature, which is 
measured at a height of 2 meters. {Figure 12.6} Portions of this figure 
include intellectual property of Esri and its licensors and are used under 
license. Copyright © 2020 Esri and its licensors. All rights reserved. 
Figure credit: University of California, Davis; University of Texas at El 
Paso; Massachusetts Institute of Technology; City of Phoenix, Arizona; 
and USGS. 
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These disproportionate impacts are partly due to exclusion-
ary housing practices—both past and ongoing—that leave 
underserved communities with less access to heat and flood 
risk-reduction strategies and other economic, health, and 
social resources. For example, areas that were historical-
ly redlined—a practice in which lenders avoided providing 
services to communities, often based on their racial or ethnic 
makeup—continue to be deprived of equitable access to envi-
ronmental amenities like urban green spaces that reduce 
exposure to climate impacts. These neighborhoods can be as 
much as 12°F hotter during a heatwave than nearby wealthier 
neighborhoods. {8.3, 9.2, 12.2, 15.2, 20.3, 21.3, 22.1, 26.4, 27.1, 32.4; 
Ch. 2, Introduction}

Projected Increases in Average Annual Losses (AALs) from 
Floods by 2050

Losses due to floods are projected to increase disproportionately 
in US Census tracts with higher percentages of Black residents.
Figure 1.9. The bars show that the average annual losses—or the 
economic damage in a typical year—due to floods in census tracts 
with a Black population of at least 20% are projected to increase 
at roughly twice the rate of that in tracts where Black populations 
make up less than 1% of population. {Figure 4.14} Adapted from 
Wing et al. 2022 [CC BY 4.0]. 

Harmful impacts will increase in the near term

Even if greenhouse gas emissions fall substantially, the impacts 
of climate change will continue to intensify over the next decade 
(see “Meeting US mitigation targets means reaching net-zero 
emissions” above; Box 1.4), and all US regions are already experi-
encing increasingly harmful impacts. Although a few US regions 
or sectors may experience limited or short-term benefits 
from climate change, adverse impacts already far outweigh 
any positive effects and will increasingly eclipse benefits with 
additional warming. {2.3, 19.1; Ch. 2, Introduction; Chs. 21–30} 

Table 1.2 shows examples of critical impacts expected to affect 
people in each region between now and 2030, with dispro-
portionate effects on overburdened communities. While these 
examples affect particular regions in the near term, impacts 
often cascade through social and ecological systems and across 
borders and may lead to longer-term losses. {15.2, 18.2, 20.1; 
Figure 15.5; Ch. 20, Introduction}

https://doi.org/10.1038/s41558-021-01265-6
https://creativecommons.org/licenses/by/4.0/legalcode.en
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Table 1.2. Climate Change Is Already Affecting All US Regions and Will Continue to Have Impacts in the Near Term

The table shows three climate impacts of significant concern to each US region between now and 2030. Icons indicate general categories of impacts: infrastructure, water 
supply, health and well-being, food security, economy, livelihoods and heritage, and ecosystems. More information can be found in the regional chapters (Chs. 21–30).

Northeast

Extreme weather events damage critical infrastructure. {21.1}

Warming temperatures shift distributions of coastal and marine 
species and habitats. {21.2}

Extreme heat and flooding disproportionately impact overburdened 
communities. {21.3}

Southeast

Sea level rise and coastal flooding harm rapidly growing 
communities. {22.1}

Extreme heat threatens human health, especially stressing urban 
communities. {22.2}

Heavy rain and longer dry spells reduce water supply and 
access. {22.4}

US Caribbean

Agricultural losses, especially from tropical cyclones, threaten food 
security. {23.1}

Severe drought leads to large agricultural and economic losses. {23.3} 

Rising temperatures increase mortality and power demand; 
hurricanes and storms stress power grids. {23.2, 23.4} 

Midwest

Rising temperatures and extreme events threaten livelihoods and 
trades. {24.2} 

Extreme weather events harm public health. {24.3}

Rising temperatures and extreme rainfall damage buildings, homes, 
and businesses. {24.4}

Northern Great Plains

Rising temperatures and decreasing snowpack reduce water 
supply. {25.1}

Increases in extreme heat, wildfire, and flooding harm physical and 
mental health. {25.1, 25.2} 

Livelihoods are at greater risk, especially in agriculture, recreation, 
and energy sectors. {25.3}

Southern Great Plains

Drier conditions threaten agriculture, ecosystems, and water 
supplies. {26.1, 26.2, 26.5}

Extreme heat and high humidity harm human health and exacerbate 
inequities. {26.4}

Multiple stressors and extreme events disrupt business, outdoor 
recreation, and leisure activities. {26.1, 26.2, 26.3}

Infrastructure Water Supply Health and Well-Being Food Security Economy Livelihoods and Heritage Ecosystems
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Northwest

Less water is available for hydropower, rural communities, and 
aquatic ecosystems. {27.1, 27.2, 27.4}

Extreme heat and wildfire smoke endanger at-risk urban, rural, and 
Tribal communities. {27.1, 27.3, 27.5}

Wildfire, extreme heat, and floods threaten livelihoods and heritage 
tied to natural resources. {27.1, 27.3, 27.6}

Southwest

Intensifying drought and decreases in groundwater recharge reduce 
water supply. {28.1}

Economic losses to farmers and ranchers increase. {28.3}

Extreme heat, drought, wildfire smoke, and coastal flooding harm 
physical and mental health. {28.3, 28.4}

Alaska

Landscape degradation increases damage to private and municipal 
infrastructure. {29.2, 29.4}

Reduced fish stocks harm local economies, Tribal sovereignty, and 
overall well-being. {29.6, 29.7}

Diminished access to mammals, seabirds, fish, and vegetation 
decreases local food security. {29.5}

Hawai‘i and US-Affiliated Pacific Islands

Sea level rise and saltwater intrusion reduce irrigation and drinking 
water supply. {30.1}

Damages to the coastal built environment, including traditional 
structures, increase. {30.3, 30.5}

Risks to unique and biodiverse flora and fauna continue to 
grow. {30.4}
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Current and Future Climate Risks to the United States

Climate changes are making it harder to maintain safe homes and healthy families; reliable 
public services; a sustainable economy; thriving ecosystems, cultures, and traditions; and 
strong communities. Many of the extreme events and harmful impacts that people are already 
experiencing will worsen as warming increases and new risks emerge. 

Safe, reliable water supplies are threatened by 
flooding, drought, and sea level rise
More frequent and intense heavy precipitation events are 
already evident, particularly in the Northeast and Midwest. 
Urban and agricultural environments are especially vulnerable to 
runoff and flooding. Between 1981 and 2016, US corn yield losses 
from flooding were comparable to those from extreme drought. 
Runoff and flooding also transport debris and contaminants that 
cause harmful algal blooms and pollute drinking water supplies. 
Communities of color and low-income communities face dis-
proportionate flood risks. {2.2, 4.2, 6.1, 9.2, 21.3, 24.1, 24.5, 26.4; 
Figure A4.8} 

Between 1980 and 2022, drought and related heatwaves caused 
approximately $328 billion in damages (in 2022 dollars). Recent 
droughts have strained surface water and groundwater supplies, 
reduced agricultural productivity, and lowered water levels in 
major reservoirs, threatening hydropower generation. As higher 
temperatures increase irrigation demand, increased pumping 
could endanger groundwater supplies, which are already 
declining in many major aquifers. {4.1, 4.2; Figure A4.9} 

Droughts are projected to increase in intensity, duration, and 
frequency, especially in the Southwest, with implications for 
surface water and groundwater supplies. Human and natural 
systems are threatened by rapid shifts between wet and dry 
periods that make water resources difficult to predict and 
manage. {2.2, 2.3, 4.1, 4.2, 5.1, 28.1} 

In coastal environments, dry conditions, sea level rise, and 
saltwater intrusion endanger groundwater aquifers and stress 
aquatic ecosystems. Inland, decreasing snowpack alters the 
volume and timing of streamflow and increases wildfire risk. 
Small rural water providers that often depend on a single 
water source or have limited capacity are especially vulnerable. 
{4.2, 7.2, 9.2, 21.2, 22.1, 23.1, 23.3, 25.1, 27.4, 28.1, 28.2, 28.5, 30.1; 
Figure A4.7}

Many options are available to protect water supplies, including 
reservoir optimization, nature-based solutions, and municipal 
management systems to conserve and reuse water. Collabo-
ration on flood hazard management at regional scales is par-
ticularly important in areas where flood risk is increasing, as 
cooperation can provide solutions unavailable at local scales. 
{4.3, 9.3, 26.5; Focus on Blue Carbon}
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(left; Toledo, Ohio) Rising temperatures are intensifying harmful algal blooms, 
negatively affecting human and animal health. (top right; Utah, Arizona) Water 
levels on Lake Powell have fallen to historic lows in recent years, affecting millions 
of people across the Southwest. (bottom right) Rain gardens, a form of green 
infrastructure, absorb excess stormwater. Photo credits: (left) Aerial Associates 
Photography Inc. by Zachary Haslick; (top right) NASA Earth Observatory images 
by Lauren Dauphin, using Landsat data from the USGS; (bottom right) Alisha 
Goldstein, EPA.

Disruptions to food systems are expected 
to increase

As the climate changes, increased instabilities in US and global 
food production and distribution systems are projected to make 
food less available and more expensive. These price increases 
and disruptions are expected to disproportionately affect the 
nutrition and health of women, children, older adults, and 
low-wealth communities. {11.2, 15.2}

Climate change also disproportionately harms the livelihoods and 
health of communities that depend on agriculture, fishing, and 
subsistence lifestyles, including Indigenous Peoples reliant on 
traditional food sources. Heat-related stress and death are significantly 
greater for farmworkers than for all US civilian workers. {11.2, 11.3, 15.1, 
15.2, 16.1; Focus on Risks to Supply Chains}

While farmers, ranchers, and fishers have always faced unpredict-
able weather, climate change heightens risks in many ways:

• Increasing temperatures, along with changes in precipitation, 
reduce productivity, yield, and nutritional content of 
many crops. These changes can introduce disease, disrupt 
pollination, and result in crop failure, outweighing potential 
benefits of longer growing seasons and increased CO2 
fertilization. {11.1, 19.1, 21.1, 22.4, 23.3, 24.1, 26.2} 

• Heavy rain and more frequent storms damage crops and 
property and contaminate water supplies. Longer-lasting 
droughts and larger wildfires reduce forage production and 
nutritional quality, diminish water supplies, and increase heat 
stress on livestock. {23.2, 25.3, 28.3} 

• Increasing water temperatures, invasive aquatic species, 
harmful algal blooms, and ocean acidification and 
deoxygenation put fisheries at risk. Fishery collapses can 
result in large economic losses, as well as loss of cultural 
identity and ways of life.  {11.3, 29.3}

In response, some farmers and ranchers are adopting innovations—
such as agroecological practices, data-driven precision agriculture, 
and carbon monitoring—to improve resilience, enhance soil carbon 
storage, and reduce emissions. Across the Nation, Indigenous 
food security efforts are helping improve community resilience to 
climate change while also improving cultural resilience. Some types 
of aquaculture have the potential to increase climate-smart protein 
production, human nutrition, and food security, although some 
communities have raised concerns over issues such as conflict with 
traditional livelihoods and the introduction of disease or pollution. 
{10.2, 11.1, 29.6, 25.5; Boxes 22.3, 27.2}
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(left; Baltimore, Maryland) Urban farms offer the potential to reduce carbon emissions while helping to improve 
community food security. (top right; California) A Northern California vineyard is affected by wildfire. (bottom right; 
Kenai River, Alaska) Recent climate extremes have contributed to declines in many salmon populations. Photo credits: 
(left) Preston Keres, USDA/FPAC; (top right) Ordinary Mario/iStock via Getty Images; (bottom right) Eric Vance, EPA.

Homes and property are at risk from sea level 
rise and more intense extreme events

Homes, property, and critical infrastructure are increasing-
ly exposed to more frequent and intense extreme events, 
increasing the cost of maintaining a safe and healthy place 
to live. Development in fire-prone areas and increases in 
area burned by wildfires have heightened risks of loss of life 
and property damage in many areas across the US. Coastal 
communities across the country—home to 123 million people 
(40% of the total US population)—are exposed to sea level rise 
(Figure 1.10), with millions of people at risk of being displaced 
from their homes by the end of the century. {2.3, 9.1, 12.2, 22.1, 
27.4, 30.3; Figures A4.10, A4.14; Focus on Western Wildfires}

People who regularly struggle to afford energy bills—such as 
rural, low-income, and older fixed-income households and 

communities of color—are especially vulnerable to more intense 
extreme heat events and associated health risks, particularly if 
they live in homes with poor insulation and inefficient cooling 
systems. For example, Black Americans are more likely to live 
in older, less energy efficient homes and face disproportion-
ate heat-related health risks. {5.2, 15.2, 15.3, 22.2, 26.4, 32.4; 
Figure A4.4}

Accessible public cooling centers can help protect people who 
lack adequate air-conditioning on hot days. Strategic land-use 
planning in cities, urban greenery, climate-smart building codes, 
and early warning communication can also help neighborhoods 
adapt. However, other options at the household scale, such as 
hardening homes against weather extremes or relocation, may 
be out of reach for renters and low-income households without 
assistance. {12.3, 15.3, 19.3, 22.2}
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Box 1.2. Migration and Displacement 

Extreme events, such as extended drought, wildfire, and major hurricanes, have contributed to human migration and displacement. For example, numerous 
extreme events over the last two decades drove migration of vulnerable communities in Puerto Rico and the US Virgin Islands to the mainland. {9.2, 15.1, 17.2, 
19.2, 23.1, 23.5; Box 18.2} 

In the future, the combination of climate change and other factors, such as housing affordability, is expected to increasingly affect migration patterns. More 
severe wildfires in California, increasing sea level rise in Florida, and more frequent flooding in Texas are expected to displace millions of people. Climate-driv-
en economic changes abroad, including reductions in crop yields, are expected to increase the rate of emigration to the United States. {9.2, 17.2, 19.2, 30.3}

From Alaska to low-lying Pacific atolls, forced migrations and displacements driven by climate change disrupt social networks, decrease housing security, and 
exacerbate grief, anxiety, and negative mental health outcomes. Indigenous Peoples, who have long faced land dispossession due to settler colonialism, are 
again being confronted with displacement and loss of traditional resources and practices. {4.2, 15.1, 16.1, 19.1, 20.1, 20.3, 22.1, 22.2, 29.1, 30.3; Box 18.2}

US Flooding Risks in 2020 and 2050
Increasing flooding puts more people and 
assets at risk. 
Figure 1.10. (top row) Maps show (a) the average 
number of minor high tide flooding events per year 
in 2020 (with historical sea level rise) and (b) the 
expected number of events per year in 2050 (when 
driven by extrapolated sea level rise). (bottom row) 
Maps show (c) average annual loss (AAL) from all 
types of flooding in millions of dollars in 2020 and (d) 
the projected changes in AAL in 2050 relative to 2020. 
AAL estimates were made only for the contiguous US. 
Over the next three decades, the number of flooding 
days along all coastlines of the US is expected to 
increase. These increases in the occurrence of 
flooding will drive greater AALs, especially in coastal 
areas of the US. (a, b) Adapted from Sweet et al. 2022; 
(c, d) adapted from Wing et al. 2022 [CC BY 4.0]. 

https://oceanservice.noaa.gov/hazards/sealevelrise/sealevelrise-tech-report-sections.html
https://doi.org/10.1038/s41558-021-01265-6
https://creativecommons.org/licenses/by/4.0/legalcode
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(left; Cedar Rapids, Iowa) More frequent and intense heavy precipitation events are already evident, particularly in the Northeast and Midwest. 
(right; Arizona) The 2021 Telegraph Fire destroyed homes and property. Photo credits: (left) Don Becker, USGS; (right) Andrew Avitt, USDA 
Forest Service.

Infrastructure and services are increasingly 
damaged and disrupted by extreme weather 
and sea level rise

Climate change threatens vital infrastructure that moves people 
and goods, powers homes and businesses, and delivers public 
services. Many infrastructure systems across the country are 
at the end of their intended useful life and are not designed to 
cope with additional stress from climate change. For example, 
extreme heat causes railways to buckle, severe storms overload 
drainage systems, and wildfires result in roadway obstruction 
and debris flows. Risks to energy, water, healthcare, transpor-
tation, telecommunications, and waste management systems 
will continue to rise with further climate change, with many 
infrastructure systems at risk of failing. {12.2, 13.1, 15.2, 23.4, 26.5; 
Focus on Risks to Supply Chains}

In coastal areas, sea level rise threatens permanent inundation 
of infrastructure, including roadways, railways, ports, tunnels, 
and bridges; water treatment facilities and power plants; and 
hospitals, schools, and military bases. More intense storms also 
disrupt critical services like access to medical care, as seen after 
Hurricanes Irma and Maria in the US Virgin Islands and Puerto 
Rico. {9.2, 23.1, 28.2, 30.3}

At the same time, climate change is expected to place multiple 
demands on infrastructure and public services. For example, 
higher temperatures and other effects of climate change, such 
as greater exposure to stormwater or wastewater, will increase 
demand for healthcare. Continued increases in average tem-
peratures and more intense heatwaves will heighten electricity 
and water demand, while wetter storms and intensified 
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hurricanes will strain wastewater and stormwater management 
systems. In the Midwest and other regions, aging energy grids 
are expected to be strained by disruptions and transmission 
efficiency losses from climate change. {23.4, 24.4, 30.2}

Forward-looking designs of infrastructure and services can help 
build resilience to climate change, offset costs from future damage 
to transportation and electrical systems, and provide other 
benefits, including meeting evolving standards to protect public 
health, safety, and welfare. Mitigation and adaptation activities 
are advancing from planning stages to deployment in many areas, 
including improved grid design and workforce training for electri-
fication, building upgrades, and land-use choices. Grid managers 
are gaining experience planning and operating electricity systems 
with growing shares of renewable generation and working toward 
understanding the best approaches for dealing with the natural 
variability of wind and solar sources alongside increases in electri-
fication. {5.3, 12.3, 13.1, 13.2, 22.3, 24.4, 32.3; Figure 22.17}

Climate change exacerbates existing health 
challenges and creates new ones 

Climate change is already harming human health across the US, 
and impacts are expected to worsen with continued warming. 
Climate change harms individuals and communities by exposing 
them to a range of compounding health hazards, including 
the following:

• More severe and frequent extreme events {2.2, 2.3, 15.1}

• Wider distribution of infectious and vector-borne 
pathogens {15.1, 26.1; Figure A4.16}

• Air quality worsened by smog, wildfire smoke, dust, and 
increased pollen {14.1, 14.2, 14.4, 23.1, 26.1}

• Threats to food and water security {11.2, 15.1}

• Mental and spiritual health stressors {15.1}

(left; Oregon) The Hooskanaden Landslide, triggered by heavy rainfall, caused substantial road damage. (right; Maunabo, Puerto Rico) 
Punta Tuna Wetlands Nature Reserve, which helps buffer the coastline from extreme events, was severely damaged during Hurricane 
Maria in 2017. Photo credits: (left) Oregon Department of Transportation [CC BY 2.0]; (right) Kenneth Wilsey, FEMA.

https://creativecommons.org/licenses/by/2.0/legalcode
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While climate change can harm everyone’s health, its 
impacts exacerbate long-standing disparities that result 
in inequitable health outcomes for historically mar-
ginalized people, including people of color, Indigenous 
Peoples, low-income communities, and sexual and gender 
minorities, as well as older adults, people with disabilities 
or chronic diseases, outdoor workers, and children. {14.3, 
15.2} 

The disproportionate health impacts of climate change 
compound with similar disparities in other health 
contexts. For example, climate-related disasters during 
the COVID-19 pandemic, such as drought along the 
Colorado River basin, western wildfires, and Hurricane 
Laura, disproportionately magnified COVID-19 exposure, 
transmission, and disease severity and contributed 
to worsened health conditions for essential workers, 
older adults, farmworkers, low-wealth communities, 
and communities of color. {15.2; Focus on COVID-19 and 
Climate Change}

Large reductions in greenhouse gas emissions are 
expected to result in widespread health benefits and 
avoided death or illness that far outweigh the costs of 
mitigation actions. Improving early warning, surveillance, 
and communication of health threats; strengthening the 
resilience of healthcare systems; and supporting commu-
nity-driven adaptation strategies can reduce inequities in 
the resources and capabilities needed to adapt as health 
threats from climate change continue to grow. {14.5, 15.3, 
26.1, 30.2, 32.4}

(left; New York, New York) The Empire State Building is shrouded in a haze caused by 
smoke from the 2023 Canadian wildfires. (top right; Charleston, South Carolina) An 
ambulance drives through floodwaters. (bottom right; Atlanta, Georgia) Heatwaves 
in the Southeast are happening more frequently. Park amenities, such as trees and 
splash pads, help cool people on hot days. Photo credits: (left) Anthony Quintano 
[CC BY 2.0]; (top right) US Air National Guard photo by Tech. Sgt. Jorge Intriago; 
(bottom right) ucumari photography [CC BY-NC-ND 2.0]

https://creativecommons.org/licenses/by/2.0/legalcode.en
https://creativecommons.org/licenses/by-nc-nd/2.0/au/legalcode
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Box 1.3. Indigenous Ways of Life and Spiritual Health

Indigenous communities, whose ways of life, cultures, intergenerational continuity, and spiritual health are tied to nature and the environment, are experienc-
ing disproportionate health impacts of climate change. Rising temperatures and intensifying extreme events are reducing biodiversity and shifting the ranges 
of culturally important species like Pacific salmon, wild rice, and moose, making it more difficult for Indigenous Peoples to fish, hunt, and gather traditional 
and subsistence resources within Tribal jurisdictions. Heatwaves can prevent Tribal members from participating in traditional ceremonies, while flooding, 
erosion, landslides, and wildfires increasingly disrupt or damage burial grounds and ceremonial sites. {16.1, 15.2, 27.6}

Indigenous Peoples are leading numerous actions in response to climate change, including planning and policy initiatives, youth movements, cross-commu-
nity collaborative efforts, and the expansion of renewable energy (Figure 1.11). Many of these efforts involve planning processes that start with place-based 
Indigenous Knowledge of local climate and ecosystems. {16.3}

Exemplifying Indigenous Resilience

Figure 1.11. For over 2,000 years, the Hopi People have farmed on land with only 6–10 inches of annual precipitation. Today, Hopi children 
learn both the practices and process of Hopi dryland farming and the values, customs, and identities that underpin them. Photo credit: 
©Michael K. Johnson. {Panel from Figure 16.6}
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Ecosystems are undergoing 
transformational changes

Together with other stressors, climate change is harming the 
health and resilience of ecosystems, leading to reductions in 
biodiversity and ecosystem services. Increasing temperatures 
continue to shift habitat ranges as species expand into new 
regions or disappear from unfavorable areas, altering where 
people can hunt, catch, or gather economically important and 
traditional food sources. Degradation and extinction of local 
flora and fauna in vulnerable ecosystems like coral reefs and 
montane rainforests are expected in the near term, especially 
where climate changes favor invasive species or increase sus-
ceptibility to pests and pathogens. Without significant emissions 
reductions, rapid shifts in environmental conditions are 
expected to lead to irreversible ecological transformations by 
mid- to late century. {2.3, 6.2, 7.1, 7.2, 8.1, 8.2, 10.1, 10.2, 21.1, 24.2, 
27.2, 28.5, 29.3, 29.5, 30.4; Figure A4.12}

Changes in ocean conditions and extreme events are already 
transforming coastal, aquatic, and marine ecosystems. Coral 
reefs are being lost due to warming and ocean acidification, 
harming important fisheries; coastal forests are converting 
to ghost forests, shrublands, and marsh due to sea level rise, 
reducing coastal protection; lake and stream habitats are being 
degraded by warming, heavy rainfall, and invasive species, 
leading to declines in economically important species. {8.1. 10.1, 
21.2, 23.2, 24.2, 27.2; Figures 8.7, A4.11} 

Increased risks to ecosystems are expected with further climate 
change and other environmental changes, such as habitat frag-
mentation, pollution, and overfishing. For example, mass fish 
die-offs from extreme summertime heat are projected to double 
by midcentury in northern temperate lakes under a very high 
scenario (RCP8.5). Continued climate changes are projected to 
exacerbate runoff and erosion, promote harmful algal blooms, 
and expand the range of invasive species. {4.2, 7.1, 8.2, 10.1, 21.2, 
23.2, 24.2, 27.2, 28.2, 30.4} 

While adaptation options to protect fragile ecosystems 
may be limited, particularly under higher levels of warming, 
management and restoration measures can reduce stress on 
ecological systems and build resilience. These measures include 
migration assistance for vulnerable species and protection of 
essential habitats, such as establishing wildlife corridors or 
places where species can avoid heat. Opportunities for nature-
based solutions that assist in mitigation exist across the US, 
particularly those focused on protecting existing carbon sinks 
and increasing carbon storage by natural ecosystems. {8.3, 10.3, 
23.2, 27.2; Focus on Blue Carbon}

(top left; Nags Head Woods, North Carolina) Coastal ghost forests 
result when trees are killed by sea level rise and saltwater intrusion. 
(top right; Molokai Island, Hawai‘i) High island ecosystems are at 
risk due to invasive species, habitat destruction, intensifying fire, 
and drought. (bottom; Florida) A diver works on coral reef 
restoration around Florida Keys National Marine Sanctuary. Photo 
credits: (top left) NC Wetlands [CC BY 2.0]; (top right) Lucas Fortini, 
USGS; (bottom) Mitchell Tartt, NOAA.

https://creativecommons.org/licenses/by/2.0/legalcode.en
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Climate change slows economic growth, while 
climate action presents opportunities 

With every additional increment of global warming, costly 
damages are expected to accelerate. For example, 2°F of 
warming is projected to cause more than twice the economic 
harm induced by 1°F of warming. Damages from additional 
warming pose significant risks to the US economy at multiple 
scales and can compound to dampen economic growth. {19.1} 

• International impacts can disrupt trade, amplify costs along 
global supply chains, and affect domestic markets. {17.3, 
19.2; Focus on Risks to Supply Chains}

• While some economic impacts of climate change are 
already being felt across the country, the impacts of future 
changes are projected to be more significant and apparent 
across the US economy. {19.1} 

• States, cities, and municipalities confront climate-driven 
pressures on public budgets and borrowing costs amid 
spending increases on healthcare and disaster relief. {19.2} 

• Household consumers face higher costs for goods and 
services, like groceries and health insurance premiums, 
as prices change to reflect both current and projected 
climate-related damages. {19.2}

Mitigation and adaptation actions present economic opportuni-
ties. Public and private measures—such as climate financial risk 
disclosures, carbon offset credit markets, and investments in 
green bonds—can avoid economic losses and improve property 
values, resilience, and equity. However, climate responses 
are not without risk. As innovation and trade open further 
investment opportunities in renewable energy and the country 
continues to transition away from fossil fuels, loss and disposal 
costs of stranded capital assets such as coal mines, oil and 
gas wells, and outdated power plants are expected. Climate 
solutions designed without input from affected communities can 
also result in increased vulnerability and cost burden. {17.3, 19.2, 
19.3, 20.2, 20.3, 27.1, 31.6}

Many regional economies and livelihoods are 
threatened by damages to natural resources 
and intensifying extremes 

Climate change is projected to reduce US economic output and 
labor productivity across many sectors, with effects differing 
based on local climate and the industries unique to each region. 
Climate-driven damages to local economies especially disrupt 
heritage industries (e.g., fishing traditions, trades passed down 
over generations, and cultural heritage–based tourism) and 
communities whose livelihoods depend on natural resources. 
{11.3, 19.1, 19.3}

• As fish stocks in the Northeast move northward and 
to deeper waters in response to rapidly rising ocean 
temperatures, important fisheries like scallops, shrimp, and 
cod are at risk. In Alaska, climate change has already played 
a role in 18 major fishery disasters that were especially 
damaging for coastal Indigenous Peoples, subsistence 
fishers, and rural communities. {10.2, 21.2, 29.3}

• While the Southeast and US Caribbean face high costs from 
projected labor losses and heat health risks to outdoor 
workers, small businesses are already confronting higher 
costs of goods and services and potential closures as 
they struggle to recover from the effects of compounding 
extreme weather events. {22.3, 23.1}

• Agricultural losses in the Midwest, including lower corn 
yields and damages to specialty crops like apples, are linked 
to rapid shifts between wet and dry conditions and stresses 
from climate-induced increases in pests and pathogens. 
Extreme heat and more intense wildfire and drought in 
the Southwest are already threatening agricultural worker 
health, reducing cattle production, and damaging wineries. 
{24.1, 28.5}

• In the Northern Great Plains, agriculture and recreation 
are expected to see primarily negative effects related to 
changing temperature and rainfall patterns. By 2070, the 
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Southern Great Plains is expected to lose cropland acreage 
as lands transition to pasture or grassland. {25.3, 26.2}

• Outdoor-dependent industries, such as tourism in Hawai‘i 
and the US-Affiliated Pacific Islands and skiing in the 
Northwest, face significant economic loss from projected 
rises in park closures and reductions in workforce as 
continued warming leads to deterioration of coastal 
ecosystems and shorter winter seasons with less snowfall. 
{7.2, 8.3, 10.1, 10.3, 19.1, 27.3, 30.4} 

Mitigation and adaptation actions taken by businesses and 
industries promote resilience and offer long-term benefits 
to employers, employees, and surrounding communities. For 
example, as commercial fisheries adapt, diversifying harvest and 
livelihoods can help stabilize income or buffer risk. In addition, 
regulators and investors are increasingly requiring businesses to 
disclose climate risks and management strategies. {10.2, 19.3, 26.2} 

(top left; Fort Myers Beach, Florida) Shops and restaurants were severely 
damaged or completed destroyed by Hurricane Ian in 2022. (bottom left; 
Whatcom County, Washington) Snow-based recreational industries, such 
as skiing in the Pacific Northwest, are projected to lose revenue due to 
declining snowpack. (right; Maine) A causeway connecting Little Deer Isle 
to Deer Isle (the largest lobster port in the state) is threatened by sea level 
rise. Photo credits: (top left) Coast Guard Petty Officer 3rd Class Gabriel 
Wisdom; (bottom left) US Forest Service–Pacific Northwest Region; (right) 
©Jack Sullivan, Island Institute.

Job opportunities are shifting due to climate 
change and climate action

Many US households are already feeling the economic impacts 
of climate change. Climate change is projected to impose 
a variety of new or higher costs on most households as 
healthcare, food, insurance, building, and repair costs become 
more expensive. Compounding climate stressors can increase 
segregation, income inequality, and reliance on social safety net 
programs. Quality of life is also threatened by climate change 

Scarlett W.

https://nca2023.globalchange.gov/art-climate/#art-Scarlett-W.
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in ways that can be more difficult to quantify, such as increased 
crime and domestic violence, harm to mental health, reduced 
happiness, and fewer opportunities for outdoor recreation and 
play. {11.3, 19.1, 19.3}

Climate change, and how the country responds, is expected 
to alter demand for workers and shift where jobs are available. 
For example, energy-related livelihoods in the Northern and 
Southern Great Plains are expected to shift as the energy sector 
transforms toward more renewables, low-carbon technologies, 
and electrification of more sectors of the economy. Losses in 
fossil fuel–related jobs are projected to be completely offset 
by greater increases in mitigation-related jobs, as increased 
demand for renewable energy and low-carbon technologies is 

expected to lead to long-term expansion in most states’ energy 
and decarbonization workforce (Figure 1.12). Grid expansion and 
energy efficiency efforts are already creating new jobs in places 
like Nevada, Vermont, and Alaska, and advancements in biofuels 
and agrivoltaics (combined renewable energy and agriculture) 
provide economic opportunities in rural communities. {10.2, 11.3, 
19.3, 25.3, 26.2, 29.3, 32.4} 

Additional opportunities include jobs in ecosystem restoration 
and construction of energy-efficient and climate-resilient 
housing and infrastructure. Workforce training and equitable 
access to clean energy jobs, which have tended to exclude women 
and people of color, are essential elements of a just transition to a 
decarbonized economy. {5.3, 19.3, 20.3, 22.3, 25.3, 26.2, 27.3, 32.4}

Energy Employment (2020–2050) for 
Alternative Net-Zero Pathways
Employment gains in electrification and 
renewable energy industries are projected to 
far outpace job losses in fossil fuel industries.
Figure 1.12. Despite decreases in the 
number of fossil fuel–related jobs, the overall 
number of energy jobs (specifically those 
involved in the supply of energy) relative 
to 2019 is generally projected to increase 
in net-zero-emissions energy scenarios 
between 2020 and 2050, although by much 
more in some scenarios than in others. 
{Figure 32.17} Adapted with permission from 
Jenkins et al. 2021. 

https://doi.org/10.1016/j.joule.2021.10.016
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(top; Golden, Colorado) Solar panels are pictured on the campus of the National Renewable Energy 
Laboratory. (bottom left; San Antonio, Texas) Participants in the 2022 Collegiate Wind Competition 
focus on offshore wind projects. (bottom right; Lexington, Virginia) Workers install fiber-optic cables. 
Rural broadband deployment is associated with higher incomes and lower unemployment rates. 
Photo credits: (top and bottom left) Werner Slocum/NREL [CC-BY-NC-ND 2.0]; (bottom right) Preston 
Keres, USDA

Climate change is disrupting 
cultures, heritages, and traditions

As climate change transforms US landscapes and 
ecosystems, many deeply rooted community 
ties, pastimes, Traditional Knowledges, and 
cultural or spiritual connections to place are 
at risk. Cultural heritage—including buildings, 
monuments, livelihoods, and practices—is 
threatened by impacts on natural ecosystems 
and the built environment. Damages to archae-
ological, cultural, and historical sites further 
reduce opportunities to transfer important 
knowledge and identity to future generations. 
{6.1, 7.2, 8.3, 9.2, 10.1, 12.2, 16.1, 22.1, 23.1, 26.1, 27.6, 
28.2; Introductions in Chs. 10, 30}

Many outdoor activities and traditions are 
already being affected by climate change, with 
overall impacts projected to further hinder 
recreation, cultural practices, and the ability of 
communities to maintain local heritage and a 
sense of place. {19.1} 

For example: 

• The prevalence of invasive species and 
harmful algal blooms is increasing as 
waters warm, threatening activities like 
swimming along Southeast beaches, boating 
and fishing for walleye in the Great Lakes, 
and viewing whooping cranes along the 
Gulf Coast. In the Northwest, water-based 
recreation demand is expected to increase 
in spring and summer months, but reduced 
water quality and harmful algal blooms are 
expected to restrict these opportunities. 
{24.2, 24.5, 26.3, 27.6}

https://creativecommons.org/licenses/by-nc-nd/2.0/legalcode
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• Ranges of culturally important species are 
shifting as temperatures warm, making them 
harder to find in areas where Indigenous 
Peoples have access (see Box 1.3). {11.2, 
24.2, 26.1}

• Hikers, campers, athletes, and spectators 
face increasing threats from more severe 
heatwaves, wildfires, and floods and greater 
exposure to infectious disease. {15.1, 22.2, 
26.3, 27.6}

Nature-based solutions and ecosystem restoration 
can preserve cultural heritage while also providing 
valuable local benefits, such as flood protection 
and new recreational opportunities. Cultural 
heritage can also play a key role in climate 
solutions, as incorporating local values, Indigenous 
Knowledge, and equity into design and planning 
can help reaffirm a community’s connection to 
place, strengthen social networks, and build new 
traditions. {7.3, 26.1, 26.3, 30.5} 

(top left; Glacier National Park, Montana) Wildfire smoke jeopardizes participation in 
outdoor sports and recreation. (top right; Boston Harbor, Massachusetts) Sea level rise 
threatens historical and archaeological sites on the Boston Harbor Islands. (bottom; 
Goose Island, Texas) Whooping cranes, which draw birdwatchers to the Gulf of Mexico, 
are at risk due to flooding, drought, and upstream water use. Photo credit: (top left) 
Andrew Parlette [CC BY 2.0]; (top right) cmh2315fl [CC BY-NC 2.0]; (bottom) Alan 
Schmierer [CC0 1.0].

https://creativecommons.org/licenses/by/2.0/legalcode
https://creativecommons.org/licenses/by-nc/2.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
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The Choices That Will Determine the Future

With each additional increment of warming, the consequences of climate change increase. The 
faster and further the world cuts greenhouse gas emissions, the more future warming will be 
avoided, increasing the chances of limiting or avoiding harmful impacts to current and future 
generations.

Societal choices drive greenhouse 
gas emissions

The choices people make on a day-to-day basis—how to power 
homes and businesses, get around, and produce and use 
food and other goods—collectively determine the amount of 
greenhouse gases emitted. Human use of fossil fuels for trans-
portation and energy generation, along with activities like man-
ufacturing and agriculture, has increased atmospheric levels of 
carbon dioxide (CO2) and other heat-trapping greenhouse gases. 
Since 1850, CO2 concentrations have increased by almost 50%, 
methane by more than 156%, and nitrous oxide by 23%, resulting 
in long-term global warming. {2.1, 3.1; Ch. 2, Introduction}

The CO2 not removed from the atmosphere by natural sinks 
lingers for thousands of years. This means that CO2 emitted long 
ago continues to contribute to climate change today. Because of 
historical trends, cumulative CO2 emissions from fossil fuels and 
industry in the US are higher than from any other country. To 
understand the total contributions of past actions to observed 
climate change, additional warming from CO2 emissions from 
land use, land-use change, and forestry, as well as emissions of 
nitrous oxide and the shorter-lived greenhouse gas methane, 
should also be taken into account. Accounting for all of these 
factors and emissions from 1850–2021, emissions from the US 
are estimated to comprise approximately 17% of current global 
warming. {2.1}

Tami Phelps

Carbon dioxide, along with other greenhouse gases like methane 
and nitrous oxide, is well-mixed in the atmosphere. This means 
these gases warm the planet regardless of where they were 
emitted. For the first half of the 20th century, the vast majority 
of greenhouse gas emissions came from the US and Europe. But 
as US and European emissions have been falling (US emissions 
in 2021 were 17% lower than 2005 levels), emissions from the 
rest of the world, particularly Asia, have been rising rapidly. The 
choices the US and other countries make now will determine the 
trajectory of climate change and associated impacts for many 
generations to come (Figure 1.13). {2.1, 2.3; Ch. 32} 

https://nca2023.globalchange.gov/art-climate/#art-Tami-Phelps
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Box 1.4. Global Warming Levels 

Because long-term societal actions are uncertain, climate modeling experts use different scenarios of plausible futures to represent a range of possible trajec-
tories. These scenarios capture variables such as the relationship between human behavior, greenhouse gas emissions, Earth’s responses to changes in the 
concentration of greenhouse gases in our atmosphere and ocean, and the resulting impacts, including temperature change and sea level rise. {3.3; Guide to the 
Report; App. 3}

Since there are uncertainties inherent in all of these factors—especially human behavior and the choices that determine emissions levels—the resulting range of 
projections are not predictions but instead reflect multiple potential future pathways. Future climate change under a given scenario is often expressed in one of 
two ways: as a range of potential outcomes in a future year (Figure 1.13a) or the time at which a specific outcome is expected (Figure 1.13b). {2.3, 3.3; App. 3}

Over the next decade, projected global warming is very similar across all scenarios. Updating energy infrastructure or making systemic economic and political 
changes takes time, thus temperature trajectories under different scenarios take time to diverge. {2.3} 

By midcentury (2040–2070), differences between projected temperatures under higher and lower scenarios become apparent. By the end of the century, the 
global warming level—that is, how much the global average surface temperature increases above preindustrial levels—is expected to exceed 5.4°F (3°C) under 
high and very high scenarios (SSP3-7.0 and SSP5-8.5, respectively), and the world could see more than 7.2°F (4°C) of warming under a very high scenario 
(SSP5-8.5). Long-term global warming is expected to stay below 3.6°F (2°C) under a low scenario (SSP1-2.6) and can be limited to 2.7°F (1.5°C) only under a 
very low scenario (SSP1-1.9). {2.3}

The risk of exceeding a particular global warming level depends on future emissions. This means that projections are conditional: when or if the world reaches 
a particular level of warming is largely dependent on human choices. {2.3} 

George Lorio

https://nca2023.globalchange.gov/art-climate/#art-George-Lorio
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Potential Warming Pathways in the 
United States
When or if the US reaches a particular 
level of warming depends on global 
greenhouse gas emissions from human 
activities. 
Figure 1.13. How much warming the 
US will experience—and when a given 
temperature threshold is crossed—depends 
on future global emissions. The top graph 
shows observed change in US surface 
temperature during 1975–2022 (black line, 
5-year averaged) and modeled historical 
(1975–2014) and projected (2015–2095) 
change in surface temperature compared 
to 1951–1980, annually averaged over all 
50 states and Puerto Rico under different 
climate scenarios (multicolored lines; see 
Table 3 in the Guide to the Report). The 
bottom graph shows the same projections 
in a different way, highlighting the year 
in which the US crosses temperature 
thresholds under each scenario. The 
vertical dashed line represents the year 
2023. Data for the US-Affiliated Pacific 
Islands and the US Virgin Islands are not 
available. See Figure 1.5 for observed US 
and global temperature changes since 
1895. Adapted with permission from Figure 
TS.1 in Arias et al. 2021.

https://doi.org/10.1017/9781009157896.002
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Rising global emissions are driving global 
warming, with faster warming in the US

The observed global warming of about 2°F (1.1°C) over 
the industrial era is unequivocally caused by greenhouse 
gas emissions from human activities, with only very small 
effects from natural sources. About three-quarters of total 
emissions and warming (1.7°F [0.95°C]) have occurred since 
1970. Warming would have been even greater without the 
land and ocean carbon sinks, which have absorbed more 
than half of the CO2 emitted by humans. {2.1, 3.1, 7.2; Ch. 2, 
Introduction; Figures 3.1, 3.8} 

The US is warming faster than the global average, reflecting 
a broader global pattern: land areas are warming faster than 
the ocean, and higher latitudes are warming faster than 
lower latitudes. Additional global warming is expected to 
lead to even greater warming in some US regions, particu-
larly Alaska (Figure 1.14). {2.1, 3.4; Ch. 2, Introduction; App. 4}

Warming increases risks to the US 
Rising temperatures lead to many large-scale changes in 
Earth’s climate system, and the consequences increase with 
warming (Figure 1.15). Some of these changes can be further 
amplified through feedback processes at higher levels of 
warming, increasing the risk of potentially catastrophic 
outcomes. For example, uncertainty in the stability of ice 
sheets at high warming levels means that increases in sea level 
along the continental US of 3–7 feet by 2100 and 5–12 feet by 
2150 are distinct possibilities that cannot be ruled out. The 
chance of reaching the upper end of these ranges increases as 
more warming occurs. In addition to warming more, the Earth 
warms faster in high and very high scenarios (SSP3-7.0 and 
SSP5-8.5, respectively), making adaptation more challenging. 
{2.3, 3.1, 3.4, 9.1}

Projected Changes at 3.6°F (2.0°C) of Global Warming

What would 3.6°F (2°C) of global warming feel like in the United States?
Figure 1.14. As the world warms, the United States warms more on average. 
The map shows projected changes in annual surface temperature compared to 
the present day (1991–2020) under a global warming level of 3.6°F (2°C) above 
preindustrial levels (see Figure 2.9). Regional examples show how different 
temperature impacts would be experienced across the country at this level of 
warming. Figure credit: USGCRP, NOAA NCEI, and CISESS NC.
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Consequences Are Greater at Higher 
Global Warming Levels
At higher global warming levels, the US will 
experience more severe climate impacts.
Figure 1.15. With each additional increment 
of global warming, climate impacts in the US 
are projected to be more severe: US average 
temperature warms more than the global 
average (top left), and the number of days per 
year at or above 95°F in the US increases (top 
right). Annual average US rainfall increases 
rapidly in the North and more slowly in the 
South (center left), and more rain falls during 
the most extreme precipitation events (center 
right). Sea level rise (range of projected 
increases by 2100 compared to 2020) is higher 
(bottom left), driving an increase in the number 
of major coastal flooding events per year due 
to high tides alone (bottom right). Temperature 
(averages and extremely hot days; top row) 
and extreme rainfall projections (center right) 
are averages for all 50 states and Puerto 
Rico. Average rainfall projections (center 
left) are shown for both the northern and 
southern US (above and below 37° latitude, 
respectively). Sea level rise (bottom left) and 
coastal flooding (bottom right) projections are 
averages for the contiguous United States. 
For sea level change estimates outside of the 
contiguous US, see Chapter 23 (for Puerto 
Rico and the US Virgin Islands), Chapter 30 
(for Hawai‘i and the US-Affiliated Pacific 
Islands), and Sweet et al. 2022 (for Alaska). 
Global warming levels refer to warming since 
preindustrial temperature conditions, defined 
as the 1851–1900 average. Figure credit: 
USGCRP, NOAA NOS, NASA, NOAA NCEI, and 
CISESS NC.

https://oceanservice.noaa.gov/hazards/sealevelrise/sealevelrise-tech-report-sections.html
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How Climate Action  
Can Create a More Resilient and Just Nation

Large near-term cuts in greenhouse gas emissions are achievable through many currently 
available and cost-effective mitigation options. However, reaching net-zero emissions by 
midcentury cannot be achieved without exploring additional mitigation options. Even if the world 
decarbonizes rapidly, the Nation will continue to face climate impacts and risks. Adequately 
and equitably addressing these risks involves longer-term inclusive planning, investments in 
transformative adaptation, and mitigation approaches that consider equity and justice.

Available mitigation strategies can deliver 
substantial emissions reductions, but additional 
options are needed to reach net zero
Limiting global temperature change to well below 2°C (3.6°F) 
requires reaching net-zero CO2 emissions globally by 2050 
and net-zero emissions of all greenhouse gases from human 
activities within the following few decades (see “Meeting US 
mitigation targets means reaching net-zero emissions” above). 
Net-zero emissions pathways involve widespread implemen-
tation of currently available and cost-effective options for 
reducing emissions alongside rapid expansion of technologies 
and methods to remove carbon from the atmosphere to balance 
remaining emissions. However, to reach net-zero emissions, 
additional mitigation options need to be explored (Figure 
1.16). Pathways to net zero involve large-scale technological, 
infrastructure, land-use, and behavioral changes and shifts in 
governance structures. {5.3, 6.3, 9.2, 9.3, 10.4, 13.2, 16.2, 18.4, 20.1, 
24.1, 25.5, 30.5, 32.2, 32.3; Focus on Blue Carbon}

Scenarios that reach net-zero emissions include some of the 
following key options: 

• Decarbonizing the electricity sector, primarily through 
expansion of wind and solar energy, supported by energy 
storage {32.2}

• Transitioning to transportation and heating systems that 
use zero-carbon electricity or low-carbon fuels, such as 
hydrogen {5.3, 13.1, 32.2, 32.3}

• Improving energy efficiency in buildings, appliances, and 
light- and heavy-duty vehicles and other transportation 
modes {5.3, 13.3, 32.2}

• Implementing urban planning and building design 
that reduces energy demands through more public 
transportation and active transportation and lower cooling 
demands for buildings {12.3, 13.1, 32.2}

• Increasing the efficiency and sustainability of food 
production, distribution, and consumption {11.1, 32.2}

• Improving land management to decrease greenhouse gas 
emissions and increase carbon removal and storage, with 
options ranging from afforestation, reforestation, and 
restoring coastal ecosystems to industrial processes that 
directly capture and store carbon from the air {5.3, 6.3, 8.3, 
32.2, 32.3; Focus on Blue Carbon} 
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Portfolio of Mitigation Options for Achieving Net Zero by 2050

Reaching net zero by 2050 in the US will involve a mix of reductions in greenhouse gas emissions and increases in carbon dioxide removal. 
Figure 1.16. Reaching net-zero emissions (horizontal white line) by midcentury in the US would mean deep reductions in emissions of carbon 
dioxide (CO2) and other greenhouse gases (top side of figure; red), with residual emissions balanced by additional removal of CO2 from the 
atmosphere (bottom side of figure; blue). The dashed white line shows net emissions to the atmosphere (the sum of carbon sources and carbon 
sinks). The dots at 2050 show ranges of emissions and uptake for energy model scenarios explored in detail in Chapter 32. Model scenarios 
that achieve these targets project a mix of established opportunities for reducing emissions and increasing carbon sinks. Among these, energy 
efficiency, decarbonized electricity (mainly renewables), and end-use electrification are critical for the energy sector. While not exhaustive, the list 
also includes additional opportunities, many of which are emerging technologies that will be integral to reaching net zero. These include options 
like use of hydrogen and low-carbon fuels to further reduce emissions in difficult-to-decarbonize sectors and greatly increasing CO2 removal. 
Figure credit: EPA; University of California, Irvine; NOAA NCEI; and CISESS NC. 
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Due to large declines in technology and deployment costs 
over the last decade (Figure 1.2), decarbonizing the electricity 
sector is expected to be largely driven by rapid growth in 
renewable energy. Recent legislation is also expected to increase 
deployment rates of low- and zero-carbon technology. To 
reach net-zero targets, the US will need to add new electricity- 
generating capacity, mostly wind and solar, faster than ever 
before. This infrastructure expansion may drastically increase 
demand for products (batteries, solar photovoltaics) and 
resources, such as metals and critical minerals. Near-term 
shortages in minerals and metals due to increased demand can 
be addressed by increased recycling, for example, which can also 
reduce dependence on imported materials. {5.2, 5.3, 17.2, 25.3, 
32.2, 32.4; Focus on Risks to Supply Chains}

Most US net-zero scenarios require CO2 removal from the 
atmosphere to balance residual emissions, particularly from 
sectors where decarbonization is difficult. In these scenarios, 
nuclear and hydropower capacity are maintained but not greatly 
expanded; natural gas–fired generation declines, but more 
slowly if coupled with carbon capture and storage. {32.2}

Nature-based solutions that restore degraded ecosystems and 
preserve or enhance carbon storage in natural systems like 
forests, oceans, and wetlands, as well as agricultural lands, are 
cost-effective mitigation strategies. For example, with conser-
vation and restoration, marine and coastal ecosystems could 
capture and store enough atmospheric carbon each year to 
offset about 3% of global emissions (based on 2019 and 2020 
emissions). Many nature-based solutions can provide additional 
benefits, like improved ecosystem resilience, food production, 
improved water quality, and recreational opportunities. {8.3; 
Boxes 7.2, 32.2; Focus on Blue Carbon}

Adequately addressing climate risks involves 
transformative adaptation
While adaptation planning and implementation has advanced in 
the US, most adaptation actions to date have been incremental 
and small in scale (see Table 1.3). In many cases, more transfor-
mative adaptation will be necessary to adequately address the 
risks of current and future climate change. {31.1, 31.3}. 

Table 1.3. Incremental Versus Transformative Adaptation Approaches

Examples of incremental adaptation Examples of transformative adaptation

Using air-conditioning during heatwaves Redesigning cities and buildings to address heat

Reducing water consumption during droughts Shifting water-intensive industry to match projected rainfall patterns

Elevating homes above flood waters Directing new housing development to less flood-prone areas
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Transformative adaptation involves fundamental shifts in 
systems, values, and practices, including assessing potential 
trade-offs, intentionally integrating equity into adaptation 
processes, and making systemic changes to institutions and 
norms. While barriers to adaptation remain, many of these can 
be overcome with financial, cultural, technological, legislative, or 
institutional changes. {31.1, 31.2, 31.3}.

Adaptation planning can more effectively reduce climate risk 
when it identifies not only disparities in how people are affected 
by climate change but also the underlying causes of climate 
vulnerability. Transformative adaptation would involve consider-
ation of both the physical and social drivers of vulnerability and 
how they interact to shape local experiences of vulnerability and 
disparities in risk. Examples include understanding how differing 
levels of access to disaster assistance constrain recovery 
outcomes or how disaster damage exacerbates long-term wealth 
inequality. Effective adaptation, both incremental and transfor-
mative, involves developing and investing in new monitoring and 
evaluation methods to understand the different values of, and 
impacts on, diverse individuals and communities. {9.3, 19.3, 31.2, 
31.3, 31.5}

Transformative adaptation would require new and better-co-
ordinated governance mechanisms and cooperation across 
all levels of government, the private sector, and society. A 
coordinated, systems-based approach can support consider-
ation of risks that cut across multiple sectors and scales, as 
well as the development of context-specific adaptations. For 
example, California, Florida, and other states have used informal 
regional collaborations to develop adaptation strategies tailored 
to their area. Adaptation measures that are designed and 
implemented using inclusive, participatory planning approaches 
and leverage coordinated governance and financing have the 
greatest potential for long-term benefits, such as improved 
quality of life and increased economic productivity. {10.3, 18.4, 
20.2, 31.4}

Ritika S.

Joan Hart

https://nca2023.globalchange.gov/art-climate/#art-Ritika-S.
https://nca2023.globalchange.gov/art-climate/#art-Joan-Hart
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Mitigation and adaptation actions can result in 
systemic, cascading benefits

Actions taken now to accelerate net emissions reductions and 
adapt to ongoing changes can reduce risks to current and future 
generations. Mitigation and adaptation actions, from interna-
tional to individual scales, can also result in a range of benefits 
beyond limiting harmful climate impacts, including some 
immediate benefits (Figure 1.1). The benefits of mitigation and 
proactive adaptation investments are expected to outweigh the 
costs. {2.3, 13.3, 14.5, 15.3, 17.4, 22.1, 31.6, 32.4; Introductions in 
Chs. 17, 31} 

• Accelerating the deployment of low-carbon technologies, 
expanding renewable energy, and improving building 
efficiency can have significant near-term social and 
economic benefits like reducing energy costs and creating 
jobs. {32.4}

• Transitioning to a carbon-free, sustainable, and resilient 
transportation system can lead to improvements in air 
quality, fewer traffic fatalities, lower costs to travelers, 
improved mental and physical health, and healthier 
ecosystems. {13.3}

• Reducing emissions of short-lived climate pollutants like 
methane, black carbon, and ozone provides immediate air 
quality benefits that save lives and decrease the burden on 
healthcare systems while also slowing near-term warming. 
{11.1, 14.5, 15.3}

• Green infrastructure and nature-based solutions that 
accelerate pathways to net-zero emissions through 
restoration and protection of ecological resources can 
improve water quality, strengthen biodiversity, provide 
protection from climate hazards like heat extremes or 
flooding, preserve cultural heritage and traditions, and 
support more equitable access to environmental amenities. 
{8.3, 15.3, 20.3, 24.4, 30.4; Focus on Blue Carbon} 

• Strategic planning and investment in resilience can reduce 
the economic impacts of climate change, including costs 
to households and businesses, risks to markets and supply 
chains, and potential negative impacts on employment and 
income, while also providing opportunities for economic 
gain. {9.2, 19.3, 26.2, 31.6; Focus on Risks to Supply Chains}

• Improving cropland management and climate-smart 
agricultural practices can strengthen the resilience and 
profitability of farms while also increasing soil carbon 
uptake and storage, reducing emissions of nitrous oxide 
and methane, and enhancing agricultural efficiency and 
yields. {11.1, 24.1, 32.2}

Climate actions that incorporate inclusive and sustained 
engagement with overburdened and underserved communities 
in the design, planning, and implementation of evidence-based 
strategies can also reduce existing disparities and address social 
injustices. {24.3, 31.2, 32.4}

Transformative climate actions can strengthen 
resilience and advance equity
Fossil fuel–based energy systems have resulted in dispropor-
tionate public health burdens on communities of color and/or 
low-income communities. These same communities are also 
disproportionately harmed by climate change impacts. {13.4, 
15.2, 32.4}

A “just transition” is the process of responding to climate change 
with transformative actions that address the root causes of 
climate vulnerability while ensuring equitable access to jobs; 
affordable, low-carbon energy; environmental benefits such 
as reduced air pollution; and quality of life for all. This involves 
reducing impacts to overburdened communities, increasing 
resources to underserved communities, and integrating diverse 
worldviews, cultures, experiences, and capacities into mitigation 
and adaptation actions. As the country shifts to low-carbon 
energy industries, a just transition would include job creation 
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and training for displaced fossil fuel workers and addressing 
existing racial and gender disparities in energy workforces. 
For example, Colorado agencies are creating plans to guide 
the state’s transition away from coal, with a focus on economic 
diversification, job creation, and workforce training for former 
coal workers. The state’s plan also acknowledges a commitment 
to communities disproportionately impacted by coal power 
pollution. {5.3, 13.4, 14.3, 15.2, 16.2, 20.3, 31.2, 32.4; Figure 20.1}

A just transition would take into account key aspects of 
environmental justice:

• Recognizing that certain people have borne disparate 
burdens related to current and historical social injustices 
and, thus, may have different needs 

• Ensuring that people interested in and affected by 
outcomes of decision-making processes are included in 
those procedures through fair and meaningful engagement

• Distributing resources and opportunities over time, 
including access to data and information, so that no single 
group or set of individuals receives disproportionate 
benefits or burdens 

{20.3; Figure 20.1}

An equitable and sustainable US response to climate change 
has the potential to reduce climate impacts while improving 
well-being, strengthening resilience, benefiting the economy, 
and, in part, redressing legacies of racism and injustice. Trans-
formative adaptation and the transition to a net-zero energy 
system come with challenges and trade-offs that would need 
to be considered to avoid exacerbating or creating new social 
injustices. For example, transforming car-centric transporta-
tion systems to emphasize public transit and walkability could 
increase accessibility for underserved communities and people 
with limited mobility—if user input and equity are intentionally 
considered. {13.4, 20.3, 31.3, 32.4; Ch. 31, Introduction}

Equitable responses that assess trade-offs strengthen 
community resilience and self-determination, often fostering 
innovative solutions. Engaging communities in identifying 
challenges and bringing together diverse voices to participate 
in decision-making allows for more inclusive, effective, and 
transparent planning processes that account for the structural 
factors contributing to inequitable climate vulnerability. {9.3, 
12.4, 13.4, 20.2, 31.4}

Melanie Mills

https://nca2023.globalchange.gov/art-climate/#art-Melanie-Mills
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Introduction
Human activities are changing the climate. The evidence for warming across multiple aspects of the Earth 
system is incontrovertible, and the science is unequivocal that increases in atmospheric greenhouse 
gases are driving many observed trends and changes (KM 3.1). There are more greenhouse gases in the 
atmosphere primarily because humans have burned and continue to burn fossil fuels for transporta-
tion and energy generation.1 Industrial processes, deforestation, and agricultural practices also increase 
greenhouse gases in the atmosphere.1 As a result of increases in the atmospheric concentrations of these 
heat-trapping gases, the planet is on average about 2°F (1.1°C) warmer than it was in the late 1800s.2,3,4,5 No 
natural processes known to science could have caused this long-term temperature trend. The only credible 
explanation for the observed warming is human activities (Ch. 3).

Climate change is happening now in the United States. Including Alaska, the continental US has been 
warming about 60% faster than the planet as a whole since 1970. This temperature change has driven 
increases in the frequency and severity of some extreme events, consistent with the scientific understand-
ing of climate change (Ch. 3). There has always been extreme weather, which occurs even in an unchanged 
climate due to the natural variability of the Earth system. However, recent advances in attribution science 
(KM 3.3) mean that the role of climate change in some extreme events can now be quantified in real time.6,7 
For example, climate change made the record-breaking Pacific Northwest heatwave of June 2021 2° to 4°F 
hotter,8 and in 2017, Hurricane Harvey’s rainfall was estimated to be about 15%–20% heavier than it would 
have been without human-caused warming.9,10,11 

Climate change is already affecting people in the United States. Extreme heat was estimated to be 
responsible for more than 700 deaths per year between 2004 and 2018,12 although some estimates put 
heat-related mortality closer to 1,300 deaths annually.13,14 Disasters are now coming more frequently and 
causing more damage. In the 1980s, the country experienced, on average, one (inflation-adjusted)  
billion-dollar weather disaster every four months.15 Now there is one, on average, every three weeks.15

Disaster risk in a complex society such as the United States is never determined simply by extreme weather 
events. It also depends strongly on exposure (who or what lies in the path of hazards) and vulnerability 
(their ability to cope with hazards). Climate change interacts with existing social, political, and economic 
structures—increases in property values as well as increased development in hazard hotspots16 have also 
contributed to the increase in billion-dollar disasters—and exacerbates existing inequalities. Certain groups 
are more vulnerable to extreme events due to socioeconomic or demographic factors. Americans over 65 
are several times more likely to die of heat-related cardiovascular disease than younger people, while Black 
Americans die from heat-related diseases at a rate twice that of the general population.17 The extreme 
rainfall brought by Hurricane Harvey increased the flooded area in the Greater Houston area by 14%,18 which 
led to 32% more homes flooded in Harris County,19 with a disproportionate impact on low-income Hispanic 
neighborhoods. The spatial distribution of climate impacts partially reflects current and past policy choices: 
low-income neighborhoods, including those historically affected by redlining or other discriminatory 
policies, can be as much as 12°F hotter during heatwaves than wealthier neighborhoods in the same city20 
and are at a substantially higher risk of flooding.21 

Climate change has other wide-ranging consequences for people’s health and well-being (KM 15.1) and 
the land and ocean ecosystems on which we depend (Chs. 8, 10). The 2021 Pacific Northwest heatwave, 
which resulted in more than 1,400 heat-related fatalities, also led to widespread die-offs of shellfish and 
other marine organisms (Box 10.1), tree and crop damage, and other impacts on the region’s ecosystems.15,22 
Western wildfires, made more severe by climate change (Focus on Western Wildfires), have destroyed 
towns and infrastructure and contributed to an increase in the frequency and persistence of high levels of 
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air pollution across the US West (Chs.14, 15).23 These extreme events occur against a changing backdrop as 
climate change pushes aspects of the Earth system into a “new normal.” 

Long-term warming trends are associated with shifts in other aspects of the climate system. For example, 
both drought in the western US24 and heavier precipitation and increased flood risk across much of the 
US25 are linked to rising temperatures (KM 3.5). Sea level rise threatens the coasts (Ch. 9; Figure A4.10) and 
makes storm surges higher. Scientists cannot rule out the possibility of still more dramatic shifts if certain 
tipping elements trigger rapid and irreversible changes. While immediate and aggressive reductions in 
greenhouse gas emissions can mitigate future warming (KM 32.2) and reduce the risk of exceeding tipping 
points, temperatures will continue to increase until emissions of carbon dioxide reach net zero. When or if 
warming stops, long-term responses to the temperature changes that have already occurred will continue 
to drive changes for decades. Put simply, communities across the country are built for a climate that no 
longer exists.

Key Message 2.1  
Climate Is Changing, and Scientists Understand Why

It is unequivocal that human activities have increased atmospheric levels of carbon dioxide 
and other greenhouse gases. It is also unequivocal that global average temperature has risen 
in response. Observed warming over the continental United States and Alaska is higher than 
the global average (virtually certain, very high confidence). Long-term changes have been 
observed in many other aspects of the climate system (very high confidence). The Earth 
system is complex and interconnected, which means changes in faraway regions are virtually 
certain to affect the United States (very high confidence).

Humans are increasing atmospheric concentrations of planet-warming gases, including the three main 
greenhouse gases produced by human activities: carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O; Table 2.1; Figure A4.3). Since 1850, carbon dioxide concentrations have increased by more than 47%, 
nitrous oxide by 23%, and methane by more than 156%.1 Methane is a more potent greenhouse gas than 
CO2 but is shorter-lived and present in lower concentrations than CO2. Nitrous oxide is both long-lived and 
more potent, but its concentrations are also lower than CO2. Strong reductions in emissions of both CO2 and 
non-CO2 greenhouse gases are required to limit human-induced global warming to specific levels.26
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Table 2.1. Concentrations of Greenhouse Gases That Cause Global Warming Are Increasing 

Human activities have increased atmospheric concentrations of the three main greenhouse gases: carbon dioxide (CO2), 
methane (CH4), and nitrous oxide (N2O). Shown below are the concentrations in 1850 and 2020 for all three gases, along with 
information on the atmospheric lifetimes, sources, and sinks (processes by which the gas is removed from the atmosphere).

Greenhouse Gas 1850  
Concentration

2020  
Concentration Lifetime Sources Sinks

Carbon dioxide
(CO2)

280 parts per 
million (ppm)27 412 ppm28 See below*

Human activities: 
fossil fuel 
use, industrial 
processes, and 
changes in land use 
such as deforesta-
tion, land clearing 
for agriculture, and 
soil degradation. 
Natural sources: 
oceans, animal and 
plant respiration, 
decomposition, 
forest fires, 
volcanic eruptions. 

Uptake by the 
biosphere on land 
and ocean and 
formation of calcium 
carbonate and 
carbonate ion leading 
to ocean acidifica-
tion and land-based 
weathering

Methane
(CH4)

700 parts per 
billion (ppb)29 1,878 ppb30 9.1 ± 0.09 years

Human activities: 
agriculture, waste 
management, 
energy use, and 
biomass burning. 
Natural sources: 
geological, 
oceanic hydrates, 
permafrost, 
termites, wild 
animals.

Chemical reactions in 
the atmosphere and 
soil uptake

Nitrous oxide
(N2O)

270 ppb1 333 ppb31 116 ± 9 years32

Human activities: 
agriculture, fossil 
fuel combustion, 
biomass/ biofuel 
burning, and 
wastewater; 
atmospheric 
nitrogen deposition 
on ocean and land. 
Natural sources: 
rivers, estuaries and 
coastal zones, open 
oceans, soils under 
natural vegetation, 
atmospheric 
chemistry. 

Stratospheric 
destruction via 
photolysis or broken 
down by chemical 
reactions

* Carbon dioxide’s lifetime cannot be represented with a single value since CO2 moves among different reservoirs within the 
ocean–atmosphere–land system (see “Carbon Cycle,” App. 5). The rate at which this transfer of CO2 happens between reser-
voirs can vary from months to thousands of years, thus making it unrealistic to provide a single numerical value for the lifetime 
of CO2, unlike CH4 and N2O, which have specific chemical loss mechanisms in the atmosphere. Also see https://www.epa.gov/
climate-indicators/greenhouse-gases.

https://www.epa.gov/climate-indicators/greenhouse-gases
https://www.epa.gov/climate-indicators/greenhouse-gases
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CO2 Emitted Long Ago Continues to Contribute to Climate Change Today
The carbon dioxide not removed from the atmosphere by natural sinks lingers for thousands of years. 
This means CO2 emitted long ago continues to contribute to climate change today. The long lifetime 
of atmospheric CO2 is one of the primary reasons why the COVID-19 pandemic–related reduction in 
greenhouse gas emissions—a decrease of 7% between 2019 and 202033,34,35—had no measurable impact on 
atmospheric CO2 concentrations and little effect on global temperatures (Focus on COVID-19 and Climate 
Change).36,37 Because of historical trends, cumulative CO2 emissions from fossil fuels and industry in the US 
are higher than from any other country (Figure 2.1b). 

Carbon dioxide, along with other greenhouse gases like methane and nitrous oxide, is well-mixed in 
the atmosphere. This means these gases warm the planet regardless of where they were emitted, and 
all countries that emit them contribute to the warming of the entire globe. For the first half of the 20th 
century, the vast majority of greenhouse gas emissions came from the United States and Europe, but 
emissions from the rest of the world, particularly Asia, have been rising rapidly (Figure 2.1a). In 2021, for 
example, US emissions were 17% lower than 2005 levels and falling. Currently, the country that emits the 
most CO2 on an annual basis is China.

In order to understand the total contributions of past actions to observed climate change, additional 
warming from CO2 emissions from land use, land-use change, and forestry, as well as emissions of 
nitrous oxide and the shorter-lived greenhouse gas methane, should also be taken into account alongside 
cumulative fossil CO2 emissions. Accounting for all these factors and emissions from 1850–2021, US 
emissions are estimated to comprise approximately 17% of current global warming, China 12%, European 
Union 10%, and emissions from the 47 least-developed countries collectively 6%.38 The present is shaped by 
the past; future global warming depends on decisions made today (KM 2.3).

Greenhouse Gas Emissions from the US and Other Sources

China is now the largest single-country emitter of carbon dioxide on an annual basis. The United States and 
Europe have emitted the majority of cumulative carbon dioxide. 

Figure 2.1. Panel (a) shows the annual total carbon dioxide (CO2) emissions from fossil fuels and industry for se-
lected world regions. China is currently the world’s largest emitter of CO2. Emissions from the US and the Europe-
an Union and UK are large and falling; India, Africa, and South America emit less CO2 on an annual basis. Panel (b) 
shows the cumulative CO2 emissions of the same world regions. Some CO2 emitted decades ago remains in the 
atmosphere today, causing the climate changes now being experienced. Figure credit: Project Drawdown.
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Greenhouse Gases Are Not the Only Air Pollutants That Affect the Climate
Many of the human activities that produce greenhouse gases also produce small airborne particles known 
as aerosols. Aerosol emissions are an important constituent of air pollution, which is responsible for more 
excess deaths in the United States than murders and car accidents combined.39 Aerosols also have climate 
impacts: they can scatter or absorb sunlight, which have cooling and warming effects, respectively.

Aerosols also affect climate through their effects on clouds (Ch. 3). Increased global aerosol emissions 
have primarily cooled the planet, partially counteracting the warming caused by greenhouse gases, but 
compared to CO2 aerosols are more localized and shorter lived. Aerosol emissions in the US have dramati-
cally decreased since the passage of the Clean Air Act and subsequent pollution control legislation (Figure 
2.2), global aerosol emissions have fallen, and the location of peak aerosol emissions has shifted from North 
America and Europe to South and East Asia. COVID-19–related shutdowns (see Focus on COVID-19 and 
Climate Change) led to decreases in aerosol emissions, reducing their cooling effect. This led to a small and 
temporary global warming estimated at 0.05°F.40 Long-term reductions in aerosol emissions would further 
reduce the cooling effect of aerosols,41,42 which means that even stronger reductions in greenhouse gases 
would be required to limit warming to specific levels.
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Observed Trends in Aerosol Optical Depth from 2002 to 2021 

Trends in aerosol optical depth show decreases in aerosol pollution across the eastern United States.

Figure 2.2. Aerosol pollution over and downwind of the eastern US has decreased significantly in recent decades, 
resulting in both improved air quality and reduced cooling effects. Aerosols are tiny particles in the air that are 
associated with respiratory disease. Reduction of these particles means less impact on human health. These 
particles also reflect sunlight back to space, thus cooling the Earth’s atmosphere. Reduction of these particles 
means less sunlight is reflected resulting in reduced cooling effects. This figure shows the trend from July 2002 
to December 2021 in aerosol optical depth (AOD), a unitless measure of the total amount of aerosols in the atmo-
sphere, as derived from satellite observations. The trend is calculated from deseasonalized AOD anomaly and is 
shown as change per decade. The trend over and downwind of the eastern US is significant at the 95% confidence 
level. Figure credit: NASA Langley Research Center.
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Climate Change Is Already Here 
Global average temperatures over the past decade (2012–2021) were close to 2°F (1.1°C) warmer than the 
preindustrial period (1850–1899).2,3,4,5 This warming has been accompanied by several large-scale changes: 
loss of glaciers, ice sheet mass, and sea ice; ocean warming, acidification, and deoxygenation; increases in 
ocean heat content and marine heatwaves; increases in atmospheric humidity; shifting rainfall patterns and 
more frequent heavy precipitation; seasonal shifts including shorter winters and earlier spring and summer 
seasons; and changes in the biosphere (such as land and ocean species shifting poleward). Global average 
sea levels over the past decade were also higher than in the preindustrial period by between 7 and 9.5 
inches, with more than half of this rise occurring since 1980.43,44,45 A subset of notable global climate trends is 
shown in Figure 2.3.

Evidence for Climate Change Across Multiple Variables

Changes across the Earth system reflect the influence of human activities on the climate.

Figure 2.3. Climate change is apparent in many different aspects of the Earth system between 1880 and 2021. 
Many of these changes are evidence for a human fingerprint on the climate, reflecting the current scientific under-
standing of how the planet responds to external influences (Ch. 3). Global changes between the start and end of 
each time series are shown as numerical values to the right of each chart and are calculated by fitting each time 
series with a localized linear regression with a bandwidth of 30 years. Figure credit: Stripe Inc., NOAA NCEI, and 
CISESS NC.
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The Changes We Face Are Unprecedented in Human History
Bubbles of ancient air trapped in ice cores can be used to reconstruct atmospheric concentrations of 
greenhouse gases over the last 800,000 years. These concentrations rise and fall due to natural processes, 
but human activities have increased greenhouse gases in the atmosphere rapidly and to levels unprec-
edented in the history of human life on Earth. Other paleoclimatic evidence indicates that the last time 
atmospheric CO2 concentrations were as high as today was approximately 3.2 million years ago,46,47 a time 
when global average sea levels were 18–63 feet higher than today.48 Evidence from multiple proxy-based 
reconstructions of the past indicates that the rate of increase of global surface temperatures observed over 
the past several decades is unprecedented over the past 2,000 years.49 

The Climate in the United States Is Changing 

The US Is Warming Faster Than the Global Average
Temperatures in the contiguous United States (CONUS) have risen by 2.5°F and temperatures in Alaska by 
4.2°F since 1970, compared to a global temperature rise of around 1.7°F over the same period. This reflects a 
broader global pattern in which land is warming faster than the ocean, higher latitudes are warming faster 
than lower latitudes, and the Arctic is warming fastest of all.50 There are substantial seasonal and regional 
variations in temperature trends across the US and its territories. Winter is warming nearly twice as fast as 
summer in many northern states (Figure 2.4). Annual average temperatures in some areas (including parts of 
the Southwest, upper Midwest, Alaska, and Northeast) are more than 2°F warmer than they were in the first 
half of the 20th century, while parts of the Southeast have warmed less than 1°F. These regional differences 
are most pronounced in the summer: seasonal temperatures in some regions east of the Rockies have 
decreased. Studies have linked these regional trends to a combination of natural climate variability,51,52,53,54,55 
human-caused drivers such as irrigation and agricultural intensification,56,57 and aerosol pollution (Figure 
2.4; Ch. 3).53,58 This decreasing trend has recently reversed in the southeastern US, possibly in response to 
decreasing aerosol amounts (Figure 2.2),59 a shift projected to increase climate change impacts in that  
region (Ch. 22).

The Characteristics of Precipitation Are Changing
Many eastern regions of the country are getting wetter (Figure 2.4). Average annual precipitation from 
2002–2021 was 5%–15% higher relative to the 1901–1960 average in the central and eastern US, a trend 
attributable to climate change.60 Hawai‘i (Ch. 30) and parts of the Southwest (Ch. 28) are getting drier (Figure 
2.4), recording average annual precipitation decreases between 10% and 15% over the same time period. 
The timing of precipitation is also changing. While the Northeast and Midwest have seen wetter conditions 
in all seasons, the Southeast has received more precipitation in the fall but drier conditions in spring and 
summer.61 Across most of the Southwest, precipitation was more than 15% below average during summer, 
fall, and spring and 10%–15% above average in the winter.62,63 The Pacific Northwest also experienced drier 
summers and wetter winters. More precipitation is now falling as rain rather than snow, which is contribut-
ing to reductions in snowpack and maximum annual snow equivalent (Ch. 4; Figure A4.7).
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Observed Changes in Annual, Winter, and Summer Temperature and Precipitation

Temperature has increased and precipitation has changed over much of the United States.

Figure 2.4. Changes shown are the difference between the annual average or seasonal temperatures (left column) 
and precipitation totals (right column) for the present day (2002–2021) compared to the average for the first half 
of the last century (1901–1960) for the contiguous United States (CONUS), Hawai‘i, and Puerto Rico; and 1925–
1960 for Alaska. Temperature and precipitation estimates for CONUS and Alaska are derived from the nClimGrid 
dataset.64,65 For Hawai‘i and Puerto Rico, temperature estimates are derived from NOAAGlobalTemp,5 and precipi-
tation estimates are derived from the Global Precipitation Climatology Center dataset.66 Figure credit: NOAA NCEI 
and CISESS NC. 



Fifth National Climate Assessment

 2-13 | Climate Trends

Sea Level Along the Continental US Coast Is Rising Faster Than the Global Average
Over the past century, average sea level along the continental US coastline has risen by about 11 inches, 
which is considerably more than the global average sea level rise of 7 inches.67 In just the last three decades 
(1993–2020), sea level has risen at a rate of 1.8 inches per decade in the continental US compared to 1.3 
inches per decade globally (Figure 2.5). Over the same period, the rate of sea level rise has accelerated 
both globally and in the continental US.68 Within the US, rates of relative sea level rise (i.e., changes in sea 
level relative to local land surface heights, including local changes in land elevation) vary spatially, with the 
highest rates between 1993 and 2020 observed along the Gulf and Mid-Atlantic Coasts (greater than 2.4 
inches per decade of sea level rise, as shown in Figure 2.5), the lowest rates in the Pacific Northwest (0–1 
inches per decade of sea level rise, as shown in Figure 2.5), and relative sea level fall in Southeast Alaska. 

Many processes have contributed to these regional differences. Land subsidence has driven very high rates 
of relative sea level rise along the Gulf Coast. Variations in ocean circulation and land subsidence have 
driven higher rates of sea level rise along the Mid-Atlantic Coast over recent decades.69,70 On the Pacific 
Coast, ocean-circulation variation related to the Pacific Decadal Oscillation and local land uplift have caused 
lower rates of sea level rise and, in some places (such as Southeast Alaska), even sea level fall.71 Changes 
in average sea level have doubled the frequency of disruptive high tide flooding in the continental United 
States over the past few decades.72 In some cities, the increase in flood frequency has been even greater due 
to locally higher rates of sea level rise—for example, a fourfold increase in the frequency of disruptive high 
tide flooding events in Miami Beach, Florida, over the last 20 years.73
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Observed Sea Level Trends

Sea levels are rising across most US coastal areas. 

Figure 2.5. Satellite and tide gauge data show trends in sea level rise during 1993–2020 that are, on average, 
greater than global trends. Sea levels are not rising uniformly across US coastlines. The highest rates of sea level 
rise have occurred along the Gulf Coast and Atlantic Coast, with lower rates on the Pacific Coast and sea level fall 
along parts of the Alaska Coast. Rates of sea level rise in Hawai‘i and Puerto Rico are closer to the global average. 
Adapted from Sweet et al. 2022.67

Oceans Are Changing
The oceans are warming along all US coasts, but not all areas are warming at the same rate.74,75 Surface 
waters along the Alaska and Northeast coastlines are warming faster than in most other regions due 
to climate change impacts on weather and ocean circulation in those regions (KMs 21.2, 29.5).76 Oxygen 
minimum zones (areas of the deeper ocean where oxygen levels are low) have expanded in volume since 
1970, particularly in Alaska waters, with negative consequences for fisheries (Ch. 10).77,78,79 Dead zones—areas 
in the coastal ocean where oxygen levels seasonally drop, sometimes causing massive die-offs of marine 
life—are happening in more places around the country, with climate change one of many factors contrib-
uting to their expansion.77,80 Acidification, caused by rising levels of atmospheric CO2 being absorbed by 
the ocean (KM 3.4; Figure 3.9), has changed the carbonate chemistry of US offshore and coastal waters at 
variable rates, impacting marine life.81 Acidification in offshore and open ocean waters tracks the global 
average trends,1 but changes in US coastal waters depend on regional upwelling conditions (Ch. 27) and 
acidifying contributions from land and nutrient and freshwater inputs.82,83 
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Sea and Lake Ice Is Decreasing
Sea ice has dramatically retreated from Alaska coastal seas over the last several decades at rates that exceed 
retreat in other parts of the Arctic Ocean (Ch. 29).79,84 In 2018, sea ice in the Bering Sea of Alaska reached 
a record low at less than half the average winter extent since 1979.85 Throughout North America and the 
Arctic, lake ice area and seasonal duration have also notably decreased during the satellite era (Ch. 24).86,87

Changes Outside National Borders Affect the United States 

Warming in the Tropics Affects the Entire United States 
Observed changes in atmospheric circulation are shifting the distribution of precipitation throughout the 
tropics and subtropics, resulting in greater precipitation variability for Caribbean and Pacific islands (Chs. 
3, 23, 30).88 These shifts are also thought to extend tropical cyclone tracks farther into the midlatitudes,89 
especially in the West Pacific basin. Tropical cyclone activity in the West Pacific has also been linked to an 
intensifying effect on the El Niño–Southern Oscillation (ENSO).90,91,92 ENSO itself has tended toward more 
extreme events since the 1950s93 that strongly impact the US-Affiliated Pacific Islands (Ch. 30) but also 
heavily influence temperature and precipitation patterns in several continental US regions,94,95,96 as well as 
the development of tropical cyclones in the Pacific and Atlantic basins.97 The tropics are also a key source of 
moisture for atmospheric rivers and tropical storms that bring precipitation to much of the country. As the 
tropics warm, the subsequent increase in moisture is intensifying the precipitation associated with these 
systems across the western and eastern United States.98,99 

Ice Sheet Changes in Greenland and Antarctica Contribute to US Sea Level Rise
The pattern of mass loss from glaciers and ice sheets outside the United States also has an important 
influence on the spatial pattern of sea level rise along US coasts, as ice losses in Antarctica lead to more 
sea level increase along the US Atlantic Coast than equivalent ice losses in Greenland, due to gravitational 
changes associated with the redistribution of mass on the Earth’s surface.100,101 Improved estimates of sea 
level changes during warm periods in Earth’s prehistory are now directly being used to calibrate projections 
of the upper bound of future sea level rise.102,103 The closest analog for current rates of sea level rise, and 
those that may occur in the next century, are past warm periods when the Greenland and Antarctic ice 
sheets were considerably smaller than their present state and global average sea level was 10 or more 
feet higher.104

Arctic Changes Affect Weather in the Midlatitudes
The Arctic is warming faster than much of the world, and Arctic sea ice is declining rapidly as a 
consequence.49 There is emerging evidence from modeling studies and observations that these changes 
in the Arctic are affecting atmospheric circulation and extreme weather across the United States. In 
summer, the temperature contrast between the Arctic and the midlatitudes has decreased, weakening 
the midlatitude jet stream and making certain weather regimes more persistent.105 This has led to more 
persistent hot and dry extremes over parts of North America.105,106,107 However, the connection between 
Arctic warming and winter weather is still uncertain. In winter, the influence of natural climate variability 
and the lack of consistency between observations and modeling-based studies make it difficult to connect 
changes occurring in the Arctic and winter severe weather.108,109 However, some recent studies suggest that 
Arctic warming results in increasing disruptions of the stratospheric polar vortex that cause cold air from 
the Arctic to spill down over the United States, as seen in recent severe winter weather events such as the 
February 2021 cold snap that affected large parts of the country (Figure 26.7).110,111,112 Notably, this Arctic air, 
while still cold in absolute terms, is warmer than it used to be four decades ago.
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Key Message 2.2  
Extreme Events Are Becoming More Frequent and Severe

Observations show an increase in the severity, extent, and/or frequency of multiple types of 
extreme events. Heatwaves have become more common and severe in the West since the 
1980s (high confidence). Drought risk has been increasing in the Southwest over the past 
century (very high confidence), while at the same time rainfall has become more extreme in 
recent decades, especially east of the Rockies (very high confidence). Hurricanes have been 
intensifying more rapidly since the 1980s (high confidence) and causing heavier rainfall and 
higher storm surges (high confidence). More frequent and larger wildfires have been burning 
in the West in the past few decades due to a combination of climate factors, societal changes, 
and policies (very high confidence). 

Climate Change Is Not Just a Problem for Future Generations, It’s a 
Problem Today
The number and cost of weather-related disasters have increased dramatically over the past four decades, 
in part due to the increasing frequency and severity of extreme events and in part due to increases in 
exposure and vulnerability. In 2022 alone, the United States experienced 18 weather and climate disasters 
with damages exceeding $1 billion (Figures 2.6, A4.5). There is increasing confidence that changes in some 
extreme events are driven by human-caused climate change (KM 3.5).
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Billion-Dollar Weather and Climate Disasters in 2022

The US experienced 18 billion-dollar weather and climate disasters in 2022.

Figure 2.6. In the 1980s, there was one weather/climate disaster event with losses exceeding $1 billion approx-
imately every four months. By the 2010s, there was one every three weeks or less. In 2022, there were 18 such 
events that affected the United States. These events included 1 drought event, 1 flooding event, 11 severe storm 
events (including tornadoes, hail storms, and straight-line winds), 3 tropical cyclone events, 1 wildfire event, and 
1 winter storm event. Overall, these events resulted in the deaths of 474 people and had significant economic 
effects on the areas impacted. Source: NCEI 2022.15

The Risk of Temperature Extremes Is Changing
By some measures, the most extreme heatwaves on record in the United States occurred during the Dust 
Bowl era of the 1930s.113 This serves as a historical reminder of the societal consequences of extreme heat. 
Globally, such heatwaves are becoming more frequent, and in recent decades the western United States 
has been following those trends. Several major heatwaves have affected the US since 2018, including a 
record-shattering event in the Pacific Northwest in 2021. The western US has been particularly affected 
by extreme heat since the 1980s (Figure 2.7), experiencing a larger increase in days over 95°F, as would be 
expected given the greater warming in that region relative to the eastern US.114 By contrast, the number of 
very hot days has actually decreased across the central and eastern regions due to summer cooling trends 
in the region (Figure 2.7; Ch. 22). This does not, however, mean the central and eastern US are not affected 
by heat. The impacts of extreme high temperatures are more severe if such conditions persist for several 
days, and overall, multiday heatwaves have become hotter, more frequent, larger, and longer lasting in 
recent decades.115,116,117 Across 50 large US cities, the US Global Change Research Program heatwave indicator 
(https://www.globalchange.gov/indicators/heat-waves) shows that the average number of heatwaves has 
doubled since the 1980s, and the length of the heatwave season has increased from about 40 days to about 
70 days.118 Even the ocean is experiencing extreme heat: marine heatwaves—prolonged periods of discrete 
(from days to several months) anomalously high sea surface temperatures—have now been documented in 
every US marine system (KMs 8.2, 10.1, 21.2, 27.2, 28.2, 30.4; Box 10.1; Figure 29.1).119 

https://www.globalchange.gov/indicators/heat-waves
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Observed Changes in Hot and Cold Extremes 

Hot days have increased in the West, hot nights have increased nearly everywhere, and cold days have  
decreased.

Figure 2.7. Over much of the country, the risk of warm nights has increased while the risk of cold days has de-
creased. The risk of hot days has also increased across the western US. This figure shows the observed change 
in the number of (a) hot days (days at or above 95°F), (b) cold days (days at or below 32°F), and (c) warm nights 
(nights at or above 70°F) over the period 2002–2021 relative to 1901–1960 (1951–1980 for Alaska and Hawai‘i 
and 1956–1980 for Puerto Rico). Data were not available for the US-Affiliated Pacific Islands and the US Virgin 
Islands. Figure credit: Project Drawdown, Washington State University Vancouver, NOAA NCEI, and CISESS NC. 

The number of cold days (on which the temperature drops below freezing) has decreased across CONUS 
(except in the Southeast, where the number of days below freezing is small to begin with). Despite some 
recent damaging cold events, overall cold extremes are becoming less frequent and milder (Figure 2.7).120,121

Nighttime temperatures are rising faster than daytime temperatures, and the number of nights where the 
temperature never falls below 70°F is increasing everywhere in the US except the Northern Great Plains 
(Figure 2.7). The extent of CONUS experiencing hot summer nights is growing at a faster rate than the 
extent experiencing hot summer days.121,122 Temperatures are generally lower at night, allowing human (and 
animal) bodies, crops, and the built environment to cool down. For that reason, an increase in the frequency 
and intensity of warm nights can have a significant impact on human health, crop yields, and more.

Rainfall Is Becoming More Extreme 
Since the 1950s, there has been an upward trend in heavy precipitation across the contiguous US (Figure 
2.8).25 This increase is driven largely by more frequent precipitation extremes, with relatively smaller 
changes in their intensity. The largest increase in the number of extreme precipitation days (defined as the 
top 1% of heaviest precipitation events) has occurred over the Northeast (an increase of around 60%) and 
Midwest (around 45%), along with increases of more than 10% in their annual and 5-year maximum amount 
(Figure 2.8). These changes have contributed to increases in river and stream flooding in these regions.123,124 
The increase in frequency and intensity of precipitation extremes is evident across a broad range of event 
durations (from 1 to 30 days) and return intervals (1 to 20 years), particularly east of the Rocky Mountains.125 

There is robust evidence that human-caused warming has contributed to increases in the frequency and 
severity of the heaviest precipitation events across nearly 70% of the US.126,127 Paleoclimate records derived 
from tree-ring growth provide evidence that summer moisture has increased over the past century in parts 
of New England,128 the central-eastern US,129 and the northern Mississippi River valley.130
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Observed Changes in the Frequency and Severity of Heavy Precipitation Events

Heavy precipitation events are becoming more frequent and intense across much of the country. 

Figure 2.8. The frequency and intensity of heavy precipitation events have increased across much of the Unit-
ed States, particularly the eastern part of the continental US, with implications for flood risk and infrastructure 
planning. Maps show observed changes in three measures of extreme precipitation: (a) total precipitation falling 
on the heaviest 1% of days, (b) daily maximum precipitation in a 5-year period, and (c) the annual heaviest daily 
precipitation amount over 1958–2021. Numbers in black circles depict percent changes at the regional level. Data 
were not available for the US-Affiliated Pacific Islands and the US Virgin Islands. Figure credits: (a) adapted from 
Easterling et al. 2017;131 (b, c) NOAA NCEI and CISESS NC.

Drought Risk Is Complex and Changing
Drought is such a complex phenomenon that it is a challenge to even define what it is: more than 150 
different definitions have appeared in the scientific literature.132 Broadly, drought results when there is a 
mismatch between moisture supply and demand. Meteorological drought happens when there is a severe 
or ongoing lack of precipitation. Hydrological drought results from deficits in surface runoff and subsurface 
moisture supply. Drying soil moisture affects crop yields and can lead to agricultural droughts. The timing of 
droughts is also complex. Droughts can last for weeks or decades. They may develop slowly over months or 
come on rapidly. A drought may be immediately apparent or detectable only in retrospect. 

Despite this complexity, some robust regional trends are emerging. Colorado River streamflow over the 
period 2000–2014 was 19% lower than the 20th-century average,133 largely due to a reduction in snowfall, 
less reflected sunlight, and increased evaporation.134 The period 2000–2021 in the Southwest had the 
driest soil moisture of any period of the same length in at least the past 1,200 years.135 While this drought is 
partially linked to natural climate variability, there is evidence that climate change exacerbated it, because 
warmer temperatures increase atmospheric “thirst” and dry the soil.24,136,137,138 Droughts in the region are 
lasting longer139 and reflect not a temporary extreme event but a long-term aridification trend—a drier “new 
normal”140 occasionally punctuated by periods of extreme wetness consistent with expected increases in 
precipitation volatility in a warming world.141,142 

The Southwest is the only region in which the total area of unusually dry soil moisture is increasing.143 In the 
eastern regions of the country, hydrological droughts have become less frequent since the late 19th century 
due to increases in precipitation that compensate for warming-driven increases in evaporation (Figures 
2.4, A4.9).144 However, there is evidence that the likelihood of drought in the Northeast did not decrease as 
much as would be expected given these wetter conditions145 and that higher increases in evapotranspira-
tion make the Southeast more drought-prone than the Northeast (Ch. 22). Additionally, much of the US is 
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vulnerable to rapid-onset flash droughts that can materialize in a matter of days, driven by extreme high 
temperatures or wind speeds and a lack of rainfall.146,147 These events are difficult to predict and prepare for, 
and can have outsized impacts.148 There is evidence that these events are drying out soil more quickly as the 
world warms.149

Storms Are Changing
Changes in some types of storms are also apparent. Over the past three decades, heavy snowfalls have been 
more frequent over the Northeast,111 a trend consistent with warming in the western Atlantic Ocean and 
increasingly frequent Arctic air outbreaks from polar vortex disruptions.110 Atmospheric rivers along the 
Pacific Coast have become warmer over the past several decades150 and have transported larger amounts of 
moisture into the West because of increases in Pacific Ocean temperatures.151 

There is no long-term trend in the frequency of landfalling hurricanes in the United States since the late 
19th century, but there has been an increase in basin-wide hurricane activity in the North Atlantic since 
the early 1970s.152,153 In addition to recent increases in storm frequency, evidence continues to build that 
hurricanes are changing in other dangerous ways. Tropical cyclones have been intensifying more rapidly 
since the early 1980s,154,155 leaving communities with less time to prepare. Hurricanes tend to lose energy as 
they move away from the ocean, but the rate of this hurricane decay has slowed since the 1960s, allowing 
storms to extend somewhat farther inland.156 There has been a 17% decrease in the speed of movement of 
storms in the North Atlantic basin since 1900,157 as well an increased tendency for storms along the North 
American coast to meander and stall since the 1950s.158 Slower-moving storms can result in more heavy 
rainfall, wind damage, storm surge, and coastal flooding; notably, after accounting for changes in the value 
of property and other assets placed in harm’s way, hurricane damage in the United States has generally 
increased since 1900.159 

Changes in smaller-scale, short-lived severe weather such as tornadoes and thunderstorms are more 
difficult to assess, and direct observations of those events and the conditions associated with them are 
incomplete.160 While the average annual number of tornadoes appears to have remained relatively constant, 
there is evidence that tornado outbreaks have become more frequent,161 that tornado power has increased,162 
that tornado activity is increasing in the fall,163 and that “Tornado Alley” has shifted eastward.164 The 
complexes of thunderstorms that bring substantial precipitation to the central United States during the 
warm season have become more frequent and longer-lasting over the past two decades.165

Thunderstorms are associated with other important hazards, including hail and cloud-to-ground lightning. 
Direct observational records for these hazards are largely insufficient for identifying trends due to factors 
including observer biases, limited length of the record, and changes in the observing systems.166,167 However, 
days with environmental conditions conducive to producing large hail (greater than 2 inches in diameter) 
have become more frequent over the central and eastern US and parts of the Pacific Northwest.168 

A Combination of Factors Is Increasing Fire Risk
Much of the country is experiencing more intense and frequent wildfires associated with warming and 
drought16,169 and aggravated by the reduction in Indigenous land-use and fire stewardship practices that 
have been critical for past management of fires.170,171 Over the past 1,000 years, warm temperatures and 
droughts have tended to increase the area burned by wildfires in the West, including the Pacific Northwest 
and Rockies.172 In the period 1979–2020, human-caused warming was responsible for nearly 68% of the 
observed increase in aridity in the West, creating the conditions that drove growth in the acreage burned 
by wildfires.173 In the Rockies, higher temperatures, changes in precipitation, and fire stress have led to 
major ecological changes, including the disappearance of forests (Ch. 7).174 Fire history records derived from 
tree rings and fire scars from forests in the Rocky Mountains show that for most of the past 2,000 years, 
cooler, wetter conditions, combined with Indigenous fire stewardship practices, limited fires.171 However, 
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greenhouse gas–induced warming and drying and the spread of invasive vegetation types (KM 8.2) have 
combined with forest management policy choices and the limitation of Indigenous sovereignty to contribute 
to new extreme fire regimes and more frequent fires. 

Lightning and human activities are both sources of wildfire ignitions in the US. Lightning is a dominant 
source across much of the western US and is associated with larger and more intense fires, while humans 
are a dominant source across the eastern US and along the Southern California coastline.167,175,176 Both light-
ning-caused and human-caused fires have increased between 1992 and 2012.175 While rising populations, 
development, and a growing wildland–urban interface contribute to the increase in human-caused fires,177 
there is no clear evidence of changes in lightning activity.178,179 Changes in lightning activity are challenging 
to detect due to the lack of long-term satellite measurements and uncertainties in ground-based lightning 
detection networks.167 

Key Message 2.3  
How Much the Climate Changes Depends on the Choices Made Now

The more the planet warms, the greater the impacts—and the greater the risk of unforeseen 
consequences (very high confidence). The impacts of climate change increase with warming, 
and warming is virtually certain to continue if emissions of carbon dioxide do not reach net 
zero (very high confidence). Rapidly reducing emissions would very likely limit future warming 
(very high confidence) and the associated increases in many risks (high confidence). While 
there are still uncertainties about how the planet will react to rapid warming and catastrophic 
future scenarios that cannot be ruled out, the future is largely in human hands.

As the World Warms, the United States Warms More
Every increment of global warming leads to larger increases in temperature in many regions, including 
much of the United States (Figure 2.9). The Paris Agreement calls for limiting global warming to “well below 
2°C” relative to preindustrial temperatures, preferably to 1.5°C, and domestic and international emissions 
targets are generally expressed in these terms. To mirror this language, where possible, trends in this 
section are reported in terms of the global warming level (GWL): the global average temperature change 
in degrees Celsius relative to preindustrial temperatures. At a GWL of 2°C (3.6°F), the average temperature 
across the United States is very likely to increase between 4.4°F and 5.6°F (2.4°C and 3.1°C). For every 
additional 1°C of global warming, the average US temperature is projected to increase by around 2.5°F (1.4 
°C). The northern and western parts of the country are likely to experience proportionally greater warming 
(Figure 2.9). 
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Projected US Temperature Changes at 1.5°C, 2°C, 3°C, and 4°C of Global Warming

The United States is projected to warm faster than the global average.

Figure 2.9. As the world warms, the US warms more. Projected temperature rises are larger in the northern and 
western portions of the country and are most severe in the Arctic. These maps show projected changes in annual 
average temperature (°F) for various global warming levels (1.5°, 2.0°, 3.0°, and 4.0°C). Changes are relative to the 
period 1851–1900. Based on CMIP6. Data were not available for the US-Affiliated Pacific Islands. Figure credit: 
NOAA NCEI and CISESS NC. 

Some Regions Will Get Wetter While Others Will Get Drier
Precipitation changes also scale with global warming, but these projections vary by location (Figure 2.10) and 
are less certain than temperature changes. As global temperatures increase, annual average precipitation is 
very likely to increase in the northern and eastern regions of CONUS and in Alaska, more likely than not to 
decrease in the Southwest and Texas, and likely to decrease in the Caribbean. Changes to the seasonal cycle 
of precipitation are also expected: in the Northwest, precipitation increases are very likely to occur during 
the winter wet season and decrease in the summer. In a warmer world, it is virtually certain that less pre-
cipitation will fall as snow, leading to large reductions in mountain snowpack and decreases in spring runoff 
in the mountain West (Chs. 4, 27, 28; Figure A4.7). 
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Projected US Precipitation Changes at 1.5°C, 2°C, 3°C, and 4°C of Global Warming

Precipitation changes are projected to be larger at higher levels of warming. 

Figure 2.10. These maps show projected changes in average annual precipitation (%) for various global warming 
levels (1.5°, 2.0°, 3.0°, and 4.0°C). Precipitation is projected to increase with warming in the North and East and to 
decrease in the Southwest and the Caribbean. Changes are relative to the period 1851–1900. Based on CMIP6. 
Data were not available for the US Affiliated Pacific Islands. Hatching indicates areas where 80% or more of the 
models agree on the sign of the change. Figure credit: Project Drawdown, Stripe Inc., NOAA NCEI, and CISESS NC. 
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The Risk of Extreme Heat Increases with the Global Warming Level
Recent trends in extreme heat and precipitation foreshadow what is to come in a warmer world. The 
connection between warming and heatwaves is well understood: at the very basic level, as average tempera-
tures warm, the risk of extreme temperatures and record-breaking temperatures goes up (Ch. 3), and it is 
very likely that heatwaves will increase in frequency, severity, and duration as warming continues. Figure 
2.11a shows projected changes in the number of days at or above 95°F at a global warming level of 2°C. In 
addition to changes in the number of hot days, multiday heatwaves are very likely to last longer, affect a 
larger spatial extent, and become more severe, exposing more people and infrastructure simultaneously and 
for longer periods.180 By contrast, the number of cold days is projected to decrease (Figure 2.11b). Nighttime 
temperatures are very likely to increase faster than daytime temperatures, leading to an increase in extreme 
nighttime temperatures as the global warming level increases (Figure 2.11c). Such changes in extreme heat 
are very likely to have negative impacts on human health (Ch. 15) and agricultural productivity (Ch. 11).

Projected Changes to Hot and Cold Extremes at 2°C of Global Warming 

More hot days, even more warm nights, and fewer cold days are expected at a global warming level of 2°C.

Figure 2.11. These maps show changes in the (a) projected number of hot days with a maximum temperature at 
or above 95°F, (b) cold days (minimum temperature at or below 32°F), and (c) warm nights (minimum temperature 
at or above 70°F) at a global warming level of 2.0°C. Changes are relative to the period 1991–2020. Based on 
LOCA2/STAR. Values for Alaska, Hawai‘i, and Puerto Rico are averages from STAR downscaling of 44, 15, and 31 
stations, respectively. The Hawai‘i value for cold days is for Mauna Loa, the only network station where freezing 
temperatures occur. Areas of no change (shown in white) generally will not experience temperatures exceeding 
those thresholds. Data were not available for the US-Affiliated Pacific Islands and the US Virgin Islands. Figure 
credit: NOAA NCEI and CISESS NC. 

The Frequency and Severity of Heavy Precipitation Increases with the Global 
Warming Level
Extreme precipitation–producing weather systems ranging from tropical cyclones to atmospheric rivers are 
very likely to produce heavier precipitation at higher global warming levels.127,181,182,183,184 Recent increases in 
the frequency, severity, and amount of extreme precipitation are expected to continue across the US even 
if global warming is limited to Paris Agreement targets.126,185 Figure 2.12 shows likely changes at a GWL of 
2°C. Changes in extreme precipitation events differ seasonally—they are very likely to increase in spring and 
winter across CONUS and Alaska and in eastern and northwestern states in the fall, while projected changes 
in the summer season are more uncertain.186
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Projected Changes to Precipitation Extremes at 2°C of Global Warming

Increases in the frequency and severity of heavy precipitation are expected at a global warming level of 2°C. 

Figure 2.12. The maps show projected changes in three measures of extreme precipitation at a global warming 
level of 2°C: (a) total precipitation falling on the heaviest 1% of days, (b) daily maximum precipitation in a 5-year 
period, and (c) the annual heaviest daily precipitation amount. Changes are relative to the period 1991–2020. 
Based on LOCA2/STAR. Values for Alaska, Hawaiʻi, and Puerto Rico are averages from STAR downscaling of 45, 
16, and 31 stations, respectively. Data were not available for the US-Affiliated Pacific Islands and the US Virgin 
Islands. Figure credit: NOAA NCEI and CISESS NC. 

Warming-Driven Changes to the Water Balance Affect Drought Risk 
Even as downpours increase, the risk of drought is also projected to rise with the global temperature. The 
past may provide insight into what could happen as temperatures rise. Paleoclimate datasets show that the 
already-water-stressed Great Basin region, which includes Nevada, parts of Utah and Wyoming, and much 
of the Southwest, experienced severe drought throughout the mid-Holocene (approximately 5,000–9,000 
years ago), when the western Pacific was warm, Arctic temperatures were high, and there was less sea 
ice—all global changes that are projected in a future warmer world.187 In the Southwest, multidecadal soil 
moisture droughts analogous to or drier than the 2000–2021 drought are projected to increase in the 
future, regardless of global warming level (Ch. 28).188 This is due to projected decreases in springtime pre-
cipitation and earlier snowmelt that, combined with warmer temperatures, push the region into a new 
and drier average state.140 However, the risk of single-year droughts analogous to the driest recent year 
(2002) depends strongly on the global warming level, increasing by 8% at a GWL of 2°C but by 24% at 4°C.188 
Limiting global warming would also reduce the severity of inevitable multidecadal droughts by reducing the 
magnitude of extreme single-year droughts during these events.

Other regions of the country are not projected to aridify to the same extent as the Southwest. However, 
projected changes in the amount, type, and timing of precipitation and evapotranspiration will affect the 
balance of water supply and demand, shaping drought risk in a warmer world. Springtime runoff from 
snowmelt is projected to decrease with warming in the northern and western regions of CONUS.189 In the 
southern and eastern regions of the country, projected increases in winter and spring precipitation will 
increase moisture availability at the time soils are wettest, leading to higher runoff and flooding risk.138 
Drying of surface soils is projected to occur nearly everywhere; drying increases with the GWL due to 
increases in evaporative demand with warming. Deeper soil moisture projections are more uncertain,190 
but it is likely that total column soil moisture in the Southwest and parts of the Southern Great Plains will 
become drier with warming.138
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As the Planet Warms, Storms Become More Dangerous
There is increasing evidence that a warming planet will alter the characteristics and impacts of several 
storm types. With every increment of global warming, projected sea level rise is very likely to lead to higher 
storm inundation levels when storms do occur (Ch. 9). Projected increases in atmospheric water vapor 
are very likely to lead to more extreme rainfall rates (Ch. 3). Projected increases in water temperatures 
are very likely to result in stronger tropical cyclones globally, with winds 5% faster (3% for the Atlantic 
basin) at a GWL of 2°C. It is likely that the overall global frequency of tropical cyclones will decrease, while 
the frequency of Category 4–5 hurricanes is likely to increase.183 Recent research points to continued 
uncertainty in the future frequency of Atlantic hurricanes (e.g., Sena et al. 2022;191 Knutson et al. 2022192), 
landfall behavior, (e.g., Zhang et al. 2020;193 Jing et al. 2021;194 Knutson et al. 2022192) and associated hazards 
(e.g., Gori et al. 2022195), as well as possible shifts to increased tropical cyclone activity in the Central Pacific 
(Ch. 30).192 

Even in regions that experience an overall decrease in precipitation, atmospheric rivers are projected to 
become stronger and wider,184,196 increasing the risk of downpours and floods across the western United 
States.181,184,197,198 In addition, the paleoclimate record shows that the locations along the Pacific Coast where 
storms bring moisture may also shift with warming.199

It is likely that the frequency of weather environments that give rise to severe thunderstorms in the United 
States during spring and fall will increase under stronger warming scenarios.200,201 These changes are likely 
to lengthen the severe thunderstorm season as the world warms, especially in the Midwest and Southeast 
during cool-season months.202 

Warming Increases the Risk of Compound Extreme Events
The increasing risk of many individual extreme weather and climate events with warming also increases the 
risk that multiple extreme events may occur in quick succession in the same region. Warming also increases 
the risk of multiple extremes occurring simultaneously across multiple regions that are interconnected or 
interdependent (Focus on Compound Events). Co-occurring hot and dry conditions are projected to become 
more frequent with warming.156,203,204 These conditions increase the risk of extreme wildfires, as well as 
affecting agriculture, water resources, and freshwater and marine ecosystems. 

Co-occurring hot and moist conditions are also projected to increase with warming, and the risk of single 
and multiday humid-heat heatwaves across the densely populated Northeast, Southeast, and parts of the 
Southwest are projected to increase.205 Higher temperatures combined with rising humidity due to the 
increased atmospheric moisture content are contributing to increases in humid-heat extremes—conditions 
that limit the ability of the human body to naturally cool down that are associated with reduced labor pro-
ductivity and compounding heat-related health impacts.206,207

The combination of increasing drought risk and extreme precipitation are likely to increase the risk of 
extreme wildfire seasons that are followed shortly thereafter by heavy precipitation across the West,208 
which could increase the risk of postfire hazards such as debris flows, landslides, and flash floods similar to 
those that have affected parts of the region in recent decades (Ch. 4; Figure 3.13). The largest increases are 
expected in the Pacific Northwest, where this risk has historically been low.208 Increases in hydroclimate 
volatility may also affect the Caribbean, Hawai‘i, and some Pacific Islands (Chs. 23, 30). As global tempera-
tures increase, the Atlantic and Gulf Coasts are projected to experience increases in compound flooding 
from rising sea levels that cause higher storm surge from stronger storms and heavier precipitation that 
result in runoff and flooding, impacting people, ecosystems, and infrastructure along the coastlines (Ch. 
9).195,209 The scientific understanding of such events continues to evolve (Focus on Compound Events).
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Warming Causes Long-Term Sea Level Rise
The most substantial differences in projected sea level rise for the United States for different global 
warming levels begin to arise at the end of this century, due to uncertainty in how much and how quickly 
ice will be lost from the Antarctic ice sheet.210,211 A GWL of 2°C would lead to a likely sea level rise in CONUS 
of 2–3 feet in 2100 and 2.5–5 feet in 2150, relative to 2000 sea levels. Every additional degree Celsius of 
global warming is likely to cause at least 4 inches of additional sea level rise in CONUS in 2100 and at least 7 
inches of additional sea level rise in 2150 (see Ch. 9 and Figure 9.2 for sea level projections in terms of global 
warming levels).67 At a 2°C GWL, sea level rise in CONUS is not expected to exceed 4 feet in 2100 and 7 feet 
in 2150, although it is not considered impossible. At higher GWLs, such extreme sea level rise becomes more 
likely within the next 100–150 years. 

The total rise in sea level that will be realized beyond 2150 can differ by many feet depending on global 
warming levels over the next 50–100 years due to the potential for rapid and irreversible loss of ice from 
Greenland and Antarctica starting next century.102,212,213 Such significant changes at 2100 and beyond translate 
directly into substantially increased frequency of flooding events in coastal regions, making major flooding 
events in some regions as common in 2100 as minor flooding events are currently.67 However, there are also 
many processes that drive local variations in sea level rise that are not clearly related to global warming 
levels, such as vertical land motion. To aid in planning for uncertain future sea level rise, projections are 
also commonly used to construct sea level scenarios,67 which are discussed in more detail in Chapter 9 and 
Appendix 3.

Global Warming Changes the Oceans
Sea surface temperatures increase with the global warming level, but changes are not uniform across the 
globe: northern oceans are expected to warm faster than the tropics (Figure 2.13). Heat will continue to 
accumulate in the shallow and deep oceans: at a GWL of 4°C, ocean waters off the West Coast and Alaska 
could accumulate 3 billion joules per square meter, the Atlantic Coast 5 billion joules per square meter, and 
the Gulf of Mexico up to 6 billion joules per square meter—roughly the energy equivalent of two hundred 
pounds of TNT per square foot. As a result, the risk of marine heatwaves is projected to increase as the 
world warms. Projections indicate an increase of between 150 and 300 marine heatwave days per year if 
the GWL reaches 2.5°C. It is therefore possible that the coastal oceans of the United States could enter 
into near-permanent heatwave status, with significant ramifications for marine life.214 The probability that 
September sea ice completely disappears from the Arctic Ocean, including Alaska coastal waters, rises from 
1% in 2100 under a GWL of 1.5°C to 10%–30% at a GWL of 2°C.79
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Projected Changes to Sea Surface Temperatures at 1.5°C, 2°C, 3°C, and 4°C  
of Global Warming 

At higher global warming levels, sea surface temperatures are projected to change around the US coasts and 
open ocean, with implications for marine resources in those waters.

Figure 2.13. These maps show projected changes in sea surface temperatures (°F) for various global warming 
levels (1.5°, 2.0°, 3.0°, and 4.0°C). Changes are relative to the period 1851–1900. Figure credit: NOAA, NOAA NCEI, 
and CISESS NC. 

Projected changes in ocean acidification and oxygen loss in US waters vary with location. For higher 
levels of future CO2 emissions, the chemistry of waters in the Gulf of Maine will change in ways damaging 
to shell-building organisms, with the saturation level of aragonite—a form of calcium carbonate used by 
shell-building marine life—projected to fall below a crucial shell-building threshold for most of the year.215 
Ocean oxygen loss in the upper and middle depths will be most pronounced for the United States in the 
North Pacific, including off the coasts of Alaska and the Pacific Coast, which will squeeze the habitats of 
marine life moving away from warming waters at the surface.216,217

When or If We Reach a Particular Global Warming Threshold Depends  
on Future Emissions 
Projections of future global average surface temperature primarily depend on two things: 1) future emissions 
(Ch. 32) and 2) how sensitive the climate system is to these emissions (KM 3.2). In a very high scenario, 
the world is very likely to exceed a global warming level of 2°C between 2033 and 2054, depending on the 
climate sensitivity to greenhouse gas emissions (Ch. 3). In a low scenario, by contrast, the world is very 
likely not to cross this threshold at all (Figure 2.14). In addition to warming more, in high and very high 
scenarios, the Earth warms faster. The occurrence of some record-shattering extremes is dependent on 
this rate of warming.218 Faster climate change also increases the challenge of adaptation for both human and 
natural systems.
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Projected Global Surface Temperature Change

Future emissions of greenhouse gases determine whether and how quickly we reach 2°C of global warming. 

Figure 2.14. When (or if) the world reaches 2°C of global warming depends on future greenhouse gas emissions 
and the sensitivity of the climate system to those emissions. Shown are the IPCC AR6 assessed warming pro-
jections for four future scenarios, with projected years at which the 2°C (3.6°F) global warming level would be 
reached. For example, under a very high scenario (SSP5-8.5), models project reaching 2°C between 2033 and 
2054, with an average estimate of 2042. Under a low scenario (SSP1-2.6), the 5% CI (confidence interval) range 
begins at 2041, but the average projection shows that warming would actually stay below 2°C. Figure credit: Proj-
ect Drawdown, Stripe Inc., NOAA NCEI, and CISESS NC.

Over the past few years, a number of analyses have narrowed the plausible range of current emissions 
outcomes based on policies in place today (see existing US mitigation policies by state, Figure 32.20), 
putting the world on track for a central warming estimate of around 2.6°C (ranging from 2°–3.7°C) by 
2100.219,220,221,222,223,224 Existing climate pledges, if implemented, would increase the likelihood of limiting 
temperature change to well below 2°C.225 To achieve more ambitious targets, stronger action would be 
needed. Emissions from existing and currently planned fossil fuel infrastructure globally would put the 
planet on a trajectory to exceed 1.5°C in the coming decades.226 However, current policy projections 
represent neither a ceiling nor a floor on future climate outcomes. Our choices matter: global surface 
temperatures will continue to rise until CO2 emissions reach net zero, and surface temperatures are not 
expected to fall for centuries in the absence of net-negative emissions. At the same time, Earth system 
models suggest that only a small amount of additional surface temperature change is expected over the next 
few centuries if CO2 emissions reach net zero and there are deep reductions in other greenhouse gases, at 
least under scenarios where global warming is limited to 2°C or below by 2100.227 In other words, additional 
warming over the next few centuries is not necessarily “locked in” after net CO2 emissions fall to zero. 



Fifth National Climate Assessment

 2-30 | Climate Trends

Some Impacts Are Inevitable Because of Past Choices 
While most models project that the Earth will stop warming if CO2 emissions reach net zero, an end to 
warming does not imply an end to climate change. Because the CO2 not removed by sinks on land and in the 
ocean remains in the atmosphere for thousands of years, the accumulation of past emissions already makes 
some impacts inevitable, regardless of future mitigation actions. Certain slow-moving aspects of the climate 
system such as ice sheets and the deep ocean take decades or centuries to respond to changes. This means 
that even in a low scenario where global warming slows or stops, some climate changes will continue as the 
Earth continues to adjust.

Some Ocean Changes Are Locked In Even Under Aggressive Mitigation Scenarios
Past emissions will continue to affect the ocean for thousands of years. Regardless of future emissions, the 
surface ocean will continue to take up heat from the atmosphere, accumulating 2–4 times as much heat as 
has been taken up since 1970, even under low or very low scenarios.79 This heat will have cascading effects 
on marine ecosystems, increasing the probability of marine heatwaves and causing sea level rise due to the 
expansion of warm water. Even after the world reaches net-zero emissions, oceans will continue to acidify 
as they gradually absorb the atmospheric CO2 produced by past human activities. 

Sea Level Will Continue to Rise
Sea level along US coastlines is expected to continue rising regardless of global warming levels for the 
foreseeable future (at least for hundreds of years). Under a range of potential global warming levels, average 
sea level along US coastlines is likely to be between 12 and 20 inches above 2000 sea levels in 2050 (Figure 
9.2).67,88 At these short timescales, regional variations in projected sea level rise are large, with 4–12 inches 
of sea level rise likely in the Pacific Northwest and 20–27 inches of sea level rise likely in the western Gulf of 
Mexico. On timescales relevant to infrastructure planning (the design life of infrastructure ranges from 10 
to more than 100 years), rates of sea level rise are also expected to continue accelerating under all but the 
lowest potential global warming levels (greater than 2°C).67 Future projected changes in sea level will likely 
lead to an increased frequency of coastal flooding events in the continental United States over the next 30 
years, with a greater-than-tenfold increase in typically damaging flooding events (e.g., storm surge currently 
recurring every few years) and a fivefold increase in destructive flooding events (e.g., major storm surge 
events currently recurring once in many decades) over this time period.67 The onset of enhanced flooding 
frequency in coastal areas depends not only on the local trend in sea level but also low-frequency tidal 
cycles228 and remote modes of natural climatic variability (e.g., ENSO, the Pacific Decadal Oscillation, and the 
North Atlantic Oscillation).229

Adaptation to a Changing Climate Will Be Necessary
It is not possible to prevent climate change: the current global warming level is already over 1.1°C. The US, 
across all levels of government, business, and civil society, must both adapt to this reality of a changing 
climate and prepare for at least some level of additional warming. Inertia in the world’s infrastructure230 and 
economic and political systems231 means that the near-term trend in risk over the next few decades is largely 
independent of the choice of emissions scenario,224 and the climate benefits of aggressive action to reduce 
greenhouse gas emissions are unlikely to be realized in the near term. The faster and more extensive the 
warming, the greater the risk of climate impacts overtaking the speed of adaptation (KM 4.3), as there are 
both barriers and limits to adaptation (Ch. 31; KM 31.2). This means the US will need to adapt to a changing 
climate regardless of future emissions.
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We Cannot Rule Out Catastrophic Outcomes 

Climate Sensitivities Exceeding 4°C Are Unlikely but Not Impossible
There is no known precedent for a species changing its own climate as quickly as humans are changing 
ours, and there are many uncertainties associated with a rapidly warming world. Low-probability and 
potentially catastrophic outcomes are not impossible, and these risks persist even under current policies. 
While recent assessments (KM 3.2)232 put the likely range of equilibrium climate sensitivity—the long-term 
warming the world will experience if atmospheric CO2 concentrations are doubled—between 2.5°C and 
4.0°C, higher values are not definitively ruled out, and feedback loops such as changes to cloud cover may 
lead to more warming in the future. Similarly, we cannot rule out a GWL of 4°C or more this century, par-
ticularly if climate change strongly reduces the ability of the biosphere or ocean to remove carbon from the 
atmosphere (Ch. 3). 

Changes to the Carbon Cycle May Increase the Amount of CO2 Remaining in the Atmosphere
Our emerging understanding of land, ocean, coastal, and freshwater systems suggests the possibility of a 
decline in future carbon uptake capacity among both land and ocean ecosystems.233,234,235 The balance of 
carbon uptake and release across terrestrial ecosystems depends on the relative balance of photosynthesis, 
respiration, and decomposition, which in turn strongly depends on temperature and moisture availability. 
Changes in either can alter the balance of carbon uptake and release across terrestrial ecosystems (Ch. 7). 
Similarly, the rate and extent to which atmospheric CO2 is exchanged with ocean and freshwater systems is 
controlled by a combination of temperature, salinity, pressure, upwelling, and biological consumption and 
release of CO2. 

Although net land and ocean carbon sinks have increased in response to increased carbon emissions over 
the past six decades,33,233 climate models project that the fraction of emissions taken up by land and oceans 
will decline, albeit with significant differences in regional responses and underlying mechanisms driving 
those responses.1,236 For example, land reservoirs, such as tropical forests or the Arctic–boreal ecosystems, 
could switch from a net sink to a net source of carbon to the atmosphere (e.g., Huntzinger et al. 2018234). 

The Arctic–boreal region (Ch. 29) is particularly vulnerable to future climate change and rising tempera-
tures, which could lead to the release of vast amounts of carbon from thawing permafrost, along with 
changes in vegetation productivity and disturbances such as wildfires and insect outbreaks. There is 
estimated to be about 4.8–5.9 trillion tons of carbon237 frozen down to 20 meters in Arctic permafrost. This 
is roughly double the amount currently in the atmosphere and more than three times what already has 
been emitted to the atmosphere from fossil fuel use since preindustrial times. With rising temperatures 
and thawing soils, some of these carbon deposits may be mobilized to the atmosphere, primarily as CO2. 
More than one hundred billion tons of CO2 are likely to be released by thawing permafrost over the next 
century, with higher-end estimates of around 400 billion tons.238 The total carbon emissions from thawing 
permafrost are expected to exceed the carbon captured by increases in vegetation productivity.238 A smaller 
fraction of permafrost carbon will be emitted as the more powerful greenhouse gas methane. Methane 
emissions are projected to cause 40%–70% of total permafrost-affected radiative forcing in this century.239 

Tipping Elements Could Lead to Regional Rapid Changes
Tipping elements, or tipping points as they are colloquially known, are components of the Earth system that 
may respond to human-caused climate change by transitioning toward substantially different long-term 
states upon passing key thresholds.240 In some cases, such changes could produce additional greenhouse gas 
emissions that could compound global warming.241,242,243 
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Systems that have been identified as possible tipping elements include the slowdown of the Atlantic 
Meridional Overturning Circulation, Arctic permafrost thaw, loss of the Greenland and West Antarctic ice 
sheets, Arctic sea ice loss, boreal forest shifts, disruption of tropical seasonal monsoons, Amazon rainforest 
dieback, tropical coral reef loss, and the disappearance of clouds that currently reflect sunlight cooling the 
Earth (Figure 2.15).91 While some of these tipping elements are represented in modern Earth system models, 
many are still not, and the precise response of these systems to rapid climate change remains poorly 
understood. It is not possible to say that exceeding a particular GWL will trigger these tipping elements, 
nor are scientists certain that staying below a particular GWL will prevent them. However, the risk of these 
nonlinear changes increases with every increment of global warming.

Possible Regional Tipping Elements

Continued warming could push some aspects of the Earth system past tipping points. 

Figure 2.15. The figure shows 10 potential tipping elements in the climate system. These include changes to 
tropical and boreal forests and coral reefs, the loss of Greenland or West Antarctic ice sheets, and changes to the 
circulation of the oceans and the monsoons. The spatial area affected by each tipping element is shown; colors 
are used for visual clarity. Adapted with permission from Figure 1 in Wang et al. 2023,240 which was adapted from 
McSweeney 2020.244

Extreme Sea Level Rise Cannot Be Ruled Out
Increases in sea level along the continental US coast of 3–6 feet by 2100 and 5–12 feet by 2150, depending 
on human emissions, are distinct possibilities that cannot be ruled out (i.e., they have at least 1% chance of 
occurrence with global warming levels of 1.5°–4°C).67,102,210 Beyond 2100, there is still substantial uncertainty 
in projected sea level rise under the most extreme scenarios of future warming and ice sheet mass loss.210 
This long-term uncertainty is primarily related to persistent gaps in our understanding of how glacier ice 
flows and fractures,245,246,247 how snowfall changes under warming,248 and how melt water behaves on the ice 
sheet surface.249,250 Recent progress in better quantifying the uncertainties in the ice sheet contribution to 
future sea level projections212,251 and ensuring that models accurately capture past ice sheet behavior103,252 
indicate that ice sheet models are quickly becoming better suited to produce usable and credible sea level 
projections. Continued model development can reduce uncertainty in the likelihood of extreme sea level rise 
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scenarios. In particular, there is strong incentive to continue reducing uncertainty surrounding the tail risks 
associated with potential low-likelihood but high-impact sea level rise projections past 2100, as planning for 
catastrophic outcomes makes adaptation much more costly.253,254

The Biggest Uncertainty Is What We Will Do 
Despite uncertainties in how land, ocean, atmosphere, and ice will respond to warming, and despite internal 
variability in the climate system, the largest source of uncertainty is the trajectory of our greenhouse gas 
emissions (KM 3.3). This is within human control and depends on our collective policy, economic, and 
social choices (Ch. 32). Although we probably will not be able to detect climate benefits from even the most 
aggressive possible emission reductions before the middle of the century, given the magnitude of internal 
climate variability, there are numerous co-benefits to mitigation in the near term, including improvements 
to air quality and health, reductions in mortality, and benefits to agriculture, the economy, and the labor 
market (KM 32.4).14 

Human efforts to achieve rapid reductions in emissions can still limit global temperature changes to well 
below 2°C.222 Global temperatures can be limited to 1.5°C above preindustrial levels by 2100 in scenarios 
where global CO2 emissions reach net zero in the middle of this century alongside deep cuts to methane 
(KM 32.2) and other short-lived climate pollutants, with modest deployments of net-negative emissions 
thereafter.255 Most of these scenarios have at least some midcentury temperature overshoot, however, 
which could result in irreversible consequences to global ecosystems (Ch. 8).256 Still, the degree to which 
climate change will continue to worsen is in large part up to humans. The drastic emissions cuts required 
to stabilize global climate are possible (KM 32.1) and can be achieved in ways that are sustainable, healthy, 
and fair (KM 32.4). If emissions do not fall rapidly, the risks of extreme weather, compound events, and other 
climate impacts will continue to grow. How much more the world warms depends on the choices societies 
make today. The future is in human hands.
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• Carbon cycle observations and greenhouse gases 

• Infrastructure and resilience scenarios and projections in the CMIP6 (Coupled Model Intercomparison 
Project, Phase 6) models

• Regional trends

• Hurricanes, tropical cyclones, and midlatitude storms 

• Ocean trends 

• Cryosphere and sea level rise 

• Climate extremes

• Diverse leadership in science

• Observations of climate trends 

Author meetings were held virtually biweekly. Consensus was built by referring to the literature and 
leveraging the specific expertise of chapter authors. Engagement with other chapters occurred through 
formal presentations at the April 2022 chapter leadership meeting and one-on-one meetings between 
chapter lead authors.

Key Message 2.1  
Climate Is Changing, and Scientists Understand Why

Description of Evidence Base
The evidence base for human-caused increases in greenhouse gases (GHGs) is extensive and includes 
satellite and ground-based observations, solid theoretical understanding, and coherent measurements 
across multiple systems. Evidence for changes in aerosols includes long-term satellite and ground-based 
observations. Evidence for warming and other long-term climate changes has been extensively documented 
across multiple variables. Observations at smaller scales are noisier and regional signals more difficult to 
separate from natural internal climate variability.

Observational surface temperature records are available from a wide variety of scientific groups (e.g., 
Hansen et al. 2010;2 Vose et al. 2021;5 Morice et al. 2021;3 Rohde and Hausfather 20204). These temperature 
records combine land surface temperature data from weather stations with ocean sea surface temperature 
records from sources including ships and buoys. These records are corrected for inhomogeneities 
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introduced by changes in measurement techniques over time and use various different interpolation 
techniques to estimate temperature anomalies between measurement locations. 

Long-term changes have been observed in many other aspects of the climate system. Seasonal average 
and extreme precipitation changes are widely documented using observations, and changes are consistent 
with our physical understanding. The evidence base for ocean changes includes long-term surface and 
subsurface ocean observations of temperature, salinity, oxygen, and pH in the coastal and open ocean and 
satellite data.

Paleoclimate evidence includes multiple proxy-based reconstructions and modeling.

Sea level rise over the industrial era has been measured with local tide gauges and satellite altimetry (since 
the 1970s). Changes in the processes contributing to sea level rise (ocean thermal expansion, glacier and 
ice sheet melt, and terrestrial freshwater discharges) have been independently measured using in situ 
techniques in the ocean (e.g., floats, ship-based measurements) and on ice sheets, as well as remotely (e.g., 
satellite gravimetry and interferometry). Changes in sea ice and lake ice over the past several decades 
at the poles have been extensively documented from satellites, including visible imagery, altimetry, and 
microwave backscatter.

Drought has many definitions including meteorological drought, agricultural drought, snow drought, and 
soil moisture drought; soil moisture projections depend on depth, with surface layers more responsive 
to short-term temperature changes, while deeper root-zone moisture changes on longer timescales. 
Moreover, drought can be defined on timescales ranging from several weeks to multidecadal megadroughts. 
The level of uncertainty in drought changes in several regions depends on the definitions and metrics used 
and the sources of measurements. Surface-based measurements of soil moisture are limited, and reliable 
satellite-based measurements of soil moisture are less than a decade long. 

Major Uncertainties and Research Gaps 
Uncertainty in Global Surface Temperature Reconstructions
In recent years, different groups producing global surface temperature records have somewhat converged 
in methodological approach, drawing on a larger set of collected weather station data257,258 and using more 
granular interpolation approaches rather than simple latitude/longitude grid-cell averaging.5 Published 
global surface temperature uncertainties on an annual basis range from ±0.13°C to ±0.2°C in the 1850s when 
records are more sparse to ±0.03°C to ±0.09°C at present across different surface temperature datasets, 
with differences between datasets driven by the number of measurements included, the spatial interpola-
tion approach, and the method of uncertainty calculation.4

Uncertainty in GHG Emissions Estimates from Inventories and Models
GHG emissions estimates are typically derived using either a “bottom-up” or a “top-down” approach.259,260 
The bottom-up approach uses a combination of activity data and emissions factors alongside empirical 
or process-based models to estimate the flux exchange between the different compartments of the land–
ocean–atmosphere system. A primary advantage of the bottom-up approach is that it allows for explicit 
characterization of emissions and removals into specific sectors identified in the 2006 Intergovernmen-
tal Panel on Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories.79,261 However, 
bottom-up emissions estimates can have significant uncertainty when the activity data or emissions factors 
are not well quantified or when process-based models are not well characterized due to missing processes 
or uncertain parameterization. On the other hand, the top-down approach aims to utilize the information 
from atmospheric greenhouse gas observations and atmospheric transport model to infer information about 
the distribution of emissions and removals at the surface of the Earth. For example, recent advancements 
in atmospheric CO2 observations from satellites and top-down modeling approaches have allowed insights 
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into CO2 emissions and removals at the national scale.262 However, uncertainties in the modeling framework, 
spatial and temporal observational gaps, and uncertainties in the data may result in large uncertainties in 
the emissions estimates derived from the top-down approaches. Within the larger carbon cycle science 
community, various efforts are underway (e.g., REgional Carbon Cycle Assessment and Processes, Phase 2) 
to increase the level of agreement between estimates from these two approaches, thereby yielding more 
robust knowledge of GHG emissions.263 

Uncertainty in Arctic Connections to Midlatitude Weather Extremes
Uncertainties in the influence of the Arctic on midlatitude weather extremes remain due to lack of 
consistency in model responses and observations, particularly for the winter season. Several advances in 
the physical understanding of how Arctic processes could influence midlatitude extremes in various seasons 
have been made since the publication of the Fourth National Climate Assessment,264 yet the mechanisms 
continue to be a subject of debate in the scientific community. 

Uncertainty in Drought Projections and Definitions
Drought projections are complicated by definitional ambiguity and the use of many standard metrics. 
For example, there is ambiguity in the definition of “flash drought,” with more than 20 unique definitions 
present in the literature.265 Moreover, agricultural drought depends not just on precipitation and 
temperature but also on evaporation and transpiration from the land surface—processes that are projected 
to change in a warmer world (Ch. 3). Metrics such as the standardized precipitation index or the Palmer 
Drought Severity Index that rely on meteorological values may yield different projections than indices that 
take into account land changes (such as precipitation minus evaporation).266

Description of Confidence and Likelihood
It is unequivocal that global temperatures are increasing, and scientists are virtually certain that the planet 
has warmed between 1.1° and 1.2°C since the beginning of the industrial revolution, based on multiple 
observational datasets. There is very high confidence that this warming is driven by human-caused GHG 
emissions, which have increased by over 47% since 1850 based on modeling studies and theoretical under-
standing. There is very high confidence that changes outside the boundaries of the United States affect 
the Nation’s climate because scientists understand the mechanisms by which melting in Antarctica and 
Greenland affect sea level in the US.67 The links between tropical warming and atmospheric river intensity 
are due to well-understood atmospheric thermodynamics.98,99 A wide range of detection and attribution 
studies (discussed in Ch. 3 and summarized in Eyring et al. 2021267) establish that long-term changes due to 
climate change have been observed in many aspects of the climate system.
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Key Message 2.2  
Extreme Events Are Becoming More Frequent and Severe 

Description of Evidence Base
Extreme events are rare by definition, but multiple datasets125,268 indicate they are increasing. The authors 
have a solid theoretical understanding of how some events (heatwaves, downpours) should increase 
in a warming world (Ch. 3). Others (e.g., agricultural drought) depend on multiple interacting physical 
processes.190,269 Event attribution now allows us to assign a quantifiable fraction of attributable risk to 
climate change (Ch. 3). 

A wide variety of observational evidence exists for the occurrence of different storm types. Trained weather 
observers and storm spotters create storm reports across the country for severe hail, winds, and tornadoes. 
The National Weather Service (NWS) WSR-88D radar network maintains nationwide surveillance observa-
tions of precipitation, winds, and storm occurrence. The NWS additionally conducts storm damage surveys 
for high-impact events. NOAA and Air Force Hurricane Hunters conduct surveillance flights into tropical 
cyclones expected to impact US interests. NOAA geostationary satellite observations maintain a record of 
cloud properties and lightning occurrence. However, the length and representativeness of each data source 
are variable; storm reporting relates to population density and exposure, and the availability of trained 
observers impacts record quality, especially for transient phenomena such as hail.

Major Uncertainties and Research Gaps 
There is growing evidence that the impacts of climate change are, and will be, distributed unequally across 
US populations due to differences in both exposure and vulnerability. However, there are gaps in under-
standing the community-level impacts of projected changes in extreme events. Vulnerability at this level is 
in part a function of our investments (capital, operations, and management) in the built environment and 
natural resource functionality that serve to buffer these impacts (e.g., stormwater conveyance and levees 
to reduce flooding, water storage to relieve water shortages during drought). There is a lack of systematic 
assessment of these assets and other facets of vulnerability across the United States. 

New literature has emerged documenting changes in certain types of compounding extremes such as 
heat and drought, but the limited observed record hinders quantifying long-term trends in several other 
compound extremes. Several frameworks for studying various compound extremes have emerged as well, 
and the physical understanding of certain compound extreme events such as heat/drought, heat/humidity, 
and coastal wind/precipitation/flooding has been documented, yet the understanding of the physical 
drivers of many other compound extremes is still emerging. Therefore, there are gaps in methodologi-
cal advances, advances in understanding of their physical drivers, and studies quantifying projections in 
compound extreme risks. 

The lack of homogenized daily and hourly temperature datasets limits our ability to reliably assess the 
evolution of extreme heat events over century-scale periods, although the availability of modern reanalysis 
products has increased agreement in changes in extreme heat events over the past 50 years.

There is limited research on changes in lightning activity due to lack of a long-term observational record. 
Satellite-based records and lightning detection networks are not sufficiently long to allow for detecting 
trends. Lightning can pose major hazards to society including direct casualties, igniting wildfires, and 
damaging energy infrastructure.167 
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Description of Confidence and Likelihood
There is very high confidence that heatwaves globally are becoming more frequent and severe, based on 
multiple observational datasets. In the United States, there is high confidence that heatwaves in the West 
are becoming more common and severe based on observational records since 1901 (Figure 2.7). There is 
also very high confidence that climate change is and will continue to make rainfall extremes more intense. 
Basic physical understanding and climate models both provide robust explanations for the links between 
climate change and observed changes in these extremes: this is why the authors also have high confidence 
that storms are delivering more rainfall and high confidence that storm surges are becoming higher. There 
is very high confidence that the Southwest is experiencing more severe drought: a recent paper found the 
2002–2022 multidecadal soil moisture drought was the worst in the past 1,200 years.135 The eastern region 
is experiencing reduced drought risk; studies suggest a transition toward more frequent extremes141 and 
indicate that warming may partially counteract the effects of increased precipitation. Other extremes 
involve more complex interactions between human and natural systems: the occurrence and impacts of 
wildfires depend on fire ignition and suppression practices. However, while fire risk is not solely determined 
by climate factors, the authors have very high confidence that the hot and dry weather conditions that 
elevate fire risk are becoming more common.

Key Message 2.3  
How Much the Climate Changes Depends on the Choices Made Now 

Description of Evidence Base
The Shared Socioeconomic Pathways (SSPs) were made available to the broader research community, 
replacing the old Representative Concentration Pathways (RCPs) and providing a more detailed assessment 
of the range of possible emissions pathways, as well as mitigation and adaptation challenges across different 
sets of socioeconomic assumptions.270 A subset of the SSPs served as the basis for CMIP6 scenarios used in 
this Assessment and the Sixth Assessment Report (AR6) of the IPCC.88 

CMIP6 provides a large set of model runs to use in evaluating different future emissions pathways and global 
warming levels. In addition, recent work assessing multiple lines of evidence from observational data, paleo-
climate evidence, and physical process modeling has helped narrow the range of climate sensitivity.232 The 
IPCC AR6 produced a new set of assessed warming projections based on these climate sensitivity estimates 
and CMIP6 models that were weighted based on their performance in reproducing historical temperatures.

The IPCC AR6 Working Group III256 report explored a wider range of “overshoot” scenarios, where global 
temperatures temporarily exceed 1.5°C before being reduced through the large-scale use of negative-emis-
sions technologies. Additionally, AR6 Working Group I provided a thorough exploration of the zero-emis-
sions commitment associated with the cessation of carbon dioxide (CO2) and other GHG emissions, building 
off the work of the Zero Emissions Commitment Model Intercomparison Project (ZECMIP).227

Recent literature summarized in IPCC AR6 Working Group III256 and in Hausfather and Moore (2022)219 
provides a clearer sense of expected global average surface temperature outcomes under scenarios 
including only current policy, near-term 2030 commitments, and long-term net-zero commitments.

Major Uncertainties and Research Gaps
Major uncertainties remain surrounding the emissions trajectories implied by current policies and the 
plausibility of worse-than-current-policy emissions outcomes. While most current policy scenarios in the 
literature project relatively flat global emissions over the next few decades, there are some (e.g., in the IPCC 
AR6 Working Group III scenario database) in which emissions continue to increase. Similarly, large uncer-
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tainties remain when translating near-term and long-term mitigation commitments to global emissions 
pathways, particularly for non-CO2 GHGs and other climate forcings like aerosols.

The translation from emissions scenarios to warming outcomes is complicated by uncertainties in both 
the sensitivity of the climate to emissions (both the transient climate response and the equilibrium climate 
sensitivity) and carbon cycle feedbacks that may affect the portion of emissions that accumulate in the 
atmosphere. Specifically for carbon cycle feedbacks, it will be the balance between the response of land 
and ocean systems to future climate that will determine the strength and extent of carbon uptake by these 
systems, whether they may become a net source of CO2 to the atmosphere, and, consequently, the trajectory 
of future GHG forcings. 

While recent work232 has meaningfully narrowed the potential range of climate sensitivity, there are still 
tail risks of outcomes where equilibrium climate sensitivity exceeds 5°C or is below 2°C per doubling of 
atmospheric CO2. There is also disagreement between a subset of high-sensitivity CMIP6 models and other 
lines of evidence supporting a narrower range of climate sensitivity.271

On timescales of less than 50 years, the most significant uncertainties in future sea level are due to regional 
and local variations in sea level rise and the interannual sea level variability intrinsic to the coastal ocean 
system. In Alaska and New England, the regional gravitational influence of glaciers and ice sheets may cause 
lower sea level rise or even sea level fall in the future, although the extent of these gravitational effects 
is highly dependent on the spatial fingerprint of glacier and ice sheet loss, which is uncertain.100 Internal 
variability and human-caused changes in ocean circulation appear to have a strong effect on year-to-year 
sea level, particularly in the US Mid-Atlantic Coast,272 but are not consistently simulated between models or 
included in the range of uncertainty in most sea level projections.67

On longer timescales (2100 and beyond), there are substantial uncertainties in projected sea level rise 
due to an incomplete understanding (and intermodel differences) of how the Greenland and Antarctic ice 
sheets will behave in a warmer climate. There is a consensus that past carbon emissions and even relatively 
moderate future global warming levels commit the planet to at least 3–6 feet of sea level rise over hundreds 
to thousands of years from the melting of the Greenland and Antarctic ice sheets.273 However, there are 
many feet of uncertainty remaining both in the already-committed sea level rise and the sea level rise that 
could be expected under a range of global warming levels.102,210,274,275 Ongoing research to understand how 
glaciers and ice sheets flow, fracture, and melt in response to climate change aims to narrow this wide range 
in sea level rise beyond 2100.

Projections of seasonal and extreme precipitation are widely studied and show more consistent and robust 
responses in extremes than average changes. The physical process link between higher temperatures and 
higher moisture availability in the atmosphere is well documented and understood. However, uncertain-
ties remain in our understanding of the response of precipitation-producing systems, particularly those 
governed by mesoscale processes such as mesoscale convective systems and thunderstorms, which are 
not directly simulated in global climate models. Uncertainties, especially around how other factors that 
influence storm development (such as vertical wind shear and atmospheric instability) will change in future 
climates, link back to model uncertainty and bias at larger scales. 

Uncertainty in drought projections arises from these uncertainties in precipitation. Climate models 
generally project drying in the US Southwest in response to elevated global warming levels, but the precip-
itation response is highly uncertain. The response of land vegetation also complicates drought projections. 
Under elevated CO2 levels, certain types of plants may become more efficient at using water due to a physi-
ological response. This is expected to be at least partially counteracted by greening in response to elevated 
CO2 levels. Additionally, the vegetation response to increased heat stress, extreme precipitation, and fire risk 
is complex and not yet fully understood.
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Description of Confidence and Likelihood 
There is very high confidence that many impacts—both changes to the average state and the risk of 
extreme events—will intensify as the temperature increases. This is based on physical understanding of the 
underlying drivers reflected in climate models of varying complexity, including the state-of-the-art general 
circulation models participating in CMIP6.276 It is an unequivocal fact, backed by over 100 years of theory and 
observation, that warming increases with GHG emissions,277 and warming is virtually certain to continue at 
current levels of emissions. There is very high confidence that warming will continue at least until emissions 
of carbon dioxide reach net zero. The cessation of warming at the point of (net) zero CO2 emissions (called 
the zero-emissions commitment, or ZEC) traces back to Matthews and Caldeira (2008),278 Solomon et al. 
(2009),279 and Matthews and Weaver (2010),280 who were among the first to explore zero-emissions scenarios 
in emissions-driven climate model runs. The common conflation of constant concentration scenarios with 
zero-emissions scenarios has led to the misconception that substantial future warming is inevitable. In the 
lead-up to AR6, there was a desire by the community to further explore the robustness of ZEC results. This 
led to the creation of ZECMIP, where 18 different Earth system models were used to examine ZEC under a 
variety of emissions-reduction pathways and cumulative emissions scenarios. ZECMIP broadly found that 
ZEC was 0ºC ± 0.3ºC across the Earth system models examined.227 Hence, rapidly reducing emissions would 
very likely limit future warming (very high confidence). It is very likely that the eventual global warming in 
response to a doubling of atmospheric CO2 is between 2.3° and 4.7°C and likely that the warming would 
be between 2.6° and 3.9°C.232 There is high confidence that catastrophic scenarios where warming exceeds 
4°C cannot be ruled out due to uncertainties in climate sensitivity, carbon cycle feedbacks,239,281 and 
emissions scenarios.282
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Introduction 
The Earth system consists of the atmosphere, land, oceans, and cryosphere, which interact and cycle 
energy, water, and essential elements of life such as carbon, nitrogen, and phosphorus. Powered by the 
sun, these interactions and cycles determine Earth’s climate, which naturally varies at a broad range of 
timescales from days to millennia through diverse Earth system processes.

Since industrialization, human activities have dramatically altered atmospheric composition and land 
cover, with consequential impacts on climate. Human-caused emissions of greenhouse gases have warmed 
the planet by trapping more outgoing energy, leading to a change in the net energy balance at the top of 
the atmosphere. The net increase in energy input warms the surface and the air and increases moisture 
in the lower atmosphere, resulting in significant changes in Earth system processes, including changes in 
atmospheric and oceanic circulations, clouds, and precipitation and melting of sea ice, glaciers, and ice 
sheets. The increase in energy input also provides fuel for increasing the frequency and intensity of extreme 
weather events such as heatwaves and convective storms.

In recent years, advances have been made in understanding the changes that have already occurred, 
attributing changes to human influence, and projecting future changes. These advances are facilitated by 
new and diverse observations, improved models and experiments, and the combination of observations and 
models to support multiple lines of evidence and inquiry. Building on previous scientific assessments, these 
advances have enabled scientists to unequivocally attribute the observed global warming to human activities 
and to narrow by 50% the range of estimated global warming that would be caused by a doubling of 
atmospheric carbon dioxide concentration. Complementary to Chapter 2, which focuses on past and future 
climate trends, particularly in the US, this chapter discusses more generally how Earth system processes 
respond to the drivers of climate change. It begins by introducing the natural and human (anthropogenic) 
drivers of climate change (KM 3.1). Next, it addresses our understanding of the climate response to those 
drivers, including the sensitivity of the climate to changing greenhouse gas concentrations and the feedback 
processes that can amplify or partially counteract the influences of human activities (KM 3.2). Recent 
advances in observations, modeling, and attribution of climate change are then discussed (KM 3.3). Lastly, 
changes in Earth system processes that underpin the many facets of global and regional climate change (KM 
3.4) and changes in extreme events (KM 3.5) are discussed.

Key Message 3.1  
Human Activities Have Caused the Observed Global Warming

Human activities—primarily emissions of greenhouse gases from fossil fuel use—have un-
equivocally caused the global warming observed over the industrial era. Changes in natural 
climate drivers had globally small and regionally variable long-term effects over that period.

Shifts in climate at the global scale occur primarily in response to processes that change the balance 
between incoming solar energy and the outgoing energy radiated from Earth at the top of the atmosphere 
(TOA). The drivers of change are both natural and human-caused and may be transient or long-lived. 
Changes in TOA net radiation balance resulting from a perturbation in climate drivers can be quantified 
in terms of the effective radiative forcing (ERF), measured in units of watts per square meter (W/m2). The 
main natural drivers of climate change—variations in solar radiation and volcanic aerosols—have negligible 
contributions to long-term climate forcing.1,2 Warming from fossil fuel emissions of carbon dioxide (CO2) is 
expected to last centuries to millennia, because of the slow rate of the natural processes that remove CO2 
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from the atmosphere. Changes in climate may be further amplified or diminished through feedbacks in 
the climate system. Feedbacks are processes changed by the warming that then modify the TOA radiation 
balance and the overall level of warming. In the surface–albedo feedback, for example, warming melts ice 
cover over the land and ocean, exposing darker surfaces beneath that absorb more energy rather than 
reflecting it, contributing to further warming. See Chapter 2 of the Climate Science Special Report3 for 
further details on emissions sources, radiative forcing, and ERF. 

Anthropogenic Drivers

Well-Mixed Greenhouse Gases 
Since the release of the Fourth National Climate Assessment (NCA4) in 2018, global atmospheric abundances 
of the main well-mixed greenhouse gases (WMGHGs), including CO2, methane (CH4), and nitrous oxide (N2O), 
have continued to increase (KM 2.1). Atmospheric abundances of halogenated gases have also changed, 
some increasing and some decreasing due to ozone-depletion policies. Preindustrial to present-day 
(1750–2019) increases in WMGHG concentrations contributed the bulk of the total human-caused forcing, 
with increases in CO2 contributing an ERF of 2.16 ± 0.26 W/m2, followed by 0.54 ± 0.11 W/m2 from CH4, 0.41 
± 0.08 W/m2 from halogenated compounds, and 0.21 ± 0.03 W/m2 from N2O.2 The ERF due to changes in CH4 
abundance is lower than that due to changes in emissions because of offsetting effects of other chemical 
constituents as discussed below. 

The growth in global atmospheric CO2 levels since 1750 was primarily driven by direct emissions from 
human activities such as fossil fuel combustion, cement manufacturing, and land-use change. About 41% 
± 11% of the 700 ± 75 PgC of CO2 (1PgC = 1 billion metric tons of carbon [GtC]) emissions between 1750 and 
2019 remain in the atmosphere today, with the rest absorbed by oceans and the land biosphere.4

Methane is considered both a WMGHG and a short-lived climate forcer due to its chemical reactivity and 
an approximate 10-year atmospheric lifetime. Methane is produced by both natural processes and human 
activities. Observational evidence points to microbial sources (agriculture, waste, and natural wetlands) as 
the predominant cause of the observed increase in global growth in atmospheric CH4 since 2006,5,6 with a 
smaller contribution from fossil fuel production.

In addition to its direct effect on radiative forcing, CH4 also has an indirect influence through its chemical 
effects on other climate drivers, including CO2, ozone, stratospheric water vapor, aerosols, and halogenated 
gases.7 This leads to an increased effect of CH4 on the amount of energy trapped in the Earth system. Over 
20 and 100 years, a given mass of CH4 emissions is about 80 and 30 times, respectively, more efficient at 
trapping energy in the climate system than the same emitted mass of CO2.2 This comparison of energy 
trapped due to a given mass of emitted gas compared to the same emitted mass of CO2 is known as the 
global warming potential (GWP), and it is always specified for a given time horizon due to the varying 
chemical lifetimes of non-CO2 greenhouse gases. For CH4, the 100-year GWP is about 30 (relative to a GWP 
for CO2 being, by definition, equal to 1 over the same 100-year period).

The increase in atmospheric N2O levels since 1750 is small compared to that of CO2 and CH4, although rates 
have increased in recent years due to increased nitrogen fertilizer use in agriculture.8 Nitrous oxide has an 
atmospheric lifetime of about 116 years and is nearly 300 times more efficient at trapping energy than CO2 
over a 100-year period.9

Many halogenated compounds, which are primarily manufactured gases, also contribute to climate change. 
These include chlorofluorocarbons (CFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6), with 
lifetimes of decades to millennia, and hydrogen-containing halogenated compounds like hydrochlorofluo-
rocarbons (HCFCs) and hydrofluorocarbons (HFCs), with lifetimes of months to decades. The atmospheric 
abundances of most CFCs have continued to decline in response to regulations under the Montreal 
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Protocol on Substances that Deplete the Ozone Layer and its amendments.10 Atmospheric levels of HFCs are 
increasing, while the rates of atmospheric growth of major HCFCs have slowed down in recent years. 

Non-methane Short-Lived Climate Forcers 
Short-lived climate forcers (SLCFs) are chemically reactive in the troposphere (lower atmosphere), with 
atmospheric lifetimes typically shorter than two decades, and include ozone, aerosols, and methane. Most 
SLCFs are also air pollutants or precursors for air pollution (see KM 14.5). An assessment of the ERF effects 
for two primary non-methane SLCFs are given below. 

Ozone: Ozone is a greenhouse gas that occurs naturally throughout the atmosphere and is a harmful air 
pollutant near the surface (KM 14.1). It is formed in the atmosphere through chemical reactions involving 
sunlight: in the stratosphere, ozone production occurs via chemical reactions involving the breakdown 
of oxygen molecules by sunlight, while in the troposphere, it is produced by chemical reactions involving 
emissions of methane, nitrogen oxides (nitric oxide and nitrogen dioxide), carbon monoxide, and 
non-methane volatile organic compounds in the presence of sunlight. Increases in human-caused emissions 
of these precursors since preindustrial times are responsible for increases in tropospheric ozone.7,11 In the 
stratosphere, increases in human-caused halogenated ozone-depleting substances (ODSs) have contributed 
to declining ozone abundances. Over the period 2000–2017, stratospheric ozone concentrations have 
increased slightly in response to declining ODSs because of the Montreal Protocol and its amendments.10 
The combined changes in tropospheric and stratospheric ozone from the preindustrial era to the present 
have had an overall warming effect of 0.47 ± 0.23 W/m2, with a smaller contribution from stratospheric 
ozone changes.2 

Aerosols: Aerosols are small particles that are emitted directly from human activities and natural processes 
and are also formed in the atmosphere via reactions involving gaseous precursor emissions. Ice core records 
indicate that aerosol concentrations increased from the preindustrial era until the 1970s and 1980s, driven 
by northern midlatitude emissions, and declined thereafter.10 This decline is attributed to reductions 
in emissions from Europe and North America due to air quality regulations. Satellite data and ground-
based records over the modern period confirm the decline in aerosol concentrations over the northern 
midlatitude and Southern Hemisphere continents but show increases over South Asia and East Africa.10,12 
Globally, aerosol concentrations have been declining since 2000, driven by reductions in some regions. 
Aerosols from human activities are also air pollutants (KMs 14.1, 2.1) and influence Earth’s radiation balance 
directly by scattering or absorbing solar radiation, through interactions between aerosols and clouds, and 
by changing the surface reflectivity when light-absorbing aerosols are deposited on snow and ice. Changes 
in aerosols over the period 1750–2014 have had an overall cooling effect of –1.3 ± 0.7 W/m2.2 Since NCA4, the 
uncertainty in total aerosol ERF has been reduced, and it is now virtually certain that the total aerosol ERF 
is negative, as discussed in the Technical Summary of the Working Group I contribution to the Intergovern-
mental Panel on Climate Change Sixth Assessment Report.13 

Land-Use Effects on Surface Albedo
Anthropogenic water storage, agricultural practices, and forest cover changes modify the land surface and 
alter the surface energy balance. Increased water storage on land reduces surface reflectivity and has a 
localized cooling effect due to evaporation. Irrigation of crops has a similar localized cooling effect through 
both increased evaporation and plant transpiration.14 Forests can induce warming because they absorb 
surface energy or induce cooling because of transpiration.15 Deforestation can cause cooling by brightening 
the surface and increasing ground evaporation, but it may also cause warming by reducing ground shading 
and plant transpiration.16 Overall, global changes in land use have contributed a net negative ERF (cooling 
effect) of –0.20 ± 0.10 W/m2.2 
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Natural Drivers

Solar Irradiance 
Climate forcing from changes in solar irradiance are small relative to changes in anthropogenic greenhouse 
gases over the industrial era. Changes in solar irradiance over the period 1750–2019 have contributed an ERF 
of 0.01± 0.07 W m–2.2

Volcanic Aerosols 
Sulfate aerosols formed in the stratosphere from injections of sulfur dioxide (SO2) from explosive, 
episodic volcanic eruptions and more frequent smaller eruptions reduce incoming solar radiation and 
lead to a cooling effect. Volcanic aerosols can also trigger changes in upper-tropospheric clouds, leading 
to warming,17,18 although the magnitude of this effect is highly uncertain.19 Quantitative assessment 
of the net ERF over the industrial era for volcanic aerosols shows negligible effects on the long-term 
temperature trends.

Global Surface Temperature Response to Climate Drivers
A notable recent advance is the quantification of the contributions to global surface air temperature change 
over the preindustrial to present-day period due to forcings from changes in different climate drivers.2 
Panels a and b in Figure 3.1 show that observed warming in 2010–2019 (compared to 1850–1900) is dominated 
by contributions from WMGHGs and ozone. This warming has been partially counteracted by the cooling 
effect from aerosols and land-use change. Because of declining aerosols, the global aerosol cooling effect 
has weakened since about 1980, and the rate of global warming has increased, mainly due to increasing 
greenhouse gases (Figure 3.1c). The aerosol cooling effect has a strong regional dependence,7 contributing to 
differences in regional climate change (KM 3.4). Natural drivers over the historical period have contributed 
a small, highly variable cooling effect. Uncertainties in the ERF values, especially of aerosols, contribute to 
uncertainty in the attribution of observed warming. 
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Observed Global Warming and Attribution to Climate Drivers 

The warming observed over the industrial era was driven by emissions from human activities, with greenhouse 
gas warming partly masked by aerosol cooling.

Figure 3.1. The figure shows (a) observed change in global average surface temperature in 2010–2019 relative to 
1850–1900; (b) temperature change over the same period (also relative to 1850–1900) attributed to total hu-
man influence, including changes in well-mixed greenhouse gas concentrations (including carbon dioxide [CO2], 
methane [CH4], nitrous oxide [N2O], and halogenated gases); combined changes in aerosols, ozone (O3), and land 
use (land-use reflectance); and solar and volcanic drivers and natural climate variability; and (c) time evolution of 
observed temperature (2010–2019, relative to 1850–1900; black line) attributed to different climate drivers from 
1850 to 2019, as well as total human influence (“Total anthropogenic”; purple line) and combined natural and 
human influence (“Total”; lavender line). Whiskers in (a) and (b) show the very likely range, while shaded uncertain-
ty bands in (c) show very likely (5%–95%) ranges. Note that in (b), the warming effect of ozone is largely offset by 
the cooling effect of aerosols, resulting in a net cooling when the effects of aerosols, ozone, and land-use change 
are combined. (a, b) Adapted with permission from Figure SPM.2 in IPCC 2021;20 (c) adapted with permission 
from Figure 7.8 in Forster et al. 20212 and Figure 2.11c in Gulev et al. 2021.10 
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Key Message 3.2  
The Estimated Range of Climate Sensitivity Has Narrowed by 50% 

Recent improvements in the understanding of how climate feedbacks vary across timescales 
have narrowed the estimated likely range of warming expected from a doubling of atmospheric 
carbon dioxide by 50% to between 4.5°F and 7.2°F (high confidence).

The total climate response for a given forcing is an important indicator of the expected climate change 
impacts. This response is commonly characterized by the equilibrium climate sensitivity (ECS), defined as 
the change in global average surface temperature after the climate system reaches a steady state following 
a doubling of the atmospheric CO2 concentration. A larger value of ECS indicates larger increases in global 
warming for a given increase in greenhouse gases. ECS depends both on the ERF from a doubling of CO2 and 
the sum of climate feedbacks that can either amplify (a positive feedback) or dampen (a negative feedback) 
the temperature change. The primary feedbacks arise from increased emissions of longwave radiation 
that cools the warmer planet (Planck feedback); increases in atmospheric water vapor (a greenhouse 
gas); changes in the vertical profile of atmospheric temperature; reductions in the surface area covered 
by reflective snow and ice; and changes in cloudiness. Cloud feedbacks are the largest source of ECS 
uncertainty (Figure 3.2).2,21 The response of the carbon cycle to climate warming contributes additional 
uncertainty (KM 3.4).

Feedbacks in the Climate System

Multiple feedback processes in the climate system amplify or partially diminish the response to radiative forc-
ing; quantifying their values is necessary to determine the climate response to human activities.

Figure 3.2. The graph shows assessed values of feedbacks acting in the climate system. The total feedback is the 
feedback that contributes to the assessed value of climate sensitivity. Bars denote the average feedback values, 
and uncertainties denoted by whiskers represent very likely ranges. Negative feedbacks are denoted by blue bars 
and positive feedbacks by orange bars. The feedback values are estimated by climate models based on the equi-
librium change in Earth’s energy balance in response to a doubling of carbon dioxide (CO2) with and without the 
feedback processes. W/m2 is watts per square meter. Adapted with permission from Figure TS.17 in Arias et al. 
2021.13
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The key development since NCA4 is that the ECS uncertainty range has narrowed.2,21 Recent assessments 
place ECS between 4.5°F and 7.2°F (2.5°C and 4.0°C), a 50% uncertainty reduction from previous 
assessments (Figure 3.3). It is virtually certain that ECS is greater than 2.7°F (1.5°C), guaranteeing significant 
climate change impacts from ongoing increases in CO2 and other greenhouse gases.

Advances in Understanding Climate Sensitivity and Climate Feedback 

Uncertainties in climate sensitivity and feedbacks have been reduced by synthesizing multiple lines of evidence. 

Figure 3.3. The graph (left) shows estimates of equilibrium climate sensitivity (ECS; y-axis) and the considered 
lines of evidence as a function of the years (x-axis) in which various assessment reports were released. These 
assessments include the “Charney Report”—a study by an ad hoc US research group that was published in 1979—
and the first through sixth assessment reports produced by the Intergovernmental Panel on Climate Change 
(IPCC), indicated here by the acronyms FAR, SAR, TAR, AR4, AR5, and AR6, respectively. NCA adopts the climate 
sensitivity values assessed by IPCC reports. Thick vertical bars indicate the likely range, and the horizontal tick 
marks on these bars, where present, indicate the best estimate (tick marks for the AR5 indicate a less than 5% 
probability of ECS being below 1.8°F and less than 10% probability of being greater than 10.8°F). The reduced 
estimated range of ECS in AR6 reflects advances in understanding of how climate feedbacks operate across 
timescales and an improved ability to combine physical constraints with observational data from recent decades, 
the industrial era, and paleoclimate records. The images of a satellite, the surface temperature time series, and 
a woolly mammoth (right) are emblematic of these three lines of evidence used to assess climate sensitivity. 
Adapted with permission from Figure TS.16a in Arias et al. 2021.13
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This uncertainty reduction results from advances in combining observations and targeted modeling results 
from nearly independent lines of evidence, each of which generally agrees on the values of ECS. The lines 
of evidence include 1) observed present-day variations on monthly to interannual timescales from which 
cloud and other climate feedbacks are inferred; 2) observed temperature changes between the preindustrial 
period and present and associated relationships to ERF; and 3) estimated temperature and radiative forcing 
changes for multiple warm and cold periods in paleoclimate records.21

Advances since NCA4 include the following:

• Increased use of present-day observations to determine cloud and other climate feedbacks. 
Confidence in inferring feedbacks for centennial-scale climate changes from present-day variations 
on monthly to interannual timescales is bolstered by “emergent constraints” found in Coupled Model 
Intercomparison Project (CMIP) model ensembles (see App. 3).

• Increased use of very-high-resolution cloud-resolving models to determine expected changes in 
response to the warmer conditions 

• Greater understanding of how changes in the spatial distribution of sea surface temperature over the 
historical period affected climate feedbacks

• Greater availability of reconstructed temperatures and ERF values for paleoclimate and greater 
confidence in how to account for the state-dependence of climate feedbacks and departures 
from equilibrium

The reduction of uncertainty in ECS was accompanied by reduced uncertainty in the cloud feedback. There 
is greater confidence that the sum of feedbacks over all cloud types is positive (i.e., a warming effect) and 
primarily results from increases in the altitude of high-level clouds and decreases in the amount of marine 
stratocumulus and continental low-level clouds. A previously identified negative feedback arising from the 
transition of cloud phase from ice to liquid as the planet warms22 is now thought to be substantially smaller 
based on new observational evidence.23,24 

Importantly, the new assessed range of ECS relies on observational analyses and selected modeling evidence 
but does not consider the ECS values from climate models directly. Models with ECS values outside of the 
assessed range are thought to have unlikely values of ECS. In particular, the CMIP6 models with ECS values 
greater than 9°F (5°C) may simulate an unrealistically early timing of reaching a given global warming level 
(GWL). Despite their unrealistic timings, these models may still be used to estimate the climate impacts 
occurring at a given GWL.25
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Key Message 3.3  
New Data and Analysis Methods Have Advanced Climate Science

A number of scientific developments have enabled deeper understanding of climate processes 
and their responses to human influence. Observational records have lengthened, and new 
observing systems have come online. New scenarios of socioeconomic development, and their 
associated emissions and land-use changes, drive updated climate projections from Earth 
system models. Large ensemble simulations from multiple models have enabled scientists to 
better distinguish anthropogenic climate change from natural climate variability. More targeted 
model evaluation techniques are using observations to narrow the estimated range of future 
climatic changes. Finally, advances in methods for extreme event attribution enabled scientists 
to estimate the contributions of human influence to some types of individual extreme events in 
near-real-time. 

Advances in Earth System Observations
Surface and satellite observational products continue to provide deep insights into recent changes in the 
Earth system. New analyses based on long-term surface observations provide improved constraints on 
regional plant productivity and the moderating influences of water and nutrients (e.g., AmeriFlux sites 
and National Ecological Observatory Network [NEON] domains), on surface and subsurface runoff (e.g., 
USGS observing networks), on surface energy balance (e.g., Atmospheric Radiation Measurement [ARM] 
and other Baseline Surface Radiation Network [BSRN] sites), on uncertainty in near-surface temperatures 
(e.g., Goddard Institute for Space Studies Surface Temperature [GISTEMP]), and on atmospheric CO2 and 
related gases (e.g., NOAA Earth System Research Laboratories Global Monitoring Laboratory [NOAA ESRL 
GML]). In situ measurements of ocean temperature, salinity, and key biogeochemical concentrations are 
provided by buoys, ship tracks, floats and drifters (NOAA Global Drifter Program [GDP]), and Saildrones. 
Extended records from the Clouds and the Earth’s Radiant Energy System (CERES) and Atmospheric Infrared 
Sounder (AIRS) satellite missions now provide increasing confidence in warming of the Earth’s atmosphere 
and surface. Continued analysis of the now 30-year record of sea level heights from a series of satellite 
altimeters provides observations of a recent acceleration in sea level rise. However, continuing declines in 
the number of active in situ precipitation monitoring stations threaten to produce gaps in our precipitation 
observation record.26 

Recently deployed observing systems promise a deeper understanding of Earth’s physical systems and 
reduced uncertainty in climate projections. Recent NASA missions include the ECOsystem Spaceborne 
Thermal Radiometer Experiment on Space Station (ECOSTRESS) thermal imager, focused on vegetation 
temperature and response to climate stressors; the Global Ecosystem Dynamics Investigation (GEDI) 
ecosystem lidar, focused on the forest canopy; the Earth Surface Mineral Dust Source Investigation (EMIT) 
spectrometer; and the Surface Water and Ocean Topography (SWOT) mission in conjunction with the Centre 
National d’Études Spatiales, the Canadian Space Agency, and the United Kingdom Space Agency, focused 
on measuring surface water on land and ocean sea surface height. Other recently launched or forthcoming 
missions include NASA’s Time-Resolved Observations of Precipitation structure and storm Intensity with a 
Constellation of Smallsats (TROPICS) and NOAA’s Joint Polar Satellite System-2 (JPSS-2), focused on tropical 
cyclones and other extreme weather events. Additional frontiers in satellite-based climate monitoring 
include both hydrological (e.g., snow thickness) and atmospheric (e.g., clouds and atmospheric composition) 
properties. Besides satellite observations, NASA Jet Propulsion Laboratory’s Airborne Snow Observatory 
(ASO) and its commercial successor have performed numerous snow surveys, enabling extremely detailed 
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maps of mountain snowpack. Also, recent efforts by USGS on the Next Generation Water Observing System 
(NGWOS) are enhancing the quality of real-time data on water quantity and quality from fixed and mobile 
instruments. 

Combined with newer algorithms and data assimilation techniques, a growing number of observational 
data products enable tighter constraints for modern reanalysis datasets, such as Modern-Era Retrospective 
analysis for Research and Applications, Version 2 (MERRA2) and the European Centre for Medium-Range 
Weather Forecasts Reanalysis, Version 5 (ERA5). Improvements in the number and quality of observa-
tional data products have also enabled new process-oriented metrics and diagnostics (e.g., Leung et al. 
2022;27 Maloney et al. 2019;28 Simpson et al. 202029), which in turn enhance the validation of Earth system 
models (ESMs).

New Scenarios and Climate Projections 
A new generation of ESMs has produced an updated set of projections under many new policy-relevant 
scenarios. A number of ESMs have been run at significantly higher resolution (about 20–50 km) than the 
previous standard (about 100–200 km) for focused experiments to explore particular aspects of climatic 
changes, like tropical cyclones, that cannot be simulated by coarser-resolution models.

The Scenario Model Intercomparison Project (ScenarioMIP)30 organized the main set of 21st-century 
projection experiments under the latest phase of the Coupled Model Intercomparison Project, CMIP6. These 
CMIP6 projections used newly developed scenarios based on Shared Socioeconomic Pathways (SSPs; Figure 
3.4).31,32,33 Five SSPs represent alternative plausible trajectories of 21st-century GDP and population growth 
and the pace and pervasiveness of socioeconomic and technological progress within individual nations 
and across the world (see Table 3 in the Guide to the Report). SSP-specific drivers are used in integrated 
assessment models (IAMs) to simulate the corresponding evolution of the energy system and the resulting 
greenhouse gas trajectories. These are in turn used by ESMs to drive their 21st-century projections. Some of 
these trajectories are also modified by imposing mitigation policies that meet specific warming targets (e.g., 
1.5°C [2.7°F] or 2°C [3.6°F] above preindustrial levels) by the end of the century.34 Figure 3.4 describes this 
process step-by-step.

Note that the mitigation assumptions in the various scenarios are not directly relatable to the mitigation 
discussion in Chapter 32, where the analysis is specifically centered on the current mitigation targets of 
the US in view of the Paris goals. The stringent goals of net-zero CO2 emissions by 2050 that Chapter 32 
discusses for the US are, however, consistent with the lowest scenario adopted in ScenarioMIP.
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SSP-Based Scenarios and Their Use in Climate Model Projections

Projections of future climate involve a multistep process using scenarios about future socioeconomic develop-
ments, policy goals, and emissions to drive Earth system models.

Figure 3.4. The graphic shows the chain of development leading to Earth system model experiments under CMIP6 
ScenarioMIP, the most up-to-date 21st-century climate change projections. Five societal development pathways 
(the SSPs) were produced. Then, assumptions about climate mitigation policies that could be consistently applied 
to those socioeconomic futures were developed (the SPAs). Integrated assessment models took these baseline 
or mitigated pathways and produced alternative plausible trajectories of greenhouse gas emissions and land-use 
change. Earth system models used those emissions and land-use changes as inputs to produce the new CMIP6 
scenarios of climate outcomes. Figure credit: Pacific Northwest National Laboratory, NOAA NCEI, and CISESS NC.

The new scenarios are labeled “SSPX-Y,” where SSPX (with X ranging from 1 to 5) identifies the SSP used 
to produce the greenhouse gas trajectories and Y indicates the magnitude of the radiative forcing by 2100 
in W/m2. The main 21st-century trajectories from the CMIP6 ensemble are SSP1-2.6, SSP2-4.5, SSP3-7.0, 
and SSP5-8.5, along with SSP1-1.9, the lowest emissions trajectory, which is designed to stay below 1.5°C 
(2.7°F) of warming above preindustrial levels. These scenarios are intended to provide a representative set 
of plausible alternative pathways of greenhouse gas and aerosol emissions and land-use changes, according 
to alternative societal and economic development trends over the 21st century. Three new scenarios 
correspond to three of the Representative Concentration Pathway (RCP) scenarios used in CMIP5 in their 
overall forcing levels (SSP1-2.6 with RCP2.6, SSP2-4.5 with RCP4.5, and SSP5-8.5 with RCP8.5), albeit with 
different details in their composition of gases and land use. Scenario projections can be used to explore 
climate outcomes under a coherent future trajectory of greenhouse gases and other anthropogenic forcings.

An alternative perspective on the effects of climate change uses GWLs as an organizing principle. One can 
ask when a certain GWL will be reached for a given scenario and climate model, thus connecting the two 
perspectives. CMIP6 includes many experiments performed by many ESMs at about 100 km resolution.35 
A multimodel approach, the High Resolution Model Intercomparison Project (HighResMIP),36 is featured 
for the first time in CMIP6 to systematically investigate the impact of horizontal resolution. Models par-
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ticipating in HighResMIP have resolutions between 20 and 50 km and show more realistic simulations of 
intense storms and resulting precipitation.37,38 At these resolutions, they can explicitly represent tropical 
cyclones,39,40,41 and their simulations support the conclusion of a global decrease in tropical cyclone 
frequency42 together with an increase in intensity with warming. Their more refined topography also 
enhances their representation of local processes, such as the effects of warming on mountain snowpack—an 
important water source for the western United States.43

Storyline simulations are another strategy to develop future projections.44,45,46 In one variation of this 
approach, ensembles of short initialized weather hindcast simulations under imposed warming conditions 
can provide actionable information at regional or local scales.47,48,49 Longer multiyear simulations can also be 
performed to understand changes in the statistics of weather extremes and storm characteristics (e.g., Chen 
et al. 2023;50 Gutmann et al. 201851) or to explore future change in climatic extremes such as drought (e.g., 
Ullrich et al. 201852). 

Large Ensemble Simulations
Many realizations of the past and future climate are generated from climate model simulations started 
from initial conditions that are slightly perturbed from one another. These small random perturba-
tions, the so-called butterfly effect, can subsequently alter the chaotic sequence of weather and climate 
events and, hence, the future course of the variability simulated by the model. Recently, climate model 
experiments have been conducted using multiple climate models with small random perturbations at the 
start of the simulations. The advent of these initial-condition large ensembles (henceforth referred to as 
large ensembles) in climate modeling provides an explicit framework for quantifying the relative contribu-
tions of external drivers and natural variability to regional climate change by sampling different possible 
sequences of natural variability that share a common forced response.53 The application of large ensembles 
to assess the possible range of climate trends at local and regional scales is a major advance in recent 
years (Figure 3.5). New experiments from multiple climate models that capture uncertainty due to natural 
variability, changes in variability, and model uncertainty have improved our ability to understand and 
quantify expected climatic changes and the relative contributions of human-caused climate change and 
natural climate variability at regional scales. A new insight from the large ensemble archive is that different 
models have different representations of natural climate variability and how such variability responds to 
anthropogenic climate change. For some variables, such as precipitation, variability consistently increases 
with global warming, and large ensembles provide important context for quantifying and understanding 
these changes. 
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Winter Surface Air Temperature Trends in Large Ensemble Simulations

Large ensemble simulations provide a plausible range of trends in winter surface air temperature combining the 
human-caused climate change and natural variability. The observed trend falls within the range simulated by the 
large ensemble for the historical period. 

Figure 3.5. This figure shows past and projected future trends (in °F per decade) in winter (December–February) 
average air temperature over the United States and its territories (except the US-Affiliated Pacific Islands [USA-
PI]). The top row shows the observed trends during 1972–2021 (panel labeled “Observations”) and the plausible 
model range of trends simulated by the CESM2 100-member Large Ensemble during 1972–2021 (panels labeled 
“Warmer,” “Average,” and “Cooler”). Here, “warmer” means the ensemble member with the 5th largest US-average 
trend, “cooler” means the ensemble member with the 5th smallest US-average trend, and “average” means the 
average trend across all 100 ensemble members. Note that the model range results from the combined influences 
of simulated natural variability and human-caused climate change. The bottom row of maps shows the plausible 
model range of trends simulated by the Community Earth System Model 2 (CESM2) 100-member Large Ensem-
ble projected for 2022–2071 under the SSP3-7.0 radiative forcing scenario (panels labeled “Warmer,” “Average,” 
and “Cooler”; see above for definitions). White areas on the maps are major lakes, including Great Salt Lake, Lake 
Okeechobee, and Lake Tahoe. Trend values in the USAPI (not shown) are very similar to those for the Hawai-
ian Islands. The box plot at the lower left shows the distribution of US-average trends simulated by the CESM2 
100-member Large Ensemble for the period 1972–2021 (orange) and projected for the period 2022–2071 (red). 
The thin white line within each box denotes the average value, and the boundaries of the box show the 25th–75th 
percentile range. The black dot shows the observed US-average trend during 1972–2021, which lies within the 
plausible model range of trends. Figure credit: National Center for Atmospheric Research.

Emergent Constraints on Future Projections
An approach to reduce uncertainty in climate change projections has matured over the past decade. It 
is known as “emergent constraints.”54 The term refers to strong statistical relationships between highly 
uncertain future climate parameters and observable trends or variations in the current climate, along with 
a physical explanation of this relationship. Observations of the current climate are used to quantify the 
difference between simulated and observed values in a model simulation (referred to as model bias) and 
subsequently constrain the future climate parameters. Research on emergent constraints has targeted a 
wide variety of geophysical processes.55 For example, projections of western US runoff in CMIP5 models 
can be constrained by the observed sensitivity of runoff to precipitation in the historical climate.56 A linear 
relationship between the projected summer warming and the model warm bias over the central US in CMIP5 
models can be used to correct the future temperature projections,57 and the observed interhemispheric 
asymmetry of the intertropical convergence zone has been used to correct future projections of California 
winter precipitation.58 
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Extreme Event Attribution
The science of evaluating the effects of human-caused climate change on extreme weather and climate 
events has advanced significantly. Human influence has changed the frequency and intensity of some types 
of extreme events, and it is now possible to quantify the influence of anthropogenic climate change on 
certain types of specific extreme events.

Extreme event attribution quantifies the current human influence on observed severe weather events, 
primarily through changes in magnitude and frequency.59 Recent methodological advances have widened 
the classes of weather events analyzed and extended these analyses beyond single events to include hazards 
throughout an entire season (e.g., Herring et al. 2022,60 2019,61 2018;62 Reed et al. 2022;63 Wehner et al. 201964). 
Confidence in attribution statements is increased when multiple methods, observations, and models lead to 
similar conclusions65 and similar underlying trends are detected.66

Recent methodological advances include graphical methods to identify cause and effect pathways,67 
using physical insight to inform statistical models,68,69 factual and counterfactual simulations,70 and large 
ensembles.71 The CMIP5/6 databases are often used in event attribution studies, but the relative coarseness 
of the model grids (100 km or more) limits applicability to large-scale events such as certain heatwaves72 
and winter storms.73 Finer-scale events such as intense storms are often amenable to storyline hindcast 
simulations (see New Scenarios and Climate Projections above), using higher-resolution regional models to 
compare the “storm that was” with observed climate change to the “storm that might have been” without 
the human changes to the climate system.74,75 However, by construction, such storyline analyses inform 
attribution statements about changes in the magnitude of an event not the frequency. 

Attribution methods have advanced such that rapid statements can be made just weeks after an event76,77 
and even forecasted,78 and these analyses could be made operational.79 Despite recent progress, the human 
influence on some extreme weather events may not be attributable because of model limitations.80,81

Extreme event attribution has shown that some extreme events are happening with greater frequency, 
magnitude, and duration due to anthropogenic climate change. For example, climate change very likely 
made a 2016 extreme precipitation event in Louisiana heavier77 and increased both precipitation82,83,84 and 
flooding85 during Hurricane Harvey. While these studies reveal how climate change affects extreme events, 
they also reveal that historical observations of climate are often insufficient for characterizing future risks.

Key Message 3.4  
Humans Are Changing Earth System Processes

Human activities cause changes throughout the Earth system, including the land surface, cryo-
sphere, ocean and atmosphere, and carbon and water cycles. The magnitude, and for some 
processes the direction, of these changes can vary across regions, including within the US. 
These changes also occur against a background of substantial natural climate variability. 

Natural Variability
At all spatial scales, the climate response is forced by anthropogenic drivers, which are external to the 
climate system. This response occurs against a background of natural climate variability (i.e., internal to 
the climate system). Such variability is generated by natural processes, for example, by atmosphere–ocean 
interaction (e.g., El Niño and La Niña events), atmosphere–land interaction, or chaotic variability within the 
atmosphere itself. Depending on the sequencing and magnitude of natural variability and the magnitude 
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of the climate change response, natural variability can mask the climate change signal, amplify it, or be 
overwhelmed by it. Natural variability therefore adds uncertainty to climate change projections. Because 
the sequencing of natural variability is largely unpredictable, this component of uncertainty in climate 
change projections is irreducible. This is in contrast with the uncertainty associated with the climate change 
response, which arises from lack of information about future greenhouse gas and aerosol emissions, as well 
as incomplete understanding of climate processes and associated limitations in terms of how well models 
reproduced observed changes. These are knowledge gaps that can, in principle, be filled (KM 3.2). 

The magnitude of natural variability generally increases as spatial scales decrease (Figure 3.6). At the scale 
of a typical Earth system model (ESM) grid cell, natural variability is the dominant source of uncertainty in 
precipitation and temperature projections over much of the US. On continental scales, model and scenario 
uncertainties become more important.86 Therefore, at the regional scales and the multidecadal time 
horizons relevant for adaptation planning, uncertainty due to natural variability can be a larger contributor 
to overall uncertainty in climate change than model or scenario uncertainties (Figure 3.6; e.g., Dong et al. 
202187). Furthermore, it is important to note that anthropogenic forcing also changes the variability of some 
Earth system processes, and these forced changes contribute to changes in the frequency, duration, and 
intensity of extreme events, such as heatwaves and heavy precipitation.
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Natural Variability and Climate Model and Scenario Uncertainties

The sources of uncertainty in climate projections vary depending on timescale and geographical scale and for 
different aspects of the climate system.

Figure 3.6. These charts show the relative importance of different sources of uncertainty (natural variability, 
model uncertainty, and scenario uncertainty) for projections of moving decadal average temperature (top row) 
and precipitation (bottom row) for the globe (first column), Northern Hemisphere land (second column), and the 
Southern Great Plains (third column) from 1999 to 2099 (decadal averages are plotted mid-decade; for example, 
the x-axis starts in 2004) relative to the reference period of 1995–2014, based on CMIP6 models. Model uncer-
tainty is calculated as the variance across models’ forced response estimates. Scenario uncertainty is calculated 
as the variance across multimodel averages for different scenarios. The shadings are constructed as a symmetric 
90% range around the multimodel, multiscenario average projection. Figure credit: Cornell University, National 
Center for Atmospheric Research, and Pacific Northwest National Laboratory.

Atmospheric Circulation Changes
Past and future climate changes in the United States are strongly modulated by atmospheric circulation 
features such as the semipermanent North Pacific and North Atlantic subtropical high–pressure systems, 
the Aleutian Low, the meandering jet stream stretching from the North Pacific to the North Atlantic, extra-
tropical storm tracks and fronts, and the North American Monsoon. These regional- to continental-scale 
circulation features are in turn modulated by even-larger-scale overturning circulations such as the Hadley 
cell (see Perlwitz et al. 201788). Regional circulation features over North America are also modulated by 
recurring remote patterns of variability such as the El Niño–Southern Oscillation (ENSO) and North Atlantic 
Oscillation and by variability due to the chaotic dynamics within the atmosphere (the so-called butterfly 
effect). 
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Anthropogenic forcing alters the vertical and horizontal energy and moisture distributions in the 
atmosphere. Atmospheric circulation is directly impacted by the resulting changes in the temperature 
gradient from the equator toward the poles (both in the lower and upper troposphere), the decrease in the 
rate that temperature falls with height above the surface, and increased latent heating. 

A synthesis of observational and modeling studies estimates that the tropics have widened by about 
0.5° of latitude per decade since 1979. Although climate models driven by external forcing simulate, on 
average, a larger expansion rate than observed, the observed rate is within the bounds of the model 
simulations.89 The discrepancy between the observed and simulated rates of tropical widening is partly 
due to patterns of natural variability such as ENSO and the Pacific Decadal Oscillation, as well as natural 
atmospheric variability.90,91

Consistent with the tropical expansion, climate models project poleward shifts of the jet streams and storm 
tracks and poleward expansion of the subtropical dry zones with warming,88 with associated impacts on the 
US. However, the Northern Hemisphere jet shifts are regionally and seasonally dependent (e.g., Oudar et al. 
2020;92 Zhou et al. 202293). Simulations show a poleward jet shift in the central North Pacific with warming, 
along with an eastward jet extension that steers more Pacific storms toward California.94,95 However, large 
uncertainty remains because the jet extension is also influenced by natural variability.87 With global warming 
shifting the North American westerly jet poleward throughout the warm season, climate models project 
late-spring wetting and late-summer drying in the Midwest.96 Poleward expansion of the North Atlantic 
subtropical high may intensify and extend the Great Plains low-level jet poleward, affecting warm-season 
precipitation in the Midwest.97

Besides changes connected to the tropical expansion, climate models project a weakening of the North 
American Monsoon with warming due to increased atmospheric stability.98 Similar to other monsoon 
systems, the onset of North American Monsoon rainfall is projected to be delayed by warming.99,100,101 In the 
North Pacific, warming is projected to reduce the frequency of atmospheric blocking during winter.102

Water Cycle Changes
Many processes relevant to the water cycle have already begun to change and are projected to continue 
changing as the planet warms. These include the atmospheric circulation changes noted above as well as 
changes in atmospheric moisture, patterns of natural variability, the magnitude of variability of the water 
cycle, and the modulating role of vegetation on evaporation. These changes are driving changes in the 
intensity of precipitation in extreme events; snowfall, snowpack, and snow melt; and the seasonality of 
average precipitation and evaporation.

Seasonal and annual average precipitation and evaporation patterns have been changing with global 
warming. Precipitation from extreme events is projected to increase with warming (e.g., Neelin et al. 2017103). 
Heavy precipitation events constitute a large fraction of total precipitation and also a large fraction of 
the change in precipitation in both observations and projections.104,105,106,107 However, it is possible to have 
increases in extreme precipitation but decreases in annual average precipitation at the same location due to 
large declines in non-extreme precipitation (Figure 3.7)98,108,109 and overall changes in the variability of pre-
cipitation. Precipitation variability generally is projected to increase at all timescales and in most locations 
in response to anthropogenic forcing.110 This implies increases in both heavy precipitation extremes and 
drought,111 a phenomenon called whiplash.112 

Water vapor factors into the intensity of precipitation extremes, such that increased water vapor due to 
warmer air temperatures alone would drive relatively uniform projected increases in precipitation extremes 
over much of the planet. Additionally, changes in circulation modulate the spatial pattern of extreme precip-
itation intensity change, increasing it in some regions and reducing it in others.113 For extratropical cyclones 
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in summer, precipitation intensity increases, and more energetic convective storms are projected despite 
weakening circulation.114 While understanding of these changes in extreme precipitation has improved, 
recent work has also highlighted the oftentimes large magnitude of natural variability in extreme precipita-
tion (KM 3.5).

Changes in the Contributions of Moderate and Extreme Events to Total Precipitation 
with Warming

As the climate warms, extreme precipitation events become more intense and make up a larger fraction of total 
precipitation, while moderate events become less common. 

Figure 3.7. The graphic depicts example changes in the precipitation distribution at many locations as projected 
by climate models. (top) In general, warming shifts the distribution toward a greater probability of large events 
and a reduced probability of light to moderate events, with only a modest change in the average total precipitation 
over a season or year. (bottom) Greater levels of water vapor in the atmosphere in a warmer world drive more 
precipitation during storms, when moist air masses converge. The increased water vapor convergence, or moist 
inflow, in very stormy areas also transports more water vapor out of surrounding areas, reducing any light to mod-
erate precipitation there. The changes in total precipitation are often modest, because they reflect this tug-of-war 
between opposing changes in heavy and light to moderate precipitation. Changes in circulation can also affect 
the changes in all parts of the precipitation distribution. Certainty in projected changes differs among the underly-
ing processes: the increase in water vapor and associated increase in extremes is very certain, while the changes 
in circulation are less certain. Further discussion related to top panel can be found in Fischer and Knutti (2016).115 
Figure credit: Cornell University and University of California, Los Angeles. 
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Changes in precipitation seasonality can occur with or without changes in average annual total precip-
itation. Increases in the amplitude of the precipitation seasonal cycle may be expected, as precipitation 
increases proportionally to its present-day seasonal cycle. However, other changes in the seasonal cycle of 
precipitation have also been found. Examples of these changes include a sharpening of the seasonal cycle in 
California,112,116,117 a substantial increase in late-spring precipitation and a substantial decrease in late-summer 
precipitation in the US Midwest,96 and a delayed onset of rainfall in many monsoon regions.100,101 

Even if precipitation increases in some regions in the future, one concern is that evaporation will increase 
with warming, leaving the land surface drier (also see Ch. 4). Model projections and observational analyses 
for the US suggest that the net effect will be for warming to increase evaporation and surface drying in 
much of the country. 

With warming temperatures, more precipitation falls as rain instead of snow. Snowpack in many 
mountainous regions of the US has already decreased on average over the last few decades; for example, 
the western US snowpack-driven reservoirs are already exhibiting changes.118 These declines are expected 
to be exacerbated by greater increases in winter temperatures compared to summer temperatures in some 
regions due to snow albedo feedbacks. Another factor that decreases snowpack is the larger temperature 
increases at higher altitudes, which increase the frequency of multiyear snow droughts.119 Decreases in 
warm-season streamflow have also been observed and projected because of the increase in evaporation 
with warmer temperatures.120,121,122 Decreasing snowpack and increases in flooding are both concerns for 
water management. Increasing flooding is driven by the increasing intensity of extreme precipitation 
discussed above, by the shift from snowfall to rainfall, and potentially also by increases in rain-on-snow 
events, which can lead to rapid snowmelt (for one example, see Box 29.2).

Changes in the Carbon and Biogeochemical Cycles
Understanding of the biogeochemical responses to human-caused greenhouse gas emissions has increased 
due to expanded observations and improvements in models. However, uncertainty in the future evolution of 
the global carbon cycle remains high (KM 2.3).

Terrestrial ecosystems and the oceans take up a little more than half of the CO2 emitted from human 
activities, partially offsetting the climate effects of carbon emissions. From 2011 to 2020, annual emissions 
averaged 10.6 ± 1.2 PgC, and the emitted carbon was ultimately distributed between the atmosphere (47%), 
vegetation and soils in terrestrial ecosystems (29%), and the oceans (24%; Figure 3.8).123 Over the past six 
decades, the average fraction of anthropogenic CO2 emissions that has accumulated in the atmosphere has 
remained nearly constant at 41%, even as fossil fuel emissions have rapidly increased. 
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Carbon Dioxide Sources and Sinks

While the land and ocean take up some of the carbon dioxide from human activities, the rest continues to accu-
mulate in the atmosphere every year.

Figure 3.8. The primary sources of anthropogenic carbon are fossil fuel and land-use change emissions (upward 
thick arrows). While the land biosphere and ocean continue to take up the same proportion of anthropogenic 
carbon every decade (downward thick arrows), atmospheric carbon dioxide (CO2) levels continue to rise as fossil 
fuel and land-use change emissions continue over time. Represented here is the budget of the global carbon cycle 
each year from estimates averaged globally for the decade 2011–2020, with flux estimates from Canadell et al. 
2021.4 Values are in Petagrams of carbon (PgC). Adapted from Friedlingstein et al. 2022123 [CC BY 4.0].

An important question is whether the same fraction of fossil fuel emissions will continue to be offset by 
ocean and land biosphere uptake or whether the offset will slow or reverse over time. Answering this 
question depends on understanding feedbacks between the carbon cycle and climate change. The additional 
carbon sink on land is a consequence of multiple ecosystem processes, including increased photosynthe-
sis responses to rising atmospheric CO2,124 nitrogen deposition, fire suppression, and forest regrowth after 
disturbances such as land clearing for agriculture.125 Large-scale observational constraints on increased 
vegetation productivity due to increased atmospheric CO2 are uncertain.126 Ocean waters take up an 
increasing amount of carbon due to chemical dissolution of CO2 in seawater, biological fixation through 
photosynthesis, shell formation in some organisms, and subsequent transport of carbon into deeper waters. 

As atmospheric CO2 increases, plant productivity and soil carbon also increase and are partly responsible 
for increases in land carbon storage, which functions as a negative feedback on climate change. However, 
several processes could reduce terrestrial carbon uptake, including increasing temperature and drought 
frequency or intensity, limitation of other necessary nutrients, and land-use changes such as deforestation. 
In the Arctic, potentially large biogenic releases of CO2 and CH4 to the atmosphere due to permafrost thaw—
the timing of which may be accelerated by increasing wildfire at high latitudes127—could be a potentially 
large positive climate feedback that may alter the effectiveness of climate mitigation strategies.128 ESMs 
predict a total loss of near-surface permafrost by 2100 for intermediate (RCP4.5) and very high (RCP8.5) 
emissions scenarios, and permafrost carbon emissions are projected to outpace increased carbon uptake 
from higher vegetation productivity in a warmer Arctic.129

Uptake of CO2, an acid gas, by oceans leads to acidification of seawater through a series of chemical 
reactions that lower the pH and availability of carbonate ions in addition to other chemical changes (see 

https://creativecommons.org/licenses/by/4.0/legalcode
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Chapter 2 for ocean acidification trend) that have been shown to be harmful to marine life.130 Over time, 
uptake of carbon could slow as ocean waters become saturated with dissolved CO2.131 Recent observations 
show that ocean carbon processes are starting to change in response to the growing ocean carbon sink, and 
these changes are expected to contribute to future weakening of the ocean carbon sink under medium to 
high emissions scenarios (similar to SSP2-4.5 and SSP5-8.5 of Figure 3.7 in Jiang et al. 2019132).133

A comparison between the CMIP5 and CMIP6 generation of ESMs with respect to the representation of the 
CO2 fertilization effect and carbon cycle–climate feedbacks suggests that uncertainties in these processes 
have remained large and virtually unchanged in recent years.134 However, the latest generation of land 
models have improved representation of biogeochemical cycles,4 and ocean models have exhibited improved 
representation of coupled physics and biogeochemical cycles.135

In the United States, the land carbon sink is dominated by forests, which have expanded in the last century 
due to fire exclusion in the West and to secondary forest regrowth following agricultural abandonment 
in the East. The growth of the North American forest biomass carbon sink is expected to become more 
saturated and less effective over time (Focus on Western Wildfires).125,136 The climate change–wildfire rela-
tionship is also expected to play an increasingly dominant role in the strength of the US land carbon sink, 
requiring increased management of forests to meet carbon storage and other needs of society.137 In addition, 
increasing temperature and moisture in some regions could lead to increased microbial emissions of CH4 
from wetlands and Arctic tundra. 

Changes in the Ocean 
The ocean has a large capacity to store and release heat and has been able to absorb 91% of the excess 
heat attributed to greenhouse gas emissions.2 The ocean both exchanges heat with the atmosphere and 
moves heat from the tropics toward polar regions, where warm surface ocean waters transform into cooler, 
high-density waters that sink (Figure 3.9),138 taking high carbon concentrations with them.139 The Atlantic 
Meridional Overturning Circulation (AMOC) is an important component of the global ocean circulation, 
transporting heat and carbon and affecting hydroclimate, hurricane activity, and coastal sea level. It is 
hypothesized from some proxy evidence that the AMOC has declined since the Industrial Revolution.140 It 
remains uncertain whether observations support the anthropogenically forced weakening of the AMOC 
during the past four decades predicted by climate models.141 
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Changes in Ocean, Cryosphere, and Coastal Processes

Climate change has multiple effects on the ocean, atmosphere, and cryosphere and their complex interactions.

Figure 3.9. The figure shows important physical processes that play a role in the ocean and cryosphere, along 
with their linkages. Associated climate change–related effects, including sea level rise, increasing ocean heat 
content, ocean acidification, marine heatwaves, and ice mass loss, are also shown. The arrows indicate an 
exchange taking place between ice, ocean, and atmosphere. Adapted with permission from Figure TS.2 in IPCC 
2019.142

On short timescales (annual to decadal), ocean circulation dominates the pattern of changes in ocean heat 
content; although on longer timescales, the spatial pattern is primarily associated with the addition of 
excess heat into the ocean.143 Since 2005, Argo profiling floats have provided observations of temperature 
and salinity changes in the global ocean to a depth of 2,000 m. These measurements show an increase in 
global ocean heat content, although there is geographic variability. On shorter timescales, marine heatwaves 
are periods of extreme high ocean temperature relative to the long-term average seasonal cycle.144 
Persistent marine heatwaves have been observed in the northeastern Pacific since around 2014,145,146,147 with 
associated negative impacts on ocean ecosystems (Ch. 27; Figure 10.2).

Changes in the Cryosphere 
The cryosphere is the frozen part of the Earth system and includes ice sheets, glaciers, sea ice, permafrost, 
and snow (Figure 3.9). Observations of the cryosphere have expanded in recent years, including from 
satellites like Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) and Ice, Cloud, and Land 
Elevation Satellite-2 (ICESat-2).148 These and other complementary observations of the cryosphere show 
declines in ice sheet and glacier mass, snow cover, and Arctic sea ice.149 Through efforts like the Ice Sheet 
Mass-Balance Inter-comparison Exercise (IMBIE),150 there is clear evidence of loss of ice sheet mass from 
1993 to 2020, and the rate of loss has increased for both the Greenland and Antarctic ice sheets. There is 
increased consensus regarding the behavior of many ice sheet processes. However, as the climate warms, 
the future response of the ice sheets and some associated processes are still uncertain.149 Two specific 
processes, marine ice cliff instability151,152 and marine ice sheet instability,153,154,155,156,157 could lead to rapid 
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ice sheet loss over several decades, but the physical processes that would result in these instabilities and 
how they would progress once triggered remain uncertain. The decline in sea ice affects several critical 
functions: sea ice serves to regulate climate by reflecting solar radiation; inhibits ocean–atmosphere 
exchange of heat, momentum, and gases; and supports global deep-ocean circulation, polar species, and 
livelihoods of people in the Arctic.

Sea Level Rise
Over long time periods, the main drivers of changes in global mean sea level (GMSL) are thermal expansion 
due to heating of the ocean and the addition of water associated with melting ice from ice sheets and 
glaciers. Human-caused changes in the movement of water between ocean and land, including from 
groundwater depletion and water impoundment associated with dam building, have a minor impact on 
GMSL, although they can increase in importance for specific time periods.158 The increase in GMSL during 
the 20th century estimated from tide-gauge records has been explained by the individual processes con-
tributing to it.158 The rate of the 20th-century increase in sea level was faster than in any other century in at 
least the last 3,000 years.159,160 In the past two decades, the changes in GMSL measured by satellite altimetry 
have matched the expected sea level rise based on the combination of in situ measurements of the Argo 
profiling floats and the observations of water-mass change from the GRACE and GRACE-FO satellites. Data 
from the now three-decades-long satellite altimetry record shows that the rate of GMSL rise has been 
increasing, driven by accelerating contributions from the underlying processes.158,161,162

Sea level rise is not uniform across the globe. Relative sea level rise at any specific location responds to 
processes that are important at regional and local scales.149,163,164,165 On short timescales and in short records, 
natural variations on interannual to decadal timescales can affect estimates of rates and accelerations. Over 
long time periods, there are three main causes of regional variations in relative sea level: 1) sterodynamic 
changes (the combination of thermal expansion and ocean dynamics that is driving global sea level rise); 2) 
gravitational, rotational, and deformational changes that result from water moving from the cryosphere to 
the ocean; and 3) vertical land movement (subsidence or uplift) due to glacial isostatic adjustment, tectonics, 
sediment compaction, groundwater and fossil fuel withdrawals, and other non-climatic factors.166,167 

An improved understanding of the drivers of regional mean sea level rise and how processes combine to 
cause sea level change at the coast has led to better assessments of the frequency, duration, and timing of 
high-water levels and coastal flooding events (Figure 3.10).167 Regional sea level change has been the main 
driver of changes in extreme water levels.167 Due to ongoing regional relative sea level rise and narrowing 
of the gap between the typical high tide and flooding threshold, the frequency of high tide flooding has 
increased. Natural ocean variability, including that associated with tides and large-scale climate signals that 
did not necessarily result in flooding in the past, is expected to lead to a rapid increase in the amount of 
high tide flooding in the coming decades when combined with future sea level rise (see Ch. 9).167,168,169



Fifth National Climate Assessment

3-28 | Earth Systems Processes

Coastal Flood Exposure

Sea level rise is increasing the probability of coastal flooding and associated impacts. 

Figure 3.10. The schematic shows the physical factors affecting coastal flood exposure. Nearshore processes 
like storm surge, wave setup (the increase in water level due to the presence of breaking waves), and swash (wave 
runup and wave rundown) combine with other large-scale processes to drive impacts. Due to the clear and strong 
relative sea level rise signal—that is, the combination of global increases in sea level and the fact that land is 
sinking in many US coastal areas—the probability of flooding and impacts is increasing along most US coastlines. 
Source: Sweet et al. 2022.167 

Regional-Scale Changes
Many of the changes in Earth system processes discussed above can vary across a range of spatial scales. 
For example, at the continental scale (less than 10,000 km), the climate system’s warming response to 
anthropogenic forcing is affected by differences in how quickly land and ocean areas warm, with land 
generally warming more quickly than the ocean. This is because land areas have a lower heat capacity and 
thus respond more quickly than the ocean to anthropogenic forcing, and because of the larger cooling 
effect of evaporation from the ocean surface. Therefore, North America generally warms more than adjacent 
oceans (Figure 3.11). The high latitudes of the Northern Hemisphere warm the most of any region, although 
the reasons for this are complex and may involve processes poorly captured by global climate models.170 
Precipitation responses, arising from the changes in the atmospheric circulation and water cycle processes 
discussed above, tend to be organized in latitude bands such as the tropics, subtropics, midlatitudes, and 
high latitudes. 
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Regional Differences in Climate Response

While temperatures have been rising almost everywhere, warming has not occurred uniformly over the planet. 

Figure 3.11. The maps show observed global (left) and overland US (right) trends (in °F per decade) in annual 
average near-surface temperature over the period 1972–2021. While temperatures have been increasing almost 
everywhere, warming has not occurred uniformly over either the planet or the US. Temperatures over land have 
been increasing faster than over the ocean, and the Arctic has been warming at more than twice the global aver-
age rate. Temperatures over the US have increased faster in Alaska, at high elevations, and in regions with signifi-
cant seasonal snowpack. Figure credit: University of California, Los Angeles; University of California, Davis; NOAA 
NCEI; and CISESS NC. 

At the regional scale (less than 1,000 km), variations in land surface properties are associated with 
differences in the local climate responses to anthropogenic forcing. Examples from the US (Figure 3.11, US 
panel) include greater warming at snow margins in western US mountains,171 greater warming in inland areas 
separated from the coast by California mountain ranges,172 greater warming in extremely arid landscapes,173 
shifts of precipitation downwind in mountainous areas,174 snowfall loss at higher elevations where tempera-
tures increase above the freezing line,175,176 changes in snowmelt-driven runoff as a function of elevation,177 
changes in snowfall over large lakes,178 and changes in evaporation and soil moisture due to variations in 
vegetation. Regional variations in the changes of temperature and precipitation are also driven partly by 
the regional distributions of aerosols, which interact with clouds and radiation.179 Downscaling techniques, 
which convert global model outputs from lower resolution (about 100 km) to high resolution (1–10 km), are 
often used to simulate these phenomena for adaptation planning (see App. 3).
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Key Message 3.5  
Humans Are Changing Weather and Climate Extremes 

Human activities are affecting climate system processes in ways that alter the intensity, 
frequency, and/or duration of many weather and climate extremes, including extreme heat, 
extreme precipitation and flooding, agricultural and hydrological drought, and wildfire (medium 
to high confidence).

Extreme Heat and Cold
Changes in temperature extremes in recent decades are driven primarily by trends toward warmer 
conditions rather than any changes in variability.180 Consequently, the frequency and intensity of cold 
extremes have declined over much of the United States while the frequency and intensity of extreme heat 
have increased.181 Arctic warming may also drive increases in the occurrence and persistence of circulation 
anomalies that are related to extreme cold and heat,182 although the evidence that these mechanisms 
have played a role in recent events is mixed.183,184 Climate change may also be contributing to “false spring” 
events,185 where early warming has caused early budbreak and flowering of plants, exposing them to 
damaging frost and freeze events.186 

Extreme Precipitation and Flooding
Observed increases in extreme precipitation intensity at the continental scale in North America have been, 
for the first time, attributed to human influences.187 With warming, it is expected, and has been documented, 
that more winter precipitation will fall as rain instead of snow,188 although the projected intensity of most 
extreme snowstorms remains uncertain.189 Projected increases in extreme precipitation events are larger 
in the winter season since warming in winter is larger, including events related to atmospheric rivers.190 
Precipitation associated with hurricanes increases with warming at least as much as water vapor,42 and 
the heaviest events can increase at an even greater rate.63,191,192 Where and when increases in extreme pre-
cipitation manifest in any given year or even decade is strongly subject to natural variability (see also KM 
3.3). Notably, increases in extreme precipitation events do not always directly translate to increases in 
river flooding, in part because of the many processes at the land surface that affect flood events (KM 4.1; 
Figure 4.8).

Drought
Drought is broadly defined as a transient period of below-average water availability, typically expressed 
in terms of fluctuations in precipitation, soil moisture, or streamflow and runoff.193 Drought is a complex 
phenomenon (Figure 3.12) that depends on fluctuations in moisture supply, direct losses of moisture to the 
atmosphere, and ecosystem and land surface processes.194,195,196 Western North America experienced several 
decadal-scale droughts during the 20th century197 and numerous multidecadal “megadroughts” prior to AD 
1600198 and is currently experiencing an ongoing megadrought largely unprecedented over the last 1,200 
years.199,200 See Chapter 6 for more information regarding the effect of changes in the water cycle over land.
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Climatic Drivers of Drought, Effects on Water Availability, and Impacts

Climate change alters the hydrologic cycle and is expected to increase drought in some regions through various 
process pathways. 

Figure 3.12. Changes in climatic drivers (e.g., precipitation, temperature, wind, etc.) affect different aspects of the 
hydrologic cycle (e.g., evapotranspiration, snowpack, streamflow, soil moisture). In turn, these hydrologic shifts 
translate into changes in the severity, frequency, and risk of different drought types. Plus and minus signs denote 
the direction of change in the driver that would cause increases in drought. For example, where precipitation de-
clines (down arrow), all drought types will increase because this reduces snowpack, streamflow, groundwater and 
reservoir storage, and soil moisture. Similarly, increasing temperatures (up arrow) are also expected to increase 
hydrological and biophysical drought by reducing snowpack and increasing evaporative losses from streams, 
surface reservoirs, and soils. Adapted with permission from Figure 8.6 in Douville et al. 2021.201
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Observed and projected hydroclimatic changes in response to external forcing are highly season- and 
region-dependent over the US, especially in the West.202 Natural variability also plays a prominent role 
in shaping hydroclimate on annual and decadal timescales,203 as indicated by the decrease in total area 
coverage of low soil moisture over the US since 1915204 and increasing Missouri River flows,205 a region that 
is expected to become drier under climate change (e.g., Cook et al. 2015206). Climate change is expected 
to amplify drought, primarily through warming-induced increases in evaporative demand and surface 
water losses207,208 and declines in snowfall and water stored in winter snowpack.43 There is strong evidence 
that these processes are already amplifying hydrological drought severity in California,209,210,211 the Pacific 
Northwest,212,213 the Colorado River basin,121,214 and across southwestern North America.200 However, there are 
uncertainties in how these processes may present in the future. For example, changes in plant water use in 
response to increasing temperatures and rising atmospheric CO2 are complex and poorly understood and 
may either ameliorate195 or amplify215 soil moisture and runoff droughts at the surface.

Wildfire
The direct influence of climate change on modern and future wildfire activity arises from the effect of 
warming on fuel moisture content and flammability (Focus on Western Wildfires). Flammability is directly 
related to the vapor pressure deficit (VPD), an integrative measure of atmospheric aridity or dryness. High 
VPD is strongly associated with the hot and dry weather conditions conducive to the intensification and 
spread of wildfires, as well as with drier fuels at the surface. In recent decades, warmer temperatures, 
declines in humidity, and increases in VPD have caused large-scale increases in fire weather216 and areas 
burned by wildfire217,218,219 across the West. From 1984 to 2015, about half of the increase in burned area across 
the western United States is attributable to increases in fuel flammability caused by anthropogenic climate 
change. These climate change–driven increases in wildfire burned area are expected to continue into the 
coming decades, as fuel availability is not expected to be a limiting factor before 2050.220

Compound Events 
Compound events refer to the combination of multiple weather or climate events—which individually may 
not be extreme—that together pose risks to human or natural systems (see example in Figure 3.13)221,222,223 
and are described in further detail in Focus on Compound Events. Since climate change may affect the 
frequency and magnitude of the individual components of compound events in different ways, changes in 
compound events can be complex. Recent advances in statistical techniques used to describe compound 
events224,225,226,227 offer rigorous ways to quantify changes. Progress has also been made in categorizing 
compound event types in this rapidly evolving field.223,228,229
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Consecutive Events Leading to and Resulting from Wildfires

Consecutive events caused significant human health and economic impacts in Southern California from 2012 
through 2018.

Figure 3.13. A series of events in Southern California produced a cascade of impacts on human health and the 
economy. These include (from top left to bottom right): a prolonged drought from 2012 to 2016; above-average 
winter precipitation in 2017, enhancing growth of fuels; a dry, warm spring and summer, reducing moisture levels 
and drying existing vegetation; record-setting Santa Ana winds; fires occurring shortly thereafter; and rainfall over 
the burned area, leading to debris flow event in Montecito, CA. Adapted from AghaKouchak et al. 2020;230 modified 
with permission from the Annual Review of Earth and Planetary Sciences, Volume 48 © 2020 by Annual Reviews, 
http://www.annualreviews.org.

http://www.annualreviews.org
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Traceable Accounts
Process Description
Team members were selected from two sources: 1) the pool of nominations received via the public call 
for authors and 2) candidates identified by the chapter lead author, federal coordinating lead author, and 
agency coordinating authors from their extended networks and recommendations they received. The team 
was selected based on a thorough review of nomination packages received, with diversity of background 
and experience being a primary evaluation criterion for team makeup. Considering the areas of expertise 
needed for the chapter, as summarized below, selections were made to ensure diverse representation across 
multiple axes.

• Long-lived and short-lived climate forcers and biogeochemical cycles 

• Land-use and land-cover change and biogeochemical cycles 

• Climate response and internal variability 

• Scenario development 

• Climate feedbacks and response 

• High-resolution modeling 

• Regional climate change 

• Climate model diagnostics and metrics 

• Extreme event attribution 

• Cryosphere and sea level rise 

• Precipitation variability and extremes 

• Drought and paleoclimate 

• Hydrologic and heat extremes 

Given that the scoping of this chapter is related solely to physical system processes and not impacts, risks, 
and vulnerabilities, it was determined early on in the process, and with the consent of the Federal Steering 
Committee, that stakeholder engagement meetings were not required for the data-gathering process. 
Authors communicated primarily through email and bimonthly (twice per month) team meetings to discuss 
chapter progress and any issues arising during the assessment of the literature. 

Key Message 3.1  
Human Activities Have Caused the Observed Global Warming

Description of Evidence Base 
Evidence of human drivers of global warming is provided by identifying the human-induced components 
that perturb Earth’s energy budget and by understanding how these have evolved over long timescales. The 
potential for surface warming due to increases in carbon dioxide (CO2) emitted from human activities was 
first identified in the 1800s,231,232,233 and scientific understanding of the effect of anthropogenic CO2 emissions 
on the climate strengthened with more than a century of advances in theoretical developments as well as 
through laboratory and in situ measurements.234 The effect of other human drivers on climate, including 
non-CO2 greenhouse gases (GHGs), land-use change, and aerosols, was also recognized by the 1970s. 
Assessment of multiple lines of evidence, including proxy records, ice core records, and direct observations, 
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provides unequivocal evidence of the role of human activities in increasing atmospheric levels of GHGs 
and aerosols over the industrial era. For the latest observational evidence of long-term changes in GHG 
abundances, the reader is referred to Figure TS.9 in the IPCC AR6 WGI Technical Summary,13 which shows 
a strong increase in well-mixed greenhouse gases since the 19th century that is exceptional over the long 
term. Global average annual anthropogenic emissions of these gases reached the highest levels in human 
history over the present decade based on assessment of multiple lines of evidence.4 

Human-induced emissions of GHGs alter the atmosphere’s radiative balance and lead to a climate response. 
Earth system model simulations reproduce the observed global surface temperature trend only when 
human-induced climate drivers are included. Multimodel attribution experiments in support of the different 
phases of the Coupled Model Intercomparison Project (CMIP) have consistently shown the majority of the 
observed global warming to be human-induced, while that attributable to natural drivers is small.235 

Major Uncertainties and Research Gaps
Although there is very high confidence in the measured increases in atmospheric GHGs since preindus-
trial times, attributing these increases to anthropogenic emissions or natural emissions is subject to 
some uncertainty (e.g., Saunois et al. 2020;236 Tans 2009237). Fossil fuel emissions of CO2 have the lowest 
uncertainty because of the direct relationship between combustion and emissions. Since radiocarbon (14CO2) 
is absent in fossil fuels, measurements of atmospheric 14CO2 can be compared to CO2 emissions inventories 
based on fuel consumption. Comparisons show agreements within the uncertainty bounds of the measure-
ments.238 However, there are discrepancies between different methods for quantifying CO2 emissions and 
uptake related to land-use changes, the size of land uptake in the northern extratropics, and the strength 
of the ocean carbon uptake over the past decade.123 For land-use change, a lack of historical land-cover 
information presents an important limitation. Likewise, inadequate coverage of datasets used to inform 
models of carbon exchanges between the biosphere and oceans and the atmosphere results in uncertainty 
for both process-based models and atmospheric inversions. 

For methane (CH4) emissions and removals, uncertainties are potentially larger than for CO2. Emissions of 
CH4 are usually the result of unintentional leakage from oil and gas infrastructure or the result of microbial 
processes that result from agriculture, livestock, or waste treatment. This unintentional leakage makes 
quantifying emissions using inventory methods difficult. However, measurements of the stable isotope of 
CH4 (13CH4) imply that microbial sources are the primary drivers of recent atmospheric CH4 growth, with 
smaller contributions from fossil fuel production. Measurements of 13CH4 provide insight into sources, 
because microbes prefer to use the lighter carbon isotope (12C) for metabolism, so an increase in microbial 
sources will mean isotopically lighter atmospheric CH4. Although the atmospheric record of CH4 (13CH4) 
only extends over the last two decades, measurements from ice cores suggest that prior to the recent trend 
toward isotopically lighter atmospheric CH4, the trend was toward isotopically heavier CH4, as expected due 
to isotopically heavier fossil fuel emissions.

Other important sources of uncertainty include difficulty in constraining atmospheric chemical destruction 
and uncertainty in the distribution and processes determining natural emissions. Studies comparing 
bottom-up estimates of emissions using inventories and emissions models with estimates from atmospheric 
inversions highlight uncertainties in the estimates.236 Other studies using atmospheric observations of stable 
isotopes of CH4 have suggested that global fossil fuel emissions are, in all probability, higher than those 
estimated by inventories.5,239

Description of Confidence and Likelihood 
There is very high confidence that emissions of GHGs from human activities, fossil fuel use in particular, have 
unequivocally caused all global warming observed over the industrial era. There is also very high confidence 
that changes in natural climate drivers have had globally small and regionally variable long-term effects over 
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this period. Observations clearly show that concentrations of major GHGs have increased in the atmosphere 
since preindustrial times. Uncertainties in natural chemical removals and emissions can be significant. 
Sporadic changes in natural climate drivers, including solar activity and volcanic eruptions, temporarily 
influence surface temperatures. However, reconstructions and proxy records do not indicate any evidence 
of exceptional activity in these climate drivers over the past several hundred years.10 In sum total, uncertain-
ties in the magnitude and variability of climate drivers are not expected to change the central conclusion 
that anthropogenic emissions have caused the significant increases in GHGs.

Key Message 3.2  
The Estimated Range of Climate Sensitivity Has Narrowed by 50%

Description of Evidence Base 
The assessment of climate sensitivity and climate feedbacks follows that of Sherwood et al. (2020)21 
and Forster et al. (2021),2 which were subject to review by peers and the community. In this Traceable 
Account, we provide a summary of the evidence base, major uncertainties, and a description of confidence 
and likelihood following these assessments. As also shown in Figure 3.3, the major change in these new 
assessments is to primarily base climate sensitivity estimates on observational data from multiple past 
periods combined with physical constraints, without directly using the values of climate sensitivity 
produced by climate models. Satellite observations of natural climate variability were used to provide 
global estimates of physical climate feedbacks,240,241 as well as the cloud feedbacks for individual cloud 
types.24,242,243,244,245 For many climate feedbacks, emergent constraints240,246,247 support the practice of inferring 
long-term climate feedbacks from short-term climate feedbacks inferred from observations of present-day 
natural climate variability. For changes between the preindustrial period and present day, temperature 
analyses of in situ data provide confident estimates of global mean temperature changes.248,249 Combining 
these temperature changes with estimates of effective radiative forcing for this period yields a preliminary 
estimate of climate sensitivity acting over the historical period. This preliminary estimate is now thought 
to be an underestimate of the climate sensitivity for CO2 doubling because climate feedbacks are sensitive 
to the pattern of sea surface temperature warming, and the pattern of warming in the historical period 
differs markedly from that expected for doubling of CO2.173,250 Inferring climate sensitivity from paleoclimate 
changes relies on accurate estimates of temperature and radiative forcing changes for well-studied stable 
periods in the past, such as the Last Glacial Maximum (~20,000 years ago),251 the Mid-Pliocene Warm Period 
(~3 million years before present),252 and the Paleocene–Eocene Thermal Maximum (~56 million years before 
present).253 To estimate a present-day climate sensitivity from paleoclimatic data, estimates of changes in 
temperature and radiative forcing must be derived from proxy data. It is also necessary to consider how 
different ice sheet and continental configurations acted as forcing,254 as well as the temperature dependence 
of climate feedbacks.255 

Synthesizing the implications for climate sensitivity from this extremely diverse body of evidence is 
nontrivial. Synthesis requires the development of a common framework to treat evidence based on 
extensions to the forcing–feedback paradigm,2,21,256 as well as the sustained multiyear interaction of scientists 
from diverse research communities. Mathematical methods used in synthesis vary from complex Bayesian 
methods21 to simpler consistency arguments.2

Major Uncertainties and Research Gaps
A major uncertainty in the estimate of climate sensitivity involves the pattern of sea surface temperature 
warming in the Pacific for the long-term forced response to CO2 doubling.21 Over the last several decades, 
the observed pattern of warming has featured smaller warming or even cooling in the East Pacific, 
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increasing the amounts of low clouds and sunlight reflected back to space and thereby reducing the 
warming of Earth. It is thought that this pattern in the recent past is due to natural climate variability. It 
is expected that over the 21st century, the warming in the East Pacific will catch up to and exceed that in 
the West Pacific, matching the predictions of CMIP models for CO2-dominated warming. However, if the 
observed recent pattern of warming includes a component of the forced response to CO2 that models fail to 
predict, then climate sensitivity values at the high end are less likely. 

Other key climate sensitivity uncertainties21 include 1) the scaling ratios between feedbacks estimated from 
the smaller short-term temperature variability and the larger climate change expected in the 21st century; 
2) the cloud feedbacks from cloud types other than the well-studied marine low clouds; 3) the magnitude of 
aerosol forcing over the historical period, knowledge of which is critical for determining the component of 
historical warming from GHGs; 4) the abundance of dust and other aerosols in the Last Glacial Maximum; 
5) the characterization by proxy records of temperature, trace gases, and other forcing agents for warm 
periods in the deep geological past; 6) the dependence of climate sensitivity on the background state; and 7) 
the accounting for Earth system effects when interpreting the consequences of the paleoclimate record for 
a climate sensitivity applicable to 21st-century warming. 

Description of Confidence and Likelihood 
The likely ranges of climate sensitivity are derived from the synthesis of the evidence base through the 
framework of the forcing–feedback paradigm.2,21,256 Confidence is high in the reduced range of climate 
sensitivity because its observational estimates are derived from three independent lines of evidence and 
because the three central estimates of climate sensitivity are in general agreement. The three lines of 
evidence are 1) evidence from natural climate variability in the present day, 2) evidence from the changes in 
climate from the preindustrial period to the present day, and 3) evidence from the changes in climate from 
various cold and warm periods in the paleoclimate record. Additional reasons for high confidence include 
a greater understanding of how physical climate feedbacks vary with the nature of changes for different 
timescales and a greater ability to synthesize diverse evidence from different periods in Earth’s past. 

Key Message 3.3  
New Data and Analysis Methods Have Advanced Climate Science

Description of Evidence Base 
Advances in Earth System Observations
From temperature and precipitation observations that began in the 1800s through the earliest observations 
of CO2 concentration taken on Mauna Loa from the late 1950s257 and into the satellite era,258 observations of 
the Earth system have been essential for constraining climate models and improving our understanding of 
the climate system. Since the last National Climate Assessment was released in 2018, several major advance-
ments in understanding of the Earth system have arisen from observational platforms. 

New observations using eddy covariance measurements from AmeriFlux and NEON and subsequent science 
are described in Novick et al. (2018)259 and Chabbi and Loescher (2017),260 respectively. A deeper understand-
ing of the water cycle derived from subsurface and surface runoff from USGS is described in USGS (2019).261 
Improvements in estimating surface energy balance from ARM and other BSRN sites is described in Wild 
(2017).262 Better constraints of uncertainty in near-surface temperatures from GISTEMP comes from Lenssen 
et al. (2019).248 Understanding of atmospheric CO2 and related gases comes from NOAA ESRL GML.263 Under-
standing of ocean temperature, salinity, and key biogeochemical concentrations comes from buoys, ship 
tracks, floats, drifters,264,265 and Saildrones. 
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Observational evidence to constrain Earth’s heating rate from CERES and AIRS is described in Loeb et 
al. (2021)266 and Susskind et al. (2019),267 respectively. Improved evidence of sea level rise using satellite 
altimetry is documented in Li et al. (2022)268 and Nerem et al. (2018).162 Recently deployed NASA and NOAA 
satellite observing systems are documented in Fisher et al. (2020;269 ECOSTRESS), Dubayah et al. (2020;270 
GEDI), Green et al. (2020;271 EMIT), Zavodsky et al. (2017;272 TROPICS), Goldberg and Zhou (2017;273 JPSS-2), 
and Morrow et al. (2019;274 SWOT). NASA JPL’s ASO is described in Painter et al. (2016).275 The USGS NGWOS 
system is described in Eberts et al. (2019).276

New Scenarios and Climate Projections
The development of the set of new scenarios used by CMIP6 by the so-called parallel process277 started 
while the CMIP5 simulations based on the Representative Concentration Pathways (RCPs) were produced, 
analyzed, and assessed in IPCC 2013278 (the stage-setting essay for the new scenarios development is Ebi 
et al. 2014279). The new scenarios are based on plausible future alternative pathways of socioeconomic 
development (the Shared Socioeconomic Pathways [SSPs]) from which consistent GHG emissions trajecto-
ries unfold, as opposed to simply consisting of idealized trajectories of future GHGs. Idealized trajectories 
(like a 1% annual increase in CO2 concentrations or an instantaneous doubling of CO2 concentrations) are 
useful sensitivity experiments, but they cannot be considered plausible, being decoupled from assumptions 
about human-caused emissions. About 40 modeling centers from all over the world participated in CMIP6 
and ScenarioMIP.280

Large Ensemble Simulations
About a decade ago, the first initial-condition (“large”) ensembles were created (e.g., Deser et al. 2012,281 
2012282) with a single model, followed by other models283 and large ensembles with up to 100 simulations.284 
Currently there are large ensembles from many other climate models,53 and the model intercomparison 
protocol for the most recent generation of simulations encouraged large ensembles of 10 realizations for all 
models.30 

Large ensembles are used to estimate uncertainty from natural variability separately from the model 
uncertainty among climate models.86 They have revealed the dependence of some aspects of natural 
variability, like precipitation, on climate state.110 Large ensembles have also enabled the isolation of the 
response to different climate forcings, independent of natural variability and assessment of the linearity 
of these responses53 or lack thereof.285 They have also been used to assess whether El Niño–Southern 
Oscillation (ENSO) events and their impacts on precipitation and temperature over North America will 
change in the future286,287,288 and to assess how large-scale atmospheric circulation patterns that affect US 
weather and climate may be altered by the effects of climate change.289 Emerging applications of large 
ensembles include addressing questions related to the timing of when human-induced climate change 
signals exceed the natural variability of the climate,290 risk assessment,291 US water resources,292 air pollution 
and associated health impacts,293,294 and ecosystem stressors295 (see Deser et al. 202053 for other examples). 

Emergent Constraints
Emergent constraints have been widely applied to reduce the simulated spread in the climate feedbacks 
that shape climate sensitivity.240,246,247 Emergent constraints have also been applied to many other climate 
processes (see Hall et al. 201955 for a list). Williamson et al. (2021)296 also provide a recent and comprehensive 
review of the emergent constraint literature and identify the various uncertainties in the physical and bio-
geochemical system responses that have been reduced in a credible way through the emergent constraint 
technique. 
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Extreme Event Attribution
Since the landmark study of Stott et al. (2004),72 which concluded that the chances of the 2003 European 
heatwave doubled due to anthropogenic climate change, many different author teams have analyzed a wide 
variety of extreme weather events to identify if there was a human influence. This large body of literature 
has been developed using many different approaches that have been surveyed by the author team. Of 
particular interest are a series of special supplements published since 2011 in the Bulletin of the American 
Meteorological Society.60,61,62,297,298,299,300,301,302,303 Chapter authors have contributed to these reports and have 
published event attribution studies in the general literature. 

Confidence in attributing the human influence, if any, on individual extreme weather events is increased 
when multiple independent author teams arrive at similar conclusions using different methods, observa-
tional estimates, and models, coupled with a thorough understanding of the physical processes of change. 
The copious amount of precipitation experienced in the greater Houston area during Hurricane Harvey 
provides a case in point, where three different teams concluded that anthropogenic climate change led 
to large attributable increases in storm total rainfall.82,83,84 Confidence in this attribution has been further 
increased by the subsequent studies of other hurricanes, leading to similar conclusions.63,78,192,304

Confidence in an extreme event attribution statement hinges on reliable long-term observations.66 
Fortunately, much of the contiguous US (CONUS) is well observed since 1950 by the NOAA Global Historical 
Climate Network weather station measurements of temperature and precipitation. In many locations, 
reliable records span an entire century.305

Attribution is an exercise in causal inference; climate change attribution studies borrow techniques from 
the well-established epidemiology literature. Typical Pearl causal inference experiments involve two 
groups, a controlled (or placebo) group and a tested group.306 As there is only one Earth, climate change 
attribution experiments can be performed only with numerical models. The limitations of climate models 
impose important caveats on any resulting attribution statements. The CMIP database of global climate 
models (GCMs) has been extensively used in attribution statements.307,308 However, it is best suited for 
extreme events of larger spatial scales matching that of the CMIP models (e.g., heatwaves). More customized 
numerical experiments at higher resolution may be required for more localized extremes such as intense 
storms (including hurricanes).64 Granger causal inference has also been applied to long observational 
records to make attribution statements without using climate models.67,309 While a weaker form of causal 
inference due to the possibility of hidden covariates in the underlying statistical models (i.e., statistical 
model construction may bias findings), Granger causal inference can add to our understanding of changes in 
extreme event frequency and magnitude. 

Major Uncertainties and Research Gaps
Advances in Earth System Observations 
Unfortunately, not all quantities relevant to the Earth system can be easily observed. Although recent 
satellite missions such as GRACE310 have been able to use gravitational measurements to constrain 
subsurface moisture, much of the subsurface remains poorly understood. Ongoing work has also suggested 
that deep-ocean heat content may have been underestimated,311 a consequence of insufficient measure-
ments of the deep ocean. Further, in situ measurements are generally more available within developed 
countries and in more easily accessed regions, resulting in significant observational gaps in the Southern 
Hemisphere (e.g., Guo et al. 2009312) and at high elevation.313,314

New Scenarios and Climate Projections
Scenarios of future emissions and land-use change are developed as plausible alternatives, but no relative 
likelihood is attached to them. Some recent studies, however, have argued that the highest scenario, 
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SSP5-8.5, is no longer plausible without a reversal of current trends in the adoption of renewables and 
energy efficiency. The scenario development community is always testing the structural uncertainties 
of integrated assessment models and, therefore, the assumptions that produce the alternative emissions 
pathways. Timely updates of the baseline from which future projections are made, on the basis of current 
trends and observations of emissions, are necessary to maintain the plausibility of alternative pathways. 

Large Ensemble Simulations
Much remains to be done to obtain decision-relevant information at the scale of impacts—regional to local—
with quantified uncertainty grounded in understanding of the natural variability, forcing, and structural 
sources of uncertainty. Identifying the forced pattern of response on local scales and separating it from 
natural variability is a continuing challenge, which has immediate implications for predictability, climate 
model evaluation, and the potential to narrow uncertainty in climate projections. Another key challenge is 
the so-called signal-to-noise paradox, which implies that models underestimate atmospheric predictability 
due to incomplete representations of key atmospheric and oceanic processes.315 Thus, as models improve, 
there may be the potential to deliver more skillful climate predictions. Stakeholder and decision-maker 
input on what uncertainty is tolerable for specific applications, and what this means for the size of large 
ensembles, is another outstanding topic. The role of natural variability for many impacts, including air 
quality, has yet to be fully addressed. Finally, the implications of potential changes in natural variability for 
decadal prediction and predictability are still open questions. For example, what is the timescale of predict-
ability? How predictable is x variable on y timescale?

Emergent Constraints
Both Williamson et al. (2021)296 and Hall et al. (2019)55 identify major research gaps and uncertainties 
associated with the emergent constraint technique. Uncertainties include the following: 1) some proposed 
emergent constraints lack of out-of-sample testing in other model ensembles, 2) some proposed emergent 
constraints are characterized by a strong statistical relationship but lack a physical or theoretical framework 
to support the emergent relationship, and 3) some proposed emergent constraints lack observational data to 
constrain the future response, even assuming the emergent relationship is statistically robust and supported 
by a physical mechanism or theory. In addition, most emergent constraints have been applied to quantities 
of relevance to the global climate system. Going forward, it would be helpful to have more emergent 
constraints developed at the regional scale to reduce uncertainty in quantities of greatest relevance to the 
US or other regions.

Extreme Event Attribution
Confidence in extreme attribution statement depends on both our understanding of the underlying physical 
mechanisms of change as well as on the fitness of our statistical and climate models.65 This, of course, 
varies significantly depending on the nature of the extreme weather event. Attribution statements about 
the human influence on severe heatwaves and cold snaps are generally considered to be most confident.221 
Confidence in attribution statements about extreme precipitation vary greatly depending on storm type. 
Hurricane precipitation has been among the most-studied event, and recent assessment has concluded that 
modeling and satellite studies, as well as physical understanding, provide strong evidence that hurricane 
rainfall rates increased and will continue to increase due to anthropogenic climate change.221,316 The 
Working Group I contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC AR6 WGI) concluded that “event attribution studies and physical understanding indicate 
that human-induced climate change increases heavy precipitation associated with tropical cyclones (high 
confidence), but data limitations inhibit clear detection of past trends on the global scale.”20 Partly based on 
CMIP5 models, the World Meteorological Organization’s Tropical Cyclone Expert Team42 concluded: “For 
TC precipitation rates, there is at least medium-to-high confidence in an increase globally, with a median 
projected increase of 14%, or close to the rate of tropical water vapor increase with warming, at constant 
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relative humidity.” However recent higher-resolution modeling studies, particularly event attribution 
studies, find that hurricane precipitation increases at a rate substantially higher than that of water vapor 
alone, implying dynamical as well as thermodynamical changes (e.g., Reed et al. 2021,304 2022;63 Risser and 
Wehner 2017;82 van Oldenborgh et al. 2017;83 Wang et al. 201884). A recent satellite-based study reinforces 
this interpretation.316 Atmospheric rivers and extratropical cyclones have received less attention, but it 
is expected that similar conclusions will be drawn as more studies are performed. Mesoscale convective 
systems (e.g., storms producing hail, tornadoes, and ice) are not so well studied due to both modeling and 
observational limitations of these specific local-scale events. 

Changes in extreme wind events, such as produced by hurricanes, derechos, or Santa Ana–type events, are 
also poorly understood due to model limitations in realistically simulating these phenomena. 

Extreme weather changes attributable to local thermodynamic processes are better understood than 
those due to changes in large-scale meteorological patterns due to uncertainty in changes in circulation 
patterns. Thus, attributable changes in meteorological drought (defined by rainfall deficits) caused by 
changing rainfall patterns from circulation are less well understood, especially for CONUS, than are attrib-
utable changes in agricultural and ecological drought (defined by increases in soil moisture deficit caused by 
warmer temperatures).196

Some events are so extreme that our statistical and climate models may not be fit for the purpose of 
quantifying the human influence, even if our understanding is such that we are confident that there is 
one. The 2021 heatwave in the Pacific Northwest is a good example. Temperatures experienced during 
this very rare compound extreme event are outside of the bounds of the fitted generalized extreme value 
statistical distributions typically used to ascertain changes in event frequency and magnitude. Also, it is 
unclear whether the standard ensemble of CMIP models can produce the specific large-scale meteorolog-
ical patterns responsible for these record-breaking temperatures. For these very rare events, the recent 
development of large ensembles of climate models can increase our confidence in quantitative attribution 
statements in some instances.53

Description of Confidence and Likelihood 
The section is a description of factual results, so confidence and likelihood do not apply.

Key Message 3.4  
Humans Are Changing Earth System Processes

Description of Evidence Base
Natural Variability
In the last decade, there has been increasing recognition of the role of regional-scale natural variability 
in the past and future evolution of climate, as well as the fact that regional natural variability signals can 
be competitive with forced anthropogenic signals (e.g., Deser 2020317). The mechanisms by which the 
climate system generates such large levels of natural variability are well documented and understood. 
Examples of such modes of variability relevant to North American climate include ENSO, the Pacific Decadal 
Oscillation, the Pacific North American pattern, and the northern annular mode. Many of these patterns 
have limited predictability beyond a timescale of about two weeks, leading to an irreducible uncertainty in 
the actual evolution of climate. A caveat here relates to the ENSO phenomenon, which has some seasonal to 
interannual predictability. We also note that modes of variability themselves can also be affected by anthro-
pogenic forcing, and these signals may be predictable.318 This idea of irreducible uncertainty applies to 
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future projections only. It is not meant to cast doubt on anthropogenic climate change that has already been 
detected in the observational record despite natural variability.221,235

Atmospheric Circulation Changes
Many aspects of atmospheric circulation changes have been studied using observations (global reanalysis) 
and model simulations. Important large-scale circulation features that influence US regional climate 
include the jet stream, storm tracks, the Aleutian low, the North Pacific and North Atlantic subtropical 
highs, North American Monsoon circulation, and others, which are strongly influenced by the overturning 
Hadley circulation in the tropics. In turn, large-scale circulation, such as the North Atlantic subtropical high, 
influences mesoscale circulation features, such as the Great Plains low-level jet that affects precipitation in 
the central and midwestern US. Hence, understanding how the Hadley circulation changes with warming 
is important for understanding changes in large-scale and mesoscale circulations affecting US regional 
climate. Staten et al. (2018)89 and Grise et al. (2019)90 synthesized previous studies documenting the poleward 
shift in the subsiding branches of the Hadley circulation since 1979. Both studies found that methodologi-
cal differences in how the Hadley circulation is calculated can partly explain the discrepancy between the 
rate of tropical expansion derived from global reanalyses and model historical simulations found in previous 
studies. However, both studies also highlighted the challenge in detecting changes in the tropical expansion 
and attributing them to anthropogenic warming because of the large natural variability, particularly for the 
poleward expansion in the Northern Hemisphere that is more relevant to large-scale circulations affecting 
North America. 

Besides the tropical expansion, many studies analyzed model simulations and projections of changes in 
large-scale circulations—such as the jet stream,87,93,95,319 storm tracks,320 extratropical cyclones,189,321 and 
the North Atlantic subtropical high,100,322—and compared observed and model-simulated historical trends 
in sea level pressure.323 Many of these studies used multimodel and large ensemble simulations to first 
determine if a robust signal of change is found and, if so, the mechanisms for how warming may influence 
the circulation features; the impacts of the circulation changes to precipitation are also often investigated. 
Model experiments allowing isolation of the direct radiative effect of CO2, which is a fast process, versus the 
effect of sea surface temperature warming, which is a slower process, have also contributed to improving 
understanding of how increasing GHGs affect atmospheric circulation.

Water Cycle Changes
A sizeable and expanding literature describes past and projected future changes in processes relevant to 
Earth’s water cycle.201,324 Much of the literature on the water cycle separates its projected past and future 
changes into two components: one proportional to the change in water vapor—the “thermodynamic” 
response—and another that depends on atmospheric circulation and other factors—the “dynamic” response. 
Water vapor changes increase at roughly constant relative humidity with warming,325 with variations over 
land and during different phases of the response326 that are relevant to the US. Changes in circulation also 
modulate the spatial pattern of extreme precipitation intensity change, increasing it in some regions and 
reducing it in others,113 which is the main driver of the variations in magnitude and sign of precipitation 
change seasonally and regionally. Precipitation variability generally is projected to increase at all timescales 
and in most locations in response to GHG-driven warming.110 This implies increases in both heavy precipita-
tion extremes and drought,111 a phenomenon called whiplash.112 

Changes in the Carbon and Biogeochemical Cycles
Observations show that about half of annually emitted CO2 from human activities is absorbed by the 
terrestrial biosphere and oceans.327 The observational record of atmospheric CO2 growth and estimates 
of fossil fuel emissions based on economic fuel statistics are used to estimate the residual total uptake of 
carbon by the terrestrial ecosystem and the ocean. Determining the amount of uptake for land and oceans 
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is more complicated and uncertain. For the oceans, upscaled global measurements of the partial pressure 
of CO2 (pCO2) in seawater and total carbon in organic and inorganic compounds dissolved in interior ocean 
waters are used to estimate current and cumulative carbon sinks (e.g., Rödenbeck et al. 2015;328 Takahashi et 
al. 2009329).

On land, direct measurements of atmosphere–land biosphere fluxes are used to understand carbon sources 
and sinks and their variability on daily to interannual timescales.330

Changes in Ocean, Cryosphere, and Sea Level
Over the course of the 20th century, sea level rise occurring on global scales estimated from reconstruction 
created from tide-gauge records has been explained by the individual processes contributing to it.158 These 
process contributions were estimated from a combination of direct observations and observation-driven 
reconstructions. Using modern observation systems, global sea level rise from satellite altimetry between 
2002 and 2017 has been explained using the in situ measurements of the Argo profiling floats and the obser-
vations of water-mass change from the GRACE and GRACE-FO satellites,331 demonstrating closure of the 
global sea level budget. As seen in both tide-gauge and satellite records, the rate of global mean sea level 
rise has been increasing, driven by accelerating contributions from the underlying processes.158,161,162

At the regional level, similar studies have assessed the rates of sea level rise and performed similar budget 
studies as those conducted on global scales. The combination of models, reconstructions, and observa-
tions allows for accounting of all the relevant processes, and an understanding of the drivers of total sea 
level rise has been demonstrated on regional scales across a range of different timescales in several studies 
(e.g., Frederikse et al. 2017;332 Harvey et al. 2021;333 Rietbroek et al. 2016;334 Walker et al. 2021160). The current 
relative sea level observation network measures the dominant processes contributing to regional sea level, 
and this has supported more dedicated, process-level studies on sea level rise. 

Regional-Scale Changes
It has been well established since the earliest climate change assessments (e.g., IPCC 1990;335 National 
Research Council 1979336) that the local climate change response in a particular variable can differ substan-
tially from the corresponding globally averaged response. For the latest versions of the geographical dis-
tributions of the response in particular variables to anthropogenic forcing, and the corresponding globally 
averaged response, the reader is referred to examples seen in Figures SPM.5, SPM.8, TS.6 of the IPCC 
AR6 WGI.13,20

Major Uncertainties and Research Gaps
Natural Variability
Because of the limited duration of the observational record, the magnitude of natural variability on decadal 
timescales and longer is not as well quantified as shorter-timescale variability. For example, the true natural 
variability of the climate system on decadal to centennial timescales could be larger than what we estimate 
from GCMs, which would further increase the irreducible uncertainty stemming from natural variability.

Atmospheric Circulation Changes
While advances have been made in reconciling the previously reported differences in tropical expansion 
rates in observations and model simulations, uncertainties remain, especially in future projections of 
tropical expansion in the Northern Hemisphere because of the large natural variability and the relatively 
small poleward expansion in response to increasing GHGs.90 Some studies also highlighted several 
important sources of uncertainty in projecting midlatitude atmospheric circulation changes related to 
model biases (e.g., Dong et al. 202158), a tug-of-war between opposing mechanisms (e.g., Shaw and Voigt 
2015319), and natural variability (e.g., Deser et al. 2020;53 Dong et al. 202187). For historical century-scale 
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regional trends in sea level pressure, large differences were found between different observational estimates 
from gridded datasets and reanalysis reconstructions.323

As discussed in KM 3.4, large-scale circulation changes are influenced by meridional and vertical 
temperature gradients; thus, Arctic amplification (the enhancement of near-surface air temperature 
change over the Arctic relative to lower latitudes), besides changes in the tropical Hadley circulation, 
may also influence midlatitude atmospheric circulations such as blocking, with potential implications for 
cold extremes. However, significant challenges remain in connecting Arctic amplification to midlatitude 
circulation changes due to the complex nonlinear dynamics of the jet stream.337,338

Water Cycle Changes
Of note is the role of climate variability in many aspects of the water cycle (especially for changes at the 
regional scale): natural variability is known (with high confidence, from observations, theory, and simulations) 
to be large for many aspects of the water cycle, and this can result in a low ceiling to the likelihood that can 
be placed on any specific realization of the future or past water cycle, even in situations where confidence 
in understanding is high (see above, “Large Ensemble Simulations” in KM 3.3, and Douville et al. 2021201). 
For this reason, it is particularly important for the water cycle to focus on the probability of what could 
happen in the future and the probability that observed changes that have already occurred are due to forced 
changes (as opposed to natural variability), rather than focusing on specific deterministic trajectories of 
what has already happened or will happen in the future. Furthermore, forced changes in variability that are 
expected for precipitation and other aspects of the water cycle complicate this picture further, more than 
for other variables such as temperature. 

For extreme precipitation in particular, an outstanding question is whether, and if so how much, the ther-
modynamic and dynamic components of extreme precipitation change are coupled.339 This would imply a 
positive feedback mechanism that could amplify extreme precipitation increases beyond the thermodynam-
ic increase. 

One uncertainty is the role of vegetation in modulating changes in evapotranspiration, which can in turn 
influence other factors including soil moisture, streamflow, and wildfire. In addition to changing evaporation 
from soil, plants also influence total evaporation through competing effects. In response to increased 
atmospheric CO2 concentrations, plant stomata do not need to open as much to take in CO2 for photosyn-
thesis, which can reduce the amount of water they lose through transpiration, thus decreasing total evapo-
transpiration.340 Conversely, an overall increase in the amount of vegetation can amplify evaporative losses 
and surface drying.215,341,342 It is not yet clear which of these mechanisms will predominate, although model 
projections and observational analyses for the US suggest that the net effect will be for warming to increase 
evaporation and surface drying in much of the country.199,200,207,208,343

A key gap in understanding the hydrologic cycle and how it can change is the enormous range of scales in 
space and time on which relevant processes operate, from the scale of nanometers (cloud condensation 
nuclei), to the scale of cloud systems and watersheds (1 km to 1,000s of km), to the whole globe (evaporation 
and precipitation constitute a large fraction of energy flow between the surface and atmosphere). No 
observing system can capture, and no numerical model can represent, all of these processes at once, which 
is a key challenge for understanding and projecting the water cycle and its change. Continuing to increase 
the range of scales that can be captured by consistent, continuous observing systems and represented 
within a single model is one promising path toward decreasing some of the uncertainty in the future water 
cycle.201 
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Changes in the Carbon and Biogeochemical Cycles
Carbon fluxes, especially from the terrestrial biosphere are spatially heterogeneous and can undergo large 
temporal changes as well. Observations used to estimate carbon fluxes are sparsely distributed, and data 
records are often too short to be used to characterize interannual variability and trends. Models of ocean 
circulation and biogeochemistry and detailed models of plant growth and dynamics can be used to upscale 
carbon fluxes using observations for guidance, but there is significant uncertainty in many processes, 
such as the effects of nutrient limitation on plants and phytoplankton and responses to climate changes. 
Machine learning approaches have also been used to upscale flux observations (e.g., Jung et al. 2020344). 
Inverse modeling combines information from atmospheric observations, atmospheric transport models, and 
best-available estimates of carbon fluxes from land and ocean via models to produce carbon flux estimates; 
however, these modeling systems are also limited by sparse data. Major regions that are important for 
understanding the global carbon budget, such as the tropics and Siberia, do not have adequate observational 
coverage, and this lack makes accurate estimates of land and ocean fluxes difficult to achieve.

All of the above-mentioned issues, and the large uncertainty associated with future emissions, make 
predicting the future evolution of the carbon cycle difficult. Uncertainties in future climate drivers such 
as temperature, precipitation, and cloudiness result in uncertainty in how land and ocean biogeochemis-
try will evolve in the future. Furthermore, the difficulties in modeling nutrient availability and limitation, 
as well as disturbances such as fires, insect and disease outbreaks, severe weather, and human land-use 
change, introduce more uncertainties that affect predictions of how the carbon cycle and climate change 
will interact. The mobilization to the atmosphere of CO2 and CH4 from enhanced decomposition of the huge 
reserves of carbon in Arctic soils represents a potentially important positive carbon cycle–climate feedback, 
but it is particularly difficult to model due to difficult-to-quantify processes like cryoturbation and local 
erosion and thermokarst processes.345 Current carbon cycle models that are coupled to climate models 
disagree widely on the future response of carbon exchanges between the oceans, land biosphere, and 
atmosphere to continued fossil fuel emissions. The range of responses has not appreciably changed since 
the previous model intercomparison (CMIP5).134

Changes in Ocean, Cryosphere, and Sea Level
Many of the components of the modern sea level observation network—particularly space-based platforms—
are limited in their coverage of coastal regions. The US coastlines have better coverage from tide gauges 
than other parts of the world, although large gaps between tide gauges are still present. This is also true of 
measurements of coastal subsidence that generally originate from point-measurements from the Global 
Positioning System, although satellite-based interferometric synthetic aperture radar (InSAR) provides a 
possible solution (e.g., Shirzaei et al. 2021346). The connection between open-ocean sea level change and the 
sea level change experienced at the coast is still an active research area. 

As a result of observations and improved modeling efforts, there is increased consensus regarding the 
behavior of many of the ice sheet processes. However, the future response of the ice sheets as the climate 
continues to warm, and of some of the associated processes, is still uncertain. It has been hypothesized 
that two possible processes in particular, known as the marine ice cliff instability151,152 and the marine ice 
sheet instability,153,155,156 could lead to rapid ice sheet loss over the course of several decades. The physical 
processes that would result in these instabilities and how they would progress once triggered remain 
uncertain. Resolving these uncertainties would require continued and additional observations of the ice 
sheets—and ocean and atmosphere that surround them. Additionally, advances in ice sheet modeling that 
potentially leverage these observations are a priority to narrow future estimates of ice mass loss.
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Regional-Scale Changes
Although the idea that the regional climate change response differs from the globally averaged response is 
not controversial, there remain major uncertainties in the magnitudes of climate change responses at any 
given location. This reflects large differences in local outcomes across the GCM projections, as well as large 
differences in the local response when those GCMs are downscaled to higher resolution. 

Description of Confidence and Likelihood 
The section is a description of general results, so confidence and likelihood do not apply.

Key Message 3.5  
Humans Are Changing Weather and Climate Extremes 

Description of Evidence Basis 
The theoretical basis of changes in extreme temperature and precipitation are well established. As 
temperature increases, a shift in the distribution implies that high temperatures become more frequent. 
Extreme precipitation occurs in saturated atmospheres. The Clausius–Clapeyron relationship, identified 
in the 19th century—specifying that saturation-specific humidity increases by between 6% and 7% per 
one degree Celsius of warming at typical surface air temperatures—dictates that available moisture during 
extreme storms increases with warming. The efficiency with which different types of storms precipitate 
that available moisture varies, as does the response in precipitation efficiency to warming. Limited event 
attribution studies and other high-resolution modeling studies find that extreme precipitation can increase 
at a rate greater than that indicated by Clausius–Clapeyron.

The effect of warming on drought varies between drought definitions. Understanding of changes in meteo-
rological drought is limited by understanding of the atmospheric circulation changes that affect storm track 
and frequency. On the other hand, changes in agricultural drought are sensitive to changes in evapotranspi-
ration, which increases sharply with increased temperatures.221

Major Uncertainties and Research Gaps 
Land surface and vegetation processes have substantial impacts on climate extremes through the 
modulation of energy fluxes between the surface and atmosphere and surface water partitioning.347 For 
example, dry surface conditions (e.g., a drought) and urbanization can both amplify heat extremes,348,349 
while wetter soils can increase the risk of precipitation events causing large floods.350,351 However, few 
long-term data on these processes are available at large scales,348 and their representation in climate models 
is often highly simplified.352 Further, despite the fact that many extremes are strongly tied to atmospheric 
circulation anomalies (e.g., atmospheric ridge events), changes in these dynamics remain highly uncertain. 
While changes in sea ice and meridional temperature gradients may be linked to increases in the frequency 
and persistence of midlatitude circulation patterns associated with extreme events (e.g., Coumou et al. 
2018353), studies suggest that these changes have not yet emerged from background natural variability.354 
Confidence in model-based assessments of changes in frequency or intensity of extreme events can 
be enhanced in cases where a detectable anthropogenic trend in an extreme, or closely related metric, 
has been found. However, this is not the case for some extreme event types, including those related to 
long-term changes in circulation. 

The ensembles of tropical cyclone–permitting (~20 km) model simulations are small both in the number 
of realizations and of independent climate models, which limits understanding of tropical storm statistics. 
Even fewer long convection–permitting (<4 km) regional model simulations are available, limiting our 
understanding of how mesoscale convection systems and similar intense storms will respond to warming. 
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The effect of warming on the processes leading to rapid intensification is also poorly understood. While 
theory and high-resolution modeling find that winds in the most intense storms become stronger, detection 
and attribution of such changes has not yet been accomplished, as the most common metric—the Saffir–
Simpson wind speed—is an instantaneous point-wise maximum and very noisy.

Finally, climate change may be moving us into an era of large or unprecedented extremes that fall far outside 
the range of historical variability, particularly regarding temperature (e.g., Overland 2021355). In such cases, 
many statistical approaches may be insufficient and make it difficult, with any confidence, to conduct 
detection and attribution analyses.76

Description of Confidence Likelihood 
Anthropogenic forcing has increased the frequency, duration, and intensity of extreme heat across most 
land areas (high confidence),20,356 with some evidence that extreme cold events have also declined (medium 
confidence).308 These changes are driven by average shifts in the temperature distributions toward warmer 
conditions that are significant and robust across most of the world.180 Heavy precipitation events have 
increased in some regions (high confidence)20 because of the strong dependence of the water-holding 
capacity of the atmosphere on temperatures (e.g., Kunkel et al. 2013357). Coastal flood risk has increased, and 
is projected to continue to increase, because of sea level rise (high confidence; e.g., Vousdoukas et al. 2018358). 
Notably, while the most extreme river floods are expected to increase in severity because of increases in 
heavy precipitation (high confidence), more general trends are mixed because flood risk also depends on 
policies and land surface processes.201 Soil moisture droughts are also increasing in frequency and severity 
in many regions (medium to high confidence)20 through the direct effects of warming on snow, evapotrans-
piration, and plant water use.43,215,342 There is also high confidence that the intensity and frequency of pre-
cipitation droughts are increasing in Mediterranean-climate regions.359,360,361,362 Climate change increases 
fuel flammability through higher temperatures and lower humidity and has increased the area burned by 
wildfires in western US (high confidence)217,219 and Australia.363 Despite these climate change–driven regional 
increases, however, global burn area has declined in recent years as a consequence of agricultural expansion 
and intensification, especially in savanna and grassland ecosystems.364 

While tropical cyclones are the most studied extreme storm type with high-resolution (~25 km) global 
models, more such simulations are required to develop a theory about cyclogenesis and intensity changes 
with climate change. While attribution studies find that extreme precipitation over land in major tropical 
cyclones very likely scales with temperature increases at rates greater than the Clausius–Clapeyron rate, 
average total tropical storm precipitation scales at least at Clausius–Clapeyron rates,42 but confidence is 
limited as there are limited high-resolution projections. It is also likely that precipitation increases over land 
will differ from those over oceans. 
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Introduction
Climate change is intensifying rainfall and floods, deepening droughts, and shifting weather patterns across 
the globe,1 causing profound effects on terrestrial freshwater supplies and quality. Rising sea levels, reduced 
snowpacks, shrinking rivers, and declining groundwater threaten cities and rural communities and endanger 
forest, riverine, and other ecosystems across the United States. 

Climate change, combined with greater exposure and vulnerability, is increasing the frequency of water- 
related disasters in the US (Figure 4.1).

Water-Related Billion-Dollar Disasters in the United States

Water-related billion-dollar disasters are increasing in the United States.

Figure 4.1. Across the US, the number of water-related disasters with damages exceeding $1 billion (adjusted 
for inflation) during 1980–2022 rose due to increases in exposure, or assets at risk; vulnerability, or how much 
damage a hazard of a given intensity causes; and climate change-driven increases in the frequency of extremes. 
Adapted from NCEI 2023.2 

While these events are primarily related to water quantity, impacts related to water quality are increasing 
as well, as predicted in the Fourth National Climate Assessment, released in 2018 (NCA4).3 Temperature 
increases, sea level rise, and changes in precipitation are expected to continue to degrade water quality for 
people and ecosystems (Figure 4.2; KMs 4.2, 15.1, 15.2).4,5,6
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Climate Change Impacts to Water Quality

Climate change threatens the quality of freshwater supplies.

Figure 4.2. Changes in ambient temperature, sea level, and rainfall (top) can create climate-related hazards, 
such as changes in water temperature and saltwater intrusion (middle) that can have negative impacts on wa-
ter quality (bottom). Saltwater intrusion is an imminent threat to coastal and island communities dependent on 
groundwater for drinking water (KMs 30.1, 9.2); agricultural areas face risks to water supplies when fertilizers and 
pesticides are mobilized by flooding;7 higher temperatures are putting many areas at risk of exposure to harmful 
algal blooms (e.g., KM 22.2) and increases in fecal coliform bacteria;6 and treatment plants are challenged by 
sediments and debris from wildfires in their source waters (KM 6.1).8,9 Adapted from Nijhawan and Howard 20226 
[CC BY 4.0].

Climate change is forcing a reexamination of our concepts of rare events. Extreme precipitation incidents 
are more intense and more frequent (KM 2.2); extended droughts in the West appear to be due in part to 
long-term aridification in addition to episodic drying (KM 4.2); and compound hazards are increasing as the 
events that combine to create them become more frequent (Focus on Compound Events). 

The US is slowly adapting to these changes. Utilities are exploring ways to integrate change into planning, 
and communities are cooperatively seeking solutions to water shortages and flooding (KM 4.3). But barriers 
arise from legal and regulatory institutions that have been in place for decades or even centuries, locking 
in practices that hinder adaptation (KM 4.3). The Nation’s aging water infrastructure, designed under 

https://creativecommons.org/licenses/by/4.0/legalcode.en
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regulations and standards appropriate to an unchanging climate, is deteriorating and threatening public 
health, a situation little changed since it was highlighted in NCA4 (KM 4.2).3 

Perhaps the most notable advance in recent years is the growing recognition of environmental injustices 
exacerbated by climate change (KM 1.2). Overburdened populations, including Black, Hispanic, Indigenous, 
Tribal and other communities, are suffering disproportionate impacts from climate-driven water quality and 
quantity hazards that threaten these communities’ water security (KMs 4.2, 15.1, 15.2, 16.1).

The Nation is making some progress. The tools and data needed to support water resources planning 
and management have become more sophisticated and widely available, though gaps remain, particularly 
hydrologic projections for the US Caribbean, Hawai‘i, and the US-Affiliated Pacific Islands, where water 
security concerns are high (KM 4.1; Box 23.2). Gaps in local projections of extreme event frequencies, 
magnitudes, and durations also hinder adaptation. There has been enormous growth in the availability of 
science-based climate information for water providers and natural resource managers, demonstrating 
increasing awareness and demand for solutions. These and similar efforts are the first steps toward building 
resilient human and natural systems in the face of climate-induced changes to the water cycle.

Key Message 4.1  
Climate Change Will Continue to Cause Profound Changes in the Water Cycle

Changes to the water cycle pose risks to people and nature. Alaska and northern and eastern 
regions of the US are seeing and expect to see more precipitation on average, while the 
Caribbean, Hawai‘i, and southwestern regions of the US are seeing and expect to see less 
precipitation (medium confidence). Heavier rainfall events are expected to increase across 
the Nation (very likely, very high confidence), and warming will increase evaporation and plant 
water use where moisture is not a limiting factor (medium confidence). Groundwater supplies 
are also threatened by warming temperatures that are expected to increase demand (very 
likely, high confidence). Snow cover will decrease and melt earlier (very likely, high confidence). 
Increasing aridity, declining groundwater levels, declining snow cover, and drought threaten 
freshwater supplies (medium confidence). 

Freshwater availability is affected by the quantity of water in storage, the timing of water movement, how 
much water is used, and its quality,10 all of which are governed by the interrelated hydrologic components 
of the water cycle. Changes to these components are occurring across the Nation as a result of human 
activities as well as human-caused climate change. These changes are superimposed on natural variability, 
resulting in changes to both water availability and water-related hazards (KMs 2.1, 2.2). 

Precipitation Changes
Climate change has already shifted precipitation patterns across the country, including increased 
variability and elevated likelihood of extreme rainfall events (KMs 2.2, 3.5). These trends exhibit substantial 
regional and seasonal variations (KM 2.2).11 Projected changes in annual precipitation also exhibit large 
regional differences (Figure 4.3). Precipitation trends and projections are discussed in more depth in 
Chapters 2 and 3.
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Projected Changes in Annual Precipitation by Midcentury

Annual precipitation projections show large regional differences. 

Figure 4.3. Under an intermediate (RCP4.5) scenario, annual precipitation is projected to increase for much of 
the US (a), except for the Southwest, Hawai‘i, and the US Caribbean (not shown; see Figure 23.2, which shows 
rainfall reductions of about 10% by midcentury, and increases in dry days during the wet season, for Puerto Rico). 
The wettest and driest 20% of projections (b, c) illustrate the range of uncertainty in annual precipitation projec-
tions. This figure shows projected changes in inches. In the Southwest, a half-inch change in annual precipitation 
has more influence on the region’s hydrology than does a half-inch change in the Northeast (see Figure 2.10 for 
percent changes under different warming levels). Projections are not available for the US-Affiliated Pacific Islands. 
Figure credit: University of Colorado Boulder, NOAA NCEI, and CISESS NC.

Evapotranspiration Changes
Evapotranspiration is water that evaporates from soil, snow, and surface water or transpires from plants. It 
is a key component of the water budget and drives irrigation water demand. Increases in temperature and 
changes in other climate variables alter the evaporative demand (or potential evapotranspiration). In recent 
decades, evaporative demand has increased in much of the West, with few apparent trends in the East.12 
Actual evapotranspiration is evaporative demand limited by water availability. In the continental US, actual 
evapotranspiration has trended lower in the Southwest as water availability has declined, while the East 
and North show an increase. The greatest increase in actual evapotranspiration has been in the South from 
eastern Texas to northern Florida.11,13 These trends are largely projected to continue with climate change 
(Figure 4.4). 
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Projected Changes in Annual Actual Evapotranspiration by Midcentury

Actual evapotranspiration is projected to increase across most of the Nation but decrease in the Southern Great 
Plains and Southwest. 

Figure 4.4. Actual evapotranspiration is the water that evaporates from soil and surface water or transpires from 
plants. Higher rates of evapotranspiration can reduce overall water availability even if precipitation does not 
change; conversely, low water availability can limit actual evapotranspiration. Under an intermediate scenario 
(RCP 4.5), actual evapotranspiration is expected to decrease in regions with decreasing or unchanging precipita-
tion (a), such as the US Southwest, the Southern Great Plains, and the Caribbean (not shown; Box 23.2). Wetter 
regions, including the Northwest, Alaska, and the eastern half of the US, will see higher actual evapotranspiration. 
The wettest and driest projections (b, c) illustrate the range of uncertainty. Projections are not available for the 
US-Affiliated Pacific Islands. Figure credit: University of Colorado Boulder, NOAA NCEI, and CISESS NC.

Snow and Glacier Changes
Snow is a natural reservoir, storing cold-weather precipitation and later releasing water through snowmelt. 
With higher temperatures, the fraction of precipitation falling as rain instead of snow will increase.14,15 
Warming will also cause earlier snowmelt,14,16 altered rates of snowmelt and evaporation directly from the 
snow,17,18,19,20 and longer snow-free periods.21,22 Most historical snow-observation records already show trends 
toward earlier peak snowpack, smaller volumes, and decreasing snow-season duration (Figure A4.7),11 par-
ticularly for warmer maritime and lower-elevation regions.23,24,25 In areas of the West where snow is the 
dominant source of runoff,26 total seasonal snow water volume is projected to decrease by more than 24% 
by 2050 under intermediate (RCP4.5; Figure 4.5) and higher scenarios, with persistent low-snow conditions 
emerging within the next 60 years.24 These snow reductions, combined with projected increases to water 
demand, are expected to stress water supplies, particularly in the West (KM 28.1), where snowmelt supplies 
a disproportionate amount of water for municipal water supplies and agriculture.27,28,29 Reductions in snow 
cover are also accelerating the retreat of glaciers30,31,32 that are critical for summer streamflow in Alaska33 
and the Pacific Northwest (Ch. 27).34
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Projected Changes in Maximum Annual Snow Water Equivalent by Midcentury

Continued decreases in snowpack water content are projected across much of the US. 

Figure 4.5. Snow water equivalent (SWE), the quantity of water stored in the snowpack, is key to regional water 
supplies. Under an intermediate scenario (RCP 4.5), peak SWE is projected to decline across much of the coun-
try except for some high-elevation interior locations in the contiguous United States and parts of Alaska (a). The 
largest snowpack declines are expected in warmer snow climates like coastal southern Alaska and the mountain 
ranges of California and the Northwest. The wettest (b) and driest (c) projections both show decreases in SWE, 
reflecting the influence of warming on future snowpack. Snow on the highest Hawaiian mountain peaks has 
important cultural and ecological significance, but projections at this resolution are not available. Figure credit: 
University of Colorado Boulder, NOAA NCEI, and CISESS NC.

Soil Moisture Changes
Soil moisture is water stored in the soil, usually close to the surface. It is a key component of the water 
cycle, supporting agriculture and ecosystem productivity, modifying streamflow by absorbing precipitation 
and snowmelt, and modulating climate.35,36 A scarcity of soil moisture observations37 has led to uncertainty 
regarding overall amounts, seasonality, and the direction of changes; however, there is consensus that soils 
are becoming drier in the Southwest.38,39,40,41

Projections suggest that summer soil moisture will decrease across most of the country (Figure 4.6), with 
parts of the upper Midwest and Alaska42 as exceptions. The Northwest, parts of the central and eastern US, 
and Alaska can expect seasonal changes in total soil moisture, with wetter soils in winter.42,43 Summer soil 
moisture in the Southwest could increase if summer precipitation is higher, but there is greater confidence 
in decreasing annual soil moisture in the region (Figure 2.4).38,43
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Projected Changes in Average Summer (June–August) Soil Moisture by Midcentury

Projected decreases in summer soil moisture will have important implications for agriculture and ecosystems. 

Figure 4.6. Summer soil moisture supports dryland agriculture and ecosystem functions and reduces irrigation 
demand and wildfire risk. Under an intermediate scenario (RCP 4.5), soil moisture is projected to decrease during 
the summer months (June, July, and August) for most of the country (a), with the West seeing decreases even 
under the wettest projections. Exceptions include portions of the Upper Midwest and Alaska. The range between 
the wettest (b) and driest (c) projections illustrate the uncertainty in summer soil projections. Projections are not 
available for the US Caribbean or US-Affiliated Pacific Islands. Figure credit: University of Colorado Boulder, NOAA 
NCEI, and CISESS NC.

Groundwater Changes
Groundwater is water stored below the land surface; it can be close to the surface or extend hundreds of 
feet deep. It is a crucial water supply for human systems and can moderate changes in temperature and 
precipitation.44,45,46 NCA4 noted that groundwater depletions can increase drought risk and highlighted 
unsustainable groundwater usage and the likelihood of further declines in the future.3 More recent work has 
emphasized the hydrologic connections between surface and groundwater that make surface water systems 
vulnerable to declining groundwater levels.47,48 

Groundwater trends vary regionally and are difficult to project because the intensity of both groundwater 
withdrawals and recharge depends on human factors (e.g., land use, population, surface water allocations, 
and groundwater regulation) in addition to climate drivers.49 Natural groundwater recharge varies from 
year to year but is projected to decrease slightly in the Southwest and increase slightly in the Northwest.50,51 
Higher temperatures will increase irrigation demand (Figure 4.9), which can lead to increased groundwater 
pumping in areas where groundwater is the primary water supply or where surface water supplies 
are limited.52,53,54 Groundwater levels have already been declining in many major aquifers due to lack of 
management, overpumping, and decreased recharge; increased pumping could accelerate long-term 
storage losses, but those impacts will depend on the regional factors noted above.49,52,55,56 Groundwater 
declines caused by increased drought severity and duration in the future are a concern in many parts of the 
country (KMs 23.3, 24.5, 28.1; Ch. 26). 
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Runoff Changes
Changes to the water cycle components discussed above combine with other factors to affect runoff 
(surface water flow). For example, snowpack changes impact the seasonality of runoff in snowmelt-domi-
nated areas,57 while soil moisture affects the amount of precipitation and snowmelt that becomes runoff.58 
In addition to direct precipitation and groundwater, runoff is a primary source of water supply for people 
and ecosystems. Annual runoff trends for the most part have tracked annual precipitation trends. Similarly, 
the trend toward increasing annual runoff variability in most of the eastern half of the US is consistent with 
increasing extreme precipitation events there.11 Increases in heavy precipitation events are projected to 
increase annual runoff over much of the US (Figure 4.7).59,60

Projected Changes in Annual Runoff by Midcentury

Projected changes in runoff vary across the Nation due to projected changes in multiple aspects of the 
water cycle. 

Figure 4.7. Rivers and streams aggregate runoff across watersheds, and runoff integrates climate change im-
pacts to the water cycle (Figures 4.3, 4.4, 4.5, 4.6); as a result, impacts to runoff over a watershed are commonly 
used as surrogates for impacts to streamflow. Under an intermediate scenario (RCP4.5), projections of annual 
runoff vary geographically depending on relative changes to precipitation, evapotranspiration, snow and ice, 
groundwater, and soil moisture. Decreases are projected in Hawai‘i and parts of the Nation supplied by snow 
(a). Projections are not available for US-Affiliated Pacific Islands or the US Caribbean; however, given projected 
decreases in precipitation and increases in temperature in the Caribbean, annual runoff is expected to decrease. 
The range between the wettest (b) and driest (c) projections illustrate the uncertainty in runoff projections. Figure 
credit: University of Colorado Boulder, NOAA NCEI, and CISESS NC.
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Extreme Events: Floods and Droughts
Inland floods are driven by complex interactions among precipitation amount and timing, soil moisture, 
snowpack, and land cover (see KM 9.1 for coastal flooding). However, estimates of events such as the 
100-year flood typically rely on historical observations and assumptions of an unchanging climate.61 Methods 
that account for the added uncertainty of climate change are needed for infrastructure design, land use 
planning, and other purposes,62,63,64 but future flood frequency is challenging to predict (Figure 4.8).65,66 For 
example, some extreme precipitation events will be buffered by future reductions in soil moisture, which 
will allow more rainfall to be absorbed,67,68,69 and some areas are projected to see increases in floods from 
rain falling on snow,70,71 precipitation on wildfire-disturbed land,72,73 and loss of natural water storage in urban 
landscapes.74

Climate Change Impacts to Inland Flood Drivers and Flood Activity

Climate change may cause both increases and decreases in inland flooding, depending on the location and 
time of year. 

Figure 4.8. Inland floods result from combinations of factors, primarily extreme rainfall, soil moisture, and snow-
pack and snowmelt conditions. Each of these are subject to substantial variability and change across a wide 
range of timescales, from daily to decadal, in a warming climate. Scientific confidence in how the climate drivers 
of flooding will change is higher than in how those drivers will combine to affect floods in particular locations and 
seasons. Adapted from Yu et al. 202066 [CC BY-NC 4.0]. 

Changes in future precipitation and temperature are expected to exacerbate drought across large portions 
of the US.75 Observed trends in drought (Figure A4.9) and climatic water deficit reflect these changes,13 as do 
projections, with the strongest drying signal occurring in the Southwest (Figure 4.9).76 

https://creativecommons.org/licenses/by-nc/4.0/legalcode.en
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Projected Changes in Annual Climatic Water Deficit by Midcentury

Water shortages to vegetation will increase across most of the Nation.

Figure 4.9. Climatic water deficit (CWD) is the shortfall of water necessary to fully supply vegetation require-
ments—CWD is zero if those needs are met, and a higher number indicates drier conditions. Vegetation water 
needs will increase with increases in temperature; as a result, in the absence of compensating increases in pre-
cipitation, CWD is projected to increase. Under an intermediate scenario (RCP4.5), CWD is expected to rise across 
much of the Nation, with the Great Plains and Southwest seeing the greatest increase (a, c). Even the wettest 
projections show increases in CWD in the West (b). Projections are not available for the US Caribbean, Alaska, 
Hawai‘i, or US-Affiliated Pacific Islands; however, given expected temperature increases and annual precipitation 
decreases in Hawai‘i and the US Caribbean, CWD is expected to increase in those regions, while Alaska is expect-
ed to see both increases and decreases similar to the pattern seen in the Northwest. Figure credit: University of 
Colorado Boulder.
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Box 4.1. Washington–California 2015 Snow Drought

Snow droughts occurred across much of the western coastal mountain ranges during the 2014/15 winter. However, the 
climatic causes of these droughts varied. Western Oregon and Washington experienced a warm snow drought, wherein 
wintertime precipitation was 77%–113% of normal but elevated temperatures caused a larger proportion of that precipita-
tion to fall as rain, which reduced snow accumulation and increased winter snowmelt.15,77 As a result, wintertime stream-
flows were normal to high, but April to August flows were lower than normal (Figure 4.10). 

Washington–California Snow Drought 

In 2015, parts of Oregon and Washington experienced a warm snow drought while the California Sierra 
Nevada experienced a dry snow drought.

Figure 4.10. The timelines compare the 70-year (1952–2021) median streamflow (dashed line) with the 2015 
water-year (October 2014–September 2015) streamflow (black line). Annual observed streamflows are also 
shown for 1952–2021 (gray lines). Values are daily average streamflows in cubic feet per second. Stream-
flow in summer 2015 was abnormally low, resulting from reduced snowpack during a warm snow drought 
(Ahtanum Creek) and a dry snow drought (Merced River). Daily streamflow is in cubic feet per second for 
each of the years 1952–2021 (gray lines). Merced River flows are lower year-round because of low total 
precipitation and little snowfall; Ahtanum Creek flows are shifted from summer to winter in 2014/15 because 
it was too warm for snow accumulation. Figure credit: University of Maryland, College Park and Lynker.
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By contrast, the California Sierra Nevada experienced a dry snow drought, resulting in the shallowest snow volume ever 
recorded there.15,78,79 Both the dry and warm droughts caused strain on water rights holders. In Oregon and Washington, 
irrigated crops—including valuable orchard crops—that depend on direct streamflow diversion water rights failed (Fig-
ure 4.11), but municipal water supplies that relied on storage rights that allow reservoirs to capture winter runoff were 
sufficient.80 In California, total water supply was limited, resulting in severe or complete cutbacks to junior water rights and 
contract holders.81 

Washington Apple Orchard Under Drought Stress

An apple orchard in the Roza Irrigation District in Washington shows extreme drought stress in Sep-
tember 2015. 

Figure 4.11. This apple orchard suffered the effects of a warm snow drought the previous winter. The warm 
winter temperatures caused much of the precipitation to fall as rain instead of snow, producing a reduced 
snowpack, and led to early snowmelt, resulting in low streamflows during irrigation season. Photo credit: © 
Sonia A. Hall.
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Key Message 4.2  
Water Cycle Changes Will Affect All Communities, with Disproportionate Impacts for Some 

Natural and human systems have evolved under the water cycle’s historical patterns, making 
rapid adaptation challenging. Heavier rainfall, combined with changes in land use and other 
factors such as soil moisture and snow, is leading to increasing flood damage (likely, high 
confidence). Drought impacts are also increasing (medium confidence), as are flood- and 
drought-related water quality impacts (medium confidence). All communities will be affected, 
but in particular those on the frontline of climate change—including many Black, Hispanic, 
Tribal, Indigenous, and socioeconomically disadvantaged communities—face growing risks 
from changes to water quantity and quality due to the proximity of their homes and workplaces 
to hazards and limited access to resources and infrastructure (very likely, high confidence). 

Changes to the water cycle have manifold effects beyond those described in this chapter. See the Energy 
(Ch. 5), Ecosystems (Ch. 8), Agriculture (Ch. 11), Built Environment (Ch. 12), Transportation (Ch. 13), and 
Human Health (Ch. 15) chapters for more information.

Flood Impacts 
Floods have important roles in creating and maintaining aquatic habitat, in regulating the reproductive 
cycles of fish and other river organisms, and in replenishing soil and nutrients in floodplains. Land-cover 
changes have limited these positive impacts and even exacerbated some of the negative consequences of 
floods. Climate change–driven changes in precipitation amount and duration, snowpack/snowmelt, and 
soil moisture have combined with land-cover change and increasing property values to increase overall 
economic damages from floods (Figure 4.12).82 



Fifth National Climate Assessment

 4-17 | Water

Flood Damages Associated with Precipitation Change

 
A portion of observed increases in inland flood damages can be attributed to changes in precipitation.

Figure 4.12. Cumulative inland flood damages (in 2021 dollars) across the contiguous US (gray) and estimated 
portion due to changes in precipitation (green) are shown for 1988–2021. Over this period, heavy precipitation 
has increased over most of the US due to climate change (see Figure 2.8 for heavy precipitation changes over the 
1958–2021 period). Error bars (in green) show the plausible range of cumulative damages in 2021, calculated 
using a 95% confidence level. Roughly 20%–46% of increases in observed flood damages can be attributed to 
increasing precipitation (assuming the same historical development patterns over the period 1988–2021). Other 
important contributors to flood damage include urbanization and land-use change, which can exacerbate runoff, 
and growth in the number and value of flood-affected buildings and other assets. Adapted from Davenport et 
al. 2021.82

In urban settings, pavements, roofs, and compacted soils do not absorb water as effectively as natural 
landscapes, amplifying the effects of heavy precipitation and concentrating flooding. In rural settings, lower 
amounts of impervious land cover allow soils to hold more rainfall. However, intensive agriculture can 
reduce the infiltration and water-holding capacity of soils and increase runoff, resulting in flooding.83

At major watershed scales, flooding along large river and lake systems causes numerous disruptions, 
including to rail, roadway, and river transportation; agricultural production; commodity deliveries; and 
industrial production, as seen during the Mississippi River flood of 2011 (KM 24.4).84

Increasing flood activity threatens water quality and ecosystems (Figure 4.2). As floodwaters inundate 
normally dry areas, they transport debris, chemicals, bacteria, and other contaminants (KM 23.1).85,86 Heavy 
precipitation events are overwhelming aging combined stormwater–sewer systems, leading to discharges 
of contaminated water and raw sewage into receiving waters.87,88 The upward trajectory of urban flooding 
impacts will likely continue with changing rainfall patterns and intensity.89 Groundwater-sourced drinking 
water is becoming contaminated from standing floodwaters over wellheads and percolation into well-
fields,90 and in farmlands high runoff is discharging fertilizer into streams and lakes, causing harmful 
algal blooms.91
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Drought Impacts
Droughts are driven by many factors, including unsupportable societal demands for water.92 From a climate 
perspective, below-normal precipitation is a primary driver of drought, but there is growing acknowl-
edgement that higher temperatures can cause drought to develop or become more intense than would be 
expected from precipitation deficits alone; higher temperatures drive increased atmospheric demand for 
moisture—a phenomenon known as hot drought.75,93,94,95 Above-normal temperatures also contribute to snow 
drought (Box 4.1) and flash drought, which develops quickly over a few weeks.96,97 Megadroughts are events 
of extraordinary duration and severity,98 and many are documented in paleoclimate records.99,100 Tempera-
ture’s contribution to drought makes it clear that warming associated with climate change could increase 
the frequency, severity, and/or duration of drought73,101,102 and drive aridification, a long-term shift toward a 
drier climate, which is a concern in already dry parts of the West.76 

Between 1980 and 2022, drought and related heatwaves in the US caused $334.8 billion (in 2023 dollars as 
of July 2023) in damages; only tropical cyclones and severe storms were more costly (KM 22.1).2 Droughts 
often reduce agricultural productivity and strain water systems,103,104 driving shortages in water supplies 
and threatening power generation (KM 5.1).105 River and lake transportation is also at risk due to drought 
(KM 24.4).

Drought stresses terrestrial and aquatic ecosystems106 by leading to increased water temperature and 
salinity, reduced nutrients, lower oxygen levels, concentrated contaminants (Figure 4.2), loss of surface and 
groundwater connections, and declining productivity.107,108 In addition, drought can exacerbate other dis-
turbances such as pests and wildfire.109 Ecosystems can be resilient under normal climate variability, but 
recovery after drought in a changed climate may not be possible, leading to the loss of ecosystem services 
and loss or migration of native and invasive species (Figure 8.6).110,111 

Groundwater quality is also threatened by heat and drought. Warmer soil and groundwater temperatures 
can lead to decreased oxygen saturation, lower pH, and enhanced mineral weathering, all of which reduce 
water quality,112 and coastal and island aquifers are at risk of seawater intrusion, rendering groundwater 
unpotable and potentially harming infrastructure (Figure 4.2; KMs 9.2, 21.2, 23.3, 28.2, 30.1). 

Drought conditions have historically resulted in increased groundwater pumping in some regions of the US, 
a practice projected to increase with climate change.55,56,113 Declining groundwater levels due to pumping can 
reduce streamflow (Figure 4.13)48 and result in land subsidence.114
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San Pedro River, Arizona 

The San Pedro River in Arizona has been depleted by groundwater pumping, drying up wetlands and wild-
life habitat.

Figure 4.13. Groundwater pumping can reduce surface water supplies. One example is the San Pedro River in Ar-
izona, where pumping that began in the 1940s has deprived wetlands and wildlife habitat of fresh water.115 Photo 
credit: CochiseVista/iStock via Getty Images. 

Disproportionate Impacts
Climate change creates unequal burdens on people and communities.116,117,118 People who live along coasts 
and rivers or who work in agriculture and fisheries have increased exposure to water-related hazards.119,120,121 
Older adults, children, and residents of low-income neighborhoods and rural areas are at greatest risk of 
exposure to pathogens and pollutants from climate change–driven impacts to water quality.122,123,124 

Many Tribal and Indigenous communities reside in areas subject to coastal and riverine flooding and risk 
displacement from lands with cultural significance.125,126,127 Neighborhoods that are home to racial minorities 
and people with low incomes have the highest inland flood exposures in the South.128 Hispanic residents are 
50% more likely to live in the 500-year floodplain,129 while Black communities are projected to bear a dis-
proportionate share of future flood damages (Figure 4.14; Box 4.2).130 Drought can also have unequal impacts 
depending on economic sector, access to water resources, ability to irrigate, reliance on electricity, and 
socioeconomic status.131 
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Projected Increases in Average Annual Losses (AALs) from Floods by 2050

Losses due to floods are projected to increase disproportionately in US Census tracts with higher percentages 
of Black residents. 

Figure 4.14. Average annual losses—economic damages in a typical year—due to floods in census tracts with a 
Black population of at least 20% are projected to increase at roughly twice the rate of that in tracts where Black 
residents make up less than 1% of the population. Black bars represent 95% confidence intervals. Adapted from 
Wing et al. 2022130 [CC BY 4.0]. 

https://creativecommons.org/licenses/by/4.0/legalcode.en


Fifth National Climate Assessment

 4-21 | Water

Box 4.2. Climate Change, Urban Flooding, and Inequality

Hurricane Harvey dropped record-breaking rainfall onto the Houston and Beaumont–Port Arthur metropolitan areas in Au-
gust 2017 (Figure 4.15). The flooding, exacerbated by extensive urbanization, killed more than 100 people and caused an 
estimated $147.6 billion in damages (in 2022 dollars).132 Harvey’s rainfall was estimated to be about 15% to 20% heavier 
than it would have been without human-caused warming,133,134,135 which increased the flooded area in the Greater Houston 
area by 14%,136 leading to 32% more homes being flooded.137 Many of the flooded properties were located outside FEMA’s 
designated 100-year floodplains and not covered by federal flood insurance. Such properties were disproportionately 
inhabited by Black and Hispanic residents.138 People with disabilities and residents of subsidized housing were also dis-
proportionately affected.139,140 Climate change’s impact on flooding is expected to worsen these types of inequalities.

Residential Flooding from Hurricane Harvey

Flooding from Hurricane Harvey inundated residential neighborhoods in Port Arthur, Texas.

Figure 4.15. Photo credit: Staff Sgt. Daniel J. Martinez, US Air National Guard.
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Across the Nation, drinking water delivery infrastructure is aging and deteriorating (KM 12.2), increasing 
the risks of contamination and delivery of unpotable water.141 More than 1,000 community water systems—
primarily serving older adults and people who are economically disadvantaged, rural, Indigenous, or with 
less education142—are already providing poor-quality water and are not prepared to cope with climate 
change-driven flooding, drought, and waterborne diseases (Figure 4.2; KMs 15.1, 15.2). For some Tribal 
and Indigenous communities, water infrastructure deficiencies threaten their social, physical, and mental 
well-being and impair their ability to thrive (KM 16.1).143,144,145 Figure 4.16 shows the distribution and severity 
of sanitation facility deficiencies in American Indian and Alaska Native homes.146

American Indian and Alaska Native Homes Requiring Water and Sewer System Improvements

Water infrastructure supporting Tribal and Indigenous Peoples is particularly ill-equipped to handle increases in 
flooding and drought.

Figure 4.16. The Indian Health Service (IHS) maintains a database of American Indian and Alaska Native (AI/AN) 
homes requiring sanitation facility improvements within IHS service areas. The figure shows sanitation deficien-
cy levels in AI/AN homes across the country ranging from level 2 (capital improvements are necessary to meet 
domestic sanitation needs) to level 5 (lacks a safe water supply and a sewage disposal system). The IHS does 
not collect data for Hawai‘i, the US-Affiliated Pacific Islands, or the US Caribbean, but elevated rates of plumbing 
deficiencies are documented in those regions.142 Figure credit: Indian Health Service. 
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Key Message 4.3  
Progress Toward Adaptation Has Been Uneven

The ability of water managers to adapt to changes has improved with better data, advances in 
decision-making, and steps toward cooperation. However, infrastructure standards and water 
allocation institutions have been slow to adapt to a changing climate (high confidence), and 
efforts are confounded by wet and dry cycles driven by natural climate variability (very likely, 
high confidence). Frontline, Tribal, and Indigenous communities are heavily impacted but lack 
resources to adapt effectively, and they are not fully represented in decision-making (high confi-
dence).

Approaches to Management and Planning
Uncertainty from natural variability has always been part of water resources planning, but as climate change 
affects different components of the water cycle, uncertainties around extreme events and water availability 
have increased. Responses to these growing uncertainties include climate adaptation and hazard mitigation 
through watershed management (KMs 6.1, 6.2);147 nature-based solutions (KM 8.3); planned relocation;148,149 
floodplain management;150 water conservation and reuse;151,152 decision science;153,154 reservoir optimiza-
tion and artificial intelligence applications;155,156,157 improved weather and streamflow forecasts;158 municipal 
planning;159,160,161 adaptive management systems;162 stakeholder–scientist partnerships;163 and adaptation 
guidance (KM 31.4).164,165,166,167 

Adaptation Constraints
Climate change is overtaking water resources policymaking,168,169 making risk reduction a continual exercise 
in catching up. For example, current rates of precipitation change outpace the regulatory changes needed to 
cope with them. Key rainfall metrics for design and decision-making are widely outdated;170,171 updating these 
metrics is essential to protecting communities. While there have been recent advances in data collection, 
statistical methods, climate modeling, and weather forecasting, progress is difficult, in part because 
regulations, codes, and standards involve competing interests and often span multiple jurisdictions.172,173,174

Conflict, Competition, and Collaboration
Climate change impacts to water supplies can result in competition, collaboration, or conflict. Frequently, 
water disputes in the western US are resolved through litigation.175,176 However, under current severe 
drought conditions and in the context of existing legal frameworks, water interests in the Colorado River 
basin, including Mexico, are struggling to avoid litigation through negotiated settlements and voluntary use 
reduction (Box 28.1).177,178,179 Some of these efforts now include Tribes and other water users who have tradi-
tionally been excluded from participation in negotiations, although representation remains uneven.180

In areas where flood risk is increasing, collaboration on flood hazard management at regional scales has 
become more urgent, as cooperation can provide solutions that are not available at the local scale (Box 4.3). 
This is especially true in the Midwest, where flooding is often regional and local solutions can push flood 
risks downstream.181
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Box 4.3. International Cooperation in the Great Lakes 

The Great Lakes, which contain the largest quantity of surface fresh water on Earth, are shared by two Canadian provinc-
es, eight US states, and many sovereign Tribes and First Nations. Although ripe for conflict and competition, the waters 
have been equitably shared since the 1909 Boundary Waters Treaty.182 In 2017, a management plan regulating Lake Ontar-
io’s levels and outflows was implemented (Figure 4.17).183 It was the culmination of more than 16 years of scientific study, 
public engagement, and governmental review, including a collaboratively built model of the physical, environmental, and 
economic responses of the system to management and climate alternatives. Performance indicators yielded insights and 
quantified trade-offs, leading to a plan that balances flooding along the lake’s New York and Ontario shorelines against 
flooding downstream on the St. Lawrence River at Montreal, Quebec. The plan also aims to restore the health and diversity 
of coastal wetlands and protect against extreme high and low water levels. An adaptive management committee evalu-
ates the plan’s performance under climate change and recommends adjustments. 

Resolving Water Conflicts within the Lake Ontario–St. Lawrence River System

Plan 2014 was developed to manage Lake Ontario–St Lawrence River water levels, restore ecosystems, 
and account for climate change.

Figure 4.17. The map shows the geographic setting for an international plan between the US and Canada to 
cooperatively manage Lake Ontario. The plan balances interests upstream of the Moses-Saunders Dam with 
downstream interests. The collaborative framework used to develop the plan serves as a model of a suc-
cessful approach to resolving water conflicts. Adapted from International Joint Commission 2014.183
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The Effect of Natural Variability on Policy
Historical records and paleoecological evidence, such as tree ring data, show that natural variability in the 
climate system has resulted in multidecadal wet and dry spells in the past. 99 Climate projections indicate 
this pattern will continue, challenging planning and policy formulation for adaptation to climate change, and 
suggesting that durable and realistic long-term perspectives are necessary for robust policy development. 
For example, natural variability brought the wettest period in the past 1,200 years to the Colorado River 
in the early 20th century (Figure 4.18). The Colorado River Compact, negotiated in that period of relative 
abundance, allocated far more water than the river has since provided.184 In the last years of the 20th 
century, sustained high reservoir levels prompted the development of guidelines for surplus allocation, 
but by the time those guidelines had been finalized, the current 22year drought had begun.73 That drought 
has triggered unprecedented water use restrictions and is leading to more realistic policy discussions (Box 
28.1).177 Similar variability is present in climate and hydrology projections through the end of this century. 
The amplitude of projected 30-year-average wet and dry spells on the Colorado River may be twice the 
average projected decrease in streamflow by the end of this century;185 as a result, multidecadal natural 
variability almost certainly will again lead to prolonged wet periods,186 though diminished by higher tem-
peratures. 
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Natural Hydrologic Variability Influences Policy

Natural hydrologic variability can promote urgency or complacency in long-term planning.

Figure 4.18. The figure shows hydrologic variability in both space and time: (a, b) runoff variability (a surrogate for 
streamflow variability) across the country between two decades, with the boundary of the Upper Colorado River 
Basin shown; and streamflow variability across time with (c) estimates of Colorado River flows from historical 
observations and (d) reconstructed flows from ancient tree rings (blue line), with data from (c) shown in orange. 
Wedges point to two negotiated policy events. Figure credit: Lynker and University of Colorado Boulder.
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Adaptation Challenges Faced by Tribal and Indigenous Communities
To address water-related climate impacts, Tribes have voiced the need for climate impact assessments as a 
first step to resilience planning and identified information about climate change impacts to water as a top 
priority.187 Many Indigenous communities lack data on water quality despite disproportionately experiencing 
water quality deficiencies.188 Other data types critical to Tribal water management decisions are streamflow, 
temperature, precipitation, snowpack, and soil moisture, but these are not always available through federal 
information sources.187 

Food security, protection of Traditional Knowledge, and Tribal capacity to implement adaptation plans, 
monitor and collect data, and conduct climate vulnerability assessments are also high priorities. Federally 
Recognized Tribes are eligible for federal assistance with climate change adaptation, but they face hurdles 
accessing these limited resources, including agency requirements (e.g., funding matches), lack of Tribal 
capacity, and navigating interagency processes. 

Progress and Gaps in the Quality and Usability of Information
Water resources planning continues to be informed by past hydrologic records that do not reflect the 
impacts of climate change. Although some federal, state, and larger local agencies do use climate projections 
in planning, projections of precipitation, streamflow, water use,189 and extreme events at the scale of local 
watersheds are rarely available, particularly outside of the contiguous US. Using projections is also costly 
because tools and techniques are specialized and not standardized. Finally, climate models project a wide 
range of uncertainty (Figure 4.3), requiring planners to use their best judgment about how to apply the 
information.

Data are foundational to adaptation. State and federal agencies have been collecting valuable climate, 
hydrology, and water use data for over a century, but these data are sparse in lightly populated and low-
er-income areas.185 Increasingly, modeling and remote-sensing data are filling the gaps. High-resolution 
elevation and environmental data collected from airborne and spaceborne platforms provide detailed 
topographical and hydrological information that can be used to map flood hazards and snowpack190,191 and 
refine real-time snow simulation.192,193 Evapotranspiration is being estimated using satellite remote sensing 
combined with vegetation models,194 providing early warning of emerging droughts,195 and satellites are now 
being used to detect groundwater depletion.196 Nevertheless, expanding direct observational data collection 
is still key to tracking environmental conditions and supporting development and testing of remotely sensed 
data and models. 
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Traceable Accounts 
Process Description 
With support from the chapter point of contact and the federal coordinating lead author, the chapter 
lead author selected authors for their expertise in assessing climate impacts to the Nation’s surface and 
groundwater resources and the consequences of those impacts to human and natural systems, with an 
emphasis on the authors’ ability to bring diverse perspectives to the team. The team comprises experts 
drawn from several regions across the country who work under various employment types (i.e., private 
business, academic institutions, and local, state, and federal governments), come from diverse backgrounds, 
and represent a range of combinations of age and gender. The team met virtually multiple times to scope 
the chapter, with each author offering their own priorities about what a chapter about the Nation’s water 
resources should cover, taking into consideration the goals of this Assessment, the topics covered in 
previous National Climate Assessments (NCAs), and the topics of the other 31 chapters in the NCA5. The 
team’s discussions revolved around these questions: How are changes in climate influencing water input 
volume and movement? How are extremes and the notion of extremes changing? How are changes in 
climate stressing both natural and human-made systems? What are the environmental justice consider-
ations and the distribution of impacts? Are current climate data and tools adequate for decision-makers? 
And what are the interconnected climate risks? With these questions in mind, the team iteratively developed 
a draft outline for the chapter. That outline was made available online for public review and comment. 
The team presented and participated in a virtual, public, four-hour workshop and discussion, collecting 
comments and suggestions for the chapter from workshop participants. Workshop comments and formally 
submitted comments were taken into consideration in development of the chapter text. The Third Order 
Draft was presented to the public by five of the authors in a webinar hosted by Western Water Assessment 
at the University of Colorado. The author team met virtually at least twice per month during periods when 
the draft was not out for review. The team also met in person at the NCA5 All-Author Meeting held in April 
2023 in Washington, DC. The meetings were used to set interim deadlines, assess the status of tasks, discuss 
language choices, find consensus on Key Messages and figures, develop responses to comments on drafts, 
and support each other with references and text reviews.

Key Message 4.1  
Climate Change Will Continue to Cause Profound Changes in the Water Cycle 

Description of Evidence Base 
The hydrologic component maps shown in Figures 4.3, 4.5, 4.6, 4.7, and 4.9 constitute part of the evidence 
base. They show mid-21st-century projections of water cycle components based on an intermedi-
ate scenario (RCP4.5). Projections of water cycle components are available for both RCP4.5 and RCP8.5 
scenarios, but both scenarios show similar hydrologic responses at midcentury, neither are available as 
100-year projections, and space in this chapter is limited; as a result, only RCP4.5 projections are presented 
here. The central map of the contiguous US (CONUS) in each of these figures represents the average of all 
32 Coupled Model Intercomparison Project Phase 5 (CMIP5) projections chosen for this discussion.197 The 
Alaska and Hawai‘i maps represent the average of 10 CMIP5 projections. The wettest and driest 20% of 
projections show the range of outcomes from the 32-projection set for CONUS, illustrating the uncertainty 
surrounding water cycle responses to climate change. Outside CONUS, downscaled climate projections are 
limited, especially those needed to map projected changes in hydrologic components for the US Caribbean 
and US-Affiliated Pacific Islands. The absence of projections for actual evapotranspiration, soil moisture, and 
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runoff contribute to uncertainty when assessing future water security challenges for these regions. Further 
information about the data used to generate the maps can be found in the figure metadata. 

Because the focus of this chapter is terrestrial fresh water, the authors relied heavily on Chapter 2 
(Climate Trends) and Chapter 3 (Earth System Processes) for their assessments of precipitation trends and 
projections, particularly extreme precipitation trends and projections. 

Regarding evapotranspiration, there is general consensus that warming temperatures will enhance 
evaporative demand (potential evapotranspiration, PET) across the Nation (Ch. 3);43,44,75 however, uncer-
tainties in vegetation response to warming reduce confidence in evapotranspiration (ET) projections.75 In 
many parts of the country, projected changes in annual evapotranspiration by the end of this century are 
not robust, and there is disagreement among models across the southern states and parts of the central 
US.43 The degree and sometimes direction of observed changes in PET and ET are also less certain, partic-
ularly east of the Rocky Mountains, due to differences in the trends of the variables that force PET.12 Nor 
are these trends well supported by direct observation. There is a lack of information on more recent trends 
in pan evaporation across the US. Pan evaporation is a useful concept to estimate atmospheric evaporative 
demand but it is strongly affected by local environmental conditions, which can drive contradictory trends 
in pan evaporation across a broader region,198 as is observed across the US.199 For example, increases in local 
humidity (e.g., from irrigation) or land-use changes (e.g., changes in tree density near the pans) could affect 
evaporation from the pans. Therefore, pan evaporation may not provide a reliable indication of region-
al-scale trends in evaporative demand. The disagreement among observational data and reanalyses limits 
our confidence in past ET and PET trends. Complexities related to vegetation, as well as the competing 
effects of multiple evaporation drivers, make assigning nationally consistent likelihood and confidence 
challenging. However, the balance of evidence suggests with medium confidence that evaporation is 
expected to increase in places where moisture is not a limiting factor to atmospheric demand. 

There is widespread consensus that increases in temperature will decrease the proportion of US precipita-
tion that falls as snow,14,15,24,43 decrease snow extents,24,25 advance the timing of snowmelt rates and pulses,16,27 
increase the prevalence of rain-on-snow events,70,71 and influence how snow water resources are partitioned 
to runoff.19,20

Since parts of Alaska and the highest elevations in the contiguous US may be cold enough to sustain 
snowfall in future climates, some studies have projected increases in snow volume in these locations with 
future increases in precipitation. However, those increases in snow are expected to be vastly outweighed by 
the future decreases in snow elsewhere, particularly across the western US and by the late 21st century for 
all intermediate (RCP4.5 and SSP2-4.5) and higher scenarios. 

It is well established that groundwater and surface water are connected resources and that groundwater 
can help stabilize surface water supplies.47,48 Similarly, there is agreement that loss of shallow groundwater 
can exacerbate droughts and decrease streamflow. There is also agreement that warmer temperatures will 
increase water demand and that this could increase groundwater pumping.52,53,54 

Major Uncertainties and Research Gaps 
Uncertainties stem from future projections of climate. This may be particularly true for late-21st-centu-
ry projections that are dependent on the degree to which societies will respond to climate change. The 
literature employs different projections and emissions scenarios, as well as metrics and measurements that 
vary in their degree of climate sensitivity, resulting in studies that are not always directly comparable.

Understanding recent and potential future flood responses to climate change is difficult for several 
reasons. Floods are the product of complex subseasonal to interannual interactions between rainfall, soil 
moisture, evapotranspiration, snowpack/melt, and other processes. Isolating climate change impacts on 
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inland flooding is further complicated by the hydrologic “replumbing” wrought by urbanization and dams. 
For these reasons, the translation of rainfall trends into flood changes is complex and poorly understood. 
National65,200 and global201 examination of historical flood records has concluded that climate influences have 
been relatively limited, contradicting an earlier study that argued that the largest floods have increased 
in severity.202 This latter argument is further contradicted by evidence that floods in the central US have 
become more common but not more intense.203,204 

However, major floods are by definition rare, making detection and attribution of changes difficult. Thus, 
a lack of statistically significant trends in observed floods does not necessarily indicate that such events 
are not changing. Indeed, a relatively limited number of geographically focused case studies have painted 
complex pictures of climate-related flood changes that are lacking in broader regional and national analyses. 
Additional place-based case studies—as opposed to regional- or national-scale analyses—could help unravel 
the complex interactions between climate and non-climate flood drivers.

Given the first-order influence of temperature and precipitation change on snowfall, there is high certainty 
that future US snow cover, snow volume, and snow persistence will change.24 However, there is some dis-
agreement in the literature about the extent and direction (positive or negative) of change in surface water 
availability with future changes in climate. Existing studies indicate both increases and decreases in future 
runoff for different US hydroclimatic regimes. 

In particular, there is uncertainty in the degree to which temperature may impact flow in some major 
river systems in the West.205,206 Significant disagreements in the direction of observed soil moisture trends 
remain,38,39,40 largely because it can be challenging to estimate with remote sensing or models, and the 
existing in situ soil moisture–monitoring network is insufficient.37 Uncertainties can also be introduced 
because not all products are directly comparable, capturing trends over slightly different depths, although 
modest differences are probably not a major source of error. There is also uncertainty in soil moisture 
projections related to model, season, and soil depth.38,42,43

Similarly, there is uncertainty in both the magnitude and direction of groundwater storage changes, 
primarily due to uncertainty in future groundwater management policy and uncertainty in future recharge. 
This is due to uncertainty in both the human response to changing climate conditions and research gaps 
in quantifying natural groundwater recharge. Groundwater pumping is controlled by a myriad of human 
factors such as population, water policy, crop choices, and irrigation technology. While it is well established 
that warmer temperatures can increase water demand,52,53,54 and historical trends demonstrate unsus-
tainable groundwater usage in the past (as discussed in NCA4), future groundwater pumping increases 
will depend on water management practices and policy. Groundwater recharge is similarly uncertain.50,51 
Projected increases in large precipitation and flooding events are expected to increase recharge (known 
as episodic recharge events). However, the quantity of this recharge is less certain and highly dependent 
on the nature and timing of the storms that occur. Also, while increases in recharge may be counteract-
ed by changes in plant water usage and snowpack that can decrease natural recharge, the magnitude of 
these recharge changes has not been well quantified. Separating the impacts of groundwater pumping 
from climate trends is particularly challenging due to a lack of long-term groundwater monitoring wells, 
especially outside of the most heavily groundwater-developed areas.

Description of Confidence and Likelihood 
The author team determined that the evidence points to medium confidence that there will continue to 
be increases in precipitation in Alaska and in the northern and eastern regions of the US and decreases in 
precipitation in the Caribbean and the Southwest. Despite lingering uncertainties around average precip-
itation, there is very high confidence from both observations and projections that extreme precipitation 
events are becoming more frequent nationwide, and that it is very likely this trend will continue in the 
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future. The disagreement among observational data and reanalyses limits our confidence in past ET and 
PET trends. Complexities related to vegetation, as well as the competing effects of multiple evaporation 
drivers, make assigning nationally consistent likelihood and confidence challenging. However, the balance 
of evidence suggests with medium confidence that evaporation will increase in places where moisture is not 
a limiting factor to atmospheric demand. Based on current trends and climate model projections, there is 
high confidence and it is very likely that warming temperatures will increase the demand for surface and 
groundwater for crops and human use. Given the direct influence of rising temperatures on snow, there is 
high confidence and it is very likely that the extent, volume, and duration of snow cover and melt upon which 
human and natural systems rely is and will continue to be reduced by warming. 

Key Message 4.2  
Water Cycle Changes Will Affect All Communities, with Disproportionate Impacts for Some

Description of Evidence Base
Observational records now span time periods long enough to evaluate changes in the volume, variability, 
and timing of water availability.11 The magnitude of these changes, and their agreement with model 
projections, vary with hydroclimate regimes across the US. 

While it has been difficult to establish clear linkages between increases in extreme precipitation and trends 
in “traditional” measures of flood activity such as peak streamflow rate, attribution studies have apportioned 
some of the historical increases in flood damage to precipitation change.68,69 It is probable that many of 
these increases have been concentrated in urbanized watersheds, which are more sensitive to rainfall 
than rural and natural settings.74 Flood vulnerability, including in urbanized areas, tends to be concentrat-
ed in historically marginalized and socioeconomically disadvantaged neighborhoods.130 There is increasing 
consensus that systematically disadvantaged communities have been and will continue to be most impacted 
by these hazards, due to factors such as inadequate climate/hydrological monitoring, deferred infrastruc-
ture maintenance, and insufficient access to recovery resources.207

There is ample literature describing the impacts of floods, fires, and drought events on a wide variety of 
water quality hazards.6 These studies provide insights into impacts to water quality hazards from intensified 
events due to climate change, and studies specific to climate change impacts on water quality are becoming 
more prevalent. There are some reports of specific benefits to contaminant concentrations from increased 
or decreased precipitation, but there is no consensus that water quality will improve with climate change. 

There is widespread consensus that increases in air temperature will impact water quality by increasing 
water temperatures, resulting in less oxygen-rich water, exacerbating harmful algal blooms, increasing 
pathogens, and creating problems with drinking water taste and odor.6,7 

Similarly, there is consensus that increased precipitation and intensity will degrade water quality due to 
urban storm water and combined sewer overflows, increased agricultural runoff, and riverine flooding. 
There is less certainty in regions of the country where precipitation is not increasing or decreasing. 
Compounding factors of increasing temperatures and aging stormwater and sewer systems and water 
reservoirs can exacerbate problems due to too much or too little water. 

The literature is rife with observations of segments of the population being negatively affected by climate 
change, especially water-related hazards. There is consensus that these negative impacts of water-related 
climate change will be felt disproportionately among marginalized and low-income people.122
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Major Uncertainties and Research Gaps 
There is moderate uncertainty about the degree to which land-surface changes will drive nonstationary 
changes to the volume and timing of water resources. There is a lack of research on the linkages between 
climate change and flooding.68 There is uncertainty about the extent to which traditional design storms—
that is, storms of particular intensity and duration, used in floodplain and built environment planning—and 
flooding assumptions based on older observations reflect current and future flood conditions.171 Additional 
research into the effects of climate change on water quality would improve our understanding of impacts, 
particularly in the face of compounding factors such as aging infrastructure, wildfires, and increased agri-
cultural runoff. 

Description of Confidence and Likelihood
There is strong evidence that climate change imparts a number of important shifts in local and regional 
hydrologic cycles, and that when combined with land-use changes and other human factors, increases 
are likely in the frequency, severity, duration, and damages from floods (high confidence) and drought 
impacts are increasing (medium confidence). There is a more limited body of work on the effects of climate 
change on water quality; thus there is medium confidence that climate change is degrading water quality. 
However, there is still uncertainty about how climate drivers may shape harmful algal blooms, a significant 
factor in water quality. Based on the vast literature documenting current, disparate impacts to frontline 
communities from floods, droughts, and the exposures they bring, there is high confidence and it is very 
likely that frontline communities will be at disproportionate risk from water-related hazards exacerbated by 
climate change. 

Key Message 4.3  
Progress Toward Adaptation Has Been Uneven

Description of Evidence Base
There are many examples of climate change overtaking the speed of adaptation,168,169 including communities 
caught off guard by extreme precipitation and drought events amplified by climate change.96,133 A wide 
array of literature over the past decade has identified the safety and economic risks posed by aging water 
systems and changing hydrology.87 Since the publication of NCA4, expanded data collection, improved 
climate projections, and better short- to midterm forecasts support better water resource management and 
planning. However, local water resource managers are still struggling to find accessible, usable science and 
data at the appropriate spatial scale, and they continue to rely on historical records that often do not reflect 
current and future water availability and timing. Disaster management literature contains many examples of 
public complacency and/or urgency in preparing for extreme events.208 

A growing literature focuses on providing scientific information that is more usable for water resource 
planning and management.164 There has been less work in assessing success and evaluating how equitable 
these approaches have been.209

A number of retrospective reviews highlight the omission of frontline, Tribal, and Indigenous voices and 
benefits from water projects.180 Long-standing legal entitlements, established before climate change was 
a consideration, are well documented. The bulk of senior water rights and legal entitlements in the West 
are held by Tribes and agricultural water users but governed by state and federal decrees, agreements, and 
compacts that were not written to be flexible or responsive to a changing climate. Current literature is 
documenting these barriers and assessing emerging approaches to work past them.177
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Major Uncertainties and Research Gaps 
Building climate resilience in hydrologic systems is challenging given the high uncertainty of climate 
variability and change. Gaps in actionable local-scale water data are particularly problematic, especially 
translating projections from global climate models to the regional and local level. System-level approaches 
and the use of resilience metrics are also areas ripe for improvement. 

There is moderate uncertainty about the degree to which changes to land surface characteristics will drive 
changes to the volume and timing of water resources, and the degree to which existing infrastructure and 
historically defined allocations will be able to adapt. A large part of this uncertainty is related to how quickly 
human actions and policies react to hydrologic hazards. 

Description of Confidence and Likelihood 
Rising water-related disaster costs, communities ill-prepared for floods and droughts, and basin water 
users deferring difficult water allocation decisions are just a few of the pieces of evidence leading to high 
confidence that adaptation efforts are proceeding unevenly relative to the rate of climate change and 
that this is very likely (with high confidence) due in part to natural climate variability masking long-term 
changes. The history of water resources decision-making rarely includes participation by frontline, Tribal, 
or Indigenous individuals or communities. Their exclusion from negotiations, compacts, decrees, and 
other allocation actions supports an assessment of high confidence that frontline, Tribal, and Indigenous 
communities have not had full representation in water resources decision-making in the past, despite being 
affected by those decisions. 
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Introduction
Reliable and affordable clean energy is important for quality of life, economic competitiveness, and national 
security. However, much of today’s energy infrastructure was designed for the 20th century, making it 
vulnerable to climate impacts, including more frequent power and fuel interruptions, increased damages to 
energy infrastructure, increased energy demand and reduced supply, and cascading effects impacting other 
sectors, including transportation, communication, and health and safety.

Societal changes are altering vulnerabilities of energy systems and communities to climate change. 
Changing risks result from shifts in the energy generation mix that lower greenhouse gas (GHG) emissions; 
increased electrification of buildings and transportation; technological innovation creating new demands for 
energy; greater susceptibility of energy components to domestic and international supply chain disruptions; 
and an increasingly automated, interconnected system susceptible to physical and cyberattacks. 

While atmospheric GHG concentrations continue growing at historically high rates due to factors such 
as increased global energy use, energy system decarbonization is reducing the rate of GHG emissions.1 
Demand for energy is increasing, outpacing energy efficiency improvements, and electrification is expected 
to grow.2,3 Adaptation to environmental change, along with improved resilience of energy production and 
delivery systems to climate-related events, is underway. Energy system innovations include reductions 
in technology costs and operational and performance improvements for energy production, delivery, and 
storage; distributed generation and microgrids; demand-side management; zero-emissions buildings and 
vehicles; and energy-market design and governance structures. 

Evolving policy focuses on a transition to net-zero energy systems and away from fossil fuels. The Bipartisan 
Infrastructure Law4 and the Inflation Reduction Act (IRA)5 are the largest investments in climate and energy 
in American history (Chs. 25, 32).6,7,8 These laws prioritize investments for overburdened communities and 
advance the Justice40 Initiative, which commits to delivering benefits of climate, clean energy, and related 
federal investments to these communities.9 State and local actions include building codes, incentives, and 
bans intended to encourage a shift to clean energy sources.10,11 Progress is underway, but further actions 
are needed to increase the pace, scale, and scope of the energy transition to deliver more clean energy and 
build a more resilient energy future. 

Key Message 5.1  
Climate Change Threatens Energy Systems 

Energy supply and delivery are at risk from climate-driven changes, which are also shifting 
demand (virtually certain, very high confidence). Climate change threats, including increases in 
extreme precipitation, extreme temperatures, sea level rise, and more intense storms, droughts, 
and wildfires, are damaging infrastructure and operations and affecting human lives and liveli-
hoods (virtually certain, very high confidence). Impacts will vary over time and location (virtually 
certain, very high confidence). Without mitigation and adaptation, projected increases in the 
frequency, intensity, duration, and variability of extreme events will amplify effects on energy 
systems (virtually certain, very high confidence). 
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Climate change affects all aspects of the energy system—supply, delivery, and demand (Figure 5.1)—through 
the increased frequency, intensity, and duration of extreme events and through changing climate trends 
(Ch. 2). Energy production and distribution are vulnerable to flooding, hurricanes, drought, wildfires, and 
permafrost thaw. Extreme temperatures increase energy demands and stress electricity operations, leading 
to outages that disrupt societal services. The magnitudes of climate threats vary temporally and spatially 
(e.g., droughts and wildfires in the Southwest, hurricanes and storm surge on the Gulf and East Coasts). 

Climate Change Impacts on the Energy System 

All aspects of the US energy system are vulnerable to the effects of climate change.

Figure 5.1. Climate change impacts all components of the Nation’s energy system—resource extraction and 
processing, energy transport and storage, electricity generation, and energy end use. Adapted from DOE 2013.12
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Energy Supply

Generation Systems 
Sea-level rise, hurricane-force winds, and inland flooding impact coastal energy infrastructure and strategic 
national assets,13,14 including the Nation’s Strategic Petroleum Reserve.15 The Gulf of Mexico region accounts 
for a significant portion of the Nation’s crude oil production, petroleum refining, and natural gas processing 
capacity.16 Coastal energy supply is especially affected by climate change and can disproportionately impact 
isolated and overburdened communities.17,18

Storm events, extreme temperature, droughts, and wildfires damage inland energy generation systems 
and impact operations.19,20 Solar and wind energy generation is affected by heat, smoke, soot, and hail.21,22,23 
Flooding and freezing of extraction, storage, and distribution equipment impact natural gas production and 
power generation and cause power outages.24 Extreme heat reduces the capacity and efficiency of natural 
gas and steam turbines.25,26 More intense hurricanes have increased disruptions to nuclear power.27 Drought 
and extreme weather can limit biofuel feedstock supplies.28 Renewable energy will be affected by changes 
in wind and solar resources, although the magnitudes and locations of these effects are uncertain.29,30,31,32,33,34 
Uncertainty regarding climate impacts on wind and solar resources remains, but downscaled climate model 
data coupled with energy sector models are advancing.

Electricity Generation and Water Availability
Water is used in electricity generation, including in producing hydropower and hydrogen, cooling ther-
moelectric generators, maintaining solar photovoltaic (PV) installations,35 and producing feedstocks for 
bioenergy. Water-dependent generation is stressed by droughts,36,37,38 snowpack depletion,37 increases 
in stream temperature,39 reservoir evaporation,40 dam removal to restore rivers and their societal and 
ecological roles,41 increasing demands for other water uses, and pumping limits that increase cost.42 

Most of the western United States is experiencing a megadrought, disrupting water supply and hydropower 
generation (Ch. 2).37,43,44 Increasing energy demand due to higher summer temperatures, coupled with a 
projected decrease in summer hydropower generation, will magnify the potential for energy shortfalls.45,46 

Thermoelectric generators provide most of the Nation’s electricity and rely on significant volumes of 
water.47,48,49 Deployment of some low-carbon technologies, such as carbon capture, utilization, and storage 
(CCUS), increases this water dependence.50 New cooling technologies for small modular reactors provide 
options for addressing water availability constraints.51 The compounded impacts of decreasing summer 
river flows, increasing temperatures, and, in many regions, temperature limits on discharge water reduce 
the efficiency and generation capacity of thermoelectric generators,52 decreasing reliability during extreme 
conditions.39,53,54 Operations relying on reservoir storage for cooling water face increasing vulnerability from 
storage levels dropping below critical thresholds, particularly in the Southwest.55 

Energy Delivery

Electricity Delivery
Power outages from extreme weather are increasing across the US. The average number of major power 
outages (exceeding 50,000 customers) increased by roughly 64% during 2011–2021, as compared to 
2000–2010, with the most weather-related power outages attributed to extreme cold (22%), tropical 
cyclones (15%), and severe weather (58%).56 Annual expenditures on electricity transmission and distribution 
infrastructure could rise up to 25% by 2090 under a very high scenario (RCP8.5) compared to a scenario 
without climate change.57 Additional costs for power interruptions could reach $4.7 to $8.3 billion per year 
by 2090 (in 2022 dollars).57
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Extreme heat events are increasing in frequency and duration (KM 2.2).58,59 High temperatures increase 
powerline sagging and reduce the efficiency of transmission and distribution, stressing the grid during 
periods of increased demand.57,60 Electricity infrastructure, including transformers and transmission lines, 
deteriorate faster in extreme temperatures, and cables have reduced carrying capacity with rising air 
temperature.25,57 

Wildfires and extreme weather events pose challenges to electricity infrastructure.61,62,63,64 Aboveground 
powerlines are susceptible to damage from high winds and falling vegetation.65,66 Powerlines are also 
susceptible to damage and reduced efficiency from ice67 and wildfires, including soot.57,63,68 Flood scours, 
subsidence, and landslides, which increase with drought and increased groundwater pumping,69 are 
damaging buried powerlines and natural gas pipelines. Coastal power substations are at risk from storm 
surges exacerbated by sea level rise.70,71 

Examples of extreme-events impacts on electricity delivery include substantial damage to Puerto Rico’s 
transmission and distribution lines after Hurricane Maria;72 hotter and drier conditions in the Southwest 
enabling stronger and longer-lasting wildfires,19 threatening the wildland–urban interface;20 and risk of 
wildfires influencing utility-initiated power shutdowns in California during periods of high winds and dry 
conditions.20,73,74 

Oil and Gas Delivery
Climate change and extreme weather disrupt oil and gas supply chains.75,76,77,78 Hurricanes, flooding, and sea 
level rise threaten onshore and offshore infrastructure and operations.79 These threats would become more 
intense in a warming world (Ch. 2). Disruption of petroleum supplies has broader impacts on transportation, 
buildings, and industrial products.80

In 2020, Hurricane Laura disrupted more Gulf of Mexico crude oil production than any other storm since 
2008.81 Onshore processing facilities and power supplies were damaged, and industry response was limited 
by lack of resources, personnel, processing facilities, and power. Flooding from Hurricane Harvey in 2017 
damaged large pipelines,82 and excessive precipitation damaged floating-roof storage tanks.83 Hurricane Ida 
in 2021 disrupted up to 95% of the Gulf Coast’s crude oil and gas production.84 

Extreme cold events in areas inexperienced with such temperatures are impacting oil and gas equipment 
and operations.24 In regions where natural gas is used for heating and power generation, cold events are 
challenging because of increased demand combined with the risk of infrastructure failure.85,86

Although climate change often increases risks to energy production and delivery, warming temperatures 
have mixed effects on oil and gas production in cold regions. Warming benefits offshore production and 
shipping of petroleum products off the Alaska coast by decreasing sea ice and opening shipping routes. 
Average annual Arctic sea-ice extent during 2011–2020 reached its lowest level since at least 1850 (Ch. 2).87 
Ice-free summers are projected by 2050.87,88 Warming temperatures in Alaska endanger inland oil and gas 
production and delivery as permafrost thawing compromises the structural integrity of wells, pipelines, 
storage tanks, railroads, and roads, impacting consumers and potentially contributing to methane leakage.89 
Fewer days for road travel on decreasing frozen tundra also has an impact on oil and gas exploration 
and production.90,91
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Energy Demand
Energy demand is projected to increase through 2050, driven by warming temperatures, increasing elec-
trification, and economic growth.3,92 Despite the increase, overall intensity of energy demand (energy 
consumed per household or per square foot of commercial floorspace) is expected to decrease.3,92 Energy 
system modeling projects decreases in overall energy use relative to current levels if net-zero CO2 emissions 
are achieved (KM 32.2).

Electricity demand is growing in many regions of the US, driven by population and economic growth; 
increased adoption of electric vehicles, heat pumps, and water heaters; and decarbonization goals, spurring 
additional electrification of transportation, industry, and buildings.93 These trends also alter peak demand 
patterns.94,95,96 Increased temperatures can further increase overall electricity demand, as illustrated in 
Figure 5.2.97,98

Projected Changes in Electricity Demand

 
Due to climate change, electricity demand is projected to increase over this century.

Figure 5.2. Global change intersectoral modeling forecasts97 that do not reflect the provisions of the Inflation 
Reduction Act project a potential increase in annual electricity demand of 25% to 70% from 2020 to 2050 (a) 
and 96% to over 215% from 2020 to 2100 (b) across much of the country, driven in part by increased ambient 
temperatures. Alaska, Hawaiʻi and US-Affiliated Pacific Islands, and the US Caribbean are not included due to 
the lack of high-resolution climate data informing those projections, but similar trends are expected. Increas-
ing electricity demand is expected based on socioeconomic scenarios and adaptation approaches for the grid 
(KM 23.4). Changes are based on a very high scenario (SSP5-8.5). Figure credit: Pacific Northwest National 
Laboratory.

Peak Power Demand
Temperature changes and extreme events alter peak power demands, driving the need for additional 
investment in energy infrastructure of 3%–22% by 2100.99 Electricity needs for cooling buildings are 
projected to increase energy demands through 2050.100,101,102 By 2050, warming summer temperatures are 
expected to increase residential electricity demand greatest in the South and Midwest, whereas warmer 
winter temperatures will reduce residential natural gas demand most in the South.102,103 By the end of this 
century, the maximum summer cooling energy demand in the US could increase by 27% under a very high 
scenario (RCP8.5).104
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Extreme events are expected to increase residential and commercial cooling demands,100 placing additional 
stress on the power grid. Cooling demand in summer accounts for 30%–50% of the total daily electricity 
usage for the metropolitan areas of Sacramento, Los Angeles, and New York City. For every 1.8°F (1°C) of 
ambient temperature increase, daily electricity usage increases 6.2% in Sacramento, 4.7% in Los Angeles, 
and 5.1% in New York City.105 During the 2021 heatwave in the Pacific Northwest, inland temperatures 
reached 120°F.106 In Portland, Oregon, peak electricity demand was one-third higher in 2021 than in either of 
the prior two years.107 Heatwaves will increase summer electricity demands if they lead to adoption and use 
of air-conditioning.108

Oil and Gas Demand
Demand for oil and gas is projected to remain stable in the US through 2050, with technological advances 
including electrification and electric vehicles reducing potential consumption.3 However, with high inter-
national demand for liquified natural gas, US production may rise, and the US will remain a net exporter of 
natural gas. Methane emissions associated with increased natural gas production will need to be addressed 
(Ch. 32).

Key Message 5.2  
Compounding Factors Affect Energy-System and Community Vulnerabilities 

Concurrent changes in technologies, policies, and markets, in addition to their interconnec-
tions, can reduce GHG emissions while also increasing vulnerabilities of energy systems 
and communities to climate change and extreme weather (very likely, very high confidence). 
Compound and cascading hazards related to energy systems and additional stressors, such 
as cyber and physical threats and pandemics, create risks for all but disproportionately affect 
overburdened communities (very likely, very high confidence).

Decarbonization
Climate change is driving decarbonization efforts across the Nation, transforming the energy system 
through increased electrification and applications of wind and solar, hydrogen, bioenergy, modular nuclear, 
geothermal, hydropower, other long-term storage, and CCUS. Innovative energy market designs are being 
advanced to accelerate decarbonization. Under decarbonization scenarios that reduce economy-wide 
carbon emissions by at least 50% by 2030, electricity demand is expected to increase, led by transporta-
tion electrification. Demand increases vary across models from 2%–56% higher in 2030, compared to 2019 
levels.109 Projections of growing electricity demand in transportation vary from less than 10% to nearly 100% 
of sales by 2050,95,96,110,111 depending on future regulations, incentives, and market acceptance. Additional 
electrification opportunities exist in buildings, including space and water heating, and in industry, including 
heat pumps and waste-heat recovery.112,113 Replacing older air-conditioning equipment with heat pumps can 
improve energy efficiency for space cooling and heating, and demand-side management can reduce GHG 
emissions by shifting loads strategically in time.114 

Clean hydrogen, produced with low-carbon energy, including renewable and nuclear, can help decarbonize 
transportation and industry (Ch. 32).115,116,117,118,119 CCUS can reduce the carbon intensity of electricity 
production and combustion in industry and can be paired with bioenergy to yield additional carbon 
reductions.120,121 
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Rapid deployment of decarbonization technologies will create additional challenges (KM 32.2).122,123,124 For 
example, vehicle electrification requires expansion of electric vehicle and battery manufacturing capacity, 
development of charging infrastructure, expansion of transmission, adaptation of refining operations to 
reflect lower demand for gasoline and diesel, and emergence of industries for recycling, repurposing, or 
disposing of end-of-life batteries (KM 13.4).125,126 Vulnerabilities to climate change may increase with decar-
bonization; for example, a greater reliance on electricity and bioenergy could exacerbate the impacts of 
power outages and droughts.85,127 

Consumer behaviors and social norms influence the adoption and actual performance of decarbonization 
technologies, such as home energy management systems and rooftop solar.128,129,130,131 More efficient technol-
ogies can decrease costs to consumers, increasing activities such as driving and space heating.132

Resource Constraints
Global disruptions, such as the COVID-19 pandemic,133,134 cause shortages of materials and available 
workforce, limiting the transition to energy system decarbonization. Some energy technology supply chains, 
particularly solar PV and electric vehicle batteries, are more susceptible than others to resource constraints 
(KM 13.4).135,136 Island communities are especially vulnerable and slow to recover when supply chains are 
severed by extreme events (Ch. 23).137 

Critical materials, such as rare-earth minerals used in batteries and electric motors, are predominant-
ly extracted and produced outside the US (Figure 17.2; Ch. 32). Geopolitical and environmental factors 
influence how these materials are extracted, used, and recycled (Focus on Risks to Supply Chains).138 
Securing reliable, environmentally sustainable domestic sources of critical minerals is a national priority 
given the growing demand for low-carbon energy technologies.139 

Energy system expansion to meet future demands requires suitable land, which may be limited by climate 
change.140 As demand for new generation and transmission grows, integrated land-use strategies are 
emerging to support multiple objectives, including increases in food security, local manufacturing, and 
energy system resilience, as well as land and water conservation. Examples include combining solar energy 
with agriculture or mounting solar panels on floating structures.

Vulnerable Communities and Equity
Overburdened communities are disproportionately affected by climate impacts and energy injustice. 
These populations suffer more from power outages,141 high energy prices, and health concerns from 
pollutants and wastes produced by fossil fuel power plants and refineries.142,143,144,145 After Hurricane Ida 
(2021), areas with high proportions of Black residents had longer waiting times for power to be restored.61 
Indoor CO2 levels associated with fossil fuel combustion have been linked to reduced human cognition (Ch. 
15).146 Overburdened communities may benefit most from decarbonization and increased energy system 
resilience.147,148,149,150,151 

Extreme heat disproportionately impacts overburdened communities,149,152 especially in urban locations 
where asphalt is plentiful and trees are rare.108,153 Lower-income households that do not have or use air-con-
ditioning are at higher health risk, such as witnessed during the unprecedented heatwaves in the Pacific 
Northwest (Ch. 15).108,154 

Communities without access to reliable power are more susceptible to hazards from extreme weather 
events. Following Hurricanes Irma and Maria (2017), rural areas in Puerto Rico and Florida had longer power 
outages and slower restoration times.141,155,156 A lack of adequate insulation accentuated effects of the 2021 
winter storm in Texas on Black communities of low socioeconomic status.157 Power outages can increase 
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injuries and deaths from carbon monoxide poisoning through use of gasoline-powered generators, charcoal 
grills, and kerosene and propane heaters inside homes lacking proper ventilation.158,159

Energy burden (energy cost as a percentage of household income) is an indicator of community and 
household vulnerability.143,160,161,162 Nationally, rural low-income households experience the highest median 
energy burden at 9% (with some regions as high as 15%), compared to 3% for rural middle- and high-income 
households and compared to lower values for metropolitan households.163

Energy inequities can be associated with lower-carbon energy sources. While the energy transition will 
create new economic opportunities, communities and individuals relying on employment and tax revenues 
from coal, oil, or natural gas can become more economically vulnerable. Individuals who held fossil fuel 
jobs may have difficulty finding a new job because of skills gaps, wage loss, long-distance commutes, or the 
need to relocate.164,165 The number of solar and wind energy construction jobs in former coal communities 
may not be sufficient to replace the supply of former coal jobs.166 Reuse of existing fossil fuel infrastruc-
ture to transition to clean energy sources may allow economically vulnerable communities to transition 
in place.167 Employment and wage losses in fossil fuel sectors could be offset by increases in low-carbon 
resource industries,168,169,170 although counties in Appalachia, the Gulf Coast region, and the intermoun-
tain West are expected to experience the most significant impacts, including to local services, as the tax 
base diminishes.105,171,172

Compound and Cascading Hazards
Climate change poses acute and chronic hazards to the energy system and communities from coinciding or 
sequential trends and extreme events (Figure 5.3; Ch. 18). Climate projections for 2041–2050 show increased 
power demand in Texas at the same time power supply may decrease, due in part to potential decreases 
in renewable resources such as wind, as well as reductions in output power from thermoelectric power 
plants due to warmer ambient temperatures.173 Sequential events can compound impacts if recovery has not 
occurred before the next event or hazard.174,175 Vulnerable communities near Houston, Texas, were adversely 
affected by the 2021 winter storm before they had recovered from Hurricane Harvey in 2017.157 Some areas 
may be more vulnerable to compound hazards; for example, urbanization exacerbates or combines with 
flooding to compound effects on coastal infrastructure.176

Cyber and physical risks can add to the vulnerability of the power grid to climate change and extreme 
weather, especially if these events coincide.177,178 Cyber and physical attacks are sometimes intended to 
compound damage to the power grid caused by extreme events.179 Multidirectional flows of data, fuels, and 
electricity increase vulnerabilities. Furthermore, increased renewable energy penetration and distributed 
energy systems (technologies that generate electricity at or near point of use) are new variables affecting 
risk of power outages during extreme events.177,178 New methods are available to assess power system vulner-
ability to these stressors and to quantify resilience.180
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Consecutive and Cascading Events Involving the Energy System

Sequential and concurrent climate impacts have near-term and long-term effects on electricity generation and 
distribution.

Figure 5.3. Drought and heatwaves can reduce electricity generation and delivery through cascading mecha-
nisms. Droughts reduce water availability and electricity generation. Stressed vegetation, including tree mortal-
ity following insect outbreaks, fuels wildfires. Concurrently, heatwaves increase electricity demand and reliance 
on transmission, which can also trigger wildfires. Wildfires damage electricity infrastructure, disrupting power 
and associated services. Reduced vegetation increases runoff, resulting in floods and landslides and increased 
risk of wildfires. The cycle of events can accelerate, as new vegetation is more sensitive to droughts and heat-
waves. Figure credit: Oak Ridge National Laboratory, National Renewable Energy Laboratory, and Pacific North-
west National Laboratory. 

Cascading hazards can cause additional burdens to the energy system. For example, intense rains over 
areas burned by wildfire are projected to increase in California, intensifying flooding challenges for energy 
infrastructure.181 Summer cooling demand resulting from warmer temperatures sometimes coincides with 
reduced hydropower due to alterations in timing of peak streamflow.182 Additionally, flooding followed by 
high temperatures that increase cooling demands can overwhelm the power grid.183

During the 2021 winter storm in Texas, extreme low temperatures caused high demand for electricity and 
fuels, equipment failures in fossil and renewable generation, and supply chain disruptions (Box 26.2).24,85 
Natural gas wells and gathering lines froze, compressor stations experienced power outages, and power 
plant equipment malfunctioned.24 Disruptions to power supply and delivery triggered cascading failures in 
other critical sectors, including municipal water supply and medical services.24,184 At least 210 deaths resulted 
from the outages and cold weather.185

Key Message 5.3  
Efforts to Enhance Energy System Resilience Are Underway

Federal, state, local, Tribal, and private-sector investments are being made to increase the 
resilience of the energy system to climate-related stressors, and opportunities exist to build 
upon this progress (very high confidence). Ongoing investments will need to include improve-
ments in energy-efficient buildings; technology to decarbonize the energy system; advanced 
automation and communication and artificial intelligence technologies to optimize oper-
ations; climate modeling and planning methodologies under uncertainties; and efforts to 
increase equitable access to clean energy (very high confidence). An energy system transition 
emphasizing decarbonization and electrification would require efforts in new generation, 
transmission, distribution, and fuel delivery (very high confidence).
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Activities to increase energy system resilience include upgraded grid design, hardening of energy infra-
structure, vegetation management to reduce wildfire186,187 and trees falling on powerlines,188 and clean 
energy microgrids for communities vulnerable to power outages.189 Battery storage combined with solar 
PV can improve building resilience during power outages.190 Strengthening natural gas pipelines, as well 
as conducting periodic stress evaluation and maintenance, reduces risk from subsidence.69 Options for oil 
production include providing heated water systems at drill sites to prevent freezing and upgrading platform 
rigs to be resilient to hurricanes.191 Multiple opportunities are available for climate risk management in the 
electric utility industry,192,193,194 with some states (e.g., California, Oregon, and New York) requiring electric 
utilities to conduct climate vulnerability assessments (KMs 21.4, 32.5). 

Improved Climate Modeling to Inform Planning for Energy System Resilience
Improved accuracy, detail, and modeling capabilities are allowing high-resolution Earth system models and 
human–Earth system models to help decision-makers reduce vulnerabilities to climate change and inform 
energy system plans and operational strategies across spatial scales.14,45,195,196,197,198 For example, identifying 
where storm surge may threaten energy infrastructure could lead to fortifying or moving that infrastruc-
ture.199 Projections of the severity and duration of future droughts could guide decisions to reduce water 
demand for energy supply.200,201 

Modeling advances are improving understanding of climate impacts and wildfires on transmission 
lines165,202 and solar PV,21 stream temperature for thermoelectric power plants,52 and water availability for 
the production of hydropower45 and hydrogen.203 Model applications include estimating lost power and 
restoration costs from hurricane damage.204 Studies have investigated integration of climate-related impacts 
into long-term planning to achieve resilience to future extreme events.39,205,206,207,208 

Efforts are underway to understand the range of climate impacts on interconnected energy systems, 
including improvements to multisector models,209,210 observations48 and analytics,182,211,212 and development of 
Earth system models with advanced climate–human feedbacks.213 Analyses of extreme events such as the 
2021 extreme cold event in Texas,85 the cascading power outages in California in 2020, and Hurricane Maria 
in Puerto Rico in 2017214 can be used to plan and design for cross-sector resilience.

Addressing Compound Threats
Progress is underway to develop and implement solutions addressing energy system risks from 
compounding impacts of climate change and threats from pandemics (COVID-19), cyberattacks,177,215,216 
electromagnetic pulse events,85,174,176,180,217 market shocks,218 and supply chain disruptions (KM 5.2). Examples 
include holistic modeling and analyses that reflect the interconnectedness of energy and water systems 
and the design and operation of energy systems that account for combined effects of climate trends and 
extreme weather events.205,219 

Hardening Energy Systems to Reduce Vulnerabilities to Climate Change
Energy system design and operations are being hardened to reduce vulnerabilities to climate change 
(Figure 5.4). Examples include elevating or moving equipment to avoid floods, strengthening pipelines and 
powerlines or moving them underground to reduce wind or ice damage and risk from wildfire, and recycling 
cooling water and deploying dry cooling technologies to reduce power plant susceptibility to drought.220 
Improving building codes can bring changes (e.g., grid-interactive efficient buildings, cool roofs, resilient 
construction materials) to the built environment (Ch. 12), enabling energy and emissions reductions (Ch. 
32) and technologies (e.g., adaptive buildings, PV-ready buildings; Ch. 31) to advance resilience to climate 
change. Drones and sensors identify wildfire risks in real time, allowing protective actions to be taken.221 
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New tools and models are available for identifying infrastructure vulnerabilities and storm probabilities and 
for identifying effective hardening approaches,214,222,223 including accelerated infrastructure investments to 
improve resilience of coastal systems to storm events.224

Potential Energy System Resilience Solutions 

Many strategies are available to increase energy system resilience to climate change.

Figure 5.4. While climate change results in risks to the energy system, many approaches for enhancing energy 
system resilience are available. Resilience options include burying powerlines, elevating critical infrastructure, 
Introducing microgrids and distributed generation, and improved monitoring. Figure credit: EPA, FEMA, and DOE. 
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Automation, Information Technologies, and Grid-Interactive Efficient Buildings 
Advances in sensing, smart metering, and internet-connected appliances have enabled real-time monitoring 
of energy systems. Machine-learning algorithms are facilitating insights into energy supply, demand, 
and operations.225 The electric grid can be more resilient to climate stressors if future renewable energy 
generation is better forecasted, operational faults are detected and diagnosed, supply and demand are 
balanced to account for variable generation and vehicle charging, and cyberattacks are detected.226 

Grid-interactive efficient buildings (Figure 5.5) apply energy efficiency, smart technologies, and flexible 
load management.227 Advanced control systems228,229 predict energy demand in real time and maximize 
efficiency, minimize cost, and lower carbon emissions of HVAC systems. Application of natural gas demand 
response to residential heating during extreme cold conditions is projected to reduce demand by up to 
29%.86 By reducing and shifting the timing of electricity consumption, grid-interactive efficient buildings 
could decrease carbon emissions by 80 million metric tons per year by 2030, or 6% of total power sector 
carbon emissions.227

Grid-Interactive Efficient Buildings 

A reimagination of building design and operation is being driven by decarbonization goals.

Figure 5.5. Grid-interactive efficient buildings (GEBs) integrate energy efficiency technologies (HVAC, plug loads, 
lighting), on-site renewable energy (photovoltaics), electric vehicles, and electric storage with smart sensing 
(HVAC, lighting, and occupancy) and control optimization to enable demand flexibility and provide excess elec-
tricity to the power grid through the smart meter when demand exceeds supply or when supply from the grid is 
constrained. The building automation systems can import the grid electricity pricing and carbon-intensity factor 
in real time and communicate the potential to reduce demand to the grid through the two-way sensor and com-
munication protocol. Adapted from Nubbe and Yamada 2019,230 © 2019 Guidehouse Inc. 
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Technology Development and Deployment to Decarbonize the Energy System 
A major transition is underway to decarbonize major economic sectors (Figure 5.6),231,232,233 supported by 
policies (e.g., mandates to reduce fossil fuel use, tax incentives), falling costs, and technology innovations. 
Significant advancements in low-carbon energy technologies have been made in the electricity sector. 

Growth in electric power demand is projected due to increasing electrification and ongoing economic 
growth. Declining capital costs and government subsidies, including IRA initiatives, are projected to drive 
increasing renewable energy generation from solar and wind by about 325% and 138% respectively, by 2050 
as compared to 2022.3 Increased electrification of end-use sectors is projected with the adoption of more 
heat pumps and electric vehicles, as well as electric arc furnaces in the iron and steel industry.

Some technologies can provide energy benefits to other sectors. For example, nuclear power produces 
thermal energy that can be used in industrial applications, substituting for fossil fuels. In addition to 
reducing energy-related emissions, electricity may be more reliable, efficient, and economical compared 
to other energy sources.95 High electrification rates could be supported by greater integration of 
renewables.93,234 

Energy System Decarbonization

Decarbonization will require innovative solutions across multiple sectors.

Figure 5.6. Energy system decarbonization will rely on increased innovation, deployment of clean energy tech-
nologies including carbon capture, small modular nuclear reactors, hydrogen, and further integration and electri-
fication of residential and commercial buildings, industry, and transportation. Figure credit: DOE, Idaho National 
Laboratory, NOAA NCEI, and CISESS NC.
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With wind and solar costs dropping 70% and 90%, respectively, over the last decade, capacity additions 
are reaching historic levels235 and are projected to increase (Figure 5.7).3,112,236 Advances contributing to cost 
reduction include technological advances, improved efficiency in energy generation and manufacturing, 
reduced capital costs, and accumulation of operational experience. However, greater transformation is 
needed to meet goals of 100% clean electricity in 2035 and net-zero GHG emissions by 2050.237 Meeting 
both goals requires electrification of transportation, buildings, and industry and production of low-carbon 
electricity from renewable, nuclear, and fossil fuel energy with carbon capture.112,123,238 The rate of decarbon-
ization will be determined, in part, by public acceptance of new energy technologies and infrastructure.239

Historic and Projected US Electricity Generation Sources

The Nation’s electricity grid continues to expand use of clean energy technologies. 

Figure 5.7. Most electricity generation projections see significant growth for renewable sources. Recently enact-
ed legislation is anticipated to increase deployment rates for low-carbon technology. Adapted from EIA 2023.3

Advances are being made in performance and cost for other energy technologies. Over the last decade, 
costs of lithium-ion batteries for electric vehicles have dropped 85%,240 and progress is being made to 
recycle batteries and develop alternative materials beyond lithium. Efforts to lower production costs for 
clean hydrogen by 80% to $1 per kilogram could unlock new markets and create jobs in industries such as 
steel manufacturing, clean ammonia production, energy storage, and heavy-duty trucks.241 

Demonstrations for advanced small modular nuclear reactors have begun with design approval from the US 
Nuclear Regulatory Commission,242 as well as efforts to use existing nuclear power plants and fossil-fueled 
power plants with carbon capture to generate clean hydrogen and purify water in addition to producing 
electricity. 
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Solutions for Vulnerable Communities and Energy Justice
Policies related to energy system decarbonization can promote energy equity. Procedural justice, which 
relates to equitable participation in and influence on energy decisions,243 is key to equitable energy 
solutions. Opportunities to promote energy equity and reduce energy burdens include collective, inclusive 
decision-making around utility-initiated power shutdowns; adopting energy storage with decentralized 
solutions, such as microgrids or off-grid systems;73 developing community-sharing opportunities for solar 
energy (including rooftop solar) and energy storage;144,244 and building emergency cooling or heating shelters 
to serve overburdened communities.245 An example of a Tribal community addressing a just transition 
from fossil fuels to renewable energy is the Blue Lake Rancheria Tribe’s large-scale solar and microgrid 
project.223,246 

Many decarbonization technologies are expected to decrease environmental impacts such as air pollution 
(KMs 14.5, 32.4),247,248,249,250 potentially benefitting overburdened communities that disproportionately 
experience pollution from roadways, refineries, and power plants.251,252,253 However, impacts of some decar-
bonization technologies can shift the magnitude, location, and type of pollution (KM 32.4).254,255,256,257 Environ-
mental regulations and permitting requirements play an important role in addressing impacts. 

Energy burden remains high for overburdened groups. Many policies and programs that promote clean 
energy or energy efficiency are inaccessible to low-income households.258 Policies that fix energy prices 
during extreme events or prioritize energy restoration for overburdened communities can provide more 
equitable support.184 Federal assistance programs can help communities overcome climate challenges and 
enhance resilience (Ch. 31).259 In addition, federal programs are being established to promote energy equity 
and serve overburdened communities.260,261
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Traceable Accounts
Process Description
The author team was selected to bring diverse experience, expertise, and perspectives to the chapter. Some 
members have participated in past Assessment processes. The team’s diversity appropriately reflects the 
spectrum of current and projected climate impacts on the Nation’s complex energy system, the energy 
system’s roles in national security and economic well-being, and the need for equitable access to reliable 
and affordable energy and environmental justice. The all-federal composition of the author team was a 
decision of the National Climate Assessment (NCA) Federal Steering Committee. The author team has 
demonstrated experience in the following areas:

• characterizing baseline supply and demand for electricity and fuel from diverse sources at 
multiple scales;

• characterizing effects of climate on the energy sector—as well as opportunities for climate change 
mitigation and options for increasing resilience to climate-related stressors—at national, regional, 
state, and local levels;

• developing and implementing energy system models for projecting technology deployment, fuel use, 
and greenhouse gas (GHG) and air pollutant emissions over wide-ranging scenarios; 

• analyzing energy system sensitivities to drivers such as policy, markets, technology, and 
physical changes;

• developing and implementing climate science models, tools, and information for characterizing energy 
sector risks;

• supporting local, state, Tribal, federal, and private-sector stakeholders in integrating climate change 
issues into long-range planning and project implementation;

• assessing the environmental impacts of new and emerging energy technologies; and

• analyzing technological, societal (including justice), economic, and business factors relevant to risk 
reduction and energy system resilience.

The author team met virtually on a weekly basis to develop the chapter, address issues, and build consensus. 
In addition, the team met with representative authors from other chapters to identify and address 
cross-cutting issues. To ensure the chapter is informed by and useful to stakeholders, a public engagement 
workshop was held to provide participants an opportunity to exchange ideas with the author teams on 
chapter key topics, share resources, and give feedback on issues of importance to them. Participants in 
the workshop represented government (federal, state, local, and Tribal), nonprofits, academic institutions, 
businesses and the private sector, community groups, students, and others. 

To develop Key Messages, the team conducted searches of the scientific literature, including peer-reviewed 
journal articles, government reports, and reports of nongovernmental organizations, as well as incorpo-
rating input from the workshop. The team drew on measurements (e.g., data on ongoing effects of past 
extreme events and government energy data); model outputs (e.g., from climate models, models of energy 
supply and demand, models of climate effects, and models of resilience of climate change stressors on 
the energy system); published perspectives of experts, some of which identified sources of uncertainty; 
and input from the workshop and from peer reviewers of this chapter. The chapter does not reference 
newspaper articles. 
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Key Message 5.1 
Climate Change Threatens Energy Systems

Description of Evidence Base 
The impact of increased concentrations of greenhouse gases (GHGs) on global warming (Ch. 2) and sea level 
rise (Ch. 3) is well established in the peer-reviewed research and supporting publications, and the impact of 
climate change on extreme events is growing (Ch. 3). Mechanisms by which climate change impacts energy 
infrastructure and electricity demand also have a strong research foundation, with extensive documented 
analyses of climate trends and past extreme events, as well as peer-reviewed research on projected impacts 
that uses empirical data262 or downscaled climate projection data29,263 and detailed models of possible future 
energy system designs.264 One new study linked the output of global climate models to a weather forecasting 
model to project regional energy effects.32 The importance of extreme events has required new types 
of empirical models, some of which are integrated with climate models or outputs (e.g., the relationship 
between smoke and photovoltaic capacity or productivity).21,22 Historical data on hurricanes are combined 
with ocean models to better understand variables important to offshore wind energy.13 New econometric 
models based on weather variables, consumption data, and population growth estimates are also important 
components of the evidence base related to electricity demand projections.103 There is strong agreement in 
the literature on mechanisms and types of electricity demand impacts,265 although impacts are expected to 
differ by location.103 The magnitudes of projected energy system impacts are dependent on the magnitude 
of climate change and the increased rate, magnitude, and location of extreme events (KMs 23.4, 27.4). There 
is a foundation of regional-level studies on how the energy system is being impacted and is projected to 
be impacted31,32 and, ultimately, how those impacts may affect energy users locally. Where and when these 
impacts will occur locally is much harder to model in the context of temperature and precipitation trends 
and especially in the context of extreme events than at the more regional and continental scales.8

Major Uncertainties and Research Gaps
Much of the key evidence related to extreme events is empirical and opportunistic. Although significant 
data are available to document the effects of extreme events on energy systems, those data and analyses 
are typically published two to four years after the event. For example, at the time this report was written, 
important papers were still being published on infrastructure and energy justice effects of Hurricanes 
Harvey, Irma, and Maria in 2017.82,141,155,157 Most analyses of the impacts of Hurricane Ida in 2021 will not be 
available for several years, although Coleman et al. (2023)61 is an exception. Opportunities exist for more 
timely assessments of major impacts of extreme events on energy systems to inform relevant policy 
discussions, investments, and efforts to increase energy system resilience and human adaptation.

There is more confidence in national projections of climate variables and extreme events than in estimates 
of local impacts. Therefore, the authors are confident that the frequency and intensity of extreme events 
will increase nationally (Ch. 2) but not as confident in the locations of specific events that may impact energy 
supply and demand over the coming decades.13,266 Similarly, projections of wind power are only as good as 
the often-coarse spatial and temporal resolution of the climate models used.31 The authors are confident 
that the demand for cooling buildings in summer will increase in most regions across the continental 
United States.103 In studies where climate projections are downscaled, computational demands and data 
storage requirements limit the number of projections that can be used and therefore increase uncertainty, 
as recognized by cited authors.263 Cost projections for physical damages to infrastructure do not include 
those from floods, high winds, and ice storms, which are poorly represented at the coarse spatial scale of 
climate models.57

Furthermore, in the studies cited, there is sometimes disagreement among researchers. Whereas emerging 
research suggests that the frequency of cold-weather events and heavy snowfall may be increasing because 
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of warming Arctic temperature,267 there is some disagreement in the research community268,269 regarding 
this projection and the impact such a change may have on increasing or decreasing future heating demands 
regionally. Furthermore, there is uncertainty regarding future wind resources and trends.31,262,270 

Many model inputs are uncertain. For example, potential bioenergy projections are dependent on uncertain 
CO2 fertilization intensity.30 Furthermore, projections of electricity and natural gas demand are sensitive to 
socioeconomic factors, such as the ratio of urban to rural population or changes in energy prices that may 
reflect the pace of shifts in energy technologies.103

Description of Confidence and Likelihood 
Based on historical data, recent trends, modeling projections, and attribution analytics, there is very high 
confidence and it is virtually certain that climate change and extreme weather are negatively impacting the 
Nation’s energy system and that, unless action is taken, climate change will continue to affect the energy 
system, including damaging energy infrastructure and operations. There is very high confidence that energy 
supply and delivery are at high risk from climate-driven changes,271,272 including shifts in demand,45,273 damage 
to infrastructure and operations,271,274 and resulting effects on human lives and livelihoods. It is virtually 
certain, based on past experience and modeling projections, that climate change trends will continue (Ch. 
2), and effects on energy systems will vary over time and location and increase with projected increases in 
the frequency, intensity, and duration of extreme weather threats, including extreme precipitation, extreme 
temperatures, sea level rise, and more intense storms, droughts, wildfires, and thawing of permafrost. 

Key Message 5.2 
Compounding Factors Affect Energy-System and Community Vulnerabilities 

Description of Evidence Base 
Decarbonization
There is growing evidence from peer-reviewed analysis demonstrating both the need for and progress in 
decarbonization of the energy system through increased electrification and applications of clean energy, 
including wind and solar; hydrogen, bioenergy; modular nuclear; geothermal; hydropower; other long-term 
storage; and carbon capture, utilization, and storage (Ch. 32).95,96,109,110,111,112,113,114,115,117,118,119,121 However, additional 
studies are needed to better characterize how the rapid deployment of decarbonization technologies will 
create additional compounding challenges (KM 32.2),122,123,124 including the need for additional energy infra-
structure associated with expansion of electrification demand (including generation, transmission, and dis-
tribution), expansion of electric vehicle and battery manufacturing capacity, development of charging infra-
structure, adaptation of refining operations to reflect lower demand for gasoline and diesel, and emergence 
of industries for recycling, repurposing, or disposing of end-of-life batteries (KM 13.4).125,126 More information 
is also needed to better characterize consumer behaviors and the cost and performance of decarbonization 
technologies, which will influence the pace, scale and scope of their adoption by society.128,129,130,131,132 Oppor-
tunities exist for better characterizing the co-benefits of both reducing GHG emissions and increasing 
climate resilience through decarbonization, including, for example, quantifying the benefits of deployment 
of distributed clean energy generation with microgrids and storage that reduces emissions and provides 
backup generation during power outages. 

Resource Constraints 
Whereas there is abundant research and industry knowledge on global supply chain dynamics, commodity 
markets, and strategic materials, there is less peer-reviewed literature focusing specifically on the current 
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and anticipated future supply chain and resource constraints associated with those parts of the energy 
system that are gaining, or anticipated to gain, greater market share in the energy economy, including 
electric vehicles, wind and solar energy, and battery storage. Research is lacking in this area, including on 
the relationships and sensitivities across parts of the energy sector that may be competing for the same 
source materials, as well as on the potential for alternative materials or processes that may help address 
supply chain constraints or risks, particularly where sectors other than energy may be competing for similar 
feedstocks, materials, or personnel.

Cyber and Physical Threats to the Power Grid
A growing body of peer-reviewed research related to cyber/physical security argues for the joint consider-
ation of climate change and cyber/physical attacks in grid analyses and resilience responses.177,178 However, 
many data-driven analyses of actual system incidents, response measures, and defenses are not publicly 
available and therefore are not referenced. There is growing research on human and environmental threats 
to the power system, how they relate to each other, and how multiple objectives like decarbonization of the 
energy system, system resilience to climate stressors, and cyber defenses can be optimized as the energy 
generation mix changes and threats evolve across the grid and other energy infrastructure.177,178

As with cybersecurity, a significant amount of non-peer-reviewed analysis related to compound and 
cascading hazards and threats is occurring in the classified domain, particularly in those cases that involve a 
human threat or cyber incident. Furthermore, anecdotal news reports refer to consecutive extreme events, 
but insufficient peer-reviewed evidence is available to indicate whether some of these compound threats 
are increasing, that there is a causal association between them, or that they have a compounded effect 
on energy systems. In addition, while information is available on characterizing the benefits of a smart 
grid system that can automatically reroute power to electrical systems that are most needed to minimize 
impacts of outages, opportunities exist to better characterize the unintended consequences of a smart grid 
system and its increased susceptibility to extreme weather and cyber threats.

Vulnerable Communities and Equity
An abundance of peer-reviewed research on environmental justice relates to the placement of fossil fuel 
power sources and resultant air pollution145 and health threats in or near overburdened communities. A 
growing body of evidence shows that overburdened communities are disproportionately affected by the 
impacts of climate change, including resource-constrained abilities to migrate and low access to high-qual-
ity infrastructure such as air-conditioning.275 Furthermore, inequitable exposure to heat islands in cities 
is addressed by analysis in the peer-reviewed literature.149,152 More information is available on inequities 
in electricity delivery (e.g., energy access, energy burden,162 and electricity restoration times61 than on 
inequities in supply or on differential demand (including cooling-system-use temperatures154) in response to 
climate change and extreme events.

Compound and Cascading Hazards 
There is a growing body of peer-reviewed research focused on understanding climate, ecosystems, and 
human systems and implications for the energy system. Notably, significant progress has been made over 
the last decade to better understand the agriculture–energy–water nexus, correlated risks in these three 
domains, and strategies to address them. Multiple extreme events and other climate-related stressors are 
affecting the same regions; for example, wildfire may be followed by floods,181 and multiple hurricanes may 
affect a single coastal location.157 Climate projections show that increased demand and decreased supply 
of electricity will coincide in regions during heatwaves.173 Recent extreme heat (e.g., Turner et al. 202155), 
extreme cold (e.g., Busby et al. 202124), and flooding (e.g., Collins et al. 2019147) events in Texas, for example, 
have helped advance a growing body of research to understand the relationships between the electric grid, 
fuel supply and infrastructure, and market design and pricing, as well as how humans respond to real-time 
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extreme events and how overburdened communities are disproportionately impacted.157 These are complex, 
dynamic systems. While emerging multidisciplinary modeling frameworks are improving the understand-
ing of dynamics of multisectoral systems that include energy, many opportunities exist for improving these 
frameworks, including improving spatial and temporal resolution, sectoral detail, cross-sector interactions, 
representation of factors impacting energy and environmental justice, and utilization of high-performance 
computing to address data and computational requirements.174,176

Major Uncertainties and Research Gaps 
Increased multidisciplinary and cross-sectoral analysis and research can lead to an improved understand-
ing of the compound and cascading hazards across the energy system. Because cascading threats are 
correlated, they may be easier to predict than compound threats, which are independent.176 Data-driven 
analysis could be undertaken to inform the understanding of complex-system dynamics impacting 
climate risks and vulnerabilities in the energy sector that involve human behavior, markets, infrastructure, 
electricity, fuels, and environmental conditions. 

Energy justice research results are sensitive to spatial scales of analysis.239

The limited sample size of localities, regions, or sectors that have achieved their decarbonization or elec-
trification goals to date limits information that can inform analyses of climate implications for the energy 
system. The majority of peer-reviewed research does not address past or current efforts but rather is 
forward-looking, addressing potential implications and opportunities. There is a pressing need for greater 
insights on the near-term localized impacts of decarbonization efforts on aging distribution networks, par-
ticularly where electric vehicle penetration is growing rapidly.

Research gaps include the need to better understand global supply chain implications and relation-
ships across those technologies or materials that will be important for mitigating climate change and 
increasing resilience of energy systems to climate-related stressors and events. There is also a need to 
better understand other resource constraints informing rapid scaling of decarbonization strategies, such as 
land-use optimization and trade-offs, infrastructure constraints, human dimensions of energy transitions 
including workforce development, and pathways for developing and using alternative feedstocks or 
materials, particularly those that may mitigate geopolitical or security risk. There is uncertainty regarding 
how cascading events will change in the future, how human activities will alter the risk of compound events, 
and how new infrastructure design guidelines might alter risk.174

Cross-fertilization of research between utilities and industry, classified domain research, and public 
peer-reviewed research could help researchers better understand current and future cyberthreats 
to the energy system, including how and where those threats may exacerbate or exploit climate 
change–related risks.

Description of Confidence and Likelihood 
Based on a growing body of evidence, including recent trends and peer-reviewed research, there is very high 
confidence that compound and cascading hazards—many of them climate related175,179,181—and compounding 
effects of changes in technologies, policies, and markets will continue to impact the climate change vul-
nerability of the Nation’s energy system. It is very likely that energy system decarbonization and increased 
electrification will create new and growing demands on existing electricity infrastructure and will require 
significant investment in new generation and delivery.124 While these changes will reduce dependency on 
fossil fuel sources, it is very likely that, unless addressed, they will result in increased vulnerabilities and 
supply chain constraints. 
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Key Message 5.3 
Efforts to Enhance Energy System Resilience Are Underway

Description of Evidence Base 
Much of the evidence for this key message is qualitative, with citations in the main text. For example, energy 
resilience options and decarbonization technologies are described in the main text with no additional 
evidence here.

Evidence that efforts for energy systems are underway include legislation and states’ recommenda-
tions. Overall, the energy sector is leading the way on decarbonization of the economy, with 22 states, 
the District of Columbia, and Puerto Rico having enacted legislation to reach 100% clean energy goals.276 
Integrated resources plans (IRPs) are required from electric utilities in 33 states that work with partners on 
the development of adaptation framework specific to the electric utility sectors.277 The US Environmental 
Protection Agency State Energy and Environment Guide to Action278 provides guiding framework on how to 
represent climate change to utilities IRPs. Cooke et al. (2021)279 reviewed best practices in consideration of 
climate change of IRPs in 40 electric utilities across the US, admitting an increased level of complexity in the 
process. While IRPs are not legally bounding, some states such as California and New York made legislation 
of some recommendations. State-scale vulnerability assessments are also leveraged to develop legislation 
(KMs 21.4, 32.5). 

The reduction of uncertainty of future climate projections is essential for future planning, human 
adaptation, and increasing energy system resilience, and a number of studies have demonstrated progres
s.195,196,201,209,210,280,281,282,283,284,285 Fragility curves of damage to power generating stations (coal, gas, solar, wind) 
and electrical grid components, as well as replacement and repair costs under hurricane scenarios, have 
also been developed.204 Even in contexts where climate projections are uncertain, modeling advancements 
are helpful for planning; for example, modeling synthetic storms provides extreme wind and wave loads 
required for planning of offshore wind energy.14

Research is ongoing to identify needs for hardening24 and to reduce the vulnerability of conventional energy 
system technologies to climate change.191 For example, a range of studies reflects ongoing efforts by the oil 
and gas sector to address the challenge of a warming climate in Alaska, including technological improve-
ments implemented in seismic exploration, operation and maintenance practices, and other improvements 
(e.g., use of thermosiphons, or cooling devices that will chill the ground beneath oil and gas infrastructure to 
provide protection from the dangers of thawing permafrost). 

Significant innovations and deployment of zero-carbon electricity generation technologies are occurring, 
including in solar photovoltaics and on- and offshore wind. The costs and performance of batteries and 
long-term storage also are improving as their capacity grows to support the integration of renewables.190 
Advanced nuclear technologies (small modular reactors and microreactors) are now being demonstrat-
ed. Studies demonstrate innovative research, development, demonstration, and deployment to address 
large-scale carbon management. These include applications of CCUS at power plants and industries, as 
well as an expanding focus on carbon dioxide removal from the atmosphere through direct air capture 
and bioenergy with carbon capture and storage.286,287 In addition, advances in low-carbon fuel sources can 
complement clean electricity, such as hydrogen (i.e., made from natural gas with CCUS or by electrolysis of 
water using zero-carbon electricity sources) to replace the role currently played by natural gas. 

On the demand side, there is evidence of progress in reducing carbon through electrification. This evidence 
includes increased marketing and sales of electric vehicles and deployment of charging stations.115,288 In 
addition, federal policies (e.g., efficiency and emission standards) and incentives (e.g., electric vehicle 
tax credits) appear to be succeeding in reducing use of fossil fuels. Furthermore, power companies are 
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evaluating how electric vehicles can improve resilience of the electric grid to extreme events by providing 
backup power during power outages. 

Studies demonstrate how new technologies, cost reductions, and a range of enabling state and federal 
policies are contributing to the transition to a clean energy system (Chs. 25, 32).4,5,7,8,9,10,11 However, there 
is inconsistency in the adoption of these policies across the Nation. For example, some states and local 
communities are adopting building codes, incentives, and bans to shift to clean energy sources,10,11 while 
other states are adopting polices that would prohibit actions necessary to reduce GHG emissions, such 
as prohibiting restrictions on the use of fossil fuels. While progress is underway, actions vary from state 
to state in establishing an enabling policy framework to increase the pace, scale, and scope of the energy 
transition to deliver more clean energy and build a more resilient energy future. 

Major Uncertainties and Research Gaps 
Research on energy resilience, including current approaches and future methods, has gaps. Much of the 
resilience and long-term power planning research to date has included case studies developed in silos, and 
there is a need to further integrate the range of models and associated recommendations on decision-mak-
ing.289 For example, effects of increased renewables penetration on electricity system resilience, including 
planning, response, and restoration, are not well studied.177 Information is limited on the implications of 
measures that communities are using to increase resilience to extreme events. During power outages, 
remote or island communities often turn to backup diesel generation for increased power. However, data 
on the types of measures employed and costs and benefits associated with these backup options are often 
lacking in current analyses. Research efforts more specific to power system models include the development 
of next-generation tools to create multiscale cross-domain dependencies with a strategic computational 
efficiency for faster adoption, which will enhance the ability to plan for the unpredictable including extreme 
events and cyberattacks.289 

Much effort is ongoing in the development of Earth system models that could inform the energy sector, 
including the regional refined mesh capabilities to enable high-resolution simulations in the region of 
interest in global settings.290 In addition, while progress has been made in the energy–environmental–social 
science modeling, gaps remain in understanding the complex interactions.210 Potential areas for study 
and development include the energy–water nexus. Specifically, technology innovation research includes 
cost-competitive desalination technologies, transforming produced water to a reusable resource, reducing 
water impacts in the power sector, increasing resource recovery from wastewater, and developing small, 
modular energy–water systems.291 Projections of future energy infrastructure under current policies as well 
as decarbonization pathways now systematically investigate water demands across sectors,292 as different 
technologies rely on either water withdrawals or consumptive use with complex interactions and coordina-
tion with other water uses. Higher-resolution modeling is needed to address regional institutional priorities 
and vulnerabilities.293 

Energy justice is a relatively new research area. Whereas researchers are beginning to record and analyze 
distributional injustices (e.g., differential times to power restoration for different communities),141,155,156 the 
lack of understanding of supply differences and vulnerability differences limits the ability for utilities and 
governments to study and develop fair policies and responses. Furthermore, data at finer resolution than 
the census tract scale are often not available; therefore, local distributional injustices are more uncertain 
than injustices occurring at larger spatial scales.

Considerable research is being conducted using energy system optimization and integrated assessment 
models to understand the environmental impacts of various climate change mitigation strategies, including 
on co-emitted pollutants and air quality,247 as well as on labor and crop impacts.294 While these studies tend 
to suggest air quality benefits associated with decarbonization, some suggest that there could be shifts in 
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the location of pollution and potentially the introduction of new sources of air pollution.257 Opportunities 
exist to improve our understanding of the air pollutant emissions associated with decarbonization technol-
ogies, the degree to which these emissions can be controlled, and the role of permitting and environmental 
regulations on influencing siting and control decisions. There are also opportunities for more fully under-
standing how the resulting changes affect vulnerable populations, such as how changes in air-pollutant 
emissions result in changes in neighborhood-scale impacts. 

Life-cycle analysis methods can be used to provide insights into the relative environmental benefits of 
alternative climate change mitigation technologies and pathways, including the impacts of manufacturing 
energy technologies and the construction of energy infrastructure.295 A research gap in more fully under-
standing environmental impacts of energy transitions could be addressed by linking life-cycle analysis 
methods with energy system and integrated assessment models.254,296

Description of Confidence and Likelihood 
Research by authors in government, academia, and the private sector has produced evidence that allows 
the authors to conclude with very high confidence that enhancements in the resilience of the energy 
system to climate-related stressors are being made, including improvements in energy-efficient buildings; 
technology to decarbonize the energy system; advanced automation and communication, artificial intel-
ligence, and machine learning technologies to optimize operations; climate modeling capabilities and 
planning methodologies; efforts to increase equitable access to clean energy; and federal support to 
communities for resilience investments. There is very high confidence that opportunities exist to build upon 
these efforts and that increases in the pace, scale, and scope of these efforts would be needed to meet the 
climate crisis.87,232,233,236
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Dedication

We dedicate this chapter to the memory of our friend and colleague Brad Reed. Brad served as a coordinat-
ing lead author for the Land Cover and Land-Use Change chapter before he suddenly passed away. He made 
groundbreaking contributions to the chapter by setting up the chapter team and chapter structure. Brad 
was well respected throughout the USGS and the broader scientific community and was a close friend and 
colleague to many. He was involved in a number of research endeavors, including mapping global land cover, 
characterizing phenology from Earth observation data, and assessing biological carbon sequestration for 
the US. Brad was a pioneer in the fight against global warming and a strong advocate for the conservation 
of Earth’s natural resources. A leader in the land-change science and Earth observation communities, Brad 
made great efforts to tackle society’s most urgent issues.
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Introduction
As Earth’s climate changes, many critical aspects of the land system are at risk. “Land system” refers to 
both land cover (the physical organization of the land surface) and land use (the intentional ways humans 
interact with the land). Land system here also refers to the physical and ecological functions of land and 
changes in organization and function over time. Escalating concerns about how climate and global environ-
mental change impact land systems and ecosystem sustainability have driven extensive research efforts to 
understand these complex interactions.1,2,3,4,5 This chapter considers three broad categories describing the 
value of land systems to society and risks associated with climate change: 1) goods and services provided 
directly by land systems, 2) resilience of land systems in the face of disturbance, and 3) availability of options 
for future land use.

Analysis of these topics depends in part on reliable descriptions of historical and current land cover and 
land use. Satellite remote-sensing platforms and ground-based training data provide records of past and 
current land cover over the United States on a yearly basis (Figure 6.1).6,7,8 Land-cover changes are caused 
by humans and ecosystem processes, with compounding effects from climate change, and are unevenly 
distributed in space and time. Some areas experience frequent land-cover changes from natural or human-
caused disturbance (Figure 6.2), while other areas show progressive shifts in land cover, for example with 
the expansion of developed areas (Figure 6.3). While broad land-cover categories are relatively stable 
through time when aggregated to the national scale, varying by less than 10% from their 1985 values over the 
period 1985–2020, modest multidecadal changes within land-cover categories are still evident (Figure 6.4). 
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Present-Day Land Cover

The United States is characterized by complex spatial distributions of developed, managed, and natural 
land-cover types. 

Figure 6.1. Data shown here are from different sources and for slightly differing time periods: (a) contiguous US 
from Land Change Monitoring, Assessment, and Projection [LCMAP] data for 2020; (b) Alaska from the Nation-
al Land Cover Database for 2016; (c) Hawaiʻi from LCMAP for 2019; and (d) Puerto Rico from Coastal Change 
Analysis Program data for 2010. Developed land cover is clustered around urban centers, croplands dominate 
the central contiguous US, and managed and natural forests, grasslands, and shrublands are widely distributed. 
Figure credit: Oak Ridge National Laboratory and USGS.
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US Land-Cover Conversions, 1985–2020

Land-cover change can result from development, forest management, wildfire, and other causes. 

Figure 6.2. Superimposed on the complex mosaic of land-cover types are patterns of land-cover change that vary 
among regions. The number of land-cover conversions is shown over the period 1985–2020. A conversion is de-
fined for each LCMAP (Land Change Monitoring, Assessment, and Projection) 30 m x 30 m grid cell as a change 
between years from one primary land-cover category to another. The primary land-cover categories are as follows: 
developed, cropland, grass/shrub, tree cover, water, wetland, ice/snow, and barren. The frequency of conversion 
depends on multiple interacting factors. Development drives expansion of urban centers (e.g., around Columbus, 
Ohio). Forest management causes multiple land-cover conversions between forest and non-forest categories over 
decadal timescales while maintaining a consistent land use (e.g., around the Red River). Wildfire can cause large 
and long-lasting changes in land cover (e.g., in the Yellowstone region). The warming climate influences land-cov-
er change by impacting development patterns, harvest recovery dynamics, and wildfire frequency and intensity. 
Figure credit: Oak Ridge National Laboratory and USGS.
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Expansion of Developed Land Cover

Increased development decreases natural and managed land cover. 

Figure 6.3. Continuing expansion of development into vegetated land changes the array of climate-related risks to 
land system goods and services (KM 6.1), land system resilience (KM 6.2), and future land-use options (KM 6.3). 
Land-cover changes from 1985 to 2020 are shown for three urban areas: Denver, Dallas/Fort Worth, and Atlanta. 
Figure credit: Oak Ridge National Laboratory and USGS.
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US Average Land Cover and Land-Cover Change

Developed land is increasing, while land with tree cover is on the decline. 

Figure 6.4. Grassland, shrubland, cropland, and tree cover make up a large majority of the US land cover (a), and 
the area of these broad land-cover types changes relatively slowly over time when aggregated over the contigu-
ous US. When expressed as a percentage change from the total land area for each cover type relative to values in 
1985 (b), developed land has the largest increase through 2020. The area with tree cover has been declining since 
the mid-1990s, while the area of cropland declined through about 2010 and increased again through 2020. Figure 
credit: Oak Ridge National Laboratory and USGS.

Key Message 6.1  
The Goods and Services Provided by Land Systems Are Threatened by Climate Change

Climate change has increased regional intensity and frequency of extreme rain, droughts, 
temperature highs, fires, and urban floods (high confidence), posing increased risks for roads 
and other infrastructure, agricultural production, forests, biodiversity, carbon sinks, and human 
health (high confidence). Climate-driven increases in wildfire extent and intensity are threat-
ening the ability of some western forests to provide valued goods and services (high confi-
dence). Climate change has disrupted the ways that people interact with the landscape for 
spiritual practices, recreation, and subsistence (high confidence). 

Infrastructure, Public Safety, and the Built Environment
People expect land to provide a solid and permanent footing for infrastructure, public safety, and the built 
environment. Climate change threatens this in numerous ways, including increases in erosion, permafrost 
thaw, slope failure, fire, flooding, and shoreline retreat. Land-use changes themselves can interact with 
these climate impacts in complex ways (KM 6.2).

As sea levels rise, coastal infrastructure is increasingly exposed to risks of flooding and wave action from 
storm surges and nuisance flooding during high tides, with low-income coastal communities facing greater 
risks due to fewer resources for response (KMs 9.2, 23.1). The Atlantic and Gulf Coasts are particular-
ly vulnerable to high tide flooding.9 Decadal-scale variability in Great Lakes water levels drives shoreline 
erosion (KM 24.5). Increases in the magnitude and frequency of heavy rain in a warmer climate heighten 
the risk of damage from river flooding, especially where infrastructure for water storage, treatment, and 
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transfer becomes overwhelmed. Increased storm rainfall puts roads and buildings at greater risk of damage 
by landslides.10 For example, Hurricane Maria, a Category 4 storm in 2017, caused substantial damage and 
fatalities in Puerto Rico, as well as more than 70,000 landslides.11 

Warming of colder regions such as Alaska presents significant risks. Damage to roads and the Trans-Alaska 
Pipeline System is occurring due to ground destabilization as permafrost thaws.12,13 As steep, rocky terrain 
warms and thaws, rockfalls can increase,14 and as tidewater glaciers retreat, newly destabilized slopes in 
front of glaciers can collapse into water, causing potentially hazardous tsunamis.15,16

The USGS17 provides emergency assessment of postfire debris-flow hazards (Focus on Western Wildfires). 
Fire and postfire debris flows increasingly threaten infrastructure and public safety as a warming climate 
and increased drought raise the risk of large, intense fires.18,19,20,21 Notable among recent examples was 
the debris flow following the Thomas Fire in Southern California, which killed 23 people, damaged 558 
structures, closed a major highway for 13 days, and caused more than $1.15 billion in damages (in 2022 
dollars; Figure 6.5).22,23 Risks to water supply and quality continue for years after a fire, as erosion washes 
excess sediment and pollutants downstream,24 shortening the lifespan of water-storage reservoirs.24,25,26 
Sediment production is projected to double in one-third of western US watersheds by 2050 due to 
increased fire and extreme rain.26

Damage from Postfire Debris Flows

Postfire debris flows threaten public safety.

Figure 6.5. Photos show property destroyed by postfire debris flows in Montecito, California, caused by intense 
rain on January 9, 2018, falling on areas burned by the Thomas Fire in the previous month. Both contributing 
events—a large wildfire and extreme rain—are projected to become more frequent with climate change. Photo 
credits: Jason W. Kean, USGS.

The Southwest faces additional challenges to infrastructure and public health and safety from increased 
airborne dust,27,28,29 which can carry human disease and result in traffic accidents.30,31 Vegetation loss during 
drought can cause marginally stable land to transition to actively migrating sand dunes, some of which 
damage buildings and roads.32,33
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Agriculture: Crops and Rangelands
Land provides essential services by supporting the production of food for people, feed for animals, and 
forage for wildlife. Climate change has led to increased extremes of both temperature and precipitation, 
with increased risks to crop yield (KM 11.2) and associated impacts on land-cover and land-use change 
(LCLUC). Crop yields in the US continue to increase but are subject to large year-to-year fluctuations driven 
by environmental stresses34,35 and have become increasingly sensitive to water availability over the past two 
decades.36 Yield loss associated with warming has resulted primarily from drought, with heat stress playing 
a secondary role.37 Flooding also causes crop damage; during 1981–2016 in the US, inundation-induced yield 
loss was comparable in magnitude to that caused by extreme drought.38 

In arid and semiarid lands of the Southwest, livestock overgrazing, oil and gas extraction, and off-road 
vehicle use amplify the effects of warming39 by damaging vegetation and biological soil crusts,40 further 
increasing dust production. The spread of invasive plants exacerbates this transition, leaving landscapes less 
adaptable to warming.41 Water extraction by humans lowers water tables, stressing plants, drying lakebeds, 
and increasing dust production. These factors, together with the warming-induced drought, reduce the 
productivity and carrying capacity of US rangelands (KM 28.3). 

Forests and Biodiversity
Forests provide critical value to society by supplying a wide range of wood products, protecting water 
quality, supporting biodiversity, and providing recreational opportunities and spiritual and cultural 
benefits. Forest land cover can reduce warming locally by providing increased evaporation and shade.42 The 
effects of land-use change on forest goods and services, including the value of biodiversity, are still being 
explored.43,44,45 In some cases, forest management can increase biodiversity and offset regional losses due 
to urbanization, but future losses of biodiversity due to climate change may be greater than reforestation 
offsets.46 

Multiple interacting factors drive changes in goods and services from forest lands, including development, 
abandonment and expansion of agricultural land, and incentives for reforestation and conservation.47 Mixed 
land uses such as agroforestry are expected to increase soil water infiltration compared to agriculture 
alone, providing protection against warming, drought, and soil erosion due to overland flow during extreme 
precipitation events.48 Forest land-use transitions intended to mitigate climate change must be carefully 
assessed to prevent unintended consequences, such as net losses of carbon, biodiversity, habitat, soil 
quality, or other ecosystem services when converting mature forest to bioenergy crop cultivation (e.g., 
Harper et al. 201849). 

Natural and Managed Carbon Sinks
Land ecosystems provide an important service to society by sequestering a fraction of the carbon emitted 
to the atmosphere through fossil fuel combustion and land use. The net carbon balance at any location is 
the result of multiple simultaneous losses and gains related to plant growth and organic matter decompo-
sition (KM 8.1), historical and current LCLUC, and climate conditions including atmospheric carbon dioxide 
(CO2) concentration and local rates of nitrogen deposition (Figure 6.6).50 Northern Hemisphere forests are 
important carbon sinks (KM 7.1).51 Boreal and tropical forests are both globally important carbon sinks, and 
since 1992 the boreal forest sink has been increasing in importance relative to the tropical forest sink.52 
Other ecosystems, such as grasslands,53 wetlands,54 and some agricultural systems (KM 11.1)55 also contribute 
to the carbon sink, with complex and uncertain interactions with management actions. 



Fifth National Climate Assessment

6-12 | Land Cover and Land-Use

Carbon Flux Response to Land-Cover and Land-Use Change

Changes in land cover and land use affect the fluxes of carbon taken up on land or released into the atmosphere, 
with impacts on these fluxes lasting for decades to centuries. 

Figure 6.6. Land-cover or land-use changes can trigger complex sequences of carbon release and uptake. The 
example shown here illustrates a single idealized land-use event and the multiple impacts of such an event on 
carbon release and uptake fluxes. Net carbon flux from land use (red line) depends on time since disturbance, 
with climate change impacting all the component fluxes. Component fluxes include immediate losses from land 
clearance and fire (orange line), fast release of carbon from decomposition of forest products such as paper 
(blue-gray line), slow release from forest products such as lumber (brown line), and initial decomposition of litter 
and soil organic matter followed by carbon uptake during regrowth (dark gray line). The processes represented 
here typically span multiple decades to a century or more. In this illustration the net carbon flux (red line) eventual-
ly returns to zero, indicating that the influence of a single event has a finite period of impact on fluxes. During this 
period of impact, accumulated carbon losses (summed area of the red line above the zero flux level) can differ 
from accumulated carbon gains (summed area of the red line below the zero flux level), resulting in new steady 
states with either more or less total carbon storage than before the land-use event. Multiple events such as this 
can occur over time at a single location and can overlap each other in time, leading to even more complex pat-
terns of fluxes. Figure credit: Oak Ridge National Laboratory. 

While highly variable from year to year, the fraction of emissions taken up by land ecosystems has remained 
relatively stable on decadal timescales (Box 7.2). Recent evidence suggests that plant response to increasing 
atmospheric CO2 is the dominant factor driving the land carbon sink at global scales.56,57 A significant part 
of the land sink is also attributed to recovery following natural disturbances and legacy effects of past 
LCLUC.58,59,60,61 
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Intrinsic Value
Impacts of climate change are transforming landscapes in ways considered intrinsically detrimental. 
Communities with especially strong ties to place and local ecosystems, including but not limited to Tribal 
and Indigenous groups, may suffer declining cultural and spiritual connections with the land through these 
changes (KM 15.2),62 such as through the drying of formerly perennial springs and streams that have 
spiritual significance63 or through reduced opportunities for traditional harvesting of plants that decline 
as environmental conditions change. In central and northern Alaska, traditional methods of hunting on 
sea ice have become less feasible, and destabilization of thawing permafrost jeopardizes long-occupied 
communities (KM 29.3).64,65 Subsistence and recreational fishing are reduced by ecosystem changes, some 
of which are climate driven and will worsen with additional warming;66 for example, decreased salmon 
abundance has profound negative effects on many Tribes in the Northwest (KM 27.1).67 Other recreational 
land uses are limited by the changing seasonality of river flows, loss of ice and snow, and loss of access to 
areas recently burned.

Key Message 6.2  
Changes in Climate and Land Use Affect Land-System Resilience

Changes in climate and land use affect the resilience of land ecosystems and thus the fate 
of the services they provide (high confidence); for example, increasing drought reduces the 
ability of forests to store carbon. Climate and land-use change interact, and these interactions 
present challenges as well as opportunities for maintaining ecosystem resilience (high confi-
dence).

The Value of Resilience
Ecosystem resilience—defined here as the capacity of a land system to respond to disturbance by resisting 
damage and/or recovering quickly, maintaining its essential structure and function—determines the 
persistence of services amid LCLUC. Disturbance is defined here as any discrete event (e.g., fire, flooding, 
drought, wind, geological hazard, pathogen, insect infestation, etc.) that occurs outside the range of natural 
variability (e.g., vegetation phenology, climate interannual variability, etc.) of the land system.68 Management 
also impacts land systems, with the potential to both increase or decrease resilience. Resilience enables 
natural and built systems to maintain the continued delivery of goods and services in the face of changes. 
Climate change is affecting ecosystem resilience, triggering responses such as shifted distribution of species 
and reduced biodiversity (KM 8.2),69,70 changed timing of biological processes,71,72 altered success of existing 
land uses,73,74 and lowered ability of systems to resist and recover from land-use activities and natural 
disturbance.75 Ecosystems in the US have experienced increases in average temperature and extreme heat,76 
increased drought,77 and increased intensity and frequency of extreme precipitation.78,79 Changes in pre-
cipitation characteristics and warming have driven an increase in aridity in much of the United States,80,81 
with lasting impacts on ecosystems.82 Land use and management affect ecosystem resilience and interact 
with climate change to determine the structure and function of the land system (KM 20.3).83,84 The fact 
that human decisions can influence resilience provides opportunities for climate mitigation (Ch. 31) and 
adaptation (KM 6.3; Ch. 32) and is a foundation for nature-based solutions to climate change,85 as well as 
an opportunity to improve resilience through management actions informed by Indigenous Knowledge 
(KM 16.2).86
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Interactions Between Climate Change and the Land System and Effects 
on Resilience
Climate change and land use individually and interactively affect land systems, the services they provide to 
humans, and the resilience of ecosystems. Climate change alters landscape characteristics and management 
outcomes, which drive changes in land use and/or land cover (Figure 6.7). Land use itself impacts the land 
system, with potential to both increase and decrease resilience. Land use and land cover help determine 
climate via effects on carbon, water, and energy exchange with the atmosphere. 

Climate change affects ecosystem resilience, structure, and function. For example, tree mortality events 
have resulted from drought and/or high temperatures in the temperate and boreal forests of western North 
America,87,88 and widespread death of many tree species has been linked to climate change through wildfire 
and insect attack.89,90 Warming-induced drought is causing widespread mortality of forests in the Southwest 
US.91 Increased tree mortality and impaired regeneration decrease the resilience of forests (KM 7.1).92,93

Increases in average temperature and altered precipitation patterns cause changes in species 
composition,92,93 such as encroachment of shrubs into grasslands94 and invasion by exotic grasses into 
rangelands, drylands, and forests.41,95 Exotic grass invasion increases fuel loads and the ability of fire to 
move across the landscape, often resulting in large increases in fire risk.41,96,97 By reducing fuel moisture, 
hotter and drier climates lengthen the wildfire season and lead to larger, more severe fires.20,21 Increased 
wildfire frequency and severity can result in the loss of soil organic carbon through combustion98 and 
postfire erosion.24 In boreal systems, increased fire frequency may lead to changes in forest type,99 while 
streamflow changes and permafrost thaw may trigger transition from peatland to forest.100,101 Interactions 
between fire, climate change, and human development are multifaceted and include not only warming-in-
duced increases in wildfire but also management actions to reduce wildfire fuel, the effects of fire on human 
populations, postfire recovery, and fire-induced changes in forest type (KM 8.1). Drought, wildfire, and 
unsustainable land-use practices cause land to lose productivity, which may trigger desertification in arid 
and semiarid regions.

Changes in land cover influence local and regional climate through both biogeochemical and biophysical 
pathways. The biogeochemical effects of vegetation loss, including both immediate CO2 emissions and 
missed capacity for carbon sequestration (KM 6.1), have a warming impact at the planetary scale.102 
Vegetation loss causes immediate changes to local and regional climate through biophysical effects (e.g., 
Jiang et al. 2021;103 Wang et al. 2016104), including exposed ground or snow (cooling the surface by reflecting 
more sunlight), reduced evapotranspiration (warming the surface and reducing moisture supply for rainfall), 
and a smoother surface (warming the surface by reducing heat loss to the atmosphere). The net impact of 
land-cover change on local climate depends on season, background climate, and vegetation type. Across 
the United States, forest disturbance or forest loss during the 2000s and 2010s caused a net local warming 
at both evergreen and deciduous sites in arid/semiarid, tropical, temperate, and boreal zones.105,106 This 
occurred because warming from the loss of transpiration more than compensated for the cooling effects 
of the more reflective land surface following forest loss; exceptions were found during boreal winter at 
high latitudes where strong cooling resulted from high albedo of exposed snow.105,107 Similarly, climate 
over forests is cooler than the surrounding croplands and urban areas, and the increase of forest cover 
following agricultural abandonment during 1920–1990 is connected to the observed cooling trend in the 
Southeast US.108

Indirect interactions also have impacts on US ecosystem resilience.1,109 Land-use decisions that consider the 
interactions of climate change and management can maintain and promote ecosystem resilience.83,110 For 
example, the thinning of some western forests that are experiencing drought increases the resilience of the 
forests to future trends of warming and drying.111 
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Changes in climate and land use offer opportunities for mitigation and adaptation, such as post-disturbance 
restoration of lands using climate-adapted species, which could increase biodiversity and resilience to 
climate change.112 Increasing land-based carbon storage may be achieved by shifts in land management (KM 
6.3), for example by afforestation (Ch. 7), altered grazing practices (Ch. 11),53 modified crop management (Ch. 
11), conserved agricultural lands,113 active restoration of disturbed lands,114 and the use of prescribed fire to 
avoid wildfire.115 

Land, Climate Change, and Ecosystem Resilience 

This figure shows the primary land-use and land-cover changes, their interactions with climate, and impact on 
ecosystems. 

Figure 6.7. Land-use and land-cover changes interact with climate change, leading to lasting impacts on eco-
system services and resilience. Black arrows represent land conversions, and gray arrows represent impact or 
feedback processes supported by existing literature. Figure credit: University of Connecticut, USDA Forest Service, 
USGS, and Oak Ridge National Laboratory.

Land System Resilience Risks Associated with Increasing Development
Among all classes of land-cover change in the contiguous United States between 1985 and 2016, the largest 
net change in any class was an estimated gain of 50,660 square miles (131,209 km2) of developed lands, at 
an average rate of 1,634 square miles (4,233 km2) per year, primarily at the expense of forest and agricul-
tural land,116 a trend that continues to the present (Figure 6.4). Urban heat island effects exacerbate the 
impacts of warming on heat hazards, which disproportionately harm low-income communities (KM 12.2; 
Figure 12.6; App. 4). Warming-induced increases in precipitation extremes lead to higher flash flood risks, 
with especially devastating effects in urban regions where impervious surfaces cannot absorb rainwater. 
Although widespread increases in intense rain are evident,117 river flooding trends are not consistent-
ly apparent across the US at present (KM 4.2);118 however, in urbanized basins, as urban development 
expands, the size of flood peaks increases.117,119,120 A resilient urban infrastructure, therefore, must be able to 
accommodate increased runoff from extreme storms (KM 12.2). Urbanization, through both urban land cover 
and increases in human-caused fine particulate matter, can alter atmospheric convection and precipitation, 
leading to stronger storms and more intense precipitation.121,122,123,124 Urban heat islands reduce low clouds, 
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which can increase plant water stress and possibly play a role in increasing wildfire risk, particularly in the 
wildland–urban interface.125,126

The adverse effects of urbanization on climate and ecosystems can be partly alleviated through sus-
tainable practices designed to improve urban resilience. Urban greenspace (e.g., urban forest, farming, 
gardening) can mitigate the urban heat island effects and flooding risks127,128,129 with varying degrees 
of effectiveness. While urban vegetation sequesters carbon during the growing season, the annual net 
carbon flux is uncertain.130,131,132 Additionally, urban farming brings food security benefits, with yields 
comparable to conventional agricultural yields.133

Increasing energy demand, combined with new extraction technologies, has resulted in an average of 
50,000 new oil and gas wells established per year throughout central North America since 2000.134 
Infrastructure for horizontal drilling and high-volume hydraulic fracturing has transformed millions of 
acres into industrialized landscapes, with reductions in ecosystem resilience, biodiversity, and the land 
carbon sink (e.g., Allred et al. 2015134). Reclamation of wells could become less successful with cli-
mate change.135 The efficacy and resilience of renewable energy systems are expected to be affected by 
climate change in ways that will vary with generation type and location 136 and may strain the energy 
system (KMs 5.1, 5.2, 5.3). 

Land System Resilience Risks Associated with Changes in Agriculture
After declining for multiple decades, cropland area in the United States increased at a rate of approximate-
ly 1,500 square miles (approximately 4,000 km2) per year during 2008–2016 (Figure 6.4b),137 attributable to 
increased domestic demand for corn ethanol and global demand for agricultural commodities as well as 
changes to conservation and crop insurance programs, interest rates, and possibly climate change–driven 
crop migration.138,139 New croplands tend to occupy areas with marginal biophysical characteristics (e.g., 
erosive soils, nutrient deficiency, climatic stress) but displace grasslands and conservation easements 
that are higher-quality wildlife habitat than the remaining natural lands.137 Expansion of agricultural area 
in the north-central United States has led to fragmentation of the remaining grassland, which limits the 
dispersal and population of native species (e.g., Wimberly et al. 2018140) and is expected to reduce ecosystem 
resilience. Conversion of grassland to cropland also contributes to carbon emissions from loss of soil 
organic carbon (KM 11.1).141 The recovery of plant biodiversity, productivity, and soil carbon following agri-
cultural abandonment is slow,142 but the potential recovery of carbon in lands released from agricultural 
use is substantial, as has been shown by the large soil carbon gains made in land under the Conservation 
Reserve Program (KM 11.1).113 Soil carbon increases, as well as increases in other ecosystem services, can be 
accelerated through activities such as deliberate revegetation with woody and herbaceous perennials.143

Agricultural extensification influences precipitation, with the direction of change depending on the region 
and the type of natural land cover prior to its conversion to cropland. For example, replacing grassland 
with cropland over the Great Plains can cause summer precipitation to increase.144 Studies suggest that, 
in addition to increased area, intensification and irrigation are major causes of the observed increases in 
precipitation and decreases in temperature in the central US and Midwest145,146,147,148—changes that provide 
potentially more favorable conditions for crops and surrounding ecosystems. Land conversion to cropland 
without intensification was not associated with the observed cooling.146
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Key Message 6.3  
Mitigation and Adaptation Priorities Will Increasingly Constrain Future Land-Use Options

The future of land use in the United States will depend on how energy and agricultural tech-
nology evolves, how the climate changes, and the degree to which we prioritize climate mit-
igation and adaptation in land-use decisions (high confidence). US cropland area had been 
declining but has rebounded somewhat over the last 1–2 decades (high confidence). Future 
cropland needs will depend on uncertain factors such as agricultural technology improve-
ments, dietary shifts, and climate change impacts (medium confidence). Decarbonization 
will require a continued expansion of solar and wind energy generation and transmission 
infrastructure (very likely, high confidence) and may involve large land-use changes toward 
land-based mitigation measures, including reforestation, other natural climate solutions, and 
bioenergy crops (low confidence).

Future Land-Use Scenarios
People value the ability to choose among multiple land-use options, although the ability to make these 
choices is not always experienced equitably across society (KM 20.3). There are increasing and competing 
demands for future land-use changes to support agriculture, housing, and infrastructure; to contribute to 
climate change mitigation and adaptation; and to conserve and possibly restore natural lands for biodi-
versity, resilience, and spiritual or recreational use. Scenario analysis is used to explore different climate 
mitigation “storylines,” known as Shared Socioeconomic Pathways (SSPs; Table 3 in Guide to the Report), 
for how global land use, energy systems, and greenhouse gas emissions might evolve together under a set 
of standardized background driving forces such as changes in population, technology, and governance.149,150 
Land-use representation within the range of SSPs includes differences in land-use regulation, land produc-
tivity, trade, land-based mitigation and adaptation (Figure 6.8), and food/diet choices, along with a corre-
sponding range of land-use trends that result from these drivers (Figure 6.9).
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Mitigation and Adaptation Value of Future Land-Use Choices

Future land-use choices have implications for climate mitigation and adaptation. 

Figure 6.8. Future land-use choices can contribute to mitigating global climate change by reducing emissions or 
storing carbon (green), help individuals or communities adapt to the effects of global change (blue), or simultane-
ously support both mitigation and adaptation (green-blue), as shown in the upper-right quadrant. Flexibility in land 
use for mitigation and adaptation depends on background factors, including agricultural technology improvement, 
income growth, food waste reduction, and international cooperation. Alternately, indiscriminate land use change 
can lead to additional carbon emissions or maladaptation (lower-left quadrant). Many of these land-use choices 
are discussed elsewhere, including Key Messages 7.3 (forest adaptation), 9.3 (coastal adaptation), 11.1 (agri-
cultural adaptation), and 12.3 (urban trees), as well as Box 32.2 (carbon dioxide removal). Figure credit: NASA, 
University of Maryland, and Oak Ridge National Laboratory.

Future land uses in the United States have been explored under several SSPs and at multiple spatial scales.151 
Future land use within the SSPs (Figure 6.9) is projected to involve substantial departures from historic 
trends (Figure 6.4), with determinants of change and resulting land-use patterns varying spatially and 
with time, based on multiple drivers including land management, demographic change, and ecological 
shifts (e.g., Richter and Bixler 2022 152). Many scenarios assume continued agricultural productivity 
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increases, allowing the total area of cropland for food production to remain stable or decline despite the 
increasing global population.150 Future land-use changes that limit global warming include reductions in 
grazing land associated with lower-animal-calorie diets and climate mitigation via reforestation or forest 
expansion. In addition, to offset fossil fuel use in other sectors, an often-dramatic expansion of bioenergy 
crops (producing nonedible plant material) is included in many scenarios. Large increases in urban area 
and reductions in forest area often accompany scenarios that involve greater levels of climate change.153 
Although these scenarios are useful for exploring different possible land-use futures at the aggregate scale, 
they do not quantify the likelihood of different land-use changes.

Scenario-Based Future Land-Use Trends

Future land-use scenarios describe a wide range of possible land-use changes in the United States.

Figure 6.9. Future land use in the 50 US states across eight different Shared Socioeconomic Pathways (SSPs) 
depicts increases in urban area, stability or decline in food crop area, and mixed outcomes for remaining land-use 
types, with large divergence among scenarios. (Data for the US-Affiliated Pacific Islands and US Caribbean are 
not included due to the spatial resolution of the underlying data source.) Colored bars show the range of land-use 
areas across all scenarios, and dashed lines indicate year 2000 values for comparison. Black symbols illustrate 
results for select scenarios of low emissions and high reforestation (SSP1-1.9 from the IMAGE model), moderate 
emissions with large nonedible bioenergy crop growth (SSP4-3.4 from the GCAM model), and high emissions 
(SSP5-8.5 from the REMIND-MAgPIE model), while gray symbols represent remaining scenarios. The large expan-
sion of bioenergy crops is often taken from natural grasslands, which are not represented in this figure. Figure 
credit: University of Maryland, Oak Ridge National Laboratory, and NASA.
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Future Agricultural Land Use 
Flexibility in future land-use decision-making may be limited by agricultural land needs. Climate change 
is estimated to be slowing the rate of crop yield increases globally;154,155 future land use will depend on the 
ability of the agricultural sector to adapt. Modeling results indicate that climate change–driven regional 
crop disruptions may emerge within 2–3 decades,156 although such disruptions would be minimized with 
the adoption of adaptation and intensification measures such as supplemental irrigation and updated crop 
varieties.157,158 There is also evidence of agricultural system adaptation through migration of crop cultivation 
ranges into more favorable climates in the United States and globally.159 

Individual farmers and landowners experience these changes in the context of increased variability in yields 
and income. As much as one-fifth of recent US crop insurance losses can be attributed to climate change.160 
Over time, adverse climate trends might affect the financial viability of current cropping practices and 
create pressure for individual producers to adopt adaptation practices (e.g., earlier planting dates, new crop 
varieties, modified tillage practices)161 or switch crops. Such impacts will disproportionately affect small rural 
landholders (KM 11.3). Some regions are expected to see opportunities for new cropping systems159,162 or for 
increasing the frequency of cropping on a given field.163

Future agricultural land requirements and associated climate feedbacks are sensitive to dietary choices and 
food waste.164 American diets are high in meat consumption, a land-intensive food source, and universal 
adoption of USDA dietary guidelines would lead to a net reduction in the total biophysical land requirement 
for US agriculture.165 Shifting toward diets even lower in animal products—potentially via novel plant-based 
meat substitutes166—could spare additional land and enable restoration of natural ecosystems.167,168 US 
agricultural land futures could also be influenced by a continuation of the reduced household food waste 
observed during the COVID-19 period.169,170

Future Land Use for Mitigation
Mitigation scenarios that limit global warming to 1.5° or 2°C (2.7° or 3.6°F) above preindustrial levels 
imply large expansions of renewable energy production, electricity transmission, and land-based carbon 
mitigation (Ch. 32).171 In scenarios of net-zero emissions by 2050, wind turbines may be visible across more 
than 130 million acres, an area greater than Colorado and Wyoming combined (Figure 6.10).172 However, 
individual wind turbines have a small physical footprint, and can be sited in areas of intensive agriculture 
(Figure 6.11).173 While solar farms are more land-intensive than wind- and fossil-derived electricity sources,174 
it may be possible to integrate them into agricultural landscapes in ways that preserve or even enhance 
agricultural production.175 Decarbonizing energy systems will require a multifold expansion in global 
production of key metals and minerals,176 although proposals to build new mines or expand existing mines in 
the United States have often faced intense local opposition.177
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Possible Future Wind and Solar Power Siting

Reaching net-zero emissions will require many new wind and solar projects across the US. 

Figure 6.10. Decarbonization will require an expanded physical and visual footprint of renewable power gen-
eration. Panel (a) shows current and possible future siting of wind and solar generation under a scenario that 
reaches net-zero emissions by 2050.172 Panel (b) is a zoomed in view of the existing Grand Ridge wind and solar 
projects in La Salle County, Illinois and possible future siting zones. Green and pink dots show locations of ex-
isting solar and wind generation, respectively. Light green and light pink shading shows potential future siting of 
utility-scale solar and wind. Figure credit: Oak Ridge National Laboratory, with panel (b) background imagery © 
2023 Landsat/Copernicus, Maxar Technologies, USDA/FPAC/GEO, map data © 2023 Google.
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Wind Power in Agricultural Landscapes

Renewable energy generation can be sited in ways that minimize agricultural disruption. 

Figure 6.11. While wind turbines may be visible over an area of more than 130 million acres under some net-zero 
scenarios,172 the actual amount of land they physically occupy is much smaller. Photo credit: franckreporter/E+ via 
Getty Images.

The purposeful use of vegetation to capture or store additional carbon is one of the largest but most 
uncertain elements in future land-use projections. Many scenarios rely on land-based mitigation 
measures,178 including land-intensive reforestation or carbon-negative bioenergy production to achieve 
carbon dioxide removal (CDR) from the atmosphere,172,179,180 often implying unprecedented rates of land-use 
change.181 Bioenergy is the most land-intensive form of renewable energy,174 although it is valued in 
integrated assessment models for providing fuels for long-haul aviation and freight transport in addition 
to CDR (KM 32.3). Future bioenergy expansion may rely on dedicated cellulosic biomass crops cultivated 
on low-value land to minimize conflicts with existing agricultural production,182,183 with positive or negative 
effects on ecosystem carbon storage depending on previous land use.184 

Existing experience with land-based mitigation measures is limited, and the efficacy of forest carbon offsets, 
agricultural soil carbon enhancement, and first-generation biofuel programs remains controversial.185,186,187,188 
Most of the limited CDR achieved to date has come from forest restoration and management, and current 
CDR deployment plans fall far short of the scale envisioned in many decarbonization scenarios.189 In the 
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absence of such land-based mitigation measures, limiting global warming to below 1.5°C (2.7°F) will require 
even more aggressive emissions reductions190 or breakthroughs in competing technologies such as direct air 
capture of CO2.191

These mitigation trends imply new opportunities for landowners to generate additional revenues from 
leasing land for renewable energy generation or transmission, from government-run conservation payment 
programs, or from private carbon markets. However, these new opportunities also carry risks of conflict 
around conservation and the best use of public lands.

Broader Impacts of Land-Use Choices
Future land-use choices also include adaptations to climate change such as locating infrastructure away 
from potential hazards, strengthening natural ecosystems as buffers to climate extremes (e.g., coastal 
forests and wetlands), and planting trees in urban areas to reduce heat stress.192 Many of these activities 
have mitigation co-benefits (e.g., urban trees also store carbon).193 Efforts to reduce land use–driven 
habitat fragmentation are also expected to decrease the risks of disease transmission from animals or 
insects to humans, as well as pandemics.194,195,196 All components of the food supply system are expected to 
be impacted by future land-use choices and climate change,194 which will be felt unequally across society 
(KM 11.2). Land-use planning in the United States will be determined by many decision-makers, including 
land managers at federal, state, and local levels, as well as private and Tribal landowners, and achieving 
consensus over future land-use decisions is expected to be challenging.197
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Traceable Accounts
Process Description
The chapter lead (CL) and coordinating lead author (CLA) developed a list of relevant topics and the 
expertise needed to represent those topics in the assessment process. The CL and CLA reviewed a list of 
nominated authors, which included information about affiliation and expertise. The CL and CLA identified 
potential chapter authors from that list based on their knowledge of the field, their expertise in the topical 
areas, and their contribution to the diversity of the author team in terms of affiliations, gender, and race. 
Invitations were sent and updated as necessary to adequately cover the needed expertise.

All meetings of the author team were virtual, except for the all-author meeting held in Washington, DC, in 
April 2023. Consensus was built during weekly meetings of the full author team, with candidate content 
developed by author sub-teams through additional weekly meetings. All authors participated in developing 
and conducting a public stakeholder engagement workshop, and all authors participated in reviewing and 
responding to public comments.

For development of candidate text for each Key Message, the authors discussed the key topics that should 
be addressed based on their assessment of the literature, expert knowledge, and input from agency and 
stakeholder meetings. The authors then assigned topics according to expertise and performed a literature 
review to evaluate and synthesize information regarding land use and land-cover change, climate change, 
and related ecosystem controls. Based on this review, they developed Key Messages, central points, and 
examples to communicate the issues, challenges, and opportunities related to land system goods and 
services, land system resilience, and future land-use options.

Key Message 6.1  
The Goods and Services Provided by Land Systems Are Threatened by Climate Change

Description of Evidence Base
Land-cover and land-use datasets for the US are detailed and reliable when considering a relatively small 
number of land-cover types and land-cover or land-use transitions, although the best available data for 
different regions (contiguous US, Alaska, Hawai‘i, and Puerto Rico) cover slightly different time periods and 
use different though related methods.

There is consensus that more extreme rain will cause more landslides in a warmer climate, but the spatial 
distribution of anticipated future effects has not been resolved with much certainty; Gariano and Guzzetti 
(2016)10 provided a synthesis of many studies that, in total, support these interpretations. Some individual 
mass-movement events have been attributed directly to climate change, but many landslides are caused 
more directly by factors without a clear link to a warming climate, such as slope oversteepening (by human 
construction) or local soil, bedrock, and hydrologic conditions. A broad literature base supports these 
inferences. The link between climate and slope-failure hazards, including the characteristics of rainfall, 
terrain, and burn severity that contribute to postfire debris flows (e.g., Kean et al. 201922), is a rapidly 
growing research area.

The literature examining agricultural land practice and connections to climate change is broad and deep, 
covering many cropping and forestry practices in many regions across the US. There is a tendency for 
studies to focus more on small regions than on broad spatial patterns.
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There is a long history of research into the connections between forest land cover and biodiversity, and this 
assessment drew on an extensive body of literature. These systems are complex, and the literature examines 
these connections from many perspectives. 

While the topic of natural and managed carbon sinks on land is addressed by a large body of research, 
predictive understanding of interactions of the land carbon sink with land-use and land-cover change under 
a changing climate is still evolving (e.g., Zhu et al. 201861). 

Major Uncertainties and Research Gaps
Land-use and land-cover datasets with good temporal coverage and detailed spatial information are still 
lacking or highly uncertain for high-latitude regions such as Alaska. Additional observations and synthesis of 
ground-based and remotely sensed data would be required to fill these gaps.

Geographic variation in the two-way interactions between climate change and agricultural practice points 
to gaps in understanding of the detailed mechanisms connecting agricultural practices to long-term 
climate variation.

Relationships between agricultural practice, forestry practice, and climate change in mixed-management 
agroforestry systems have received less attention than traditional cropping or forestry practices. To the 
extent that strong mitigation measures place higher demand on mixed-use systems for both production and 
carbon sequestration, additional effort would be required to fill these research gaps.

Comprehensive assessment of the many component fluxes and processes contributing to net greenhouse 
gas fluxes due to land-use and land-cover change is still an important gap at scales larger than a few 
tens of square miles. Regional and continental-scale studies continue to rely on sparse observations and 
relatively simple assumptions about how different disturbance types, frequencies, and intensities interact 
with ecological communities of vegetation and soil biota to drive long-term net fluxes between land 
and atmosphere.

Description of Confidence and Likelihood 
Based on strong and abundant empirical evidence, there is high confidence that climate change is increasing 
the regional intensity and frequency of extreme events, including rain, droughts, temperature highs, and 
fire. There is likewise a strong theoretical foundation for the attribution of these effects to human-caused 
climate change at present and further evidence that these effects will increase in the future as greenhouse 
gas concentrations rise. The empirical and theoretical basis for attributing changes in flood frequency 
and intensity is also robust, but not as strong as for extreme precipitation, droughts, and fire.21,77 Based on 
abundant documentation, there is high confidence that these changes in weather and climate extremes 
cause risks to infrastructure, agriculture, ecosystems, and human health.

Broad empirical and theoretical understanding provides high confidence that wildfire is a major risk to the 
permanence of land carbon sinks, especially in woody ecosystems that have the potential to transition 
to savanna or grassland under increased fire frequency and/or severity. Other aspects of the net storage 
of carbon on land due to disturbances such as rotational forest harvest, windthrow, insect damage, and 
shifting agriculture are commonly identified as significant sources of uncertainty in estimating global or 
regional-scale carbon budgets.

Based on abundant documentation of climate change impacts on human–ecosystem interactions, there is 
high confidence that these impacts have negative consequences for subsistence, recreation, and spiritual 
practice. Some geographies and communities are more impacted than others, and fine-grained or predictive 
understanding of which communities and practices are most at risk is still being developed.
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Key Message 6.2  
Changes in Climate and Land Use Affect Land-System Resilience

Description of Evidence Base
The adverse impact of climate change (e.g., increased mean temperature, extreme heat, drought) on the 
resilience of land systems is supported by theory and observational studies involving a wide array of 
ecosystems, with overwhelming evidence in the United States coming from ecosystems that are increasingly 
influenced by drought, wildfire, and pests (e.g., Williams et al. 201921). There is also strong evidence for how 
the loss of natural lands leads to degradation of ecosystem services that are slow to recover (e.g., Isbell et al. 
2019142). However, the extent to which different ecosystems may recover or management choices are able to 
maintain or rebuild ecosystem resilience is not well known.

Globally, there is a large body of literature on how land-use and land-cover changes might influence local 
and regional climate, and findings are often region- and scale-dependent. This assessment focuses on 
studies over subregions of the United States, some based on observational data analysis and others based 
on numerical model experiments. Of the observation-based studies, some took a space-for-time approach 
by comparing climate trends over different land types (e.g., irrigated versus rainfed cropland, forest versus 
cropland; e.g., Mueller et al. 2016146), while others were based on observations before and after sudden 
land-cover changes (e.g., Li et al. 2022106). In numerical modeling studies, land-use or land-cover changes 
were imposed over a corresponding subregion (e.g., intensification or irrigation over cropland in the central 
US or Midwest, converting cropland to forest in the Southeast) with experiments designed to distinguish 
the impact of land-use change from the impact of greenhouse gas warming. These studies compared model 
results with observed climate trends to enable the attribution of observed climate phenomena to land-use 
practice or land-cover changes (e.g., Alter et al. 2018145). Findings from these studies are mostly consistent.

Warming-induced intensification of rainfall increases the nitrate leaching from cropping systems to surface 
water and groundwater, which exacerbates the environmental effects of increased fertilizer application. 
Different land-use practices (e.g., no-tillage management versus conventional tillage) may influence nitrate 
leaching, but the impact remains uncertain based on recent literature, which limits the extent of this 
chapter’s assessment on this aspect.

A rich literature base supports the idea that while interactions between climate change, land use, land-cover 
change, and disturbance increase the risks of adverse impacts, they also provide multiple opportunities to 
reduce or lessen those impacts and ensure resilience. 

Major Uncertainties and Research Gaps
The impact of urbanization on precipitation and other storms has been a topic of increasing research 
interest. Studies based on numerical modeling found a clear signal related to the enhancement of storm 
severity and precipitation (e.g., Debbage and Shepherd 2018119). However, observational data show a large 
degree of uncertainty and regional dependence. This is an important research gap. 

Although geographically widespread increases in intense rain are evident, flooding trends are not con-
sistently apparent at present.118 Whether intense rain leads to flooding depends on soil type and land use, 
urban water-conveyance capacity, and how well the urban storm drainage system is maintained.

There are important uncertainties related to interactions between invasive species, disease, and natural 
disturbance. There is some evidence that changes in temperature and precipitation, as well as altered fire 
regimes, may negatively impact the competitive ability of native species, facilitating invasion by pests and 
pathogens (e.g., Ravi et al. 202241). However, the outcomes are variable and seem to depend on multiple 
factors. 
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Research gaps and uncertainties also exist for the interactions of climate change with land-based renewable 
energy. Current research provides inconclusive results across the United States for all technologies.136

Description of Confidence and Likelihood
Based on a large literature base (e.g., Holden et al. 2018;87 Stephens et al. 201893), there is high confidence that 
climate change and climate change–related amplification of disturbance effects have a negative impact on 
ecosystem resilience. 

Studies based on different methodologies (including observational data analyses and numerical model 
experiments) are consistent in suggesting that agricultural intensification and/or irrigation cause cooling 
and the increase of precipitation and atmospheric humidity in the central US during summer; similar 
climate effects were found in fall and winter resulting from the increase of forest cover in the southeastern 
US due to agricultural abandonment. Increased flooding was observed in urbanized basins (e.g., Hodgkins 
et al. 2019120); elsewhere, there is no clear signal of increased flooding risks despite the strong increase in 
extreme precipitation (frequency and intensity). Based on this understanding, there is high confidence that 
climate and land-use change interact and that these interactions present challenges as well as opportunities 
for maintaining ecosystem resilience.

Key Message 6.3  
Mitigation and Adaptation Priorities Will Increasingly Constrain Future Land-Use Options

Description of Evidence Base
The evidence base describing Shared Socioeconomic Pathway (SSP) scenarios is large and well developed, 
having already been used in multiple international studies by the Intergovernmental Panel on Climate 
Change (e.g., IPCC 2022180) and the Coupled Model Intercomparison Project simulations. The “storylines” 
from the SSPs are developed by integrated assessment models (IAMs) into modeled projections of societal 
changes across multiple sectors. These scenarios provide alternative realizations of future societal pathways 
that are consistent with specified climate targets.149,150 As such, they are useful for examining the range 
of possible challenges and changes facing our society over the rest of this century, although they do not 
provide predictions or probabilities of future trends.198 

The Land-Use Harmonization 2 (LUH2) dataset provides a spatially explicit downscaling of the subset of SSP 
results used for the Scenario Model Intercomparison Project,199 harmonizes them with historical land-use 
reconstructions, and provides a consistent data input for Earth system model simulations.151 The LUH2 data 
provide global annual gridded (0.25° resolution) data of the fractional area occupied by 12 different land-use 
states, all transitions between those states, and land management data. The Land Change Monitoring, 
Assessment, and Projection (LCMAP) product described in the Introduction is a high-resolution annual 
land-cover dataset. That product complements the National Land Cover Database (NLCD),200 which has 
greater thematic detail but is updated less frequently. 

US agricultural land use in particular is tracked by a variety of surveys (e.g., the Census of Agriculture [CoA]) 
and longitudinal methods (e.g., the National Resources Inventory [NRI]), producing data that can be used to 
calibrate and validate the previously described remote sensing–based datasets.8,137,201 Agricultural production 
is tracked through government statistics (e.g., the USDA National Agricultural Statistics Service), and crop 
yields are evaluated at finer spatial scales through crop insurance programs and combine yield monitors. 
The annual Inventory of US Greenhouse Gas Emissions and Sinks55 estimates emissions from US land-use 
change, using agricultural area data from NRI and other sources.
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Understanding of mitigation-driven land-use changes draws on the large IAM scenario evidence base 
described previously. Additionally, the Princeton Net-Zero America Project172 is among the first to project 
where renewable electricity generation infrastructure might be sited at relatively fine spatial resolution.

Major Uncertainties and Research Gaps
Although human land-use activities have historically resulted in a net source of carbon emissions to the 
atmosphere, there is considerable uncertainty in these, and future, estimates.202

The SSP scenarios and harmonized land-use datasets are generated with a global focus. Although they 
can be analyzed and used for specific regional and national impacts, they are not likely to have US-specific 
levels of detail. In addition, the national-to-regional focus of these scenarios prevents the consideration 
of many societal equity and justice issues. Inequality and governance are included as drivers of land-use 
change in the SSPs, where they are used primarily to address inequality between countries and regions.203 
The SSP datasets used by LUH2 were each produced by a single IAM; it is possible that alternative IAMs 
would represent land-use differently within each SSP, and those potential differences were not explored 
here. There are also very few studies that provide short-term predictive forecasts of national-level land-use 
changes over the next 1–2 decades.204 SSP scenario analyses do not include climate feedbacks to the future 
scenarios, but other studies using coupled human–climate models205 show that climate change is expected 
to modify the future land-use choices society is able to, or desires to, make. 

Future agricultural land requirements will depend on various difficult-to-assess factors such as changing 
dietary preferences and climate change effects on crop yields. While IAM studies typically assume that his-
torically observed rates of crop yield increase will continue into the future, more detailed modeling efforts 
such as the Agricultural Model Intercomparison Project (AgMIP)156 suggest that climate-driven reductions 
in corn yield in the western US may be clearly observable in as little as two decades under pessimistic 
emissions scenarios (SSP5-8.5), for example. The potential of in situ adaptation practices (e.g., adoption of 
different crop varieties or planting dates) to mitigate the severity of climate-driven disruptions is an active 
area of study, but the literature base on climate-driven shifts in crop cultivation range is still very limited.159 
Studies show that dietary shifts away from animal products toward plant products have a large biophysical 
potential for reducing total agricultural land use and supporting natural ecosystem restoration and 
land-based mitigation.165,167,168 The SSP scenarios cover a range of dietary shift assumptions, including a shift 
toward low-meat diets in SSP1 and associated market and trade implications.150 

The efficacy of existing land-based mitigation measures is often debated. For example, estimates of the 
mitigation value of US corn ethanol production diverge significantly187,188 depending on assumed counter-
factual land use in the absence of ethanol production and the degree to which diversion of finite arable land 
might lead to unintended agricultural expansion elsewhere. While remote sensing provides an invaluable 
tool for tracking deforestation, it can struggle to differentiate more subtle land-use changes with similar 
land cover (for example, unmanaged native grasslands, rangeland, pastureland, hay land, cropland–pasture, 
idled cropland, and conservation reserves), making it difficult to distinguish between permanent agricul-
tural expansion versus transient agricultural intensification.206 This ambiguity contributes to the debate 
around the viability and desirability of wide-scale land-based mitigation and carbon dioxide removal (CDR) 
measures in future decarbonization scenarios. 
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Description of Confidence and Likelihood
The land-use consequences of agricultural technology improvement (e.g., per-area crop yields, management 
intensity) and demand for land-based mitigation (including bioenergy and various CDR measures) are well 
explored in SSP scenario analyses.150,205 Other collaborations (e.g., AgMIP) have explored the interaction 
between crop productivity and future climate change beyond what has been possible in integrated 
assessment modeling. Together, these literatures point to the influences of technology, mitigation needs, 
and climate change on land-use futures, hence the high confidence rating.

Primary data on cultivated cropland area and/or total cropland area are available via remote-sensing 
datasets (NLCD and LCMAP), longitudinal studies (NRI), and surveys (CoA). The longer-duration NRI and 
LCMAP datasets support a net decline in US cropland area over the last three and a half decades for which 
data are available, consistent with longer-term land-use records showing a mid-20th-century peak in US 
cropland area.151 All four of these primary datasets are consistent with partial rebound of cropland area 
more recently, although with some disagreement around the starting year (as early as 2001 in NLCD or as 
late as 2012 in CoA) and magnitude of that rebound. Based on the agreement of these different primary 
data sources, there is high confidence of a long-term decline in US cropland area followed by a more 
recent rebound.

The LUH2 future scenarios all show stable or declining cropland use across the range of population growth 
and dietary shifts represented in the SSPs, although these scenario comparisons are not designed to 
represent the likelihood of different futures. Other literature suggests ongoing challenges in maintaining 
agricultural system resilience155 in the face of a changing climate. Thus, continuation of the trend of 
declining land use is given a medium confidence rating, since there is not only evidence for multiple enabling 
preconditions but also key risks that are not captured in most scenario assessments.

The scenario assessment literature is consistent in identifying expanded electricity generation from 
renewable sources (i.e., wind and solar) and more widespread electrification of energy end use as precondi-
tions for decarbonization of the energy sector.171 This is consistent with recent trends of accelerating wind 
and energy deployment driven by the comparatively low cost of these energy sources, as well as policy 
support (e.g., through the Inflation Reduction Act), hence the very likely, high confidence rating. However, 
decarbonization scenarios have been widely criticized for over-reliance on land-intensive, technologically 
immature, or potentially unsustainable land-based mitigation and CDR measures,207,208,209 and a variety of 
alternative scenarios that avoid land-intensive CDR have been developed.190 Considering this, the statement 
about widespread land-use change for land-based mitigation is assigned a low confidence rating. 
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Introduction
Forest ecosystems provide ecological, economic, and social goods and services (hereafter ecosystem 
services) to natural systems and humankind. These include air purification; regulating water quantity and 
quality; provisioning fish and wildlife habitat, food, medicine, shelter, wood, and other forest products; 
provisioning aesthetics, outdoor recreation, and spiritual renewal; and regulating climate through carbon 
transfers and other processes.1 The livelihoods, health, nutrition, and cultural practices and traditions of 
many Indigenous and Tribal Peoples depend on forest ecosystems (Ch. 16). Social and economic drivers 
influence how and when forests are managed to maintain or restore ecosystem services critical to human 
health and welfare. 

Forests represent more than one-third (766 million acres) of the land base in the US, with an additional 125 
million acres of trees outside of forests in woodlands and developed areas. The amount of forest and tree 
cover has remained relatively stable over the last 100 years despite substantial land-use change into and out 
of forest and tree cover, especially in recent decades (Figures 7.1, 6.2).2 Forest land area and tree cover have 
declined slightly in the contiguous US in the last two decades due mostly to cropland expansion and urban-
ization (Figure 6.4),3,4 including expansion of the wildland–urban interface (WUI).5 Forests contributed more 
than 4% of total US manufacturing gross domestic product in 2020 (nearly $336 billion in 2022 dollars), and 
the forest products industry is among the top 10 manufacturing sector employers in the US.6
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Tree Cover Dynamics 

The persistence of tree cover in the United States varies due to many driving forces.

Figure 7.1. This figure shows the number of years each 30 m by 30 m pixel was classified as forest cover during 
1985–2020. Insets (A–I) show that patterns of forest cover vary considerably across regions, often due to dif-
ferences in the factors causing forest change. Patterns in tree cover change in the US are driven, in large part, by 
climate-related disturbances, land use, and land-use change. Data were unavailable for Alaska, Hawai′i and the 
Affiliated US Pacific Islands, and the US Caribbean. Figure credit: USGS.
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The vulnerability of US forests to climate change and climate-related disturbances varies (relative to natural 
variability) due to differences in biophysical conditions and local and regional variations in climate (Chs. 2, 
3). For example, although 21st-century temperatures (2001–2020) have increased almost everywhere in the 
US (relative to 1951–1970), this warming has not occurred uniformly across the US (KM 3.4; Figure 3.11). Due 
to these differences, the capacity of some US forests to provide ecosystem services is increasingly affected 
by climate change and climate-related disturbances (KMs 7.1, 7.2).7 For example, the amount of forest burned 
and greenhouse gas (GHG) emissions from fires have increased substantially since 1990, mostly in the West, 
with three of the five worst wildfire years (based on area burned and GHG emissions) occurring since 2015 
(Figure 7.2).3 Proactive adaptation will assist the provisioning of ecosystem services from forests. Examples 
of adaptation in US forests have proliferated since 2017 (KM 7.3; Ch. 31) on federal, state, local, Tribal, and 
private lands (e.g., Moser et al. 2019;8 USDA 2022,9 202110). The effects of climate change on forests in specific 
regions of the US are discussed in several of the regional chapters (e.g., Chs. 21–24, 27–29).

Estimated Annual Greenhouse Gas (GHG) Emissions from Wildfires and Prescribed Fires

The amount of forest area burned and associated greenhouse gas emissions have increased in recent decades 
in the United States.

Figure 7.2. Estimated forest area burned and greenhouse gas emissions (carbon dioxide, methane, and nitrous 
oxide) from wildfires and prescribed fires in the contiguous US and Alaska have increased since the late 1990s. 
Climate change is affecting the likelihood and scale of wildfires in US forests. In some cases, wildfires (particu-
larly in the western US) have slowed or stopped recovery of forests from previous disturbances, reducing their 
capacity to sequester and store carbon. Adapted from Domke et al. 2023.3 
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Key Message 7.1  
Forests Are Increasingly Affected by Climate Change and Disturbances

Climate change is increasing the frequency, scale, and severity of some disturbances that 
drive forest change and affect ecosystem services (high confidence). Continued warming and 
regional changes in precipitation are expected to amplify interactions among disturbance 
agents (likely, high confidence) and further alter forest ecosystem structure and function (likely, 
high confidence).

Climate change affects disturbances such as wildfires, insects, diseases, and land uses, as well as the 
interactions among these disturbances, all of which shape forest ecosystems through changes in growth, 
mortality, regeneration, and recruitment of vegetation over space and time (Figure 6.1 in Vose et al. 201811). 
Disturbances altered by climate change pose risks to current and future forest health (i.e., the extent to 
which ecosystem processes are functioning within their natural range of historical variation) and will affect 
forest conditions across landscapes for years to centuries. Weather events such as droughts, hurricanes, 
windstorms, and floods may exacerbate disturbance effects, especially in extreme cases (Figure 7.3; Chs. 
8, 9). The exposure and sensitivity of forests to climate change and climate-related disturbances vary with 
disturbance, forest condition, management history, and the rate and magnitude of change.

Coastal Ghost Forest 

Coastal ghost forests result when trees are killed by sea level rise and saltwater intrusion. 

Figure 7.3. The photo shows a coastal ghost forest (foreground) near Blackwater National Wildlife Refuge, Mary-
land. As sea levels rise in response to climate change, the replacement of coastal forests with tidal wetlands will 
affect many ecosystem services, including storm surge buffering capacity. Photo credit: ©Matthew L. Kirwan, 
Virginia Institute of Marine Science.
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Climate change is affecting the likelihood and scale of wildfires in US forests. For example, the amount 
of forest burned by wildfires in the West has increased relative to the mid- to late 20th century12,13 due, 
in part, to warming increasing vapor pressure deficits and rates of evapotranspiration (KM 4.1),12,14 as 
well as decreases in precipitation (KM 4.1).15 Fire activity is projected to increase with further warming 
and reductions in precipitation,14,16 although increases depend on regional fuel types and may eventually 
decrease in some forests due to reductions in fuel loads.17 The area burned by high-severity wildfires (e.g., 
stand-replacing fires) has increased in the West since 1985 by about eightfold,18 partly due to warmer, drier 
conditions (Figure 7.4; KM 2.1). Where abundant fuels are available, western US forests have experienced an 
increase in the proportion of area burned at high severity, especially in the Southwest (KM 28.5).18 Increased 
fire severity is expected to become more widespread in US forests in the future.19 Atypical re-burns and 
levels of fuel flammability that were historically rare are expected to become more common (Focus on 
Western Wildfires).

Determining the effects of climate change on wildfires is more difficult in regions outside the West, for 
example, in areas where prescribed fire use has changed substantially over time (Southeast), where wildfire 
was historically rare (Northeast), and where forests represent a small portion of the landscape (agricul-
tural regions in the central US). Furthermore, fire intensity (energy released during wildfire) and severity 
depend on fuel availability and flammability, which are directly affected by management (including wildfire 
suppression) and land use,20 as well as climate-driven changes in weather. However, altered meteorological 
conditions (e.g., relative humidity and wind speed), especially extreme conditions promoting wildfire spread, 
have become more prevalent in recent decades21 and are attributed, in part, to climate change (KM 2.2).22 
Changes in human demography in the WUI and increases in the ratio of human to natural fire ignitions23 
have combined with climate change to alter historical expectations of fire initiation and spread. One study 
found that a long-term trend in nighttime vapor pressure deficit, not simulated in climate models, explained 
recent fire managers’ observations that the rates of spread of fires in the West slowed less at night.24 
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Very Large Fires

Conditions conducive to very large fires are projected to increase. 

Figure 7.4. The left panel shows historical (1971–2000) values for the annual number of days in May through 
October with extreme weather conditions conducive to very large fires (VLFs; more than 12,000 acres). The right 
panel shows the percent change in the number of days for a projected future (2040–2069) climate under a very 
high scenario (RCP8.5). Changes are summarized by Bailey ecosections, which are areas of similar vegetation 
and climate defined by Bailey (2016).25 The number of days with conditions associated with VLFs more than dou-
bles in many ecosections, with more than a fourfold increase for parts of the Northwest, fivefold for the northern 
Rockies, and over sevenfold for the Upper Midwest. Projected conditions are an average of a 17-GCM (global cli-
mate model) ensemble selected for data availability. Areas with no color indicate lack of data (sufficient data are 
unavailable or where wildfires were historically rare). Data were unavailable for Alaska, Hawai'i and the Affiliated 
US Pacific Islands, and the US Caribbean. Figure credit: USGS.

In addition to wildfire, native and invasive (non-native) insects, diseases, and plants are important forest 
disturbances with climatic and non-climatic factors influencing their extent and effects. Tree mortality 
from bark beetles in the West has increased in the late 20th and early 21st centuries due, in part, to climate 
change (Box 7.1).26,27,28,29 The effects of climate change on other forest insects and diseases are less certain. 
For example, white pine blister rust (a disease caused by the non-native fungus Cronartium ribicola) 
is expected to decrease where conditions become warmer and drier (Southwest) but increase where 
conditions become warmer and wetter (high-elevation subalpine forests).30 Warming, altered precipitation 
patterns, extreme events, and disturbances all influence invasion pathways and may facilitate the estab-
lishment and spread of invasive species (KM 8.2).31 In Hawai‘i, climate change and the spread of invasive 
grasses have increased the frequency and extent of wildfires.32 In the Southeast, warming temperatures have 
allowed cold-sensitive invasive species like kudzu to move farther north,33 affecting forest structure and 
composition. Kudzu and other woody vines are stimulated by increased carbon dioxide (CO2)34 and in some 
cases outcompete trees and other plants.35 Even in the absence of other disturbances, warming and drought 
are important drivers of tree mortality in the US and globally.36

Sea level rise, another climate-related disturbance, affects the distribution, structure, and composition 
of forests (KM 9.2). Saltwater intrusion has reduced the health, diversity, and productivity of some coastal 
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forests in the East (Figure 7.3).37 Sea level is projected to result in the loss of existing mangrove forests in 
many places in future decades.38,39,40 However, warming during winter has facilitated northward migration of 
mangroves in the Southeast (Figure 7.7).41

Forest structure, function, and diversity are affected across a broad range of spatial scales (Figure 7.5). 
Variation in environmental conditions, historical and contemporary disturbances, management history, and 
land use have modified many forests, making them more vulnerable to droughts, wildfires, and other distur-
bances.42 These disturbances accelerate tree mortality; alter tree and other plant species distributions, age 
and size distributions, and regeneration success; and can lead to conversion to non-forest ecosystems (e.g., 
Falk et al. 2022;43 Stanke et al. 202144). 

Ecological transformations and shifts in forest habitats are occurring because of climate change (KM 8.1).45 
In some low-elevation forests in the West, tree regeneration over the last 20 years has been limited by 
unfavorable climate. High wildfire severity and low seed availability has further reduced postfire regenera-
tion in some locations.46,47 Eastern tree species migration is associated with increased seed production but is 
limited to some extent by the occurrence and distribution of large urban areas in the East.

Effects of Climate Change on Forests 

Climate change and climate-related disturbances are affecting forests in the United States.

Figure 7.5. The figure shows recently documented effects, specific to individual forest types, that have been 
attributed to climate change and climate-related disturbances. Effects include increased tree mortality across all 
types with high confidence, changes in forest structure with variable confidence, less carbon storage across three 
of the four forest types, and variable shifts in plant species composition. Confidence levels reflect the uncertainty 
in attributions based on available literature. Arrows indicate the direction of change where suitable data exist. In 
the case of temperate forests, structure is changing but not in a unidirectional way. Boreal forest reflects changes 
only in Alaska. Assessments in the figure are based on recent relevant literature, and citations can be found in the 
metadata. Adapted with permission from Figure SPM.2 in IPCC 2022.48 
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Although the effects of climate change on tree species have been well studied, effects on understory plants 
are poorly understood.49 In Wisconsin, shifts in understory plant species lag regional climate changes, but 
less so for species with broader site occupancies and larger seed masses.50 In Oregon’s Siskiyou Mountains, 
average temperature increases of about 3.6°F since 1948 have caused differing effects on plant communities. 
Low-elevation herb communities are now consistent with a hotter, drier climate and resemble plant 
communities in more southerly topographic positions. At higher elevations, herbs of northern biogeograph-
ic affinity have increased.51 

Some management activities and land-use changes, especially rapid expansion of the WUI,5 have reduced 
the adaptive capacity of forests to variations in climate and climate-related disturbances.52,53,54 The WUI 
is more prevalent in the East but is expanding at a faster rate in the West.5 In the East, forests in the WUI 
retain larger trees and aboveground biomass than less developed forests, but with less structural diversity 
(i.e., WUI forests have fewer saplings, seedlings, and dead trees). This raises concerns about diminished 
ecological function, reduced diversity of wildlife habitat, and vulnerability to warming.55 In the West, 
wildfire exclusion in dry forests historically adapted to frequent wildfire has altered forest structure and 
composition, resulting in higher surface and canopy fuel loads and increased vulnerability to high-severity 
wildfire.56,57 
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Box 7.1. Bark Beetles and Climate Change

Bark beetles spend most of their lives within a host tree, feeding and reproducing beneath the bark. Climate change 
has increased the impacts of some bark beetles due to 1) warming, which in some cases has increased life cycles and 
decreased overwintering mortality of beetles within the host tree; and 2) drought, as drought-stressed hosts have com-
promised defenses and offer little resistance to colonization by bark beetles.26,27,58 Warming during summer increases 
the probability of a spruce beetle completing its life cycle in one year compared to two years,59 which has increased 
spruce beetle populations in some areas (Figure 7.6). In California, warming and drought incited mortality of more than 
100 million trees during 2014–2017, most attributed to western pine beetles (Figure 7.6) colonizing ponderosa pines.60,61 
About 30% of the tree mortality in California was attributed to warming accelerating the life cycle of western pine beetle, 
with the remainder attributed to increases in host susceptibility due to drought stress.29 The biomass of ponderosa pines 
in California may not return to levels that occurred prior to the drought due to future warming, droughts, and western pine 
beetle outbreaks.62 

Warming has allowed mountain pine beetles to erupt at elevations and latitudes where winters historically were 
cold enough to kill most mountain pine beetle brood within the host tree.26 In New York and New England, a recent 
climate-driven range expansion of southern pine beetle resulted in a new bark beetle-host interaction in pitch pine for-
ests.63 In Alaska, an ongoing spruce beetle outbreak has affected more than 1.6 million acres since 2016 and expanded 
into the Alaska Range,27 threatening spruce forests in interior Alaska, where spruce beetle populations were historically 
regulated by cold winter temperatures.64 

Bark beetle outbreaks are often detrimental to the provision of ecosystem services,65 and can affect other disturbances 
and their effects on ecosystem services. For example, in some forests, mountain pine beetle outbreaks have increased 
the severity of wildfires66 and the abundance of invasive weeds.67 Silvicultural interventions such as thinning to reduce tree 
densities can be used to increase the resistance and resilience of some forests to bark beetles (KM 7.3), a relationship 
attributed to decreases in tree competition and associated increases in tree vigor, among other factors.27

Spruce and Pine Beetle Outbreaks 

Outbreaks of spruce and pine beetles, partly attributable to climate change, are killing trees in the West. 

Figure 7.6. These photos show a spruce beetle outbreak on the Bridger–Teton National Forest in Wyoming 
(left) and a western pine beetle outbreak on the Sierra National Forest in California (right). Discolored trees 
were colonized and killed by bark beetles. Warming and drought have increased the impacts of some bark 
beetles in US forests, affecting many ecosystem services. Photo credits: Christopher J. Fettig, USDA Forest 
Service.
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Key Message 7.2  
Climate Change Affects Ecosystem Services Provided by Forests

Climate change threatens the ecosystem services forests provide that enrich human lives and 
sustain life more broadly. Increasing temperatures, changing precipitation patterns, and altered 
disturbances are affecting the capacity of forest ecosystems to sequester and store carbon 
(high confidence), provide clean water and clean air (high confidence), produce timber and non-
timber products (high confidence), and provide recreation (medium confidence), among other 
benefits. Future climate effects will interact with societal changes to determine the capacity of 
forests to provide ecosystem services (likely, high confidence). 

Some effects of climate change and climate-related disturbances on ecosystem services and their associated 
economic benefits are gradual, driven by annual or seasonal warming, altered precipitation patterns, or 
sea level rise. Others are more rapid, driven by extreme events such as droughts, hurricanes, or heatwaves. 
Co-occurrence and/or interactions among disturbances (compound disturbances) can amplify the effects of 
individual disturbances on ecosystem services (Box 7.1; Figure 7.7; KM 2.3).68,69 

Climate change is projected to affect forest growth domestically and internationally, wood and paper 
markets (e.g., Tian et al. 201670), and the amount of carbon stored in harvested wood products (Box 7.2; KM 
12.2; e.g., Johnston and Radeloff 201971). However, the strength of these effects is uncertain due to distur-
bances, such as droughts, wildfires, insects, and diseases, that limit forest growth.72 Forest management 
actions taken in response to climate change can also affect timber product outputs, carbon, and associated 
ecosystem services (e.g., Creutzburg et al. 201773). Sea level rise also directly and indirectly affects timber 
output and carbon storage through loss of coastal forests to saltwater intrusion and housing losses and 
rebuilding, with a projected 800,000 new residential units needed in the US by 2050 to accommodate 
relocations due to sea level rise under a very high scenario (RCP8.5).74  

Climate change is altering the ranges and abundances of some plants and fungi used for food, medicine, 
and other purposes. Reduced snow depth, for example, can increase plant injury and mortality through 
increased exposure of tissues to frosts,75,76,77 as well as reduced microbial biomass and activity.78,79 Many 
plants and fungi have precise ecological requirements and narrow geographic ranges, leaving them 
vulnerable to climate change.80 Some species are at their range limits, unable to adapt to rapidly changing 
conditions.81 Effects differ by plant and fungal species, relating to their sensitivity and adaptive capacity.

Climate change affects heritage values, cultural identity, and spiritual connections associated with forests, 
exacerbating environmental injustices affecting Indigenous and Tribal food sovereignty, health, cultural 
practices, and knowledge transmission (Chs. 16, 20).82 Examples of culturally significant species affected by 
climate change include salmon, brook trout, oaks, pinyon pine, and whitebark pine (Box 7.3).83,84,85,86,87 In 2023, 
whitebark pine was listed as a threatened species by the US Fish and Wildlife Service, with white pine blister 
rust, mountain pine beetle, altered wildfire patterns, and climate change identified as major threats to its 
existence.88 Climate-related changes highlight fluctuating consistency, timing, and availability of culturally 
significant foods, fibers, and medicines.89,90,91

Climate change decreases some forest-based recreational activities and increases others. For example, 
warming and reduced snowpack have had negative effects on winter sports (e.g., cross-country skiing, 
snowshoeing, and snowmobiling) and positive effects on warm-weather activities, with mixed effects on 
water-based activities.92 Participation in fishing and motorized water activities is projected to increase in 
the North, while motorized water activities are projected to decrease in parts of the West.93 
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Increases in the amount of forest burned by wildfires are creating negative human health effects and 
growing economic losses.94 Increases in wildfire smoke are increasing respiratory and cardiovascular-asso-
ciated hospitalizations (KM 14.2; Focus on Western Wildfires)95 and out-of-hospital cases of cardiac arrest.96 
Chemicals mobilized into the environment from wildfire-ignited structures and infrastructure can differ 
from those emitted from burning forest fuels, potentially increasing human health concerns (KM 14.2).97,98 

Forest Ecosystem Services

Climate change has affected the provisioning of forest ecosystem goods and services in the United States. 

Figure 7.7. (a) Increases in fine particulate matter air pollutants (PM2.5) caused by wildfires degrade air quality 
and increase human health risks (data for Alaska, Hawai‘i, Puerto Rico, US Virgin Islands, and US-Affiliated Pacific 
Islands are not available). (b) Reduction in moose hunting opportunities stems from climate-related increases in 
parasites; declines in hunting opportunities have also been noted in the western US.99 (c) Increased tree mortal-
ity is shrinking carbon sequestration in public forests (Mt is millions of metric tons). (d) Northward migration of 
mangroves is displacing saltwater marshes, altering coastal storm protection and affecting recreation (data for 
1992 are not available). (e) Increased tree mortality by western bark beetles lowers home values through reduced 
environmental amenities.100 (f) Housing losses due to wildfires increased by fivefold in the 2010s compared to the 
average from 1990 to 2010, with substantial interannual variability; data exclude losses from US-Affiliated Pacific 
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Islands. Notes: Map excludes depictions of forest area for the US Virgin Islands and US-Affiliated Pacific Islands 
due to the large scale of the map. US Virgin Islands forest area is 46,967 acres.101 Forest areas for US-Affiliated 
Pacific Islands are as follows: Federated States of Micronesia (143,466 acres), Marshall Islands (23,252 acres), 
Northern Mariana Islands (75,407 acres), Palau (90,685 acres), American Sāmoa (43,631 acres), and Guam 
(63,833 acres); US Affiliated Pacific Island summary data are from sources cited in Lugo et al. 2022.102 Figure 
credits: (top) USDA Forest Service; (a) adapted with permission from Burke et al. 2021;103 (b) USDA Forest Ser-
vice; (c) adapted from Domke et al. 2023;3 (d) USDA Forest Service; (e) adapted from Fettig et al. 2022;27 (f) USDA 
Forest Service. 

Extreme events have been linked to declines in populations of amphibians, birds, fish, invertebrates, 
mammals, plants, and reptiles (KM 8.2).104 Recent insect population declines have been attributed, in part, 
to climate change, with wide-reaching consequences.105,106 Climate change is increasing the intensity 
of hurricanes in the East and their associated rainfall,107,108 although projected changes in the frequency 
of hurricanes due to warming are uncertain (Chs. 2, 3; e.g., Sobel et al. 2021109). Increased intensities of 
hurricanes could affect the structure and function of forests and wildlife habitat (e.g., Brown et al. 2011110). 
Mobile species or species capable of rapid population growth (e.g., invasives) generally benefit from extreme 
events and abrupt disturbances.104

Box 7.2. Forests and Carbon

Carbon is continuously cycled between the Earth and atmosphere. Forests help regulate climate, as live plants remove 
carbon dioxide (CO2) from the atmosphere through photosynthesis, facilitating maintenance and growth, and release 
some of that carbon through respiration. Forest ecosystems are the largest terrestrial carbon sink on Earth.111 In the US, 
the amount of carbon stored in forests (primarily in soils and trees), as well as in harvested wood products that are either 
in use (e.g., paper, plywood) or in solid waste disposal sites (e.g., landfills), is equivalent to nearly three decades of fossil 
fuel emissions. On average, between 2017 and 2021, forest ecosystem carbon uptake has offset the equivalent of more 
than 13% of economy-wide CO2 emissions each year.3 In recent decades, the rate of forest carbon sequestration has 
slowly declined, in part due to increasing frequency and severity of climate-related disturbances, leading to interannual 
variability in the forest carbon sink and abrupt (e.g., wildfire) and/or gradual (e.g., insect outbreak) transfers of carbon 
to the atmosphere, dead organic matter pools (dead wood, litter), and soils (Figure 7.8; KM 6.1).112,113 In some cases, 
climate-related disturbances have slowed or stopped recovery of forests, reducing their capacity to store carbon (Figure 
7.8b),62,114,115,116 and these trends are projected to continue under multiple climate, land-use, and socioeconomic scenarios. 
Human activities such as forest management (e.g., timber harvesting, prescribed fire, and other silvicultural interventions) 
are also major drivers of forest ecosystem carbon dynamics. Harvesting, for example, results in the transfer of some car-
bon stored in live and dead trees to the atmosphere as well as to harvested wood products and may alter the capacity of 
forest ecosystems to store new carbon.112,117 Land-use changes, including cropland expansion and urbanization, have also 
contributed to the decline in carbon sequestration and/or storage.115,118 Yet managing forest ecosystems, including forest 
soils,119 for the purposes of carbon sequestration and/or storage, along with many other ecosystem services, remains a 
relatively cost-effective strategy for mitigating climate change (KM 6.3; Ch. 32).112,120,121,122
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Forest Carbon Sink

The forest carbon sink has declined in recent decades in the United States, with substantial  
interannual variability.

Figure 7.8. The figure shows (a) the interannual variability in forest carbon sources and sinks during the peri-
od 1990–2021; (b) the interannual variability in the forest carbon sink in the US by National Climate Assess-
ment region during 1990–2021; and (c) the total forest carbon stocks by ecosystem pool (boxes) and mean 
annual transfers among the atmosphere and forest ecosystem pools, harvested wood products, and land con-
versions (arrows) in 2021. Negative estimates indicate net carbon uptake (i.e., a net removal of carbon from 
the atmosphere or transfer between ecosystem pools or land categories). Forest ecosystems are the largest 
carbon sink in the US. There is substantial interannual variability in greenhouse gas emissions and removals 
from forest land that is driven, in large part, by climate-related disturbances, land use, and land-use change. 
Figure credit: USDA Forest Service and USGS.
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Box 7.3. Climate Change Effects on Forest Water Resources

Forests are a critical source of water in the US (Figure 7.9a),123,124 and climate change and climate-related distur-
bances are directly and indirectly affecting the availability and quality of water from forests. Warming across the 
West has resulted in reduced snowpack and earlier snowmelt and spring runoff, decreasing downstream water avail-
ability (KM 4.1).125 In the Southwest, higher temperatures and reduced precipitation have decreased streamflow in 
recent decades (Figure 7.9b).126 Shifts in precipitation and declining snowpacks are decreasing the magnitude and/
or frequency of flooding in some areas but increasing them in others (Figure A4.8).127,128 Models indicate that climate 
change will affect flood events as some watersheds transition from snow-dominated precipitation, or mixed rain and 
snow, to rain-dominated precipitation.129,130 Wildfires and other disturbances (e.g., bark beetle outbreaks) can also 
result in changes in the availability and quality of water from forests.131,132 Following wildfires, tree mortality decreas-
es evapotranspiration, thereby increasing water runoff and supply.133 However, wildfire also increases the runoff of 
sediments, metals, and other chemicals into water bodies for several years or more after a fire,134 with higher rates of 
drinking-water standard violations occurring in burned versus unburned watersheds.135 

Climate change impacts on water quantity and quality in turn affect aquatic life. Warming, drought, and declines in 
snowpack increase stream temperatures,136 decreasing coldwater fish habitat (Figure 7.9c).137,138,139 Shifts in precipita-
tion from snow to rain are projected in much of southern Alaska.140 Anticipated effects include changes in streamflow 
timing and magnitude, with negative effects on salmon production and salmon habitat.141 

Adaptation measures can reduce some of the effects of climate change on water resources. Management practices, 
such as reintroducing American beaver, have increased water storage in some landscapes142 but have had mixed effects 
on water quality for salmon in the Northwest.143 Maximizing riparian forest buffers reduces erosion and sedimentation, 
provides habitat for wildlife, and is projected to delay or reduce stream warming through enhanced shading.144 Thinning 
and surface-fuel reduction can lessen the risk of high-severity wildfires in fire-prone buffers and adjacent forests in the 
West,145,146 with the potential to reduce fire severity and consequently the effects of wildfire on water resources.132
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Climate Effects on Forest Water Resources

Climate change and climate-related disturbances are affecting the availability and quality of water from 
forests in the United States.

Figure 7.9. Panel (a) shows the percent of surface water originating on forest lands across the contiguous 
US, illustrating that forests are a critical source of water. Panel (b) shows decadal average variations in 
average annual streamflow (measured in cubic feet per second [ft3/s]) from Hydrologic Unit Code 8 (HUC8) 
watersheds with greater than 50% forest cover, no impoundments above the streamflow gauges, at least four 
gauges per basin, and complete records back to 1950 in the Great Basin (number of HUC8 gauges = 6), Upper 
Colorado (16), Lower Colorado (5), and Rio Grande (4). Data generally show annual streamflow has been 
comparatively lower in more recent years compared to earlier decades. Panel (c) shows projected changes in 
suitable coldwater fish habitat in the Southeast under 3.6°F and 7.2°F warming air temperature over contem-
porary (2012) air temperature. Projections suggest suitable coldwater fish habitat will decline in the future as 
air temperatures increase. Figure credits: (a) adapted from Liu et al. 2022;124 (b, c) USDA Forest Service.



Fifth National Climate Assessment

7-20 | Forests

Key Message 7.3  
Adaptation Actions Are Necessary for Maintaining Resilient Forest Ecosystems

Climate change creates challenges for natural resource managers charged with preserving the 
function, health, and productivity of forest ecosystems (high confidence). Forest landowners, 
managers, and policymakers working at local, state, Tribal, and federal levels are preparing for 
climate change through the development and implementation of vulnerability assessments and 
adaptation plans (medium confidence). Proactive adaptation of management strategies that 
create, maintain, and restore resilient forest ecosystems are critical to maintaining equitable 
provisioning of ecosystem services (medium confidence).

Proactive adaptation of forest management can help maintain the continued provisioning of ecosystem 
services from forests (e.g., Peterson and Halofsky 2018;147 Voggesser et al. 201387). Since 2017, the development 
of assessments, frameworks, and tools to guide adaptation in forests has accelerated. Climate change vul-
nerability assessments and adaptation plans for federal (e.g., Halofsky et al. 2016;148 Timberlake and Schultz 
2019149), state (Figure 31.1; e.g., Ontl et al. 2018;150 PADEP 2021151), private,152 and Tribal lands91,153 have prolifer-
ated. Similarly, many guides and frameworks for adaptation have been introduced (e.g., Adaptation Partners 
2023;154 Schuurman et al. 2020155). Examples of implementation of adaptation practices in forests are now 
much more widespread (Figure 7.10; Table 7.1).
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Climate Adaptation and Forest Ownership 

Adaptation actions occur across many types of forest ownership and management in the United States.

Figure 7.10. Forests in the eastern US are mostly privately owned, whereas the majority of forests in the western 
US are federally managed. Climate change adaptation actions have been implemented in diverse forest ownership 
settings. The numbers on the map correspond to locations of adaptation examples listed in Table 7.1 (example 
6 is not depicted as it focuses on Puerto Rico, which is not shown on the map). TIMO = timber investment man-
agement organization; REIT = real estate investment trust. These data are not available for Alaska, Hawai‘i, the US 
Caribbean, or the US-Affiliated Pacific Islands. Adapted from Sass et al. 2020.156
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Table 7.1. Examples of Climate Change Adaptation Actions in Forest Ecosystems

Map Location Climate Change Effect Adaptation Response References and Resources

1
Longer wildfire season 
and increased area 
burned.

Thin forests and conduct prescribed 
and cultural burns to reduce the risk 
of high-severity wildfire and promote 
valued plants. 

Long et al. 2021157

Marks-Block et al. 2019158 
WA DNR 2020159

2
Species and genotypes 
may be maladapted to 
future climate.

Plant genotypes and species considered 
more tolerant of increased temperatures 
and changing disturbance regimes. 

St. Clair et al. 2022160

NIACS 2022161

NIACS 2022162

3
Increasing temperatures 
and other stressors 
threaten urban forests. 

Develop silvicultural techniques to 
maintain urban forests. 

Piana et al. 2021163

Piana et al. 2021164  
Pregitzer et al. 2019165

4

Climate change 
adaptation plans are 
not typically suited to 
the needs of Indigenous 
Peoples.

Develop a Tribal climate change 
adaptation menu to incorporate Tribal 
values and cultural considerations into 
climate adaptation planning.

Tribal Adaptation Menu Team 
2019166

5 More frequent and severe 
flooding.

Relocate and restore recreation-related 
infrastructure in vulnerable floodplains. NIACS 2022167

6
More intense hurricanes 
increasing downed and 
damaged trees.

Increase capacity to learn from disaster 
and manage vegetative debris in order 
to recover value and sequester carbon.

Álvarez-Berríos et al. 2021168 
Wiener et al. 2020169

Taking into account all lands and people improves climate change vulnerability assessments, because of 
the many federal, state, territorial, municipal, private, Tribal, and Indigenous management policies and 
practices governing forests. Adaptation options differ by region, ownership, and management objectives, 
reflecting differences in regional climate and ecology, management history, and local values. However, 
general principles for adaptation hold across geographies and ownerships and are consistent with the 
principles of sustainable forest management. For example, in drought-prone temperate forests, reducing 
tree densities increases resistance (the ability to remain largely unaltered by disturbance) and resilience 
(the ability to recover after disturbance) to bark beetles and drought170,171 and, when combined with fuel 
reduction treatments (e.g., prescribed fire), resilience to wildfire.145,146 In fire-prone forests, reintroducing 
low- to mixed-severity fire and incorporating Indigenous Knowledge into fire management can reduce the 
risk of high-severity wildfire and promote valued ecosystem services172,173 (Table 7.1; KM 16.3). Promoting 
biological diversity is also a common adaptation strategy,150 as forest areas of high diversity are better at 
maintaining ecosystem functions.174 Increasing the diversity of functional traits, such as shade tolerance, 
seed size, specific leaf area, ability to resprout, and bark thickness, may give forests a better chance to adapt 
to climate-related disturbances.174,175

Opportunities to better integrate social considerations of climate-driven changes in forests and forest 
management are emerging, as socioecological vulnerability frameworks and assessments expand their 
treatment of social dimensions.176,177 For example, assessments can consider ecological changes and altered 
ecosystem services in light of the socioeconomic characteristics (e.g., social vulnerability) and welfare of the 
beneficiaries of ecosystem services, including social capacity to adapt to novel conditions. Access to forests 
and associated ecosystem services, including recreation, differs from urban to rural settings and with socio-
economic characteristics such as racial and ethnic identity. For example, Black landowners in the South face 
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a legacy of unequal access to forestry extension and management, as well as insecure property ownership 
and minimal economic return for land inherited without a will.178 Environmental justice analyses can be used 
to consider access to forests, technical assistance for forest management, and ecosystem services, as well as 
hazardous occurrences such as wildfire smoke.179,180

Forest health and management are tied to socioeconomic well-being among Indigenous and Tribal Peoples, 
where stewardship of forest ecosystems is interrelated with cultural identity (KM 16.3).181,182 Such per-
spectives lead to different adaptation options with emphasis on active management designed to maintain 
reciprocal relationships. For example, many Diné (Navajo) depend directly on the land for their livelihoods 
and cultural traditions, and forests provide social, cultural, spiritual, and economic resources. Under 
continued warming, substantial forest losses are projected for the Diné. Ambitious tree planting strategies 
have been proposed to offset these losses and meet future resource needs (e.g., for fuelwood; 50% of Diné 
households use wood as a primary heating source).183

Adapting reforestation practices, including where species are planted and which species and genotypes 
are planted, will facilitate adaptation to future climatic conditions. Assisted migration can help address the 
effects of climate change by promoting tree species and genotypes expected to survive future climates and 
disturbance regimes.184 Assisted migration encompasses 1) assisted population migration within a species 
range, 2) assisted range expansion adjacent to a species range, and 3) assisted species migration that moves 
species far outside their range.185 Specific guidance on assisted migration is rare, but tools such as hierarchi-
cal decision-making,186 the Seedlot Selection Tool,160 and the Managed Relocation Ecological Risk Assessment 
Tool187 provide guidance. 

Assisted migration and reforestation efforts are constrained by unreliable availability of climate-adapted 
seedling stock or other resources.188 Adaptation interventions can focus on altering the exposure of forests 
to climate change or the demand for ecosystem services. Interventions include forest management that 
alters stand structures or composition, strengthening of disturbance response, and bolstering post-distur-
bance restoration.189,190 Private forest owners’ actions to adapt to climate change are socially, institutionally, 
and economically constrained (e.g., Andersson and Keskitalo 2018191); therefore, policy and market-based 
incentives have the potential to increase adaptation on private lands (e.g., Anderson et al. 2019192). Potential 
policies include regulations that require adaptation actions; subsidies (direct payments and tax reductions) 
that reduce private costs of actions or account for public benefits of private actions;193 and taxes that 
increase the private costs of inaction or of actions that make forests less resilient to climate change (e.g., 
Hashida et al. 2020194). Given that future benefits from a private intervention are uncertain, subsidies (e.g., 
for hazardous fuels management) also reduce financial risks (e.g., Amacher et al. 2006195). 

Effective implementation of climate adaptation requires working across landscapes with complex 
governances.196 Equitable outcomes are enhanced by coproduction of knowledge (i.e., involving multiple 
knowledge sources and capacities from different groups of people) that determines expected risks, desired 
future benefits, and the capacity for implementing adaptation actions.197 
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Traceable Accounts
Process Description
Author selection centered on scientific expertise and ensuring that, to the extent possible, the author 
team represented a broad array of experiences. First, an outline of broad themes was developed by the 
chapter lead (CL) and federal coordinating lead author (CLA) based on review of previous assessments, 
a US Global Change Research Program (USGCRP) gap analysis, and new findings since the last National 
Climate Assessment.11 The outline served as the basis for identifying the expertise necessary to complete 
the chapter. Next, the CL and CLA independently developed initial author lists following diversity criteria 
and guidance provided by USGCRP. It is important to note that prior to author selection, including the CL 
and CLA, the chapter was designated an all-federal-author chapter by the Federal Steering Committee, with 
the option to include non-federal authors as technical contributors. The CL and CLA relied heavily on the 
prepopulated list of individuals nominated through the USGCRP public call for authors to compile the initial 
author lists. The CL and CLA then worked through their initial lists of authors by chapter theme using the 
diversity criteria to arrive at the final list of chapter authors.

The author team met weekly to discuss chapter developments, comments, and timelines. Additional chapter 
authors and technical contributors were identified and added to increase depth and diversify perspectives. 
These decisions were informed by author team meetings, reviews and revisions, and comments received 
from US government agencies and the public. Consensus was built leveraging the specific expertise of 
chapter authors and by referring to the peer-reviewed literature, which was heavily weighted to articles 
published in the last five years. Engagement with the public occurred through a workshop held in January 
2022 and opportunities for public review. Engagement with other chapters occurred through meetings 
among chapter leadership.

Key Message 7.1  
Forests Are Increasingly Affected by Climate Change and Disturbances 

Description of Evidence Base
Abundant peer-reviewed literature indicates that climate change has increased the frequency, spatial scale, 
and severity of some disturbances that drive forest change.56,198,199 Notable examples include area burned 
by wildfires in the West,200 area burned by large wildfires in the West,13 and area burned at high severity in 
the West.18 Over half (55%) of the changes in fuel aridity in western US forests are attributable directly to 
climate change,12 and relationships between wildfire and climate (low precipitation/drought or interactions 
between temperature and precipitation) explain the trends and most of the variation in area burned.14,15,200,201 
Projections of future wildfire14,202 indicate climatic drivers, and forest responses are expected to differ with 
forest type and fuels, with the potential for fuel feedbacks to eventually limit increases in area burned 
(Kitzberger et al. 2017,203 but see Abatzoglou et al. 202116). There is also strong and increasing evidence that 
warming is reducing overwintering mortality and increasing voltinism (number of generations) of some 
bark beetles,26,29,63 resulting in large impacts, especially in the West, and expansions of geographic and host 
ranges in both the Northeast and West.26,63 In the Southwest, exceptional drought has compromised host 
tree defenses, resulting in increased bark beetle impacts.58,60,61,204 Despite well-described physical changes 
to forest fuels following bark beetle outbreaks, effects on wildfires are mixed. These contradictions are 
largely explained by the different metrics used to assess wildfires, time since the outbreak, the spatial scale 
of studies, and the confounding effects of fire weather and beetle impacts.66 Pathogens, extreme weather 
events (hurricanes, wind, flooding), and sea level rise have less evidence supporting widespread connections 
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between disturbance and climate, in part because attribution is difficult for phenomena that occur rarely. 
Continued warming and regional changes in precipitation are expected to amplify interactions among 
disturbance agents and further alter forest ecosystem structure and function. Evidence for shifts in tree 
species ranges as affected by climate change is available for some areas;205,206,207 however, understory species 
range shifts will depend on whether the canopy is affected.49,208 

Major Uncertainties and Research Gaps
A major uncertainty is the role of climate-related disturbance in landscape transformation, or the 
permanent transition to a different vegetation type, perhaps non-forested. Projecting future forest changes 
and resulting effects on ecosystem services should be predicated on an ability to simulate and anticipate 
the (sometimes rapid) emergence of novel vegetation types. A key research gap is whether and how much 
management actions may alter climate-driven disturbance effects and resulting forest ecosystem trajec-
tories. For example, differences in forest type and management history affect fuels available to fire and 
how climate changes alter their flammability or susceptibility to insects or other disturbances. As a result, 
forest-specific management may be capable of altering some or most of the projected climate effects, all 
other things being equal, primarily for wildfire. Another research gap is the ability to model the hydrological 
responses in forested watersheds under novel combinations of climate and disturbance.

Description of Confidence and Likelihood
The vast majority of the scientific literature on forest disturbance supports a high confidence statement 
for the role of climate-related disturbance in structuring forest ecosystems, although estimates of the 
strength of relationships between climate and disturbance vary with mechanisms and methods. However, 
the mechanisms by which disturbances interact and the degrees to which they will chronically or acutely 
affect forests differ greatly with the type and nature of the disturbance. For example, interactions between 
wildfire and bark beetles are well documented and may be amplified over time, whereas interactions 
between drought and pathogens are poorly understood. Disturbances can rapidly alter forest structure and 
dynamics, as well as other resource values (e.g., recreation) and socioeconomic conditions. It is likely that 
such dynamics will continue, but it is difficult to project how much they will resemble the dynamics with 
which we have experience. Therefore, high confidence exists that future disturbances will further alter forest 
structure and function.

Key Message 7.2  
Climate Change Affects Ecosystem Services Provided by Forests

Description of Evidence Base
Abundant peer-reviewed literature underpins how climate change is affecting ecosystem services. Most 
research supports that increases in air temperature and changing precipitation patterns are reducing the 
capacity of US forests to sequester and store carbon, especially in the West.3 There is also strong evidence 
that climate change is reducing snowpacks and decreasing water supplies in the West.125 Stream tempera-
tures are increasing in multiple regions, reducing coldwater fish habitat.137,138 Increases in the frequency of 
large wildfires in the West reduce air and water quality103,132,134,209,210 and, when combined with an expanding 
wildland–urban interface (WUI),5 likely increase structure losses. 

Climate change affects timber by increasing the area burned by wildfires211 and by increasing the area 
affected by, and the severity of, bark beetle outbreaks,26,58 leading to increased timber salvage and lower 
timber values. Beetle outbreaks have also lowered scenic beauty, property values, and property tax revenues 
for local governments in some areas.100 Non-timber products in some parts of the US are increasingly 
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subjected to variable output, due to climate-related increases in disturbances and variability in tempera-
tures and seasonality,212 affecting benefits of cultural ecosystem services, particularly for Indigenous and 
Tribal Peoples.90,213 For example, in the Midwest and Northeast, rising average winter temperatures and 
reduced snow depth have increased the severity of winter tick (Dermacentor albipictus) and brainworm 
(Parelaphostrongylus tenuis) infestations214,215 in moose, increasing adult and calf mortality and reducing 
hunting opportunities.216,217,218 Rising sea levels are leading to ghost forests, thereby changing recreation 
and affecting storm surge buffering capacity.219,220 Sea level rise is also projected to exceed mangrove 
accretion rates in future decades, leading to loss of mangrove forests in many places.38,39,40 In response 
to warmer winters, however, mangrove expansion is currently occurring along the US Gulf and Atlantic 
coasts, enhancing coastal protection from storms and rising seas, adding biomass carbon, improving pelican 
habitat, creating loss of coastal views, increasing insects, reducing fishing access, and reducing habitat for 
whooping cranes, an endangered species.41 Skiing in undeveloped areas and motorized snow-based activities 
in the continental US are projected to be affected by climate change by midcentury, with effects varying by 
region, model scenario, and participation measure.93,221 

Major Uncertainties and Research Gaps
Climate change effects on recreation values are uncertain because human values change over time and 
because overall effects will depend on how temperature and precipitation patterns change across forested 
landscapes. Furthermore, imprecise information on historical recreation activities has led to a lack of 
statistical significances for quantitative estimates of how climate may be affecting particular activities. 
Research gaps exist regarding the effects of climate change on cultural goods and services important to 
Indigenous and Tribal Peoples in the US.

Description of Confidence and Likelihood
Recent research provides ample evidence of the direct and indirect effects of climate change on forest 
ecosystem services. There is high confidence that multiple ecosystem services are being impacted by climate 
change, including coldwater fishing, multiple recreation activities, amenities from coastal forests lost to 
rising seas, Indigenous forest values, consumptive and nonconsumptive wildlife provisioning, and many 
nontimber forest products. There is high confidence that climate change is affecting forest carbon seques-
tration; the provisioning of clean water from forests; the occurrence of wildfires that destroy structures, 
alter habitats, and increase PM2.5 concentrations in the atmosphere; and snowpacks in the West and 
Northeast. There is medium confidence that climate change is changing the availability of water-based 
and snow-based recreation. The capacity of forests to continue providing ecosystem services will be 
determined, in part, by changes in society and how those changes interact with future climate effects (likely, 
high confidence).
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Key Message 7.3  
Adaptation Actions Are Necessary for Maintaining Resilient Forest Ecosystems

Description of Evidence Base
Climate change vulnerability assessments provide the basis for adaptation, and there are many examples 
of vulnerability assessments that have been conducted for a variety of forest landowners and managers 
in recent years. Although frameworks and examples of adaptation planning are still more numerous than 
adaptation actions, the recent literature contains an increasing number of adaptation actions implemented 
to increase forest resistance and resilience to climate change (Table 7.1). Research on climate change effects 
and adaptation efforts increasingly draws on coproduction, iterative, and collaborative processes that 
combine different types of knowledge and participants to produce effective climate adaptation science.222

Although considering local context and management objectives is critical in identifying climate change 
adaptation options, there are general principles applicable across forest types. Adaptation principles that 
receive strong support in the scientific literature include promoting diversity, modifying planting practices, 
implementing assisted migration, and increasing resilience to disturbance. A mixture of tree species and 
functional traits223 in a forest stand increases the likelihood that disturbances, such as insect and disease 
outbreaks, will not result in complete stand mortality; that forests will be better able to withstand changing 
environmental conditions; and that multiple ecosystem services can be provided.174,224 Strong and increasing 
evidence exists for lowering stand density in many fire-prone forest types to 1) increase resistance and 
resilience to disturbances, including droughts, bark beetles, and wildfires;145,146,157,170,225 and 2) improve residual 
tree growth by decreasing fuel loads, decreasing tree competition, and increasing water availability.225,226,227

Major Uncertainties and Research Gaps 
Identification of climate change adaptation actions is based on our current understanding of ecosystem 
function and how management actions affect ecosystem function. However, understanding of the effec-
tiveness of climate change adaptation actions is limited by a lack of long-term monitoring over several 
decades. Future monitoring will be critical for evaluating the effectiveness of adaptation actions in different 
contexts, especially because interactions among multiple disturbances could result in unexpected effects 
on ecosystems and their response to adaptation actions. Implementation of adaptation actions is still in the 
relatively early stages, and barriers to adaptation implementation are expected to persist, limiting the future 
pace, scale, and effectiveness of adaptation.

Description of Confidence and Likelihood
There is high confidence that changes in climate over the last several decades are already affecting the 
ability of forest owners and managers to meet management objectives. This is primarily because of the 
increasing extent of severe disturbances, primarily wildfires, bark beetle outbreaks in the West, and storms 
in coastal locations in the East. This is based on the proliferation of peer-reviewed literature to support 
climate-informed management and planning, as well as various guidelines and sources of adaptation options 
developed by agencies and non-governmental organizations. Based on understanding of forest ecosystems 
and effects of management actions, there is medium confidence that adaptation actions will be effective 
in helping maintain the provisioning of ecosystem services. Continued monitoring is needed to assess the 
effectiveness of adaptation actions. 



Fifth National Climate Assessment

7-28 | Forests

References
1. Bonan, G.B., 2016: Forests, climate, and public policy: A 500-year interdisciplinary odyssey. Annual Review of 

Ecology, Evolution, and Systematics, 47 (1), 97–121. https://doi.org/10.1146/annurev-ecolsys-121415-032359

2. Oswalt, S.N., W.B. Smith, P.D. Miles, and S.A. Pugh, 2019: Forest Resources of the United States, 2017: A Technical 
Document Supporting the Forest Service 2020 RPA Assessment. Gen. Tech. Rep. WO-97. U.S. Department of 
Agriculture, Forest Service, Washington Office, Washington, DC, 223 pp. https://doi.org/10.2737/wo-gtr-97

3. Domke, G.M., B.F. Walters, C.L. Giebink, E.J. Greenfield, J.E. Smith, M.C. Nichols, J.A. Knott, S.M. Ogle, J.W. Coulston, 
and J. Steller, 2023: Greenhouse Gas Emissions and Removals from Forest Land, Woodlands, Urban Trees, and 
Harvested Wood Products in the United States, 1990–2021. Resour. Bull. WO-101. U.S. Department of Agriculture, 
Forest Service, Washington Office, Washington, DC, 10 pp. https://doi.org/10.2737/wo-rb-101

4. Zhang, Y., C. Song, T. Hwang, K. Novick, J.W. Coulston, J. Vose, M.P. Dannenberg, C.R. Hakkenberg, J. Mao, and 
C.E. Woodcock, 2021: Land cover change-induced decline in terrestrial gross primary production over the 
conterminous United States from 2001 to 2016. Agricultural and Forest Meteorology, 308–309, 108609. https://doi.
org/10.1016/j.agrformet.2021.108609

5. Mockrin, M.H., D. Helmers, S. Martinuzzi, T.J. Hawbaker, and V.C. Radeloff, 2022: Growth of the wildland-urban 
interface within and around U.S. National Forests and Grasslands, 1990–2010. Landscape and Urban Planning, 218, 
104283. https://doi.org/10.1016/j.landurbplan.2021.104283

6. AF&PA, 2022: Our Economic Impact. American Forest and Paper Association. https://www.afandpa.org/statistics-
resources/our-economic-impact

7. Hartmann, H., A. Bastos, A.J. Das, A. Esquivel-Muelbert, W.M. Hammond, J. Martínez-Vilalta, N.G. McDowell, J.S. 
Powers, T.A.M. Pugh, K.X. Ruthrof, and C.D. Allen, 2022: Climate change risks to global forest health: Emergence of 
unexpected events of elevated tree mortality worldwide. Annual Review of Plant Biology, 73 (1), 673–702. https://doi.
org/10.1146/annurev-arplant-102820-012804

8. Moser, S.C., J.A. Ekstrom, J. Kim, and S. Heitsch, 2019: Adaptation finance archetypes: Local governments’ persistent 
challenges of funding adaptation to climate change and ways to overcome them. Ecology and Society, 24 (2), 28. 
https://doi.org/10.5751/es-10980-240228

9. USDA, 2022: Climate Resilience and Carbon Stewardship of America’s National Forests and Grasslands. Secretary’s 
Memorandum 1077-004. U.S. Department of Agriculture, Office of the Secretary, Washington, DC. https://www.
usda.gov/directives/sm-1077-004

10. USDA, 2021: Action Plan for Climate Adaptation and Resilience. Departmental Regulation 1070-001. U.S. Department 
of Agriculture. https://www.sustainability.gov/pdfs/usda-2021-cap.pdf

11. Vose, J.M., D.L. Peterson, G.M. Domke, C.J. Fettig, L.A. Joyce, R.E. Keane, C.H. Luce, J.P. Prestemon, L.E. Band, J.S. 
Clark, N.E. Cooley, A. D’Amato, and J.E. Halofsky, 2018: Ch. 6. Forests. In: Impacts, Risks, and Adaptation in the United 
States: Fourth National Climate Assessment, Volume II. Reidmiller, D.R., C.W. Avery, D. Easterling, K. Kunkel, K.L.M. 
Lewis, T.K. Maycock, and B.C. Stewart, Eds. U.S. Global Change Research Program, Washington, DC, USA, 232–267. 
https://doi.org/10.7930/nca4.2018.ch6

12. Abatzoglou, J.T. and A.P. Williams, 2016: Impact of anthropogenic climate change on wildfire across western US 
forests. Proceedings of the National Academy of Sciences of the United States of America, 113 (42), 11770–11775. https://
doi.org/10.1073/pnas.1607171113

13. Dennison, P.E., S.C. Brewer, J.D. Arnold, and M.A. Moritz, 2014: Large wildfire trends in the western United States, 
1984–2011. Geophysical Research Letters, 41 (8), 2928–2933. https://doi.org/10.1002/2014gl059576

14. western United States: An ecological approach to nonstationarity. Earth’s Future, 6 (8), 1097–1111. https://doi.
org/10.1029/2018ef000878

15. Holden, Z.A., A. Swanson, C.H. Luce, W.M. Jolly, M. Maneta, J.W. Oyler, D.A. Warren, R. Parsons, and D. Affleck, 
2018: Decreasing fire season precipitation increased recent western US forest wildfire activity. Proceedings of 
the National Academy of Sciences of the United States of America, 115 (36), E8349–E8357. https://doi.org/10.1073/
pnas.1802316115

https://doi.org/10.1146/annurev-ecolsys-121415-032359
https://doi.org/10.2737/wo-gtr-97
https://doi.org/10.2737/wo-rb-101
https://doi.org/10.1016/j.agrformet.2021.108609
https://doi.org/10.1016/j.agrformet.2021.108609
https://doi.org/10.1016/j.landurbplan.2021.104283
https://www.afandpa.org/statistics-resources/our-economic-impact
https://www.afandpa.org/statistics-resources/our-economic-impact
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.1146/annurev-arplant-102820-012804
https://doi.org/10.5751/es-10980-240228
https://www.usda.gov/directives/sm-1077-004
https://www.usda.gov/directives/sm-1077-004
https://www.sustainability.gov/pdfs/usda-2021-cap.pdf
https://doi.org/10.7930/nca4.2018.ch6
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1002/2014gl059576
https://doi.org/10.1029/2018ef000878
https://doi.org/10.1029/2018ef000878
https://doi.org/10.1073/pnas.1802316115
https://doi.org/10.1073/pnas.1802316115


Fifth National Climate Assessment

7-29 | Forests

16. Abatzoglou, J.T., D.S. Battisti, A.P. Williams, W.D. Hansen, B.J. Harvey, and C.A. Kolden, 2021: Projected increases in 
western US forest fire despite growing fuel constraints. Communications Earth & Environment, 2 (1), 227. https://
doi.org/10.1038/s43247-021-00299-0

17. Kennedy, M.C., R.R. Bart, C.L. Tague, and J.S. Choate, 2021: Does hot and dry equal more wildfire? Contrasting 
short- and long-term climate effects on fire in the Sierra Nevada, CA. Ecosphere, 12 (7), e03657. https://doi.
org/10.1002/ecs2.3657

18. Parks, S.A. and J.T. Abatzoglou, 2020: Warmer and drier fire seasons contribute to increases in area burned at high 
severity in western US forests from 1985 to 2017. Geophysical Research Letters, 47 (22), e2020GL089858. https://doi.
org/10.1029/2020gl089858

19. Jones, M.W., J.T. Abatzoglou, S. Veraverbeke, N. Andela, G. Lasslop, M. Forkel, A.J.P. Smith, C. Burton, R.A. Betts, G.R. 
van der Werf, S. Sitch, J.G. Canadell, C. Santín, C. Kolden, S.H. Doerr, and C. Le Quéré, 2022: Global and regional 
trends and drivers of fire under climate change. Reviews of Geophysics, 60 (3), e2020RG000726. https://doi.
org/10.1029/2020rg000726

20. Parks, S.A., C. Miller, J.T. Abatzoglou, L.M. Holsinger, M.-A. Parisien, and S.Z. Dobrowski, 2016: How will climate 
change affect wildland fire severity in the western US? Environmental Research Letters, 11 (3), 035002. https://doi.
org/10.1088/1748-9326/11/3/035002

21. Jain, P., X. Wang, and M.D. Flannigan, 2017: Trend analysis of fire season length and extreme fire weather in 
North America between 1979 and 2015. International Journal of Wildland Fire, 26 (12), 1009–1020. https://doi.
org/10.1071/wf17008

22. Abatzoglou, J.T., A.P. Williams, and R. Barbero, 2019: Global emergence of anthropogenic climate change in fire 
weather indices. Geophysical Research Letters, 46 (1), 326–336. https://doi.org/10.1029/2018gl080959

23. Balch, J.K., B.A. Bradley, J.T. Abatzoglou, R.C. Nagy, E.J. Fusco, and A.L. Mahood, 2017: Human-started wildfires 
expand the fire niche across the United States. Proceedings of the National Academy of Sciences of the United States 
of America, 114 (11), 2946–2951. https://doi.org/10.1073/pnas.1617394114

24. Chiodi, A.M., B.E. Potter, and N.K. Larkin, 2021: Multi-decadal change in western US nighttime vapor pressure 
deficit. Geophysical Research Letters, 48 (15), e2021GL092830. https://doi.org/10.1029/2021gl092830

25. Bailey, R.G., 2016: Bailey’s Ecoregions and Subregions of the United States, Puerto Rico, and the U.S. Virgin 
Islands. U.S. Geological Survey, Forest Service Research Data Archive, Fort Collins, CO. https://doi.org/10.2737/
RDS-2016-0003

26. Bentz, B.J., J. Régnière, C.J. Fettig, E.M. Hansen, J.L. Hayes, J.A. Hicke, R.G. Kelsey, J.F. Negrón, and S.J. Seybold, 2010: 
Climate change and bark beetles of the western United States and Canada: Direct and indirect effects. BioScience, 
60 (8), 602–613. https://doi.org/10.1525/bio.2010.60.8.6

27. Fettig, C.J., C. Asaro, J.T. Nowak, K.J. Dodds, K.J.K. Gandhi, J.E. Moan, and J. Robert, 2022: Trends in bark beetle 
impacts in North America during a period (2000–2020) of rapid environmental change. Journal of Forestry, 120 (6), 
693–713. https://doi.org/10.1093/jofore/fvac021

28. O’Connor, C.D., A.M. Lynch, D.A. Falk, and T.W. Swetnam, 2015: Post-fire forest dynamics and climate variability 
affect spatial and temporal properties of spruce beetle outbreaks on a Sky Island mountain range. Forest Ecology 
and Management, 336, 148–162. https://doi.org/10.1016/j.foreco.2014.10.021

29. Robbins, Z.J., C. Xu, B.H. Aukema, P.C. Buotte, R. Chitra-Tarak, C.J. Fettig, M.L. Goulden, D.W. Goodsman, A.D. Hall, 
C.D. Koven, L.M. Kueppers, G.D. Madakumbura, L.A. Mortenson, J.A. Powell, and R.M. Scheller, 2022: Warming 
increased bark beetle-induced tree mortality by 30% during an extreme drought in California. Global Change 
Biology, 28 (2), 509–523. https://doi.org/10.1111/gcb.15927

30. Dudney, J., C.E. Willing, A.J. Das, A.M. Latimer, J.C.B. Nesmith, and J.J. Battles, 2021: Nonlinear shifts in infectious 
rust disease due to climate change. Nature Communications, 12 (1), 5102. https://doi.org/10.1038/s41467-
021-25182-6

31. Finch, D.M., J.L. Butler, J.B. Runyon, C.J. Fettig, F.F. Kilkenny, S. Jose, S.J. Frankel, S.A. Cushman, R.C. Cobb, J.S. 
Dukes, J.A. Hicke, and S.K. Amelon, 2021: Ch. 4. Effects of climate change on invasive species. In: Invasive Species 
in Forests and Rangelands of the United States: A Comprehensive Science Synthesis for the United States Forest 
Sector. Poland, T.M., T. Patel-Weynand, D.M. Finch, C.F. Miniat, D.C. Hayes, and V.M. Lopez, Eds. Springer, Cham, 
Switzerland, 57–83. https://doi.org/10.1007/978-3-030-45367-1_4

https://doi.org/10.1038/s43247-021-00299-0
https://doi.org/10.1038/s43247-021-00299-0
https://doi.org/10.1002/ecs2.3657
https://doi.org/10.1002/ecs2.3657
https://doi.org/10.1029/2020gl089858
https://doi.org/10.1029/2020gl089858
https://doi.org/10.1029/2020rg000726
https://doi.org/10.1029/2020rg000726
https://doi.org/10.1088/1748-9326/11/3/035002
https://doi.org/10.1088/1748-9326/11/3/035002
https://doi.org/10.1071/wf17008
https://doi.org/10.1071/wf17008
https://doi.org/10.1029/2018gl080959
https://doi.org/10.1073/pnas.1617394114
https://doi.org/10.1029/2021gl092830
https://doi.org/10.2737/RDS-2016-0003
https://doi.org/10.2737/RDS-2016-0003
https://doi.org/10.1525/bio.2010.60.8.6
https://doi.org/10.1093/jofore/fvac021
https://doi.org/10.1016/j.foreco.2014.10.021
https://doi.org/10.1111/gcb.15927
https://doi.org/10.1038/s41467-021-25182-6
https://doi.org/10.1038/s41467-021-25182-6
https://doi.org/10.1007/978-3-030-45367-1_4


Fifth National Climate Assessment

7-30 | Forests

32. Trauernicht, C., E. Pickett, C.P. Giardina, C.M. Litton, S. Cordell, and A. Beavers, 2015: The contemporary scale and 
context of wildfire in Hawaiʻi. Pacific Science, 69 (4), 427–444. https://doi.org/10.2984/69.4.1

33. Hickman, J.E. and M.T. Lerdau, 2013: Biogeochemical impacts of the northward expansion of kudzu under climate 
change: The importance of ecological context. Ecosphere, 4 (10), art121. https://doi.org/10.1890/es13-00142.1

34. Anderson-Teixeira, K.J., A.D. Miller, J.E. Mohan, T.W. Hudiburg, B.D. Duval, and E.H. DeLucia, 2013: Altered 
dynamics of forest recovery under a changing climate. Global Change Biology, 19 (7), 2001–2021. https://doi.
org/10.1111/gcb.12194

35. Matthews, E.R., J.P. Schmit, and J.P. Campbell, 2016: Climbing vines and forest edges affect tree growth and 
mortality in temperate forests of the U.S. Mid-Atlantic States. Forest Ecology and Management, 374, 166–173. 
https://doi.org/10.1016/j.foreco.2016.05.005

36. Hammond, W.M., A.P. Williams, J.T. Abatzoglou, H.D. Adams, T. Klein, R. López, C. Sáenz-Romero, H. Hartmann, 
D.D. Breshears, and C.D. Allen, 2022: Global field observations of tree die-off reveal hotter-drought fingerprint for 
Earth’s forests. Nature Communications, 13 (1), 1761. https://doi.org/10.1038/s41467-022-29289-2

37. Grieger, R., S.J. Capon, W.L. Hadwen, and B. Mackey, 2020: Between a bog and a hard place: A global review of 
climate change effects on coastal freshwater wetlands. Climatic Change, 163 (1), 161–179. https://doi.org/10.1007/
s10584-020-02815-1

38. Saintilan, N., N.S. Khan, E. Ashe, J.J. Kelleway, K. Rogers, C.D. Woodroffe, and B.P. Horton, 2020: Thresholds of 
mangrove survival under rapid sea level rise. Science, 368 (6495), 1118–1121. https://doi.org/10.1126/science.aba2656

39. Sasmito, S.D., D. Murdiyarso, D.A. Friess, and S. Kurnianto, 2016: Can mangroves keep pace with contemporary 
sea level rise? A global data review. Wetlands Ecology and Management, 24 (2), 263–278. https://doi.org/10.1007/
s11273-015-9466-7

40. Ward, R.D., D.A. Friess, R.H. Day, and R.A. Mackenzie, 2016: Impacts of climate change on mangrove ecosystems: A 
region by region overview. Ecosystem Health and Sustainability, 2 (4), e01211. https://doi.org/10.1002/ehs2.1211

41. Osland, M.J., A.R. Hughes, A.R. Armitage, S.B. Scyphers, J. Cebrian, S.H. Swinea, C.C. Shepard, M.S. Allen, L.C. Feher, 
J.A. Nelson, C.L. O’Brien, Colt R. Sanspree, D.L. Smee, C.M. Snyder, A.P. Stetter, Philip W. Stevens, K.M. Swanson, 
L.H. Williams, Janell M. Brush, J. Marchionno, and R. Bardou, 2022: The impacts of mangrove range expansion 
on wetland ecosystem services in the southeastern United States: Current understanding, knowledge gaps, and 
emerging research needs. Global Change Biology, 28 (10), 3163–3187. https://doi.org/10.1111/gcb.16111

42. Hagmann, R.K., P.F. Hessburg, S.J. Prichard, N.A. Povak, P.M. Brown, P.Z. Fulé, R.E. Keane, E.E. Knapp, J.M. Lydersen, 
K.L. Metlen, M.J. Reilly, A.J. Sánchez Meador, S.L. Stephens, J.T. Stevens, A.H. Taylor, L.L. Yocom, M.A. Battaglia, D.J. 
Churchill, L.D. Daniels, D.A. Falk, P. Henson, J.D. Johnston, M.A. Krawchuk, C.R. Levine, G.W. Meigs, A.G. Merschel, 
M.P. North, H.D. Safford, T.W. Swetnam, and A.E.M. Waltz, 2021: Evidence for widespread changes in the structure, 
composition, and fire regimes of western North American forests. Ecological Applications, 31 (8), e02431. https://
doi.org/10.1002/eap.2431

43. Falk, D.A., P.J. van Mantgem, J.E. Keeley, R.M. Gregg, C.H. Guiterman, A.J. Tepley, D. Jn Young, and L.A. Marshall, 
2022: Mechanisms of forest resilience. Forest Ecology and Management, 512, 120129. https://doi.org/10.1016/j.
foreco.2022.120129

44. Stanke, H., A.O. Finley, G.M. Domke, A.S. Weed, and D.W. MacFarlane, 2021: Over half of western United States’ most 
abundant tree species in decline. Nature Communications, 12 (1), 451. https://doi.org/10.1038/s41467-020-20678-z

45. Crausbay, S.D., H.R. Sofaer, A.E. Cravens, B.C. Chaffin, K.R. Clifford, J.E. Gross, C.N. Knapp, D.J. Lawrence, D.R. 
Magness, A.J. Miller-Rushing, G.W. Schuurman, and C.S. Stevens-Rumann, 2022: A science agenda to inform natural 
resource management decisions in an era of ecological transformation. BioScience, 72 (1), 71–90. https://doi.
org/10.1093/biosci/biab102

46. Davis, K.T., S.Z. Dobrowski, P.E. Higuera, Z.A. Holden, T.T. Veblen, M.T. Rother, S.A. Parks, A. Sala, and M.P. 
Maneta, 2019: Wildfires and climate change push low-elevation forests across a critical climate threshold for tree 
regeneration. Proceedings of the National Academy of Sciences of the United States of America, 116 (13), 6193–6198. 
https://doi.org/10.1073/pnas.1815107116

47. Keeley, J.E., P. van Mantgem, and D.A. Falk, 2019: Fire, climate and changing forests. Nature Plants, 5 (8), 774–775. 
https://doi.org/10.1038/s41477-019-0485-x

https://doi.org/10.2984/69.4.1
https://doi.org/10.1890/es13-00142.1
https://doi.org/10.1111/gcb.12194
https://doi.org/10.1111/gcb.12194
https://doi.org/10.1016/j.foreco.2016.05.005
https://doi.org/10.1038/s41467-022-29289-2
https://doi.org/10.1007/s10584-020-02815-1
https://doi.org/10.1007/s10584-020-02815-1
https://doi.org/10.1126/science.aba2656
https://doi.org/10.1007/s11273-015-9466-7
https://doi.org/10.1007/s11273-015-9466-7
https://doi.org/10.1002/ehs2.1211
https://doi.org/10.1111/gcb.16111
https://doi.org/10.1002/eap.2431
https://doi.org/10.1002/eap.2431
https://doi.org/10.1016/j.foreco.2022.120129
https://doi.org/10.1016/j.foreco.2022.120129
https://doi.org/10.1038/s41467-020-20678-z
https://doi.org/10.1093/biosci/biab102
https://doi.org/10.1093/biosci/biab102
https://doi.org/10.1073/pnas.1815107116
https://doi.org/10.1038/s41477-019-0485-x


Fifth National Climate Assessment

7-31 | Forests

48. IPCC, 2022: Summary for policymakers. In: Climate Change 2022: Mitigation of Climate Change. Contribution of 
Working Group III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Shukla, P.R., J. 
Skea, R. Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, R. Fradera, M. Belkacemi, 
A. Hasija, G. Lisboa, S. Luz, and J. Malley, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA. 
https://doi.org/10.1017/9781009157926.001

49. Spicer, M.E., H.V.N. Radhamoni, M.C. Duguid, S.A. Queenborough, and L.S. Comita, 2022: Herbaceous plant diversity 
in forest ecosystems: Patterns, mechanisms, and threats. Plant Ecology, 223 (2), 117–129. https://doi.org/10.1007/
s11258-021-01202-9

50. Ash, J.D., T.J. Givnish, and D.M. Waller, 2017: Tracking lags in historical plant species’ shifts in relation to regional 
climate change. Global Change Biology, 23 (3), 1305–1315. https://doi.org/10.1111/gcb.13429

51. Harrison, S., E.I. Damschen, and J.B. Grace, 2010: Ecological contingency in the effects of climatic warming on 
forest herb communities. Proceedings of the National Academy of Sciences of the United States of America, 107 (45), 
19362–19367. https://doi.org/10.1073/pnas.1006823107

52. Cansler, C.A., V.R. Kane, P.F. Hessburg, J.T. Kane, S.M.A. Jeronimo, J.A. Lutz, N.A. Povak, D.J. Churchill, and A.J. 
Larson, 2022: Previous wildfires and management treatments moderate subsequent fire severity. Forest Ecology and 
Management, 504, 119764. https://doi.org/10.1016/j.foreco.2021.119764

53. Larson, A.J., S.M.A. Jeronimo, P.F. Hessburg, J.A. Lutz, N.A. Povak, C.A. Cansler, V.R. Kane, and D.J. Churchill, 
2022: Tamm review: Ecological principles to guide post-fire forest landscape management in the inland Pacific 
and northern Rocky Mountain regions. Forest Ecology and Management, 504, 119680. https://doi.org/10.1016/j.
foreco.2021.119680

54. Prichard, S.J., P.F. Hessburg, R.K. Hagmann, N.A. Povak, S.Z. Dobrowski, M.D. Hurteau, V.R. Kane, R.E. Keane, L.N. 
Kobziar, C.A. Kolden, M. North, S.A. Parks, H.D. Safford, J.T. Stevens, L.L. Yocom, D.J. Churchill, R.W. Gray, D.W. 
Huffman, F.K. Lake, and P. Khatri-Chhetri, 2021: Adapting western North American forests to climate change and 
wildfires: 10 common questions. Ecological Applications, 31 (8), e02433. https://doi.org/10.1002/eap.2433

55. Sonti, N.F., R. Riemann, M.H. Mockrin, and G.M. Domke, 2023: Expanding wildland-urban interface alters forest 
structure and landscape context in the northern United States. Environmental Research Letters, 18 (1), 014010. 
https://doi.org/10.1088/1748-9326/aca77b

56. Hagmann, R.K., P.F. Hessburg, R.B. Salter, A.G. Merschel, and M.J. Reilly, 2022: Contemporary wildfires further 
degrade resistance and resilience of fire-excluded forests. Forest Ecology and Management, 506, 119975. https://doi.
org/10.1016/j.foreco.2021.119975

57. O’Connor, C.D., D.A. Falk, and G.M. Garfin, 2020: Projected climate-fire interactions drive forest to shrubland 
transition on an Arizona Sky Island. Frontiers in Environmental Science, 8, 137. https://doi.org/10.3389/
fenvs.2020.00137

58. Kolb, T.E., C.J. Fettig, M.P. Ayres, B.J. Bentz, J.A. Hicke, R. Mathiasen, J.E. Stewart, and A.S. Weed, 2016: Observed and 
anticipated impacts of drought on forest insects and diseases in the United States. Forest Ecology and Management, 
380, 321–334. https://doi.org/10.1016/j.foreco.2016.04.051

59. Hansen, E.M. and B.J. Bentz, 2003: Comparison of reproductive capacity among univoltine, semivoltine, and 
re-emerged parent spruce beetles (Coleoptera: Scolytidae). The Canadian Entomologist, 135 (5), 697–712. https://
doi.org/10.4039/n02-109

60. Fettig, C.J., L.A. Mortenson, B.M. Bulaon, and P.B. Foulk, 2019: Tree mortality following drought in the central and 
southern Sierra Nevada, California, U.S. Forest Ecology and Management, 432, 164–178. https://doi.org/10.1016/j.
foreco.2018.09.006

61. Koontz, M.J., A.M. Latimer, L.A. Mortenson, C.J. Fettig, and M.P. North, 2021: Cross-scale interaction of host tree 
size and climatic water deficit governs bark beetle-induced tree mortality. Nature Communications, 12 (1), 129. 
https://doi.org/10.1038/s41467-020-20455-y

62. Robbins, Z.J., C. Xu, A. Jonko, R. Chitra-Tarak, C.J. Fettig, J. Costanza, L.A. Mortenson, B.H. Aukema, L.M. Kueppers, 
and R.M. Scheller, 2023: Carbon stored in live ponderosa pines in the Sierra Nevada will not return to pre-drought 
(2012) levels during the 21st century due to bark beetle outbreaks. Frontiers in Environmental Science, 11, 1112756. 
https://doi.org/10.3389/fenvs.2023.1112756

https://doi.org/10.1017/9781009157926.001
https://doi.org/10.1007/s11258-021-01202-9
https://doi.org/10.1007/s11258-021-01202-9
https://doi.org/10.1111/gcb.13429
https://doi.org/10.1073/pnas.1006823107
https://doi.org/10.1016/j.foreco.2021.119764
https://doi.org/10.1016/j.foreco.2021.119680
https://doi.org/10.1016/j.foreco.2021.119680
https://doi.org/10.1002/eap.2433
https://doi.org/10.1088/1748-9326/aca77b
https://doi.org/10.1016/j.foreco.2021.119975
https://doi.org/10.1016/j.foreco.2021.119975
https://doi.org/10.3389/fenvs.2020.00137
https://doi.org/10.3389/fenvs.2020.00137
https://doi.org/10.1016/j.foreco.2016.04.051
https://doi.org/10.4039/n02-109
https://doi.org/10.4039/n02-109
https://doi.org/10.1016/j.foreco.2018.09.006
https://doi.org/10.1016/j.foreco.2018.09.006
https://doi.org/10.1038/s41467-020-20455-y
https://doi.org/10.3389/fenvs.2023.1112756


Fifth National Climate Assessment

7-32 | Forests

63. Dodds, K.J., C.F. Aoki, A. Arango-Velez, J. Cancelliere, A.W. D’Amato, M.F. DiGirolomo, and R.J. Rabaglia, 2018: 
Expansion of southern pine beetle into northeastern forests: Management and impact of a primary bark beetle in a 
new region. Journal of Forestry, 116 (2), 178–191. https://doi.org/10.1093/jofore/fvx009

64. Miller, L.K. and R.A. Werner, 1987: Cold-hardiness of adult and larval spruce beetles Dendroctonus rufipennis (Kirby) 
in interior Alaska. Canadian Journal of Zoology, 65 (12), 2927–2930. https://doi.org/10.1139/z87-444

65. Morris, J.L., S. Cottrell, C.J. Fettig, R.J. DeRose, K.M. Mattor, V.A. Carter, J. Clear, J. Clement, W.D. Hansen, J.A. Hicke, 
P.E. Higuera, A.W. Seddon, H. Seppä, R.L. Sherriff, J.D. Stednick, and S.J. Seybold, 2018: Bark beetles as agents 
of change in social–ecological systems. Frontiers in Ecology and the Environment, 16 (S1), S34–S43. https://doi.
org/10.1002/fee.1754

66. Fettig, C.J., J.B. Runyon, C.S. Homicz, P.M.A. James, and M.D. Ulyshen, 2022: Fire and insect interactions in North 
American forests. Current Forestry Reports, 8, 301–316. https://doi.org/10.1007/s40725-022-00170-1

67. Runyon, J.B., C.J. Fettig, J.A. Trilling, A.S. Munson, L.A. Mortenson, B.E. Steed, K.E. Gibson, C.L. Jørgensen, S.R. 
McKelvey, J.D. McMillin, J.P. Audley, and J.F. Negrón, 2020: Changes in understory vegetation including invasive 
weeds following mountain pine beetle outbreaks. Trees, Forests and People, 2, 100038. https://doi.org/10.1016/j.
tfp.2020.100038

68. Kleinman, J.S., J.D. Goode, A.C. Fries, and J.L. Hart, 2019: Ecological consequences of compound disturbances in 
forest ecosystems: A systematic review. Ecosphere, 10 (11), e02962. https://doi.org/10.1002/ecs2.2962

69. Raymond, C., R.M. Horton, J. Zscheischler, O. Martius, A. AghaKouchak, J. Balch, S.G. Bowen, S.J. Camargo, J. Hess, 
K. Kornhuber, M. Oppenheimer, A.C. Ruane, T. Wahl, and K. White, 2020: Understanding and managing connected 
extreme events. Nature Climate Change, 10 (7), 611–621. https://doi.org/10.1038/s41558-020-0790-4

70. Tian, X., B. Sohngen, J.B. Kim, S. Ohrel, and J. Cole, 2016: Global climate change impacts on forests and markets. 
Environmental Research Letters, 11 (3), 035011. https://doi.org/10.1088/1748-9326/11/3/035011

71. Johnston, C.M.T. and V.C. Radeloff, 2019: Global mitigation potential of carbon stored in harvested wood products. 
Proceedings of the National Academy of Sciences of the United States of America, 116 (29), 14526–14531. https://doi.
org/10.1073/pnas.1904231116

72. Anderegg, W.R.L., A.T. Trugman, G. Badgley, C.M. Anderson, A. Bartuska, P. Ciais, D. Cullenward, C.B. Field, J. 
Freeman, S.J. Goetz, J.A. Hicke, D. Huntzinger, R.B. Jackson, J. Nickerson, S. Pacala, and J.T. Randerson, 2020: 
Climate-driven risks to the climate mitigation potential of forests. Science, 368 (6497), 7005. https://doi.
org/10.1126/science.aaz7005

73. Creutzburg, M.K., R.M. Scheller, M.S. Lucash, S.D. LeDuc, and M.G. Johnson, 2017: Forest management scenarios 
in a changing climate: Trade-offs between carbon, timber, and old forest. Ecological Applications, 27 (2), 503–518. 
https://doi.org/10.1002/eap.1460

74. Nepal, P., J.P. Prestemon, L.A. Joyce, and K.E. Skog, 2022: Global forest products markets and forest sector 
carbon impacts of projected sea level rise. Global Environmental Change, 77, 102611. https://doi.org/10.1016/j.
gloenvcha.2022.102611

75. Comerford, D.P., P.G. Schaberg, P.H. Templer, A.M. Socci, J.L. Campbell, and K.F. Wallin, 2013: Influence of 
experimental snow removal on root and canopy physiology of sugar maple trees in a northern hardwood forest. 
Oecologia, 171 (1), 261–269. https://doi.org/10.1007/s00442-012-2393-x

76. Sanders-DeMott, R., J.L. Campbell, P.M. Groffman, L.E. Rustad, and P.H. Templer, 2019: Ch. 10. Soil warming and 
winter snowpacks: Implications for northern forest ecosystem functioning. In: Ecosystem Consequences of Soil 
Warming. Mohan, J.E., Ed. Academic Press, 245–278. https://doi.org/10.1016/b978-0-12-813493-1.00011-9

77. Slatyer, R.A., K.D.L. Umbers, and P.A. Arnold, 2022: Ecological responses to variation in seasonal snow cover. 
Conservation Biology, 36 (1), e13727. https://doi.org/10.1111/cobi.13727

78. Sorensen, P.O., A.C. Finzi, M.-A. Giasson, A.B. Reinmann, R. Sanders-DeMott, and P.H. Templer, 2018: Winter soil 
freeze-thaw cycles lead to reductions in soil microbial biomass and activity not compensated for by soil warming. 
Soil Biology and Biochemistry, 116, 39–47. https://doi.org/10.1016/j.soilbio.2017.09.026

79. Sorensen, P.O., P.H. Templer, and A.C. Finzi, 2016: Contrasting effects of winter snowpack and soil frost on growing 
season microbial biomass and enzyme activity in two mixed-hardwood forests. Biogeochemistry, 128 (1), 141–154. 
https://doi.org/10.1007/s10533-016-0199-3

https://doi.org/10.1093/jofore/fvx009
https://doi.org/10.1139/z87-444
https://doi.org/10.1002/fee.1754
https://doi.org/10.1002/fee.1754
https://doi.org/10.1007/s40725-022-00170-1
https://doi.org/10.1016/j.tfp.2020.100038
https://doi.org/10.1016/j.tfp.2020.100038
https://doi.org/10.1002/ecs2.2962
https://doi.org/10.1038/s41558-020-0790-4
https://doi.org/10.1088/1748-9326/11/3/035011
https://doi.org/10.1073/pnas.1904231116
https://doi.org/10.1073/pnas.1904231116
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1002/eap.1460
https://doi.org/10.1016/j.gloenvcha.2022.102611
https://doi.org/10.1016/j.gloenvcha.2022.102611
https://doi.org/10.1007/s00442-012-2393-x
https://doi.org/10.1016/b978-0-12-813493-1.00011-9
https://doi.org/10.1111/cobi.13727
https://doi.org/10.1016/j.soilbio.2017.09.026
https://doi.org/10.1007/s10533-016-0199-3


Fifth National Climate Assessment

7-33 | Forests

80. Fei, S., S.N. Kivlin, G.M. Domke, I. Jo, E.A. LaRue, and R.P. Phillips, 2022: Coupling of plant and mycorrhizal fungal 
diversity: Its occurrence, relevance, and possible implications under global change. New Phytologist, 234 (6), 
1960–1966. https://doi.org/10.1111/nph.17954

81. Dangremond, E.M., C.H. Hill, S. Louaibi, and I. Muñoz, 2022: Phenological responsiveness and fecundity decline 
near the southern range limit of Trientalis borealis (Primulaceae). Plant Ecology, 223 (1), 41–52. https://doi.
org/10.1007/s11258-021-01190-w

82. Whyte, K., 2018: Settler colonialism, ecology, and environmental injustice. Environment and Society, 9 (1), 125–144. 
https://doi.org/10.3167/ares.2018.090109

83. Durglo, M., R.G. Everett, T. Incashola, M.I. McCarthy, S.H. Pete, J.M. Rosenau, T. Smith, S. Trahan, and A.A. Carlson, 
2022: Ch. 7. Sčiɫpálqw: Biocultural restoration of whitebark pine on the Flathead Reservation. In: Climate Actions. 
CRC Press, 34. https://doi.org/10.1201/9781003048701

84. Hitt, N.P., E.L. Snook, and D.L. Massie, 2017: Brook trout use of thermal refugia and foraging habitat influenced 
by brown trout. Canadian Journal of Fisheries and Aquatic Sciences, 74 (3), 406–418. https://doi.org/10.1139/
cjfas-2016-0255

85. Isaak, D.J., C.H. Luce, D.L. Horan, G.L. Chandler, S.P. Wollrab, and D.E. Nagel, 2018: Global warming of salmon 
and trout rivers in the northwestern U.S.: Road to ruin or path through purgatory? Transactions of the American 
Fisheries Society, 147 (3), 566–587. https://doi.org/10.1002/tafs.10059

86. Redmond, M.D., F. Forcella, and N.N. Barger, 2012: Declines in pinyon pine cone production associated with 
regional warming. Ecosphere, 3 (12), 1–14. https://doi.org/10.1890/es12-00306.1

87. Voggesser, G., K. Lynn, J. Daigle, F.K. Lake, and D. Ranco, 2013: Cultural impacts to tribes from climate change 
influences on forests. Climatic Change, 120 (3), 615–626. https://doi.org/10.1007/s10584-013-0733-4

88. Fish and Wildlife Service, 2022: Endangered and threatened wildlife and plants; threatened species status with 
section 4(d) rule for whitebark pine (Pinus albicaulis). Federal Register, 87 (240), 76882–76917. https://www.govinfo.
gov/content/pkg/FR-2022-12-15/pdf/2022-27087.pdf

89. Lynn, K., J. Daigle, J. Hoffman, F. Lake, N. Michelle, D. Ranco, C. Viles, G. Voggesser, and P. Williams, 2014: Ch. 
4. The impacts of climate change on tribal traditional foods. In: Climate Change and Indigenous Peoples in the 
United States: Impacts, Experiences and Actions. Maldonado, J.K., B. Colombi, and R. Pandya, Eds. Springer, Cham, 
Switzerland, 37–48. https://doi.org/10.1007/978-3-319-05266-3_4

90. Mucioki, M., J. Sowerwine, D. Sarna-Wojcicki, F.K. Lake, and S. Bourque, 2021: Conceptualizing Indigenous 
Cultural Ecosystem Services (ICES) and benefits under changing climate conditions in the Klamath River Basin 
and their implications for land management and governance. Journal of Ethnobiology, 41 (3), 313–330. https://doi.
org/10.2993/0278-0771-41.3.313

91. STACCWG, 2021: The Status of Tribes and Climate Change Report. Marks-Marino, D., Ed. Northern Arizona 
University, Institute for Tribal Environmental Professionals, Flagstaff, AZ. http://nau.edu/stacc2021

92. Askew, A.E. and J.M. Bowker, 2018: Impacts of climate change on outdoor recreation participation: Outlook to 2060. 
The Journal of Park and Recreation Administration, 36 (2), 97–120. https://doi.org/10.18666/jpra-2018-v36-i2-8316

93. Miller, A.B., P.L. Winter, J.J. Sánchez, D.L. Peterson, and J.W. Smith, 2022: Climate change and recreation in the 
western United States: Effects and opportunities for adaptation. Journal of Forestry, 120 (4), 453–472. https://doi.
org/10.1093/jofore/fvab072

94. Wang, D., D. Guan, S. Zhu, M.M. Kinnon, G. Geng, Q. Zhang, H. Zheng, T. Lei, S. Shao, P. Gong, and S.J. Davis, 2021: 
Economic footprint of California wildfires in 2018. Nature Sustainability, 4 (3), 252–260. https://doi.org/10.1038/
s41893-020-00646-7

95. EPA, 2021: Comparative Assessment of the Impacts of Prescribed Fire Versus Wildfire (CAIF): A Case Study in the 
Western U.S. EPA/600/R-21/197. U.S. Environmental Protection Agency, Washington, DC. https://cfpub.epa.gov/
ncea/risk/recordisplay.cfm?deid=352824

96. Jones, C.G., A.G. Rappold, J. Vargo, W.E. Cascio, M. Kharrazi, B. McNally, and S. Hoshiko, 2020: Out-of-hospital 
cardiac arrests and wildfire-related particulate matter during 2015–2017 California wildfires. Journal of the 
American Heart Association, 9 (8), e014125. https://doi.org/10.1161/jaha.119.014125

https://doi.org/10.1111/nph.17954
https://doi.org/10.1007/s11258-021-01190-w
https://doi.org/10.1007/s11258-021-01190-w
https://doi.org/10.3167/ares.2018.090109
https://doi.org/10.1201/9781003048701
https://doi.org/10.1139/cjfas-2016-0255
https://doi.org/10.1139/cjfas-2016-0255
https://doi.org/10.1002/tafs.10059
https://doi.org/10.1890/es12-00306.1
https://doi.org/10.1007/s10584-013-0733-4
https://www.govinfo.gov/content/pkg/FR-2022-12-15/pdf/2022-27087.pdf
https://www.govinfo.gov/content/pkg/FR-2022-12-15/pdf/2022-27087.pdf
https://doi.org/10.1007/978-3-319-05266-3_4
https://doi.org/10.2993/0278-0771-41.3.313
https://doi.org/10.2993/0278-0771-41.3.313
http://nau.edu/stacc2021
https://doi.org/10.18666/jpra-2018-v36-i2-8316
https://doi.org/10.1093/jofore/fvab072
https://doi.org/10.1093/jofore/fvab072
https://doi.org/10.1038/s41893-020-00646-7
https://doi.org/10.1038/s41893-020-00646-7
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=352824
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=352824
https://doi.org/10.1161/jaha.119.014125


Fifth National Climate Assessment

7-34 | Forests

97. Boaggio, K., S.D. LeDuc, R.B. Rice, P.F. Duffney, K.M. Foley, A.L. Holder, S. McDow, and C.P. Weaver, 2022: Beyond 
particulate matter mass: Heightened levels of lead and other pollutants associated with destructive fire events in 
California. Environmental Science & Technology, 56 (20), 14272–14283. https://doi.org/10.1021/acs.est.2c02099

98. Proctor, C.R., J. Lee, D. Yu, A.D. Shah, and A.J. Whelton, 2020: Wildfire caused widespread drinking water 
distribution network contamination. AWWA Water Science, 2 (4), e1183. https://doi.org/10.1002/aws2.1183

99. Nadeau, M.S., N.J. DeCesare, D.G. Brimeyer, E.J. Bergman, R.B. Harris, K.R. Hersey, K.K. Huebner, P.E. Matthews, and 
T.P. Thomas, 2017: Status and trends of moose populations and hunting opportunity in the western United States. 
Alces: A Journal Devoted to the Biology and Management of Moose, 53, 99–112. https://alcesjournal.org/index.php/
alces/article/view/182

100. Cohen, J., C.E. Blinn, K.J. Boyle, T.P. Holmes, and K. Moeltner, 2016: Hedonic valuation with translating amenities: 
Mountain pine beetles and host trees in the Colorado Front Range. Environmental and Resource Economics, 63 (3), 
613–642. https://doi.org/10.1007/s10640-014-9856-y

101. Marcano-Vega, H., 2020: U.S. Virgin Islands Forests, 2014. Resour. Bull. SRS 227. U.S. Department of Agriculture, 
Forest Service, Southern Research Station, Asheville, NC, 54 pp. https://doi.org/10.2737/srs-rb-227

102. Lugo, A.E., J.E. Smith, K.M. Potter, H. Marcano Vega, and C.M. Kurtz, 2022: The Contribution of Nonnative Tree 
Species to the Structure and Composition of Forests in the Conterminous United States in Comparison with 
Tropical Islands in the Pacific and Caribbean. Gen. Tech. Rep. IITF-54. U.S. Department of Agriculture, Forest 
Service, International Institute of Tropical Forestry, Río Piedras, PR, 81 pp. https://doi.org/10.2737/iitf-gtr-54

103. Burke, M., A. Driscoll, S. Heft-Neal, J. Xue, J. Burney, and M. Wara, 2021: The changing risk and burden of wildfire 
in the United States. Proceedings of the National Academy of Sciences of the United States of America, 118 (2), 
e2011048118. https://doi.org/10.1073/pnas.2011048118

104. Maxwell, S.L., N. Butt, M. Maron, C.A. McAlpine, S. Chapman, A. Ullmann, D.B. Segan, and J.E.M. Watson, 2019: 
Conservation implications of ecological responses to extreme weather and climate events. Diversity and 
Distributions, 25 (4), 613–625. https://doi.org/10.1111/ddi.12878

105. Halsch, C.A., A.M. Shapiro, J.A. Fordyce, C.C. Nice, J.H. Thorne, D.P. Waetjen, and M.L. Forister, 2021: Insects and 
recent climate change. Proceedings of the National Academy of Sciences of the United States of America, 118 (2), 
e2002543117. https://doi.org/10.1073/pnas.2002543117

106. Wagner, D.L., E.M. Grames, M.L. Forister, M.R. Berenbaum, and D. Stopak, 2021: Insect decline in the Anthropocene: 
Death by a thousand cuts. Proceedings of the National Academy of Sciences of the United States of America, 118 (2), 
e2023989118. https://doi.org/10.1073/pnas.2023989118

107. Reed, K.A., A.M. Stansfield, M.F. Wehner, and C.M. Zarzycki, 2020: Forecasted attribution of the human influence on 
Hurricane Florence. Science Advances, 6 (1), 9253. https://doi.org/10.1126/sciadv.aaw9253

108. Trenberth, K.E., L. Cheng, P. Jacobs, Y. Zhang, and J. Fasullo, 2018: Hurricane Harvey links to ocean heat content 
and climate change adaptation. Earth’s Future, 6 (5), 730–744. https://doi.org/10.1029/2018ef000825

109. Sobel, A.H., A.A. Wing, S.J. Camargo, C.M. Patricola, G.A. Vecchi, C.-Y. Lee, and M.K. Tippett, 2021: Tropical cyclone 
frequency. Earth’s Future, 9 (12), e2021EF002275. https://doi.org/10.1029/2021ef002275

110. Brown, D.R., T.W. Sherry, and J. Harris, 2011: Hurricane Katrina impacts the breeding bird community in a 
bottomland hardwood forest of the Pearl River Basin, Louisiana. Forest Ecology and Management, 261 (1), 111–119. 
https://doi.org/10.1016/j.foreco.2010.09.038

111. Pan, Y., R.A. Birdsey, J. Fang, R. Houghton, P.E. Kauppi, W.A. Kurz, O.L. Phillips, A. Shvidenko, S.L. Lewis, J.G. 
Canadell, P. Ciais, R.B. Jackson, S.W. Pacala, A.D. McGuire, S. Piao, A. Rautiainen, S. Sitch, and D. Hayes, 2011: A 
large and persistent carbon sink in the world’s forests. Science, 333 (6045), 988–993. https://doi.org/10.1126/
science.1201609

112. Domke, G., C.A. Williams, R. Birdsey, J. Coulston, A. Finzi, C. Gough, B. Haight, J. Hicke, M. Janowiak, B.d. Jong, W.A. 
Kurz, M. Lucash, S. Ogle, M. Olguín-Álvarez, Y. Pan, M. Skutsch, C. Smyth, C. Swanston, P. Templer, D. Wear, and 
C.W. Woodall, 2018: Ch. 9. Forests. In: Second State of the Carbon Cycle Report (SOCCR2): A Sustained Assessment 
Report. Cavallaro, N., G. Shrestha, R. Birdsey, M.A. Mayes, R.G. Najjar, S.C. Reed, P. Romero-Lankao, and Z. Zhu, Eds. 
U.S. Global Change Research Program, Washington, DC, USA, 365-398. https://doi.org/10.7930/SOCCR2.2018.Ch9

https://doi.org/10.1021/acs.est.2c02099
https://doi.org/10.1002/aws2.1183
https://alcesjournal.org/index.php/alces/article/view/182
https://alcesjournal.org/index.php/alces/article/view/182
https://doi.org/10.1007/s10640-014-9856-y
https://doi.org/10.2737/srs-rb-227
https://doi.org/10.2737/iitf-gtr-54
https://doi.org/10.1073/pnas.2011048118
https://doi.org/10.1111/ddi.12878
https://doi.org/10.1073/pnas.2002543117
https://doi.org/10.1073/pnas.2023989118
https://doi.org/10.1126/sciadv.aaw9253
https://doi.org/10.1029/2018ef000825
https://doi.org/10.1029/2021ef002275
https://doi.org/10.1016/j.foreco.2010.09.038
https://doi.org/10.1126/science.1201609
https://doi.org/10.1126/science.1201609
https://doi.org/10.7930/SOCCR2.2018.Ch9


Fifth National Climate Assessment

7-35 | Forests

113. Harris, N.L., S.C. Hagen, S.S. Saatchi, T.R.H. Pearson, C.W. Woodall, G.M. Domke, B.H. Braswell, B.F. Walters, S. 
Brown, W. Salas, A. Fore, and Y. Yu, 2016: Attribution of net carbon change by disturbance type across forest 
lands of the conterminous United States. Carbon Balance and Management, 11 (1), 24. https://doi.org/10.1186/
s13021-016-0066-5

114. Quirion, B.R., G.M. Domke, B.F. Walters, G.M. Lovett, J.E. Fargione, L. Greenwood, K. Serbesoff-King, J.M. 
Randall, and S. Fei, 2021: Insect and disease disturbances correlate with reduced carbon sequestration in forests 
of the contiguous United States. Frontiers in Forests and Global Change, 4, 716582. https://doi.org/10.3389/
ffgc.2021.716582

115. Sleeter, B.M., L. Frid, B. Rayfield, C. Daniel, Z. Zhu, and D.C. Marvin, 2022: Operational assessment tool for forest 
carbon dynamics for the United States: A new spatially explicit approach linking the LUCAS and CBM-CFS3 models. 
Carbon Balance and Management, 17 (1), 1. https://doi.org/10.1186/s13021-022-00201-1

116. Zhou, Q., G. Xian, J. Horton, D. Wellington, G. Domke, R. Auch, C. Li, and Z. Zhu, 2022: Tree regrowth duration map 
from LCMAP collection 1.0 land cover products in the conterminous United States, 1985–2017. GIScience & Remote 
Sensing, 59 (1), 959–974. https://doi.org/10.1080/15481603.2022.2083790

117. Law, B.E., T.W. Hudiburg, L.T. Berner, J.J. Kent, P.C. Buotte, and M.E. Harmon, 2018: Land use strategies to mitigate 
climate change in carbon dense temperate forests. Proceedings of the National Academy of Sciences of the United 
States of America, 115 (14), 3663–3668. https://doi.org/10.1073/pnas.1720064115

118. Fitts, L.A., M.B. Russell, G.M. Domke, and J.K. Knight, 2021: Modeling land use change and forest carbon stock 
changes in temperate forests in the United States. Carbon Balance and Management, 16 (1), 20. https://doi.
org/10.1186/s13021-021-00183-6

119. Ameray, A., Y. Bergeron, O. Valeria, M. Montoro Girona, and X. Cavard, 2021: Forest carbon management: A review 
of silvicultural practices and management strategies across boreal, temperate and tropical forests. Current Forestry 
Reports, 7 (4), 245–266. https://doi.org/10.1007/s40725-021-00151-w

120. Law, B.E., W.R. Moomaw, T.W. Hudiburg, W.H. Schlesinger, J.D. Sterman, and G.M. Woodwell, 2022: Creating 
strategic reserves to protect forest carbon and reduce biodiversity losses in the United States. Land, 11 (5). https://
doi.org/10.3390/land11050721

121. Littlefield, C.E. and A.W. D’Amato, 2022: Identifying trade-offs and opportunities for forest carbon and wildlife 
using a climate change adaptation lens. Conservation Science and Practice, 4 (4), e12631. https://doi.org/10.1111/
csp2.12631

122. Ontl, T.A., M.K. Janowiak, C.W. Swanston, J. Daley, S. Handler, M. Cornett, S. Hagenbuch, C. Handrick, L. McCarthy, 
and N. Patch, 2020: Forest management for carbon sequestration and climate adaptation. Journal of Forestry, 118 (1), 
86–101. https://doi.org/10.1093/jofore/fvz062

123. Cohen, E., G. Sun, L. Zhang, P. Caldwell, and S. Krieger, 2017: Quantifying the Role of Forested Lands in Providing 
Surface Drinking Water Supply for Puerto Rico. Gen. Tech. Rep. SRS-197-Addendum. U.S. Department of 
Agriculture, Forest Service, Southern Research Station, Asheville, NC, 20 pp. https://www.fs.usda.gov/research/
treesearch/54732

124. Liu, N., G.R. Dobbs, P.V. Caldwell, C.F. Miniat, G. Sun, K. Duan, S.A.C. Nelson, P.V. Bolstad, and C.P. Carlson, 2022: 
Inter-basin transfers extend the benefits of water from forests to population centers across the conterminous U.S. 
Water Resources Research, 58 (5), e2021WR031537. https://doi.org/10.1029/2021wr031537

125. Mote, P.W., S. Li, D.P. Lettenmaier, M. Xiao, and R. Engel, 2018: Dramatic declines in snowpack in the western US. 
Npj Climate and Atmospheric Science, 1 (1), 1–6. https://doi.org/10.1038/s41612-018-0012-1

126. Williams, A.P., B.I. Cook, and J.E. Smerdon, 2022: Rapid intensification of the emerging southwestern North 
American megadrought in 2020–2021. Nature Climate Change, 12 (3), 232–234. https://doi.org/10.1038/s41558-
022-01290-z

127. Peterson, T.C., R.R. Heim, R. Hirsch, D.P. Kaiser, H. Brooks, N.S. Diffenbaugh, R.M. Dole, J.P. Giovannettone, K. 
Guirguis, T.R. Karl, R.W. Katz, K. Kunkel, D. Lettenmaier, G.J. McCabe, C.J. Paciorek, K.R. Ryberg, S. Schubert, V.B.S. 
Silva, B.C. Stewart, A.V. Vecchia, G. Villarini, R.S. Vose, J. Walsh, M. Wehner, D. Wolock, K. Wolter, C.A. Woodhouse, 
and D. Wuebbles, 2013: Monitoring and understanding changes in heat waves, cold waves, floods, and droughts in 
the United States: State of knowledge. Bulletin of the American Meteorological Society, 94 (6), 821–834. https://doi.
org/10.1175/bams-d-12-00066.1

https://doi.org/10.1186/s13021-016-0066-5
https://doi.org/10.1186/s13021-016-0066-5
https://doi.org/10.3389/ffgc.2021.716582
https://doi.org/10.3389/ffgc.2021.716582
https://doi.org/10.1186/s13021-022-00201-1
https://doi.org/10.1080/15481603.2022.2083790
https://doi.org/10.1073/pnas.1720064115
https://doi.org/10.1186/s13021-021-00183-6
https://doi.org/10.1186/s13021-021-00183-6
https://doi.org/10.1007/s40725-021-00151-w
https://doi.org/10.3390/land11050721
https://doi.org/10.3390/land11050721
https://doi.org/10.1111/csp2.12631
https://doi.org/10.1111/csp2.12631
https://doi.org/10.1093/jofore/fvz062
https://www.fs.usda.gov/research/treesearch/54732
https://www.fs.usda.gov/research/treesearch/54732
https://doi.org/10.1029/2021wr031537
https://doi.org/10.1038/s41612-018-0012-1
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1175/bams-d-12-00066.1
https://doi.org/10.1175/bams-d-12-00066.1


Fifth National Climate Assessment

7-36 | Forests

128. Yochum, S.E., J.A. Scott, and D.H. Levinson, 2019: Methods for assessing expected flood potential and 
variability: Southern Rocky Mountains region. Water Resources Research, 55 (8), 6392–6416. https://doi.
org/10.1029/2018wr024604

129. Clifton, C.F., K.T. Day, C.H. Luce, G.E. Grant, M. Safeeq, J.E. Halofsky, and B.P. Staab, 2018: Effects of climate change 
on hydrology and water resources in the Blue Mountains, Oregon, USA. Climate Services, 10, 9–19. https://doi.
org/10.1016/j.cliser.2018.03.001

130. Hamlet, A.F., M.M. Elsner, G.S. Mauger, S.-Y. Lee, I. Tohver, and R.A. Norheim, 2013: An overview of the Columbia 
Basin climate change scenarios project: Approach, methods, and summary of key results. Atmosphere-Ocean, 51 (4), 
392–415. https://doi.org/10.1080/07055900.2013.819555

131. Ren, J., J.C. Adam, J.A. Hicke, E.J. Hanan, C.L. Tague, M. Liu, C.A. Kolden, and J.T. Abatzoglou, 2021: How does water 
yield respond to mountain pine beetle infestation in a semiarid forest? Hydrology and Earth System Sciences, 25 (9), 
4681–4699. https://doi.org/10.5194/hess-25-4681-2021

132. Rust, A.J., S. Saxe, J. McCray, C.C. Rhoades, and T.S. Hogue, 2019: Evaluating the factors responsible for post-fire 
water quality response in forests of the western USA. International Journal of Wildland Fire, 28 (10), 769–784. 
https://doi.org/10.1071/wf18191

133. Sankey, J.B., J. Kreitler, T.J. Hawbaker, J.L. McVay, M.E. Miller, E.R. Mueller, N.M. Vaillant, S.E. Lowe, and T.T. Sankey, 
2017: Climate, wildfire, and erosion ensemble foretells more sediment in western USA watersheds. Geophysical 
Research Letters, 44 (17), 8884–8892. https://doi.org/10.1002/2017gl073979

134. Rust, A.J., T.S. Hogue, S. Saxe, and J. McCray, 2018: Post-fire water-quality response in the western United States. 
International Journal of Wildland Fire, 27 (3), 203–216. https://doi.org/10.1071/wf17115

135. Pennino, M.J., S.G. Leibowitz, J.E. Compton, M.T. Beyene, and S.D. LeDuc, 2022: Wildfires can increase regulated 
nitrate, arsenic, and disinfection byproduct violations and concentrations in public drinking water supplies. Science 
of The Total Environment, 804 (15), 149890. https://doi.org/10.1016/j.scitotenv.2021.149890

136. Rumsey, C.A., M.P. Miller, and G.A. Sexstone, 2020: Relating hydroclimatic change to streamflow, baseflow, and 
hydrologic partitioning in the Upper Rio Grande Basin, 1980 to 2015. Journal of Hydrology, 584, 124715. https://doi.
org/10.1016/j.jhydrol.2020.124715

137. Crozier, L.G., J.E. Siegel, L.E. Wiesebron, E.M. Trujillo, B.J. Burke, B.P. Sandford, and D.L. Widener, 2020: Snake River 
sockeye and Chinook salmon in a changing climate: Implications for upstream migration survival during recent 
extreme and future climates. PLoS ONE, 15 (9), e0238886. https://doi.org/10.1371/journal.pone.0238886

138. McDonnell, T.C., M.R. Sloat, T.J. Sullivan, C.A. Dolloff, P.F. Hessburg, N.A. Povak, W.A. Jackson, and C. Sams, 2015: 
Downstream warming and headwater acidity may diminish coldwater habitat in southern Appalachian mountain 
streams. PLoS ONE, 10 (8), e0134757. https://doi.org/10.1371/journal.pone.0134757

139. Ruhí, A., J.D. Olden, and J.L. Sabo, 2016: Declining streamflow induces collapse and replacement of native fish in the 
American Southwest. Frontiers in Ecology and the Environment, 14 (9), 465–472. https://doi.org/10.1002/fee.1424

140. Littell, J.S., S.A. McAfee, and G.D. Hayward, 2018: Alaska snowpack response to climate change: Statewide snowfall 
equivalent and snowpack water scenarios. Water, 10 (5), 668. https://doi.org/10.3390/w10050668

141. Littell, J.S., J.H. Reynolds, K.K. Bartz, S.A. McAfee, and G. Hayward, 2020: So goes the snow: Alaska snowpack 
changes and impacts on Pacific salmon in a warming climate (U.S. National Park Service). Alaska Park Science, 19 (1), 
62–75. https://www.nps.gov/articles/aps-19-1-10.htm

142. Nash, C.S., G.E. Grant, S. Charnley, j.B. Dunham, H. Gosnell, M.B. Hausner, D.S. Pilliod, and J.D. Taylor, 2021: Great 
expectations: Deconstructing the process pathways underlying beaver-related restoration. BioScience, 71 (3), 
249–267. https://doi.org/10.1093/biosci/biaa165

143. Stevenson, J.R., J.B. Dunham, S.M. Wondzell, and J. Taylor, 2022: Dammed water quality—Longitudinal stream 
responses below beaver ponds in the Umpqua River Basin, Oregon. Ecohydrology, 15 (4), e2430. https://doi.
org/10.1002/eco.2430

144. Wondzell, S.M., M. Diabat, and R. Haggerty, 2019: What matters most: Are future stream temperatures more 
sensitive to changing air temperatures, discharge, or riparian vegetation? JAWRA Journal of the American Water 
Resources Association, 55 (1), 116–132. https://doi.org/10.1111/1752-1688.12707

https://doi.org/10.1029/2018wr024604
https://doi.org/10.1029/2018wr024604
https://doi.org/10.1016/j.cliser.2018.03.001
https://doi.org/10.1016/j.cliser.2018.03.001
https://doi.org/10.1080/07055900.2013.819555
https://doi.org/10.5194/hess-25-4681-2021
https://doi.org/10.1071/wf18191
https://doi.org/10.1002/2017gl073979
https://doi.org/10.1071/wf17115
https://doi.org/10.1016/j.scitotenv.2021.149890
https://doi.org/10.1016/j.jhydrol.2020.124715
https://doi.org/10.1016/j.jhydrol.2020.124715
https://doi.org/10.1371/journal.pone.0238886
https://doi.org/10.1371/journal.pone.0134757
https://doi.org/10.1002/fee.1424
https://doi.org/10.3390/w10050668
https://www.nps.gov/articles/aps-19-1-10.htm
https://doi.org/10.1093/biosci/biaa165
https://doi.org/10.1002/eco.2430
https://doi.org/10.1002/eco.2430
https://doi.org/10.1111/1752-1688.12707


Fifth National Climate Assessment

7-37 | Forests

145. Stephens, S.L., J.D. McIver, R.E. Boerner, C.J. Fettig, J.B. Fontaine, B.R. Hartsough, P.L. Kennedy, and D.W. Schwilk, 
2012: The effects of forest fuel-reduction treatments in the United States. BioScience, 62 (6), 549–560. https://doi.
org/10.1525/bio.2012.62.6.6

146. Stephens, S.L., A.L. Westerling, M.D. Hurteau, M.Z. Peery, C.A. Schultz, and S. Thompson, 2020: Fire and climate 
change: Conserving seasonally dry forests is still possible. Frontiers in Ecology and the Environment, 18 (6), 
354–360. https://doi.org/10.1002/fee.2218

147. Peterson, D.L. and J.E. Halofsky, 2018: Adapting to the effects of climate change on natural resources in the Blue 
Mountains, USA. Climate Services, 10, 63–71. https://doi.org/10.1016/j.cliser.2017.06.005

148. Halofsky, J., D. Peterson, K. Metlen, M. Myer, and V. Sample, 2016: Developing and implementing climate change 
adaptation options in forest ecosystems: A case study in southwestern Oregon, USA. Forests, 7 (11), 268. https://doi.
org/10.3390/f7110268

149. Timberlake, T.J. and C.A. Schultz, 2019: Climate change vulnerability assessment for forest management: The case 
of the U.S. Forest Service. Forests, 10 (11), 1030. https://doi.org/10.3390/f10111030

150. Ontl, T.A., C. Swanston, L.A. Brandt, P.R. Butler, A.W. D’Amato, S.D. Handler, M.K. Janowiak, and P.D. Shannon, 2018: 
Adaptation pathways: Ecoregion and land ownership influences on climate adaptation decision-making in forest 
management. Climatic Change, 146 (1), 75–88. https://doi.org/10.1007/s10584-017-1983-3

151. PADEP, 2021: Pennsylvania Climate Action Plan 2021. Pennsylvania Department of Environmental Protection, 
Harrisburg, PA. https://www.dep.pa.gov/citizens/climate/pages/pa-climate-action-plan.aspx

152. Fischer, A.P., 2019: Adapting and coping with climate change in temperate forests. Global Environmental Change, 
54, 160–171. https://doi.org/10.1016/j.gloenvcha.2018.10.011

153. ITEP, 2021: Tribal Climate Change Assessments and Adaptation Plans. Institute for Tribal 
Environmental Professionals, 10 pp. http://www7.nau.edu/itep/main/tcc/docs/resources/9_
tribalccassessmentsadaptationplans_08_27_21.pdf

154. Adaptation Partners, 2023: The Climate Change Adaptation Library for the Western United States. Adaptation 
Partners. http://adaptationpartners.org/library.php

155. Schuurman, G.W., C.H. Hoffman, D.N. Cole, D.J. Lawrence, J.M. Morton, D.R. Magness, A.E. Cravens, S. Covington, 
R. O’Malley, and N.A. Fisichelli, 2020: Resist-Accept-Direct (RAD)—A Framework for the 21st-Century Natural 
Resource Manager. Natural Resource Report. NPS/NRSS/CCRP/NRR—2020/2213. U.S. Department of the Interior, 
National Park Service, Fort Collins, CO. https://doi.org/10.36967/nrr-2283597

156. Sass, E.M., B.J. Butler, and M. Markowski-Lindsay, 2020: Distribution of Forest Ownerships across the 
Conterminous United States, 2017. Res. Map NRS-11. U.S. Department of Agriculture, Forest Service, Northern 
Research Station, Madison, WI. https://doi.org/10.2737/nrs-rmap-11

157. Long, J.W., F.K. Lake, and R.W. Goode, 2021: The importance of Indigenous cultural burning in forested regions of 
the Pacific West, USA. Forest Ecology and Management, 500, 119597. https://doi.org/10.1016/j.foreco.2021.119597

158. Marks-Block, T., F.K. Lake, and L.M. Curran, 2019: Effects of understory fire management treatments on California 
hazelnut, an ecocultural resource of the Karuk and Yurok Indians in the Pacific Northwest. Forest Ecology and 
Management, 450, 117517. https://doi.org/10.1016/j.foreco.2019.117517

159. WA DNR, 2020: 20-Year Forest Health Strategic Plan: Eastern Washington. Washington Department of Natural 
Resources. https://www.dnr.wa.gov/publications/rp_forest_health_20_year_strategic_plan.pdf

160. St.Clair, J.B., B.A. Richardson, N. Stevenson-Molnar, G.T. Howe, A.D. Bower, V.J. Erickson, B. Ward, D. Bachelet, 
F.F. Kilkenny, and T. Wang, 2022: Seedlot selection tool and climate-smart restoration tool: Web-based tools for 
sourcing seed adapted to future climates. Ecosphere, 13 (5), e4089. https://doi.org/10.1002/ecs2.4089

161. NIACS, 2022: The Nature Conservancy: Restoring and Connecting Forests in Cuyahoga Valley National Park. 
Northern Institute of Applied Climate Science. https://forestadaptation.org/adapt/demonstration-projects/
nature-conservancy-restoring-and-connecting-forests-cuyahoga-valley

162. NIACS, 2022: The Nature Conservancy: Setting Northern New York Forests on Climate-Adapted Trajectories 
by Improving Regeneration & Forest Structure. Northern Institute of Applied Climate Science. https://
forestadaptation.org/adapt/demonstration-projects/nature-conservancy-setting-northern-new-york-forests-
climate-adapted

https://doi.org/10.1525/bio.2012.62.6.6
https://doi.org/10.1525/bio.2012.62.6.6
https://doi.org/10.1002/fee.2218
https://doi.org/10.1016/j.cliser.2017.06.005
https://doi.org/10.3390/f7110268
https://doi.org/10.3390/f7110268
https://doi.org/10.3390/f10111030
https://doi.org/10.1007/s10584-017-1983-3
https://www.dep.pa.gov/citizens/climate/pages/pa-climate-action-plan.aspx
https://doi.org/10.1016/j.gloenvcha.2018.10.011
http://www7.nau.edu/itep/main/tcc/docs/resources/9_tribalccassessmentsadaptationplans_08_27_21.pdf
http://www7.nau.edu/itep/main/tcc/docs/resources/9_tribalccassessmentsadaptationplans_08_27_21.pdf
http://adaptationpartners.org/library.php
https://doi.org/10.36967/nrr-2283597
https://doi.org/10.2737/nrs-rmap-11
https://doi.org/10.1016/j.foreco.2021.119597
https://doi.org/10.1016/j.foreco.2019.117517
https://www.dnr.wa.gov/publications/rp_forest_health_20_year_strategic_plan.pdf
https://doi.org/10.1002/ecs2.4089
https://forestadaptation.org/adapt/demonstration-projects/nature-conservancy-restoring-and-connecting-forests-cuyahoga-valley
https://forestadaptation.org/adapt/demonstration-projects/nature-conservancy-restoring-and-connecting-forests-cuyahoga-valley
https://forestadaptation.org/adapt/demonstration-projects/nature-conservancy-setting-northern-new-york-forests-climate-adapted
https://forestadaptation.org/adapt/demonstration-projects/nature-conservancy-setting-northern-new-york-forests-climate-adapted
https://forestadaptation.org/adapt/demonstration-projects/nature-conservancy-setting-northern-new-york-forests-climate-adapted


Fifth National Climate Assessment

7-38 | Forests

163. Piana, M.R., C.C. Pregitzer, and R.A. Hallett, 2021: Advancing management of urban forested natural areas: Toward 
an urban silviculture? Frontiers in Ecology and the Environment, 19 (9), 526–535. https://doi.org/10.1002/fee.2389

164. Piana, M.R., R.A. Hallett, M.L. Johnson, N.F. Sonti, L.A. Brandt, M.F.J. Aronson, M. Ashton, M. Blaustein, D. Bloniarz, 
A.A. Bowers, M.E. Carr, V. D’Amico, L. Dewald, H. Dionne, D.A. Doroski, R.T. Fahey, H. Forgione, T. Forrest, J. Hale, 
E. Hansen, L. Hayden, S. Hines, J.M. Hoch, T. Ieataka, S.B. Lerman, C. Murphy, E. Nagele, K. Nislow, D. Parker, C.C. 
Pregitzer, L. Rhodes, J. Schuler, A. Sherman, T. Trammell, B.M. Wienke, T. Witmer, T. Worthley, and I. Yesilonis, 2021: 
Climate adaptive silviculture for the city: Practitioners and researchers co-create a framework for studying urban 
oak-dominated mixed hardwood forests. Frontiers in Ecology and Evolution, 9, 750495. https://doi.org/10.3389/
fevo.2021.750495

165. Pregitzer, C.C., S. Charlop-Powers, S. Bibbo, H.M. Forgione, B. Gunther, R.A. Hallett, and M.A. Bradford, 2019: A 
city-scale assessment reveals that native forest types and overstory species dominate New York City forests. 
Ecological Applications, 29 (1), e01819. https://doi.org/10.1002/eap.1819

166. Tribal Adaptation Menu Team, 2019: Dibaginjigaadeg Anishinaabe Ezhitwaad: A Tribal Climate Adaptation Menu. 
Great Lakes Indian Fish and Wildlife Commission, Odanah, WI, 54 pp. https://forestadaptation.org/tribal-climate-
adaptation-menu

167. NIACS, 2022: Mark Twain National Forest: Red Bluff Recreation Area. Northern Institute of Applied Climate 
Science. https://forestadaptation.org/adapt/demonstration-projects/mark-twain-national-forest-red-bluff-
recreation-area

168. Álvarez-Berríos, N.L., S.S. Wiener, K.A. McGinley, A.B. Lindsey, and W.A. Gould, 2021: Hurricane effects, mitigation, 
and preparedness in the Caribbean: Perspectives on high importance–low prevalence practices from agricultural 
advisors. Journal of Emergency Management, 19 (8), 135–155. https://doi.org/10.5055/jem.0585

169. Wiener, S.S., N.L. Álvarez-Berríos, and A.B. Lindsey, 2020: Opportunities and challenges for hurricane resilience 
on agricultural and forest land in the U.S. Southeast and Caribbean. Sustainability, 12 (4), 1364. https://doi.
org/10.3390/su12041364

170. Knapp, E.E., A.A. Bernal, J.M. Kane, C.J. Fettig, and M.P. North, 2021: Variable thinning and prescribed fire influence 
tree mortality and growth during and after a severe drought. Forest Ecology and Management, 479, 118595. https://
doi.org/10.1016/j.foreco.2020.118595

171. McCauley, L.A., J.B. Bradford, M.D. Robles, R.K. Shriver, T.J. Woolley, and C.A. Andrews, 2022: Landscape-scale 
forest restoration decreases vulnerability to drought mortality under climate change in southwest USA ponderosa 
forest. Forest Ecology and Management, 509, 120088. https://doi.org/10.1016/j.foreco.2022.120088

172. Hessburg, P.F., S.J. Prichard, R.K. Hagmann, N.A. Povak, and F.K. Lake, 2021: Wildfire and climate change adaptation 
of western North American forests: A case for intentional management. Ecological Applications, 31 (8), e02432. 
https://doi.org/10.1002/eap.2432

173. Lake, F.K., 2021: Indigenous fire stewardship: Federal/Tribal partnerships for wildland fire research and 
management. Fire Management Today, 79 (1), 30–39. https://www.fs.usda.gov/treesearch/pubs/62060

174. Messier, C., J. Bauhus, F. Doyon, F. Maure, R. Sousa-Silva, P. Nolet, M. Mina, N. Aquilué, M.-J. Fortin, and K. 
Puettmann, 2019: The functional complex network approach to foster forest resilience to global changes. Forest 
Ecosystems, 6 (1), 21. https://doi.org/10.1186/s40663-019-0166-2

175. Grossiord, C., 2020: Having the right neighbors: How tree species diversity modulates drought impacts on forests. 
New Phytologist, 228 (1), 42–49. https://doi.org/10.1111/nph.15667

176. Berrouet, L.M., J. Machado, and C. Villegas-Palacio, 2018: Vulnerability of socio-ecological systems: A conceptual 
Framework. Ecological Indicators, 84, 632–647. https://doi.org/10.1016/j.ecolind.2017.07.051

177. Olander, L., K. Warnell, T. Warziniack, Z. Ghali, C. Miller, and C. Neelan, 2021: Exploring the use of ecosystem 
services conceptual models to account for the benefits of public lands: An example from national forest planning in 
the United States. Forests, 12 (3), 267. https://doi.org/10.3390/f12030267

178. Schelhas, J., S. Hitchner, C. Johnson Gaither, R. Fraser, V. Jennings, and A. Diop, 2017: Engaging African American 
landowners in sustainable forest management. Journal of Forestry, 115 (1), 26–33. https://doi.org/10.5849/jof.15-116

179. Kramer, A.L., J. Liu, L. Li, R. Connolly, M. Barbato, and Y. Zhu, 2023: Environmental justice analysis of wildfire-
related PM2.5 exposure using low-cost sensors in California. Science of The Total Environment, 856, 159218. https://
doi.org/10.1016/j.scitotenv.2022.159218

https://doi.org/10.1002/fee.2389
https://doi.org/10.3389/fevo.2021.750495
https://doi.org/10.3389/fevo.2021.750495
https://doi.org/10.1002/eap.1819
https://forestadaptation.org/tribal-climate-adaptation-menu
https://forestadaptation.org/tribal-climate-adaptation-menu
https://forestadaptation.org/adapt/demonstration-projects/mark-twain-national-forest-red-bluff-recreation-area
https://forestadaptation.org/adapt/demonstration-projects/mark-twain-national-forest-red-bluff-recreation-area
https://doi.org/10.5055/jem.0585
https://doi.org/10.3390/su12041364
https://doi.org/10.3390/su12041364
https://doi.org/10.1016/j.foreco.2020.118595
https://doi.org/10.1016/j.foreco.2020.118595
https://doi.org/10.1016/j.foreco.2022.120088
https://doi.org/10.1002/eap.2432
https://www.fs.usda.gov/treesearch/pubs/62060
https://doi.org/10.1186/s40663-019-0166-2
https://doi.org/10.1111/nph.15667
https://doi.org/10.1016/j.ecolind.2017.07.051
https://doi.org/10.3390/f12030267
https://doi.org/10.5849/jof.15-116
https://doi.org/10.1016/j.scitotenv.2022.159218
https://doi.org/10.1016/j.scitotenv.2022.159218


Fifth National Climate Assessment

7-39 | Forests

180. Thomas, A., J. Sánchez, and D. Flores, 2022: A review of trends and knowledge gaps in Latinx outdoor recreation 
on federal and state public lands. Journal of Park and Recreation Administration, 40 (1). https://doi.org/10.18666/
jpra-2021-11064

181. Baumflek, M., K.-A. Kassam, C. Ginger, and M.R. Emery, 2021: Incorporating biocultural approaches in forest 
management: Insights from a case study of Indigenous plant stewardship in Maine, USA and New Brunswick, 
Canada. Society & Natural Resources, 34 (9), 1155–1173. https://doi.org/10.1080/08941920.2021.1944411

182. Dockry, M.J. and S.J. Hoagland, 2017: A special issue of the Journal of Forestry—Tribal forest management: 
Innovations for sustainable forest management. Journal of Forestry, 115 (5), 339–340. https://doi.org/10.5849/
jof-2017-040

183. Yazzie, J.O., P.Z. Fulé, Y.-S. Kim, and A. Sánchez Meador, 2019: Diné kinship as a framework for conserving native 
tree species in climate change. Ecological Applications, 29 (6), e01944. https://doi.org/10.1002/eap.1944

184. Sáenz-Romero, C., G. Neill, S.N. Aitken, and R. Lindig-Cisneros, 2021: Assisted migration field tests in Canada and 
Mexico: Lessons, limitations, and challenges. Forests, 12 (1), 9. https://doi.org/10.3390/f12010009 

185. Leech, S.M., P.L. Almuedo, and G. O’Neill, 2011: Assisted migration: Adapting forest management to a changing 
climate. Journal of Ecosystems and Management, 12 (3). https://doi.org/10.22230/jem.2011v12n3a91

186. Pérez, I., J.D. Anadón, M. Díaz, G.G. Nicola, J.L. Tella, and A. Giménez, 2012: What is wrong with current 
translocations? A review and a decision-making proposal. Frontiers in Ecology and the Environment, 10 (9), 494–501. 
https://doi.org/10.1890/110175

187. Karasov-Olson, A., M.W. Schwartz, J.D. Olden, S. Skikne, J.J. Hellman, S. Allen, C. Brigham, D. Buttke, D.J. Lawrence, 
A.J. Miller-Rushing, J.T. Morisette, G.W. Schuurman, M. Trammell, and C. Hawkins-Hoffma, 2021: Ecological Risk 
Assessment of Managed Relocation as a Climate Change Adaptation Strategy. Natural Resource Report. NPS/
NRSS/CCRP/NRR—2021/2241. U.S. Department of the Interior, National Park Service, Fort Collins, CO. https://doi.
org/10.36967/nrr-2284919.

188. Fargione, J., D.L. Haase, O.T. Burney, O.A. Kildisheva, G. Edge, S.C. Cook-Patton, T. Chapman, A. Rempel, M.D. 
Hurteau, K.T. Davis, S. Dobrowski, S. Enebak, R. De La Torre, A.A.R. Bhuta, F. Cubbage, B. Kittler, D. Zhang, and R.W. 
Guldin, 2021: Challenges to the reforestation pipeline in the United States. Frontiers in Forests and Global Change, 
4, 629198. https://doi.org/10.3389/ffgc.2021.629198

189. Chambwera, M., G. Heal, C. Dubeux, S. Hallegatte, L. Leclerc, A. Markandya, B.A. McCarl, R. Mechler, and J.E. 
Neumann, 2014: Ch. 17. Economics of adaptation. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. 
Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, 
T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. 
Mastrandrea, and L.L. White, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 945–977. 
https://www.ipcc.ch/report/ar5/wg2/

190. UNECE, 2021: Forest Sector Outlook Study, 2020–2040. ECE/TIM/SP/51. United Nations Economic Commission 
for Europe and the Food and Agriculture Organization of the United Nations, Geneva, Switzerland, 103 pp. https://
unece.org/sites/default/files/2022-05/unece-fao-sp-51-main-report-forest-sector-outlook_0.pdf

191. Andersson, E. and E.C.H. Keskitalo, 2018: Adaptation to climate change? Why business-as-usual remains 
the logical choice in Swedish forestry. Global Environmental Change, 48, 76–85. https://doi.org/10.1016/j.
gloenvcha.2017.11.004

192. Anderson, S., T.L. Anderson, A.C. Hill, M.E. Kahn, H. Kunreuther, G.D. Libecap, H. Mantripragada, P. Mérel, 
A.J. Plantinga, V. Kerry Smith, 2019: The critical role of markets in climate change adaptation. Climate Change 
Economics, 10 (1), 1950003. https://doi.org/10.1142/s2010007819500039

193. Nordhaus, W., 2019: Climate change: The ultimate challenge for economics. American Economic Review, 109 (6), 
1991–2014. https://doi.org/10.1257/aer.109.6.1991

194. Hashida, Y., J. Withey, D.J. Lewis, T. Newman, and J.D. Kline, 2020: Anticipating changes in wildlife habitat induced 
by private forest owners’ adaptation to climate change and carbon policy. PLoS ONE, 15 (4), e0230525. https://doi.
org/10.1371/journal.pone.0230525

195. Amacher, G., A.S. Malik, and R.G. Haight, 2006: Reducing social losses from forest fires. Land Economics, 82 (3), 
367–383. https://doi.org/10.3368/le.82.3.367

https://doi.org/10.18666/jpra-2021-11064
https://doi.org/10.18666/jpra-2021-11064
https://doi.org/10.1080/08941920.2021.1944411
https://doi.org/10.5849/jof-2017-040
https://doi.org/10.5849/jof-2017-040
https://doi.org/10.1002/eap.1944
https://doi.org/10.3390/f12010009
https://doi.org/10.22230/jem.2011v12n3a91
https://doi.org/10.1890/110175
https://doi.org/10.36967/nrr-2284919
https://doi.org/10.36967/nrr-2284919
https://doi.org/10.3389/ffgc.2021.629198
https://www.ipcc.ch/report/ar5/wg2/
https://unece.org/sites/default/files/2022-05/unece-fao-sp-51-main-report-forest-sector-outlook_0.pdf
https://unece.org/sites/default/files/2022-05/unece-fao-sp-51-main-report-forest-sector-outlook_0.pdf
https://doi.org/10.1016/j.gloenvcha.2017.11.004
https://doi.org/10.1016/j.gloenvcha.2017.11.004
https://doi.org/10.1142/s2010007819500039
https://doi.org/10.1257/aer.109.6.1991
https://doi.org/10.1371/journal.pone.0230525
https://doi.org/10.1371/journal.pone.0230525
https://doi.org/10.3368/le.82.3.367


Fifth National Climate Assessment

7-40 | Forests

196. Scarlett, L. and M. McKinney, 2016: Connecting people and places: The emerging role of network governance 
in large landscape conservation. Frontiers in Ecology and the Environment, 14 (3), 116–125. https://doi.
org/10.1002/fee.1247

197. Wyborn, C., A. Datta, J. Montana, M. Ryan, P. Leith, B. Chaffin, C. Miller, and L. van Kerkhoff, 2019: Co-producing 
sustainability: Reordering the governance of science, policy, and practice. Annual Review of Environment and 
Resources, 44 (1), 319–346. https://doi.org/10.1146/annurev-environ-101718-033103

198. Coop, J.D., S.A. Parks, C.S. Stevens-Rumann, S.D. Crausbay, P.E. Higuera, M.D. Hurteau, A. Tepley, E. Whitman, T. 
Assal, B.M. Collins, K.T. Davis, S. Dobrowski, D.A. Falk, P.J. Fornwalt, P.Z. Fulé, B.J. Harvey, V.R. Kane, C.E. Littlefield, 
E.Q. Margolis, M. North, M.-A. Parisien, S. Prichard, and K.C. Rodman, 2020: Wildfire-driven forest conversion in 
western North American landscapes. BioScience, 70 (8), 659–673. https://doi.org/10.1093/biosci/biaa061

199. Guiterman, C.H., R.M. Gregg, L.A.E. Marshall, J.J. Beckmann, P.J. van Mantgem, D.A. Falk, J.E. Keeley, A.C. Caprio, 
J.D. Coop, P.J. Fornwalt, C. Haffey, R.K. Hagmann, S.T. Jackson, A.M. Lynch, E.Q. Margolis, C. Marks, M.D. Meyer, 
H. Safford, A.D. Syphard, A. Taylor, C. Wilcox, D. Carril, C.A.F. Enquist, D. Huffman, J. Iniguez, N.A. Molinari, C. 
Restaino, and J.T. Stevens, 2022: Vegetation type conversion in the US Southwest: Frontline observations and 
management responses. Fire Ecology, 18 (1), 6. https://doi.org/10.1186/s42408-022-00131-w

200. Littell, J.S., D. McKenzie, D.L. Peterson, and A.L. Westerling, 2009: Climate and wildfire area burned in western U.S. 
ecoprovinces, 1916–2003. Ecological Applications, 19 (4), 1003–1021. https://doi.org/10.1890/07-1183.1

201. Abatzoglou, J.T. and C.A. Kolden, 2013: Relationships between climate and macroscale area burned in the western 
United States. International Journal of Wildland Fire, 22 (7), 1003–1020. https://doi.org/10.1071/wf13019

202. Barbero, R., J. Abatzoglou, N. Larkin, C. Kolden, and B. Stocks, 2015: Climate change presents increased potential for 
very large fires in the contiguous United States. International Journal of Wildland Fire, 24 (7), 892–899. https://doi.
org/10.1071/wf15083

203. Kitzberger, T., D.A. Falk, A.L. Westerling, and T.W. Swetnam, 2017: Direct and indirect climate controls predict 
heterogeneous early-mid 21st century wildfire burned area across western and boreal North America. PLoS ONE, 
12 (12), e0188486. https://doi.org/10.1371/journal.pone.0188486

204. Fettig, C.J., 2019: Socioecological impacts of the western pine beetle outbreak in Southern California: Lessons for 
the future. Journal of Forestry, 117 (2), 138–143. https://doi.org/10.1093/jofore/fvy029

205. Berner, L.T. and S.J. Goetz, 2022: Satellite observations document trends consistent with a boreal forest biome 
shift. Global Change Biology, 28 (10), 3275–3292. https://doi.org/10.1111/gcb.16121

206. Nigro, K.M., M.E. Rocca, M.A. Battaglia, J.D. Coop, and M.D. Redmond, 2022: Wildfire catalyzes upward range 
expansion of trembling aspen in southern Rocky Mountain beetle-killed forests. Journal of Biogeography, 49 (1), 
201–214. https://doi.org/10.1111/jbi.14302

207. Sharma, S., R. Andrus, Y. Bergeron, M. Bogdziewicz, D.C. Bragg, D. Brockway, N.L. Cleavitt, B. Courbaud, A.J. Das, M. 
Dietze, T.J. Fahey, J.F. Franklin, G.S. Gilbert, C.H. Greenberg, Q. Guo, J.H.R. Lambers, I. Ibanez, J.F. Johnstone, C.L. 
Kilner, J.M.H. Knops, W.D. Koenig, G. Kunstler, J.M. LaMontagne, D. Macias, E. Moran, J.A. Myers, R. Parmenter, I.S. 
Pearse, R. Poulton-Kamakura, M.D. Redmond, C.D. Reid, K.C. Rodman, C.L. Scher, W.H. Schlesinger, M.A. Steele, 
N.L. Stephenson, J.J. Swenson, M. Swift, T.T. Veblen, A.V. Whipple, T.G. Whitham, A.P. Wion, C.W. Woodall, R. Zlotin, 
and J.S. Clark, 2022: North American tree migration paced by climate in the West, lagging in the East. Proceedings 
of the National Academy of Sciences of the United States of America, 119 (3), e2116691118. https://doi.org/10.1073/
pnas.2116691118

208. De Frenne, P., J. Lenoir, M. Luoto, B.R. Scheffers, F. Zellweger, J. Aalto, M.B. Ashcroft, D.M. Christiansen, G. Decocq, 
K. De Pauw, S. Govaert, C. Greiser, E. Gril, A. Hampe, T. Jucker, D.H. Klinges, I.A. Koelemeijer, J.J. Lembrechts, 
R. Marrec, C. Meeussen, J. Ogée, V. Tyystjärvi, P. Vangansbeke, and K. Hylander, 2021: Forest microclimates and 
climate change: Importance, drivers and future research agenda. Global Change Biology, 27 (11), 2279–2297. https://
doi.org/10.1111/gcb.15569

209. Buchholz, R.R., M. Park, H.M. Worden, W. Tang, D.P. Edwards, B. Gaubert, M.N. Deeter, T. Sullivan, M. Ru, M. Chin, 
R.C. Levy, B. Zheng, and S. Magzamen, 2022: New seasonal pattern of pollution emerges from changing North 
American wildfires. Nature Communications, 13 (1), 2043. https://doi.org/10.1038/s41467-022-29623-8

210. McClure, C.D. and D.A. Jaffe, 2018: US particulate matter air quality improves except in wildfire-prone areas. 
Proceedings of the National Academy of Sciences of the United States of America, 115 (31), 7901–7906. https://doi.
org/10.1073/pnas.1804353115

https://doi.org/10.1002/fee.1247
https://doi.org/10.1002/fee.1247
https://doi.org/10.1146/annurev-environ-101718-033103
https://doi.org/10.1093/biosci/biaa061
https://doi.org/10.1186/s42408-022-00131-w
https://doi.org/10.1890/07-1183.1
https://doi.org/10.1071/wf13019
https://doi.org/10.1071/wf15083
https://doi.org/10.1071/wf15083
https://doi.org/10.1371/journal.pone.0188486
https://doi.org/10.1093/jofore/fvy029
https://doi.org/10.1111/gcb.16121
https://doi.org/10.1111/jbi.14302
https://doi.org/10.1073/pnas.2116691118
https://doi.org/10.1073/pnas.2116691118
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1038/s41467-022-29623-8
https://doi.org/10.1073/pnas.1804353115
https://doi.org/10.1073/pnas.1804353115


Fifth National Climate Assessment

7-41 | Forests

211. NIFC, 2022: Wildfires and Acres. National Interagency Fire Center. https://www.nifc.gov/fire-information/
statistics/wildfires

212. Ticktin, T., K. Kindscher, S. Souther, P.C. Weisberg, James L. Hummel, Susan, C. Mitchell, and S. Sanders, 2018: 
Ch. 3. Ecological dimensions of nontimber forest product harvest. In: Assessment of Nontimber Forest Products 
in the United States Under Changing Conditions. Chamberlain, J.L., M.R. Emery, and T. Patel-Weynand, Eds. 
U.S. Department of Agriculture, Forest Service, Southern Research Station, Asheville, NC, 60–81. https://doi.
org/10.2737/srs-gtr-232 

213. Lake, F.K., M.R. Emery, M.J. Baumflek, K.S. Friday, K. Kamelamela, L. Kruger, N. Grewe, J. Gilbert, and N.J. Reo, 
2018: Ch. 4. Cultural dimensions of nontimber products. In: Assessment of Nontimber Forest Products in the United 
States Under Changing Conditions. Chamberlain, J.L., M.R. Emery, and T. Patel-Weynand, Eds. U.S. Department 
of Agriculture, Forest Service, Southern Research Station, Asheville, NC, 16. https://www.fs.usda.gov/research/
treesearch/57298

214. Weiskopf, S.R., O.E. Ledee, and L.M. Thompson, 2019: Climate change effects on deer and moose in the Midwest. 
The Journal of Wildlife Management, 83 (4), 769–781. https://doi.org/10.1002/jwmg.21649

215. Wünschmann, A., A.G. Armien, E. Butler, M. Schrage, B. Stromberg, J.B. Bender, A.M. Firshman, and M. Carstensen, 
2015: Necropsy findings in 62 opportunistically collected free-ranging moose (Alces alces) from Minnesota, USA 
(2003–13). Journal of Wildlife Diseases, 51 (1), 157–65. https://doi.org/10.7589/2014-02-037

216. Carstensen, M., E.C. Hildebrand, D. Plattner, M. Dexter, A. Wünschmann, and A. Armien, 2018: Causes of 
Non-hunting Mortality of Adult Moose in Minnesota, 2013–2017. Minnesota Department of Natural Resources. 
https://files.dnr.state.mn.us/wildlife/research/studies/moose/moose_findings.pdf

217. DelGuidice, G.D. and J.H. DelGuidice, 2022: 2022 Aerial Moose Survey. Minnesota Department of Natural 
Resources, 13 pp. https://files.dnr.state.mn.us/wildlife/moose/moosesurvey.pdf?20220524-17

218. Jones, H., P. Pekins, L. Kantar, I. Sidor, D. Ellingwood, A. Lichtenwalner, and M. O’Neal, 2019: Mortality assessment 
of moose (Alces alces) calves during successive years of winter tick (Dermacentor albipictus) epizootics in New 
Hampshire and Maine (USA). Canadian Journal of Zoology, 97 (1), 22–30. https://doi.org/10.1139/cjz-2018-0140

219. Smart, L.S., P.J. Taillie, B. Poulter, J. Vukomanovic, K.K. Singh, J.J. Swenson, H. Mitasova, J.W. Smith, and R.K. 
Meentemeyer, 2020: Aboveground carbon loss associated with the spread of ghost forests as sea levels rise. 
Environmental Research Letters, 15 (10), 104028. https://doi.org/10.1088/1748-9326/aba136

220. Ury, E.A., X. Yang, J.P. Wright, and E.S. Bernhardt, 2021: Rapid deforestation of a coastal landscape driven by 
sea-level rise and extreme events. Ecological Applications, 31 (5), e02339. https://doi.org/10.1002/eap.2339

221. Bowker, J.M. and A. Askew, 2012: Ch. 8. U.S. outdoor recreation participation projections to 2060. In: Outdoor 
Recreation Trends and Futures: A technical Document Supporting the Forest Service 2010 Resources Planning Act 
Assessment. Cordell, H.K., Ed. U.S. Department of Agriculture Forest Service, Southern Research Station, Asheville, 
NC, 105–124. https://www.fs.usda.gov/research/treesearch/42080

222. Norström, A.V., C. Cvitanovic, M.F. Löf, S. West, C. Wyborn, P. Balvanera, A.T. Bednarek, E.M. Bennett, R. Biggs, A. de 
Bremond, B.M. Campbell, J.G. Canadell, S.R. Carpenter, C. Folke, E.A. Fulton, O. Gaffney, S. Gelcich, J.-B. Jouffray, M. 
Leach, M. Le Tissier, B. Martín-López, E. Louder, M.-F. Loutre, A.M. Meadow, H. Nagendra, D. Payne, G.D. Peterson, 
B. Reyers, R. Scholes, C.I. Speranza, M. Spierenburg, M. Stafford-Smith, M. Tengö, S. van der Hel, I. van Putten, and 
H. Österblom, 2020: Principles for knowledge co-production in sustainability research. Nature Sustainability, 3 (3), 
182–190. https://doi.org/10.1038/s41893-019-0448-2

223. Violle, C., M.-L. Navas, D. Vile, E. Kazakou, C. Fortunel, I. Hummel, and E. Garnier, 2007: Let the concept of trait be 
functional! Oikos, 116 (5), 882–892. https://doi.org/10.1111/j.0030-1299.2007.15559.x

224. Pretzsch, H., D.I. Forrester, and J. Bauhus, Eds., 2017: Mixed-Species Forests: Ecology and Management. Springer, 
Heidelberg, Germany. https://doi.org/10.1007/978-3-662-54553-9

225. Vernon, M.J., R.L. Sherriff, P. van Mantgem, and J.M. Kane, 2018: Thinning, tree-growth, and resistance to 
multi-year drought in a mixed-conifer forest of northern California. Forest Ecology and Management, 422, 190–198. 
https://doi.org/10.1016/j.foreco.2018.03.043

226. Andrews, C.M., A.W. D’Amato, S. Fraver, B. Palik, M.A. Battaglia, and J.B. Bradford, 2020: Low stand density 
moderates growth declines during hot droughts in semi-arid forests. Journal of Applied Ecology, 57 (6), 1089–1102. 
https://doi.org/10.1111/1365-2664.13615

https://www.nifc.gov/fire-information/statistics/wildfires
https://www.nifc.gov/fire-information/statistics/wildfires
https://doi.org/10.2737/srs-gtr-232
https://doi.org/10.2737/srs-gtr-232
https://www.fs.usda.gov/research/treesearch/57298
https://www.fs.usda.gov/research/treesearch/57298
https://doi.org/10.1002/jwmg.21649
https://doi.org/10.7589/2014-02-037
https://files.dnr.state.mn.us/wildlife/research/studies/moose/moose_findings.pdf
https://files.dnr.state.mn.us/wildlife/moose/moosesurvey.pdf?20220524-17
https://doi.org/10.1139/cjz-2018-0140
https://doi.org/10.1088/1748-9326/aba136
https://doi.org/10.1002/eap.2339
https://www.fs.usda.gov/research/treesearch/42080
https://doi.org/10.1038/s41893-019-0448-2
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1007/978-3-662-54553-9
https://doi.org/10.1016/j.foreco.2018.03.043
https://doi.org/10.1111/1365-2664.13615


Fifth National Climate Assessment

7-42 | Forests

227. Steckel, M., W.K. Moser, M. del Río, and H. Pretzsch, 2020: Implications of reduced stand density on tree growth 
and drought susceptibility: A study of three species under varying climate. Forests, 11 (6), 627. https://doi.
org/10.3390/f11060627

https://doi.org/10.3390/f11060627
https://doi.org/10.3390/f11060627


Fifth National Climate Assessment: Chapter 8  
Ecosystems, Ecosystem  
Services, and Biodiversity



Fifth National Climate Assessment

8-2 | Ecosystems, Ecosystem Services, and Biodiversity

Chapter 8. Ecosystems, Ecosystem Services, 
and Biodiversity
Authors and Contributors

Federal Coordinating Lead Author
Shawn L. Carter, US Geological Survey, National Climate Adaptation Science Center

Chapter Lead Author
Pamela D. McElwee, Rutgers University

Agency Chapter Lead Authors
Kimberly J. W. Hyde, NOAA Fisheries, Northeast Fisheries Science Center
Jordan M. West, US Environmental Protection Agency, Office of Research and Development

Chapter Authors
Kofi Akamani, Southern Illinois University Carbondale
Amanda L. Babson, US National Park Service
Gillian Bowser, Colorado State University
John B. Bradford, US Geological Survey, Southwest Biological Science Center
Jennifer K. Costanza, USDA Forest Service
Theresa M. Crimmins, University of Arizona, USA National Phenology Network
Sarah C. Goslee, USDA Agricultural Research Service
Stephen K. Hamilton, Cary Institute of Ecosystem Studies
Brian Helmuth, Northeastern University
Serra Hoagland, USDA Forest Service
Fushcia-Ann E. Hoover, University of North Carolina at Charlotte
Mary E. Hunsicker, NOAA Fisheries, Northwest Fisheries Science Center
Roxolana Kashuba, US Environmental Protection Agency
Seth A. Moore, Grand Portage Band of Lake Superior Chippewa
Roldan C. Muñoz, NOAA Fisheries, Southeast Fisheries Science Center
Gyami Shrestha, Lynker 
Maria Uriarte, Columbia University
Jennifer L. Wilkening, US Fish and Wildlife Service



Fifth National Climate Assessment

8-3 | Ecosystems, Ecosystem Services, and Biodiversity

Technical Contributors
Nazia N. Arbab, Rutgers University
Danielle Cholewiak, NOAA Fisheries, Northeast Fisheries Science Center
Pranay Kumar, Rutgers University
Victor O. Leshyk, Northern Arizona University
Katherine C. Malpeli, US Geological Survey, National Climate Adaptation Science Center
Richard S. Ostfeld, Cary Institute of Ecosystem Studies
GraceAnne K. Piselli, Northeastern University
José R. Ramírez-Garofalo, Rutgers University
Edward A.G. Schuur, Northern Arizona University 
Jacquelyn Veatch, Rutgers University
Sarah Whipple, Colorado State University
Sauvanithi Yupho, Rutgers University, Department of Geography

Review Editor
Abigail York, Arizona State University

Cover Art

Taelyn B.

Recommended Citation 

McElwee, P.D., S.L. Carter, K.J.W. Hyde, J.M. West, K. Akamani, A.L. Babson, G. Bowser, J.B. Bradford, 
J.K. Costanza, T.M. Crimmins, S.C. Goslee, S.K. Hamilton, B. Helmuth, S. Hoagland, F.-A.E. Hoover, M.E. 
Hunsicker, R. Kashuba, S.A. Moore, R.C. Muñoz, G. Shrestha, M. Uriarte, and J.L. Wilkening, 2023: Ch. 8. 
Ecosystems, ecosystem services, and biodiversity. In: Fifth National Climate Assessment. Crimmins, A.R., 
C.W. Avery, D.R. Easterling, K.E. Kunkel, B.C. Stewart, and T.K. Maycock, Eds. U.S. Global Change Research 
Program, Washington, DC, USA. https://doi.org/10.7930/NCA5.2023.CH8

https://nca2023.globalchange.gov/art-climate/#art-Taelyn-B.
https://doi.org/10.7930/NCA5.2023.CH8


Fifth National Climate Assessment

8-4 | Ecosystems, Ecosystem Services, and Biodiversity

Table of Contents

Introduction .................................................................................................................5

Key Message 8.1  
Change Is Driving Rapid Ecosystem Transformations ................................................10

Monitoring Transformations ........................................................................................................................ 14
Addressing Risks and Managing for Change ............................................................................................. 15

Key Message 8.2  
Species Changes and Biodiversity Loss Are Accelerating ..........................................16

Changes in Phenology .................................................................................................................................. 17
Range Shifts .................................................................................................................................................. 18
Species Sensitivities and Extinction Risks .................................................................................................. 20
Box 8.1. Case Study: Climate Sensitivities of North Atlantic Right Whales  ............................................. 21
Disease Risks ................................................................................................................................................ 21
Invasive Species Risks ................................................................................................................................. 24
Assisting Species Adaptation ...................................................................................................................... 25
Implications for Management ..................................................................................................................... 26

Key Message 8.3  
Impacts to Ecosystem Services Create Risks and Opportunities ................................26

Opportunities for Nature-Based Solutions .................................................................................................. 29
Box 8.2. Restoration and Ecosystem Management by Tribal Nations ...................................................... 32

Traceable Accounts ...................................................................................................33
Process Description ..................................................................................................................................... 33
Key Message 8.1 .......................................................................................................................................... 33
Key Message 8.2  ......................................................................................................................................... 35
Key Message 8.3  ......................................................................................................................................... 37

References ................................................................................................................39



Fifth National Climate Assessment

8-5 | Ecosystems, Ecosystem Services, and Biodiversity

Introduction
Human well-being is dependent on natural and managed ecosystems, which provide crucial functions and 
resources for nearly everything we eat, make, and do.1 Clean water and air, soils and nutrients for food 
production, timber for construction, and other supplies and services we depend on all come from nature. 
But many ecosystems are increasingly facing climate risks and impacts that alter ecological processes and 
functions and affect species across all levels of the food web. These changes in turn can result in reduced 
biodiversity and diminished ecosystem services (the benefits received from natural systems; Figure 8.1).2,3 
Relationships between humans and ecosystems, such as the kinship values that many Black, Indigenous and 
Tribal communities experience with regard to nature, are also endangered by these changes.4,5
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Climate Change and Ecosystems, Biodiversity, and Ecosystem Services 

Climate and non-climate stressors together affect biodiversity, ecosystems, and the services they provide.

Figure 8.1. Species and ecosystems respond to pressures in different ways, such as shifting their locations or 
transforming into new, often degraded systems less able to provide ecosystem services.6 Adaptation measures 
can help species and ecosystems cope with some climate impacts but are not always going to be effective or 
feasible, requiring increasingly difficult decisions on what resources to prioritize and what changes to accept.7 
Adapted from Lipton et al. 2018.8
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Climate change impacts are already seen in the deterioration of ecosystem functions, as well as in changes 
in marine and terrestrial primary productivity (growth of plants and algae) and the balance between 
primary production and respiration (i.e., carbon balances).2 Ecosystem degradation increases risks to human 
populations, such as in coastal areas where loss of wetlands increases damage from storms (KM 9.2). Other 
observed impacts include range shifts as species expand into new regions or disappear from unfavorable 
areas, altered timing of seasonal and life-cycle events, increased mortality and localized extinctions, and 
spread of diseases and invasive species (Figure 8.2).9,10 These risks are projected to grow with additional 
degrees of warming (Figure 8.3),11,12 as well as with increased atmospheric carbon dioxide, which contributes 
to the acidification of marine ecosystems (KM 10.1).13 
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Regional Impacts

All US regions are experiencing impacts of climate change on species, ecosystems, and ecosystem services. 

Figure 8.2. Regional examples show the wide range of potential ecosystem impacts and their socioeconomic 
ramifications. Some changes may be occurring in more than one region (e.g., loss of coral reefs in both Hawai‘i 
and the US-Affiliated Pacific Islands [USAPI] and in the US Caribbean). Figure credit: Rutgers University and USGS.
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Ecosystem Impacts and Risks

Ecosystem impacts and risks increase at higher levels of global warming. 

Figure 8.3. As global surface temperatures increase relative to the preindustrial period (1850–1900), risks 
to ecosystems, such as changes in structure and function, become more acute beyond the 1.09°C (1.96°F) 
of warming that has already occurred (light gray dashed line). Maximum risk is reached below 4°C (7.2°F) of 
warming in some cases and between 4° and 5°C (9°F) in others. Very high risks to sensitive ecosystems, such as 
coral reefs, are anticipated above 2°C (3.6°F) and will be difficult to reverse. Adapted with permission from Figure 
SPM.3 in IPCC 2022.2

Ecosystem-based and climate-informed management that anticipates and adapts to changes can limit 
damage and increase resilience of ecosystems (Figure 6.7; KM 6.2).14 Strategies include restoration, habitat 
protection and connectivity, assisted migration, and adaptive management.15,16 However, there are limits to 
adaptive management, particularly for unique systems and species and the humans who depend on them.2 
For example, adaptive management may not be able to keep up with rising sea levels that submerge coastal 
communities and ecosystems (KM 9.1) or extreme heat that is intolerable to humans or other organisms 
(KM 15.1).

This chapter focuses on risks to terrestrial, freshwater, and marine ecosystems; more details on the 
following ecosystems can be found as noted: land (Ch. 6), forests (Ch. 7), coasts (Ch. 9), oceans (Ch. 10), and 
agroecosystems (Ch. 11).
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Key Message 8.1  
Change Is Driving Rapid Ecosystem Transformations

Climate change, together with other stressors, is driving transformational changes in eco-
systems, including loss and conversion to other states, and changes in productivity (very likely, 
high confidence). These changes have serious implications for human well-being (very likely, 
high confidence). Many types of extreme events are increasing in frequency and/or severity 
and can trigger abrupt ecosystem changes (medium confidence). Adaptive governance frame-
works, including adaptive management, combined with monitoring can help to prepare for, 
respond to, and alleviate climate change impacts, as well as build resilience for the future 
(medium confidence).

Ecosystem changes can be driven by physical factors (e.g., thermal stress), biological responses (e.g., 
changing ranges), or both, often interacting with stressors from human activities. Multiple stressors, both 
gradual and episodic, can have complex interactive or amplifying effects on ecosystems (Figure 8.4);17,18 for 
example, severe hurricanes can heighten forest vulnerability to drought and/or fire.19,20

Amplifying Climate Change Effects on Watersheds

Climate effects on watersheds exemplify the amplifying impacts of gradual and episodic stressors. 

Figure 8.4. Both gradual and episodic (short-lived) climatic drivers alter the transport of water, nutrients, and 
sediments from terrestrial watersheds to downstream water bodies. These drivers affect aquatic ecology and 
ecosystem services throughout the hydrological system, even in areas distant from drivers of change (e.g., more 
intense rainfall leading to leaching of fertilizers that stimulate harmful algal blooms downstream).21 The frequency 
and intensity of episodic extreme events is projected to increase (KM 2.2), raising risks for many species (Figure 
8.10). Figure credit: Cary Institute of Ecosystem Studies.
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Many ecosystems are at increased risk of ecosystem tipping points (where rapid and unpredictable 
conversions to new states occur),22 although it is difficult to predict how, where, and when these changes 
will occur.23,24 Transformative changes in the composition, structure, function, and other properties of 
ecosystems result in a new stable state, or regime, with a different combination of species and communities, 
often resulting in reduced biodiversity and ecosystem services.25,26 Restoring an ecosystem may be difficult 
or even impossible if a critical threshold or tipping point is crossed and a different system emerges, because 
changing or restoring the drivers that led to the altered state may not result in a return to the original state 
(Figure 8.5).27 

Tipping Points and Regime Changes

The Arctic faces substantial impacts from thawing permafrost that cannot be reversed. 

Figure 8.5. Thawing of permafrost can cause irreversible tipping points in Arctic landscapes, transforming intact 
ecosystems (left) to severely altered ones (right), with impacts on people. A warming climate and fires lead to 
melting ground ice. Arctic and boreal forests contain permafrost soils with excess ice (more than is contained 
in soil pores), which form 3D networks in the ground. With warming, this ground ice can melt and the ground 
surface collapses (A). Fires, a natural part of the boreal disturbance cycle, are increasing in extent, frequency, 
and severity. Melting ice can lead to accumulation of water in ponds, lakes, and wetlands, but continued thawing 
can cause lakes to drain. Permafrost can also thaw abruptly, causing thaw slumps and bank failures (B). These 
geomorphological changes impact human infrastructure (C) and access to the land (D). Other risks (not pictured) 
include chemical and potentially disease mobilization that can threaten human health and ecosystems.28,29 
Human adaptation strategies to permafrost thaw include installing firebreaks around infrastructure (E). Adapted 
from Schuur et al. 202230 [CC BY 4.0].

Ecosystem changes can be gradual or relatively abrupt31 and depend in part on ecosystem characteristics 
and key species.32 Ecosystems with immobile or long-lived species such as corals or trees can often exhibit 
abrupt responses because they have limited capacity to keep pace.33,34,35 Ecosystems with higher biodiversity 
have more species interactions and often exhibit slow changes at first followed by abrupt shifts.15 Multiple 
stressors can lead to synergistic effects and trigger abrupt changes.36 Examples include the co-occurrence 
of extreme heat, drought, and invasive grasses (Figure 8.6)22 or wildfires followed by insect infestations (or 
vice versa; Focus on Western Wildfires).

https://creativecommons.org/licenses/by/4.0/legalcode
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Abrupt Changes in Ecosystem State

Climate change interacts with other stressors to cause synergistic effects, and resulting ecosystem changes 
can be abrupt and difficult to reverse. 

Figure 8.6. In the western US, drought and longer, hotter growing seasons combined with invasive grasses and 
overgrazing have transformed sagebrush shrublands past a tipping point into annual grasslands that experience 
more frequent wildfires and no longer support native biodiversity and livestock grazing. Removing invasive 
grasses and seeding with native plants often does not restore the original shrubland ecosystem.37 Adapted from 
Foley et al. 201538 [CC BY 4.0].

Vulnerability of ecosystems to climate change depends on exposure to the physical drivers of change and 
characteristics that affect species’ sensitivity and capacity to adapt.39 Examples of vulnerable ecosystems 
experiencing transformation are increasingly common (Figure 8.7). There is evidence that ecosystems with 
higher biodiversity are more resilient in the face of climate change,40,41 indicating that better protection and 
reduced fragmentation and degradation of ecosystems are potential climate-adaptation strategies.42

https://creativecommons.org/licenses/by/4.0/legalcode
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Unique and Vulnerable Ecosystems

Transformations to ecosystems are already noticeable and widespread.

Figure 8.7. There are numerous and widespread examples of ecosystems transforming to altered states, with 
complex drivers and outcomes.22,43,44,45,46 Climate-driven ecological transformations are occurring in all regions 
of the US and often negatively impact the services these ecosystems provide, including regulation of carbon and 
water cycles, wildlife habitat, and recreation. Figure credit: USDA Forest Service, USGS, and NOAA Fisheries. Photo 
credits (clockwise from top right): John Bradford, USGS; Steve Lonhart/NOAA; ©Elizabeth-Ann Jamison; Ilsa B. 
Kuffner, USGS; Sarah K. Schoen, USGS; ©Nicholas Smith; John Bradford, USGS; ©Anna Armitage.
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Monitoring Transformations
Identifying and monitoring species or ecosystem traits that provide early warnings of vulnerability, 
system-wide decline, or tipping points can assist in reducing risks.26,47,48,49 Numerous long-term monitoring 
networks (Figure 8.8) have been established in recent decades in direct response to climate and other 
changes.27,50 Community-led (“citizen”) science efforts such as iNaturalist51 and the USA National Phenology 
Network,52 alongside community-based monitoring networks53 and Indigenous Knowledge holders (KM 
16.3)54 also collect observations across large areas55 and have helped detect altered species distributions, 
abundances, and phenologies.56,57,58 

Monitoring Ecosystem Changes 

Monitoring programs are critically important for observing and projecting trends in resilience, species invasions, 
range shifts, declines, and extinctions. 

Figure 8.8. Federally operated networks (NPS I&M, NERR) and other long-term networks (LTER, LTAR, NEON, 
MBON, AmeriFlux) provide consistent and permanent observations at limited sites, whereas volunteer networks 
(USA-NPN, Indigenous Sentinels) offer more opportunistic observations across a wider landscape. Together, 
these networks provide critical data for understanding species and ecosystem changes, although gaps in 
coverage remain. Figure credit: Lynker and USGS.
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Addressing Risks and Managing for Change
Climate change and other disturbances that transform ecosystems create growing management 
challenges.14,59 Building, preserving, or restoring ecosystems is often the most practical and effective 
resilience strategy;60,61 however, ecosystem transformation may still be inevitable.62 Conventional resource 
management approaches are often ill-suited for managing uncertainties and related trade-offs.63,64 In 
contrast, adaptive management iteratively plans, implements, and modifies strategies for managing 
resources under uncertainty. Successful adaptive management requires an overarching adaptive governance 
approach that provides institutional structures and decision-making processes for coordinating efforts 
across scales,65 managing uncertainties and conflicts,66,67 mobilizing diverse knowledges, and addressing 
stakeholder interests.68,69,70 

Decision frameworks designed to anticipate ecosystem transformation can advance adaptative management 
processes (Figure 8.9).71 As one example, the Resist–Accept–Direct (RAD) framework helps identify 
conditions where ecosystem management can resist a trajectory of change, accept change, or direct change 
toward desired future conditions (Figure 8.9b).62,72 To engage the “direct” in their RAD planning, Tetlin 
National Wildlife Refuge in Alaska is combining scenarios, adaptive management, and adaptive pathway 
planning to engage managers and stakeholders to explore potential transformations, with one focus specifi-
cally on subsistence hunting.73 

Adaptation and Transformation Planning Frameworks

Decision frameworks can help plan for the potential transformation of ecosystems. 

Figure 8.9. Two examples of adaptive decision frameworks are the Corals and Climate Adaptation Planning cycle 
(a) and the Resist–Accept–Direct (RAD) framework (b). In (a), users are guided through assessment and design 
considerations to adjust climate-smart management interventions. In (b), the current ecosystem (gray) is affected 
by either moderate or strong transformational forcing that drives decisions (black dots) to resist (red time 
periods), accept (yellow time periods), and direct (green time periods) the trajectory of change. (a) Adapted from 
West et al. 2017, 201874,75 [CC BY 4.0]; (b) adapted from Lynch et al. 2022.72

https://creativecommons.org/licenses/by/4.0/legalcode
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Key Message 8.2  
Species Changes and Biodiversity Loss Are Accelerating

The interaction of climate change with other stressors is causing biodiversity loss, changes 
in species distributions and life cycles, and increasing impacts from invasive species and 
diseases, all of which have economic and social consequences (very likely, high confidence). 
Future responses of species and populations will depend on the magnitude and timing of 
changes, coupled with the differential sensitivity of organisms; species that cannot easily 
relocate or are highly temperature sensitive may face heightened extinction risks (very likely, 
high confidence). Identification of risks (e.g., extreme events) will help prioritize species and 
locations for protection and improve options for management (very likely, high confidence).

Climate-related stressors and other drivers of global change, such as land-use change, habitat destruction, 
and overexploitation, can create significant biodiversity changes and losses (Figure 8.1).76,77 Even short-term 
extreme events such as heatwaves78,79,80 can generate significant species impacts. For example, coral reefs 
are threatened by cumulative impacts of ocean warming and acidification, marine heatwaves resulting 
in bleaching and higher susceptibility to diseases, increasingly powerful tropical cyclones causing loss of 
structural complexity, hypoxia (low oxygen) events, overfishing, and pollution (Figure 8.10a, b; Box 10.1; KMs 
9.2, 10.1).81,82,83,84,85,86 Similarly, wildfires (Focus on Western Wildfires)87 can create risks for some species both 
directly (Figure 8.10c, d) and indirectly through longer-term habitat changes.88
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Extreme Event Impacts

Short-term extreme events can have severe impacts on threatened species.

Figure 8.10. Two examples of such impacts are as follows. (a) High water temperatures off Southeast Florida 
exceeded the maximum average monthly temperature (horizonal line in time series) in 2014–2015, resulting 
in severe bleaching of (b) pillar coral (Dendrogyra cylindrus) colonies and subsequent disease and death of all 
individuals. (c) Wildfires impacted more than 75% of breeding pairs (blue polygons) of (d) Mexican spotted owl 
(MSO; Strix occidentalis lucida) in Smokey Bear Ranger District, New Mexico, in 2012. Figure credits: (a) adapted 
from Jones et al. 202189 [CC BY 4.0]; (c) USDA Forest Service, NOAA Fisheries, and NOAA NCEI. Photo credits: (b) 
©David Gilliam, Nova Southeastern University; (d) ©Serra J. Hoagland, USDA Forest Service. 

Changes in Phenology
Compounding the responses of species to extreme events, the timing of seasonal events such as leaf-out, 
flowering, migration, spawning, phytoplankton blooms, and egg hatching is changing in response to rising 
winter and spring temperatures and to the altered timing and amount of snowmelt and rainfall (Figures 8.8, 
A4.13).58,90,91,92 Changes include earlier flowering and maturity in agricultural crops that affect planting and 
harvest times,93,94,95,96,97 longer and more intense allergy seasons (KM 14.4),98 and increased pest activity.99,100 
Changes are most pronounced at high latitudes and elevations and in urbanized areas.101,102 Phenological 
mismatches emerge when the timing of activities in interacting species changes at different rates, such as 
food availability shifting to no longer match a dependent organism’s needs.103,104 Phenological changes are 
also impacting seasonal carbon cycling105 and increasing vulnerability to spring frost damage (App. 4).106 
There are significant economic and social impacts of these changes, including tourism impacts and loss of 
culturally important species.107,108

https://creativecommons.org/licenses/by/4.0/legalcode
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Range Shifts
Elevational and latitudinal range shifts driven by climate change have already occurred for multiple species 
(Figure 8.11),109,110,111 with range shifts of marine species more responsive and greater in magnitude than 
terrestrial ones (KM 10.1; Figure A4.12).112 Mountaintop ranges are shrinking as species shift upslope, with 
high-elevation ones highly vulnerable.113,114 Milder winters and warmer growing seasons are expected to 
expand ranges for some species.115,116

Observed Range Shifts and Changes in Phenology

Climate change is leading to shifts in phenology and range for species across the United States.

Figure 8.11. Many plant and animal species are shifting to higher elevations, to more northern latitudes, or in 
multiple directions (here labeled “regional advancement”). The timing of seasonal activity is similarly shifting in 
response to warmer temperatures and changing precipitation regimes, in many cases occurring earlier in the year, 
although the direction and magnitude of changes are species-specific. Figure credit: University of Arizona and 
USFWS.

Conditions can change over very localized scales, creating complex “mosaic” patterns of environmental 
stressors.117,118,119,120 Climate refugia occur in locations where environmental conditions are changing more 
slowly than in surrounding areas121 or where local drivers override more regional-scale processes.122 These 
refugia are expected to support organisms that can repopulate other depleted areas through dispersal via 
currents or land corridors123 and are therefore a priority for conservation (Figure 8.12).124,125 Identification of 
the many existing refugia expected to disappear under climate change is crucial.126,127
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Environmental Mosaics and Climate Refugia

Climate refugia are locations where environmental conditions are changing more slowly than in the  
surrounding region.

Figure 8.12. Refugia help populations survive extreme events, and when connected via dispersal currents and 
corridors can serve as rescue sites.122 Understanding variations in environmental exposures and organism 
sensitivities to extreme conditions helps forecast climate impacts122,127 and inform management strategies.128,129 
Adapted from Morelli et al. 2016130 [CC0 1.0].

https://creativecommons.org/publicdomain/zero/1.0/legalcode
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Species Sensitivities and Extinction Risks
Understanding species sensitivities to climate impacts and adaptive capacity can help detect ecological 
tipping points (KM 8.1).131,132 Large-bodied animals (Box 8.1)133 and species occupying polar habitats are par-
ticularly at risk of local extinction due to physiological vulnerabilities.134 In contrast, smaller-bodied species 
often have more widely variable responses to changing conditions (Figure 8.13).

Observed Pollinator Sensitivities

Insect pollinator responses to environmental stressors, even within the same taxonomic grouping, can vary 
widely.

Figure 8.13. Pollinator responses to changing climate conditions within a short time frame (the past 10–30 years) 
are leading to complex patterns of species movements across the landscape. Several species of bumble bees 
(panel 1) have had different responses over the past 10 years, from shifting in habitat within their ranges to range 
contractions and extinction risks. In panel 2, butterfly species are responding with declines and shifts within 
existing ranges or with range expansions nationwide. Figure credit: Colorado State University.
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Box 8.1. Case Study: Climate Sensitivities of North Atlantic Right Whales 

The North Atlantic right whale (Eubalaena glacialis) is one of the world’s most endangered large whales, primarily due to 
historical commercial hunting, with fewer than 350 individuals remaining.135 This species is vulnerable to climate change–
driven extinction in part because of its large size, long lifespan, slow growth, delayed maturity, and small number of 
offspring.136 Population recovery has been hindered by climate-driven changes in the distribution, availability, and quality 
of zooplankton, which has altered whale foraging patterns (KM 10.1).133,137,138 As finding shelter and food becomes more 
difficult, the whales become more susceptible to disease, fishing gear entanglements, and vessel strikes, contributing to 
decreased body size and reproductive success (Figure 8.14).139,140 Loss of these whales can have cascading effects on 
ecosystem composition and function.141

Threats to North Atlantic Right Whales

Climate change increases risks to the endangered North Atlantic right whale. 

Figure 8.14. The whale known as Snow Cone is shown with her newborn calf near Cumberland Island, 
Georgia, in 2021. She was entangled in fishing rope for at least two years and is currently presumed 
deceased. Such threats are exacerbated as whales travel into new feeding areas because of changing 
oceanographic conditions. Photo credit: ©Georgia Department of Natural Resources/NOAA Permit #20556.

Disease Risks
Disease threats to wildlife, plants, and humans have emerged as a significant climate change 
risk.142,143,144,145,146,147 Climate change promotes range expansions and population growth of disease-spread-
ing (vector) species, increased host susceptibility via stress, and enhanced pathogen transmission (Table 
8.1; KM 15.1),148 with major economic consequences.149,150 Diseases often thrive where other stressors are 
present; prevalence is projected to further increase as populations and ecosystems become stressed from 
temperature variation and extreme events, changes in habitats, altered migration patterns and ranges, bio-
diversity loss, and increases in invasive species (KMs 15.1, 30.4; Figure A4.16).151,152,153,154 
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Table 8.1. Climate-Impacted Disease Risks in Humans and Wildlife

Numerous wildlife and human diseases (KM 15.1) are expanding to new areas and species and becoming more common as 
climate change expands vector ranges and changes species interactions and habitat preferences. Sources: Islam et al. 2022; 
Gilbert 2021; Ogden et al. 2021; Sonenshine 2018; Keesing and Ostfeld 2021.152,153,155,156,157

Pathogen: Virus

Disease Affected Organisms

West Nile virus Birds and mammals

Viral hemorrhagic septicemia virus Freshwater and marine fish

White spot syndrome virus Aquatic crustaceans

Tomato spotted wilt virus Plants

Example of impacts: Viral hemorrhagic septicemia damages wild and farm-raised fish such as rainbow trout, with patterns of 
spread and establishment being highly correlated with climatic variables (temperature, precipitation).158

Pathogen: Bacteria

Disease Affected Organisms

Furunculosis Trout and salmon

Enteric red mouth disease Freshwater and marine fish

Citrus greening Plants

Example of impacts: Citrus greening is a bacterial disease transmitted by an invasive insect (Asian citrus psyllid). Because the 
disease is highly sensitive to temperature, climate change is expected to allow it to spread farther.159 Since 2005, Florida citrus 
production has declined 74%.160

Pathogen: Fungus

Disease Affected Organisms

White-nose syndrome Bats

Chytridiomycosis Amphibians

Rapid ‘Ōhi‘a death Plants

Armillaria root rot Plants

Example of impacts: Rapid ‘Ōhi‘a death is a fungal disease that impacts ‘Ōhi‘a lehua, a Hawaiian keystone species with 
important functional and cultural roles. Large-scale mortality is projected to worsen in a warmer and wetter climate.161
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Pathogen: Parasite

Disease Affected Organisms

Avian malaria Birds

Proliferative kidney disease Salmon

Brainworm Moose, elk, caribou

Seagrass wasting disease Aquatic plants

Example of impacts: Brainworm is a parasitic nematode spread via white-tailed deer, which are currently expanding farther 
northward. In moose, population declines due to brainworm are already affecting subsistence hunting among some Tribal 
communities.162

Pathogen: Unknown

Disease Affected Organisms

Stony coral tissue loss disease Corals

White band disease Corals

Colony collapse disorder Bees

Example of impacts: Stony coral tissue loss disease originated in Florida in 2014 and has spread throughout the Caribbean, 
with thermal stress implicated in reef vulnerability. The disease affects more than 30 coral species, including many important 
reef-builders. Rapid spread and high mortality rates have had serious economic consequences for tourism and fishing.163
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Invasive Species Risks
Climate change has created uncertainty about where and how fast invasive species will spread, but there are 
both observed cases164 and projections showing expected increases.165 For example, cold-sensitive invasive 
species such as the kudzu vine (Pueraria montana var. lobata) can spread northward with warming.166 Some 
invasive species are more successful than natives—particularly certain terrestrial plants167 and aquatic 
species168—because they better tolerate or more rapidly adapt to changing conditions (Figure 8.15). Yet not 
all invasive species are favored by climate change; many invasive plants and vertebrates may experience 
decreased ranges while the ranges of many invasive invertebrates and pathogens are expected to increase.169

Invasive Species and Climate Change

Damaging invasive species that are expected to shift in range because of climate change.

Figure 8.15. Examples of invasive species include the following: (a) Hemlock woolly adelgid, an insect pest, is 
expected to spread northward with warmer winters and cause die-offs of eastern hemlock trees.170 (b) Invasive 
carp are expected to benefit from warmer waters and expand into the Great Lakes, where they will compete 
with native fishes and present boating hazards through their habit of jumping out of the water.171 (c) Eurasian 
watermilfoil chokes freshwater systems and outcompetes natives in warmer conditions.172 (d) European green 
crabs, which benefit from warmer waters, harm economically important native shellfish fisheries.173 Photo credits: 
(a) Kerry Wixted via Flickr [CC BY-NC 2.0]; (b) Steve Hillebrand, USFWS; (c) ©Stephen K. Hamilton, Cary Institute of 
Ecosystem Studies; (d) ©P. Sean McDonald, University of Washington.

https://creativecommons.org/licenses/by-nc/2.0/legalcode
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Assisting Species Adaptation
Natural resource managers are implementing adaptation actions including increasing conservation 
efforts, reducing habitat fragmentation, protecting wildlife corridors, assisting species migration, and 
expanding protection activities.174 For example, marine protected areas can reduce non-climate stressors 
like overfishing and facilitate recovery of populations following extreme events like heatwaves, which then 
benefits recreational and commercial fishing in surrounding areas (KM 28.2).175 Many states now include 
climate impacts in state wildlife action plans; for example, Massachusetts has identified habitat patches 
allowing for movement of the threatened Blanding’s turtle and is creating habitats that balance increased 
drought and other threats.176,177,178

Managing for connectivity can enhance species climate resilience, particularly for wide-ranging and 
migratory species.179 Priorities include connecting climate refugia, areas of high diversity,123,180 and current 
and future habitat types.181 For example, resilience strategies for the saltmarsh sparrow (Ammospiza 
caudacuta), which has declined dramatically due to rising sea levels, include protection of areas expected 
to convert into future wetlands, use of runnels and other elevation manipulations, and high-marsh 
restoration.182,183 

Assisted migration has been implemented for at-risk species such as the Laysan albatross, O‘ahu tree snail, 
relict leopard frog, and wolf (Figure 8.16).184 In the Chippewa National Forest in Minnesota, seeds of tree 
species native to red pine forests but collected 100–200 km to the south—and thus genetically distinct from 
local populations—are being planted to test assisted migration.185

Managing for Species Adaptation

Assisted migration can help species adapt to changing climate conditions. 

Figure 8.16. One example is the translocation of wolves to Isle Royale National Park, Michigan. The loss of ice 
bridges in winter prevented new arrivals that would have maintained genetic viability of the population.186 Photo 
credit: Jacob W. Frank, NPS. 
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Implications for Management
While protected areas can help species adapt to climate change, these areas are themselves 
vulnerable;174,187,188,189 many US protected areas are expected to see major shifts in vegetation communities 
and other species.190 Further, the existing US protected areas system has low overlap with projected climate 
refugia;191 extending protection to include future habitat suitability for some species may double costs.192 
Given continued range shifts, areas with priority species that draw tourists (e.g., bird watchers) will need to 
refocus as some species become rarer or disappear,193,194 impacting neighboring communities dependent on 
tourism revenue.

Conflicts (between humans and with wildlife) arising from climate-driven changes in distribution and avail-
ability of species and resources are occurring.195,196 For example, some species are moving out of areas set 
up to conserve them, and range shifts of fish stocks (including across international boundaries) are causing 
challenges (KM 10.1).197,198 Some adaptation policies (e.g., translocation of nonhuman species into human 
communities unwilling to coexist with them) may exacerbate conflicts (KM 17.2).199 Adaptive management 
that prioritizes both climate change response planning and conflict management can reduce negative 
outcomes.195,200,201 

Key Message 8.3  
Impacts to Ecosystem Services Create Risks and Opportunities

Climate change is having variable and increasing impacts on ecosystem services and benefits, 
from food production to clean water to carbon sequestration, with consequences for human 
well-being (very likely, high confidence). Changes in availability and quality of ecosystem 
services, combined with existing social inequities, have disproportionate impacts on certain 
communities (very likely, high confidence). Equity-driven nature-based solutions, designed to 
protect, manage, and restore ecosystems for human well-being, can provide climate adaptation 
and mitigation benefits (likely, medium confidence).

Ecosystem services provide substantial and often economically important contributions to communities, 
ranging from direct material benefits like food production and clean water to nonmaterial benefits like 
recreation (Figure 8.17). However, economic valuation alone does not reflect intrinsic or relational values 
that people hold toward nature;202,203 for example, Tribal and Indigenous Peoples rely on ecosystems 
for supplies of culturally valuable food, materials for religious ceremonies, and relational links within 
communities and among generations (KM 16.1).204,205 
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Ecosystem Services and Their Benefits

Ecosystems provide a broad range of relational benefits, from the material to the spiritual. 

Figure 8.17. Ecosystem services, also called “nature’s contributions to people,” are the benefits that humans 
receive or derive from ecosystems. These are both material (e.g., energy sources) and non-material (e.g., sense 
of place), and contribute to the regulation of ecosystem processes. The broad categories of benefits pictured are 
fluid and overlapping. People value nature in multiple ways, such as “living as” nature (e.g., Indigenous viewpoints 
that humans are part of the environment; Figure 16.3) or “living from” nature (e.g., people’s dependency on key 
services). Adapted from O’Connor and Kenter 2019206 [CC BY 4.0]. 

There are many adverse climate change effects on ecosystem services,207,208 including reduced water avail-
ability for human and agricultural uses (KM 4.1), decreased productivity of crop species due to increased 
pest infestations (KM 11.1), and losses of hazard-mitigating ecosystems like wetlands and coastal shorelines 
that provide nursery and nesting habitat, recreation, and aesthetic pleasure (Table 8.2; KM 9.2). However, 
future trends on ecosystem use and benefits are not always clear. For example, rising temperatures can 
extend seasonal recreational opportunities, but if daily high temperatures exceed 27°–30°C (80.6°–86°F), 
recreation tends to decrease.209,210

https://creativecommons.org/licenses/by/4.0/legalcode
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Further, diminished benefits from ecosystem services can also occur based on other factors.211,212 For 
example, discriminatory planning practices, housing segregation, and racism have created inequitable 
distributions of services, leading to communities of color experiencing reduced access to benefits like 
improved air quality or heat reduction (KM 12.2; Figure 12.6).213,214,215 Lack of access often accompanies other 
environmental harms (e.g., greater exposure to allergens or risks of green gentrification, the displacement 
of local residents as environmental benefits improve).216,217 Climate change is expected to exacerbate these 
impacts207 and create further difficulties in addressing environmental racism, highlighting the need for clear 
management priorities and recognition of diverse values.218,219

Table 8.2. Examples of Climate Impacts on Ecosystem Services

Climate change affects the availability and quality of many ecosystem services, and many projected impacts on important 
ecosystem services will also have equity implications. 

Ecosystem Service Potential Climate Impacts Equity Implications

Regulation of 
Natural Hazards

Coastal marsh retreat is projected 
due to sea level rise and increased 
storm activity.220

Flood risks are often inequitably distributed; for 
example, property damage risks can be dispro-
portionately higher for Black communities.221

Physical and 
Psychological Experiences

Cold-weather recreational opportu-
nities are projected to decline (e.g., 
fewer skiing days).209,210,222

Less green space access in low-income 
communities and communities of color 
already results in fewer opportunities for 
recreation.223,224

Water Quantity 

Changes in precipitation, snowpack, 
soil moisture, and evapotranspiration 
are projected to alter surface and 
groundwater availability (KM 4.1; 
Figure A4.7).

Drought often has disparate impacts;225 
for example, Tribal reservations in the US 
Southwest with higher agricultural dependence 
will be particularly impacted.226

Regulation of Air Quality

Street trees provide considerable 
urban air quality benefits but are 
vulnerable to drought and heat.227

Existing tree canopy distribution is inequitable, 
accounting for greater air pollution228,229,230 
associated with legacies of redlining.231

 
Food Production (fisheries) 

Aquatic systems are experi-
encing shifts in species ranges, 
phenologies, distributions, and 
productivities.232

Culturally important species, such as Chinook 
salmon for Pacific Northwest Tribes, are 
projected to dramatically decline in the future.233
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Opportunities for Nature-Based Solutions
Ecosystem-based mitigation and adaptation opportunities are often called nature-based solutions (NBSs) or 
natural climate solutions (Figure 8.18).234,235 NBSs support biodiversity and can provide other benefits when 
managed in collaboration with affected communities and use of local knowledge (KM 21.1). For example, 
coastal wetland restoration provides both mitigation and adaptation benefits by sequestering carbon and 
decreasing coastal flooding, wave action, and erosion236 while improving water quality and increasing habitat 
biodiversity (KM 9.3; Focus on Blue Carbon).237 NBS projects are often very cost-effective, spurring new 
financing options.238,239

Ecosystem-based adaptation is a type of NBS aimed at increasing community resilience to climate change 
through the use of ecosystems.240,241 Examples include protecting and restoring floodplains to help reduce 
flood impacts242 or helping farmers cope with drought through soil conservation measures.243 There are high 
returns on investments to restore coastal ecosystems in particular, since US coral reefs provide estimated 
adaptation benefits of more than $1.8 billion annually (dollar year not provided).244,245 These approaches can 
also have positive equity benefits when designed with local participation and buy-in through collaborative 
approaches (KM 31.4).246,247,248,249,250,251
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Nature-Based Solutions 

Nature-based solutions buffer the effects of climate change.

Figure 8.18. Nature-based solutions (NBS) are actions to protect, manage, and restore ecosystems to address 
societal challenges such as climate change. Examples in the US include (a) oyster restoration; (b) cover cropping; 
(c) stormwater management; and (d) urban agriculture. These not only help buffer the impacts of climate change, 
such as through physical barriers or improved local microclimates, but also provide additional benefits like food 
and habitat provisioning.252,253,254 Figure credit: Rutgers University and NPS. See figure metadata for additional 
contributors. Photo credits: (a) Linda Walters, NPS; (b) David Bosch, USDA; (c) Alisha Goldstein, EPA; (d) Bob 
Nichols, USDA.
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Current and future opportunities for NBSs exist across the US, particularly for mitigation solutions focused 
on protecting and increasing carbon storage by natural ecosystems (Figures 6.6, 8.19; Focus on Blue 
Carbon).255 Planning for future protected areas for both climate and biodiversity could emphasize areas that 
not only hold large amounts of carbon but also help species adapt,256 recognizing the important role that 
many animal species play in carbon cycling.257 However, NBSs themselves are also vulnerable to rising tem-
peratures, sea level rise, and other climate impacts.258

Climate Mitigation Potential of Nature-Based Solutions in 2025

Nature-based solutions can support carbon storage while also providing other benefits.

Figure 8.19. Nature-based solutions (NBSs) can preserve or enhance carbon storage in soils and biomass across 
natural systems like forests, grasslands, and wetlands, as well as agricultural lands. Different approaches vary 
in their climate mitigation potential, shown here as teragrams of carbon dioxide equivalent (Tg CO2-eq per year; 
length of bars) in the year 2025. Lighter green shades indicate the estimated portion of mitigation obtainable for 
less than $10, $50, or $100 per megagram of CO2-eq (Mg CO2-eq). The dark green “Maximum” category shows the 
highest technical carbon sequestration potential that is also consistent with meeting human needs for food and 
fiber. Black lines are error bars indicating either the 95% confidence interval or an uncertainty range, depending 
on the source of the estimate. The arrow indicates a range that may exceed the values shown on the chart. Other 
potential benefits of NBSs are also indicated for each category (colored dots). Figure addresses contiguous US 
only. Adapted from Fargione et al. 2018259 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode
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NBSs that involve restoring degraded ecosystems can improve resilience260 and increase provision of 
ecosystem services.261 Ideally, restoration is designed to recover a range of potential benefits.262,263 However, 
multiple services cannot necessarily be maximized simultaneously, as focusing on one ecosystem service at 
the expense of other benefits leads to trade-offs.264,265,266 Larger-scale restoration efforts are generally more 
successful when connected to local priorities,267 including their use in addressing environmental inequities 
(Box 8.2).268

Box 8.2. Restoration and Ecosystem Management by Tribal Nations

Tribal forestry programs throughout the US provide exemplary models of Indigenous land management practices that 
showcase Tribes’ ability to balance sustainable environmental stewardship, fulfilling the social, ecological and economic 
needs of their communities.269 The “anchor forests” concept, in which Tribes are at the center of multiple landownerships 
and serve as the primary hub for providing forest management infrastructure, is one effective approach. Such initiatives 
maximize concepts of Tribal sovereignty and Indigenous Knowledge to restore forests at the pace and scale needed 
to mitigate and adapt to rapid climate change.270 Furthermore, traditional and contemporary Indigenous management 
practices that support both cultural and spiritual relationships with nature and an equitable climate transition can serve as 
critical pathways to sustaining ecosystems (KMs 7.3, 16.1).271 Incorporating local knowledge and Indigenous Peoples in 
the co-development of restoration activities can produce considerable benefits.272
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Traceable Accounts
Process Description
The chapter lead author, coordinating lead author, and agency chapter lead authors discussed the Fourth 
National Climate Assessment (NCA4) ecosystems chapter and brainstormed topics that had emerged since 
then or were not well covered. The chapter lead author also pulled out key gaps identified from the US 
Global Change Research Program assessment review document and public comments. A tentative list was 
compiled of authors with expertise in ecosystems, biodiversity, and ecosystem services; marine, freshwater, 
and terrestrial systems covering NCA regions; and ecosystem types. The final author team comprised a 
mix of federal agency scientists and academic experts with varying experience in assessments and past 
NCAs. Key Messages were developed by the full author team through virtual meetings from fall 2021 
through spring 2022, with additional inputs from a public engagement workshop held in January 2022, in 
which over 100 people participated virtually to suggest topics for review by the chapter. A Youth Dialogues 
public engagement workshop was held online in February 2022 in partnership with the Youth Environ-
mental Alliance in Higher Education and Rutgers Climate Institute. Federal agency reviews in summer 
2022 provided further suggestions for improvement, as did additional public comments and the National 
Academies review in spring 2023. At the April 2023 in-person meeting in Washington, DC, the author team 
collectively discussed the wording and confidence levels for the three Key Messages to ensure consensus 
around the statements.

Since NCA4, a plethora of research has been published describing how ecosystems are changing or are 
expected to change further in the face of climate change and other stressors, along with numerous specific 
species and ecosystem services impacts. The evidence base for this report is therefore heavily weighted to 
peer-reviewed journal articles published in the last five years.

Key Message 8.1  
Climate Change Is Driving Rapid Ecosystem Transformations 

Description of Evidence Base 
Ecosystem Regime Shifts
Many examples of regime shifts resulting from transformative changes are already documented, and the 
evidence base is strong across multiple ecosystem types,273 including forest transformations to grassland 
or woodland following increased wildfires; widespread die-off of pinyon pines from drought and bark 
beetle infestations; and shifts from healthy kelp forests to urchin barrens due to epizootic disease and 
marine heatwaves in nearshore marine environments.144,274,275,276,277,278,279,280 Overall, regime shifts of temperate 
ecosystems toward more subtropical ones at their southern limits are expected in response to future 
decreases in the frequency and intensity of extreme cold events.45 For example, mangrove forests in Florida 
and along the Gulf Coast are projected to expand northward into present-day salt marshes.43
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Monitoring
Systematic biodiversity surveys, digitized museum records, and long-term automated data collection have 
all demonstrated the importance of multiple methods of monitoring of environmental changes through 
strong evidence bases.281,282,283,284

Major Uncertainties and Research Gaps 
Complexity of Impacts on Ecosystems
The ability to predict ecological responses to changing climate conditions remains a key gap for most 
ecosystems because of complex interactions among species, the potential for adaptation (through both 
evolutionary responses and human activity), and the intersection of climate change with other drivers of 
change.36,285,286 For example, warmer temperatures can lead not only to increased forest regeneration and 
tree growth but also to increased mortality of older trees through wildfires, insects, and disease, with the 
resulting net impacts highly uncertain.287 Warmer winters are generally expected to benefit forest pests,288 
but complex interactions among pests, their hosts, and other disturbances can make the combined effects 
more muted than otherwise expected.289,290,291 Recent research suggests that multiple disturbances can have 
counteracting effects, although patterns are not always clear, and sometimes intensified combined effects 
(synergies) also occur.292,293 

Monitoring
There are a number of gaps in comprehensive, long-term ecological monitoring to detect changes and 
to predict the risks of future climate change.48 Improved knowledge of biological response mechanisms 
that drive ecological changes36 will enable better anticipation of ecosystem shifts, especially for systems 
dominated by long-lived species and where impacts emerge after a time lag;294,295 this makes eliminating 
monitoring gaps (e.g., in Arctic and ocean regions) critical. Community monitoring programs are promising 
but can be biased (e.g., lack of uniform sampling) toward particular regions or species.296 

Adaptive Management
While adaptive management is widely considered an effective approach for managing uncertainty through 
learning in order to conserve, manage, and restore ecosystems and species populations,297 successful 
implementation is limited by the lack of effective monitoring mechanisms,298 challenges in dealing with 
uncertainty, and lack of appropriate institutional mechanisms for its implementation, among other 
problems.299,300,301,302 As a result, an adaptive governance approach is increasingly understood as a broader 
and more promising mechanism for addressing the social and institutional requirements of adaptive 
management while also facilitating social–ecological transformation.300,303 However, the adaptive governance 
approach also has its own conceptual and implementation challenges that need to be addressed in order 
to enhance success, given insufficient evidence on effective implementation298 and questions about its 
capacity to bring about transformational changes.304 There is also potential for undesirable outcomes, 
such as inadequate consideration of power and social equity issues.305,306,307,308 Moreover, there are gaps in 
research on enhancing the transition process toward adaptive management and governance and associated 
outcomes,309 as well as lack of clarity on the synergies and trade-offs among determinants of the capacity 
for adaptation and transformation.310,311

Description of Confidence and Likelihood 
A growing body of empirical field studies and monitoring programs shows that climate change, in concert 
with other stressors, is driving transformational changes across many ecosystems and that changes will 
accelerate with continued warming (very likely, high confidence). Given the growing impacts of ecosystem 
change, the serious implications for human well-being were also considered very likely, and the authors 
assessed high confidence, given the empirical studies across multiple ecosystems (i.e., not just projections) 
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showing that a range of well-being impacts are already being experienced across economic, cultural, and 
social systems. As Chapter 2 has indicated, extreme events are increasing in frequency and/or severity, and 
these events are more frequently implicated in abrupt ecosystem changes; but because of limited studies 
examining the direct correlation of extreme events on abrupt ecosystem transformations, the authors 
assessed only medium confidence. The authors also note that adaptive governance frameworks, adaptive 
management, and monitoring all play a role in helping to cope with climate changes; but given the paucity of 
evidence of long-term impacts of adaptive governance, the authors assessed only medium confidence.

Key Message 8.2  
Species Changes and Biodiversity Loss Are Accelerating

Description of Evidence Base
Range Shifts
Shifts in species ranges in response to changing climate occur across a wide range of species and are 
expected to accelerate.312,313 The evidence base is strong across a wide range of marine, plant, invertebrate, 
reptile, bird, and mammal species; selected examples are shown in Figure 8.11, but many more exist. Further, 
there is strong evidence for the patterns of range shifts differing among types of species; for example, 
multiple studies have shown that marine species have expanded their ranges more readily than terrestrial 
species, with shifts in distributions occurring more quickly as well,314,315 whereas terrestrial species tend to 
have greater behavioral adaptations and less physiological sensitivity to temperature changes.316,317,318 

Phenological Changes
The evidence base of documented responses in the timing of life cycles to climate change is strong, ranging 
from earlier flowering dates in many parts of the country, to shifts in hibernation of mammals, to timing of 
egg laying of frogs.319,320 Very rapid changes can be easily observed, for example, in short-lived plants that 
have high turnover rates and more rapid genetic adaptation,321 lending strength to the evidence base.

Extinction Risks
Long-term studies (i.e., decades) are needed to discern the fingerprints of climate change on long-lived 
animals,322 which can be challenging. But some impacts are in evidence; for example, sea level rise is 
expected to impact nesting site availability and quality for sea turtles, while warming temperatures can 
affect sex ratio of offspring.323,324 Refugia have potential to mitigate some extinction risks for species able 
to take advantage of them, but the evidence base is fairly new. Further, emerging modeling studies have 
indicated that these areas, too, are at risk; for example, Ebersole et al. (2020)127 found that under a 4°C (7.2°F) 
warming scenario, there was a >50% probability that refugia for freshwater fish species would decrease in 
area by 42%–77% by 2070. 

Disease Risks 
Disease risks are occurring as a result of many factors and across different hosts and pathogens; given the 
large number of potential risks, meta-analyses have been helpful in providing overviews of the evidence 
base. One comprehensive review of infectious diseases spread between humans and animals found that 58% 
of diseases worldwide have been exacerbated by climate change (e.g., warming, altered precipitation, and 
floods).154 Only 16% of diseases were diminished by climate change. A global analysis of thousands of wildlife 
populations indicated that climate warming exacerbates wildlife disease throughout the temperate zone 
worldwide and is expected to increase wildlife disease in the United States.325 A different global analysis of 
6,801 ecological assemblages demonstrated that human-dominated ecosystems strongly favored animal 
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species that host human disease pathogens while decreasing the presence of non-host animals,326 a strong 
evidence base for the finding that stressed ecosystems tend to experience more disease risk.153 Many 
empirical examples of ongoing disease outbreaks—e.g., fish kills and large-scale coral disease outbreaks 
following coral bleaching events—have increased in number and are evidence of perturbed aquatic systems 
where disease stresses are exacerbated by warming.144,146 The well-documented catastrophic declines in 
amphibian populations caused by the invasive chytrid fungus Batrachochytrium dendrobatidis have also been 
well linked to warming conditions.327 

Major Uncertainties and Research Gaps
Range Shifts
The speed and extent of some species range shifts remain uncertain. Climate envelope models use current 
relationships among species ranges and climatic characteristics to project how ranges may shift in the face 
of climate change,328 yet they necessarily assume that climate is the main constraint on ranges and that 
species rapidly respond. In reality, species responses can be slowed and limited by dispersal ability, natural 
and human-created barriers, and species interactions.329,330

Moreover, climate change is expected to present organisms with novel environmental conditions, making 
predictions based on historical relationships problematic.331 Specifically, improving such predictions would 
require a better understanding of the degree to which range shifts occur due to longer-term climatic 
changes versus periodic extreme weather events such as heatwaves brought on by those climatic changes.86 

While climate refugia are increasingly discussed in the literature, they are themselves vulnerable to climate 
impacts, and there is uncertainty about their persistence and resilience.126,127 

Phenological Changes
The individual and variable responses of species to climate change is expected to disrupt important 
biological interactions. Many risks posed by emerging mismatches among interacting species remain 
unclear,332 as do needed management responses to reduce economic and social impacts. 

Diseases and Invasives
Impacts of climate change on species health are complex and difficult to generalize across systems;291 for 
example, the role of climate change among other drivers of the spread of tick-borne diseases, like changes 
in land use or human behavior, remains a topic of some debate.152,156 

Studies showing that invasives could be limited in response to climate change are based mostly on studies of 
terrestrial species whose range shifts are often limited by oceans,169 indicating that more research is needed 
on different types of species to improve projections.

Description of Confidence and Likelihood
There is high confidence that the interaction of climate change with other stressors will very likely lead 
to biodiversity loss, changes in species distribution and life cycles, and increasing impacts from invasives 
and diseases, given a very well-documented range of species changes across multiple ecosystem types, 
as well as clear economic and social consequences in many regions already experiencing these impacts. 
The evidence is strong, and the authors assessed high confidence that some species, particularly those that 
cannot easily relocate and those that are highly temperature sensitive, are facing heightened extinction 
risks, and that these are very likely, given that some species populations are already in serious decline 
at current levels of warming. Policy actions to help species adapt were assessed, and what they have in 
common is a clear identification of risks and prioritization of species and locations for protection. The 



Fifth National Climate Assessment

8-37 | Ecosystems, Ecosystem Services, and Biodiversity

evidence base for these policy actions is clear, and the authors have high confidence that such actions can 
expand and improve options for management.

Key Message 8.3  
Impacts to Ecosystem Services Create Risks and Opportunities

Description of Evidence Base
Access to Ecosystem Services 
There is strong evidence that communities of color experience greater air pollution inequity228,229,230,231 
compared to White communities and have reduced and/or less high-quality access to green space, trees, 
and other ecosystems that buffer these impacts. Limited access to resources and services also extends to 
those with limited income or wealth (also known as economic capacity), and these factors interact with race 
and other social hierarchies, including power, in complex ways.333

Climate Impacts on Ecosystem Services 
There is strong evidence at the global level that warming and carbon dioxide fertilization effects have 
already altered some ecosystem services, such as coastal carbon storage and ecosystem biodiversity, as 
noted in the recent Intergovernmental Panel on Climate Change report.2 For the US, while not all ecosystem 
services have been quantitatively assessed for climate impacts, those that have been show either currently 
observable declines (e.g., nearly 40% of pollinator-dependent crops in the US suffer from low pollinator 
abundance)334 or projections of future decline (e.g., reduced outdoor recreation opportunities by 2050).210

Restoration
Evidence for the effectiveness of restoration at improving ecosystem service benefits is growing as 
more landscape-scale restoration is undertaken across multiple ecosystems.263 Additionally, valuation 
of ecosystem services benefits has proven to be a strong driver of new restoration programs, as it helps 
identify potential ecosystems to manage or restore (e.g., how health benefits can be obtained from 
restoration of vegetated terrestrial systems).262

Major Uncertainties and Research Gaps
Measurement, Valuation, and Management of Ecosystem Services
There remain challenges in measuring, monitoring, and evaluating the impacts and effectiveness of many 
ecosystem services.335 In the US, urban spaces continue to be under-researched, especially in communities 
of color, despite often being biodiverse environments;336 and current research is usually limited to city-spe-
cific case studies of ecosystem services measurements and analyses, with less focus on comparative 
work.248,337 Furthermore, many city planning documents do not include climate change adaptation practices 
regarding cultural services or environmental injustice in ways that translate to implementation338 and 
instead focus on physical and natural resources, costs, or logistics.247 Research that engages communities, 
residents, and small organizations in identifying and designing measurements, valuation, and management 
criteria is a persistent gap, given the continuing lack of resident participatory research and community 
science in identifying problems and implementing solutions. A few studies have connected multiple types 
of urban ecosystem services from a theoretical planning point of view,248,337,339 but integrating justice into 
ecosystem service practices by prioritizing community needs, aligning methods of assessment and criteria 
to goals, and addressing environmental racism is a critical gap.247 
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Restoration
There are few examples of ecological restoration practices designed to be resilient to climate change,340,341 
with particular challenges around making decisions about what needs to be “restored”342 and to what 
conditions or baseline, as well as how to minimize vulnerability to extreme climate events that may be 
unprecedented in recent history. There can be spatial disconnects between where restoration actions need 
to be implemented and where ecosystem service improvements will be observed,343 and the economic cost 
of restoration efforts and stakeholder preferences for desired states can prevent recovery efforts.344

Nature-Based Solutions (NBSs)
NBSs could cause risks of undesirable outcomes if they entail ecosystem transformations or species intro-
ductions over large areas of land; thus, they require careful study prior to implementation to avoid exac-
erbation of environmental and social injustices.345,346 There are increasing cases of poorly designed NBSs 
and rising concern over second-order effects, like green gentrification.216,217 However, there are consid-
erable research gaps regarding how to avoid these outcomes. Evidence suggests that more stakeholder 
engagement in carbon removal projects and policies could help maximize adaptation benefits,347 but this is 
an area of ongoing research.

Description of Confidence and Likelihood
There is high confidence that climate is having variable and growing impacts on many ecosystem services, 
based on an expanding literature containing many regional examples. These changes are assessed as very 
likely, given the existing levels of warming in areas where impacts have already been observed. There is 
high confidence that these changes in availability and quality of ecosystem services, when combined with 
existing social inequities that are also well documented, will result in disproportionate impacts on some 
communities. These disproportionate impacts were assessed as very likely, given that impacts are already 
visible, particularly in urban areas. The authors assessed it to be likely that nature-based solutions designed 
to be equitable can provide multifunctional benefits for climate adaptation and mitigation, although there is 
only medium confidence that current examples of nature-based solutions are able to fully address mitigation 
and adaptation needs in an equitable manner, given a growing body of evidence that poorly designed or 
inequitable nature-based solutions do continue to be implemented in some places.
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Introduction
Our Nation’s coasts support industries, commerce, communities, cultures, traditions, and recreation while 
also providing iconic landscapes and diverse ecosystem services. Observed sea level rise (SLR) and changes 
in the frequency and intensity of extreme storms, coupled with changes in land use and land cover that can 
magnify flood risk, have a significant and demonstrable negative impact on people living and working along 
the coast. Impacts are expected to worsen in the coming decades as SLR continues to accelerate. Observed 
and projected trends vary along our Nation’s coasts (KM 9.1); therefore, consideration of local and regional 
trends is important when evaluating impacts (KM 9.2) and adaptation (KM 9.3).1,2

The number of people living in coastal areas at risk of SLR inundation (permanent inundation by daily high 
tides) or surge- or wave-driven flooding (temporary flooding driven by storm events) is in continual flux.3 
Between 1990 and 2020, the number of people living below high tide elevations plus 3.3 feet (1 m) of SLR 
increased by about 14%–18% to 2.2 million, consistent with continued growth and development.3 Human 
modifications to coastal landscapes, such as seawalls and levees, can exacerbate flood risks and erosion4,5,6 
and affect the ability of coastal ecosystems to naturally adapt.7 

Weather-related disasters continue to increase across US coasts (KMs 2.2, 3.5), with SLR amplifying the 
flooding and impacts to coastal communities. Between 2000 and 2021, 38 tropical cyclones caused over 
$1 trillion in losses (in 2022 dollars) and 6,200 deaths.8 Federal, state, and local actions to reduce these 
losses are underway, yet progress is slow, and substantial wealth inequities, systemically sustained gaps in 
resources and capacity, and past injustices continue to disparately impact frontline communities, including 
Tribes and Indigenous Peoples, rural communities, and lower-income populations (KM 20.1). It is difficult to 
disentangle the vulnerabilities and consequences associated with climate change from histories and racial 
inequities that shaped social–environmental systems that exist today.9 However, climate adaptation efforts 
that embed equity considerations, support environmental justice, and center the local communities may 
have the best chance of success, using adaptation strategies that range from protection-in-place to planned 
relocation.10,11,12 

Increasing weather-related disasters and SLR also increase impacts on coastal ecosystems and natural 
shorelines, resulting in gradual (e.g., inland migration of wetlands) to abrupt (e.g., storm erosion of dunes 
and bluffs) changes that increase flood risks and damages to coastal communities and major infrastructure 
(e.g., highways, railroads, ports, airports, and other critical infrastructure; KM 12.2). The combined impacts 
will require fundamental reimagining of the coast. Protection structures can reduce risks on an interim 
basis; however, many communities and the infrastructure they depend on will need gradual relocation 
to higher ground, which can provide space for coastal ecosystems to adapt (KM 8.1). In some locations, 
coordinated and deliberate coastal relocation, implemented equitably, will be essential to reduce future risk 
to lives and livelihoods (KM 31.1).13,14,15 
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Key Message 9.1  
Coastal Hazards Are Increasing Due to Accelerating  
Sea Level Rise and Changing Storm Patterns

The severity and risks of coastal hazards across the Nation are increasing (very likely, high 
confidence), driven by accelerating sea level rise and changing storm patterns, resulting in 
increased flooding, erosion, and rising groundwater tables. Over the next 30 years (2020–
2050), coastal sea levels along the contiguous US coasts are expected to rise about 11 
inches (28 cm), or as much as the observed rise over the last 100 years (likely, high confi-
dence). In response, coastal flooding will occur 5–10 times more often by 2050 than 2020 in 
most locations, with damaging flooding occurring as often as disruptive “high tide flooding” 
does now if action is not taken (very likely, high confidence). 

Accelerating Sea Level Rise
Global mean sea level is rising at an accelerated rate, with the average rate of about 0.05 ± 0.01 inches per 
year (1.2 ± 0.2 mm per year) over the pre-satellite era (1901–1990)16 nearly tripling to 0.13 ± 0.02 inches per 
year (3.4 ± 0.4 mm per year) during the 30-year satellite era (1993–2022)17 due to thermal expansion from 
warming waters and the growing contribution from melting glaciers and ice sheets.18 Global SLR rates 
further accelerated to 0.17 inches per year (4.4 mm per year) over the last decade (2013–2022), although this 
acceleration may include components of natural variability due to the short time period.19 

To help communities plan for an uncertain future, the US Interagency Sea Level Rise Task Force established 
five future SLR scenarios that span the range of plausible SLR amounts by 2100 using the latest scientific 
consensus from the Intergovernmental Panel on Climate Change (IPCC) and other scientific bodies.2 The 
five SLR scenarios represent the range on a global scale, with projected SLR amounts in 2100 and scenarios 
defined as follows:

• Low, 1 foot (0.3 m) rise in global mean sea level relative to year 2000 baseline

• Intermediate-Low, 1.6 feet (0.5 m)

• Intermediate, 3.3 feet (1.0 m)

• Intermediate-High, 4.9 feet (1.5 m); and 

• High, 6.6 feet (2.0 m) (Figure 9.1) 

The SLR scenarios are downscaled to local and regional levels, considering future changes in land 
elevation, ocean heating and circulation, and Earth’s gravitation and rotation from melting of land-based 
ice. They are constructed directly from the IPCC Sixth Assessment Report (AR6) emissions- and tem-
perature-based projections (App. 3.3)20 but use consistent framing (e.g., Sweet et al. 201721) to support risk 
reduction planning.

Sea levels are rising along contiguous US coastlines faster than the global average, with about 11 inches (28 
cm; likely range of 10–12 inches [25–30 cm]) occurring over the last 100 years (1920–2020) and with about 
half of this rise (5–6 inches [13–15 cm]) occurring in the last 30 years (1990–2020; Figure 9.1).2 SLR rates 
vary across different regions. In the last 30 years, the greatest rise is observed along the US western Gulf 
Coast (about 9 inches [23 cm]), largely due to high rates of land subsidence22 from subsurface groundwater 
and fossil fuel withdrawal.23 About 6 inches (15 cm) of rise is observed along the northeast and southeast 
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Atlantic and eastern Gulf Coasts. Lower rates of rise are observed along the Hawaiian and US Caribbean 
island coastlines (4 inches [10 cm]) and the northwest (2 inches [5 cm]) and southwest (3 inches [8 cm]) 
Pacific coastlines.2

Accelerating Relative Sea Level Rise in the Contiguous US 

Sea level is projected to continue to increase this century by amounts related to future global warming levels.

Figure 9.1. This figure shows accelerating sea level rise (SLR) trends and SLR scenarios along the contiguous 
US coastline. It also shows the relationship between projected SLR under different global surface temperature 
increases in 2100 (KM 2.2). The left panel shows observed increasing average sea levels during 1920–2020 (solid 
black line), an extrapolation out to 2050 based on observed sea levels over 1970–2020 (dashed black line), a 
range of scenarios describing plausible sea level rise out to 2150 (multicolored lines), and an overlapping stacked 
bar showing a range of projected changes in 2100 SLR under different levels of global surface temperature in-
crease, based on the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. The right panel 
shows expanded versions of the projections shown in the stacked bar in the left panel. Black lines indicate the 
median value, the bars show the extent of the likely range (17th–83rd percentile) of SLR by 2100, and the associ-
ated warming levels are indicated above each bar. The “High warming, low confidence” case (yellow bar) refers 
to the potential range of rising seas under higher temperatures with rapid ice melt. The lack of overlap in 2100 
between the High sea level scenario and the “High warming, low confidence” case in 2100 is not an indication of 
overestimation but rather a result of how the low-confidence processes are analyzed. Adapted from Sweet et al. 
2022.2

SLR rate suppression and acceleration along the northwest and southwest Pacific coastlines is in part due 
to oceanographic forcings associated with the El Niño–Southern Oscillation (ENSO) and Pacific Decadal 
Oscillation (PDO).24 Along the Pacific Coast, ENSO and PDO will continue to drive decadal variability in SLR, 
with rates that are above or below the global average.24 The current rate remains higher than the global 
average.24 Characterizing past (and future) rise for Alaska and the US-Affiliated Pacific Islands is complicated 
due to tectonic effects that cause both uplift and subsidence. Year-to-year changes associated with natural 
variability can also change the rates over different analysis periods, such as the 8–12-inch (20–30 cm) 
variability in sea levels that can occur along the Pacific Coast during different phases of the ENSO.25,26,27
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Looking toward the future, an 11-inch (28 cm) average rise along the contiguous US coastline is expected by 
2050 (relative to 2020, with a likely range of 9–13 inches [23–33 cm]; see Table A1.2 in Sweet et al. 20222 for 
2000 to 2020 offsets) based on an observation-based trajectory of SLR (Figure 9.1). An 11-inch (28 cm) rise 
by 2050 matches the observed average SLR along the contiguous US coastline over the last 100 years (1920–
2020), representing ongoing SLR acceleration that falls between the Intermediate-Low and Intermediate sea 
level scenarios.2 By 2050, SLR amounts will continue to vary geographically, with regional differences like 
those observed in the recent historic record (e.g., 1990–2020). For example, under the Intermediate sea level 
scenario, which closely aligns with most regional SLR trajectories,2 SLR is expected to be higher along the 
Atlantic versus the Pacific Coast and greatest along the western Gulf Coast (Figure 9.2). 

Beyond 2050, future global emissions and resultant ocean and atmospheric warming and ice sheet 
responses will determine future SLR. As of 2021, global temperatures have increased by 2° –2.2°F (1.1°–1.2°C) 
beyond preindustrial levels (KM 2.1) and are headed for a warming level of about 5.4°F (3°C) by 2100 under 
the current trajectory,28 which is consistent with the IPCC AR6 intermediate and high scenarios (SSP2-4.5 
and SSP3-7.0). With such warming, it is likely that the Intermediate-Low sea level scenario with 2+ feet (0.6+ 
m) of SLR relative to 2020 levels will be exceeded by 2100, and 3.6+ feet (1.1+ m) will be exceeded by 2150 
(App. 3.3; Figure 9.1).2 

Failing to curb future emissions increases the probability of SLR equivalent to the Intermediate sea level 
scenario or perhaps even higher, such as the Intermediate-High and High sea level scenarios associated 
with the IPCC very high scenario (SSP5-8.5) that includes the addition of rapid ice sheet melt or disinte-
gration during this century.20 The probability of this low-likelihood outcome increases with higher global 
warming levels.29 Under the Intermediate to High sea level scenarios, an average SLR of about 3.6–6.9 feet 
(1.1–2.1 m) along contiguous US coastlines by 2100 and 6.9–12.5 feet (2.1–3.8 m) by 2150 relative to 2020 
would occur (Figure 9.1; App. 3.3).2 Under the Intermediate-High and High sea level scenarios, contribu-
tions from the Antarctic ice sheet dominate and reduce overall SLR differences across US regions (KMs 2.1, 
2.3).2 Beyond 2150, global (and US) SLR will continue for millennia due to the long-term effects of warming 
this century. About 7–33 feet (2–10 meters) of global SLR over the next 2,000 years is likely if temperatures 
warm by 3.6° to 5.4°F (2° to 3°C) above preindustrial levels by 2100, similar to conditions about 125,000 
years ago.20,30 
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Projected Sea Level Rise

By 2050 and 2100 under the Intermediate sea level scenario, sea level rise is projected to be higher along the 
Atlantic versus the Pacific Coast and greatest along the western Gulf Coast.

Figure 9.2. The figure shows relative sea level rise along the US coastlines under the Intermediate sea level sce-
nario of the US Interagency Sea Level Rise Task Force2 for 2050 (left) and 2100 (right). Relative sea level rise for 
the contiguous US is shown on the top, and for Alaska, Hawai‘i (left insets), and Puerto Rico (right insets) on the 
bottom. The black dots along the coastline indicate tide-gauge locations used to characterize past SLR. Char-
acterizing past (and future) SLR for Alaska and the US-Affiliated Pacific Islands is complicated due to tectonic 
effects that cause both uplift and subsidence. Figure credit: NOAA National Ocean Service. 

Increases in Flooding Frequency Will Continue
SLR will continue to cause permanent inundation for formerly dry lands and an escalation in the severity 
(depth, geographic extent, and frequency) of coastal flooding, ranging from powerful storm events to more 
frequent high tide flooding (HTF). As of 2020, the highest annual frequencies of coastal flooding—defined in 
a nationally consistent manner as minor (disruptive HTF, about 1.75–2 feet [0.5–0.6 m] above average high 
tide), moderate (damaging HTF, about 2.75–3 feet [0.8–0.9 m]), and major (destructive HTF, about 4 feet 
[1.2 m]) impacts2,31—are along the northeast Atlantic and western Gulf coastlines (Figure 9.3), due in part to 
greater exposure to strong storms and wide, shallow continental shelves allowing for higher storm surges.32

Annual frequencies of both minor and moderate coastal flooding increased by a factor of 2–3 along most 
Atlantic and Gulf coastlines between 1990 and 2020 (Figure 9.3). Minor HTF events, which are the most 
common impact of SLR, occur several times a year with accelerating frequencies (e.g., Sweet et al. 2019,33 
2020,34 202135). A typical HTF event lasts about two days and several high tides.2 Along the coastlines of 
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Hawai‘i, the US-Affiliated Pacific Islands, and US Caribbean islands, as well as some US Pacific coastlines, 
SLR is a growing problem. Flood impacts are occurring with much smaller flood heights than those shown in 
Figure 9.3, including in some cases where water levels are elevated only slightly above high tide.

By 2050 under the Intermediate sea level scenario (Figure 9.1), minor, moderate, and major coastal flood 
frequencies will all increase by a factor of about 5–10 in many regions relative to 2020 in the absence of 
adaptation (Figure 9.3). In effect, a flood regime shift would occur; for example, the frequencies of moderate 
flooding are projected to occur as often as minor, disruptive HTF occurs now (circa 2020). By 2100 under 
the Intermediate sea level scenario, major flooding would occur almost daily along US coastlines.2 These 
increases in flood frequency could be further amplified with higher amounts of SLR, worsening storm 
conditions, natural climatic variability (e.g., ENSO), or other reasons such as long-term tidal cycles and land 
subsidence or uplift.31,36 
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US Regional Average Flood Frequencies 

Minor, moderate, and major coastal flood frequencies will increase by a factor of about 5–10 in many regions of 
the US relative to 2020 in the absence of adaptation. 

Figure 9.3. (top) Descriptions of three coastal flood types—minor (disruptive), moderate (damaging), and major 
(destructive)—provided by NOAA National Weather Service, reflect today’s vulnerabilities within coastal commu-
nities. (bottom) These graphs show annual average frequencies of minor, moderate, and major flooding by region 
(multicolored bars). The flood frequencies are based on a set of 187 NOAA tide gauges, with 14 in Hawai‘i and 
the US-Affiliated Pacific Islands, 4 in Puerto Rico, and 4 in the US Virgin Islands (collectively shown as Islands). 
Note that this figure uses the US regions defined in Sweet et al. (2022),2 which differ from the NCA5 regions: NE = 
northeast Atlantic, SE = southeast Atlantic, NW = northwest Pacific, SW = southwest Pacific, E. Gulf = eastern Gulf, 
W. Gulf = western Gulf. Observations are shown for 1990 and 2020, and projections are shown for 2050 under the 
Intermediate sea level scenario for all US coastal regions. The amount of SLR for each region during 1990–2020 
and 2020–2050 under the Intermediate scenario is provided below the graph. The amount of SLR for Alaska is not 
shown because Alaska’s SLR varies along the shoreline due to both tectonic uplift and subsidence; the SLR values 
for Alaska are shown on Figure 9.2. The annual average frequencies of minor, moderate, and major flooding are 
projected to increase more in the next 30 years (2020–2050) than they did in the past 30 years (1990–2020) re-
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gardless of any future worsening of storm events. In some Atlantic and Gulf Coast regions exposed to hurricanes, 
more severe and catastrophic coastal flood levels are possible and will become more likely as sea levels rise. Fig-
ure credit: NOAA National Ocean Service. Photo credits: (left) City of Norfolk Staff Photographer Andrew Cooper; 
(center and right) Jeff Orrock, NOAA. 

Waves, Storminess, and Landscape Variability Amplify Flood Risk
Climate-driven changes to coastal water levels, including waves, storm surge, river flows, and landscape 
changes, are important considerations when planning for future flood risk.37,38,39 Wave-driven water levels, 
for example, comprise 25%–90% of extreme coastal water levels along exposed US coastlines.2,40,41 Across 
most US coasts, many extreme events are increasing in intensity, frequency, and geographic extent (KM 2.2) 
because of human-caused climate change (KM 3.1). For example, hurricanes are intensifying more rapidly 
and decaying more slowly, leading to stronger storms extending farther inland with heavier rainfall and 
higher storm surges, resulting in less time for communities to prepare (KM 2.2). Climate change is also 
increasing coastal hazards through changes in the frequency, magnitude, and impacts of compound events 
(Figure 9.3; Focus on Compound Events).42,43 In the coastal zone, compound flood events are commonly due 
to the joint occurrence of heavy precipitation, high river flows, elevated groundwater levels, soil saturation, 
and elevated ocean water levels.38,44,45 
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Key Message 9.2   
Coastal Impacts on People and Ecosystems  
Are Increasing Due to Climate Change

Climate change–driven sea level rise, among other factors, is affecting the resilience of coastal 
ecosystems and communities (very likely, high confidence). The impacts of climate change and 
human modifications to coastal landscapes, such as seawalls, levees, and urban development, 
are both limiting the capacity of coastal ecosystems to adapt naturally and are compounding 
the loss of coastal ecosystem services (very likely, high confidence). Proactive strategies are 
necessary to avoid degraded quality of life in the coastal zone, as the combination of reduced 
ecosystem services and damage to the built environment from exacerbated coastal hazards 
increasingly burdens communities, industries, and cultures (very likely, high confidence). 

On the coast, natural landscapes are intertwined with the cultures, economies, and built infrastructure of 
humans (Figure 9.4). Coastal landscapes (e.g., beaches, dunes, barrier systems, coastal wetlands, and cliffs) 
evolve across a range of timescales (from minutes to millennia) in response to physical forcing (e.g., tides, 
waves, storms, climate variability), as well as biological (e.g., vegetation type and density, ecosystem charac-
teristics) and geological (e.g., sediment flows, tectonics, substrate composition) controls.46 Climate change 
is exacerbating coastal hazards, with rising seas and more intense storms leading to increases in both flood 
risks and shoreline change and erosion (KM 9.1).47,48,49,50

Coastal communities face heatwaves, heavy rainfall, landslides, compound flooding, and other climate 
hazards that are not unique to coastal environments.14 The health, function, and productivity of coastal 
ecosystems are also being degraded by stressors from human actions (e.g., development, dredging, wetland 
infill, sediment diversions). Combined, these threats jeopardize attachment to place,51 economies, and safety 
(Figure 9.5).52,53 Understanding the interactions and interconnections between hazards (KM 9.1), communities, 
and coastal ecosystems is necessary for taking informed action to mitigate and adapt to climate change 
(KM 9.3).
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Existing Conditions in a Coastal Community 

Coastal landscapes and man-made interventions provide economic, cultural, and community protection from 
existing climate hazards under existing conditions.

Figure 9.4. This hypothetical coastal community shows some of the natural and built environments found in 
our Nation’s actual coastal communities. This community has several types of open coast shorelines, including 
1) cliffs, 2) low-lying beaches, and 3) a barrier island. Behind the barrier island is 4) a tidal estuary fringed with 
marshes. There are two residential neighborhoods, 5) a commercial hub, and 6) an industrial zone that is water 
dependent. The riprap at the cliff base and beach groins (narrow perpendicular structures extending from the 
beach into the ocean) provide protection from coastal erosion due to waves. Subsequent figures in this chapter 
will illustrate the possible impacts of climate change on this community (Figure 9.5) and adaptation strategies to 
increase its resilience (Figure 9.6). Adapted from Dupigny-Giroux et al. 2018.54 
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Increasing Hazards in a Coastal Community

Coastal communities are expected to flood due to rising sea levels and rising groundwater levels.

Figure 9.5. Future climate impacts to our coastal landscapes and communities will be variable. 1) Increased sea 
level and wave energy will result in shoreline erosion and the collapse of coastal cliffs, which can alter iconic land-
scapes and damage places of value, including historical or cultural sites. 2) Flooding and wave hazards, including 
3) flooding from higher groundwater tables, are anticipated, threatening homes and businesses as well as infra-
structure and utilities. 4) Some ecosystems may be able to adapt or migrate to keep pace with future sea levels, 
and others may become inundated and converted to open water. Adapted from Dupigny-Giroux et al. 2018.54 

Impacts on Communities and People
Our Nation’s coasts underpin substantial sectors of our economy, serving as the entry and exit for goods 
and services (Focus on Risks to Supply Chains), generating revenue through recreation and tourism, and 
supporting thriving and diverse fisheries and other water-based industries. Coastal counties contribute $11 
trillion annually (in 2022 dollars) in goods and services and employ 58.3 million people.8 Increasing impacts 
to coastal systems due to exacerbating hazards will ripple across the US.

As extreme storms intensify and/or the impacts are exacerbated by SLR (KMs 2.2, 3.5), damages are 
increasing by the billions, with significant damage centered where tropical cyclones (e.g., hurricanes) make 
landfall55 and where extratropical cyclones are the more common driver of coastal hazards.48,56 Extreme 
storms and more frequent high tide flooding (HTF) bring cascading impacts, including loss of energy 
accessibility and continuity (KM 5.2); loss of ecosystem services (KMs 8.1, 8.3); impacts to agriculture from 
flooding and saltwater intrusion into groundwater (KM 30.1); flooding, erosion, and landslide disruptions to 
transportation (KM 13.1), utilities, infrastructure, emergency services, and teleconnections (KM 12.2); and 
population migration and displacement (KM 20.3). 
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Coastal hazard assessments that consider SLR, storm surge, waves, rainfall, and coastal change (e.g., beach 
and dune change, cliff change) can better depict potential future coastal response and societal impacts.37,57,58 
Compared to assessing only SLR-driven flooding, including these processes greatly expands the floodplain 
region in the northern Gulf of Mexico58 and triples the estimated number of people on the Pacific Coast 
exposed to flooding.37

During an extreme event, more ocean water can wash over barrier islands and flow into bays via inlets, 
enhancing flood risk and amplifying storm surge within inland coastal bays by more than 20%.59,60,61 
Continued population growth and urbanization will expose an ever-increasing number of people to coastal 
flood risks.3,62,63,64

Although extreme storm events make newspaper headlines, SLR brings chronic challenges that could 
be equally or more damaging over the long term.2 Coastal groundwater investigations in Pacific Island 
settings,65 low-lying atolls,66 karst aquifers,67 barrier island systems,68 and active tectonic margins69,70 have 
demonstrated that climate-driven groundwater rise will impact coastal communities and ecosystems due to 
saltwater intrusion into groundwater sources, more saturated soils, and ponding at the surface comparable 
in magnitude to SLR-driven overland flooding. Seawater intrusion into coastal aquifers can increase salinity 
beyond potable levels, endangering access to fresh water for millions of people.71 

The combination of rising groundwater and HTF in coastal communities will continue to impact 
stormwater and wastewater infrastructure, including septic systems, and increase the occurrence of 
urban flooding.72,73,74,75,76 This could cause public health concerns, such as pollutant discharges into the 
environment77 and the spread of environmental infectious diseases (KM 15.1). Additionally, contaminated 
sites, such as Superfund sites, face increasing exposure to rising groundwater and flood damages, which 
could lead to future public health and environmental concerns if buried contaminants are mobilized and 
enter groundwater or river systems (KM 28.2). HTF and rising groundwater will also increase occurrences 
of roadway flooding, potentially impeding traffic, delaying emergency response efforts, flooding properties, 
and negatively impacting real estate values and commerce.78,79,80,81,82 In agricultural areas, rising groundwater 
and saltwater intrusion in irrigation systems are reducing crop productivity, resulting in barren farmlands in 
the absence of salt-tolerant crops.83,84

The impacts of worsening coastal hazards are not equally distributed across US communities (KM 20.1; 
Box 20.1).85,86,87 Disparities in wealth, economic and educational opportunities, infrastructure quality and 
quantity, and investment in flood risk-reduction measures all contribute to variable physical and socio-
economic impacts on coastal residents.88,89,90 Many Tribal and Indigenous communities face severe impacts 
from extreme storms, erosion, permafrost thaw, and SLR, with limited resources to support adaptation 
(KMs 16.1, 29.4, 29.7; Ch. 30). Historic redlining policies forced communities of color into the least valuable, 
often low-lying lands that have increased flood risks, higher exposure to toxic substances, and more climate 
change–exacerbated hazards than non-redlined neighborhoods.91,92,93 Communities that are economically 
disadvantaged have a higher statistical risk of flood exposure than wealthier communities.86,87,88 This inequity 
is further increased because the impact of coastal flooding on individuals and communities is not only 
based on flood damages but also the ability to pay for the costs of recovery.85 Decades of limited community 
inclusion in decision-making and disinvestment in critical infrastructure and community services have 
generated greater risk to physical and socioeconomic impacts of coastal hazards.94

In addition to direct impacts from acute events, chronic impacts are also experienced unequally among 
coastal residents. Changes in ecosystem services such as fisheries habitats will impact Indigenous practices 
in which culture and biodiversity are inextricably linked. In the Hawaiian Islands, loko iʻa (Hawaiian 
fishponds) are low-intensity forms of aquaculture that traditionally provided food security, contributing to 
coastal community resilience (KMs 30.1, 30.5).95,96 These systems are threatened by SLR, with consequenc-
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es on local livelihoods and cultural practices. Other communities, such as subsistence fishers and fisher-
ies-based rural villages, will similarly suffer as negative impacts on coastal fisheries habitat threaten their 
way of life (KMs 10.1, 10.2). 

The steady rise in flood insurance prices reduces home affordability in coastal regions, with many 
heirs and low-income and moderate-income property owners unable to afford flood insurance (KMs 
16.1, 21.5).97,98 Aside from home affordability, cascading effects such as climate gentrification—when 
affluent residents move into low-income areas less exposed to climate hazards, displacing the previous 
residents99,100,101—and lack of workforce will continue impacting culture, diversity, and economic productivity 
in coastal areas.99,102,103,104

Natural Resilience of the Coast Is Changing
For centuries, humans have been reshaping the coast to meet societal needs through urban development, 
sediment retention and diversion, and coastal defense structures.105,106,107 These interventions have driven 
many coastal systems dangerously close to irreversible and profound change (KM 8.1).108,109 Ecosystem losses 
due to erosion, more frequent flooding, and coastal squeeze (where human development or natural elevation 
change limits or prevents inland migration of coastal habitats) will increasingly limit the capacity of coastal 
landscapes to adapt naturally and diminish their ability to provide valuable ecosystem services (Figure 9.5; 
KM 8.1).47,110,111,112,113

Mangroves and salt marshes, collectively referred to as tidal wetlands, provide culturally and economically 
essential fisheries habitat and absorb and store floodwaters (Focus on Blue Carbon).114,115 SLR and increasing 
coastal hazards (KM 9.1), as well as eutrophication, sediment availability, poor drainage, and coastal squeeze 
can all drive tidal wetland loss.116,117 Some tidal wetlands may survive in place due to accretion, while others 
may migrate upland and convert other ecosystems (e.g., upland habitat, agriculture, and forests) into tidal 
wetlands.118,119 

Throughout the US, a net loss of tidal wetlands is expected, but the rate and extent to which the loss occurs 
will vary significantly by geography and climate change scenario.120 For example, in Chesapeake Bay,121 
Florida,122 and New Jersey,117 a net loss of tidal wetlands is expected. Along the Gulf Coast, mangroves are 
overtaking salt marshes, reflecting a shift in vegetation dynamics and habitat.123 Coastal development and 
steep topography limit inland migration along the Pacific Coast, and tidal wetland conversion to open water 
and net tidal wetland loss due to SLR appear inevitable.124

Barrier islands and reef systems act as a first line of flood defense, absorbing wave impacts as large storms 
make landfall, thereby reducing flood risk for coastal and inland communities.125,126,127,128,129 Barrier island and 
mainland beach systems may migrate landward naturally to keep pace with SLR, or they may be outpaced 
and narrow and/or flatten depending on their elevation, how frequently storm waves wash over them, 
sediment supply, and the persistence of vegetation, all of which can be affected by human modifica-
tions.61,130,131,132,133,134,135 

Long-term observations, projections of coastal change and erosion, and improved understanding of complex 
coastal feedback processes help define the conditions and tipping points that may limit natural adaptation 
(KM 8.1).136,137 Climate adaptation that restores natural processes and works with coastal ecosystems and 
landscapes may reduce flood risks while providing multiple co-benefits, including carbon sequestration (KM 
8.1; Focus on Blue Carbon). For example, acquired or restored open-space areas (e.g., undeveloped, agri-
cultural, or park lands) along the coast can provide accommodation space for inland wetland and coastal 
habitat migration as seas rise.138,139
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Allowing coastal ecosystems to evolve naturally may negatively impact some communities and wildlife 
species, such as the reshaping of barrier islands in response to extreme events that can increase inland 
storm surge (KM 9.1); however, these natural changes may have beneficial impacts for other species 
and communities through habitat creation and water quality improvements.50,134 All changes across the 
landscape have implications for changes to biodiversity via species declines, species range and phenological 
shifts, disease, and impacts from invasive species (KM 8.2), affecting seagrasses, corals, mangroves, fisheries, 
shorebirds, and marine mammals (KMs 21.2, 22.1, 23.2, 26.3, 27.3, 28.2, 30.4).

Key Message 9.3  
Adaptation Reduces Risk and Provides Additional 
Benefits for Coastal Communities

Accelerating sea level rise and climate change will transform the coastal landscape, requiring 
a new paradigm for how we live with, or adapt to, these changes (high confidence). Although 
incremental in nature, nature-based solutions and planned relocation strategies may help 
communities adapt to increasing coastal hazards if they are community-led and equity-cen-
tered (medium confidence). Maintaining cultural and economic connections within coastal 
communities will require equitable transformative adaptation that addresses systemic inter-
connections between ecosystems, communities, and governance (medium confidence).

Despite projected climate change impacts, coastal communities remain valued places for living and working. 
Relentless growth in, and enthusiasm for, the coast creates a tension between the need to adapt to climate 
change and our existing relationships with the coast.14,140 Although adaptation is occurring in some locations, 
small-scale and incremental adaptations are not sufficient for the pace and scale of changes that are already 
occurring (KMs 9.2, 31.1).13,14,15 Accelerating SLR and increasing coastal hazards (KM 9.1) are affecting larger 
geographic areas along the coast, expanding the scale and complexity of the adaptation responses and the 
number and diversity of stakeholders at risk.13

Adaptation that includes a broad suite of strategies that address the root causes of coastal vulnerabili-
ty, consider the needs of diverse stakeholders, center equity (KM 31.2), and reframe societal values and 
assumptions can lead to transformative and systemic change that can allow coastal communities to thrive 
and maintain a relationship with the coast (KMs 22.1, 31.3).141 Example strategies can include updated 
land-use policies,142,143 community infrastructure investments, nature-based solutions (NBSs), and planned 
relocation.14,144 Individually, these strategies are incremental steps, but when combined in a manner that 
considers long-term community goals and inclusive and sustained engagement with frontline communities, 
they can lead to equitable transformative adaptation (Figures 9.6, 22.6, 31.3; Box 9.1; KMs 31.2, 31.3).14,145 

Transformative adaptation requires fundamental shifts in systems, values, and practices to equitably 
address the risks of climate change (KM 31.3), including integration of local perspectives, which leads to 
more equitable distribution of resources.9 Community-led adaptation actions and NBSs can also enhance 
a sense of place by recreating lost relationships with the coast or fostering new ones between people and 
the environment.14
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Adaptation Strategies for a Coastal Community

Timely implementation of adaptation strategies, including planned relocation, can reduce the impacts of climate 
change on coastal communities.

Figure 9.6. Many strategies can reduce climate-driven coastal hazards. 1) Critical infrastructure, housing, and 
businesses can relocate out of harm’s way. Retreated lands create space for parks and recreational areas, na-
ture-based solutions (NBSs) for flood risk-reduction, or migration space for coastal ecosystems, while also 
accommodating rising waters. 2) Relocated communities may move into established communities, or 3) they 
may create new residential centers. Intentional and equitable stakeholder engagement helps ensure that historic 
inequities are not perpetuated during relocations. 4) NBSs, such as restoring wetlands, can slow and store rising 
waters. 5) Housing and structures can be relocated away from rising groundwater tables. 6) Combinations of 
green and gray infrastructure (hybrid strategies) may be required; for example, a living seawall provides shoreline 
protection and beneficial habitat for marine organisms. 7) Cultural assets that define a community’s character, 
such as this lighthouse, can be elevated or moved. Adapted from Dupigny-Giroux et al. 2018.54 
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Box 9.1. On the Road to Adaptation: Norfolk, Virginia

Norfolk, Virginia, home to 245,000 residents and the world’s largest naval complex, lies at the mouths of the James and 
Elizabeth Rivers and Chesapeake Bay. The rate of sea level rise is currently about 0.2 inches (4.7 mm) per year and accel-
erating. Today, high tide flooding (HTF) occurs 10–15 times annually and by 2050 could occur 85–125 times per year on 
average.2,146 Large-scale resilience projects that feature nature-based solutions (NBSs) are under construction as a result 
of citizen-led strategies that informed the city’s land use, regulations, and investments.147 

The Ohio Creek Watershed Project, funded by a $112 million National Disaster Resilience Competition grant, addresses 
HTF, storm flooding, and shoreline erosion that caused community isolation and fragmentation (Figure 9.7). The neigh-
borhoods are predominantly Black and include a public housing development and hundreds of homes on the National 
Historic Register. An extensive community involvement process made sure that residents from the impacted neighbor-
hoods were heard and that societal challenges would be addressed. The project’s centerpiece is Resilience Park, includ-
ing a restored tidal creek and flood berm, wetlands, and NBSs. Surrounding neighborhoods will have accessible roads 
during HTF events and gain community gathering spaces and places for work and play. 

Present and Future State of the Ohio Creek Watershed

Strategies that consider long-term community goals and inclusive and sustained engagement with frontline 
communities can lead to equitable transformative adaptation.

Figure 9.7. By centering the concept of community, neighborhoods will receive shoreline protection to 
address sea level rise and higher storm surge, updated infrastructure to address rising groundwater and 
increasing precipitation and runoff, a large gathering space known as Resilience Park, and accessible 
transportation for people and vehicles. This example of transformative adaptation involves traditional 
engineering projects and nature-based solutions. Adapted with permission from Waggonner & Ball ©2022.148
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Nature-Based Solutions in Coastal Communities
NBSs integrate natural processes with traditional engineering approaches to reduce flood risk while also 
preserving or enhancing the ecological value of natural landscapes (e.g., maintaining essential habitat 
for protected species) and providing potential societal, economic, and other co-benefits (Focus on Blue 
Carbon).149,150 NBSs can include ecosystem conservation and restoration or recreation of natural processes 
that reduce flood risks, hybrid solutions (e.g., living shorelines), and the greening of traditional infrastruc-
ture (e.g., ecological riprap).151,152 Although NBSs are effective in reducing temporary flooding resulting from 
storms, they may provide only modest benefits in preventing permanent inundation from SLR.149,153 However, 
when NBSs are paired with planned relocation, protection from flooding and SLR is provided by moving a 
community out of harm’s way while also reestablishing the natural flood risk-reduction benefits of coastal 
ecosystems.52 

Mangroves and other coastal wetlands reduce wave energy,154,155 decrease coastal erosion,156,157 and provide 
flood attenuation.114,158,159 Wetlands helped communities avoid $795.2 million (in 2022 dollars) in direct flood 
damages during Hurricane Sandy.127 Beaches and dunes reduce storm surges and absorb wave energy.160 
Coral reefs damp wave energy and provide flood protection for adjacent communities, with an estimated 
flood risk-reduction benefit of over $2.2 billion annually (in 2022 dollars) in the contiguous US161,162 and more 
than $1.1 billion (in 2022 dollars) annually in Hawaiʻi, Guam, American Sāmoa, the Commonwealth of the 
Northern Mariana Islands, Florida, Puerto Rico, and the US Virgin Islands.163

Hybrid solutions can reduce shoreline erosion164,165 and enhance the engineering design life and flood 
risk-reduction performance of traditional infrastructure.166 Flood risk-reduction benefits of hybrid solutions 
have been demonstrated across varying hydrodynamic conditions.165 NBS guidance documents149,167,168,169 are 
continually published, and implementation of NBS strategies is increasing. The ability to include adaptive 
elements in NBSs for future changing conditions144,170,171 makes them an important component of the 
adaptation landscape over the coming decades. 

Planned Relocation Strategies in Coastal Communities
Planned relocation is the process of moving individual properties, infrastructure, or whole communities 
preemptively away from, or in response to, the impacts of natural hazards.172 Historically, most communities 
have remained in place post-disaster by adapting or rebuilding using engineered solutions (KM 20.3).173 
However, as climate change impacts increase, adapting and rebuilding in place will become more 
challenging (KM 31.1). With accelerating SLR, particularly under low-likelihood, high-impact SLR scenarios 
(Figure 9.1), planned relocation may become more cost effective than adapting in place, with a lower 
long-term risk of loss of life and property if engineered solutions fail.174

In the US, planned relocation generally occurs reactively (i.e., post-disaster) rather than proactively (i.e., 
relocating at-risk communities before a disaster). For example, targeted buyouts of assets most at risk 
of future repetitive damage occurred after Hurricane Sandy in Staten Island, New York.175 Residents and 
communities have also relocated after natural disasters, such as Isle de Jean Charles, Louisiana;176 Kivalina, 
Alaska;177 and the Quinault Indian Nation (Box 20.1). As planned relocation expands, there is an urgent need 
to assess lessons learned from past relocations and lean into transformative adaptation that improves 
community well-being and addresses social, ecological, and intergenerational justice.178,179

Proactive planned relocation may become the most viable response for many future coastal communities as 
SLR continues and coastal lands become submerged.38,180 However, discussions of planned relocation remain 
challenging and controversial.12,174 Impediments include resistance to change;181 disagreements about when 
communities and infrastructure may be irrevocably lost and, thus, the appropriate timing for relocation; lack 
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of community-led decision-making; cost effectiveness compared to defending in place;174,182 disruptions to 
community cohesion and social capital;183,184 and identification of suitable replacement locations.185 

Transformative Adaptation Opportunities in Coastal Communities
Transformative adaptation that is proactive and intentional and involves fundamental shifts in systems, 
values, and practices (KM 31.3) provides opportunities to meet the challenges of shifting and receding 
shorelines. Transformative adaptation along the coast considers aspects such as funding and economic 
security, alignment of governmental entities, attachment to place and livelihoods, and technical 
expertise.52,53 

Intentional and equitable transformative adaptation is an opportunity to redress root causes of inequities 
and disparate impacts of climate change in coastal communities.14,15 Achieving this would require sustained 
funding dedicated to proactive planning, design, and execution.186 This would prevent reactive strategies 
that have historically exacerbated inequities and focused resources on wealthy, typically White communities 
(KM 20.3)187—a particular challenge in areas where there are large disparities in wealth and where lower-in-
come homeowners and renters lack affordable flood insurance.103

Current adaptation strategies that are increasingly being implemented on the coast could shift toward 
transformative adaptation if local communities are centered and inequities are transparently addressed 
(KMs 31.2, 31.3; Figure 31.2). This will require an incremental shift in practice, resulting in additional shifts in 
systems (e.g., permitting), values (e.g., recognizing and addressing past injustices), and risk tolerance (e.g., 
increasing comfort in natural shoreline protection over more traditional hardened structures).
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Traceable Accounts
Process Description
This assessment builds upon and amplifies the Key Messages within the “Coastal Effects” chapter of the 
Fourth National Climate Assessment, as those Key Messages are still relevant, yet they have become even 
more urgent.188 The US Interagency Sea Level Rise Task Force’s (hereafter “Task Force”) report2 provides 
clear evidence that sea level rise (SLR) is already accelerating and that current SLR tends are tracking on the 
Intermediate-Low curve or higher along the Nation’s coasts. 

Impacts associated SLR and extreme coastal storms are increasing per observations, coastal ecosystems 
and communities are facing increasing risks, and transformative adaptation grounded with nature-based 
solutions may provide our best hope to retain a sense of balance between the coasts and our coastal 
communities. The author team required a depth and breadth of expertise across the Atlantic, Gulf, and 
Pacific Coasts, as well as the coastlines of Hawaiʻi and the US-Affiliated Pacific Islands, the US Caribbean, 
and Alaska; the leading edge of SLR science; the physical processes that shape our coastlines; the systemic 
inequities that continue to put frontline communities at greatest risk; and the human actions that have 
altered the coasts and transformed the shoreline to suit societal desires. 

Prospective authors were nominated by their respective agencies, universities, organizations, or peers. The 
chapter lead and federal coordinating lead authors discussed and vetted prospective authors with a goal of 
creating a cohesive author team committed to bringing their formidable experience and skillsets together to 
develop this chapter.

This chapter was developed through weekly teleconferences, email exchanges, technical discussions of 
the relevant evidence base, and expert deliberation by the authors. The author team, along with the US 
Global Change Research Program, held a public engagement workshop with participants from federal, 
state, and local agencies; consultants; and interested members of the public. The workshop used innovative 
approaches and breakout groups that explored what the participants loved most about the coast before 
diving into the key topics that framed this chapter and the development of the Key Messages. 

The urgent need for adaptation, with an emphasis on nature-based solutions and planned relocation, was 
a clear driver for Key Messages 9.2 and 9.3. Additional literature is required that presents lessons learned 
and successful implementations, even if at a small scale, to achieve the scale of planned relocation that is 
expected to be required in the US over the next century.179 The authors extensively reviewed the literature 
on transformative adaptation and adaptation that centered equity, community values, and included strong 
community participation. The concept of transformative adaptation and planned relocation required 
dialogue across many chapters, with an emphasis on Chapter 20 (Social Systems and Justice) and Chapter 31 
(Adaptation) to achieve consistency and portray a sense of urgency for the Nation along these paths. 

Consensus on the Key Messages and supporting literature required multiple iterations, discussions with 
other chapters, and careful review and revisions in response to comments from the public and the National 
Academies of Sciences, Engineering, and Medicine. 
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Key Message 9.1  
Coastal Hazards Are Increasing Due to Accelerating  
Sea Level Rise and Changing Storm Patterns

Description of Evidence Base 
Multiple lines of evidence, including satellite and tide-gauge observations and model simulations, show 
that substantial SLR has occurred to date, globally and for the US, as documented and synthesized in the 
Working Group I contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change (AR6) and the Task Force report on SLR.2,189 Observations show that SLR is accelerating at global, 
national, regional, and local levels, and AR6 projections and the sea level scenarios from the Task Force 
report suggest that these trends are expected to continue over the next several decades and through 
the end of this century and beyond (see https://sealevel.nasa.gov/data_tools/18).2,189 Beyond 2150, SLR 
is expected to continue for the next several thousand years due to the long-term effects of emissions 
and warming over this past century, irrespective of future emissions occurring after 2100. These lines of 
evidence are synthesized, and a large body of relevant literature is documented (e.g., Dangendorf et al. 
2019;190 Frederikse et al. 2020;191 Fox-Kemper et al. 2021;20 Hamlington et al. 2021;192 Edwards et al. 2021193), in 
the Task Force report on SLR2 and IPCC AR6.189

An additional body of literature and references therein links this increase in average sea level to a broad 
range of risks and adverse impacts in the coastal zone. Extreme water levels will continue to rise with SLR, 
causing deeper, more frequent, more severe, and more widespread flooding (e.g., Sweet et al. 2021,35 2022;2 
Taherkhani et al. 2020;194 Thompson et al. 2021;36 Vitousek et al. 201741). Observational and model simulation 
evidence also indicates that many types of extreme events are increasing in intensity, frequency, and 
geographic extent as a result of human-caused climate change and that hurricanes, in particular, are inten-
sifying and causing heavier rainfall and higher storm surges, all of which compounds these flood risks (see 
evidence base underlying Key Messages 2.2 and 3.6 and USGCRP 2017195). Extreme water levels and flooding 
lead, in turn, to additional coastal zone impacts (e.g., erosion, damage to property and infrastructure, 
ecosystem impacts). Compound flooding associated with other coastal storm types (e.g., atmospheric rivers, 
extratropical cyclones) is also projected to increase with a warming climate.196,197,198

A further body of literature documents how population growth, migration, and development trends in the 
coastal zone have exacerbated societal risks and exposure of populations and the built environment to 
increasing SLR- and flooding-related hazards.199,200,201

Major Uncertainties and Research Gaps
For near-term impacts (to 2050), uncertainties and research gaps include the impact of natural climate 
variability on the observation-based trajectories, coastal adaptation, and policy actions to reduce future 
hazards and improved incorporation of interacting and compounding drivers into projections of coastal 
water levels and overall coastal flood hazards, such as winds, surge, waves, rising water tables, and extreme 
rainfall. In addition, more detailed understanding of, and data on, compound flood hazards is a key area of 
research needed to better understand and communicate flood risks and inform adaptation efforts. 

For longer-term impacts (after 2050), major uncertainties and research gaps include improved modeling 
and observational capabilities to assess long-term global average SLR trajectories as a function of uncer-
tainties in both emissions pathways and the sensitivity of ice sheet dynamical processes to a given level of 
warming, particularly the “low-confidence” ice sheet processes, as per IPCC AR6.20 Projections that include 
these ice sheet processes, particularly under higher-emissions futures, result in substantially higher global 
average SLR values by the end of this century and beyond. Pathways to such futures include outcomes 

https://sealevel.nasa.gov/data_tools/18
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such as earlier-than-projected ice shelf disintegration in Antarctica; abrupt, widespread onset of marine 
ice sheet instability and/or marine ice cliff instability in Antarctica; and faster-than-projected changes in 
surface-mass balance on Greenland, potentially associated with changes in atmospheric circulation, cloud 
processes, or albedo changes.2 Monitoring the sources of ongoing SLR and the processes driving changes 
in sea level is critical for assessing scenario divergence and tracking the trajectory of observed SLR, par-
ticularly during the period when future emissions pathways might increase the risk of triggering these 
low-confidence processes.

Description of Confidence and Likelihood
Based on a spatially weighted average of about 100 NOAA tide gauges and following methodologies in Sweet 
et al. (2022),2 there is high confidence that sea levels along the contiguous US have risen about 11 inches 
(likely range between 10 and 12 inches) on average over the 1920–2020 period, with about 5–6 of those 
inches occurring since 1990, indicating that sea level rise is accelerating. There is also high confidence that 
the probability of minor, moderate, and major coastal flooding increased by about 2–3 times between 1990 
and 2020 (as defined by contemporary NOAA weather-related impact thresholds calibrated to historic 
NOAA tide-gauge water level heights). Thus, it is very likely that the severity and risks of hazards are 
increasing. 

There is high confidence and it is likely that sea levels will rise about 11 inches (likely range of about 9–13 
inches) between 2020 and 2050 based on both extrapolating rates and accelerations estimated from 
historical tide-gauge observations and model projections, with both approaches producing projections 
within similar ranges. In response to 11 inches of SLR by 2050, there is high confidence and it is very likely 
that the probability of minor, moderate, and major coastal flooding will occur 5–10 times more often by 2050 
in many regions without additional flood risk-reduction measures, as compared to contemporary standards. 

Key Message 9.2  
Coastal Impacts on People and Ecosystems  
Are Increasing Due to Climate Change

Description of Evidence Base 
A growing body of literature captures the limited ability of coastal ecosystems to adapt to climate-driven 
changes, particularly due to human modification. Multiple lines of evidence show that physical changes 
in the coastal zone in response to climate change are occurring, including upland conversion and marsh 
expansion,121,122,202 expansion of mangrove systems,123 and marsh and beach loss due to erosion and barriers 
that limit inland migration of these ecosystems.47,50,110,119,138,203 The consequent loss of ecosystem services, such 
as storm protection, wetland carbon sequestration, sensitive habitat, and industry, including agriculture, 
tourism, recreation, and fishing, has been well documented (e.g., Siverd et al. 2020;204 Weiskopf et al. 
2020205), and the amplification of these losses via human modifications of the coast are well supported in the 
peer-reviewed literature.105,113,206

With ecosystem loss, exacerbated coastal hazards, and growing coastal populations, increasing damages and 
costs have been observed (e.g., Bouwer 2019;207 Hino et al. 2019;79 Smiley et al. 2022;208 Al-Attabi et al. 2023209), 
and ongoing health and safety concerns due to increasing flood frequencies, contaminated water supplies, 
degraded water quality, exposure to toxic substances, and strains on mental health due to the ongoing 
threat of disasters have been documented (e.g., Coutu 2018;210 Makwana 2019;211 Erickson et al. 2019;212 Gobler 
2020;213 Raker 2022214). Additionally, many studies have shown that 1) overburdened, under-resourced, eco-
nomically disadvantaged, or otherwise vulnerable populations (e.g., children, people with disabilities) face 
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a greater burden from disasters (e.g., Conzelmann et al. 2022;215 Raker 2022;214 Smiley et al. 2022208) and are 
limited in their ability to recover from these impacts, and 2) existing inequities continue to be magnified 
(e.g., Erman et al. 2020;216 Griego et al. 2020;217 Sou et al. 2021;218 Dundon and Camp 2021;219 Bento and Elliott 
2022220). Municipal coastal officials, elected officials, and staff continually document increasing challenges 
within their communities through participation in professional organizations (e.g., National League of Cities, 
Association of State Floodplain Managers, regional communities of practice). Specific challenges include the 
combination of increasing development and land-use pressures and exacerbating coastal hazards that put 
more homes, businesses, and individuals at risk. Numerous municipalities are installing backflow preventers, 
documenting high tide flooding, and attempting to manage magnified impacts from rainfall occurring con-
currently with high tide flooding and other coastal hazards (e.g., EcoSystems 2014;221 WSAV 2018;222 Coutu 
2021223). 

Major Uncertainties and Research Gaps 
Future coastal landscape change is difficult to model and predict broadly in the spatially detailed form 
required by decision-makers, due to the multitude and complexity of the processes and feedbacks acting 
within and across different coastal ecosystems.137,224,225

National-scale efforts are emerging to assess the risk of losing vital coastal wetland habitats112,226 and to 
monitor the daily to annual status of sandy beaches using satellite imagery.227,228,229 However, monitoring 
alone cannot save these at-risk ecosystems; improved understanding and ability to model the thresholds 
and/or tipping points associated with ecosystem loss versus survival are needed broadly to support 
proactive planning for management of coastal resources and communities.58,137 Information is needed about 
when and where saltwater intrusion may occur and its impacts.69,230,231

Anticipating and accounting for future human modifications that may reshape the coast and/or affect 
ecosystem behaviors are areas of considerable uncertainty.232 Multidisciplinary scenario development can 
help to explore the physical changes that may occur, how humans may choose to respond to these changes, 
and the resources that may be available to support these modifications, such as emplacement or removal of 
gray and green infrastructure, planned relocation, or trade-offs.233,234 A better understanding of when and in 
what form humans may take future action can in turn help inform understanding of the landscape response, 
which can better frame the immediate and longer-term risks to coastal populations in the future.232,235 

Description of Confidence and Likelihood
Based on observations and predictive modeling the authors have high confidence that the long-term sustain-
ability of our coastal ecosystems and human systems is very likely being affected by climate changes, partic-
ularly due to land loss. Observations and modeling have also given us high confidence that human measures 
that have historically been used to limit coastal change and have predominantly relied on hard, fixed infra-
structure solutions to protect development are very likely to make coastal areas less resilient to future 
change amplified by climate drivers. With this reduction in resilience, numerous studies have shown there 
is high confidence that coastal ecosystems are very likely to be limited in their ability to provide the services 
on which humans depend. There is high confidence based on the array of literature and studies available that 
the loss of these services are very likely to require proactive strategies to address significant and cascading 
impacts on cities, communities, and ways of life in the coastal zone.
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Key Message 9.3  
Adaptation Reduces Risk and Provides Additional 
Benefits for Coastal Communities 

Description of Evidence Base
Because coastal hazards will continue to worsen and the impacts to the natural and built environment will 
increase, coastal communities will have to adapt (or continue to adapt) to climate change. Business-as-usu-
al strategies are not expected to be sufficient in the future because they do not address the root causes of 
vulnerability in coastal communities9,14,15 nor acknowledge that sea levels will continue to rise beyond typical 
infrastructure planning time horizons.141,236

Consensus is growing to support nature-based solutions (NBSs) and strategies such as planned relocation as 
essential components of climate adaptation.149,153,169,237 There is a growing body of literature that demonstrates 
that NBSs can successfully provide flood risk protection.115,160,164,165,237 Multiple studies based on laboratory 
experiments have demonstrated the capacity of NBSs to attenuate wave energy, currents, and storm 
surges under a range of controlled conditions.238,239 Additional studies based on field measurements during 
extreme coastal events have validated these findings within a range of geographical settings and environ-
mental and extreme weather conditions.154,156,240 Numerical modeling studies have expanded these findings 
to low-frequency events and a broader range of extreme conditions.114,161,162 There is growing evidence on 
the functionality and performance of NBSs for flood risk reduction. This body of literature supports an 
increasing number of guidelines and practical guidance for NBS planning, design, and implementation.149,169 
State agencies are beginning to require prioritizing NBSs for coastal adaptation, where possible, in lieu of 
hardened infrastructure.

Planned relocation continues to be a topic of contentious debate in coastal communities, but there is 
growing evidence that demonstrates openness by communities to include these strategies in long-term 
planning discussions.241 This is particularly true if the definition of planned relocation is broadened to 
include different land-use policy levers that are common planning tools, such as setbacks or easements,242 as 
well as discussions and planning that are led by the community.243

Transformative adaptation to SLR is possible, in part, due to the array of efforts used to provide meaningful 
and understandable information to coastal stakeholders. In the coastal zone, stakeholders span a wide array 
of sectors, grappling with different priorities, timelines, and urgencies that often lead to differing needs. For 
example, ecologists designing a wetland restoration require probabilistic estimates of near-term SLR, while 
planners of critical infrastructure need to understand the full suite of possible risks across both the near 
term and long term to make wise decisions and investments for the communities they serve. The current 
state of the science and the corresponding guidance on how to make decisions in the face of the knowns 
and unknowns around rising seas (e.g., The Application Guide for the 2022 SLR Technical Report) are 
essential indicators that transformative adaptation, inclusive of NBSs and migration, is achievable.1

Major Uncertainties and Research Gaps 
Although it is generally understood that riverine flood risk-reduction projects, such as increasing levee 
heights, could exacerbate flood risks in downstream communities, the potential for a similar deflection 
of flood risks from one community in coastal environments is less understood. In San Francisco Bay, a 
modeling study showed that the addition of a levee or seawall to protect one community could increase 
flood risks elsewhere on the estuarine shoreline.6 This concept may be important to consider more broadly 
along the coast, as it intersects with equity considerations if communities with fewer resources to adapt are 
confronted with increased risks diverted from communities with greater resources. 

https://placeslr.org/wp-content/uploads/2022/07/Application-Guide.pdf
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Despite the growing number of studies investigating and validating the performance of NBSs for flood risk 
reduction, research gaps remain with respect to uncertainty in flood risk-reduction benefits under a range 
of future environmental conditions and hazards, given the intrinsic dynamic nature of NBS systems. Specif-
ically, what strategies work in active coastal zones with high wave energy? Furthermore, research is lacking 
with respect to NBS strategies in extreme environments, especially the Arctic, where traditional vegeta-
tion-centric approaches are not practical. This is especially relevant in western Alaska, where communities 
are experiencing increasing flood hazards and traditional flood protection is extremely costly. While there 
has been progress on developing standards and guidelines for using NBSs to reduce flood risk,149,167,168,169 there 
remains a need for professional engineering organizations and nongovernmental organizations to expand 
the existing documentation.

Uncertainties and research gaps on planned relocation tend to focus on the process and willingness of 
communities to relocate: What are the tipping points that encourage a community to adopt communi-
ty-wide planned relocation? Where should people move to, and are receiving communities prepared to take 
in increased populations? How does relocation get paid for? How can the psychological barriers to planned 
relocation be overcome? 

There is a lack of literature exploring the governance structures, laws, and policies necessary to support 
transformative adaptation, including planned relocation. Spanning the gap between adaptation planning 
and successfully implementing adaptation solutions on the ground requires overcoming governance 
challenges.244 Although the number of legal analyses relevant to adaptation is growing, these analyses are 
still limited in their practical application and scope.245,246 Research has demonstrated the value of multidi-
rectional policies, laws, and efforts at stimulating climate planning and adaptation, particularly the benefit 
of top-down laws directing the need to plan and implement adaptation without being overly prescriptive;53 
however, this work is in its early stages. Comprehensive analyses that explore how current policies impede 
or foster transformative climate adaptation would help to synthesize and identify where improvements 
could be made within governance structures to support successful adaptation.

There is limited research on the economic and social drivers of, and impediments to, transformative 
adaptation in coastal communities. Research is also lacking on the social psychology prerequisites needed 
for successful transformative adaptation. How will a coastal community know when residents are ready to 
start down the path of transformative adaptation? How can psychological readiness be fostered, including 
effective communication of future conditions that may compel this sort of action? 

Beyond NBSs and planned relocation, many incremental adaptations are well understood in terms of 
implementation and impact alone. For example, many communities have experience with raising roads, 
resizing drainage culverts, and building shoreline stabilization structures. However, research that results in 
effective guidance is lacking for larger measures, such as infrastructure abandonment or relocation and the 
aggregation of smaller measures. While there is an emerging body of research on this topic for individual 
actions,174,247,248 analysis at the community level across a range of adaptation actions and timelines is lacking.

The body of research supporting transformative adaptation is growing; however, much of this research is 
not tailored for coastal communities. There is a gap in research on the preconditions for, and drivers of, 
success in coastal communities. Furthermore, there is also a gap in research that assesses the effectiveness 
of mitigation and adaptation approaches under low-likelihood, high-impact scenarios, given that these 
approaches necessarily change under extreme SLR scenarios.

Description of Confidence and Likelihood
Increasing coastal hazards, changing weather patterns, and extreme storms are causing widespread and 
rapid changes along our Nation’s coasts (high confidence). At present, adaptation efforts are most often 
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incremental in nature and sector-specific (e.g., focused on adapting a wastewater treatment plant or stretch 
of roadway) as opposed to community-wide in scale (high confidence). As SLR accelerates, exposing greater 
populations and geographies to coastal hazards, this adaptation approach will become ineffective.

Adaptation responses that move beyond traditional solutions may include nature-based solutions and 
planned relocation. There is medium confidence that nature-based solutions and planned relocation 
strategies, when they are community-led and equity-centered, can provide an equitable response to coastal 
hazards and climate change impacts. There is medium confidence that transformative adaptation that 
centers the community within the planning, design, and implementation of multi-benefit solutions can 
better maintain the social, cultural, and economic connections communities require to thrive.

The statements in this Key Message are supported both in the literature cited and in the author team’s 
understanding of the state of the adaptation practice across a wide variety of coastal communities, both in 
geography and in social systems. This community-focused lens supplements the published literature and 
allows the authors to reflect the most current consensus on this topic.
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Introduction
The ocean supports diverse and productive marine ecosystems that provide innumerable benefits to the 
United States. Fishing, recreation and tourism, energy, shipping, and transportation in the ocean and Great 
Lakes (see Ch. 24) sustain a marine economy that contributed over $781 billion (in 2022 dollars) to the US 
economy in 2021.1 Ocean resources support human health and well-being in communities throughout 
the US, and sustained connections to the ocean are foundational to cultures and identities. This chapter 
assesses climate impacts and risks to US marine ecosystems, and to the communities and industries that 
depend on them, as well as ocean-based measures for climate change adaptation and mitigation.

Across the globe, climate change is altering marine ecosystems and connected social systems at a scale and 
pace that is unprecedented in recent millennia. The combination of long-term changes in physical ocean 
conditions—such as warming, sea ice loss, acidification, and deoxygenation (KMs 2.1, 3.3)—and short-term 
extreme events (KM 2.2) such as marine heatwaves threatens marine ecosystems and human communities 
(Focus on Compound Events). Numerous marine species, from phytoplankton to whales, are altering their 
distribution, seasonal activities, and behaviors to align with suitable ocean conditions. These changes 
ripple through the food web, affecting species interactions, ecosystem functions, and biodiversity, as well 
as conservation, management, and uses of valuable ocean resources.2 Climate-driven changes to marine 
ecosystems significantly affect ocean-dependent livelihoods and, in some communities, threaten food 
supplies and ways of life.3

In affected communities, the magnitude of climate impacts and levels of adaptive capacity vary with marine 
resource dependence, socioeconomic status, and historical and institutionalized inequities.4,5,6 Some 
individuals, communities, and industries are adapting to changes, largely through reactionary responses 
and, in some cases, through coordinated resilience planning.7,8,9 However, responses are uneven across 
communities and sectors, and they remain insufficient to meet mounting challenges and costs.9,10 Global 
policy choices regarding greenhouse gas (GHG) mitigation govern the intensity and trajectory of future 
climate impacts and the diversity and effectiveness of adaptation options. Mitigation and adaptation efforts 
require explicit accountability in social equity, sustainability goals, and fairness in governance and finance to 
address entrenched inequities that increase climate change risks and adaptation burdens.5,11

This chapter draws on global insights to address climate-related changes and challenges in US marine 
areas. It largely focuses on continental shelf waters, with some discussion of topics that extend shoreward 
to intertidal areas, and it complements Chapter 9 (Coastal Effects), which extensively covers the topic 
of sea level rise. The chapter builds upon the climate-related physical oceanographic changes discussed 
in Chapters 2 (Climate Trends) and 3 (Earth Systems Processes) to highlight some of the unprecedented 
ecological changes taking place in US marine waters and their impacts on social, economic, and governance 
systems. Policy directions, planning efforts, and investment decisions being made now will affect mitigation 
and adaptation options and timelines and will determine the future of our ocean and social and economic 
systems that rely on it.
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Key Message 10.1  
Unprecedented Climate Impacts Threaten Ecosystems and Human Well-Being

Climate change is significantly altering US marine ecosystems at a pace, magnitude, and 
extent that is unprecedented over millennia (very high confidence). Changes in species 
locations, productivity, and seasonal timing are cascading through ecosystems, threatening 
critical connections between people and the ocean (high confidence), especially for Indig-
enous Peoples (very high confidence). Risks to marine ecosystems and the people connected 
to them will be greater under higher scenarios (likely, very high confidence) and will depend on 
the ability of ecological and social systems to adapt to the pace of climate change (very high 
confidence). Continued climate change, particularly under higher scenarios, is projected to 
push many systems toward novel conditions and critical tipping points (very high confidence), 
beyond which the risk of significant impacts to marine ecosystems, including collapse, is high, 
adaptation may be insufficient, and human well-being is threatened (high confidence).

Observed Changes
Climate-driven changes are altering marine ecosystems via complex physical, biological, and socioeco-
nomic interactions (Figure 10.1). Many ocean characteristics, such as the timing and length of seasonal 
cycles, extent and duration of sea ice, oxygen content, and severity of extreme events are exhibiting 
major divergences from historical patterns (Box 10.1; KMs 2.2, 3.1; Figure A4.11).10,12,13,14 Changes in distribu-
tions, population productivity, and timing of life events are widely documented for marine species and are 
increasing in prevalence and magnitude (Figure A4.12).15,16,17,18,19

Critical habitats such as coral reefs, seagrass beds, and kelp forests have experienced large-scale 
degradation due to climate-related stressors, threatening their ability to support commercially and eco-
logically important fish, shellfish, turtles, and marine mammals.20,21,22,23 Degradation of nursery habitats, 
spawning areas, and other essential habitats has the potential to affect the productivity and distribution of 
species.21,24 

Marine species are shifting their geographic distributions even faster than terrestrial species25 and are 
changing the timing of seasonal activities.16 As changes cascade from microbes to top predators across 
food webs, these shifts are decoupling some predator–prey relationships26,27 and amplifying others.28 For 
example, shifts in species have reduced prey availability for seabirds, driving large-scale starvation events 
and breeding-colony failures.29,30,31

While warming has benefitted some marine resources in poleward portions of their range (such as an 
increased abundance of American lobster in the Gulf of Maine32), many species—especially those that are 
cold-adapted, fixed in place, or have complex life histories—have been negatively affected.33,34,35 Protected 
and endangered species with limited population resilience, including multiple species of coral, salmon, 
and whales, are particularly vulnerable to impacts of unfavorable physical and ecosystem conditions 
(KM 8.2).22,36,37,38
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Ocean-Related Climate Impacts on People and Ecosystems 

Many broad-scale climate-related ecological and human impacts are occurring in US marine areas.

Figure 10.1. Climate change is affecting marine ecosystems and impacting human activities in the US ocean. The 
nature of ocean-based climate impacts is often unique to local areas but can cascade through social–ecological 
systems to affect the entire country. For example, extreme weather events impact shipping and supply chains, 
and harmful algal blooms (HABs) in coastal areas affect tourism. User conflicts, such as those involving the siting 
of offshore renewable energy in fishing areas, have created tensions in US waters. Climate impacts on physical 
ocean conditions are covered in Chapters 2 and 3. Figure credit: The Nature Conservancy. 

Ocean ecosystems are complex and interconnected, making it challenging to fully understand and anticipate 
climate-induced changes. Climate impacts are less well documented for certain ecosystem components, 
even ubiquitous organisms such as microbes39 and pathogens.40,41 Additionally, climate drivers impacting 
ocean ecosystems often act in complex ways and, in some cases, can originate on land. For example, altered 
precipitation patterns over the continental US have both reduced river flow in the Pacific Northwest and 
increased flooding on the Mississippi, inducing population declines in iconic species such as Chinook 
salmon42 and Gulf of Mexico oysters,43 respectively. Coastal “blue carbon” ecosystems, including coral reefs, 
seagrass and seaweed beds, mangrove forests, and tidal marshes, are also impacted by interactions between 
land- and ocean-based changes,44,45 and these effects can extend to deep-sea ecosystems (Focus on Blue 
Carbon).46,47 While US coastal and shelf ecosystems are relatively well studied, the deep ocean (below 650 
feet) remains poorly studied.48,49 The deep ocean stores and absorbs a vast quantity of carbon and heat, 
buffering the impacts of climate change but also resulting in warming and changes to biogeochemistry 
(such as deoxygenation) in this portion of the ocean (KMs 2.1, 3.4),13,49,50 potentially impairing the health of 
deep-sea ecosystems and the capacity for carbon sequestration.51
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Ocean climate impacts affect many communities, from coastal inhabitants who make a living from ocean 
industries to people who live far from the shore and eat fish in the US Midwest or vacation at Gulf Coast 
beaches. For example, harmful algal blooms (HABs) and increases in pathogens, such as Vibrio species, have 
become more prevalent in some regions, resulting in beach and fishery closures and impacting people’s 
health and livelihoods.52,53 Effects are amplified for Indigenous Peoples whose long-standing social, cultural, 
and spiritual connections to the ocean are being altered.54,55 Subsistence harvests that are critical for food 
and nutritional security have been disrupted by shifts in species distributions, sea ice loss that limits access 
to resources, and HABs that make food sources such as razor clams, Pacific walruses, and bowhead whales 
unsafe for human consumption (KMs 16.1, 29.5).56,57,58,59,60,61,62,63 Cumulatively, these changes threaten to break 
vital social and cultural connections by undermining food security and the mental and physical health and 
well-being of marine resource users.59,64,65,66

As impacts of climate change mount, species and people are beginning to adapt. Examples of observed 
adaptations include species shifting distributions as they track preferred temperatures67 and subsistence 
harvesters changing what, where, and when they harvest.68 The largest and fastest adaptation responses 
have followed climate impacts that occur as extreme events (e.g., heatwaves, HABs, hypoxia) or that amplify 
background risks and pressures (e.g., habitat degradation, resource overexploitation; Box 10.1).69,70 

Projected Changes
Cumulative GHG emissions will continue to affect marine ecological and social systems over the coming 
decades. Changes in physical and biogeochemical conditions, including temperature, stratification, 
upwelling, and ocean chemistry, are projected to become stronger and more widespread, particular-
ly for higher scenarios (KM 2.3),71 and interactions with chronic stressors such as habitat degradation or 
overfishing will amplify ecosystem impacts.10 Shifts in the distribution and biomass of marine species, 
changes in food web structure and ecosystem functions, and increases in HABs and pathogens will be 
more pronounced under very high scenarios (RCP8.5, SSP5-8.5).72,73,74,75 Climate change will drive physical 
and biological systems toward critical tipping points, triggering feedbacks that may threaten biodi-
versity, undermine system stability, permanently alter ecosystem functions and services, and limit 
adaptation options.76,77,78,79

Continued climate-driven changes pose challenges for social, economic, and governance systems, par-
ticularly those based on expectations that historical conditions will persist into the future. Shifting fish 
distributions are creating jurisdictional challenges for area-based management, undermining commercial 
fishery management approaches,80 and jeopardizing treaty resources such as Tribes’ rights to “usual and 
accustomed” fishing grounds.81 The severity of impacts to marine social–ecological systems will depend on 
peoples’ ability to adapt at the pace of climate change, which will require participatory governance systems 
that can effectively and equitably adjust to shifting circumstances. 
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Box 10.1. Cascading Impacts of a Marine Heatwave

A massive marine heatwave originated in the Gulf of Alaska in the winter of 2013/14 and subsequently encompassed the 
US West Coast from 2014 to 2016, producing the region’s highest three-year average ocean temperature on record.82 This 
event, driven by a combination of natural variability and human-caused warming,82 had widespread impacts on ocean hab-
itat, marine species, and human communities (Figure 10.2). These cascading impacts are illustrated by a chain of events 
in which, initially, cool-water habitat was compressed along the coast, causing whales to move closer to shore to feed. 
This shoreward shift resulted in whales foraging in Dungeness crab fishing grounds and becoming entangled in fishing 
gear.83 Meanwhile, the warmer ocean and altered ocean chemistry enabled an unprecedented harmful algal bloom.61,84 De-
tection of the neurotoxin domoic acid in marine species closed fisheries, delayed opening of the crab fishing season, and 
led to multiple fishery disaster declarations.61 Faced with suspension of the fishing season, fishers were forced to forego 
revenue or shift to other fisheries;85 adverse impacts were more pronounced for fishers with smaller vessels, who suffered 
disproportionately large declines in participation and revenue.86 Finally, when the Dungeness crab fishing season opened 
late, increased fishing coincided with the migratory arrival of whales, producing another spike in entanglements.83 Cli-
mate shocks like the 2014–2016 marine heatwave amplify environmental and economic impacts that can linger beyond 
the event itself.70 Under future ocean warming, heatwaves will become even hotter, with historically rare temperatures 
occurring more frequently (KM 2.2). The increasingly novel ocean conditions in the California Current system87 and other 
regions will lead to more climate surprises that create challenges for planning and decision-making.88
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Northeast Pacific Marine Heatwave Impacts

The West Coast has experienced unprecedented warm ocean temperatures and environmental disruptions from 
marine heatwaves. 

Figure 10.2. Heatwaves have caused extensive disruptions to marine ecosystems and, in turn, to human commu-
nities and economies. Shown here are the widespread impacts of a massive marine heatwave that began in the 
Gulf of Alaska and subsequently covered the entire West Coast, persisting for several years and coinciding with 
severe drought over land. Icons on the timeline indicate when impacts occurred; many impacts were sustained 
for months or years but, for clarity, are shown only at a representative time when they were particularly prevalent. 
Impacts described as coast-wide or without a specific location occurred off all West Coast states: Alaska, Wash-
ington, Oregon, and California. Fishery disasters, as determined by the US secretary of commerce, are shown for 
individual species (Pacific sardine, Pacific cod) or groups of species (salmon, crab). While the largest heatwave 
dissipated by 2017, effects of the 2014–2016 heatwave have persisted in the form of lasting ecological changes 
and new adaptation measures designed to mitigate negative impacts in the future. Figure credit: NOAA Southwest 
Fisheries Science Center.
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Key Message 10.2  
Climate Change Is Altering Marine-Related Economic Activities 

Climate change poses a substantial risk to ocean-related industries and economic activities 
such as fisheries, tourism, recreation, transportation, and energy (high confidence). As climate 
change continues, economic and cultural impacts are expected to become larger and more 
widespread, especially under higher scenarios and in communities that are highly dependent 
on ocean resources (very high confidence). A range of approaches can facilitate adaptation to 
some degree of climate change (medium confidence), but higher levels of climate change will 
limit the success of adaptation measures and markedly increase climate risk to marine-related 
economic activities (high confidence). 

From energy to fisheries to tourism, the ocean economy is deeply intertwined with the economic health 
of the United States (Figure 10.3). Populations in shore-adjacent counties grew 5.3% from 2010 to 2019, 
with employment increasing three times as fast (16.3%). From 2005 to 2019, the ocean-related GDP grew 
by nearly 60% (in constant dollars), representing a total of 3.5 million jobs.89 Ocean-based activities and 
industries are being affected by climate change,90,91 and future impacts may slow growth of the ocean 
economy. Limiting global warming to 1.5°C (2.7°F) above preindustrial levels confers clear social and 
economic advantages compared to higher scenarios.92,93 
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Ocean-Based Economies

Communities throughout coastal America rely on ocean-related industries for major shares of their local 
economies.

Figure 10.3. Ocean industries such as fishing, shipping, and tourism are important economic activities in coastal 
communities across the United States. The Nation’s continental shelf is a major source of energy from oil and gas, 
and renewable energy, particularly offshore wind, is being developed in multiple areas. The ocean-based economy 
is even more critical to the island commonwealths and territories in the Pacific and Caribbean, although economic 
data comparable to that for the 50 US states are not available. Economic dependence on ocean resources is pro-
portionately highest in rural communities, which have fewer economic alternatives if they experience climate-re-
lated disruptions.94,95 Figure credit: Middlebury Institute of International Studies, NOAA NCEI, and CISESS NC.

Commercial Fisheries
Climate change has impacted commercial marine fisheries in every region of the US by altering the avail-
ability and quality of harvested species, destabilizing fisheries-related revenue and employment, and 
inducing new management challenges.15,69,85,96,97 The large-scale redistribution of highly valuable Bering 
Sea (Alaska) Pacific cod and snow crab and subsequent declines in multiple stocks, including closure of 
the snow crab fishery in 2022, followed low sea ice conditions and protracted warm bottom temperatures 
across the region (Box 10.1).98,99,100,101,102 On the East Coast, the northern shrimp fishery collapsed and a fishing 
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moratorium was imposed following a marine heatwave in 2012,103 and the highest-valued single-species 
fishery in the US, American lobster, has seen the southern portion of its population decline to very low 
levels with warming waters.32 Disaster declarations for commercial fisheries increased markedly from 1994 
to 2019, with more than 84% of fishery disasters linked to extreme environmental events, totaling $3.4 
billion of lost revenue and $2.3 billion (in 2022 dollars) in federal funding for disaster relief.104 Recent cli-
mate-related fishery declines have been widespread,85,105,106 although a few stocks have increased with ocean 
warming and heatwaves (e.g., regional increases in the northern stock of American lobster, market squid, 
and sablefish32,107,108). While climate is not the sole driver impacting fish populations, it is an added stressor 
that exacerbates other negative impacts.33

Over the next century, climate change is expected to reduce catch in all US regions,92 including some of 
the highest-valued fisheries (e.g., Bering Sea snow crab, walleye pollock, Pacific cod, American lobster, and 
Atlantic sea scallops32,109,110,111,112). For 16 species that represent more than half of commercial fisheries revenue, 
climate-induced changes are projected to result in billions of dollars of economic losses by 2100, with losses 
twice as high under a very high scenario (RCP8.5) than an intermediate scenario (RCP4.5).113 Many species 
will continue moving northward and deeper, reducing accessibility for subsistence harvesters and smaller 
vessels and complicating management policies and quota allocations.114,115,116,117,118 Severe storms and sea level 
rise will increasingly threaten shoreside infrastructure and transportation networks that are critical for 
harvesting and distributing seafood products (KM 9.1).4,119

Climate impacts are not distributed equally across all fisheries and can be compounded by non-climate 
factors, including fisheries management, market conditions, socioeconomic conditions, and external shocks 
(e.g., COVID-19).4,86,115,120 Impacts are generally greater for small-scale coastal harvesters who are less able 
to follow shifts in fish distribution or who have access to a limited number of fish stocks, while those with 
larger vessels and more diverse harvest portfolios are generally more resilient.85,86,118,121 Commercial fisheries 
and subsistence harvesters are adapting to these changes through short-term incremental measures, 
business investments appropriate for changing conditions, and management efforts supporting cli-
mate-ready fisheries (Figure 10.4).96,122,123

The effectiveness of future adaptation responses may be limited by the magnitude of change and factors like 
inequities in finance and governance across communities, costs of equipment or infrastructure, and access 
to fishing permits (Focus on Risks to Supply Chains).80,97,115,124 As fisheries adapt, community initiatives such 
as permit banks and seafood cooperatives that plan for climate change can enhance equitable opportunities 
and socioeconomic benefits (Figure 10.4).125,126 Diversifying harvest and livelihoods, including expanding into 
marine aquaculture (KM 11.1), can also help stabilize income or buffer risk. Tools that predict species distri-
bution changes can help avoid bycatch, reduce costs, and increase yield.127 Further, ecosystem-based and 
climate-informed management can align harvest limits with population productivity to maintain sustainable 
fishing levels.109,110,128 
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Ocean-Related Climate Adaptation Strategies

Adaptation can occur at many organizational scales—from individuals to governance systems. 

Figure 10.4. Many types of adaptation measures are being undertaken, or are under consideration, as ways to 
respond to and prepare for climate change impacts on ocean activities and economic sectors. The measures 
range from small adjustments (incremental) to larger actions within current socioeconomic and management sys-
tems (systemic) and substantial changes beyond existing systems (transformative). Figure credit: Gulf of Maine 
Research Institute. 

Tourism and Recreation
Ocean-based tourism and recreation—the largest sector in the ocean economy, representing $274.5 
billion of economic activity in 2021 (in 2022 dollars)1—is both positively and negatively impacted by climate 
change.129 Warming temperatures extend the coastal tourism season, yet sea level rise threatens shoreside 
facilities (KM 9.2) and will change nearshore wave dynamics in ways that reduce or eliminate some surfing 
opportunities.130 In the Gulf of Mexico and Caribbean, worsening HABs131 and blooms of macroalgae (e.g., 
Sargassum132) due to climate and local non-climate stressors have raised human health concerns (KM 23.1) 
that have disrupted tourism and fishing.133,134 Recreational fisheries are experiencing climate-related changes 
in anglers’ participation, location choices, and expenditures.135 As warming continues, angler participation 
may decline by up to 15%, with losses as high as $413 million annually (in 2022 dollars) along the Atlantic and 
Gulf of Mexico Coasts; however, warming is increasing participation in some areas (e.g., New England).136

Similarly, tourism impacts are different across regions. Arctic sea ice loss is creating tourism opportunities 
by allowing “last-chance” cruise ship tourists to see ecosystems before they are further altered by climate 
change.137 However, coral reef tourism—valued at nearly $3 billion annually for 2008–2012 (in 2022 dollars) 
in Hawai‘i and Florida—is threatened by bleaching and disease that deter divers and snorkelers (KMs 23.3, 
30.4).138 At a more localized scale, the loss of endangered southern resident orca whales in Washington’s 
Puget Sound due to climate-driven declines in food would result in annual losses of $39 million in economic 
activity (in 2022 dollars).36,139
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Transportation
Climate change is already affecting marine transportation. Sea ice loss and longer open-water seasons have 
enabled transit between the Atlantic and Pacific via the Arctic, with ship traffic in the Arctic increasing 
threefold between 1990 and 2015,140,141 and Arctic-routed shipping continues to be considered.142 With 3.6°F 
(2°C) of warming above preindustrial levels, ships are projected to be able to reliably navigate the Northwest 
Passage and Arctic Bridge trade routes in summer.143 These routes may reduce carbon emissions and 
shipping costs, but concerns exist about impacts to marine species and local communities, as well as about 
black carbon emissions.54,144,145,146 

Commercial vessel emissions have increased over time, as has the sector’s proportional contribution to 
global emissions (KM 13.1),147 but emissions from recreational boats in the US declined between 1990 to 
2021.148 The shipping sector is initiating further measures to reduce its GHG emissions by powering docked 
vessels with electricity,149 increasing vessel efficiency to reduce global shipping emissions by 50% by 2050,147 
and planning for some zero-emissions maritime routes by 2025.150

Energy
Ocean-based energy production in the US is in a period of transition. Ocean-based energy has been almost 
exclusively derived from hydrocarbon extraction, which generated $96.4 billion in 2021 (in 2022 dollars).1 
Globally, nearly 30% of commercially recoverable oil and gas assets are found in areas at high risk for 
climate impacts.151 In the US, stronger hurricanes, increasing wave heights, and sea level rise will threaten 
offshore facilities and associated coastal structures, such as underwater pipelines and refineries (KM 
9.2).152,153 Facilities may increasingly require adaptive responses, such as raising the height of oil and gas 
platforms in the Gulf of Mexico to reduce hurricane damage.154,155 

Renewable energy sources are expected to increase as part of the ocean-based energy mix over the next 
several decades. The first US facilities to generate electricity from ocean wind are in place off the Atlantic 
Coast, and in 2021, the US set a goal of installing more than 30 gigawatts of capacity by 2030, enough to 
power about 10 million homes.156 States have set additional goals for offshore wind energy development 
that may further advance this capacity. Through 2022, more than two million acres of ocean bottom have 
been leased for wind energy, with more leases anticipated by 2025.157 The growth of ocean-based renewable 
energy is expected to bring jobs and economic benefits to certain coastal communities, but its ecosystem 
impacts are still being determined, and its development may constrain other ocean uses, including fishing, 
transportation, and aesthetic preferences.158,159,160,161,162 
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Key Message 10.3  
Our Future Ocean Depends on Decisions Today

Future risks to marine ecosystems, ocean resources, and people will be substantially reduced 
by implementing adaptation and mitigation actions now (very high confidence). Responding 
swiftly to climate change will improve outcomes, reduce costs, promote resilience and equity, 
and allow the widest possible suite of adaptation solutions (very high confidence). Impacts will 
continue to be uneven across communities, with more harmful outcomes in communities that 
are highly ocean-reliant and historically marginalized, unless equitable adaptation and miti-
gation efforts are implemented (high confidence).

Current State of Ocean-Based Adaptation and Mitigation
Although substantial climate-driven changes in ocean ecosystems are inevitable over the coming 
decades (KM 2.3), the future of these systems, their valuable services, and the businesses, communities, 
and economies that depend on them will be determined by the choices we make now on mitigation of 
GHG emissions and investment in adaptation measures (Figure 10.5). Proactive, coordinated, large-scale 
approaches to planning, financing, and implementing adaptation measures are necessary to achieve 
effective and equitable outcomes (KM 31.2).10 Reactive actions to cope with climate impacts are occurring at 
individual, business, and community scales but are largely uncoordinated and sometimes ineffective (Figure 
10.4). Adaptive capacity is not the same across communities or groups; communities that are highly reliant 
on ocean resources may face the greatest risks and be constrained by socioeconomic factors, historical 
and ongoing inequities, and access to governance systems or financing.4,5,163 Promising proactive adapta-
tion-planning measures are starting to emerge in various regions and sectors. For example, some state and 
federal fishery-management bodies and stakeholder communities have prioritized climate preparedness 
and are developing information, tools, plans, and processes to address future changes and uncertainty in 
marine resources and fisheries.164,165 Certain municipalities and Tribal communities are pursuing integrative 
climate resilience planning that considers adaptation needs across multiple ocean-related sectors (e.g., 
Cities of Portland and South Portland 2021;166 Takak et al. 2021167). 

Various ocean-based mitigation approaches are also advancing.168 Measures to protect and restore marine 
ecosystems that capture and store carbon dioxide—such as mangroves, seagrasses, and kelp forests—are 
underway and offer additional benefits like wave energy dissipation and fisheries enhancement, but carbon 
mitigation benefits may be modest and variable (Focus on Blue Carbon).10,169 Public- and private-funded 
projects are evaluating technical, economic, and social dimensions of ocean-based carbon dioxide removal 
techniques (KM 32.3; Focus on Blue Carbon).170,171,172,173,174 Ocean-based wind energy is being implemented 
(KM 10.2) and wave energy conversion is being developed, especially in the Pacific basin.175 Electric and 
hybrid engines for small boats176 and expanded production of aquatic foods with lower GHG emissions177 
also support ocean-based mitigation. Estimates suggest that fully scaled-up ocean-based mitigation 
measures would provide about a quarter of the atmospheric GHG reduction required to meet global pledges 
by 2050.172,176,178
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Ocean Conditions and Activities Under Two Climate Scenarios

Future ocean conditions and activities will depend on emissions levels and mitigation strategies.

Figure 10.5. Future marine ecosystems and human activities will differ under low versus high greenhouse gas 
emissions scenarios. This figure is a simplified depiction of major predicted changes as a result of climate 
change. Under low scenarios (left), more adaptation options remain available, and ocean services such as food 
provision and coastal protection are maintained, but trade-offs between ocean-based activities will escalate. 
Under high scenarios (right), ecosystems will be altered, fewer adaptation options will be available, and losses 
of services are expected across diverse sectors. Figure credit: Center for American Progress and Gulf of Maine 
Research Institute.

Challenges and Trade-Offs
Immediate implementation of ambitious mitigation and adaptation measures offers the greatest chance 
of maintaining ocean ecosystems and their benefits to people, as well as supporting equitable human 
development.10 Carbon emissions peak in the mid-2020s in scenarios that limit warming to less than 3.6°F 
(2°C), above which risks and impacts are projected to rapidly increase across sectors and regions.179 Without 
carbon mitigation, estimates indicate that a critical global warming threshold of 2.7°F (1.5°C) will be crossed 
in the 2030s.179

Coordinated adaptation planning is essential to ensure that strategies across sectors, communities, and 
regions are complementary and achieve equitable outcomes. Adaptation and mitigation options tend to be 
most successful if they are based on sound information, developed in collaboration with local communities 
and diverse actors, and designed to lower ecosystem and community risk.10,180,181 Although adaptation 
measures are already being taken in some areas (KM 10.2), the ability to adapt is uneven across groups, 
communities, and sectors (KM 31.2). People with socioeconomic assets such as strong social connections, 
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alternative livelihood options, and economic wealth are more resilient to climate disruptions,6,85,86,182 
and those with greater access to information and other resources will be better positioned to engage in 
adaptation efforts. Participatory planning, financial, and governance processes designed to account for 
divergent power dynamics and institutionalized discrimination can engage a broad array of community 
members in co-producing climate solutions.181 Deliberately incorporating local knowledge, perspectives, and 
values can help determine efficient, enduring, and equitable adaptation and mitigation solutions.8,180,181

Effective climate change adaptation in marine systems also depends on implementation of carbon 
mitigation. Without emissions reductions, the range of possible adaptation options decreases substantially. 
For example, adaptation options in coral and mangrove ecosystems include reducing non-climate stressors 
such as pollution and prioritizing effective harvest management and habitat restoration. With increased 
emissions, these measures will become insufficient to maintain coral and mangroves due to warmer, more 
acidic conditions, and adaptations will be limited to more expensive, higher-risk options such as active 
translocation of species, assisted adaptation, or reef shading.183,184 As emissions increase and the range of 
options for maintaining these habitats decreases, the risks of losing services they provide, such as coastal 
protection, livelihoods, food security, cultural identity, and tourism, are magnified.10

Adaptation measures with co-benefits for mitigation are especially promising. These include reef and marsh 
restoration, seaweed aquaculture, ecosystem-based management, and marine spatial planning. Nature-
based solutions have the potential to be cost-effective and self-reinforcing over time, and if implemented at 
scale, they may impart climate, societal, and ecological benefits for adaptation and carbon mitigation.185,186,187 
Solutions that include equity and diversity targets and are designed through inclusive and participatory 
approaches have the greatest potential to both address ongoing injustices and impart benefits for marine 
resource users and Indigenous communities.180,188 

Emerging technologies could further expand ocean-based mitigation, but significant uncertainties must be 
resolved. Research projects are exploring the design, manufacturing, and grid integration of wave, thermal, 
and tidal energy-capturing devices.189 Electricity and scalable zero-emission fuels such as hydrogen are 
being evaluated for decarbonizing oceangoing vessels.190 All ocean-based carbon dioxide removal techniques 
still require substantial research on scalability, durability of carbon storage, environmental and social 
impacts, governance, and financing, as well as development of suitable regulatory frameworks.169,172,191

Trade-offs among adaptation and mitigation activities, ecosystems, and social systems may become more 
challenging as more options are deployed. Ocean-based mitigation measures such as offshore wind or 
carbon dioxide removal could have environmental and economic impacts.161,192 Mitigation infrastructure may 
affect existing activities, including fishing, boating, and shipping—which are themselves adapting to climate 
change.193 Decision-making about mitigation and adaptation choices—for example, those around dispropor-
tionate environmental burdens borne by historically marginalized racial and ethnic groups or communities 
with fewer economic resources—also poses ethical challenges.194 These ethical challenges may be greater for 
actions related to the ocean, given its complex governance systems.195 

Needs and Opportunities
Ocean-related efforts to mitigate and adapt to climate change generally lag terrestrial efforts for several 
reasons, including gaps in ocean observations, lack of robust forecasts and projections, and limitations in 
mechanistic understandings of underlying climate-related changes. The ocean sector also faces challenges 
related to missing tools and services for adaptation, sector-specific (or siloed) management and governance, 
insufficient financing, and divergent stakeholder goals.10 Providing equitable access to information from 
scientific research and local knowledge, promoting evidence-based planning and adaptive management, and 
implementing actions to address near- and long-term risks can help prepare for climate impacts to marine 
ecosystems and resources.
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Data and Research
Effective and cost-sensitive responses to changing oceans entail tracking changes in social–ecological 
systems and using that information to address risks. Strategic expansion and coordination of ocean 
observations and long-term monitoring programs (inclusive of community science) are necessary to 
document changes across marine ecosystems.196,197,198,199 Indigenous and local knowledge of ecosystem 
changes can be more fully integrated with other knowledge sources to support decision-making for ocean 
ecosystems.180,200,201 Key limitations remain in tracking, understanding, and projecting changes in marine 
ecosystems and impacts on people and economies. In particular, limited data are available in the US 
Caribbean and US-Affiliated Pacific Islands. Moreover, few coordinated monitoring and information-devel-
opment efforts span regional or international boundaries.202

Climate-relevant economic and social data are not available at temporal and geographic scales necessary for 
tracking how climate change impacts on the ocean affect people. Socioeconomic data, such as the number 
of people using the ocean for recreation, are lacking or exist only at large geographic scales that do not 
support analyses of local impacts or evaluation of the effectiveness of adaptation strategies.203,204 Further, 
the lack of socioeconomic data precludes efforts to understand disparate impacts of and responses to 
climate change on communities of different sizes and income levels. 

Data-Informed Management and Adaptation
Responses to climate impacts are most successful when they incorporate robust scientific information into 
decisions, which can be supported by research and products that are designed with end users.205 Increased 
data accessibility and technical expertise focused on interpreting climate impacts and adaptation effec-
tiveness will facilitate novel research and help deliver information that is relevant to decision-makers and 
stakeholders. Continued advances in near-term to decadal forecasts are urgently needed to provide deci-
sion-makers with early warnings and shape options that are incorporated into response plans, particularly 
for extreme events such as marine heatwaves, coral bleaching, HABs, or fish population changes.206,207,208,209,210 
Mid- and longer-term projections of changes in ocean ecosystems are necessary to support risk 
assessments and strategic planning.211,212 Development of operational ocean modeling and decision support 
systems is a promising step to provide decision-makers with science-based information to implement 
adaptation measures.122,210 

Governance and Financing 
The extent of future climate impacts will depend both on the nature and magnitude of climate-related 
changes and on the degree to which individuals, businesses, communities, and governments can adapt to 
those changes.213 The pace, scale, and scope of expected climate impacts on ocean ecosystems necessitates 
assessing the ability of existing governance and management frameworks to effectively respond. There is 
also a need for financial incentives to develop and implement mitigation and adaptation actions, including 
support for community and sectoral adaptation. Adaptation and mitigation choices inevitably result in 
trade-offs that affect possible outcomes, implementation costs, and entities that bear the costs or receive 
the benefits.168 Inclusive and participatory frameworks for evaluating these trade-offs will support equitable 
deliberations about potential outcomes and uncertainties surrounding specific options. Such processes are 
especially critical for Indigenous communities with strong sociocultural connections to marine ecosystems 
and subsistence harvesters who rely on marine resources for food, nutritional, and economic security.5,214 
Adaptive governance systems and cross-sector, cross-scale coordinating mechanisms can help advance 
actions that are acceptable to multiple stakeholders.213
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Traceable Accounts
Process Description

Author Selection
Chapter leadership considered suggestions from the Federal Register Notice process and their own 
networks to identify authors with topical expertise, geographic familiarity, and disciplinary perspectives 
that span many issues relevant to the chapter. The goal was to build a diverse team in terms of racial, ethnic, 
and gender diversity; career stage; involvement in past climate assessments; and representation from the 
academic, governmental, and nongovernmental sectors. Seventeen invitations were issued, from which a 
team of eight authors was assembled, including physical scientists, marine ecologists, fishery scientists, 
economists, and policy analysts with experience assessing climate impacts on marine ecosystems, fisheries, 
marine economies, and coastal communities. Authors also have expertise in conservation approaches, 
adaptation strategies, and management measures that may buffer climate change impacts, and several 
authors are engaged in research and policy analysis related to ocean-based climate mitigation options.

Literature Review and Public Engagement
Chapter authors reviewed the Fourth National Climate Assessment (NCA4) “Oceans and Marine Resources” 
chapter215 and brainstormed topics for NCA5 that had emerged since then or were not well covered in NCA4. 
The chapter lead identified additional topics from the US Global Change Research Program (USGCRP) 
assessment review document and public comments. The importance of certain topics was reinforced and 
additional topics were identified during three public engagement workshops organized by USGCRP (January 
25, 2022), the American Fisheries Society (February 1, 2022), and the Ocean Sciences Meeting (February 24, 
2022). Initial topics were subsequently honed through agency review and public input. The author team 
routinely reevaluated the literature to incorporate scientific advances into the assessment and prioritize 
topics that could be covered within the space limitations.

Decision-Making Process
The chapter team held biweekly to weekly videoconferences to hone the chapter’s topics, Key Messages, and 
supporting information based on discussions of the state of the science. Small groups of authors developed 
text associated with each Key Message based on their expertise, literature review, and stakeholder input. 
The full author team reviewed each Key Message and its supporting information, and revisions were made 
until the team was satisfied with the text. The lead author administered a survey to elicit detailed input from 
each author on the high-level Key Message statements and the associated confidence and likelihood ratings. 
Differences in phrasing and ratings were discussed among the author team, and revisions were made until 
the group reached consensus on the content of those statements. 
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Key Message 10.1  
Unprecedented Climate Impacts Threaten Ecosystems and Human Well-Being 

Description of Evidence Base
A robust body of evidence shows that climate change is having major impacts on US marine ecosystems. 
Changes in physical and chemical ocean conditions (Chs. 2, 3)10,12 affect species through distribution shifts, 
productivity changes, and phenology alterations.15,16,18,19 In shallow-water habitats (coral reefs, seagrass beds, 
and kelp forests), climate-related declines have been documented,20,22 but limited evidence is available to 
assess impacts in the deep sea.49 In certain places (e.g., Arctic and coral reef habitats), thresholds are being 
reached, beyond which ecosystem functions will be eroded and systems will be permanently altered.22,58

Evidence documenting climate impacts on marine-dependent human communities and alterations in 
cultural and social interconnections, economies, and livelihoods is growing. Climate-driven ecosystem 
changes threaten critical social couplings that underpin the well-being, subsistence, and economic and 
cultural identities of many communities with strong ties to the ocean, particularly coastal and island-based 
Indigenous communities (KMs 29.5, 30.5).54,163 Climate change has profoundly impacted Indigenous harvest 
of marine species, including those critical for subsistence.54,56,60,62 Indigenous Knowledge continues to reveal 
the breadth of climate impacts on human health, ecosystems, and subsistence resources, as well as the 
effectiveness of adaptation measures.57,62,63

Evidence of future ecological and social impacts draws on climate projections to extrapolate contempo-
rary responses into the future. Model projections show consensus on the direction of many physical and 
chemical changes (e.g., warming temperature, declining pH; KM 2.1).179 Based on observed responses of 
species to environmental conditions and known physiological limits, populations and distributions are 
expected to be substantially altered by climate change.10,72,75,78 Impacts of marine ecosystem changes on 
humans are expected to increase as the conditions depart further from past conditions, although the 
magnitude depends on the rate of change and capacity for adaptation.213

Major Uncertainties and Research Gaps 
While overall physical and biological trends are well characterized and projected to continue, the exact 
scale, timing, and location of future impacts are uncertain. Uncertainty in the scale of impacts derives 
primarily from unclear future socioeconomic pathways (including greenhouse gas [GHG] emissions). 
Spread among models on the sensitivity of Earth’s climate to socioeconomic futures (KM 2.1) and, in some 
cases, inadequate model resolution to forecast local-scale effects also contribute to uncertainty.212 While 
the severity of extreme events will increase as natural variability occurs on top of a changing baseline (KM 
2.2), we do not know exactly when or where extreme events will occur. Thus, the continued development 
of prediction systems is a priority to extend the lead time of extreme event warnings (e.g., Tommasi et al. 
2017;210 Jacox et al. 2022206). 

Biological and ecological impacts of climate change, such as shifts in species distributions, can be assessed 
based on past observations. However, many existing observation systems were not deployed until recent 
decades,199 with the deep ocean remaining particularly under-observed.216 There is uncertainty associated 
with models of physical–biological relationships and challenges in scaling climate change impacts at the 
individual level to population dynamics, community interactions, or ecosystem functions. Data and studies 
of ecosystems and coupled social–ecological systems become scarce at large or complex scales. 

Research gaps increase across the spectrum of complexity, from physical changes to system-level ecological 
and human impacts.10 Baseline studies vary widely for ocean ecosystems and regions. For example, coastal 
ecosystems are much better observed and studied than the deep ocean, and US regions with the strongest 
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climate signals or occurrence of extreme events (e.g., Alaska, Northeast, West Coast) have been more 
extensively studied than other regions. Few studies are available for assessing climate impacts to marine 
ecosystems, resources, and communities in non-continental US regions, such as Hawai‘i and the US-Affiliat-
ed Pacific Islands and the US Caribbean.

Description of Confidence and Likelihood 
For most elements of this Key Message, the authors have decided not to assign likelihood ratings, as quanti-
tative projections of the impacts discussed are typically focused on a specific species, process, or ecoregion. 
Scaling likelihoods from these focused studies up to a general message is difficult. Statements of likelihood 
are scenario-dependent, and studies may not use the same scenarios or compare scenarios, which limits a 
consistent evaluation of likelihood.

The large and growing literature on climate impacts in marine ecosystems, coupled with attribution 
studies demonstrating that human-caused climate change is driving ocean conditions beyond the 
envelope of historical variability, give very high confidence that we have entered an unprecedented period 
of climate-driven marine ecosystem change.179,213 Studies of biological responses to climate change are 
widespread, but there is somewhat less research documenting how the cascading impacts of physical and 
ecological ocean changes affect human communities. The available information indicates that impacts are 
predominantly neutral or negative, leading to high confidence in our understanding of impacts to livelihoods, 
cultures, food supplies, and other human-ocean connections.10 A number of studies have focused on impacts 
to Indigenous Peoples, indicating very high confidence that climate change is altering ways of life, cultural 
traditions, and connections to the ocean for many Indigenous groups.54,58,68 The scientific literature over-
whelmingly projects that climate-driven changes in social–ecological systems will become more frequent 
and intense as human-caused climate change emerges further from natural climate variability, with the 
greatest impacts under high or very high scenarios.72,75 Because a large evidence base consistently projects 
higher risks to marine ecosystems under higher scenarios, this outcome is considered likely, with very high 
confidence. While there is uncertainty about the pace and effectiveness of adaptation in social–ecological 
systems, there is very high confidence that the risks will be elevated if the pace of adaptation does not match 
or exceed the pace of climate change. The existence of ecological tipping points is supported by theory 
and empirical evidence (e.g., Hoegh-Guldberg et al. 2019;77 Stewart-Sinclair et al. 2020;79 Penn and Deutsch 
202278), and the authors have very high confidence that many systems are moving toward tipping points 
and that some will be crossed in the future. This confidence is highest in ecosystems such as coral reefs 
that are experiencing frequent bleaching events and die-offs10 and in the Arctic, where declining sea ice is 
altering the ecosystem and social–ecological connections (KM 29.5). The authors have high confidence that 
as ecosystems move toward tipping points, interconnected social systems will be fundamentally changed in 
ways that threaten the well-being of people and communities.76

Key Message 10.2  
Climate Change Is Altering Marine-Related Economic Activities

Description of Evidence Base
Studies characterize the observed and projected impact of climate change on US commercial marine 
fisheries. These include temperature impacts on productivity and redistribution of species and dependent 
fisheries, communities, supply chains, markets, and fisheries management.15,69,85,96,97,100,118,121 Commercial 
fisheries and subsistence harvesters are adapting to these changes through shifts in fishing locations, target 
species, harvest diversification, and other strategies, yet adaptive capacity varies across different types of 
harvesters and communities.68,85,118,163 Projections of how climate change will affect fisheries are available 
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for many of the largest US commercial fisheries (e.g., Rheuban et al. 2017;111 Le Bris et al. 2018;32 Holsman 
et al. 2020;110 Moore et al. 2021113). However, the magnitude of impacts differs across models that vary in 
resolution, complexity, and inclusion of regional management measures.109,217 

Several studies characterize temperature- and weather-driven changes to human behavior around tourism 
and recreation,130,135,136 as well as direct impacts to resources that drive tourism.36,138,139 The data needed to 
quantify impacts and benefits of mitigation efforts in the transportation sector are more limited, although 
there has been a strong focus on the Arctic.54,60,140,143 Sea level rise will also threaten ocean transportation and 
shoreside infrastructure (KM 9.2).

Studies have determined that climate change, particularly sea level rise and stronger storms, poses a direct 
threat to ocean-based oil and gas infrastructure,155 as well as an indirect increase in the risk of oil spills due 
to climate change.154 For offshore wind, studies have estimated production capacity and variability off the US 
coasts and described potential impacts to surrounding ecosystems161,192 and existing ocean uses.158,160,162 

Major Uncertainties and Research Gaps 
Scientific literature associated with climate impacts and adaptive responses in ocean-based industries is 
developed and growing for commercial fisheries but is limited for many other sectors. Although tourism 
represents the largest sector of the ocean economy, there are relatively few studies that project climate 
impacts to the US ocean tourism sector at regional to national scales. Those that are available focus on 
specific industries in specific locations, such as cruising in the Arctic,137 coral reef tourism in Florida and 
Hawai‘i,138 and whale watching in Puget Sound.139 Studies of climate impacts on marine recreational fisheries 
are also limited,135,136 particularly compared to extensive studies of commercial fisheries. Efforts to reduce 
GHG emissions from vessels, ports, and shipping are developing,147,149 but limited data availability makes 
it difficult to track associated implementation progress and emission outcomes. Syntheses of the state of 
knowledge related to ecological, economic, and community impacts of the development of ocean-based 
renewable energy are just recently becoming available.159

The greatest limitation in understanding economic and social impacts of climate change on marine-de-
pendent livelihoods stems from the lack of publicly available economic and social data—specifically at 
spatial and temporal scales necessary to track changes, measure impacts, and make projections for marine 
economic sectors.218 This gap constrains efforts to quantify the magnitude of impacts, effectiveness of 
adaptation strategies, and differential impacts and responses across distinct groups. A nascent area of study 
concerns the interacting and compounding ecological, social, economic, and cultural impacts of changes on 
the social–ecological systems with which marine industries interact.

Description of Confidence and Likelihood 
Across numerous studies, there is high agreement and robust evidence, and therefore high confidence, that 
climate change poses significant risk to marine economic sectors and activities. This evidence includes 
various determinations of climate change risk from recent assessment reports with focused chapters 
on marine sectors and communities (e.g., Constable et al. 2022;219 Cooley et al. 2022;10 Hicke et al. 20227). 
Multiple studies have evaluated risk over time under contrasting future carbon mitigation scenarios; high 
agreement in results yields very high confidence that climate change impacts increase over time and with 
higher levels of global warming, posing higher risks to communities and groups that have fewer economic 
alternatives and lower adaptive capacity.179,213 The impacts of ocean-based climate change depend on the 
effectiveness and feasibility of adaptation measures that remain largely nascent,10 leading to medium 
confidence that adaptation measures can help reduce the impacts of climate change. Adaptation options 
narrow and challenges of adaptation increase with greater magnitude and complexity of impacts,7,10 giving 
high confidence in the limits of adaptation under higher scenarios. Quantitative projections of climate 
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impacts on marine economy sectors are few and location-specific, and they do not use multiple or 
comparable climate scenarios; as such, the authors have decided not to apply likelihood ratings.

Key Message 10.3  
Our Future Ocean Depends on Decisions Today 

Description of Evidence Base 
There is abundant evidence that the severity and rate of future climate impacts on ocean systems and 
ocean-reliant human communities will vary based on GHG trajectories, which are the outcomes of societal 
choices (KMs 2.3, 3.1). Local, regional, and sectoral impacts will be influenced by the pace and effectiveness 
of adaptation efforts.10

An increasing number of efforts indicate the potential for ocean-based mitigation and adaptation solutions. 
Advances in mitigation are being realized through the production of ocean-based renewable energy,156,157 
decarbonization of the maritime shipping industry (KM 13.2),147 and expansion of aquatic food systems 
with lower overall emissions (KM 11.1).177 In addition, nature-based solutions such as the preservation and 
restoration of blue carbon ecosystems (Focus on Blue Carbon)220 and carbon dioxide removal techniques 
that leverage ocean systems and enhance the ocean’s natural carbon sink (KM 32.3)172 may offer cost-effi-
cient and effective approaches that support carbon mitigation, climate adaptation, and biodiversity.185,186,221 
However, the benefits for adaptation and biodiversity are presently more clear than long-term benefits 
for mitigation (e.g., carbon sequestration), and more research would be needed to understand scales at 
which mitigation benefits are realized, rates of benefit growth over time, and the effectiveness of specific 
measures relative to other mitigation options.187,222

Even with swift and ambitious reductions in GHG emissions, climate impacts to oceans will continue.179 
Existing studies document how ocean users, economic sectors, and communities in the US are 
reacting to climate impacts with a variety of strategies, including business changes, early warning 
systems, evidence-based management, resilience planning, governance adjustments, and technological 
innovations.10,69,96,122 Disparities are expected because not all individuals and communities are equally able to 
adapt, yet few studies exist to understand the types of disparities that are arising, how they are distributed 
among different communities and groups, and the extent to which they are mediated by factors such as 
social connectivity, wealth, or the diversity of available livelihood options.4,86,182

There is increasing evidence that adaptation strategies that are highly coordinated, planned in advance, and 
applied to larger scales lead to more durable, equitable outcomes.7,10 Regardless of the adaptation approach, 
there is strong and abundant evidence that with continued increases in emissions, the number of effective 
adaptation options will decrease.213 Plentiful and diverse evidence from the US and worldwide indicates that 
future conditions will make it more difficult to maintain ecological, social, cultural, and economic intercon-
nections related to ocean ecosystems.213

Major Uncertainties and Research Gaps
A greater understanding of the relative benefits and risks of adaptation strategies, conditions that 
influence effectiveness, feasibility of uptake by different groups of people, and implementation costs is 
needed. Limited data and research are available to quantify the socioeconomic impacts of climate change 
and how they vary among communities or groups or to evaluate how social conditions and interactions 
(e.g., economic, governance, or social coordination) influence choices, implementation, and effective-
ness of adaptation options.10 Limits to adaptation are not yet well known for ecosystems, individuals, and 
communities. Whether certain conditions, such as social connectivity, flexibility, socioeconomic assets, and 
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livelihood diversity,4,182 insulate marine resource users from climate impacts and how they can be enhanced 
are still emerging areas of understanding. 

How ocean-based mitigation solutions would affect marine ecosystems, existing uses of the ocean, and 
marine-dependent human communities is not yet well understood. The GHG-reduction potential and 
costs of many ocean-based mitigation options are still highly uncertain, and more information is needed to 
fully assess their effectiveness, scalability, and affordability.169,176 There is an emerging body of information 
about how offshore wind development may affect the surrounding physical and natural system,159 and 
some of these insights may apply to techniques under development, such as ocean carbon dioxide removal. 
Development of new ocean uses is expected to alter access for other activities, but it is unclear how 
adaptation strategies and mitigation measures may influence ocean use patterns and the types of users who 
may be advantaged or disadvantaged by these changes.193

The strong relationship between ambitious mitigation and a larger portfolio of effective adaptations is 
recognized across many ecosystems and sectors. However, data exist for only a limited number of ocean 
ecosystems, such as warm-water coral reefs and mangroves,10 and additional ocean-focused studies would 
improve understanding. There is relatively little information on trade-offs among adaptation choices 
or interactions between ocean-focused adaptation, mitigation, and prevailing social conditions. These 
connections are mainly derived from analogy with coastal and terrestrial systems, where evidence about 
human–natural system decision-making tends to be more available.

Description of Confidence and Likelihood
Across a range of studies, climate change impacts are affecting marine social–ecological systems, and 
risks are projected to increase in the future.213 Projections consistently indicate that risks to marine social–
ecological systems are lower under climate scenarios that achieve high mitigation and adaptation and that 
are implemented sooner, yielding very high confidence in this pattern of outcomes.10 A broader array of 
adaptation options will be preserved if they are implemented sooner and keep pace with the rate of climate 
change impacts,7,10 giving very high confidence that earlier adaptation will enhance outcomes and reduce 
costs. Impacts are being observed in communities that heavily depend on marine resources and have limited 
capacity to adapt, including Indigenous communities, resource-dependent economies, and smaller-scale 
fisheries.58,68,86,118,163 These studies give high confidence that impacts are uneven and that intentional consider-
ations that promote equitable mitigation and adaptation are required to reduce disproportionate impacts.
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Introduction
A changing climate, characterized by more frequent and severe extremes events, such as heatwaves, 
droughts, and extreme rainfall (KM 2.2), will affect US agriculture, food systems (a topic not addressed in 
previous National Climate Assessments [NCAs]), and rural communities. Climate change has increased risk 
to agricultural production, for example, by disrupting growing zones, growing days, and seasonality, making 
adaptation necessary to increase resilience in an evolving landscape (KM 11.1). Climate change is projected to 
reduce the availability and affordability of nutritious food, with impacts being unevenly distributed across 
society (KM 11.2). Rural communities, which manage much of the Nation’s land and natural resources, face 
unique challenges and opportunities due to climate change (KM 11.3). 

Agriculture has always faced unpredictable weather, but a changing climate poses additional challenges. 
Examples highlighted in NCA5 include extreme precipitation events damaging crops, delaying planting and 
harvesting, and expanding pest ranges in the Northeast (KM 21.1); increased average and extreme tem-
peratures adversely affecting farmworker health in the Southeast and Southwest (Figure 11.1; KM 22.3); 
reductions in corn yield due to both excessive water and extreme drought in the Midwest (KM 24.1); greater 
incidence of heat stress on livestock in the Southwest (KM 28.3); and collapse of major fisheries in Alaska 
(KM 29.3). 

Disruptions to food systems and supply chains within them (see Focus on Risks to Supply Chains) are expected to 
increase with climate change (KM 19.1). These disruptions are projected to make some food items more expensive 
and less accessible, particularly for lower-income individuals and households, including those in rural settings. 
Food insecurity affected 10.2% (13.5 million) of US households in 2021.1 Historical structural inequities have 
influenced the distribution of resources, participation, accessibility, benefits, and burdens within the food system 
(Figure 20.1), and climate change will exacerbate these inequities (Figure 18.2). For example, many food system 
workers are both food insecure and disproportionately exposed to the effects of climate change, intensifying the 
socioeconomic impacts of these intertwined inequities.2 

Rural communities supply labor for agricultural production and other economic sectors and often serve as 
stewards of the Nation’s soil and water resources, having unique knowledge of rural landscapes. Climate 
change increases existing risks in rural communities, some of which have limited resources and infrastruc-
ture to adapt (KM 22.3). Many risks are disproportionately greater in some Black, Indigenous, Latino, and 
lower-income communities, and among some small-scale, beginning, and underrepresented farmers (KMs 
15.2, 16.2, 22.4, 26.4, 31.2). 

In summary, climate change poses significant challenges to US agricultural production, food systems, 
and rural communities—from primary producers to supporting industries to consumers. Climate-smart 
practices based on agroecological approaches are needed to both mitigate greenhouse gas emissions and 
adapt to ongoing climatic changes. Significant mitigation can occur through reductions in nitrous oxide 
emissions using precision technologies that target the right amount, source, placement, and timing of 
nitrogen fertilizer applications; formulation of methane-reducing diets in ruminant livestock systems; 
and conservation management with no-till, cover cropping, and perennial crop rotations to store more 
soil carbon. Many of these same agroecological approaches will support adaptation to climate change by 
improving soil health, increasing biological diversity, and making more efficient use of fertilizers, feed, 
water, and energy. Agricultural production is a complex web of biophysical and socioeconomic features 
interacting with environmental conditions, some of which are stable and some that are becoming less 
reliable with climate change. Reliance on more agroecological approaches is expected to help stabilize agri-
cultural production while preserving the integrity of natural resources that are vital to support continued 
agricultural production in the future (KM 32.2). Agroecological approaches seek to achieve beneficial agri-
cultural outcomes while promoting ecosystem services and rural livelihoods (Box 11.1).
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Farmworker Exposure to Extreme Heat and Smoke

Climate change increases farmworker exposure to extreme heat and wildfire smoke.

Figure 11.1. Farmworkers, for example, shown here in Salinas, California, face compounding health risks from 
extreme heat, wildfire smoke, and COVID-19 (see Ch. 15; KM 28.4; Focus on Western Wildfires; Focus on COVID-19 
and Climate Change). Photo credit: ChuckSchugPhotography/iStock via Getty Images.

Key Message 11.1  
Agricultural Adaptation Increases Resilience in an Evolving Landscape

Climate change has increased agricultural production risks by disrupting growing zones and 
growing days, which depend on precipitation, air temperature, and soil moisture (very likely, 
very high confidence). Growing evidence for positive environmental and economic outcomes 
of conservation management has led some farmers and ranchers to adopt agroecological 
practices (very high confidence), which increases the potential for agricultural producers to 
limit greenhouse gas emissions (likely, medium confidence) and improve agricultural resilience 
to climate change (high confidence).

Agriculture focuses on the provision of food, feed, fiber, and fuel. Modern agriculture provides essential 
products engineered for mass production to serve the nutritional, clothing, construction, and energy needs 
of society. Historically, excessive tillage, heavy reliance on agrochemicals, and simplified cropping systems 
have led to environmental degradation; therefore, using adaptive conservation management approaches 
and diversifying agricultural landscapes3 can build resilience—the ability to anticipate, prepare for, adapt to, 
withstand, and recover from disruptions like climate change—and improve ecosystem services that affect 
plant, animal, and human health and well-being (Figure 11.2). Indigenous Knowledge can also play a role in 
these adaptive approaches (KMs 16.3, 30.5).4,5
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Ecosystem Services: Hub of the Wheel

Ecosystem services have wide-ranging benefits for plants, animals, and human well-being.

Figure 11.2. People receive many benefits from the ecosystem, including provisioning, regulating, supporting, and 
cultural services. Adaptive management practices (see Figure 8.1) foster resilience to climate change and related 
disturbances in these ecosystem services (see Figure 8.18). Adapted with permission from MetroVancouver 2018.6

Agricultural systems depend on soil, water, air, and sunlight, which vary seasonally and may fluctuate as 
much as daily. Climate change disrupts these fundamental natural resources. Plant hardiness zones, a 
common metric for plant appropriateness for a given local climate, have shifted as climate change lengthens 
frost-free periods (Figure 11.3).7 Climate shifts, along with greater expected weather volatility, require 
changes in agricultural practices, including crop selection, use of equipment, and management approaches. 
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Projected Changes in Plant Hardiness Zones

Plant hardiness zones are projected to shift northward throughout this century.

Figure 11.3. Plant hardiness zones help local farmers and gardeners identify optimal crops to plant and when to 
plant them. Hardiness zones are projected to migrate northward as the climate warms. The maps show plant hardi-
ness zones for (a) present-day (1991–2020) climate normals, and (b) midcentury (2036–2065) and (c) late century 
(2071–2100) under a high emissions scenario (SSP5-8.5). Figure credit: USDA, NOAA NCEI, and CISESS NC. 
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Climate change exacerbates soil degradation through drought, flooding, and excessive heat events that 
disrupt normal plant production and ecosystem processes. Excessive tillage, overgrazing, and overre-
liance on agrochemicals can further deplete soil organic matter and impair soil health.8,9,10,11 Soil health 
management can improve the resilience of agricultural systems to climate change and support sustainability 
goals (Figure 11.4).12 Conservation-based agroecological approaches that improve soil health are increas-
ingly recognized as necessary to maintain productivity while achieving a healthier environment.13,14,15 While 
agroecology encompasses ecological, economic, and social dimensions,16,17,18 the fundamental scientific 
concept underlying agroecology is the use of ecological principles to sustainably design and manage agri-
cultural systems.19 Applying agroecological concepts spans a wide range of practices,18,20 which may overlap 
with nature-based solutions, precision technologies, and climate-smart agriculture aimed at climate change 
adaptation and mitigation (Box 11.1; Figure 11.5).21,22,23,24,25,26 Agroecological practices can also include matching 
species to the environment, organic matter–driven nutrient cycling, integrated management, and natural 
pest controls whenever possible,27,28,29,30 all of which are expected to reduce reliance on synthetic agrochem-
ical inputs. Further, a spatially diverse landscape of croplands, grasslands, forests, and wetlands is expected 
to support more robust ecosystem functioning (Box 11.1; Figure 11.5).

Soil as a Foundation

Healthy soil plays a foundational role in agriculture, ecosystems, society, and culture.

Figure 11.4. Healthy soil provides the foundation for many agricultural, ecological, microbiological, societal, and 
cultural activities. Climate change can negatively affect soil health, thus weakening its foundational role. Adapted 
from Baveye et al. 201631 [CC BY 4.0]. 

https://creativecommons.org/licenses/by/4.0/legalcode
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Box 11.1. Agroecological Approaches to Land Management

Multiple definitions of agroecology exist. As a result, what constitutes an acceptable practice under one definition may 
be excluded using a different definition. Here, agroecological approaches are defined as land management practices that 
integrate biophysical, technological, and social concepts and principles to guide the design and management of food and 
agricultural systems. Agroecological practices include, but are not limited to, 1) improved genetics and breeding, 2) soil 
health management, 3) integration and diversification of crops and livestock, and 4) precision technologies. Agroecology 
considers farming practices and management approaches that are developed through a systems science lens, taking into 
account local conditions and history. Agroecology might include subsistence and organic farming but may also include 
prudent use of resources through technological interventions. Regardless of scale and level of technological investment, 
agroecology is the application of science-based ecological concepts and principles to design and manage productive and 
sustainable agroecosystems. (For a more thorough discussion on agroecology, see Altieri et al. 2015.32)

Agroecological approaches are used to achieve practical, climate-smart agricultural outcomes balanced with improved 
ecosystem services and rural livelihoods. Goals of climate-smart agriculture are increased productivity, adaptation to 
climate change, and reduced greenhouse gas (GHG) emissions.33 Desired ecosystem services are to mitigate GHG emis-
sions, increase soil carbon, enhance biodiversity, improve environmental quality, and increase agroecosystem adaptability 
and resilience. Specific practices for climate adaptation are not prescribed; this scientific framework allows practitioners 
to make decisions reflecting their unique environmental and socioeconomic conditions.

Agroecology Approaches and Outcomes 

Agroecological approaches seek to achieve beneficial agricultural outcomes while promoting ecosystem 
services and rural livelihoods. 

Figure 11.5. Science-based application of agroecological approaches results in outcomes that balance agri-
cultural productivity and profitability with ecosystem services and societal well-being. Figure credit: USDA.
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Agroecologically based systems promote the transfer of nutrients between living soil components (bacteria, 
fungi) and non-living soil components (organic matter, minerals) to make nutrients more available to crops 
and minimize reliance on synthetic fertilizers. Nitrogen fertilizer is a major contributor to emissions of 
nitrous oxide (N2O), a potent greenhouse gas (GHG). Improving crop nutrient-use efficiency (i.e., increasing 
crop production per unit of fertilizer used) can reduce input costs for farmers, avoid contamination of water 
bodies from runoff and leaching, and reduce N2O contributions to climate change while also making farms 
more resilient to climatic changes (Figure 11.5).34,35

Greenhouse gas emissions from US agriculture over the last three decades have been steadily rising (Figure 
11.6). However, economies of scale, enhanced farm technologies, and improved genetics have also increased 
overall productivity, leading to lower GHG emissions per capita and per unit of total factor productivity (a 
ratio of agricultural outputs produced to inputs used). 

US Agricultural Greenhouse Gas Emissions Indices, 1990 to 2020

While total agricultural greenhouse gas emissions continue to increase, emissions per capita and per unit of 
total factor productivity (a ratio of agricultural outputs produced to inputs used) have declined over the last  
30 years.

Figure 11.6. Over the last 30 years, declines in US agricultural emissions per capita (blue line) and per unit of 
agricultural productivity (red line) reflect an increasingly efficient US agriculture sector that produces more food, 
fiber, and renewable fuel with fewer resources. Despite per capita and per unit of productivity improvements, the 
long-term trajectory of total emissions from US agriculture (yellow line) continues to rise, and mitigation remains 
a critical priority. Adapted with permission from ©Myers 2022.36

Despite greater production efficiencies (KM 11.2), total GHG emissions to the atmosphere continue to 
increase, and mitigation remains a critical priority (Ch. 32). Agroecological practices often mitigate GHG 
emissions while providing key adaptation mechanisms to overcome water deficits, improve nutrient 
cycling, avoid pest pressures, and stabilize production over time.37,38 Sequestering carbon in agricul-
tural soils has emerged as one strategy to reduce GHG emissions. Land uses and agricultural practices 
that enhance year-round plant cover and growth convert atmospheric carbon dioxide (CO2) into plant 
biomass, most of which decomposes and is re-released to the atmosphere as CO2, but a small proportion is 
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stored as soil organic matter. Because soil loses carbon much faster than it can gain carbon,39 minimizing 
disturbance and/or maintaining more stable, persistent plant cover or residues is critical for soil carbon 
storage and its associated ecosystem services. For example, perennial systems—such as agroforest-
ry that combines grassland with woodland—stimulate carbon storage in soil and in woody vegetation 
while also supporting greater biodiversity, alleviating heat stress for grazing livestock, and improving 
watershed management.40,41,42,43

Livestock production is impacted by and contributes to climate change by emitting multiple GHGs (CO2, 
N2O, and methane [CH4]), which vary in amounts by production scale. Livestock producers also face 
increasingly challenging management decisions due to fluctuations in precipitation, rangeland forage 
conditions, feed costs, and livestock market prices.44,45,46 Changing conditions have led to adaptive livestock 
management, which promotes flexible decision-making while documenting and learning from previous 
management actions.47,48 Enteric emissions from livestock production contribute 25% to total US CH4 
emissions (Figure 11.7).49 Some mitigation-reduction options, such as ruminant feed supplements and 
energy capture from liquid manure systems, have been identified (KM 32.3). Methane is a potent GHG but 
is generally shorter-lived in the atmosphere (approximately 10 years) than CO2 (months to millennia) and 
N2O (116 years; Table 2.1). More accurate accounting of global warming potential that differentiates between 
long-lived versus short-lived GHGs is expected to improve calculations of future global temperature as well 
as the non-climate benefits of GHG-specific abatement strategies, especially for CH4 from agriculture.50,51 

Cattle-Based Methane Emissions

Ruminant livestock systems contribute to US methane emissions primarily through belching.

Figure 11.7. Ruminant enteric fermentation via eructation (i.e., belching) contributes most of the methane emis-
sions from US animal production systems (85%), with smaller contributions from manure lagoons (13%) and live-
stock flatulence (2%). Enteric fermentation contributes approximately 25% of total domestic methane production, 
making agriculture the largest source of US methane emissions. Figure credit: USDA, NOAA NCEI, and CISESS NC.
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The complexity of climate-related threats and the diversity of agricultural environments in the United 
States require an array of management approaches. Matching unique regional combinations of plant and 
animal genetics with regionally relevant management practices can optimize soil carbon sequestration, 
reduce GHG emissions, and enhance adaptability to a changing climate. Finer-scale precision management 
aided by digital support tools and artificial intelligence can better account for soil and microclimate 
variability at farm, field, and subfield levels to maximize results with existing natural resources. 

At all spatial and temporal scales, accurate, reliable, and accessible data are critical for effective agricul-
tural management decisions and to improve resilience to climate change. Instrumentation and technology 
have rapidly evolved but must be harmonized with historical information to guide adaptive management 
approaches.52,53 Data collected over longer time periods are necessary to interpret, for example, water 
availability across periods of drought. Coupling field measurements with computer models can aggregate 
estimates of productivity, soil carbon changes, biodiversity, and water quality over farms, counties, and 
regions. Developing these technologies for local, regional, and national scales will help decision-making to 
address increasing competition among food, water, and energy sectors. To be effective, however, agricultur-
al data on climate-smart practices need to be widely accessible and large in scale.54

Rising concerns over food sustainability have driven public interest in alternative production of plant and 
protein sources, revealing consumer preferences for products that claim reduced GHG emissions. Examples 
include urban agriculture (e.g., community gardens, food forests, rooftop farms), controlled-environment 
agriculture (e.g., greenhouses, grow houses, growth chambers), substitution of seafood (“Blue-diet”) for 
livestock-based foods,55 plant-based meats, and cell-cultivated food production (e.g., cultured meats). These 
options offer the potential to reduce GHG emissions.56,57,58,59 However, some approaches can involve more 
infrastructure or energy inputs per unit of food production, increasing their GHG emissions compared to 
conventional farming practices.60 The development, affordability, and sustainability of alternative agricultur-
al systems will depend on social, economic, and environmental factors, as well as institutional constraints 
(e.g., laws and incentives for creating sustainable systems).61

As with terrestrial production practices, innovations in aquaculture have also led to climate-adaptive 
approaches to protein production. Aquaculture’s high feed-conversion efficiency (i.e., unit of protein 
produced per unit of feed)62 and lower overall GHG emissions compared to other animal proteins (Figure 
11.8)63 highlight its climate-smart potential to increase protein production, human nutrition, and food 
availability.64 Within aquaculture, however, GHG emissions vary by species, with seaweeds and bivalves 
among the lowest emitters.65 In addition, location of marine aquaculture and selective breeding can further 
reduce climate-related impacts.66 While planned production through aquaculture can buffer climate 
change disruptions in output from wild-caught fisheries (Ch. 10), rising temperatures, ocean acidification, 
and sea level rise due to climate change will also limit increases in aquaculture production.67 Furthermore, 
complex social and ecological concerns about aquaculture have been raised by some coastal and Indigenous 
communities. Social concerns include conflict with traditional and commercial livelihoods and consolida-
tion of business activities. Ecological concerns include introducing disease and parasites to wild species, 
competition between wild and farm-raised species, pollution, and damage to shellfish beds from fish 
farming, among others (KM 11.3).68,69
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Greenhouse Gas Emissions from Protein Production

Greenhouse gas emissions from protein production vary greatly according to food type.

Figure 11.8. Estimated greenhouse gas (GHG) emissions from protein production vary widely depending on food 
type. Global median emissions (in kg of carbon dioxide [CO2] equivalents for every 100 g of protein produced) are 
shown here for 11 major protein sources. Although cereal grains have lower protein content, they are included 
here because they contribute 41% to global protein intake. While US emissions values may differ slightly from 
global values, the relative differences in GHG emissions by protein type are expected to be consistent. Figure 
credit: USDA, NOAA NCEI, and CISESS NC. 

Creating resilient agricultural production systems in the face of climate change is possible. Agroecological 
approaches supported by conservation programs (such as those offered by the USDA through the Natural 
Resources Conservation Services, Farm Service Agency, and Risk Management Agency)70 can create rural 
opportunities (Box 25.3) while optimizing production goals with ecosystem services to store soil carbon, 
reduce GHG emissions, protect biodiversity, maintain water and air quality, and improve soil and human 
health by reducing exposure to pollutants. Producers may focus on adaptation to adjust management to 
climate change and/or on mitigation to store soil organic carbon and reduce GHG emissions. 
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Key Message 11.2  
Climate Change Disrupts Our Food Systems in Uneven Ways

Climate change is projected to disrupt food systems in ways that reduce the availability and 
affordability of nutritious food, with uneven economic impacts across society (likely, medium 
confidence). Impacts of climate change on other measures of human well-being are also dis-
tributed unevenly, such as worsening heat stress among farmworkers (high confidence) and 
disruptions to the ability of subsistence-based peoples to access food through hunting, fishing, 
and foraging (high confidence).

Climate Change Impacts on Food System Security
All dimensions of food security—availability, accessibility, utilization (or usability), and stability71—are 
expected to be affected by climate change through long-term changes in average climatic conditions 
(e.g., annual precipitation and temperature), as well as increases in climate variability and the frequency, 
magnitude, and duration of climate extremes (Ch. 2). These climatic changes are affecting all aspects of 
the food supply chain (Figures 11.9, 11.10), including production, storage, processing, distribution, retail, and 
consumption (Figure F4.1).72,73 Disruptions to the food supply chain have both local and global impacts on 
food systems, including food security (Figures 11.11, 23.9). 

At local or regional levels, extreme weather events and compound extremes (for example, a heatwave 
during a drought) are affecting local food security by damaging food production and destroying associated 
infrastructure (see Focus on Compound Events; KMs 22.4, 28.3).74,75 These impacts sometimes ripple out to 
global food systems, impacting prices and availability in other regions of the world.76,77 At national or inter-
national levels, co-occurring extremes and non-climate disruptions (e.g., recessions, pandemics, conflicts) 
sometimes cascade down to limit food access and availability at local scales throughout the world by 
reducing supplies, limiting trade, and increasing prices (KM 30.1).72,78

Vulnerabilities of food systems to climate change are a function of their complex structures, such as how 
dependent the systems are on locally grown versus imported foods79 and how systems respond to changes 
in climate, ecosystems, and socioeconomic factors (Figures 11.9, 23.9). When widespread shocks occur, local 
elements of the food system can help insulate communities against some large-scale impacts (KM 30.1). For 
example, local farmers, mobile meat processors, and food assistance organizations helped insulate their 
communities against some of the effects of COVID-19-related worker shortages in the commercial food 
processing and transportation sectors.78

Conversely, when a localized shock occurs, interstate, national, and international trade can help fill gaps 
in food availability (KM 19.2).79 Each of these local and non-local elements of the food system has unique 
strengths and weaknesses,78,80,81 including different impacts on GHG emissions, socioeconomics, and 
ecosystem goods and services (e.g., carbon storage, biodiversity, water quality; Figure 11.9; Box 11.2).
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Connections Between Climate, Food, Ecosystem, and Socioeconomic Systems

Food security is an outcome of the food system, which influences and is influenced by the climate system, 
ecosystems, and socioeconomic systems. 

Figure 11.9. A food system is a complex network that encompasses all inputs and outputs involved in food pro-
duction, foraging, harvesting, transport, processing, retailing, consumption, and food loss and waste. There can be 
different types of food systems, each having impacts on and being impacted by climate, ecosystems, and socio-
economic systems. Interactions between these systems influence human well-being through food security out-
comes, such as food availability, access, utilization, and stability. Interventions, such as mitigation and adaptation, 
can reduce risks to food systems, which improves food security and well-being within socioeconomic systems. 
Adapted with permission from Figure 5.1 in Mbow et al. 2019.82
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Example Effects of Climate Change on the Food Supply Chain

Climate change has cascading and compounding effects on all stages of the food supply chain.

Figure 11.10. Extreme events fueled by climate change (first row, icons) can affect each stage of the food supply 
chain (second row, dark blue), resulting in compounding and cascading effects on the food system (third row, light 
blue). Adapted with permission from Davis et al. 2021.72

Socioeconomic Costs of Climate Change in Food Systems
Food security risks from climate change impose socioeconomic costs that workers, producers, and 
consumers may feel but can be challenging to measure (Ch.15; KM 19.1). Climate change impacts on food 
production have been measured more comprehensively than impacts on food processing, distribution, 
marketing, and consumption.83 For example, climate change is affecting crop insurance costs and losses.84,85 
Between 1991 and 2017, increasing temperature with climate change was responsible for 19% of crop 
indemnities in the US.86

Total factor productivity (TFP) is the focus of several economic studies about the effects of climate change 
on agriculture.87 The United States has seen steady growth in agricultural TFP, 1.4% per year since 1948, 
due largely to technology improvements.88 While TFP varies annually with extreme weather events, climate 
change has dampened TFP growth in the United States by 12% over a 54-year period (1961–2015).89 Agricul-
tural TFP is projected to decline back to pre-1980s levels by 2050 unless the positive effects of innovation 
and adaptation in US agriculture (after accounting for any negative effects) can be doubled relative to 
recent historical rates.88 In the Midwest, greater specialization in crop production has instead caused TFP to 
become more sensitive to high summer temperatures and soil moisture deficits.87,90

Higher temperature and humidity are also affecting farmworker productivity, earnings, and safety, for 
example, in labor-intensive fruit and vegetable systems (Focus on COVID-19 and Climate Change).91,92 
Heat-related stress and death are significantly greater for farmworkers than for all US civilian workers, 
and the number of unsafe working days is projected to double by midcentury (Ch. 15; Figure 28.7).93,94 These 
effects on farmworker safety and productivity influence the broader economy through reduced agricultural 
output and higher food prices.95 Farmworkers also disproportionately experience food insecurity,2,96 which 
can be worsened by extreme events fueled by climate change. For example, drought reduces demand for 
farm labor, thus lowering workers’ income and ability to buy food (Ch. 28).97 
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By 2050, climate change is projected to increase some crop prices (see Table 2 of Baker et al. 201898). For 
example, a 26% price increase is expected for corn due to a 5.5% reduction in production, while a 30% price 
increase is expected for soybean due to a 19% reduction in production (relative to a no-climate-change 
baseline and averaged across nine climate change scenarios ranging from a low scenario [RCP2.6] to a 
scenario slightly higher than a very high scenario [RCP8.5]). A 26% price increase is expected for wheat due 
to a 36% reduction in production, and a 3.1% price increase is expected for rice due to a 61% reduction in 
production. Price increases depend on complex interactions between climate change, international trade, 
and domestic institutions and policies,80 but they generally benefit producers and hurt consumers (KMs 19.2, 
22.3),99 especially if consumer income cannot keep pace with rising food prices. In such cases, higher food 
prices can reduce food accessibility (Figures 11.10, 11.11).

Examples of Food System Failure Due to Climate Change

Climate change is expected to increase risks to food security in multiple ways.

Figure 11.11. This fault-tree shows some of the many ways that food system failures can occur due to climate 
change, ultimately making food less accessible, available, or usable. In some cases, food may still be available 
yet inaccessible or unusable. For example, power outages during extreme heat events or after a hurricane may 
prevent some consumers from safely refrigerating or cooking perishable foods they have already purchased. 
Adapted from Chodur et al. (2018)100 [CC BY 4.0].

Climate Change Impacts on Food Security Are Distributed Unevenly 
Climate change interacts with food security and human health (KM 15.1; Figures 11.9, 11.10, 23.4). Approxi-
mately 38 million people in the United States live in food-insecure households.1 Food insecurity is associated 
with lower income and affects both dietary quality, quantity, and stability.1 Food system disruptions during 
increasingly frequent and severe extreme events due to climate change will disproportionately affect food 
accessibility, nutrition, and health of some groups, including women, children, older adults, and low-wealth 
communities (KMs 15.2, 22.4, 28.4).101,102

For example, if climate change reduces the affordability of some nutritious foods,98 then households 
might rely more on calorically dense but nutrient-poor diets, which increase health risks and healthcare 
costs.103,104,105 Some older adults who have limited transportation or financial resources face complex 
challenges and trade-offs when trying to safely access, store, and cook adequate amounts of nutritious food, 
particularly during and following extreme events (e.g., floods that close roads or stores; KM 11.3).106,107

https://creativecommons.org/licenses/by/4.0/legalcode
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Climate change is also affecting the ability of individuals and communities to obtain food through hunting, 
fishing, foraging, and subsistence farming (KMs 16.1, 22.1, 25.3, 27.1, 30.1).108 People from a variety of socioeco-
nomic and cultural backgrounds, including some from Indigenous communities and rural areas, engage in 
these activities for various reasons, such as cultural or spiritual traditions, medicinal practices, and recre-
ational enjoyment or to diversify food types or nutritional value or reduce purchased foods.109,110

Subsistence-based people who forage for food (such as wild rice, beans, and mushrooms) may face unique 
challenges from climate change (KMs 16.1, 24.2).111 Drought can reduce the availability of forest-based foods 
such as berries, nuts, and seeds. In Alaska, where subsistence hunting and fishing are prevalent among 
Indigenous Peoples, thinning sea ice makes travel to traditional hunting and fishing/shellfishing grounds 
longer and more dangerous (Ch. 29). Ecosystem changes reduce the abundance of important species and 
alter ranges, making it more difficult for people to anticipate those species’ locations (KM 29.3).111 

Subsistence food producers may also be more vulnerable to the effects of climate change due to smaller 
farm size, insecure land tenure, lower capitalization, and other non-climate stressors (e.g., reduced 
market access).112,113 Some communities, however, are proactively leading food security projects to help 
adapt to and mitigate against climate change (Box 30.4). One example is the Osage Nation’s community 
orchard—informed by Tribal Ecological Knowledge, designed with community health in mind, and providing 
nutritious fruits, nuts, and berries for community members.114 Other examples of Tribal adaptation to 
climate change are described in Key Message 25.5 and Box 29.6.
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Box 11.2. Greenhouse Gas Emissions in the Food System

Most food consumed in the United States is domestically grown, primarily in the Midwest (KM 24.1) and California (KM 
28.3).115,116,117 Production of food is the largest contributor of GHG emissions from the food system, followed by distribu-
tion, retail, and consumption (Figure 11.12). Of the total food supply chain (Focus on Risks to Supply Chains), an estimat-
ed 30%–40% of food spoils or is wasted, largely at the consumption stage (e.g., households and restaurants).118,119,120 The 
further along a supply chain that food waste occurs, the more energy and GHG emissions have been invested. Reducing 
food loss and waste would reduce food system GHG emissions and provide opportunities to increase food security (KMs 
6.3, 32.2; Table 31.1).120 

Greenhouse Gas Emissions by Food Supply Chain Stage 

Greenhouse gas emissions differ by stage of the food supply chain. 

Figure 11.12. Greenhouse gas (GHG) emissions occur at all stages of the food supply chain. Production (i.e., 
the growth and harvesting of crops and the rearing and slaughter of livestock) represents 48% of the overall 
GHG emissions from the food supply chain. Non-carbon dioxide (non-CO2) emissions are largely from nitrous 
oxide emissions from nitrogen fertilizer and manure management and methane emissions from livestock 
production in the production stage, along with chlorofluorocarbon emissions at the retail stage. Carbon 
dioxide emissions in the primary food production stage are from soil and land-use management, fertilizer 
production, and farm energy use. Energy use is the primary CO2 emissions contributor to supply chain stages 
downstream from food production. Adapted from EPA (2021).119
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Key Message 11.3  
Rural Communities Face Unique Challenges and Opportunities 

Rural communities steward much of the Nation’s land and natural resources, which provide 
food, bioproducts, and ecosystem services (high confidence). These crucial roles are at risk as 
climate change compounds existing stressors such as poverty, unemployment, and depopu-
lation (likely, medium confidence). Opportunities exist for rural communities to increase their 
resilience to climate change and protect rural livelihoods (high confidence). 

Rural (nonmetro) areas comprise over two-thirds of the Nation’s total land area121 and are home to approx-
imately 46.1 million people, or 14% of the total US population, including the majority of Indigenous census 
respondents. Rural communities represent a way of life with unique environmental assets, cultural 
heritages, and local identities. Rural populations are stewards of forests, watersheds, rangelands, farmlands, 
and fisheries and contribute significantly to natural resource conservation and society’s benefit and 
enjoyment of some ecosystem services. Rural communities across these diverse contexts support national 
economic sustainability and food security. 

Climate Change Risk in Rural America
Climate threats compound risks posed by structural trends such as dependence on goods produced 
outside the local area, digitization of economic and social life, and demographic change that may reduce 
resilience and rural quality of life.122 Budgetary pressures during and after climate-related disasters can 
reduce local governments’ ability to provide critical infrastructure, goods, and services (KM 19.2), especially 
in under-resourced (Ch. 19; KM 22.1), Indigenous (Ch. 16; KM 25.4), and other historically overburdened 
(Ch. 20) communities.123,124,125 The increasing rate and severity of climatic disasters and the compounding 
and cascading effects of climate change place large economic hardship on local governments and rural 
communities (KM 2.2),126,127 although metrics that reflect the complexity of these challenges and their spatial 
disparities have been historically lacking. 

In recent years, there have been significant advances in analytic capabilities for identifying risk variation as 
influenced by a wide range of social (Ch. 20), economic (KM 22.3), and ecological factors (KM 24.5; Ch. 31). 
Measures that capture the ability of a community to prepare, adapt, and recover from disruption or disaster 
indicate greater risk to rural communities than what can be quantified in terms of expected annual loss due 
to natural hazards alone.128 This suggests that a broad perspective of rural risk needs to be considered in 
prioritizing and supporting resilience efforts.

Rural Community Resilience
There is considerable spatial variability in social, infrastructural, institutional, economic, environmental, 
and community sources of resilience in rural areas (Figure 11.14). However, most rural communities rank 
lowest in economic resilience and highest in environmental resilience (Figure 11.13). Resilience encompasses 
the ability to anticipate, prepare for, adapt to, withstand, and recover from disruptions like climate change. 
Rural communities have unique sources of and barriers to resilience (Figure 11.14).123 Resilience is hindered 
in communities with strained economic and social institutions.129 Many rural areas struggle to maintain 
effective government services, economic sustainability, and a strong social base. Demographic and socio-
economic trends, such as population loss and persistent poverty, limit social and economic resilience in 
some rural areas. These communities lack the capacity or resources needed for recovery in the face of 
natural hazard events (KM 22.1; Box 25.1). Lack of access to technology and a lack of institutional capacity, 
for example due to limited financial and human resources, can compound the effects of natural disasters.130 
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Historical environmental justice inequities (Figure 20.1) often underlie and add further complexity to the 
resilience of rural communities to climate change (Ch. 20; KMs 15.2, 16.2, 26.4, 27.1, 31.2). Rural communities 
that are characterized by a sense of community, self-reliance, and tacit knowledge of the natural 
environment have enhanced capacity for resilience (e.g., Box 30.6).

Community Resilience Index

Rural communities differ in the categories of the Baseline Resilience Indicators that contribute most 
substantially to their resilience.

Figure 11.13. Six broad categories (social, economic, community capital, institutional, infrastructure, and environ-
mental) constitute the Baseline Resilience Indicators for Communities (BRIC; see Figure 11.14).131 The highest (a) 
and lowest (b) relative category of resilience for communities within nonmetropolitan counties is shown at the 
county level. There is considerable spatial variability in each category of community resilience. The US Caribbean 
and US-Affiliated Pacific Islands are not represented on the map because of a lack of data. Discussion of resil-
ience vulnerabilities for these areas can be found in Chapters 23 and 30. Figure credit: USDA, NOAA NCEI, and 
CISESS NC. 
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Baseline Resilience Indicators for Communities

Rural community resilience to natural hazards is measured by several broad categories of indicators that affect 
aspects of resilience (both positively and negatively).

Figure 11.14. The Baseline Resilience Indicators for Communities (BRIC) index is a composite measure of com-
munity resilience to natural hazards. It considers 49 indicators of existing attributes of resilience arranged in six 
broad categories: social, infrastructure, institutional, environmental, economic, and community capital. It can be 
used to compare community resilience within one county to that of another (see, for example, Figure 11.13). Posi-
tive and negative drivers of resilience for rural counties are provided for each category. Figure credit: USDA.

Economic dependence on single-sector or resource-based economies, as often found in rural areas, further 
constrains resilience (KMs 22.3, 25.3).122 Many rural jobs are based on resource extraction and dependent on 
natural resources that are at an increased risk of disruption from climate hazards (e.g., the effects of rising 
ocean temperature on fisheries and the effects of drought on agriculture). Rural Alaska fishing communities 
provide a poignant example of how climate impacts compound persistent poverty, geographic isolation, lack 
of economic diversity, and resource dependence (KM 29.3). A marine heatwave, unprecedented in intensity 
and duration, hit the Gulf of Alaska from 2014 to 2016, leading to 18 fisheries disaster declarations in the 
region (Ch. 29).132,133,134 Climate change is greatly altering the conditions of fishing access and distribution, 
with increasing collapses that are leaving fishers scrambling for the few alternative income opportunities or 
taking greater risks to harvest fewer and smaller fish (KM 10.2).135,136

While rural communities face challenges, they are also making positive contributions in enhancing climate 
resilience and mitigating climate change through renewable energy production (KM 5.3). Participato-
ry approaches are needed to ensure that these efforts are equitable and meet community needs. After a 
natural disaster destroyed the town of Greensburg, Kansas, the community utilized a participatory approach 
involving multiple rounds of public meetings to engage citizens in planning a sustainable, climate-smart 
rebuilding process. Emphasis on green materials and Leadership in Energy and Environmental Design 
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Platinum–certified public buildings allowed the community to rebuild and procure 100% of the energy 
needed to supply the community through wind energy. Rural communities can contribute to an emerging 
clean energy economy, including through advanced biofuels137 and agrivoltaic systems that simultaneously 
use land for both agriculture and photovoltaic energy production (Chs. 5, 6). Alternative energy sources have 
the potential to provide a significant portion of US energy needs while also reducing emissions and creating 
additional jobs and economic opportunity in rural areas.138 
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Traceable Accounts
Process Description
The chapter lead, with input from the coordinating lead author and agency chapter lead author, recruited 
the author team exclusively from federal agencies, in accordance with the decision of the National Climate 
Assessment (NCA) Federal Steering Committee (FSC). The author team was selected to provide expertise on 
the impacts of climate change on agriculture, food security, and rural communities, with an emphasis on 
diversity in research expertise, professional experience, and gender. The author team included agricultural, 
physical, and social scientists. Some were involved with previous Assessments. The author team met weekly 
to develop and revise drafts throughout the writing process. When disagreements over content, wording, or 
figures occurred, discussions among the author team occurred until a consensus was reached by the entire 
author team.

Because this chapter covered a wide range of issues, the author team considered and discussed a broad 
array of important issues and topics. The Key Messages and topics within each theme were selected after 
weekly discussions among the authors; a review of the pertinent literature by the author team; review of 
the Fourth National Climate Assessment and other government reports dealing with climate change and 
agriculture, food systems, and rural communities; listening sessions organized by the US Global Change 
Research Program; comments on the Zero Order Draft by the FSC and the public; and comments provided 
by reviewers on later drafts. A stakeholder public engagement workshop on January 28, 2022, also gave the 
public an opportunity to provide feedback on proposed Key Messages and topics. Based on these delib-
erations and feedback from the public, the author team decided to 1) make justice, equity, diversity, and 
inclusion issues a priority, reflecting the stated goals of the Fifth National Climate Assessment (NCA5); 2) 
focus on the entire food system rather than just at or behind the farm gate; and 3) reflect growing societal 
interest in an expanded set of agricultural outcomes beyond agricultural productivity. 

The decision to include food systems as a key theme was driven, in part, by the FSC’s decision to add “Food 
Systems” to the NCA5 chapter title. Chapter authors recognized that the US food system is shaped by many 
factors in addition to on-farm agricultural production. Climate and weather events impact food transpor-
tation, processing locations, and waste streams and intensities. Agricultural production is also affected by 
upstream value chains that influence on-farm production. Therefore, a more holistic approach was taken to 
understand climate and its changes.

Throughout chapter development, chapter leadership regularly engaged with leads from other relevant 
chapters to discuss cross-cutting issues and how best to incorporate them among the chapters.

Key Message 11.1  
Agricultural Adaptation Increases Resilience in an Evolving Landscape

Description of Evidence Base
Agricultural Production at Risk
Extensive peer-reviewed literature has shown that climate change is slowing agricultural productivity and 
increasing agricultural vulnerability.84,89,139 Multiple assessments have quantified that increasing air tempera-
tures have lengthened the growing season in the contiguous US by about two weeks.7 Higher temperatures 
are projected to lead to greater weather volatility, increased frequency and/or severity of extreme events 
(drought, frost damage, floods), and greater pest/disease incidence, all of which disrupt crop and livestock 
growth as well as the timing and effectiveness of agricultural management operations.



Fifth National Climate Assessment

11-25 | Agriculture, Food Systems, and Rural Communities

Adoption of Agroecological Practices
A growing number of agricultural studies report that agroecological practices can maintain agricultural pro-
ductivity while also promoting a broader range of ecosystem services.13,32,140,141 A recent survey of US farmers 
showed greater voluntary adoption rates of agroecologically based conservation practices in the last 10 
years.142 While the chapter does not discuss why US producers adopt, retain, or reverse practices, research 
consistently shows positive correlations between producer adoption of agroecological practices and envi-
ronmental attitudes, formal education level, and awareness of a program/practice.143,144,145,146

Greenhouse Gas Emissions
The assessment of agricultural contributions to national greenhouse gas (GHG) emissions relied on 
inventories and estimates from the EPA49 and were supplemented by data from other federal sources as well 
as numerous academic studies. Calculations of overall estimated GHG emissions from the agricultural sector 
among these various sources were comprehensive and in good agreement. 

Mitigation via Agroecological Management 
A growing body of evidence shows that adoption of agroecological management practices and technolog-
ical advances can mitigate agricultural GHG emissions. Soil carbon storage can be increased with no-till 
cropping and diversification of production systems (e.g., greater crop rotation complexity, perennialization 
through more grazing lands and/or agroforestry).147,148 Nitrous oxide and methane emissions can be reduced 
with improved management (e.g., efficiencies in fertilizer use, water use, and animal grazing and feed).39,149,150 
In addition to increasing the likelihood of GHG mitigation, implementation of such key strategies is 
projected to reduce dependency on exogenous inputs, protect the environment, and enhance agroecosys-
tem resilience to climate changes.151,152,153,154

Major Uncertainties and Research Gaps
Although climate change impacts on agricultural crop and livestock production are known,88,155 future effects 
at the farm, regional, and national scales are uncertain given the variety of adaptation strategies that can 
be deployed. Further, how these adaptation strategies will interact within highly spatially and temporally 
variable landscapes (i.e., soils, weather, topography) increase the uncertainty of strategy effectiveness.

Curbing GHG emissions from soil (carbon dioxide [CO2] and nitrous oxide) remains a challenge, because 
greater production demands are expected to require tillage in some production environments and greater 
fertilizer inputs to stimulate growth. One major research gap is determining whether and how rapidly 
practices can be widely deployed to reduce emissions. There is also considerable uncertainty in the capacity 
of soils to increase carbon storage, given the many interacting factors between management, weather, and 
landscape properties. Improved livestock diet formulations and integrating livestock into cropping systems 
could significantly reduce GHG emissions, but scaling issues remain unresolved.

Crop production could be more resilient to climate changes if soils were healthier than at present, but the 
speed with which such a transformation is possible using an agroecological approach remains unknown.156,157 
Future water availability has a major impact on soil health, and forecasting this will be a challenge. 

Description of Confidence and Likelihood
Confidence is very high and it is very likely that growing zones and growing days are changing. Historical 
evidence from a nationally distributed weather network and independent measurement and modeling 
studies consistently document increasing annual average air temperatures, increasing nighttime tempera-
tures, and greater variability in frost-free periods. The body of evidence indicates an overall migration of 
growing zones and growing days toward northern latitudes and higher altitudes.
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Confidence is very high for greater adoption of agroecological practices by producers. Statements on 
increasing adoption of agroecologically based conservation practices are supported by evidence that agri-
cultural productivity can be maintained and/or increased while improving environmental outcomes. 

Confidence is medium and it is likely that agricultural mitigation strategies will significantly reduce total 
GHG emissions because there is significant spatial and temporal variability in soils, weather, and type/
timing of practices. Measured and modeled literature supports statements that agroecological approaches 
can increase soil carbon and improve efficiencies will mitigate GHG emissions.

Confidence is high that agricultural resilience can be improved in response to climate change. An increasing 
body of evidence shows that greater stewardship and new economic opportunities (i.e., carbon markets, 
conservation program cost-shares) can confer greater resilience through improved soil health and 
resource-use efficiency of external inputs.

Key Message 11.2  
Climate Change Disrupts Our Food Systems in Uneven Ways

Description of Evidence Base
Food System Resilience
Much of the research on climate change impacts to US food systems, including economics research, 
focuses more on agricultural production and less on food processing, distribution, marketing, and 
consumption.72,83,158 The literature provides some qualitative examples of impacts to these other sectors (e.g., 
Chodur et al. 2018;100 Reardon and Zilberman 201883), but the extent is limited and quantitative estimates 
are rare.

Socioeconomic Costs of Climate Change in Food Production
A larger set of literature exists on economic impacts of climate change to agricultural production. 
Economists have focused particularly on impacts to total factor productivity (TFP) of agriculture, which 
is the ratio of agricultural outputs produced to the quantity of inputs used.87,88,89 This literature is mostly 
consistent in describing the negative impact and general magnitude of climate change effects on US agricul-
tural TFP. Methods are well established, based on broader economic analyses of climate change impacts on 
productivity of entire economies (not just agriculture; e.g., Letta and Tol 2019159).

Also abundant is economics research on climate change and international trade of agricultural products.80,160 
This topic is not covered in depth here but can be summarized as 1) how climate-driven changes in 
agriculture production around the globe affect US agriculture through international trade98 and 2) how 
interstate trade helps dampen economic impacts of climate change on US agriculture.79 

Implications of Climate Change for Food Prices
Basic economic theory on supply, demand, and prices indicates that a reduction in agricultural yields due 
to climate change, and subsequent reductions in supply of an associated food product (holding all else 
constant), should increase that food product’s price. In reality, complexities arise because not all else is 
held constant. For example, when wheat yields in the US Central Plains are negatively affected by drought, 
trade among states and nations dampens the impact on wheat prices. At the same time, consumer incomes 
and tastes for wheat versus substitute and complementary goods might also change, for entirely separate 
reasons, making it challenging to quantitatively isolate the effects of climate change on wheat prices. 



Fifth National Climate Assessment

11-27 | Agriculture, Food Systems, and Rural Communities

Due to complexities in markets for agricultural and food products, relatively few economic studies have 
estimated the effects of climate change on prices of multiple agricultural commodities and food products 
at a national or international scale. The few studies that have (e.g., Baker et al. 2018;98 Beach et al. 201599) 
reached similar conclusions about the direction of impacts and are generally consistent with economic 
theory (i.e., when supply decreases, holding demand constant, price should rise). It is more difficult to assess 
the accuracy of the magnitude of their price change estimates.

Climate Change Impacts on Food Security Are Distributed Unevenly
Impacts of rising air temperature on outdoor workers’ safety and productivity are well understood (Chs. 3, 
15).92 Consistent across multiple studies is that outdoor workers, including farmworkers, will be exposed to 
more heat stress in the future due to climate change. Disproportionate food insecurity among farmworkers 
in the US is also well documented in the literature, with consistent findings.2,96 

The impacts of climate change on home food procurement activities, such as hunting, fishing, foraging, and 
subsistence farming are well documented in the literature.110 Regarding impacts to Indigenous Peoples, Nor-
ton-Smith et al. (2016)111 reviewed the literature on this topic and found abundant examples and agreement 
among studies; more recently, STACCWG (2021)161 provides numerous examples directly from Tribes and 
Tribal Peoples. 

Major Uncertainties and Research Gaps
Socioeconomic Costs of Climate Change in Food Production
The role of interstate trade in dampening the impacts of climate change has been studied less extensively 
than the role of international trade, but Dall’Erba et al. (2021)79 provided a peer-reviewed example of this 
emerging body of literature. 

Implications of Climate Change for Food Prices
Major sources of uncertainty in economic modeling of climate change impacts on crop yields and prices 
result from assumptions about 1) choice of climate models, 2) breadth of impacts from CO2 fertilization, 3) 
land-use change and yield aggregation, 4) GHG mitigation efforts, and 5) future socioeconomic conditions.162

Climate Change Impacts on Food Security Are Distributed Unevenly
In studies of food-system workers’ exposure to climate change impacts, sources of uncertainty include 
underreporting of heat-related stress among undocumented workers; variability in individual, workplace, 
and community risk factors; and future changes in the location of crops and labor needed.94 There are 
also relatively few studies documenting or projecting how climate change affects food insecurity among 
farmworkers or other disproportionately affected groups, such as women, children, and older adults.

Description of Confidence and Likelihood
The statement about climate change impacts on the affordability of nutritious food is based on a relatively 
small number of studies about US agricultural TFP, but those reached consistent conclusions about impact 
direction and magnitude. Conclusions are also consistent with broader research about the separate effects 
of climate change on yields (or output) and input use. Therefore, confidence is medium with a likelihood 
level of likely.

The statement about the magnitude of quantitative impacts on food prices is based on a small number of 
contemporary studies with many sources of modeling uncertainty about complex national and international 
markets for agricultural and food products. However, statements about the direction or sign of estimated 
impacts on food prices, assuming climate change decreases the supply of some agricultural or food 
products, are consistent with economic theory. Additionally, numerous studies have consistently found that 
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food price increases have uneven economic impacts across society, with reasonable levels of uncertainty.163 
Therefore, overall confidence about the direction or sign of change in food affordability, with subsequent 
uneven impacts across society, is medium.

The statement about worsening farmworker exposure to heat stress is based on numerous studies with 
consistent findings and reasonable levels of uncertainty. Confidence is high. 

The statement about worsening ability to obtain food through hunting, fishing, and foraging is based on 
numerous studies with consistent findings and reasonable levels of uncertainty. Confidence is high.

Key Message 11.3  
Rural Communities Face Unique Challenges and Opportunities

Description of Evidence Base
Extensive evidence supports the importance of agriculture as a driver of rural economics and social 
systems.164,165 Efforts to conserve the natural resources on which rural communities depend, not only 
for agriculture but also for other natural amenities–based industries (e.g., recreation and retirement 
destination), are well documented.166,167 Ample research documents challenges for rural communities in 
sustaining their way of life. Challenges include decreasing and aging populations, limited resources available 
for education and workforce development, limited capital access, infrastructure needs, limited access to 
healthcare services, and land-use preservation.168,169,170,171,172,173 Further, many rural communities have high 
concentrations of socially vulnerable and historically underserved populations. A growing body of research 
illustrates that these populations are disproportionately at high risk of climate change impacts, which can 
further exacerbate existing problems.83,101,123,174,175,176,177

Community resilience indices (e.g., Baseline Resilience Indicators for Communities) and related metrics 
(CDC’s Social Vulnerability Index, FEMA’s National Risk Index for Natural Hazards, and the Census Bureau’s 
Community Resilience Estimates) are increasingly being used to inform community disaster prepared-
ness and climate change adaptation research.177,178,179,180,181,182 Data to further support this work contribute to 
an emerging area of study of climate resilience measurement. Recent advances include improvements in 
small-area estimate methodology (https://www.census.gov/programs-surveys/community-resilience-es-
timates.html) and emerging public–private partnerships that leverage artificial intelligence and machine 
learning (e.g., First Street Foundation’s Risk Factor and Headwaters Economics’ Rural Capacity Map).183,184,185

Major Uncertainties and Research Gaps
Numerous federal, state, and local programs focus on capacity building and specifically provide support 
and services to rural and underserved communities.165,186,187 However, there is uncertainty about rural 
community sustainability and resilience to climate change. Many of the challenges and stressors faced by 
rural communities are long term, including but not limited to persistent poverty, population loss, an aging 
population, natural resource depletion, loss of farmland, and limited on- and off-farm economic opportu-
nities.121,188,189,190,191,192 Further, while many rural communities share similar challenges, they are not socially, 
culturally, economically, or environmentally homogenous.193 Greater confidence in the ways communities 
could successfully adapt to perturbations would require additional research and training from a variety of 
potential strategies across the diversity of rural communities.

https://www.census.gov/programs-surveys/community-resilience-estimates.html
https://www.census.gov/programs-surveys/community-resilience-estimates.html
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Description of Confidence and Likelihood
Extensive data show that rural communities support agricultural systems, which provide essential sources 
of food, fuel, feed, and fiber. Rural communities and their residents manage more than two-thirds of 
US land194 and thus bear responsibility for protecting the natural resources and ecosystem services and 
disservices they provide. Confidence is high. 

Extensive evidence indicates that climate change and its compounding effects exacerbate existing stressors 
such as poverty, limited revenue, unemployment, and depopulation on rural communities. However, studies 
on the impact and extent of these detrimental impacts on the ability of these communities to continue to 
provide food, fuel, feed, and fiber resources to the Nation are less numerous. Evidence indicating that these 
communities will lose the ability to manage natural resources and maintain current levels of ecosystem 
services is limited. Confidence is medium with a likelihood level of likely.

Evidence from numerous communities documents the existence of opportunities for rural communities 
to increase climate change resilience. However, future climate change impacts on rural livelihoods and the 
long-term efficacy of rural resilience efforts are uncertain. Significant variability exists in the challenges and 
needs of individual rural communities.195 Confidence is high.
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Introduction
The built environment includes human-made or modified landscapes, structures, and infrastructure 
systems that bring together people, services, and economic activities. This chapter focuses on the built 
environment found in and around cities and suburbs across the country, where most Americans live and 
work. Cities and urban areas are also a key part of the country’s culture, nature, and historical heritage. The 
choices that we make today in cities, suburbs, and the built environment to address climate change will 
affect the livelihoods, well-being, and quality of life for all Americans in the future.

Climate change has multiple and compounding effects on cities and the built environment. Cities and urban 
areas are notable drivers of climate change through the creation of greenhouse gas (GHG) emissions from 
human consumption and land-use change (KM 12.1). Attributes of the built environment also influence local 
and regional climates, which are further impacted by climate change. Across the country, cities face rising 
temperatures and sea levels, as well as changes in extreme events such as droughts, wildfires, extreme 
precipitation, flooding, and heatwaves (KM 12.2). Climate change is projected to have cascading effects on 
critical energy, transportation, communication, and supply chain systems (Chs. 5, 13, 18; Focus on Risks to 
Supply Chains). Climate projections also show demographic and land-use changes and uneven distribution 
of climate change risk (Chs. 2, 3). Urban infrastructure will be further strained by climate change unless 
effective GHG mitigation and climate adaptation actions are undertaken.

Many city governments are planning for short- and medium-term climate risks to protect their economies 
and the well-being of communities and residents (KM 12.3). These plans involve forward-looking infrastruc-
ture designs, land use and zoning, building codes, decision support tools, and services to ensure residents’ 
quality of life. However, implementation of these actions is uneven and limited in scale and often lacks 
long-term vision (Chs. 31, 32), and not all city governments recognize the inequities experienced by over-
burdened communities. Persistent gaps in the provision of health services, housing, food, transportation, 
employment opportunities, and green spaces put already-overburdened communities at a greater risk of 
adverse climate impacts. 

The recent growth in the number of local and community-led approaches points toward the potential for 
more inclusive planning and implementation of climate actions (KM 12.4). Still, without evidence-based 
strategies to evaluate climate actions, cities risk investing in infrastructures and built environment systems 
that lock in future urban GHG emissions, underperform or have shortened life spans, and exacerbate 
adverse climate risks to overburdened communities. 
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Key Message 12.1  
Urban Areas Are Major Drivers of Climate Change 

Consumption of food, energy, water, and materials is a major driver of global climate change, 
and these consumption activities are disproportionately concentrated in urban and suburban 
areas (virtually certain, very high confidence). 

Human consumption and economic activity in urban and suburban areas across the country contribute 
a significant portion of total US GHG emissions and other air pollutants.1,2,3 The precise proportion of 
emissions from urban areas depends on their definition as well as the attribution of emissions from 
consumption (upstream), waste (downstream), and the import and export of goods and services (indirect 
emissions) to urban areas.4,5 Emissions are also unevenly distributed among cities, with the largest 10 cities 
plus the top 5% of suburbs accounting for more than half of all emissions in the country.6

Cities have large GHG emissions in absolute terms (i.e., total emissions). Approximately 70% of urban GHG 
emissions come from building energy consumption, fuel for transport, industry, electricity supply, and con-
struction (Figure 12.1).5,7,8 While high population densities in urban areas may correspond to lower per capita 
emissions, this metric usually does not capture the full extent of indirect emissions and consumption by 
urban residents as well as spatial variation within urban areas.3,9
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Greenhouse Gas Emissions by US County and Affiliated Territories

Urban and suburban areas contribute the majority of total greenhouse gas emissions through their consumption 
and populations. 

Figure 12.1. The maps show the total (a) and per capita (b) emissions, measured in millions of metric tons of 
carbon dioxide equivalent (CO2-eq) and metric tons of CO2-eq per person, respectively. Total GHG emissions 
across the country are concentrated in cities and suburban areas. However, per capita emissions levels of urban 
and suburban residents are relatively lower compared to rural areas, although measurements usually omit indirect 
emissions by urban residents or the variations in their consumption levels. Emissions sources included are from 
electricity and natural gas used by residential, commercial, and industrial buildings, together with gasoline and 
diesel fuel used by on-road transportation, but do not include consumption of food, water, and materials. Data 
for the 50 states plus DC are by county or county equivalent for the year 2016. Data for Palau (PW), Guam (GU), 
Republic of the Marshall Islands (MH), Federated States of Micronesia (FSM), American Sāmoa (AS), US Virgin 
Islands (VI), and Puerto Rico (PR) are territory-wide—all for the year 2019 except FSM, whose data is from 2017. 
Commensurate data for the Northern Mariana Islands (MP) is not available. Figure credit: University of California, 
Davis; Northern Arizona University; NOAA NCEI; and CISESS NC. 

Total emissions from urban areas may continue to grow with urban population. Figure 12.2 illustrates 
projected changes in US population to 2100 for urban and rural areas. Higher incomes and lower population 
densities relate to higher residential energy use, including transportation GHG emissions.10,11 All of these 
observations indicate that if urban areas continue to grow in population, extent, and level of wealth as 
expected, their total emissions will also increase unless these linkages can be changed through mitigation. 
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Urban and Rural Population Trends

Urban areas constitute a significant majority of the total US population in all future scenarios.

Figure 12.2. Panel (a) shows projected changes in urban (including suburban) and rural population in the US from 
2020 to 2100 based on Shared Socioeconomic Pathways (SSPs), along with modeled scenario uncertainties in 
shaded areas. SSPs describe potential futures of greenhouse gas emissions and economic development, so the 
range of uncertainty is bounded by the overall impact of climate interventions over time. Panel (b) shows the 
proportional split between urban and rural populations based on an average SSP scenario. It shows that the pro-
portion of urban population is expected to increase over time. Such a trend highlights the importance of reducing 
emissions in urban areas and the built infrastructure systems that concentrate in and around cities. Demographic 
data are available only for the 50 states plus DC and not available for the US Caribbean or US-Affiliated Pacific 
Islands. More extensive discussions of regional data availability constraints can be found in Chapters 23 and 
30. Figure credit: University of California, Davis; Florida State University; Massachusetts Institute of Technology; 
NOAA NCEI; and CISESS NC.
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Key Message 12.2  
Attributes of the Built Environment Exacerbate Climate Impacts, Risks, and Vulnerabilities 

Urban development patterns can exacerbate climate change impacts such as increases in 
heat and flooding (virtually certain, very high confidence). Climate change is amplifying existing 
loads and stressors on the built environment, and this is expected to continue (virtually certain, 
very high confidence). Urban areas face elevated risk as both people and the built environment 
are exposed to climate hazards, and these risks are distributed unevenly across the population 
(virtually certain, very high confidence).

Urban development patterns—resulting from past decisions about urban land use—significantly influence 
local and regional environments (Ch. 6), and these patterns can exacerbate the local effects of climate 
change. Depending on the type of built environment, both urban growth and land-use change have 
impacted and will continue to impact surface and ambient air temperature,12,13,14,15,16,17 local and regional 
humidity,18,19 wind patterns,20 precipitation,21,22,23 flooding (KM 4.1),24,25,26 dispersion of air pollutants,22,27 
intensity of storm surges, and amount of sea level rise.28 Figure 12.3 shows several examples of common built 
environment types—also termed local climate zones (LCZs)—found in cities and suburbs across the country. 
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 Examples of Built Environment Types Found in US Cities

Cities across the US include multiple types of built environments, ranging from dense urban cores to much less 
dense suburbs. 

Figure 12.3. This figure illustrates five examples of a land-use and land-cover classification scheme called local cli-
mate zones (LCZs).29 The scheme includes 10 classes and assumes that neighborhoods of the same LCZ are sim-
ilar in their ability to modify urban climate and are different from neighborhoods of other LCZs. Residents living 
and working in more compact neighborhoods with a high density of mid- and high-rise buildings are more likely 
to experience urban heat islands, as buildings retain heat and prevent ventilation. Industrial areas also see higher 
temperatures because of the lack of shade from tree cover and the ways dark pavement or asphalt can trap heat. 
The examples shown in this figure are for illustrative purposes only. Adapted from Masson et al. 202030 [CC BY 
4.0]. Photo credits: (Seattle) july7th/E+; (Chicago) Arial_Bold/iStock; (Washington, DC) Lingbeek/E+; (Charleston) 
Kruck20/iStock; (Jacksonville) Art Wager/E+; (Anchorage and Tucson) Jacob Boomsma/iStock; (Salt Lake City) 
olaser/iStock; (Long Beach) Jorge Villalba/iStock; (Texas City) Art Wager/iStock. All photos via Getty Images.

Changes in design, form, and mass of buildings and configurations of streets, open green spaces, and water 
features—as well as their interactions—have direct effects on urban temperature and energy demand (Figure 
12.4).5,31,32,33 For example, average daytime land surface temperatures in Las Vegas are approximately 3.6°F 
(2°C) higher in areas classified as heavy industry than those classified as high-rise. Nighttime air tem-
peratures, in particular, are expected to be higher across many urban areas due to radiant heat and heat 
conductance from buildings (Figure 12.5).34,35 

https://creativecommons.org/licenses/by/4.0/legalcode
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Effects of the Built Environment on Local Temperatures

Different aspects of the built environment affect temperatures in urban areas. 

Figure 12.4. Cities are often warmer than their surroundings because of the urban heat island effect—the prev-
alence of higher air temperatures in urban areas because of the overall density of buildings, heat absorbed and 
emitted by buildings and asphalt, and heat from commercial, industrial, and household activities. The hatched por-
tions of the bars show how the effects of warming or cooling of each factor vary depending on the local climate 
context. For example, vegetation has a stronger cooling effect in temperate and warm climates. Adapted with 
permission from FAQ 10.2, Figure 1 of Doblas-Reyes et al. 2021.36 
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The Urban Heat Island Effect

Urban heat islands are most prominent in dense downtown areas with little access to open space. 

Figure 12.5. The figure illustrates temperature fluctuations across natural and built environments in a typical late 
afternoon in the summertime. Downtown areas with dense high-rise buildings experience the heat island effect 
because concrete and asphalt absorb and retain heat. Waste heat from cars, air-conditioning, and other human 
activities also contribute to the heat island effect. Cooler temperatures are found around urban parks, green 
spaces, open land, and in suburbs and rural areas. The temperature lines are shown for illustrative purposes and 
do not represent the climate in a particular city. Figure credit: ©Heat Island Group, Lawrence Berkeley National 
Laboratory. Adapted with permission. 

Climate change creates negative and cascading effects on the built environment, with many infrastructure 
systems either projected or observed to be at risk of failing.37,38,39,40 Temperature extremes also increase the 
energy demand of buildings as well as GHG emissions and air pollution.41 Flooding overwhelms stormwater 
systems,42 corrodes structures, scours foundations, and worsens indoor air quality through mold and 
bacteria.43 Flooding can also inundate critical digital communication and internet infrastructure.44,45,46 In 
addition, extreme heat and precipitation reduce the life expectancy of road pavements and tarmac surfaces 
(Ch. 13), and wildfire smoke reduces the life expectancy of heating, air-conditioning, ventilation, and 
filtration systems.47 

Many infrastructure systems across the country are deteriorating and at the end of their intended useful 
life, and many of these are not designed to cope with additional loading due to climate change.48,49 Climate 
change has significant structural implications for buildings,50,51 as well as different risks to public, historic, 
and cultural assets.52,53 Many model building codes have incorporated some hazard mitigation and climate 
adaptation elements; however, there remains insufficient progress in incorporating these standards at the 
state and local levels and in developing comprehensive architectural, design, and engineering codes and 
standards that enable adaptation to a wide variety of climate impacts.48,54,55,56,57,58 

Long-term climate uncertainties will also affect future construction and maintenance of dams, levees, 
bridges, stormwater systems, electrical distribution systems, and building enclosures, as well as the 
protection of historic assets.59,60,61,62,63 Impairment, damage, and failure across infrastructure systems are 
often not monitored, evaluated, or publicly disclosed within the context of climate change.64 New stressors 
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such as human migration (KMs 20.3, 28.4, 30.3),65 supply chain disruptions (Focus on Risks to Supply 
Chains),66,67,68 and the COVID-19 pandemic (Focus on COVID-19 and Climate Change) all highlight the inter-
dependent vulnerabilities of infrastructure.

Observed and anticipated climate changes disproportionately burden low-wealth communities, groups that 
are historically excluded from decision-making, and individuals with lower educational access (Ch. 20; KM 
9.2).69,70,71 Low-wealth neighborhoods are more exposed to heat extremes (Figure 12.6; Ch. 15),72,73,74 where hot 
weather leads not only to physical discomfort for many people but also higher rates of illness and death.75,76,77 
Flood risk across the country is expected to increase disproportionately for census tracts with higher Black 
and Hispanic populations.78,79 These disproportionate impacts are in part a consequence of exclusionary 
development practices such as redlining. Exclusionary housing practices—which persist today—leave over-
burdened communities with lower access to heat-reduction strategies such as urban trees and green space, 
as well as to broader economic and social resources.73,80 

Another example of the uneven impact of climate change on the built environment is the deteriorating 
indoor air quality experienced by people living in neighborhoods with substandard housing. This includes 
exposure to allergens such as mold and dust 81 and pollutants such as carbon dioxide 82 and nitrogen 
dioxide.83 In wildfire-prone regions, indoor air quality is additionally compromised by smoke (Ch. 28; Focus 
on Western Wildfires). There are also potential negative mental health outcomes from decreases in social 
interaction and physical activity when people are confined indoors to avoid temperature extremes.84



Fifth National Climate Assessment

12-14 | Built Environment, Urban Systems, and Cities

Land Surface Temperature and Its Relationship to Median Household Income for Three Cities

Lower-income urban neighborhoods experience higher surface temperatures. 

Figure 12.6. The figure shows the spatial distribution of maximum land surface temperature (LST) in 2020 for At-
lanta (a), Houston (b), and Minneapolis (c). Graphs (d), (e), and (f) depict the relationship between maximum LST 
and median household income across census tracts in each city (see also Figure A4.4). A statistical trend analy-
sis (the Theil-Sen estimator) returns negative values for all three cities, indicating that LST decreases as income 
increases (solid red line). Dashed red lines indicate the 95% confidence interval, meaning that the true slope of the 
trend is expected to fall within this range. Note that LST is measured at ground level and may differ from surface 
air temperature, which is measured at a height of 2 meters. Portions of this figure include intellectual property 
of Esri and its licensors and are used under license. Copyright © 2020 Esri and its licensors. All rights reserved. 
Figure credit: University of California, Davis; University of Texas at El Paso; Massachusetts Institute of Technology; 
City of Phoenix, Arizona; US Geological Survey.
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Climate change impacts in urban areas are costly because of the density of infrastructure, people, and 
services (Ch. 19).85,86,87 Estimates of projected annual losses vary widely based on data available and the 
full range of scenarios applied.88,89,90 A more detailed assessment of the ways extreme events and climate 
impacts are attributed to human activities can be found in Key Messages 3.3 and 3.5. Consistent with 
federal guidance,89 annual loss estimates are assessed ranging from a middle-of-the-road scenario, where 
GHG emissions trends do not shift markedly from historic development patterns, to a path of more rapid 
technical progress and increasing resource intensiveness. Quantifying annual losses according to this range 
can support decision-making at the local level.90 

For urban drainage systems across the contiguous US, for example, projected average annual loss estimates 
range from $5 to $6.8 billion in 2090, while annual losses to electricity demand and supply systems are 
estimated to be $4.1–$11.2 billion in 2090 (in 2022 dollars, undiscounted).86 For transportation infrastruc-
ture, average annual losses are estimated to range from $9.8 to $24.3 billion for roads and $620 million 
to $1.2 billion for bridges in 2090 (in 2022 dollars, undiscounted).86 Costs are concentrated in the eastern 
half of the contiguous US due to a higher density of transportation infrastructure.91 However, in one 
western state alone—Alaska—the projected annual costs of repairing, rehabilitating, or reconstructing the 
damage to built infrastructure from climate change could range from $100 to $207 million in 2090 (in 2022 
dollars, undiscounted).86

Coastal counties and communities across the country are home to 123 million people (40% of total 
population; Ch. 9).85,92 In the contiguous US, if no adaptation efforts are taken, estimates of average 
annual losses to coastal properties range from $112 to $146 billion in 2090 (in 2022 dollars, undiscount-
ed).86 Estimates of the value of coastal property at risk of inundation across the contiguous US range from 
$17 to $582 billion (in 2022 dollars, undiscounted).85 Regions where risks to coastal properties are highest 
include the Southeast and Northeast Atlantic coast and Southeast Gulf coast.85 Coastal property losses on 
the Southeast Atlantic coast are estimated to be nearly $692 billion per year by 2090 without adaptation 
(in 2022 dollars, undiscounted), with southeast Florida representing more than 80% of the total losses in 
the region.91

Homeowners, renters, stewards of cultural assets, investors, and actuaries now have greater access to 
information disclosing climate risks.93,94,95 This information is critical for assessing, appraising, and managing 
climate risks to the built environment.85 For example, real estate markets are responding to climate risk with 
adjustments to property values96,97,98,99,100 and changes in mortgage lending practices.94,101 Increasing awareness 
and belief in climate change can shape the degree to which land and property values account for climate 
risks.98,102 Awareness of climate change is also associated with less housing construction in high-risk areas.103 
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Key Message 12.3  
Urban Environments Create Opportunities for Climate Mitigation and Adaptation 

Cities across the country are working to reduce greenhouse gas emissions and adapting 
to adverse climate impacts (likely, high confidence). Some states and cities are integrating 
climate considerations into relevant codes, standards, and policies. However, the pace, scale, 
and scope of action are not yet sufficient to avoid the worst impacts, given the magnitude of 
observed and projected climate changes (virtually certain, very high confidence). 

The number of city-level GHG emissions-reduction and climate adaptation actions continues to grow 
(Figure 32.20),104,105 although actions are concentrated among wealthier and more populous cities with 
resources to do more.74,106,107,108 Federal initiatives to aid city-level efforts include the US Climate Resilience 
Toolkit, a guide for planning, funding, and implementing resilience efforts;109 the National Integrated Heat 
Health Information System, an interagency portal for supporting communication, capacity building, and 
decision-making around heat;110 funding opportunities such as FEMA’s Building Resilient Infrastructure 
and Communities (BRIC) program; and community development block grants that consider climate risks in 
projects that affect low-wealth communities. 

As of March 2023, 25,500 local governments and 246 Tribal governments had updated hazard mitigation and 
resilience plans,111 although not all explicitly address climate risks.112 Several hundred local jurisdictions have 
drafted climate action plans that specifically include GHG emissions inventories and reduction targets.104 

City governments and residents have numerous options to lower GHG emissions and adapt to climate 
impacts (Table 12.1; Figures 31.1, 32.21). Urban temperature and energy demand can be reduced through 
physical changes in the built environment. For instance, cities can adopt or initiate certification programs to 
reduce building emissions, such as using the Phius standard for passive buildings113 or the International Code 
Council’s 2020 National Green Building Standard.114 Cities are also using new technologies such as machine 
learning, remote sensing, social media, and crowdsourced initiatives to gather more climate information and 
reduce GHG emissions.115,116,117,118,119,120,121
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Table 12.1. Examples of Mitigation and Adaptation Options in Cities and Built Environments

These examples of mitigation and adaptation options are drawn from published sources or from other NCA5 chapters. Ex-
amples are illustrative and do not represent a comprehensive list. A longer discussion of potential greenhouse gas emissions 
reductions by mitigation actions can be found in Chapter 32 (see Figure 32.22). Option categories are adapted from Carmin et 
al. 2015; IPCC 2022, 2022; and Dodman et al. 2022.122,123,124,125 

Societal Options Examples

Programs and services Climate action planning, disaster management and response, housing provision, public health 
services, environmental monitoring

Economics and finance Social safety nets, insurance products, public finance mechanisms (such as bonds) (Box 12.1)

Communication and 
decision support

Early warning systems, hazard vulnerability assessments, health awareness training, risk 
assessments, civic partnerships, regional collaboratives

Building Options Examples

Energy performance
Energy-efficient building retrofits, on- and off-site renewable energy production and use,126 
community/shared solar, energy-efficient lighting and appliances, monitoring and benchmark-
ing,127 grid-interactive buildings (see Ch. 5)

Codes and standards
Building ventilation;71 cool and evaporative roofs;128 vegetated roofs;129 risk-reduction 
standards; resilient construction materials;130,131 electrification, energy efficiency, and other 
GHG emissions reductions132

Land-Use and 
Ecosystem Options Examples

Gray infrastructure High albedo/reflective pavements, coastal protection (such as seawalls), dams, flood controls, 
drainage (see Ch. 9)

Natural, green, and blue 
infrastructure Urban ecosystems and biodiversity, street trees, greenery, coastal wetlands and dune systems

Land management
Zoning to reduce impact exposure and support GHG emissions mitigation,133 co-location of 
development with low-GHG transportation and technologies,134 reduced encroachment on 
natural lands, fire management, land restoration

Migration and relocation Managed retreat (see Chs. 9, 16, 29, 31)

Resource use Improved water supply, reduced emissions from waste and wastewater

Urban Transport Options Examples

Electric/fuel-efficient 
vehicles

Electric vehicle charging networks,135 purchase and operation incentives,136,137,138 GHG and air 
pollution emissions standards (Ch. 13)

Transit, active transport Active transport infrastructure provision (see Ch. 13), safety and comfort measures 

Many of the examples highlighted in Table 12.1 have mitigation and adaptation co-benefits.139,140,141,142,143 Figure 
12.7 illustrates select co-benefits associated with storing and sequestering carbon, preserving habitat and 
biodiversity, and improving water, air, and soil quality in urban areas (trade-offs are discussed in KM 12.4).
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Natural Infrastructure in Cities 

Natural infrastructure in cities provides climate mitigation and adaptation benefits. 

Figure 12.7. The figure illustrates the potential benefits (in no particular order) of integrating natural infrastructure 
strategies—also termed green, blue, or nature-based solutions—within the built environment. Nature-based, green, 
and blue infrastructure options are strategically planned interconnected sets of natural and constructed ecosys-
tems, spaces with vegetation or waterscapes, and other landscape features that provide important greenhouse 
gas mitigation and climate adaptation functions, as well as improve human well-being, biodiversity, and ecosys-
tem health. This figure shows examples of how urban forests and street trees can sequester and store carbon 
while simultaneously reducing building energy demand. Reducing municipal water use can provide a mitigation 
benefit by decreasing energy use in wastewater treatment plants. Adapted with permission from Figure 8.18a of 
Lwasa et al. 2022.144

Natural and nature-based solutions—of both “green” terrestrial vegetation and “blue” marine or aquatic 
varieties—can have GHG mitigation and climate adaptation co-benefits (Ch. 8).13,145,146 Many nature-based 
solutions target extreme heat and flood hazards. Notable examples include the use of urban forestry 
practices to promote mature-tree shading to reduce urban heat island impacts.74,77,147 Green roofs and 
green walls can reduce heat stress, increase stormwater runoff retention,148 and lower building energy 
demand.149,150,151,152 City governments and communities can draw on different green and nature-based 
solutions—as well as traditional “gray” interventions—ranging from urban parks to green roofs and porous 
pavements (Figure 12.8).153 All of these solutions require sufficient investment in design, construction, and 
long-term maintenance, as well as consideration of trade-offs (e.g., water consumption for tree planting), to 
realize their full GHG mitigation and/or climate adaptation potential. 
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Green, Blue, and Nature-Based Solutions

Cities have diverse options for climate adaptation and mitigation. 

Figure 12.8. The figure illustrates various built environment options that consist of green, blue, and nature-based 
components. Examples, which are for illustrative purposes only, highlight how city governments, communities, 
and residents can draw on diverse options to adapt to climate impacts, reduce greenhouse gas emissions, and se-
quester carbon in the built environment: (a) remnant forest in Forest Park, Portland, Oregon; (b) urban agriculture 
in Chicago; (c) bioswale in Portland, Oregon; (d) wetlands at Bayou Bienvenue Wetland Triangle, New Orleans; (e) 
urban park in Boston; (f) street trees in Miami; (g) green roof in Arlington, Virginia; (h) porous pavement in Milwau-
kee, Wisconsin. Photo credits: (a) Ari Weil via Flickr [CC BY 2.0]; (b) Linda N. via Flickr [CC BY 2.0]; (c, d) ©Annie 
Marissa Matsler; (e) Kelly Sikkema via Unsplash; (f) Faith Crabtree via Unsplash; (g) Arlington County via Flickr [CC 
BY-SA 2.0]; (h) Aaron Volkening via Flickr [CC BY 2.0].

Forward-looking designs and governance solutions that consider joint social, ecological, and technological 
systems (SETS) can better anticipate and respond to future climate change (Figure 12.9).154,155,156,157,158 Such an 
approach assesses the vulnerability of urban infrastructure and standardizes design methods to account for 
future climate risks.159,160 This approach also highlights the need to think across ecological, social, and tech-
nological components of the built environment to provide GHG mitigation or climate adaptation benefits, 
in addition to equitably protecting public health, safety, and welfare57,62,154,157 for communities that have been 
overburdened and underserved based on a historical lack of infrastructure investment.161 Forward-looking 
designs can also prevent cities from locking in building technologies, land uses, infrastructure plans, and 
transportation choices based on past GHG emissions levels (Chs. 13, 32).60

https://creativecommons.org/licenses/by/2.0/legalcode
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Social, Ecological, and Technological Components of Infrastructure

Urban infrastructure involves joint social, ecological, and technological systems. All face risks from climate 
change individually and in interconnected ways.

Figure 12.9. This figure is an example using water and wastewater systems to highlight the social, ecological, and 
technological interdependencies of infrastructure. Urban ecosystems (such as waterbodies), built infrastructure 
(such as pipelines and pumps), and social systems (such as residents) are impacted by climate change individ-
ually. Climate change also affects the interactions between these systems, such as when flooding overwhelms 
pipelines and disrupts service to utilities and/or increases utility costs for consumers. Forward-looking climate 
actions that consider these interactions—such as how improvements in water infrastructure affect the urban 
ecosystem and level of access by underserved communities—can lead to more effective and equitable outcomes. 
Adapted with permission from Markolf et al. 2018.156 

Despite a growing number of actions, city governments remain slow to mitigate GHG emissions, adapt to 
climate impacts, and reduce the negative effects of urbanization on the local and regional climate.74,103,104,16

2,163,164,165,166 Actions can be hampered by the long duration of planning and decision-making processes,167,168 
ambiguity around what counts as climate action,165,166 financial constraints (Box 12.1), government staff 
turnover, difficulties with public buy-in, and gaps in knowledge and awareness.163,169,170 These barriers 
constrain the ability of cities to plan for long-term and complex climate challenges (Ch. 18), such as extreme 
heat and drought,171 or to effectively evaluate planning progress.61 Smaller cities and communities generally 
have fewer resources and less capacity to deal with these challenges.74,106,107,108 

To bridge these barriers, cities can pursue partnerships with governments at all levels, sectors, Tribal 
communities, utilities, and local residents (Table 12.2).106,170,172 One example is the National Building 
Performance Standards Coalition, a nationwide group that promotes GHG emissions reduction, electrifica-
tion, and social equity goals in building performance programs.173 Some cities have appointed chief resilience 
officers163 and chief heat officers.171 Cities also develop relationships with university researchers and city-to-
city networks.107,174,175,176,177 There is growing evidence of policy diffusion and learning across cities, metropoli-
tan regions, and states.105,178,179,180,181,182,183
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Box 12.1. Financing Climate Action in Local Governments

Local governments can both fund and finance climate actions.184 Climate change also poses new fiscal risks such as 
declining revenues and taxes from properties and businesses located in high-risk areas.79,162,185,186,187 While the number of 
financial programs, tools, and incentives has grown, structural barriers and lack of capacity remain obstacles for many 
cities and communities (Ch. 19).184 External funding options are limited since most states allocate less than 1% of their 
operating budgets to climate actions, although some notable exceptions include New Hampshire (4.9% in 2015), Delaware 
(3.3% in 2015–2016), and Missouri (3.1% in 2016).185 Some cities—such as those that are part of the Southeast Florida Re-
gional Climate Change Compact188—are pooling their resources with neighboring jurisdictions, but managing these funds 
is challenging.106 Many infrastructure providers also have limited ability to pass on additional costs of climate change 
through user fees and assessments.189 

Cities are increasingly utilizing public and private financing models to invest in climate action.190 Because climate invest-
ments are seen to reduce physical and policy risks, they benefit cities by improving their creditworthiness.191,192 At the 
same time, a shift toward private financing models results in competing infrastructure obligations and credit constraints, 
which limit city governments’ planning capacities.193 For instance, overburdened and underinvested communities face 
increased risk exposure when markets are unwilling to finance local risk-reduction infrastructure.194 Despite these limita-
tions, financial markets are moving forward with mitigation and adaptation investment strategies and products across 
diverse asset classes, including green bonds.195,196,197 

Key Message 12.4  
Community-Led Actions Signal a Shift Toward Equitable Climate Governance 

There is varying progress in considering who benefits from, or bears the burden of, local 
climate actions (very likely, high confidence). The emergence of local and community-led ap-
proaches—coupled with increasing collaboration among city, Tribal, state, and federal govern-
ments—indicates a movement toward more inclusive planning and implementation of climate 
actions (likely, high confidence).

Urban planning has made progress on including overburdened and underinvested communities, including 
those that have been historically excluded from decision-making. However, progress on advancing social 
equity and inclusion has been slow, uneven, and lacking in scale.166,198,199,200 Approaches for evaluating the 
social impact of climate actions are also generally lacking (KM 31.3).201,202,203 These gaps raise questions about 
not only the efficiency and effectiveness of local planning and investments but also the distribution of the 
cost burdens associated with climate actions.204

Cities are confronting difficult decisions around how to fairly and equitably distribute the benefits and 
burdens of GHG mitigation and climate adaptation investments and actions. Social equity and justice 
are important considerations when evaluating potential trade-offs between GHG mitigation, climate 
adaptation, and urban development. For example, floodplain restoration can reduce property damage 
and promote development in adjacent areas,140,205 but it can also shift flood risks from one location to 
another.206,207 If risks are shifted to burden frontline communities, low-wealth populations sometimes 
relocate to equally high-risk areas.208 Similarly, urban heat planning can reduce excess heat stress and 
promote physical comfort in indoor and outdoor spaces by retrofitting buildings and by designing active 
landscapes.165,209,210,211,212 While high-quality building retrofits can improve comfort and indoor air quality, 
poor-quality building retrofits that simply seal off buildings to minimize infiltration can worsen indoor air 
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quality by creating higher levels of trapped indoor air pollutants.213 The health effects of indoor air pollution 
on building occupants pose additional risks to groups that have previously received poorer healthcare 
services and have lived in historically redlined neighborhoods.214,215 

Just as with traditional gray infrastructure, the political, economic, and governance processes behind 
implementing green and blue infrastructure and nature-based solutions can result in social inequity and 
exclusion, although more research is needed to empirically measure how and how much these inequities 
and exclusions occur. For instance, efforts to cool streets by planting trees or creating flood barriers that 
also serve as parks can increase the amenity value of properties and lead to gentrification and displace-
ment.153,216 Climate gentrification may also arise from greater consumer demand for housing in lower-risk 
areas.217 This highlights the need to address trade-offs between responding to climate change and 
social equity.

Pursuing inclusive and equitable climate governance can be a way to combat historic underinvestment and 
limited access to efficient, healthy, and affordable services and infrastructure in cities. Grassroots, commu-
nity-led, and participatory actions are being documented across some cities, many of which draw on a city’s 
civic and social infrastructure as well as residents’ interest in pursuing zero-carbon, climate-resilient, and 
socially equitable development (Table 12.2). These actions tend to prioritize distributional strategies, such as 
sharing benefits and burdens more fairly, rather than inclusive efforts that recognize the needs, values, and 
knowledge of communities that have been historically excluded from decision-making or future generations 
more generally.169,178,199,204,218,219 

Table 12.2. Examples of Local and Community-Led Actions

Examples of local and community-led actions are sourced from an assessment of published examples. Cities, local communi-
ties, and residents can draw on more community-led actions and forward-looking planning processes, as well as pursue collab-
orations with other city, Tribal, state, and federal governments. Examples are illustrative and do not represent a comprehensive 
list. 

Category Examples

Community-Led Planning 
and Implementation

• Neighborhood heat action plans co-created with the community220 
• Neighborhood resilience hubs that support community development and resources for 

emergency response221

• Virtual platforms to connect overburdened communities across the country

Inclusive and  
Forward-Looking 
Urban Planning

• Equity training for city staff and decision-makers, e.g., the US Department of Housing and 
Urban Development Citizen Participation and Equitable Engagement Toolkit222 

• Plans with focus on youth, gender, and racial inclusion169

• Reallocation of funds to support community engagement 
• Scenario planning,112,223 games,175,224 and future visioning225 

Multilevel Collaboration 

• Cross-Tribal networks226

• Collaboration with nongovernmental organizations227 
• Creation of new leadership and coordinating roles171 
• Expansion of public participation opportunities169,218

Competing resource, capacity, and policy demands from across other local, Tribal, state, and federal entities 
can constrain the scope, scale, and pace of efforts to further fair and equitable GHG mitigation and climate 
adaptation. Such challenges could be addressed through future actions that prioritize long-term planning, 
new technologies, and radically different infrastructure designs, as well as through better understand-
ing of how shifts in society and culture can help create a more socially just, inclusive, and equitable built 
environment. 
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Traceable Accounts
Process Description
Chapter 12 authors were selected according to three criteria. The first criterion was necessary disciplinary 
expertise as identified through the public call for comment on the Fifth National Climate Assessment 
(NCA5) draft prospectus—which called for social scientists, engineers, economists, architects, and urban 
ecologists/climate scientists—together with an initial visioning exercise by the chapter lead author based 
on reflections of key gaps and opportunities highlighted in NCA4. The second criterion was representation 
of diverse institutional affiliations, including those from the Federal Government and academia, as well 
as those with practitioner experience. A final criterion was recognition of diverse life and career stages, 
personal histories and backgrounds, and regional and geographic representation. The application of all three 
criteria led chapter leadership to select 11 individuals (three federal and eight academic) who encompassed 
early-career and senior professional stages and represented diverse disciplinary, personal, and geographical 
backgrounds. 

The authors collected references through extensive searches on web platforms, including Scopus, Web of 
Science, and Google Scholar. The search focused on peer-reviewed scientific literature, working papers, 
and technical reports published since NCA4 to identify core areas of knowledge advancement since 2018. 
The literature search focused on eight topical areas: 1) urban and regional climate models and scenarios; 
2) physical impacts and risks to the built environment; 3) sector-specific economic and human costs in 
the built environment; 4) social, ecological, and spatial vulnerabilities in the urban environment; 5) urban 
mitigation and adaptation options; 6) urban social equity and justice; 7) urban governance and deci-
sion-making; and 8) metrics and indicators. This led to a literature database of more than 600 sources. The 
author team then evaluated the sources to generate key themes and messages, which were then used to 
compile the four Key Message sections. 

The public engagement process for Chapter 12 occurred in two phases. First, the chapter Zero Order Draft 
(ZOD) was publicly released through a Federal Register announcement in January 2022. The ZOD then 
proceeded through a six-week public commenting period. Detailed responses to these public comments 
were completed by the deadline of May 27, 2022. Second, the chapter ZOD went through one public 
engagement workshop on January 14, 2022. The workshop was attended by approximately 160 participants 
representing community groups, private-sector stakeholders, interested individuals, academic institutions, 
and nonprofits, as well as government scientists across local, state, and federal levels. The objective of the 
workshop was to provide participants an opportunity to exchange ideas with the author team on chapter 
key topics, share resources, and give feedback on issues of importance to the chapter topics. 

Efforts to synthesize and assess literature were conducted in a collaborative and iterative manner, with 
extensive redrafting and revision efforts by all chapter authors. The approach was guided by the extensive 
literature database as well as chapter authors’ own disciplinary expertise. The chapter team held weekly 
meetings throughout the drafting phase, with specific Key Message teams separately meeting nearly as 
frequently to discuss, draft, and revise specific sections of the chapter text. Additionally, extensive dialogues 
with other NCA5 chapter authors and 17 technical contributors held throughout 2022 and the spring of 2023 
helped to ensure the comprehensiveness and representativeness of topics covered in the chapter. 

Finally, the chapter Fourth Order Draft (4OD) went through a 12-week public review and commenting period 
between November 2022 and January 2023. This was accompanied by an extensive peer review conducted 
by the National Academies of Sciences, Engineering, and Medicine (NASEM). Detailed responses to both 
public and NASEM comments on the chapter 4OD were completed and approved by the chapter’s review 
editor by April 28, 2023.



Fifth National Climate Assessment

12-24 | Built Environment, Urban Systems, and Cities

Key Message 12.1  
Urban Areas Are Major Drivers of Climate Change

Description of Evidence Base 
The evidence base for Key Message 12.1 draws on an extensive literature—based on diverse quantitative, 
geospatial, remote sensing, and different modeling methodologies—assessing how land-use, economic 
development, and human settlement patterns have affected and will continue to affect local and regional 
climate processes. Recent research highlights how the consumption of food, energy, and materials in urban 
areas is a driver of global climate change.1,2,3 Key Message 12.1 builds on established assessments produced 
in the Second State of the Carbon Cycle Report (SOCCR2), published in 2018. It specifically builds on Chapter 
4, “Understanding Urban Carbon Fluxes,” in SOCCR25 by highlighting the science behind the role of urban 
areas as primary sources (i.e., responsible for a large proportion) of greenhouse gas (GHG) emissions across 
North America.6 

Key Message 12.1 draws on scientific evidence behind cities as drivers of climate change. A significant 
amount of research across the fields of urban ecology, energy studies, climate modeling, physical geography, 
and engineering shows that urban and suburban areas contribute approximately 75% of total global GHG 
emissions,1 although this is distributed unequally, as the 100 largest cities account for 18% of global GHG 
emissions.3 As in the literature, Key Message 12.1 categorizes GHG emissions into Scope 1, 2, or 3 emissions. 
Scope 1 and 2 emissions refer to direct GHG emissions associated with fuel combustion in industrial or 
transportation sectors and direct emissions attributed to the energy for heating and cooling, respectively.4,5 
The scientific evidence additionally illustrates various approaches to accounting for indirect emissions—
that is, Scope 3 emissions—which are incurred through the purchase of goods and services, distribution of 
goods and services through supply chains, and waste generated in operations of built environment assets. 
Studies note that across all these different forms of emissions, it is necessary to think beyond the physical 
boundaries of urban areas.3 

Major Uncertainties and Research Gaps 
There are uncertainties pertaining to the calculation of different sources of GHG emissions within the 
built environment, as well as difficulties in geographically bounding the “urban” area.4,5 Comprehensive 
accounting of GHG emissions from cities and urban systems includes Scope 1, 2, and 3 emissions, but the 
data challenges of consistent attribution of emissions to individual cities are very high.3,9 For example, 
there is evidence that cities are underreporting their own GHG emissions due to incomplete or missing 
data.2 Attributing GHG emissions to cities and suburban areas requires apportioning emissions across 
multiple systems with multiple conceptual boundaries, including, but not limited to, spatial and territorial 
boundaries; useful lifetime and utilization of particular built environment systems; fixed and variable costs; 
ownership and decision-making; embodied emissions in material consumption and flows; and additional 
indirect effects and interactions between stages of use. 

As in all forecasting, projecting future carbon emissions from cities and urban systems is inherently 
challenging because of considerable uncertainty about future trends and their interactions. Research into 
where and how the urban population will grow; what technologies will be available and put into use; and 
how people decide to build, maintain, and live within cities all depend on the interaction of future economic, 
social, technological, policy, and climate trends that cannot be known with complete certainty. 

Description of Confidence and Likelihood
The available recent scientific evidence documenting the role of built environment systems and urban 
areas as drivers of climate change is extensive (e.g., Gurney et al. 20185), hence the attribution of very high 
confidence. The scientific evidence attributing GHG emissions to land-use change, economic and industrial 
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development, and human settlement patterns1,2,3,12,13,14,15,16,17 is virtually certain. This likelihood assessment 
reflects a near scientific consensus that urban and suburban areas—through fossil fuel–driven industrial 
production, economic growth, transportation, and human consumption—contribute a majority of total 
global GHG emissions.

Key Message 12.2  
Attributes of the Built Environment Exacerbate Climate Impacts, Risks, and Vulnerabilities 

Description of Evidence Base 
The evidence base for Key Message 12.2 draws on the extensive scientific literature documenting both 
observed and projected future natural, physical, and atmospheric trends associated with the effects of 
climate change on the built environment. There is broad scientific consensus that local and regional climate 
change in and near urban areas across the country will be affected by changes in land use, development, and 
human settlement patterns.5,31,32,33 The Key Message assesses the extensive literature on impacts to surface 
and ambient air temperature,12,13,14,15,16,17 local and regional humidity,18,19 wind patterns,20 precipitation,21,22,23 
flooding,24,25,26 dispersion of air pollutants,22,27 and intensity of storm surges and sea level rise.28 

Literature from the fields of urban planning, geography, ecology, architecture, and engineering all note that 
the design, form, and mass of buildings and the configuration of streets and open spaces, together with 
their interaction, have a profound influence on urban climates.5,31,32,33 In particular, urban systems directly 
add sensible heat to the environment via radiant heat and heat conductance from buildings,35 and this is 
illustrated in Figures 12.4 and 12.5. There is significant research noting how extreme weather events such as 
landfalling hurricanes, heatwaves, and storm surges attributed to climate change have increasingly affected 
densely populated urban communities and their built infrastructure, as well as the ecosystems on which 
they depend.20

Key Message 12.2 assesses the scientific evidence on how climate change is posing risks to built environment 
systems and urban communities. Extensive evidence documents the increasing number of disasters as well 
as their increasing damage costs (Figure A4.5)87 Recent scientific efforts—such as Martinich and Crimmins 
(2019), CBO (2019), and EPA (2021)85,86,228—seek to quantify the potential damages across diverse built environ-
ments, including the property and housing sectors, for projections based on multiple scenarios (e.g., RCP4.5 
and RCP8.5 in the examples noted above) to the end of the 21st century. Sea level rise and increases in the 
frequency of hot days and extreme temperatures are key climate risks for cities documented extensively in 
the literature. 

Key Message 12.2 also assesses US dollar estimates of projected annual damages in 2090 to different 
built environment sectors. Such quantitative estimates vary widely depending on the scenario applied 
to calculate future costs. As consistent with recent IPCC Assessment Reports and federal guidance, this 
chapter applies commonly used scenarios, including SSP2-4.5, which corresponds to a mid-range path of 
GHG emissions, and SSP5-8.5, which represents a high-end resource-intensive development path (KM 
3.3).89,229 Although there continues to be debate on the likelihood of a high-end GHG emissions scenario,88 it 
is still common practice to quantify the full range of potential damages to infrastructure to support deci-
sion-making, especially for those tasked with making more near-term decisions (2050 or sooner).90 

The Key Message assesses scientific research into the amplification of risks across built environment 
systems through compounding and cascading events.37,38,39,40 As most infrastructure systems are designed 
for current climate conditions and are not built to withstand future climate projections, extensive evidence 
documents how the additional loads and stressors on infrastructure systems attributed to climate change—
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especially when combined with the operational constraints of infrastructure—lead to cascading impacts 
across the built environment and connected systems.39 The extensive evidence assessed in Key Message 12.2 
also shows how cities and urban systems will spatially concentrate risks due to current levels of infrastruc-
ture deficits, unequal exposure of people and assets, and high levels of socioeconomic inequalities.85,87 There 
is clear evidence that climate change also poses substantial financial risks to real estate assets,230 while 
low-wealth communities are often less able to respond to climate change impacts or recover from exposure 
to extreme temperatures and natural disasters.69,70 This Key Message responds to a larger (and growing) 
literature assessing climate vulnerability of urban residents,70,215,219 particularly noting that frontline, overbur-
dened, and low-wealth communities are often disproportionately affected by climate extremes. 

Multiple emerging stressors highlight additional intersecting vulnerabilities in the urban built environment. 
Research has documented an increasing general awareness of climate risks by infrastructure managers, 
property developers, stewards of heritage sites, and urban residents.93,94,95,100,103 This increasing awareness 
about climate risks is associated with less housing construction in high-risk areas. Key Message 12.2 
therefore draws on the expansion in professional training, certification, guidance, assessment of existing 
land use, building codes and standards, risk communication, and efforts to define climate temporal and 
spatial resolution information needs. 

Major Uncertainties and Research Gaps
The speed, geographic distribution, and extent to which key climate stressors will change over the intended 
service life of the built environment is uncertain, as is the burden of these impacts on urban communities. 
Changes in stressors and levels of burden are already observed and documented,37,38,39,40 but uncertainties 
depend on the rate of global climate change as well as regional and many local and site-specific factors, 
such as changes in urban population, social inequalities, and the broader economy. 

It is also unknown how extensive changes in engineering design practices and management of infrastruc-
ture systems will change in response to—and in efforts to adapt to—changing climate stressors. Engineering 
and architectural design professionals typically focus on weather extremes,48,54,55,56,57,58 which are projected 
with more uncertainty compared to changes in average conditions. Actions to account for future climate 
impacts depend on the ways decision-makers evaluate the costs and benefits of implementing different 
infrastructure designs. It is unknown how different infrastructure systems will function under changing 
climate conditions and what the anticipated effects on urban systems and cities will be. Another gap in 
understanding is whether the pace and scale of changes in architectural and engineering design practice 
associated with the built environment and infrastructure systems are sufficient to address the pace and 
scale of expected climate change impacts.

Finally, there remain gaps in understanding of the market response in locations currently exposed and 
sensitive to climate shocks and stressors. The extent to which US financial markets can pursue innovations 
that provide anticipatory investment and appraisal services within the global market is unknown. Similarly, 
the way in which the design and construction market can innovate to provide these services to the global 
market is unknown. 

Description of Confidence and Likelihood
There is scientific consensus that the increased rates of urbanization have significantly transformed the 
land use and land cover of cities across the US, contributing to the general degradation of the urban and 
regional climates.31,32 The extensive scientific evidence evaluates how, for many urban areas, these processes 
will be significant and potentially dominant drivers of changes of urban climate over the remainder of this 
century.34 The evidence therefore points to very high confidence in the role of climate change in exacer-
bating and amplifying loads on the built environment as well as imposing additional burdens on urban 
communities and infrastructure systems. There is also scientific consensus on how climate change poses 
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additional risks to infrastructure systems. The literature describes, in virtually certain terms, that cities 
concentrate risks given current levels of infrastructure deficits, unequal exposure of people and assets, and 
high levels of socioeconomic inequalities.37,38,39,40 Climate impacts are virtually certain to disproportionately 
burden low-wealth communities, groups that have been historically excluded from decision-making, and 
individuals with lower educational access.69,70,71 The extensiveness of scientific evidence supporting these 
observations therefore gives the third statement of this Key Message an assessment of very high confidence.

Key Message 12.3  
Urban Environments Create Opportunities for Climate Mitigation and Adaptation 

Description of Evidence Base 
Key Message 12.3 assesses scientific evidence of observed progress in mitigating GHG emissions and 
adapting to adverse climate impacts among cities across the country. Research shows that the technology 
or changes necessary for carbon neutrality are generally available and known to cities. Research has 
highlighted the growing number of cities that recognize the need to establish GHG-reduction targets; 
however, this research also shows that many lag behind these targets in implementation104,105 or have broad 
efforts to reduce GHG emissions that tend to be similar. Since NCA4, more scientific evidence has pointed 
to cities planning to build resilience and adapt to climate change.111,112 Research continues to note that efforts 
to enable GHG mitigation and climate adaptation, as well as efforts to realize their co-benefits remain 
difficult to implement.162

Recent scientific evidence documents how an increasing number of states and cities are considering climate 
risks in their relevant codes, standards, and policies, although such progress is not yet sufficient. For 
instance, there are emerging building standards, codes, and designs to enable forward-looking and anticipa-
tory approaches to planning and designing for climate change across different built environment and infra-
structure types.62,154,157 Many city governments are also exploring strategies to protect infrastructure against 
sea level rise in the near and long term. 

Example actions that are rapidly gaining popularity are nature-based solutions,13,145,146,153 including those 
illustrated in Figures 12.7 and 12.8. Since NCA4, there has been a marked increase in the scientific literature 
documenting climate actions that utilize natural materials and processes to help protect infrastruc-
ture against different kinds of extreme risk.146 An increasing number of quantitative, qualitative, and case 
study–based research has focused on nature-based solutions such as marshes, mangroves, dunes, beach 
nourishment, and several other types of natural structures (see Figure 12.8). Table 12.1 synthesizes some 
examples of GHG mitigation and climate adaptation actions in cities and the built environment that are 
sourced from published examples or from other NCA5 chapters.

Key Message 12.3 assesses the scientific evidence in quantifying a range of economic, health, and environ-
mental co-benefits from mitigation and adaptation actions in cities and built environment systems.139,141 
Since NCA4, there is now a better understanding of how climate co-benefits are distributed across a 
community—in particular among overburdened and underserved communities—and how they can help to 
reduce gaps in uptake by increasing adaptive capacity while addressing historical disparities.142,143 

Major Uncertainties and Research Gaps
Despite recent advances in scientific research on the different ways climate change efforts are integrated 
into planning processes, land-use controls, building designs, and financing mechanisms, there is still a lot 
to learn about how people modify their activity patterns in response to weather and climate. The scientific 
evidence on attributing individual and collective behavior change to specific experiences of climate change 
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is still uncertain. Research gaps also exist in understanding specific policy changes in response to climate 
priorities, including the role of leadership, learning, and diffusion of ideas. Much of this research is based on 
single-case studies that are difficult to scale up and generalize. Of the larger-scale quantitative analyses that 
are available, many continue to show varying explanations. This research highlights different challenges. For 
example, one challenge is the definitional ambiguity regarding what counts as climate action.163,165,166 Meerow 
and Keith (2022)74 also document barriers related to human and financial resources and political will, while 
Barrage and Furst (2019)103 note the prevalence of climate denialism.

Description of Confidence and Likelihood
Extensive scientific research representing diverse disciplines reflects high confidence in the continued 
growth in the number of city-level GHG emissions mitigation and climate adaptation plans found across 
the country. There has also been a large increase in scientific research documenting the drivers of climate 
action uptake in cities, with many quantitative and qualitative studies representing diverse regions 
and geographies.105,179,180,181,182,183

Despite the growth in number of plans in recent years, the empirical evidence also shows that the imple-
mentation of mitigation and adaptation actions in cities and local governments remains behind. As such, 
even though there is near certainty that city-level climate plans are being drafted and released, the data 
show that it is only likely that city governments and urban residents are employing an increasing variety 
of tools and strategies to enable implementation on the ground. Research notes how this difference can 
be attributed to the reality that planning processes and implementation of efforts are context-dependent, 
meaning the drivers and incentives of action are tied to local political, social, economic, and ecological fac
tors.74,103,104,162,163,164,165,166 Therefore, given the assessment of this emerging literature, it is virtually certain and 
there is very high confidence that the scope, scale, and pace of actions are not enough given the magnitude 
of observed and projected climate impacts of built environments and urban systems.74,103,104,162,163,164,165,166 

Key Message 12.4  
Community-Led Actions Signal a Shift Toward Equitable Climate Governance 

Description of Evidence Base 
The scientific evidence on urban climate change efforts highlights a growing concern over how their 
potential benefits and burdens will be borne by society.169,178,199,204,219 In response, Key Message 12.4 assesses 
scientific evidence on the social equity implications of climate change planning efforts. Recently there have 
been increasing efforts to document the inherent inequalities in how climate actions are planned, designed, 
and implemented in local contexts, especially where cities across the country already see high levels of 
social and economic inequality.166,169,198,199,200 More research on community-based, community-led, and 
bottom-up strategies has also emerged to better recognize the needs of urban frontline and overburdened 
communities,178 including Black, Hispanic/Latino/Latinx, Pacific Islander, Alaska Native, and Indigenous 
communities,226 as well as low-wealth groups. 

Key Message 12.4 documents moderate but growing scientific evidence of inclusive planning and implemen-
tation approaches.220,221 For some overburdened communities, the pursuit of equitable climate action can be 
a strategy to address historic underinvestments and to mobilize access to more healthcare and affordable 
urban services and infrastructure. Fiack et al. (2021)204 find that social equity climate adaptation is present 
on the local level, based on 22 of 100 largest cities in the country. Many local governments are also actively 
collaborating with local stakeholders106,107 for a wide variety of climate impacts, from extreme heat to sea 
level rise. 
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Table 12.2 illustrates several examples of shifts in urban climate governance toward local and commu-
nity-led planning and implementation. Local governments that embed equity into their GHG mitigation 
and climate adaptation plans can focus on transforming process and shifting power and capacities to 
communities. Much scientific evidence shows that climate action plans are created and implemented when 
cities experience greater climate vulnerability and have active resident support and where governments 
have other related plans in place.107,181 Still, a lot of scientific evidence suggests that participatory approaches 
remain challenging. For example, Sarzynski (2018)218 showed how, in Baltimore, resilience has been limited 
to government actions and the city has had difficulty getting the community buy into their responsibility. 
Stults and Larsen (2020),112 in analyzing 44 US local climate adaptation plans, found that none used local 
scenario planning or robust strategies.

Major Uncertainties and Research Gaps
For Key Message 12.4, the major sources of uncertainty pertain to the specific drivers of inequality 
(especially in urban communities that experience housing insecurity, lower pay, and lower socioeconomic 
indicators) associated with the implementation of specific GHG emissions mitigation and climate adaptation 
actions, as well as the uncertainties surrounding the long-term social impacts of climate-driven inequalities. 
Although there is ample empirical research documenting how climate change decision-making processes 
often do not consider frontline populations, overburdened communities, Indigenous Peoples, and groups 
historically excluded from decision-making,166,169,198,199,200 the literature disagrees on whether specific climate 
change actions directly contribute to producing more burden on particular groups, such as through dis-
placement. There is also considerable uncertainty around whether and how growing considerations of 
inclusion and fairness actually lead to more just and equitable outcomes on the ground.

Description of Confidence and Likelihood
Despite a notable shift in scientific research toward socially equitable and fair climate change actions, Key 
Message 12.4 notes with high confidence that actual progress in inclusive planning and implementation 
on the ground remains variable.166,198,199,200 This assessment is based on scientific research published since 
NCA4 showing the increasing uptake of social equity and justice ideas in climate change plans and policies 
across cities and regions. Many of these plans and policies identify socioeconomic vulnerabilities and 
heightened risks experienced by frontline communities, but research shows that they fall short in incorpo-
rating social equity and justice priorities into the design and implementation of mitigation and adaptation 
efforts.169,178,199,204,219 Some notable exceptions include larger cities or cities that have recent experience with 
extreme impacts, hence the assessment that implementation remains variable across the US. 

Over the past several years, research in social sciences has broadly critiqued the way city-level plans have 
approached social equity and inclusion in climate plans. Research shows progress in documenting how 
climate change decision-making processes very likely do not include historically excluded populations, 
overburdened communities, and Indigenous Peoples. This research also notes the roles of civil society, 
nongovernmental organizations, social movements, and others in enabling more inclusive climate actions. 
Similarly, the literature documents an increasing number of partnerships across levels of government 
and between sectors to support decision-making and implementation.106,107,169,170,171,172,174,175,176,177,218,227 With this 
growing body of literature, the Key Message notes with high confidence the growing number of participa-
tory, community-led, and broadly inclusive decision-making arrangements found across the US, as well as 
how these arrangements are likely being considered in conjunction with traditional planning processes.
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Introduction
Transportation is fundamental to improving the quality of life in the United States and is a key enabler of 
economic and social activity for our communities. Transportation and mobility systems are more than a 
collection of modes (walking, cycling, cars, trucks, buses, trains, planes, and watercraft) to move people 
and goods in urban and rural environments. They are also a catalyst for change and offer an opportunity to 
reduce the impacts of a changing climate. Investments in transportation systems are linked to safety, envi-
ronmental, social, and economic outcomes. 

The transportation sector is experiencing rapid changes involving technologies, behaviors, workforce, 
supply chains, and logistics, all of which face increasing risks posed by climate hazards. Previous 
assessments highlighted risks arising from transportation investments that did not consider climate change. 
Challenges remain in managing the existing transportation system within a changing climate while planning 
for future transport needs with fewer negative impacts on the environment and communities. Historical, 
auto-centric land-use patterns make transitions to low-carbon transportation challenging (Ch. 12). These 
conditions necessitate that decision-makers be informed by the best data, science, and business practices, 
as well as by meaningful engagement with the most affected communities, to make sound short- and 
long-term transportation investments. 

Our Nation’s transportation system operates over a vast, unique geographic scale and serves a diverse set 
of users. It is a major emitter of greenhouse gas (GHG) emissions but is also vulnerable to climate hazards. 
Making transportation investments that are sustainable, climate-resilient, evidence-based, and equitable 
involves risk assessment and detailed dynamic analysis of long-term costs and impacts. Science and 
technology investments can enable rapid implementation of climate-informed decisions and analyses that 
incorporate a range of social, policy, finance, and engineering considerations toward improving mobility and 
increasing mobility options in urban and rural communities. 

A lower-emissions transportation sector would mitigate GHG emissions, reduce the amount of carbon 
embedded in deployed materials, and promote cleaner air and healthier communities. However, such a 
transformation will involve trade-offs, with some negative impacts. Adaptation and mitigation strategies 
will differ by location. Inclusive decision-making and data-informed processes will help ensure that such 
impacts are not borne disproportionately by already overburdened communities.
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Key Message 13.1  
Limiting Transportation Sector Emissions and  
Integrating Climate Projections Can Reduce Risks

The transportation sector is the largest source of greenhouse gas emissions in the United 
States, although transportation emissions sources are changing (very high confidence). The 
sector also faces increasing risk from climate-related extreme weather (very high confidence). 
Incorporating climate projections and adaptation and resilience best practices into transpor-
tation planning, design, operations, and maintenance can reduce such risks to the sector (very 
high confidence). 

The transportation sector is the largest source of GHG emissions in the United States, accounting for 
28.5% of total national emissions in 2021 (Figure 13.1). Carbon dioxide (CO2) remains the dominant GHG in 
the sector.1 Limiting global warming to 1.5°C (2.7°F) above preindustrial levels would require a path toward 
achieving net-zero GHG emissions by 2050.2 Yet under current policy as of November 2021, projections 
of US transportation sector energy use and GHG emissions in 2050 are similar to current levels.3 These 
projections assume continued increases in freight demand and in the number of miles traveled by 
vehicle per person, as well as existing powertrain trends. Other studies anticipate a more rapid switch 
to lower-GHG-emitting technologies resulting from declining costs of electric powertrains and other 
technologies, in part resulting from federal and state policy changes.4,5,6,7

2021 Greenhouse Gas Emissions from US Domestic Transportation by Mode 

Transportation remains the largest source of emissions in the US, with cars and light-duty trucks as the largest 
contributors. 

Figure 13.1. Greenhouse gas (GHG) emissions from the US domestic transportation sector rose by about 19% 
between 1990 and 2021 and remain the largest source of total national GHG emissions, with passenger cars and 
all types of trucks being the most significant contributors to the rise in transportation emissions. “Other” refers 
to buses, motorcycles, pipelines, and lubricants. Numbers do not add up to 100% due to rounding. Figure credit: 
Arizona State University and Texas Tech University. See figure metadata for additional contributors.
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Multimodal planning is done at the Metropolitan Planning Organizations (MPO) and/or state level and 
guided by input from many stakeholders. It involves a comprehensive assessment of transportation needs 
and includes public involvement to address the needs of multiple users. This includes encouraging increased 
mass transit use and active modes of transportation such as walking or biking.8,9,10,11,12 Roadmaps to meet 
2050 net-zero emissions targets often include extensive efforts to replace passenger, transit, and freight 
vehicles with electric vehicles (EVs), which will raise electricity demand (Chs. 5, 32). Some state governments 
and nonprofits are encouraging the use of low-carbon fuels like hydrogen and biofuels for heavy-duty and 
hard-to-electrify vehicles, as well as for waterborne transportation modes and aircraft (Ch. 32). Although 
increasing efforts to electrify vehicles could reduce fossil fuel emissions, consideration must also be given 
to the challenges posed by this change, such as increased strain on energy grids; transitioning electricity 
generation from fossil fuels to renewable resources for the purpose of charging EVs; and repurposing, 
recycling, and safe disposal of EV batteries (KM 13.4; Ch. 17). 

The COVID-19 pandemic briefly reduced GHG emissions from the transportation sector, but emissions 
have mainly rebounded to pre-pandemic levels (KM 13.3; Focus on Compound Events; Focus on COVID-19 
and Climate Change).13,14,15,16 Passenger cars currently contribute the most to transportation emissions; 
however, the share of emissions from heavy trucks and non-road sources (e.g., trains, airplanes, and ships) 
is expected to grow due to increasing demand (Ch. 10). Heavy trucks and non-road vehicles use fuels that 
are more polluting or could cause greater GHG emissions compared to passenger cars (e.g., diesel, jet 
fuel).17,18 Expanding reliance on heavy-truck freight could offset any gains in fuel efficiency, resulting in a 
net increase in GHG emissions by 2050.18 However, the costs of zero-emissions heavy-duty vehicles are 
changing rapidly.19 

Similarly, the aviation sector could see a 50% increase in fuel use between 2020 and 2050 because of 
growing numbers of flights, even with advanced engine technologies.17 For example, the Federal Govern-
ment’s Sustainable Aviation Fuel (SAF) Grand Challenge brings together the efforts of the Department of 
Energy, the Department of Transportation (DOT), the Department of Agriculture, and other federal agencies 
to reduce the cost, enhance the sustainability, and expand the production of SAF. This effort aims to 
produce SAF that achieves a minimum of a 50% reduction in life-cycle GHG emissions compared to conven-
tional fuels and has a long-term goal of supplying sufficient SAF to meet 100% of aviation fuel demand by 
2050.20 Emissions-reductions efforts consider both CO2 and non-CO2 GHGs.17

Climate change and extreme weather events have a negative impact on transportation assets and human 
safety, often disproportionately affecting socially vulnerable populations (e.g., EPA 202121). Examples of 
extreme weather events that caused significant transportation-related impacts in 2021 alone include debris 
flows and flooding after California wildfires, the winter storm in Texas, and Hurricanes Elsa, Florence, and 
Ida, which caused several deaths and billions of dollars in damages to the East Coast and Louisiana.22

Strategies that incorporate climate data and projected future impacts into analyses to support the full 
range of transportation processes (planning and management of assets over their life cycles, to include 
considerations of design, construction, operations and maintenance, and user needs) have the potential to 
reduce risks and costs over the long term (Ch. 31; Figures 31.5, 22.15; KM 12.2). Failure to adapt the transpor-
tation network to the impacts of climate change could be costly (e.g., Chinowsky et al. 2013;23 Schweikert 
et al. 2015;24 Neumann et al. 202125). In particular, projected changes in temperature and precipitation, 
sea level rise, inland water level rise or fall, and storm surge are expected to significantly affect railroads, 
roads, ports, airports, and other transportation-related riverine and coastal properties in the United States 
(Ch. 12). Transportation planners are increasingly using analytical frameworks and tools to understand 
the vulnerabilities of their networks in pursuing a more resilient future (Table 13.1), although the focus on 
climate adaptation and resilience in transportation varies widely from region to region and state to state 
(KM 26.5).26,27,28
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Table 13.1. Climate and Transportation Vulnerabilities 

A selection of climate hazards and resulting transportation vulnerabilities are shown. Columns show selected climate hazards, 
and rows show individual transportation systems and the associated impacts on them. In some cases, possible adaptations 
to the vulnerabilities are included. Cells with few bullets represent the scarcity of research and not the lack of impact or 
vulnerability from climate hazards.

Transport Mode Extreme  
Temperatures Storms Drought Fire

Active 
transport 
(walking 
and biking)

• Shift from active 
transport to vehicle 
or public transport29

• Adverse health 
impacts for walkers 
and cyclists (KM 
15.1)29

• Shift from active 
transport to vehicle or 
public transport30

• Obstructions and infra-
structure damage30

• Adverse health impacts for 
walkers and cyclists due to 
degraded air quality31

• Shift from active 
transport to vehicle or 
public transport32

• Reduced active 
transport due to short- 
and long-term health 
impairments32

Aviation

• Runway damage 
from heat 
and thawing 
permafrost33,34

• Altered flight 
schedules35

• Increased insect 
activity and chance 
of bird strikes36,37,38

• Coastal airport water 
intrusion34,39

• Soil subsidence40

• Increased dust storm risk41

• Increased risk of 
flooding due to loss 
of ground cover 
vegetation42

Roadways

• Cracking, buckling, 
and rutting from 
heat and permafrost 
thaw34,40

• Unsafe working 
conditions (KM 
15.1)33

•  Increased 
maintenance 
frequency43,44,45

• Damage from flooding, 
erosion, saturated soil, 
and sea level rise (Ch. 
9)34,40,43

• Increased risk of 
landslides43

• Reduced life cycle 
from repeated runoff 
events46

• Travel lanes and 
bus routes blocked 
or rerouted due to 
flooding28

• Reduced pavement 
integrity due to 
subsidence, collapsible 
soils, and increased 
groundwater pumping40,43

• Reduced slope stability 
due to decreased roadside 
seeding uptake47

• Emergency bridge 
maintenance48

• Reduced visibility and 
increased closures from 
dust storms41

• Road closures and 
reduced visibility40

• Obstructions and 
debris flows (KM 6.1)49

• Increased chance of 
runoff26,43

• Reduced slope stability 
due to burn scar50

Rail

• Buckling of rails (KM 
5.1)34,40

• Reduced train 
speeds51

• Catenary line sag52

• Flooding of bridges, 
tunnels, and low-lying 
rails33,34

• Damage from 
landslides52

• Changes in soil stability 
affecting track geometry 
and integrity53

• Damaged equipment54

• System disruption and 
rerouting54

Pipelines • Structural damage 
due to permafrost 
thaw (KM 5.1)55

• Overloaded drainage 
systems40

• Pipeline shifting, 
exposure, and fracture 
due to heavy precipi-
tation34

• Broken pipelines due to 
ground subsidence34

• Fire-induced toxicity in 
plastic water systems56

• Weakened pipelines 
due to increased runoff 
and debris flows57

Waterborne

• Reduced problems 
with ice accumula-
tion and increased 
access to ports (Ch. 
10)34

• Longer shipping 
seasons34

• Port damage due 
to increased storm 
surges and tides34

• River flooding34

• Reduced vessel carrying 
capacity due to lower 
water levels34

• Disrupted river transport 
due to inconsistent river 
flows (Chs. 22, 24)33,34

• Disruption of port 
operations due to 
electricity and supply 
chain disturbances58,59
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Tools and guidelines help organizations plan for the impacts of climate change, although individual agencies 
must still take the initiative to use them and challenge existing planning assumptions. Examples include 
the Federal Highway Administration (FHWA) Vulnerability Assessment and Adaptation Framework,27 which 
can help transportation agencies assess their infrastructure’s vulnerability to extreme weather and climate 
impacts. Another is the US DOT’s Vulnerability Assessment Scoring Tool,60 designed to help transportation 
planners conduct a quantitative, indicator-based screening of transportation system vulnerabilities to 
climate stressors, such as sea level rise, changes in precipitation, and higher temperatures. A 2021 study 
by the Transportation Research Board provided a risk-based decision support framework to inform quan-
titative methods for measuring resilience benefits.61 Additional research could help model asset deterio-
ration and vulnerability. However, Colorado DOT and Utah DOT pilot studies followed similar risk-based 
frameworks.61 

The FHWA has deployed multiple climate-resilience efforts, including the Resilience and Durability to 
Extreme Weather Pilot Program, to partner with state departments of transportation, metropolitan planning 
organizations, and others, with the goal of evaluating the vulnerability of regional transportation assets to 
extreme weather events.62 The Houston–Galveston Metropolitan Planning Organization participated in this 
pilot program and found that 13% of freeway miles and 12% of major road miles were highly vulnerable to 
flooding, storm surge, and sea level rise.63 

The FHWA pilot program also included the three-county Tampa Bay region in Florida—one of the country’s 
most inundation-vulnerable areas, with frequent storms and persistent flooding. The Hillsborough County 
Metropolitan Planning Organization found that when factoring in near-future projected sea level rise, 25% 
of major roads in the region could be impacted in a Category 3 hurricane.64 

Several state departments of transportation have used some or parts of these frameworks to perform 
detailed vulnerability assessments and to understand the condition of their assets and risks from climate 
threats. These efforts may also be driven by state legislation, such as in California and New York,65,66 by 
bottom-up approaches at individual state and local agencies. The California Department of Transporta-
tion (Caltrans) found that 20% of bridges, 19% of large culverts, 20% of small culverts, and 18% of roadway 
segments assessed and managed by Caltrans were rated in the highest risk category. This indicates that 
a large proportion of Caltrans infrastructure is at risk of damage or destruction due to increased storm 
surge, extreme floods, cliff erosion, extreme temperatures, and effects of wildfires.43,67,68,69,70,71,72,73,74,75,76,77,78 
California has recently mapped coastal transportation infrastructure vulnerable to 3 feet of sea level rise in 
Los Angeles and San Francisco and is considering a range of adaptation strategies, including nature-based 
solutions (Chs. 9, 28). Similar efforts have been completed by other states (including Washington, Tennessee, 
and Maryland) and subnational authorities.

Many agencies and organizations across the Nation have also initiated efforts to address the impacts 
of climate on a variety of transportation systems. While many of these are still in the initial stages of 
development, opportunities exist to improve on lessons state and local agencies have learned from the pilot 
programs at the local level (Ch. 12).17,28,79
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Key Message 13.2  
Climate Change Combined with Other Disruptors Requires  
New Frameworks and Competencies

Climate action creates an opportunity to address concurrent disruptors, including 
cyber-technology integration, challenges with the condition of existing assets, and a changing 
workforce (medium confidence). Climate change has accelerated a transition to the use of 
more advanced approaches, including updated technologies, tools, and best practices (high 
confidence). Further recruitment and training of the sector’s workforce is needed to effectively 
address these fundamental challenges (high confidence). 

Moving toward a decarbonized, climate-adapted, and resilient transportation system can be more than 
simply a response to the climate crisis. The 21st-century transportation sector is undergoing rapid trans-
formation. The integration of cyber-technology and advances in autonomous and connected vehicles are 
changing the nature of what transportation systems are and how they operate. Transportation’s future is 
a complex, integrated, and dynamically shifting landscape marked by considerable uncertainty.80 It faces 
unprecedented challenges from several sources: COVID-19; the growth of new technologies, business 
models, and opportunities; a massive shift to electrification; a changing logistics sector;81,82 and significant 
workforce, diversity, and inclusion challenges. Cyber-vulnerabilities pose a profound challenge to the 
transportation industry83,84,85 and communities, as well as national security risks. Figure 13.2 illustrates 
the complex relationship between the transportation sector, policy decisions and risk assessment, and 
future climate outcomes. Transportation system decisions made today have long-term implications for 
GHG emissions and climate adaptation. New tools and training have the potential to help navigate climate 
adaptation and disruption.

Transportation Futures 

A shifting transportation landscape, and how we respond to it, will determine future climate outcomes.

Figure 13.2. The ways people, goods, and services travel have changed since 1990, especially with the dramatic 
rise of internet traffic. These changes create new challenges, such as cybersecurity impacts, and, coupled with 
workforce and infrastructure resilience challenges, are increasing the policy decisions in transportation. These 
decisions will shape future climate outcomes. Figure credit: Open Society Foundations, Introducing Youth to 
American Infrastructure Inc., NOAA NCEI, and CISESS NC.
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Frameworks are emerging to help decision-makers incorporate climate uncertainty into infrastructure 
planning.86 Using available data and tools provided by technological advancements in other sectors such as 
computing, sensors, cyber-technology, and statistics, public agencies and private companies are creating 
greater awareness and, in many cases, taking action to address the uncertainty brought about by climate 
change on the expected use and lifespan of transportation systems and on the design, construction, 
operations, and maintenance of transportation-related infrastructure (Figure 13.3). 

Resilience Planning Cycle

Improving transportation resilience requires an iterative approach. 

Figure 13.3. This concept demonstrates a potential iterative approach to planning, investing, and building for cli-
mate resilience in the transportation sector, starting with 1) integration of updated climate projections into guide-
lines and workflows and proceeding to 2) assessment of climate change–related risks, 3) prioritization of climate 
risk-mitigation investments and strategies, 4) implementation of prioritized strategies, and 5) ongoing tracking 
and reporting of progress, culminating with updates to enterprise asset management (EAM) data—the foundation 
for the next resilience cycle. This process is underpinned by a strong climate resilience policy. This approach is 
designed to ensure that the pursuit of resilience is ongoing, adaptable, and both immediately relevant and future 
focused. Figure credit: Port Authority of New York and New Jersey.

Integrating climate data into engineering science is an emerging practice.26,87,88,89,90,91,92,93,94,95,96,97,98 Advances 
in tools used for the planning, design, and construction of transportation and infrastructure projects are 
further changing the state of the practice.92,95,99,100,101,102,103 The results of multiple years of climate research 
are beginning to see their way into transportation capital programming and project execution. Adaptation 
planning is beginning to recognize the challenges and opportunities of concurrent disruptors. For example, 
by harnessing low-cost heat and air quality sensors and increasingly accessible communication networks, 
researchers are showing the capabilities of informing active mobility users of high-exposure locations.104 
Decision-makers faced with evacuating large groups of people from extreme events can consider EV or 
non-traditional fleets. There is an ongoing effort, for example, to use EVs for powering buildings during 
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outages.105,106 Sensors that can detect climate hazards such as flooding and communicate risks to the public, 
or that can be integrated into existing intelligent transportation systems, are rapidly advancing.107 

Planning for adaptation concurrently with other disruptors will also require novel workforce capabilities. 
The transportation sector faces a number of workforce-related challenges, including aging, high retirement 
rates, retention issues, and industry-wide shortages for specific essential jobs; persistent underrepre-
sentation of women and people of color; career awareness and image challenges impacting the attraction 
and recruitment of new employees; and significant technological impacts requiring further training and 
education related to the wider adoption of electric vehicles, information technology/cybersecurity risks, 
and increasing advances in artificial intelligence, robotics, and autonomous and connected vehicles.108 As 
more employees gain the skills to navigate climate hazards, the sector will be better positioned to build 
resilience.27,109,110,111 The transportation sector can define the competencies needed for its future workforce 
and collaborate with educational programs (including universities, professional societies, and continuing 
education programs) to modernize training. Elevating human resources management as an important 
element of organizational risk and vulnerability assessment will help ensure that workforce development 
and readiness are an integral part of climate mitigation and adaptation efforts (KMs 5.2, 7.3, 11.3, 16.2, 20.6; 
Ch. 29). The sector would further benefit from “K to gray”—a multipronged strategy that recognizes the 
importance of employee and workforce development and readiness at all levels and ages.112

Key Message 13.3  
Sustainable Transportation Would Produce Societal Benefits

A carbon-free, sustainable, and resilient transportation system would have co-benefits for 
human health, environmental justice, the natural environment, and economic development 
(very high confidence). When these co-benefits are considered, the benefits of greenhouse gas 
mitigation actions in the transportation sector far outweigh the costs (high confidence). 

A carbon-free, sustainable, and resilient transportation system would have societal benefits beyond reduced 
climate change impacts, potentially leading to improvements in air quality, physical fitness, incidence of 
cardiovascular and respiratory disease, mental health, crash rates, noise pollution, social equity, ecosystems, 
biodiversity conservation, energy independence, and the economy.113,114 When these co-benefits are 
considered, the benefits of GHG mitigation actions in the transportation sector far outweigh the costs 
(Figure 13.4).115 Considering the impacts for different population subgroups can also ensure that these 
actions improve environmental, health, and social equity. These societal co-benefits would be particularly 
powerful in urban areas, where large numbers of people are experiencing elevated air pollution, health 
inequities, heat stress, traffic congestion, long commutes, and the negative health consequences of a 
sedentary lifestyle (Ch. 12). In contrast to the long-term and planetary-scale impacts of reducing GHGs 
from the transportation sector, these societal benefits would accrue immediately and locally, wherever the 
transportation emissions changes are implemented. 



Fifth National Climate Assessment

13-13 | Transportation

Co-benefits of Mitigation and Resilience

Decarbonizing transportation could save money and improve air quality, social equity, and the health of people 
and ecosystems.

Figure 13.4. Integrating mitigation and resilience into transportation policies and planning at multiple scales 
leads to improved air quality, enhanced physical fitness from cycling, reduced environmental injustice as a result 
of decreases in heavy-duty trucking and idling, healthier ecosystems, and more economic opportunities. Figure 
credit: George Washington University and Jacobs.

The benefits of infrastructure and transportation resilience are also well documented and include increased 
reliability; lower costs to travelers, industry, and consumers, as well as to owners and operators of transpor-
tation infrastructure; improved safety and better health outcomes for workers and travelers; and the ability 
to support evacuations (KM 22.3).116,117,118,119,120 However, significant resources are necessary to ensure the 
continued benefits and state of good repair of sustainable and climate-resilient transportation systems for 
all communities.102 

Reducing GHGs in the transportation sector would also achieve co-benefits from improvements in air 
quality, climate and environmental equity, and physical fitness, as well as reduced incidence of cardiovas-
cular disease, diabetes, and cancer (Figure 13.4; KM 12.3; Chs. 14, 24, 32)—all of which could counteract some 
climate impacts on human health (Ch. 15). Given the significantly high economic cost of air pollution in the 
United States, the monetary value of these benefits would be substantial.121 Traffic-related emissions are a 
significant contributor to air pollutants, particularly fine particles (PM2.5), ozone (O3), and nitrogen dioxide 
(NO2), all of which are associated with higher rates of illness and death.122,123,124,125,126 In addition, emerging 
evidence suggests that exposure to elevated CO2 levels indoors impacts cognitive function.127 Reducing 
outdoor CO2 emissions from the transportation sector could also reduce indoor CO2 levels.128 

Fuel efficiency, more stringent vehicle emissions standards, reduced passenger vehicle traffic, vehicle 
electrification, and mode switching to public transportation and walking or biking would result in 
co-benefits from improved air quality and better health. Modeling studies show that vehicle electrifica-
tion reduces mortality related to PM2.5 and O3, even when considering increased emissions from additional 
energy demand.129 However, increased energy use from demand for electricity, lithium mining, and 
potentially heavier vehicles can offset some of these air quality improvements when electricity generation 
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is from burning fossil fuels, highlighting the importance of transitioning to non-combustion electricity 
generation, such as from renewable energy sources (KM 13.4; Ch. 12). 

COVID-19 lockdowns provided an unprecedented opportunity to examine how reduced passenger vehicle 
activity (and increased telework and bike use) affected CO2 and air pollution. CO2 emissions dropped by 
about 32% in April 2020 but rebounded to near normal by 2021, indicating that lifestyle changes (such as 
those experienced during the pandemic) must be coupled with transformative changes in transportation 
systems to reach GHG emissions-reduction targets (Focus on COVID-19 and Climate Change). In terms 
of air pollution, many cities experienced dramatic reductions in NO2 pollution,130,131 although impacts on 
PM2.5 and O3 were much more variable and location dependent.132 Because traffic-related air pollution is 
inequitably distributed within US cities,131,133 moving toward a carbon-free transportation system would also 
advance environmental and health equity. For example, air pollution inequity would be reduced through 
vehicle electrification, improved fuel efficiency, and structural actions to reduce vehicle-miles traveled for 
moving people and goods, such as changing the design of cities and increasing reliance on emissions-low-
ering modes, increasing public transportation use, and moving freight by rail rather than by road (Ch. 12). 
Walking or cycling instead of driving improves physical fitness and overall health,115,134,135,136 and steps could 
be taken to ensure that safe access to these active transportation modes is available equitably across social 
groups. Active transportation and more time in natural environments also have mental health benefits, 
including improved cognitive function and well-being.137 Reduced vehicle traffic also leads to fewer crashes 
and injuries.115

In recent years, several decision support tools have been developed to quantify and value the multiple 
benefits of actions that reduce transportation GHG emissions, including the Integrated Transport and 
Health Impact Model138 and the Health Economic Assessment Tool for walking and cycling.139 Integrating 
co-benefits into transportation policies and planning at multiple scales (e.g., neighborhood, urban, national) 
can create additional appeal for reducing transportation-sector GHG emissions for both decision-makers 
and the public. Key Messages 13.1 and 13.2 provide context on how to consider uncertainties in 
these decisions.

Key Message 13.4  
Equitable Distribution of Transportation Trade-Offs  
and Benefits Requires Community Involvement 

Although implementing adaptation and mitigation measures in the transportation sector will 
produce essential benefits and co-benefits, including addressing existing inequities, additional 
consideration is needed to avoid or reduce potential adverse consequences associated with 
these measures (high confidence). Moving toward climate resilience and environmental 
justice requires that these considerations, as well as current and historic inequities, be 
assessed through transparent and inclusive processes in order to provide equitable protection 
from environmental and health hazards and equitable access to transportation benefits 
(high confidence).

The need for climate mitigation and adaptation has created an opportunity to rethink transportation 
systems and land use at all levels. Still, such transformations (or decisions to maintain the status quo) may 
include some risks, with benefits sometimes accompanied by adverse or uncertain impacts (KM 13.2; Ch. 12). 
Political and policy actions in the US are generally based on compromise among an array of interests, which 
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may lead to trade-offs that fall short of idealized climate mitigation or adaptation actions. Moving toward 
equitable climate resilience and environmental justice via a just transition requires that consideration of 
such trade-offs be addressed through the full participation of relevant communities (Chs. 16, 31; KM 22.3).140 
Environmental justice also requires that trade-offs be managed in ways that address community self-de-
termination,141,142 as well as the needs of communities that are affected by transportation infrastructure and 
the impacts of the existing built environment or that currently lack reliable, sustainable, and affordable 
transportation services (Figure 13.5; Chs. 11, 17).106,143,144

Adopting alternative energy sources to reduce transportation emissions from fossil fuels has enormous 
potential for direct GHG and air pollution reduction, as well as opportunities for a just transition, but also 
includes potential risks or trade-offs. For example, battery production for EVs is mineral-intensive, requiring 
large quantities of lithium, nickel, copper, tantalum, and other minerals. Mining these raw materials may 
result in environmental degradation, public health harms, or displacement of nearby communities, as well 
as cultural impacts, including loss of sacred spaces.145,146 Potential risks associated with adopting alternative 
energy sources should be considered in the context of current trade-offs related to existing energy sources, 
including the well-documented environmental and global climate change effects and adverse human health 
impacts resulting from the use of internal combustion–engine vehicles and fossil-energy power plants 
(KMs 5.2, 12.2). The siting of power-generation facilities, including utility-scale renewables, can have similar 
impacts. Experts have also noted that used batteries and electronic components pose the problem—and the 
opportunity—of repurposing, recycling, and disposal,147 which researchers are currently working to address. 
Vehicle power source changes can also affect the distribution of road-user fees;148 preferential registration 
fees are designed to signal preferences for one power source over another. Both of these revenue strategies 
could entail transportation funding trade-offs. The transition to zero-emissions vehicles may result in only 
localized air pollution reductions (KMs 13.3, 14.5).149,150
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Considerations of Equitable Climate Adaptation and GHG Mitigation from 
Transportation Systems

Reducing emissions involves trade-offs that have implications for reliability, equity, and environmental quality. 

Figure 13.5. This figure shows many of the considerations where risks may arise as changes are made to trans-
portation systems. Each tab on the figure represents a potential trade-off to all of the other factors shown. For 
example, changing transportation fuels or moving to electric drivetrains can decrease greenhouse gas and air 
pollutant emissions but may also affect transportation availability (which includes both geographical location 
and affordability) and reliability in underserved communities or in communities adapting to changing climates. 
Further, mining of raw materials for those technologies has the potential to damage ecosystems and cultural or 
sacred landscapes. Accordingly, decisions about climate mitigation and adaptation in transportation systems 
should be carefully considered through lenses of environmental justice and community self-determination. 
Figure credit: EPA and University of Idaho.

Climate adaptation actions entail consideration of trade-offs. For example, moving a coastal roadway inland 
to avoid sea level rise (i.e., managed retreat) may not allow for an immediate modal shift, but it may provide 
an opportunity to reconsider the size and capacity of the roadway and also allow for landscape restoration 
along the original alignment, as illustrated by the Highway A1A Redesign Project in Fort Lauderdale, Florida, 
and the Piedras Blancas Highway 1 Realignment project in San Luis Obispo, California (Ch. 9).151,152

For the freight transportation system, equitable distribution of trade-offs under a climate change framework 
will also require particular attention. In addition to turning over vehicles and equipment to lower-emissions 
or zero-emissions technologies, there are opportunities to obtain energy savings and emissions reductions 
by shifting freight from road transport to rail or water. Further infrastructure development will be necessary 
to make such mode shifting more viable. 
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Changing the geographical footprint of freight systems also brings up trade-offs. Inland port facilities can 
receive and manage cargo that has been unloaded from a seaport some distance away and transported via 
low-polluting transport modes (in terms of tailpipe and full-life-cycle air pollutant and GHG emissions, such 
as electric or hybrid locomotives or trucks) or highly efficient modes (energy use per cargo per mile, such 
as rail), or both, with the potential to boost system efficiency and reduce air pollutants and GHG emissions 
and reduce exposure to air pollutants in communities near seaports.153 However, people living near such 
inland freight facilities could in turn experience increased traffic, air pollution, and environmental damage, 
creating or exacerbating environmental injustice. Emissions inventory methodologies can help to quantify 
these impacts and enable affected communities and decision-makers to develop emissions-reduction 
strategies from different activities and/or equipment types (Focus on Risks to Supply Chains).154,155

Trade-offs related to the freight workforce are also becoming clear. For example, independent truck 
owner-operators, who do not work for a larger employer and own their own trucks, may not have 
the resources to purchase and operate cleaner vehicles or have access to appropriate fueling or 
charging infrastructure.156,157
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Traceable Accounts
Process Description
Selection of the author team considered a balance in gender, race, geography, and affiliation type. In 
addition, a holistic systems approach was considered essential in the development of this chapter. While 
transportation is the primary source of greenhouse gases and air pollution, there is a recognition that 
mitigating climate change impacts and developing transportation adaptation strategies have vital impli-
cations for other sectors. For these reasons, the authors were also selected for their expertise in the built 
environment and infrastructure, workforce development, education, funding and financing, public health, 
safety and security, customer experience, diversity and inclusion, and downscaled data analysis, as well as 
knowledge of global systems and resources. Special consideration was given to authors’ understanding of 
perspectives from rural, urban poor, Arctic, and Pacific Islander communities; youth; and the Global South.

The author team was scheduled to meet every Wednesday throughout the Fifth National Climate 
Assessment (NCA5) process. During those meetings, the chapter lead (CL) facilitated meetings by going 
through the outcomes and milestones expected at every phase of the project, mitigated any specific process 
concerns, invited guest speakers such as Technical Support Unit (TSU) staff and technical contributors 
as necessary, and developed and followed up on milestones and expected outcomes. On certain weeks, 
meetings were not held, either to make time to complete specific tasks or for author team members to 
consult with TSU staff, or when a milestone or deliverable needed to be appraised within the chapter team 
or with other chapters teams. These weekly team meetings were also opportunities to build a consensus. 

The author team was given subsections to work on and develop, but each subsection team member was free 
to work on or collaborate, as appropriate, with other subsection teams.

The CL and federal coordinating lead author (CLA) met with leadership from other chapters, taking note of 
their Key Messages (KMs). The CL provided an overview of these KMs to the Transportation chapter author 
team to help shape the development of each KM and its supporting narrative, figures, and tables (where 
appropriate). The CLA confirmed with CLAs from other chapters where statements made in the Transporta-
tion chapter could be reinforced by the assessments made by other chapters and vice versa.

The author team conducted a public meeting in February 2022, after the Zero Order Draft was submitted, 
with two plenaries and three breakout sessions. Input was received from the general public at these 
meetings. Additional stakeholder engagement was held for youth interested in participating in the NCA5 
process. Transportation and other chapters made a presentation and joined breakout rooms where 
questions were answered. Additional comments on the Third Order Draft were received from the public and 
from the National Academies of Sciences, Engineering, and Medicine (NASEM).

These public and NASEM comments were assigned individually to chapter authors who could best provide a 
draft response. Draft responses were reviewed by the author team and finalized on consensus. The chapter’s 
review editor provided feedback on these responses, and a final response was adopted. The chapter was 
revised according to the final responses to the public and NASEM comments. 
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Key Message 13.1  
Limiting Transportation Sector Emissions and  
Integrating Climate Projections Can Reduce Risks 

Description of Evidence Base
There is significant and increasing evidence of the greenhouse gas (GHG) emissions from the transporta-
tion sector and how those emissions could change into the future. EPA’s Inventory of US Greenhouse Gas 
Emissions and Sinks provides a year-by-year estimate of GHG emissions from the transportation sector.1 
Scenarios describing changes in transportation sector emissions into the future differ based on assumptions 
about technology, powertrain, demand, and other variables.1,2,3,5,6 The literature often focuses on identifying 
a confluence of variables needed to meet GHG-reduction goals. Electric vehicle (EV) adoption, including the 
GHG intensity of charging, and fuel cell vehicle development have become rich areas of study.7 The costs 
of decarbonizing heavy-duty vehicles are dropping, but increases in truck-miles could offset benefits.18,19 
Aviation forecasts often contrast fuel economy gains relative to changes in demand.17 

Literature and evidence on the impacts of climate hazards on transportation infrastructures and operations 
are growing rapidly. The literature generally covers either the vulnerabilities of systems or the costs of 
adaptation.23,40 Costs to implement adaptation and mitigation vary across the country and according to 
the scale of actions, are inconsistently tracked over the lifetime of a policy or program, and tend to be 
tracked only in each phase of the initiative. There is also a growing body of risk, vulnerability, and resilience 
frameworks for transportation systems, and no clear consensus has emerged on the precise steps needed to 
protect transportation systems against climate hazard–associated uncertainty.61

With respect to incorporating observed and projected changes in climate into the design criteria of infra-
structure systems, there is a small but growing evidence base. Although applicable to transportation infra-
structure, the majority of the work in this space relates to infrastructure more generally. 

Major Uncertainties and Research Gaps
The long-term outlook and extrapolation of trends in transportation GHG emissions, especially given supply 
chain shocks resulting from COVID-19, are highly uncertain.15,16 While EV market shares are growing, they 
still represent a small fraction of the light-duty fleet and an even smaller fraction of the heavy-duty fleet.7 
How EV adoption and fuel cell vehicle development and adoption, in combination with other factors, result 
in future GHG emissions changes in the transportation sector is highly uncertain.

There is also uncertainty regarding whether and how incorporating new data, improved data, and climate 
projections into transportation sector decision-making leads to improved outcomes. Uncertain localized 
climate data, uncertainty in future climate, and uncertainty in applying legacy risk-based approaches under 
new climate paradigms result in an unclear picture of how new and enhanced data with new resilience 
frameworks translate into better decision-making.40

Description of Confidence and Likelihood
There is very high confidence that the transportation sector is the most significant single-sector contributor 
to national greenhouse gas emissions. This is corroborated by extensively reviewed, studied, and verified 
data on vehicle travel and associated emissions. There is also very high confidence that the transportation 
sector faces increasing risk from climate-related extreme weather. Transportation systems are diverse and 
present everywhere in the US, meaning that they are exposed to all climate hazards. Aging assets and state-
of-good-repair challenges contribute to this risk. There is very high confidence that transportation agencies 
and planning organizations understand potential climate impacts and are addressing them to varying 
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degrees by incorporating climate projections into planning, design, operations, and maintenance to reduce 
risks to the sector. Peer-reviewed articles and publicly available reports and documents support the stated 
confidence levels. 

Specific to vulnerabilities and impacts, the author team recognizes that agencies may not release 
operational data and that, therefore, this information may not be publicly available, except in cases where 
such information would be useful to support gray literature. Those references were called out with a full 
understanding that data and statistics may have been reported without the full context of the source of the 
empirical information. 

Key Message 13.2  
Climate Change Combined with Other Disruptors Requires  
New Frameworks and Competencies

Description of Evidence Base
This assessment is based on publicly available sources, including federal and state information; discussions 
with diverse subject-matter experts and technical contributors; and a focused literature scan, including 
some peer-reviewed sources. Although peer-reviewed literature broadly supports the notion that the trans-
portation sector faces a variety of emerging, potentially disruptive changes,80 few peer-reviewed sources 
exist that explicitly link coordination of those challenges (and solutions) to climate action. The accelera-
tion of climate change–informed decision-making in the transportation sector is best demonstrated by the 
recent proliferation of frameworks and tools for this purpose,27,86 but peer-reviewed literature also supports 
this claim.99 Ample peer-reviewed and gray literature supports the discussion of emerging transportation 
workforce challenges112 and the corresponding need to upskill and diversify the demographics of transporta-
tion workers to address these challenges. 

Major Uncertainties and Research Gaps 
Key Message 13.2 focuses on potential opportunities and threats stemming from the convergence of a 
changing climate, emerging non-climate disruptors, and rapid, concurrent transformation of the transpor-
tation sector and its workforce—all of which compound uncertainty. In particular, the rate of adoption of 
EVs and the maturity and deployment of autonomous and connected vehicle technologies are moderately 
to highly uncertain. In addition, the transportation sector is not monolithic, potentially reducing the 
credibility of overarching claims or conclusions. Major differences exist across the widely varying trans-
portation modes and regions of the United States, including notable divergences between urban, suburban, 
and rural environments; areas of relative wealth or poverty; and historically underrepresented and/or 
overburdened communities.

Notable research gaps include a relative lack of publicly available data of sufficient uniformity, granularity, 
and credibility (especially from subsectors dominated by private operators or where agency operational data 
are not publicly available), which complicates attempts to achieve data-informed decisions and monitor 
outcomes. Relatedly, there is currently little consensus on how sustainability and resilience, as well as 
climate change goals, progress, and outcomes, are reported in the sector.

Finally, peer-reviewed literature on the potential co-benefits (or disbenefits) of coordinating responses to 
climate-related challenges and non-climate disruptors is relatively scant, despite ample anecdotal evidence. 



Fifth National Climate Assessment

13-21 | Transportation

Description of Confidence and Likelihood 
Due to the lack of a strong foundation of peer-reviewed literature, the claim that climate action presents 
an opportunity to address emerging non-climate disruptors is assigned medium confidence, primarily 
rooted in gray literature and credible expert opinion. The well-documented, relatively recent proliferation 
of resources to support deliberate climate action in the sector yields a high confidence rating for the claim 
that approaches and tools are available and are being applied, with the caveat that little evidence exists 
that these tools produce actionable outputs or successful outcomes. There is high confidence that further 
recruitment and training is needed to ensure that the sector’s workforce can succeed amid rapid climate 
and non-climate transformations. Sufficient data to support likelihood assessments are not readily available.

Key Message 13.3  
Sustainable Transportation Would Produce Societal Benefits 

Description of Evidence Base
This assessment is based on peer-reviewed journal articles and publicly available reports that evaluate 
multiple impacts of actions taken in the transportation sector to mitigate carbon emissions and become 
more resilient to the effects of climate change. The evidence base for co-benefits comes from studies 
focusing on both the societal burden from the current transportation system and the societal benefits that 
would come from a less carbon-intensive and more climate-resilient transportation system. This evidence 
base covers transportation impacts on health via motor vehicle crashes, high air pollution and noise levels, 
heat island effects, and lack of green space and physical activity.114 It also covers how transportation provides 
many jobs, which generate income and improve health.114 These studies are multidisciplinary and vary in 
methods, including both quantitative and qualitative approaches.

Among the most studied consequences of our current transportation system are air quality and health 
impacts. A large body of literature developed over decades demonstrates that vehicle emissions contribute 
to poor air quality and a range of deleterious health outcomes, including premature mortality, cardiovascu-
lar disease, respiratory disease, and lung cancer.122,123,126 Studies have also shown that policies that reduced 
emissions from the transportation sector, including through transitioning to zero-emissions vehicles, can 
reduce the incidence124 and exacerbation of asthma.125 Additional studies have explored potential air quality 
and health benefits of hypothetical policies, accounting for both reduced tailpipe air pollution emissions and 
potentially increased emissions from fossil fuel–based electricity generation.129

While fewer studies focus on the other pathways of improvements that would come from different actions 
that could be taken to decarbonize and improve resilience of the transportation system, a growing body 
of literature assesses benefits for physical fitness,134,135 reduced crashes and injuries,115 improved health 
for transportation workers,117 and environmental justice and health equity.131 Fewer studies have taken a 
holistic view of many societal benefits that would accrue simultaneously, which is necessary to comprehen-
sively evaluate different actions that could be taken, from tailpipe emission and fuel efficiency standards 
to restructuring the transportation system in cities to encourage public transportation and walking and 
cycling. However, studies find that these potential co-benefits can motivate public, private, and financial 
actions to mitigate greenhouse gases113 and can outweigh the costs of taking action.115 

Major Uncertainties and Research Gaps 
Co-benefits assessments are often highly context-specific, limiting the ability to extrapolate the results to 
different geographical areas, populations, and actions, including policies, programs, and projects. Costs to 
implement adaptation and mitigation vary across the country and are often tracked only in individual phases 
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of the initiative. There is a lack of research verifying the actual costs and benefits of programs and projects 
that have already been implemented to reduce transportation-related carbon emissions and improve the 
resilience of the transportation system. Some national calculators perform such cost–benefit analysis. These 
include the Integrated Transport and Health Impact Model138 and the Health Economic Assessment Tool for 
walking and cycling.139 However, there is still a gap in the consistency of the true meaning of the quantified 
outcomes relative to the transportation sector, the area where those programs or projects are created, 
and how those outcomes could be integrated for an accurate measure of benefits beyond project-level 
co-benefits. An important gap lies in more holistic life-cycle tracking of the costs over the life of the asset 
or program.

There is also a lack of research that assesses the distributional benefits of transportation mitigation 
and resilience policies, programs, and projects on different population subgroups and overburdened 
communities. For example, studies find that transportation tailpipe emissions contribute to racial and socio-
economic disparities in air pollution levels; however, several key technical limitations make it challenging 
to fully characterize which communities could experience the greatest improvements in air quality and 
associated health benefits from national, state, and local policies or other measures that reduce transpor-
tation tailpipe emissions. Similarly, there is a need to consider the effectiveness of different mitigation and 
adaptation actions for different locations and populations, given inequities in safe, accessible, and reliable 
transportation options. 

Description of Confidence and Likelihood 
There is very high confidence that policies, programs, and projects to reduce transportation-related carbon 
emissions and transition to a more resilient transportation system would lead to environmental, health, 
and economic co-benefits. This conclusion is based on the strength and consistency of the peer-reviewed 
literature and publicly available reports documenting the many societal improvements that would come 
from actions to decarbonize the transportation sector and make it more resilient to climate change. Despite 
the research gaps limiting our understanding of the co-benefits of specific mitigation and adaptation 
actions taken in specific locations and of the impacts of these actions on environmental, health, and social 
equity, the large and multidisciplinary body of literature finding that mitigation and improved resilience 
results in many societal co-benefits provides sufficient evidence to draw this conclusion. 

There is high confidence that when these co-benefits are considered, the benefits of GHG mitigation actions 
in the transportation sector far outweigh the costs. Some evidence suggests that potential co-benefits 
outweigh the costs of taking action, particularly when the action results in reduced human mortality. 
However, the value of co-benefits and costs are highly context-specific and dependent on the type, scale, 
and design of the action being considered or taken. 

Key Message 13.4  
Equitable Distribution of Transportation Trade-Offs  
and Benefits Requires Community Involvement

Description of Evidence Base 
This assessment is based on peer-reviewed journal articles and government reports. The environmental 
and societal impacts of various transportation technologies and systems are well documented.146 Sources 
and specific locations of raw materials for electrified transportation technologies are also well known, and 
the environmental and community impacts of mining and extraction operations have been deeply analyzed 
in many specific locations.145 The trade-offs of climate change mitigation and adaptation in the freight 
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transportation sector are also well known, as governments, freight operators, and cargo owners are con-
currently implementing and analyzing actions in those areas, and planning for the future, with extensive 
documentation of those processes.153 The benefits of community engagement in government processes, 
including in the transportation sector, are also extensively documented in the literature.140 There is also an 
emerging best practice to include equity and inclusion criteria in the development and implementation of 
transportation strategies.143,144

Major Uncertainties and Research Gaps 
Projections of the specific life-cycle environmental and societal impacts of not-yet-implemented transpor-
tation technologies and systems are necessarily uncertain. Specifically, impacts of mineral mining for EV 
battery raw materials have been extensively analyzed for sites within the lithium triangle of South America; 
however, large-scale mining of such materials is less prevalent in the US, so fewer analyses of these impacts 
have been performed.145 There is also a lack of research analyzing the environmental and GHG benefits from 
freight transportation mode shifts. 

Description of Confidence and Likelihood
There is high confidence that significant trade-offs will occur in implementing adaptation and mitigation 
measures in the transportation sector, based on the strength and consistency of the peer-reviewed 
literature and publicly available reports regarding contemporary environmental and energy transitions. 
There is high confidence that environmental justice requires transparent and inclusive processes, as the 
literature and government policy141 clearly indicate that equal access to decision-making processes is a key 
element of environmental justice.
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Introduction
Good air quality is vital to human health and the environment. Ozone and fine particulate matter (PM2.5) are 
air pollutants with widespread health and environmental effects that derive from emissions from a variety 
of natural and human-caused sources, including industry, power plants, vehicles, and agriculture. Ozone is a 
colorless gas that forms in the atmosphere from emissions of other compounds. At ground level, ozone is a 
powerful oxidant that, when inhaled, affects the respiratory and cardiovascular system, causing a wide range 
of health outcomes including lung damage and premature mortality.1,2 It also damages crops and natural 
vegetation.1,3 PM2.5 is defined as airborne particles with a diameter of 2.5 micrometers and smaller—about 
30 times smaller than the width of a human hair. These small particles can be inhaled into the lungs, leading 
to health problems including cardiovascular disease, adverse birth outcomes, neurological disease, and 
increased risk of death.4,5,6,7,8,9,10 PM2.5 is a complex mixture of solid and liquid substances,11 including particles 
emitted directly from combustion and those formed in the atmosphere from gases emitted from natural 
and human sources. PM2.5 also contributes to regional haze, which can impair enjoyment of scenic vistas, 
including in national parks.

Ground-level ozone and PM2.5 have declined in the US due to programs that lowered emissions. From 2000 
to 2020, extreme ozone levels (98th percentile) declined by 18%,12 and annual average PM2.5 concentrations 
declined by 41%.13 Continued reductions in human-caused emissions are projected to bring still cleaner air 
in the US.14,15

Despite these improvements, in 2021 nearly 102 million people lived in areas where pollution levels exceeded 
health-based air quality standards.13 Estimates of annual US deaths from exposure to ambient ozone and 
PM2.5 range from about 60,00016—more deaths than from either motor vehicle accidents, kidney disease, 
breast cancer, or prostate cancer—to 260,00017,18,19 or more,20 valued at $750 billion to $3 trillion (in 2022 
dollars).21,22 Air pollution damages to US crops are estimated at approximately $12 billion annually (in 2022 
dollars).23 The negative impacts of air pollution are not distributed equally, with communities of color and 
low-income communities disproportionately burdened.24,25

Climate change, driven mainly by human greenhouse gas (GHG) emissions that are not harmful to breathe 
at typical atmospheric levels, affects air pollutant concentrations through multiple pathways (KM 14.1) 
including wildfire smoke (KM 14.2) and affects aeroallergens (KM 14.4), with effects on health. Air pollutants 
also affect climate (KM 3.1), and the main sources of air pollutants are also the main sources of GHG 
emissions, suggesting that there is opportunity to address climate and air quality goals simultaneously (KM 
14.5). Current inequities in air pollution exposure may be alleviated or worsened by the impacts of climate 
change and actions to reduce GHG emissions (KM 14.3).

Key Message 14.1  
Climate Change Will Hamper Efforts to Improve US Air Quality

Climate change is projected to worsen air quality in many US regions (medium confidence), 
thereby harming human health and increasing premature death (very likely, high confidence). 
Extreme heat events, which can lead to high concentrations of air pollution, are projected to 
increase in severity and frequency (very likely, very high confidence), and the risk of exposure 
to airborne dust and wildfire smoke will increase with warmer and drier conditions in some 
regions (very likely, high confidence). Reducing air pollution concentrations will unequivocally 
help protect human health in a changing climate.
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Air pollution concentrations are determined by natural and human-caused emissions and by atmospheric 
conditions, including temperature, humidity, and winds. Climate change is projected to worsen air quality 
in many regions, harming human health. Some of the largest increases in PM2.5 and ozone exposure are 
expected in heat- and drought-prone regions (Figure 14.1) and in areas where vulnerable populations live 
(KM 14.3). For example, increasing heat and drought already contribute to more frequent wildfires and 
associated smoke episodes (KMs 14.2, 7.1). Severe climate change, with a US average warming of 9°–14°F, 
would increase annual US air pollution–related deaths by about 25,000 in 2100, relative to 2000.26,27 This 
estimate assumes population growth but no change in emissions, including wildfire smoke. Given that 
wildfires and smoke PM2.5 are projected to increase in a warmer climate (KM 14.2), this mortality rate may be 
an underestimate.

Climate change is expected to alter meteorology over the US in several ways that will directly degrade 
air quality (Figure 14.1). For example, ozone levels are higher on warm, sunny days because the chemical 
reactions that produce ozone speed up with temperature and sunlight. Exposure to these short-term ozone 
episodes has been linked to increased mortality.28 Some gases that produce ozone and PM2.5 come from soils 
and vegetation, and these emissions are sensitive to temperature and rainfall. Such processes typically lead 
to higher pollution levels during heatwaves, when exposure to PM2.5 appears to be especially harmful.29,30,31,32 

Local air pollution events are also strongly tied to large-scale weather patterns.33,34,35,36 For example, cold 
fronts sweep clean air across the eastern US, clearing the air of pollution.37 How climate change will affect 
these large-scale patterns is not well known. In the eastern US, the largest and most persistent pollution 
events often co-occur with extreme heat.38 Air stagnation events, when weak winds provide little ventilation 
near the ground, promote pollution accumulation. Co-occurrences of heat and air stagnation are projected 
to increase with climate change.39 Air pollution is also expected to worsen as the warm season lengthens, 
with greater pollution during the spring and autumn.40,41 Other meteorological changes accompanying 
climate change may improve air quality. For example, increasing humidity may reduce ozone through 
chemical reactions, while increasing precipitation may remove PM2.5 from the atmosphere (Figure 14.1).

Methane, a key GHG that contributes to near-term warming (KM 14.5), is a source of global background 
ozone when it undergoes chemical oxidation in the presence of nitrogen oxides.42,43 Continued growth in 
methane emissions from wetlands and human activities would raise background ozone levels, including in 
winter (KM 3.1),44,45 increasing the potential for a longer ozone season that begins earlier in the spring.46 As 
with ozone episodes, long-term exposure to background ozone also increases mortality.2,47

The response of ozone and PM2.5 to climate change—and their associated impacts on health—will vary 
regionally, reflecting the net balance of several complex chemical, meteorological, and small-scale 
processes, which vary spatially and over time (Figure 14.1).48,49,50 Across the Midwest and Northeast, 
year-round ozone is expected to increase by 2035 under a very high scenario (RCP8.5).51 In California and 
the Northeast, increasing temperatures under a moderate scenario (RCP4.5) would double the number of 
severe ozone episodes by the 2050s relative to the early 2000s,52 with further increases in summer average 
ozone in these regions by 2100.53 Projecting future PM2.5 is complicated, as different types of PM2.5 are 
expected to respond differently to changing climate.51,54 Wildfires are expected to increase smoke PM2.5 in 
the West and Alaska (KM 14.2). The rugged western topography makes it particularly susceptible to PM2.5 
increases, especially in winter when mountain valleys trap polluted air.55 Declines in lake area in some areas 
of the mountainous West, driven mainly by human water use but also by changing climate, have exposed 
lakebeds and increased dust emissions.56,57,58 These declines in lake area are projected to continue as tem-
peratures rise and snowpack diminishes (KM 4.1), with further increases in dust.59,60,61 In the arid Southwest, 
dust concentrations are expected to double by 2100, compared to 2010, due to warmer and drier conditions 
(KMs 6.1, 28.3, 28.4).62,63 Multiple studies agree that climate change is expected to increase PM2.5 concentra-
tions in the Northeast.40,49,64
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Climate Change Impacts on Ozone and Fine Particulate Matter (PM2.5) over the United States

Climate change will have varying effects on ozone and fine particulate matter (PM2.5) concentrations, including 
through impacts on weather-sensitive emissions.

Figure 14.1. Climate change is projected to alter concentrations of two key US air pollutants, ozone and PM2.5, 
through several processes. Red icons signify increased ozone and PM2.5, and the blue icon denotes decreased 
PM2.5. Plus and minus signs indicate the expected pollutant response to climate-driven changes in meteorology. 
Question marks and purple icons denote uncertainty in either the response or in how the meteorological process 
will change with climate change. Given uncertainties and regional differences in pollution responses, the magni-
tude of these responses is not presented. Key Messages 14.1 and 14.2 provide more detailed descriptions of the 
mechanisms involved. Adapted from The Royal Society 202165 [CC BY 4.0]. 

The adverse effect of climate change on the air we breathe is known as the climate penalty on air quality, in 
which climate change counteracts some of the benefits expected from emissions reductions.66 Figure 14.2 
illustrates how air quality can vary under different scenarios of air pollution sources and GHGs in future 
decades. In general, climate change is expected to worsen air quality, although the actions that policymak-
ers and communities take today could counteract this outcome. Steeper reductions in the human-caused 
emissions that contribute to ozone and PM2.5 are expected to lessen this climate penalty and limit adverse 
health effects.15,64,67,68

https://creativecommons.org/licenses/by/4.0/legalcode
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Simulated Historical and Projected Changes in Fine Particulate Matter (PM2.5) and Ozone

Reductions in human-caused emissions that contribute to ozone and fine particulate matter (PM2.5) are 
expected to improve air quality in a changing climate.

Figure 14.2. Future air quality depends on both air pollution control measures and climate change. Modeled 
pollutant concentrations are shown averaged over the contiguous US, with the historical period in black and 
projections in various colors, for (a) annual average PM2.5 and (b) summer (June–August) average daily maximum 
8-hour average ozone, a metric of ozone pollution. Trends are shown relative to the 2015–2024 average value. 
Historical air quality improvements reflect clean air policies. Thick lines are multimodel average values. Thin lines 
show individual model simulations, indicating uncertainties from modeled processes and natural weather variabil-
ity for each scenario. The focus on the contiguous states reflects the stronger influence from domestic emissions 
compared to other US regions (Alaska, Hawai‘i and the US-Affiliated Pacific Islands, and the US Caribbean), where 
the balance of processes contributing to pollution and responses to climate change are expected to differ. These 
projections do not include the expected strong influence of climate change on wildfire smoke. Model simulations 
are described by Turnock et al. 2020.15 Figure credit: Massachusetts Institute of Technology. See figure metadata 
for additional contributors. 
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Key Message 14.2  
Increasing Wildfire Smoke Is Harming Human Health and Catalyzing New Protection Strategies

Wildfires emit gases and fine particles that are harmful to human health, contributing to 
premature mortality, asthma, and other health problems (very high confidence). Climate change 
is contributing to increases in the frequency and severity of wildfires, thereby worsening air 
quality in many regions of the contiguous US and Alaska (likely, high confidence). Although 
large challenges remain, new communication and mitigation measures are reducing a portion 
of the dangers of wildfire smoke (medium confidence).

Large wildfires have become more frequent in the western US in recent decades. While wildfires occur 
naturally, climate change and other human influences have increased their likelihood (Focus on Western 
Wildfires; KM 28.5; Figure A4.14).69 Wildfires are projected to increase in many regions over the coming 
century (KM 27.2).70,71,72,73 Smoke pollutants emitted by wildfires negatively impact human health, visibility, 
and solar energy generation.74,75 Wildland fires are the largest contributors to PM2.5 concentrations in some 
parts of the western US74,76,77 and impact air quality across the US (Figure 14.3). These concentrations could 
increase, particularly in the western US, by the end of the century,78 offsetting improvements from reduced 
human-caused air pollutant emissions.71,79

Wildfires emit PM2.5 and other air pollutants, including volatile organic compounds (VOCs), nitrogen oxides 
(which contribute to ozone generation in plumes), and toxic gaseous and particulate species.74,77 Since 
publication of the Fourth National Climate Assessment in 2018, studies have revealed factors influencing 
the smoke pollutant mixture, including the following: 1) smoke enhancements to ozone may be amplified 
when smoke mixes with urban pollution;80,81 2) chemical reactions in plumes change the composition of 
smoke PM2.5 but generally not its amount;82 and 3) hazardous VOC concentrations generally decrease 
with plume age due to chemical losses,77 but structures burning in wildfires could emit additional toxic 
material, increasing health risks in the wildland–urban interface.74,83,84 Finally, microbes emitted by fires 
and transported in smoke suggest that the region biologically affected by fires is more extensive than 
previously thought.85,86,87

Human exposure to smoke pollutants is associated with mortality, asthma, and other respiratory problems, 
as well as worse outcomes for birth, COVID-19 infection rates (Focus on COVID-19 and Climate Change), 
and emotional well-being.88,89,90,91,92,93,94,95 Smoke exposure in the US presently contributes to 1,000–9,000 
hospital and emergency department visits and 6,000–30,000 deaths annually.96,97 Smoke can disproportion-
ately impact certain racial, ethnic, occupational, and age-related subpopulations in both urban and rural 
areas (KM 22.2),76,98,99,100 but the most impacted subpopulations are not consistent across studies. As future 
wildfire activity increases in some US regions, mortality rates and respiratory hospitalizations attributable 
to wildfires are also expected to increase (KM 27.5).71,101

Fire is a natural part of many ecosystems. Land managers use prescribed fire to promote ecosystem 
health and to reduce the vulnerability to severe fires (KMs 7.3, 28.5),102 especially in a changing climate.103,104 
Indigenous communities have long used fire to steward their environments (KM 16.3).105,106 Prescribed 
fire emissions vary greatly by region and season107 but are typically much lower per acre than those from 
wildfires.74 Prescribed fire activity could increase in some regions as land managers attempt to reduce 
the frequency, intensity, and spread of wildfires in a changing climate (KM 7.3).103,104 Although air quality 
and health impacts are associated with prescribed fire smoke (KM 22.2),108 well-designed prescribed fires 
targeted for specific locations have the potential to reduce overall smoke exposure109 and health impacts of 
subsequent wildfires.110,111
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Advances in remote sensing and improved smoke prediction systems,112,113,114,115,116 combined with better 
communications strategies,117 are helping protect the public from unhealthy smoke conditions (Figure 14.3). 
Smoke exposure reduction techniques, including masks and portable air filters, can help people limit the 
amount of PM2.5 that is inhaled during a smoke event,117,118,119,120,121 as well as pollen and other particulate air 
pollution. Smoke forecasters synthesize modeled, satellite, and monitoring data to create daily forecasts122 
that reach the general public, including underserved communities—for example, through Spanish trans-
lations. Communication of these forecasts and techniques to reduce smoke exposure occurs through 
interagency federal,117,123 state, and Tribal programs, as well as social media. However, people tend to take 
protective actions, such as staying indoors and using air filters, in response to symptoms from exposure 
rather than take preventive measures.124 More work would be needed to quantify and communicate the 
benefits of exposure-reduction actions.125,126

Impacts of Wildfire Smoke on Air Quality

Wildfire smoke affects air quality across the country.

Figure 14.3. Wildfire smoke can affect the daily lives of people across the country, as communicated in real time 
to the public on September 13, 2020, on the AirNow Fire and Smoke Map (https://fire.airnow.gov/). Monitors 
measuring particulate matter are color-coded by air quality index from green for good air quality to brown for haz-
ardous. Here, unhealthy to hazardous air quality conditions are shown at multiple monitors (circle, triangle, and 
square icons) across the western US, and satellite imagery (gray) shows smoke extending across much of North 
America. On this day, the US Caribbean was free of smoke, and monitor or sensor data were not yet available, so 
the region is not shown. Data are not available for US-affiliated Pacific Islands. Adapted from EPA 2022.127 Base 
map: Copyright © 2022 Esri and its licensors. All rights reserved.
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Key Message 14.3  
Air Pollution Is Often Worse in Communities of Color and Low-Income Communities 

Communities of color, people with low socioeconomic status, and other marginalized popula-
tions are disproportionately harmed by poor air quality (very high confidence). In the coming 
decades, these same communities will, on average, face worsened cumulative air pollution 
burdens from climate change–driven hazards (very likely, high confidence). Decision-making 
focused on the fair distribution of air quality improvements, rather than on overall emissions 
reductions alone, is critical for reducing air pollution inequities (high confidence).

Air pollution disproportionately affects people of color and people with low socioeconomic status in 
both cities and rural places.128,129,130,131 While air quality has improved over recent decades, air pollution 
disparities have persisted.132,133,134,135,136,137 There is a clear pattern of more air pollution sources being located in 
communities of color and low-income neighborhoods. Diesel traffic exhaust is among the largest sources of 
air pollution inequalities in urban areas,138 while other emitters, including industrial facilities,25,139 prescribed 
agricultural burns,140 concentrated animal feeding operations,141,142,143,144,145 power generation,146 and oil and 
gas infrastructure,147,148 contribute to air pollution disparities in cities and rural environments. Racism 
in historical practices and policies has contributed to ongoing inequities, protecting White areas from 
pollution and disinvesting in and off-loading those costs onto communities of color, for example, through 
redlining and housing segregation.149,150,151

The health impacts of the unequal distribution of air pollution are magnified by factors including reduced 
access to nutrition, social and institutional support, and healthcare, as well as psychosocial stress from 
racism and poverty.152 As a result, a given level of air pollution can cause more harm to people of color and 
those with lower socioeconomic status.30,152,153,154 Environmental inequalities often overlap, such as exposure 
to both poor air quality and higher-than-average urban heat (KM 21.3).155,156 Exposure to air pollution and 
high air temperatures in combination can worsen health outcomes.29,30,157,158 Environmental inequalities also 
often compound in ways that exacerbate negative impacts; for example, reduced tree cover, common in 
urban communities of color,159 intensifies urban heat (KM 12.2) and affects air quality (KM 14.1). Disparities in 
air-conditioning access160,161 and other housing differences may increase infiltration of outdoor air pollution 
and wildfire smoke into homes and schools in communities of color and lower-income neighborhoods,162 
and low-income households may have less ability to adopt in-home air filtration.

A 3.6°F (2°C) increase in average global temperatures relative to the 1986–2005 average is projected to 
worsen PM2.5-related premature mortality for African Americans over age 65 by 40%–60% more than for 
people of other racial and ethnic groups.155 This same temperature change is projected to cause substantially 
higher rates of PM2.5-related asthma for African American children and smaller, but still disproportionate, 
increased rates for Latino, Asian, Pacific Islander, and American Indian and Alaska Native children. In New 
York City and Newark, New Jersey, projected trends in air stagnation are expected to worsen inequalities 
in concentrations of nitrogen dioxide (NO2),163 an air pollutant associated with asthma.164,165 The impact of 
climate change on air quality–related inequalities may differ depending on the sources of pollution and 
whether pollutants are emitted directly or formed through chemistry (KM 14.1). However, climate change 
can increase cumulative and unequal air quality–related health burdens, such as from the combined effects 
of air pollution and temperature, even if air pollution itself does not worsen.29,30,157,158

Actions to address climate change through GHG regulation will also affect air quality, with the distribution 
of benefits dependent on the mitigation approach. Programs focusing on GHG sources with the lowest 
mitigation costs have had mixed impacts on air pollution equity.166,167 In California, GHG regulation through 
carbon cap-and-trade increased emissions of combustion-related air pollutants in communities of color 
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and low-income neighborhoods.168 Approaches focused on lowering aggregate emissions across a large 
geographic region, or from a single emissions category, have been shown to be less effective than inter-
ventions aimed at reducing air pollution inequalities for a specific location.169 Solutions can be designed to 
reduce disparities and overcome the challenges associated with GHG regulation.170,171 

Air Pollution Exposure at Home in the Houston Ship Channel Region

Industries expose people living near the Ship Channel—often African American, Latino, and low-income 
residents—to harmful air pollution.

Figure 14.4. Nighttime industrial flaring exposes residents to air pollution near the Houston Ship Channel in 
the Deepwater community in Pasadena, Texas, a primarily African American, Latino, and low-income neigh-
borhood. Photo credit: ©Cassandra Casados-Klein, Air Alliance Houston.

Box 14.1. Environmental Justice, Air Pollution, and Climate Change: Houston, Texas

Houston’s Ship Channel region is a patchwork of chemical refineries, freeways, homes, and playgrounds (Figure 14.4; Box 
26.1). Air pollution levels along this busy industrial waterway, connecting downtown Houston to Galveston Bay, are among 
the highest in the city (Figure 14.5). Flares and odors are commonplace,172,173,174 and community concerns about health 
impacts are often ignored. Many of Houston’s African American, Latino, and working-class families live in the neighbor-
hoods of the Ship Channel, where they are more likely to breathe harmful cancer-causing air pollution from diesel trucks 
and refineries.138,175,176,177,178,179,180 Communities living at the fenceline of the petrochemical industry face ongoing vulnerabil-
ities, such as dual exposure to air pollution and heat and endangerment from damages to petrochemical facilities caused 
by stronger hurricanes (KMs 9.2, 15.2). In 2017, Hurricane Harvey triggered widespread industrial releases of hazardous 
air pollutants throughout the Houston Ship Channel.181,182,183 Houston is also the stage for foundational scholarship on 
environmental justice by Dr. Robert Bullard (KM 20.3), where community organizations lead work to reduce air pollution 
and make communities more resilient to climate change.
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Air Pollution and Temperature Inequalities in Houston, Texas 

Air pollution, its health impacts, and temperatures are unequally distributed across Houston, Texas.

Figure 14.5. Air quality and temperatures vary across Houston, Texas (urbanized area outlined in black). (a) 
For each neighborhood, the largest racial or ethnic group is shown: African American (blue), Latino (green), 
and Asian (orange). Higher-than-average levels of (b) nitrogen dioxide (NO2; in 2019), (c) lifetime cancer risks 
associated with chronic air pollution exposure per million equally exposed people (2018), and (d) summer 
(June–August) air temperatures (2020) are found in neighborhoods that are primarily African American and 
Latino, especially those surrounding the Ship Channel (black box). There is variability in time and at very fine 
spatial scales that may not be captured here. Figure credit: University of Virginia, Columbia University, and 
Montana State University.
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Key Message 14.4  
Climate Change Is Worsening Pollen Exposures and Adversely Impacting Health

Increased allergen exposure damages the health of people who suffer from allergies, asthma, 
and chronic obstructive pulmonary disease (COPD) (very high confidence). Human-caused 
climate change has already caused some regions to experience longer pollen seasons and 
higher pollen concentrations (very likely, high confidence), and these trends are expected to 
continue as climate changes (very likely, high confidence). Increasing access to allergists, 
improved diagnosis and disease management, and allergy early warning systems may coun-
teract the health impacts of increasing pollen exposure (high confidence).

Allergic airway disease, including allergic rhinitis and asthma, is widespread in the US, is becoming 
more prevalent, and imposes a burden of several billion dollars in healthcare costs and lost produc-
tivity annually.184 Exposure to allergenic pollens and molds (aeroallergens) triggers allergic disease 
development.185,186,187 Co-exposure to aeroallergens and pollutants like ozone, nitrogen oxides, and PM2.5 can 
exacerbate allergic airway disease symptoms.188,189,190 Aeroallergen exposure can compromise the body’s 
antiviral defenses, possibly increasing susceptibility to respiratory viral infections in both allergic and 
nonallergic people.186,191 It is also probable that pollen exposure is associated with COPD mortality.192 Pollen 
can also transport viruses.193

Local climate affects emissions of allergenic tree and grass pollens and fungal spores. Climate change is 
altering pollen season characteristics for allergen-producing trees during spring and for grasses and weeds 
during summer and fall.194 Rising atmospheric carbon dioxide (CO2) can increase pollen allergenicity.195,196,197

Multiple US regions have experienced longer, more intense pollen seasons, with earlier start dates and 
increased emissions and airborne loads over the past 30 years, increasing the potential for exposures 
(Figure 14.6; KM 22.2).187,194,196,198,199,200,201 For example, the season for ragweed pollen, a significant allergen, has 
lengthened since the 1990s (Figure A4.13), and its range has expanded northward;202 ragweed grows faster, 
flowers earlier, and produces more pollen in high-CO2 areas.196,203 With climate change, ragweed pollen is 
projected to increase in most regions (Figure 14.6) and to co-occur with high ozone more frequently.204,205 
Likewise, the number of days with total pollen concentrations exceeding thresholds for triggering allergies 
is projected to increase in most US regions.204,206,207,208

Increasing frequency and intensity of heatwaves, storms, and floods associated with climate change can also 
intensify aeroallergen exposures. Mold proliferation is increased by floods. Thunderstorms can exacerbate 
respiratory allergy and asthma in patients with hay fever, and similar phenomena have been observed 
for molds.209
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Observed and Projected Pollen Changes Under Climate Change

Pollen has been increasing in many US regions and is projected to continue to increase as climate changes. 

Figure 14.6. (a) Observed long-term pollen increases are shown as the linear trend of total annual pollen at 60 
stations (1990–2018). (b) Modeled projected changes in average airborne ragweed pollen concentrations in 
2047, relative to 2004, are shown for climate change conditions under a very high scenario (RCP8.5). Yellow 
and red shades indicate increases in pollen concentrations, and circle size in panel (a) reflects the number of 
years of data at each station. Observations are not available for many US states and affiliated territories, and the 
modeled projection does not include non-contiguous US states and territories. There is a net increase in concen-
tration overall, with marked increases in certain areas and declines in others. (a) Adapted from Anderegg et al. 
2021194 [CC BY 4.0]; (b) adapted from Ren et al. 2022210 [CC BY 4.0].

Allergic airway disease is underdiagnosed, and many therapies are underutilized.211 Increasing access to 
allergists and diagnostic tests can help clarify what exposures drive allergies for individuals and aid in 
developing therapeutic plans including medical and immune therapies.212 Staying indoors and wearing masks 
to reduce exposure, as well as avoidance of allergens through early warning systems213 and other public 
health campaigns, can also reduce impacts.214 Understanding of climatic influences on pollen exposures can 
inform diagnosis and disease management, but it remains unclear whether these and other advances can 
blunt the health impact of increased aeroallergen exposures as the climate warms.

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
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Key Message 14.5  
Policies Can Reduce Greenhouse Gas Emissions and Improve Air Quality Simultaneously 

Substantial reductions in economy-wide greenhouse gas emissions would result in improved 
air quality and significant public health benefits (very likely, high confidence). For many actions, 
these benefits exceed the cost of greenhouse gas emission controls (likely, high confidence). 
Through coordinated actions emphasizing reduced fossil fuel use, improved energy efficiency, 
and reductions in short-lived climate pollutants, the US has an opportunity to greatly improve 
air quality while substantially reducing its climate impact, approaching net-zero CO2 emissions 
(high confidence).

Fossil fuel energy use is responsible for 92.1% of US CO2 emissions215 and the majority of PM2.5-induced 
deaths.20,216 Consequently, actions to control GHGs, including reductions in energy demand or shifts toward 
cleaner energy sources, typically reduce air pollutant emissions from the same sources, benefiting air 
quality and health. 

By contrast, actions that have substantially improved US air quality since 1990 generally did not reduce 
GHG emissions, as they focused on technologies that remove air pollutant emissions from power plants, 
industrial facilities, and vehicles but do not reduce fossil fuel consumption—and some actions increased 
fossil fuel use and GHG emissions (Figure 14.7).215,217,218 In the past decade, fuel switching from coal toward 
renewables (wind and solar) and lower-emitting sources (fossil gas) has reduced emissions of both GHGs 
and air pollutants.219,220

To further improve air quality, more stringent smokestack and tailpipe controls on fossil fuel sources may 
be chosen. Alternatively, GHG mitigation scenarios that meet the long-term temperature goal of the Paris 
Agreement and approach net-zero emissions this century replace fossil fuels with cleaner energy sources 
and reduce overall energy use (Figure 14.7; KM 32.2).221,222,223 This clean energy transition would provide air 
quality224 and health benefits225 beyond what smokestack and tailpipe controls can provide.
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Potential for Emissions-Reduction Actions to Achieve Air Quality and Climate Benefits

Many emissions-reduction actions can achieve multiple benefits for climate, air quality, and health.

Figure 14.7. Environmental policies to mitigate emissions will affect both air quality and climate change, and 
actions can be coordinated to address both problems simultaneously. Blue boxes show mitigation actions aimed 
at conventional air pollution controls; orange boxes show actions targeted at short-lived climate pollutants; and 
white boxes show other types of actions. Emissions-reduction actions in the upper right have greater air quali-
ty and climate benefits. Box position indicates the relative potential of actions, from most detrimental to most 
beneficial, and should not be interpreted quantitatively (e.g., that one action has twice the potential of another). 
The size of the boxes indicates some uncertainty, with actions in boxes straddling an axis being uncertain in the 
direction of the effect. Addressing climate change requires moving to the actions on the right-hand side of the 
figure, where many options simultaneously improve air quality. Figure credit: EPA, University of North Carolina at 
Chapel Hill, and Duke University.

Economy-wide GHG reductions are expected to decrease emissions of air pollutants emitted from the same 
sources, resulting in benefits for air quality and health (KMs 13.3, 32.4).226,227,228,229,230 Each metric ton of CO2 
reduced is estimated to bring about health benefits231 that are valued in 26 US studies from $8 to $430 (in 
2022 dollars), with a median of $100 per ton of CO2 (see Traceable Accounts for details on relevant studies), 
mainly from avoided premature death. These health benefits can significantly offset or exceed implemen-
tation costs for many GHG mitigation measures (Figure 14.8). Since health benefits exceed costs in most 
studies, these GHG reductions are economically beneficial, even without accounting for other benefits of 
slowing climate change. Estimates of these benefits vary across many studies because of differences in 
mitigation actions considered, methods of assessing emissions, pollutant concentrations and health impacts, 
and mortality valuation.232 Most studies have typically evaluated mortality while neglecting morbidity 
impacts, such as preterm births, restricted activity days, and hospitalizations,233 and therefore may under-
estimate the full health benefits of GHG reductions. However, some individual actions, including biomass 
energy and carbon capture and storage, may provide small air quality benefits or even worsen air quality 
(Figure 14.7; KM 5.3).234 Lastly, GHG mitigation policies may alleviate or worsen inequities in air pollution 
exposure, depending on their design (KMs 14.3, 32.4). 
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Air Quality and Health Benefits Estimates in the US, Relative to Costs

Air quality health benefits alone exceed or significantly offset the costs of greenhouse gas reductions.

Figure 14.8. Controls on greenhouse gas (GHG) emissions also reduce air pollutant emissions from the same 
sources (often fossil fuel combustion), improving air quality and saving lives. Each circle denotes the results from 
a study in the US during 2013–2022. These studies find that the value of health benefits significantly offset or in 
most cases exceed the GHG emissions control costs, apart from other benefits of slowing climate change. Figure 
credit: EPA, University of North Carolina at Chapel Hill, and Duke University. 

The air quality benefits of GHG controls by reducing co-emitted air pollutants occur mainly locally and 
regionally and nearly immediately following emissions reductions.19,235 By contrast, benefits of slowing 
climate change, including lessening the impacts of climate change on air quality (KM 14.1), are long term and 
distributed globally. Recognizing these air quality health benefits strengthens incentives for local, state, and 
national actions to reduce GHG emissions.236

Indoor air quality can also be affected by GHG reduction actions, as some methods for improving building 
energy efficiency decrease ventilation, which can increase mold and degrade indoor air quality.237 Newer 
approaches to building design improve energy efficiency while meeting temperature control and indoor air 
quality needs.238 More widespread application of these approaches can reduce energy use, mitigate GHG 
emissions, and improve indoor air quality (KM 12.3).

Climate mitigation actions focused on short-lived climate pollutants (SLCPs) can also improve local air 
quality. Reducing SLCPs, including methane, black carbon, and ozone, directly improves air quality and 
reduces the near-term rate of warming, affecting climate more quickly than reductions in long-lived GHGs 
like CO2.239,240 Methane directly contributes to warming and increases ozone air pollution globally.42,241 The 
social cost of methane is estimated at around $2,200 (in 2022 dollars) per metric ton242 when accounting 
for impacts via climate change. Other estimates that also include health impacts of ozone are higher (about 
$4,600 to $9,200 per metric ton in 2022 dollars), with over half of that from ozone health impacts.243,244,245 
VOCs and carbon monoxide (CO) form ozone in the atmosphere, and reducing their emissions benefits 
both climate and air quality. Nitrogen oxides also contribute to ozone but have a net cooling influence by 
shortening methane’s lifetime and forming PM2.5.240,246 Together, global emissions of methane, VOCs, CO, and 
black carbon have contributed about 1.5°F to global average warming in 2019, compared to about 1.4°F from 
CO2 increases (KM 3.1).247

Most forms of PM2.5 cool the climate, and removing them exacerbates climate warming (KMs 2.1, 3.1), as seen 
from historical sulfur dioxide reductions to improve air quality.248,249,250,251 If PM2.5 reductions are undertaken 
together with CO2 and SLCP reductions, this short-term warming may be outweighed, leading to a net 
cooling.252,253 Carbon particles, mostly from fires and burning fossil fuels, cause a mix of warming and cooling 
effects.240 Of these, black carbon is the component that contributes most to warming, and actions targeting 
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sources that emit relatively more black carbon, like diesel engines, are expected to best reduce warming 
while improving air quality. Ammonia, which contributes to PM2.5 and is growing in relative importance 
as a PM2.5 source, comes mostly from agriculture.254 Agricultural ammonia and methane emissions can be 
reduced by more efficient use of fertilizer255,256 and adopting healthier plant-based diets.244,257 Finally, air 
pollutants can influence regional climate such as through changes in clouds and precipitation, and black 
carbon can increase snowmelt, which affects water resources (KM 4.1).258
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Traceable Accounts
Process Description
Authors were selected to provide diversity in topical focus areas and to align expertise with the anticipated 
topics for the chapter, as well as for geographic and racial diversity. All authors are recognized experts in 
climate change and air quality, including in the focus areas of the chapter.

The author team met online roughly every two weeks to discuss the organization of topics, main points to 
emphasize, and the many logistical questions related to writing the chapter. The author team agreed on five 
key topics as the focus of the chapter, reflected in the Zero Order Draft (ZOD). The ZOD was made publicly 
available, and a public engagement workshop was held on January 18, 2022, where the author team gathered 
public comments on the ZOD. All written public comments on the ZOD were reviewed by the author team, 
and responses were provided for each. Similarly, the author team responded to comments received on 
multiple drafts that followed.

Key Messages were developed by small author teams, who were responsible for developing the content 
of each topic area, and discussed among all authors. The team achieved consensus on the wording of the 
Key Messages for the Third Order Draft through group meetings to discuss this text specifically. Following 
comments on drafts of the Fourth Order Draft, the team made small revisions to the Key Messages, and 
these were discussed among authors to again achieve consensus.

Key Message 14.1  
Climate Change Will Hamper Efforts to Improve US Air Quality

Description of Evidence Base 
An extensive literature base documents air quality modeling of the response of ozone and fine particulate 
matter (PM2.5) to future climate change. Comparison across studies, however, is challenging due to the use 
of different scenarios, time periods, metrics, and process representations in the modeling systems. The 
chemistry of both ozone and PM2.5 is complex, which adds to the difficulty of predicting the influence of 
climate change on air quality. Source gases of ozone and PM2.5 include methane, carbon monoxide, nitrogen 
oxides, non-methane volatile organic compounds, sulfur dioxide, ammonia, and dimethyl sulfide; types of 
PM2.5 directly emitted into the atmosphere include black carbon, organic carbon, mineral dust, sea salt, 
pollen, and spores.

The literature using observations to infer process-level relationships between air pollutants and climate is 
growing and includes links with temperature, precipitation, winds, and near-surface mixing.39,259,260 However, 
observational records are relatively short (a few decades at best), and isolating responses to meteorology 
requires disentangling air pollution responses to large emissions perturbations over the observing period to 
reveal the influence of climate change and variability. Air pollution trends in recent decades in some urban 
areas and at the regional scale are well established based on high-quality monitoring.13,261 A large literature 
base employs a wide range of methods to attribute observed trends and variability to anthropogenic 
emissions versus meteorological variability. Highly resolved spatial distributions needed to assess com-
munity-level exposure are sparse but growing, and new observations from satellites and low-cost sensors 
will prove useful in this regard. For example, the Tropospheric Emissions: Monitoring of Pollution (TEMPO) 
satellite instrument, launched in April 2023, promises to provide hourly, fine-spatial information about 
US pollution.262,263
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Many processes involving interactions between climate and air quality have been the foci of major lab, field, 
and modeling efforts (e.g., wildfires) or represent fundamental physics (e.g., the increase in water vapor 
as temperatures rise), and new work since the Fourth National Climate Assessment (NCA4) was published 
in 2018 further strengthens this deep evidence base. Such processes and their impacts on air pollution 
in a changing climate are illustrated in Figure 14.1. Wildfires are a key example of how feedbacks from the 
biosphere are expected to increase air pollution in future years (KM 14.2).264 An increased frequency of 
heatwaves will also lead to more extreme levels of ozone and PM2.5 (KM 2.2),38,265,266 while warmer average 
temperatures will increase seasonal mean daily maximum 8-hour average (MDA8) ozone and PM2.5 con-
centrations.49,51,260 The source gases of ozone and PM2.5 from plants and soils are expected to increase with 
warmer and drier conditions,259,267,268,269 thus degrading air quality. In addition, as plants wither and die 
during drought, ozone that would otherwise be deposited on leaves may accumulate in the atmosphere,270,271 
although this process is less well studied. Other processes may lead to lower pollution in a warmer climate. 
Some studies project that annual average precipitation, which removes PM2.5, will increase across much of 
the United States by 2100,272 but not all studies agree.273 Basic physics explains why atmospheric humidity 
will rise with temperature, and the chemical reactions governing ozone destruction will increase with 
humidity, reducing ozone in unpolluted regions.68,274 In contrast, greater humidity is expected to worsen 
PM2.5 air quality in some regions.275 Finally, future trends in the regional transport of pollution or in the 
frequency of weather patterns like stagnation will have consequences for US air pollution, but these trends 
are not well established across the US.276,277,278 

Efforts to model the net response of US air quality to climate change have taken two main approaches, 
with some studies focusing on the impact from climate change alone27,41,49,50,51,52,68,279 and other studies 
including the influences of both climate change and changing emissions from human sources of ozone and 
PM2.5, such as fossil fuel combustion.26,39,45,67 Some studies compare the combined effects of emissions and 
climate change with climate change alone.44,46 There is general agreement across these studies that climate 
change will degrade US air quality in many regions with high concentrations of pollutants. Summertime 
average surface ozone is expected to increase across much of the northern and eastern United States26,51 
and during heatwaves in populous areas already affected by pollution.53 Surface PM2.5 is also projected to 
increase in areas prone to wildfires (KM 14.2) or dust events,63 but there is less agreement on the response of 
PM2.5 elsewhere.50,51,54,280

Many epidemiological health studies have identified a wide range of adverse health outcomes following 
exposure to wildfire smoke and dust, as well as to ozone and particulate matter. Such adverse outcomes are 
expected to generally increase in response to ongoing climate change.26

Major Uncertainties and Research Gaps 
Uncertainties remain in how meteorology will respond to climate change in different regions of the United 
States and how these meteorological responses, in turn, will trigger changes in different air pollutants. 
While it is well established that rising methane will increase background ozone at the surface, there is 
uncertainty in the spatial patterns of this response tied to nitrogen oxides emissions, including from ship 
plumes.42,281 Climate variability tends to dominate the uncertainty in shorter-range projections (thin lines in 
Figure 14.2).282,283,284 Health responses to the combined impacts of exposure to multiple pollutants and other 
climate change impacts (heat, flooding) are not well quantified. Extensive research into the relative toxicity 
of PM2.5 mixtures has not consistently shown that any particular source or component is more strongly 
related to health effects than total PM2.5 mass.285

The lack of systematic information available from chemistry–climate models for US air quality complicates 
the assessment of future change. For example, Figure 14.2 makes use of the most comprehensive set 
of coordinated simulations with international climate models that include the atmospheric chemistry 
necessary for projections of future air quality. There are different numbers of models with simulations 
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available for each scenario. Specifically, seven models simulated PM2.5 for both the historical simulations 
and four future air pollutant emissions and climate scenarios during 2015–2100 (see Table 3 in the Guide 
to the Report). In contrast, for ground-level ozone, fewer models (one to five depending on scenario) 
archived the hourly ground-level ozone needed to calculate the MDA8 metric used to assess compliance 
with the National Ambient Air Quality Standards. In Figure 14.2, thick lines show the average of all available 
model simulations for each scenario, with each simulation shown individually by the thin lines. A list of 
the individual models that produced each scenario in Figure 14.2, together with the simulated fields, are 
available in the metadata. Models and simulations are further described by Turnock et al. (2020).15

In more recent studies, progress is being made in quantifying different sources of uncertainty in emissions 
scenarios and future projections for US air quality, including separately determining the uncertainty 
associated with model mechanisms and with naturally arising climate variability.259,286,287

Description of Confidence and Likelihood
The overall assessment of medium confidence that climate change is projected to worsen US air quality 
in many US regions reflects uncertainty in the net ozone and PM2.5 responses to climate change across 
different regions.48,49,50,51,54,68,280 The evidence for air pollution impacts on health is well established from 
epidemiological and toxicological studies,4,7,9,10 supporting a very likely, high confidence assessment. There 
is very high confidence and it is very likely that climate change will increase the intensity and frequency 
of extreme heat (KM 2.2).247 Observational evidence, theoretical understanding, and modeling studies all 
support an assessment of high confidence that increasing frequency of warmer and drier conditions will very 
likely raise the risk of exposure to airborne dust and wildfire smoke in some regions.62,63,69,288

Key Message 14.2  
Increasing Wildfire Smoke Is Harming Human Health and Catalyzing New Protection Strategies

Description of Evidence Base 
This section was based on a review of the recent peer-reviewed literature. Many studies detail the harmful 
health effects of wildfire smoke on human health. A growing weight of evidence indicates that wildfires and 
associated air quality impacts will increase in the future with a warming climate, but the interactions are 
complex and regionally driven. Our understanding of smoke exposure and health impacts has been aided 
by combinations of surface and satellite-based observations, as well as model simulations.289,290 Smoke 
prediction (forecast) systems are a useful mitigation tool,121 and the number of them online, along with many 
science improvements, has grown in recent years across North America.112,114,115,291,292,293,294

Since NCA4, particularly impactful wildfire smoke years have driven the development of new communication 
and smoke mitigation measures. The authors highlight the growing base of information on how the public 
can protect itself before and during a wildfire, such as that found in the EPA Smoke-Ready Toolbox (https://
www.epa.gov/smoke-ready-toolbox-wildfires), as well as the development of wildfire smoke mitigation 
programs by many states and Tribes, in addition to federal programs.295,296,297,298 Evidence shows that social 
media plays an important role in communicating mitigation measures. For example, smoke blogs in many 
western states are a nexus of information.299,300,301,302

Major Uncertainties and Research Gaps 
Uncertainties in future smoke exposure are intrinsically tied to the uncertainties in future wildfires. Hence, 
improvements in future wildfire projections will reduce uncertainties in future smoke exposure. Related 
to this is the uncertainty regarding how future use of prescribed fire as a management tool for wildfire 
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mitigation and ecosystem health will affect smoke at regional and national extents. Finally, quantification 
of how Indigenous fire practices influence smoke both historically and into the future will also reduce 
this uncertainty.

Uncertainties remain in our understanding of the health effects of smoke-specific particulate matter and 
the impacts of cumulative smoke exposure over many years. Research investigating indoor concentra-
tions during wildfire smoke events is preliminary, and there is a specific need to understand how indoor 
concentrations vary between socioeconomic groups during wildfire smoke events. Research quantifying 
the effectiveness of smoke mitigation measures and other health protection interventions is limited, and 
relying on personal interventions such as wearing face masks, filtering indoor air, and staying indoors can 
have limitations.303,304

Description of Confidence and Likelihood 
There is very high confidence that wildfires emit gases and fine particulate matter that are harmful to 
human health based on epidemiological and toxicological studies.74,77,88,89,90,91,92,93,94,95 Many studies document 
the effects of short-term acute exposures on respiratory healthcare outcomes (Liu et al. 2015; Reid et al. 
201692,93 and references therein). Less quantified but also of concern are the effects of long-term lower-level 
exposure.92,93 A growing weight of evidence supports the likely, high confidence assessment that with a 
warming climate, wildfires and associated air quality impacts will increase in the future in many regions of 
the contiguous US and Alaska, but the fire-climate interactions are complex and regionally driven, and the 
extent to which human management actions will influence future wildfire activity is unknown (Ch. 7). Since 
NCA4, particularly impactful wildfire smoke years have driven the development of new communication 
and smoke mitigation measures.117,118,119,120,121 Advancements in the science in models and observational data 
are also leading to products to help inform the public.112,113,114,115,116,154 However, these developments may not 
be enough to substantially reduce exposure, especially for all demographic groups.125,126 This uncertainty in 
exposure reduction leads to the assessment of medium confidence in the efficacy of these measures and the 
conclusion that challenges remain.

Key Message 14.3  
Air Pollution Is Often Worse in Communities of Color and Low-Income Communities

Description of Evidence Base 
This section is based on a review of peer-reviewed scientific literature, focusing on work published in the 
last decade. It has been repeatedly shown that communities of color, low-income communities, and other 
marginalized groups are disproportionately exposed to and harmed by air pollution.25,30,132,133,134,135,136,137,138,139,14

0,141,142,143,144,145,146,147,148,152,153,154,155 Over the last 10 years, there has been an emphasis on developing and applying 
new measurements and models to describe air pollution inequalities and, in some cases, on deepening 
commitments to community-engaged scholarship. Improved monitoring and modeling have advanced tools 
for distinguishing pollutant differences within and between neighborhoods, whereas research over previous 
decades was largely based on analyses of source proximity and/or health impacts. A new generation of 
sensors, costing a few hundred dollars each, is supporting collaborative air quality and exposure research 
and producing actionable results.305,306,307,308,309,310,311 In addition, recent advances in satellite remote sensing 
are enabling more detailed observations of neighborhood-level pollution inequalities, with satellite mea-
surements being used directly in the case of nitrogen dioxide (NO2)138,163,177,312 and in combination with 
models for PM2.5 and NO2,133,134,135,313,314 with additional information, especially on daytime temporal variability, 
anticipated with the launch of TEMPO. Machine learning and regression models are filling observational 
gaps and improving estimates of unequal exposures.129,134,313,315 Current understanding of air pollution health 
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impact disparities is also improving through neighborhood-level datasets on disease rates.133,314 Chemical 
transport models, which are standard research and air quality decision-making tools that account for key 
chemical and physical processes, have only begun to be used for neighborhood-level environmental justice 
applications because of model resolution challenges.316,317 That said, neighborhoods are typically larger 
than the spatial gradients of primary pollutants, and emissions sources are often clustered in overbur-
dened communities. As a result, models with very-fine-scale spatial resolution (hundreds of meters) may 
not always be needed to describe neighborhood-level inequalities,163,318 further opening the range of tools 
applicable to describing and understanding air pollution inequalities. As air pollution datasets evolve, they 
reinforce what communities with environmental justice concerns have been saying for decades. 

Major Uncertainties and Research Gaps 
While patterns of inequities related to air pollution sources, exposure, and associated adverse health 
impacts are well established, we lack tools that fully describe neighborhood-level distributions of a wide 
variety of pollutants harmful to health, such as air toxins, and of pollutant mixtures. Air pollution exposures 
also occur in the home, in classrooms, and at work, and there is little research simultaneously considering 
outdoor, indoor, and occupational exposures. To date, researchers have largely focused on producing high 
spatial resolution air pollution maps, and as a result, there is far less knowledge of the temporal variability 
and source patterns driving air pollution inequalities. Without also capturing this temporal variability, it is 
difficult to incorporate issues of inequalities in broader air quality and climate change decision-making.163 
Equity-related questions are not a common feature of air pollution–climate research, partly because of 
computational limitations on model spatial resolution and partly because of disciplinary and regulatory 
divides in the fields of air quality and environmental justice. There is limited research on how greenhouse 
gas (GHG) mitigation actions have differential impacts on air quality affecting different communities, but 
there is clear evidence that without considering equity, GHG regulations can adversely affect air quality in 
communities of color and communities with low-socioeconomic status.168

Description of Confidence and Likelihood 
There is very high confidence that communities of color, low-income communities, and other marginal-
ized populations, on average, live in greater proximity to emissions sources, experience higher levels of 
air pollution, and are disproportionately harmed by poor air quality25,129,138,152,153,319—this has been repeatedly 
shown for decades. The author team assigns very likely, high confidence to the statement that these 
same communities will disproportionately face worsened cumulative air pollution burdens from climate 
change–driven hazards. Regarding the likelihood, there are two facets to consider concerning how climate 
change will affect air pollution inequity: 1) how the amount and distribution of air pollution will differ in the 
future and 2) how the health impacts of air pollution exposures will vary with climate change. There is less 
research on how the amount and distribution of air quality (i.e., air pollution inequalities) will change in the 
future,155,163 with varying effects possible depending on which control strategies are employed and whether 
pollutants are directly emitted into the atmosphere or formed in the atmosphere through chemistry. The 
likelihood and confidence statements are largely based on the second facet—because of well-document-
ed inequalities in the distribution of other climate-sensitive environmental benefits and harms (KMs 9.2, 
12.2, 15.2) and because of other forms of structural racism affecting the impacts of air pollution on health 
and well-being,152,156 hence the high confidence. The cumulative burdens of air pollution with other climate 
change-driven hazards are very likely to increase in the coming decades in the absence of equity-focused 
emission controls. The author team assigns high confidence to the statement that equity-focused deci-
sion-making is critical for reducing air pollution inequities, as it has been borne out over decades of 
improved air quality across the US that air pollution disparities persist.132,133,134,135,136,137 Sector, market, and 
pollutant threshold-based controls have been shown to have smaller equity benefits than location-specific 
interventions,169 with California’s GHG market serving as a real-world demonstration that GHG controls have 
the potential to worsen air pollution inequalities.168
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Key Message 14.4  
Climate Change Is Worsening Pollen Exposures and Adversely Impacting Health

Description of Evidence Base 
This section was based on a review of the recent peer-reviewed literature. A large number of articles using 
new data and tools have been published in the past few years, and some have provided insight into the 
attribution of observed shifts in pollen metrics to anthropogenic climate change. 

Recent developments have enhanced our understanding of climatic influences on pollen. These include 
improved understanding of plant phenology,203,320,321,322,323 improved measurements of aeroallergen concen-
trations,194,201,324 new modeling platforms for pollen emissions and transport,204,205,207,325,326 novel analytics tools 
for recognizing pollen patterns,327,328 automatic analysis of pollen types,329,330 and remotely sensed data on 
meteorology, air quality, and phenology.321,331,332 In addition to these methodological advances that allow for 
greater insight into factors influencing aeroallergen distribution and concentration, climatic influences are 
becoming clearer as the climate shifts further, and longer time series allow for greater confidence in the 
correlations observed. 

Strategies for reducing the impact of allergic airway disease by avoiding and reducing pollen exposure,213 
which can be facilitated through public health campaigns214 and taking medications to reduce immune 
response intensity,212 have been established for years. More recent literature has highlighted gaps in 
diagnosing and treating allergic airway disease.211

Major Uncertainties and Research Gaps 
There are several papers suggesting overall trends in pollen season and concentrations for total pollen 
and ragweed, but there is limited evidence for specific taxa, and there is less literature on climate change 
impacts on indoor and outdoor mold exposure. There is also limited evidence linking changes in health 
impacts with changes in exposure; however, there is abundant evidence that allergic respiratory disease 
is driven by exposure, so there is a strong presumption of a link. There is relatively limited information on 
the health equity impacts of changes in pollen exposure and on the effectiveness of early warning systems 
in reducing symptom burden. Lastly, there is little information quantifying the likelihood that investments 
in adaptation can fully close the adaptation gap and negate climate change–attributable shifts in allergic 
airway disease.

Description of Confidence and Likelihood
There is very high confidence in the linkage between aeroallergen exposure and the development and 
intermittent exacerbation of allergic airway disease and, by extension, that increased aeroallergen 
exposure damages the health of people who suffer from allergic airway disease.185,186,187,188,189,190,192 There is 
high confidence and it is very likely that human-caused climate change, particularly warming, has already 
changed the patterns of pollen seasons based on both observational studies in North America as well as 
modeling studies assessing the influence of anthropogenic climate change compared against a counterfac-
tual without anthropogenic climate forcing (Figure 14.6).187,194,196,198,199,200,201 This evidence demonstrates that 
shifts in pollen concentrations vary by region. There is high confidence and it is very likely that as the climate 
changes further, these trends will continue and that further shifts in aeroallergen concentrations and distri-
bution will depend on the rate at which the climate changes and, in particular, the rate of warming in a given 
location (Figure 14.6).204,206,207,208,210 Based on past experience with managing allergic airway disease, there is 
high confidence that the health impacts associated with increased pollen from climate change can be coun-
teracted fully or in part through improvements including increasing access to allergists, improved diagnosis 
and disease management, and allergy early warning systems.211,212,213,214
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Key Message 14.5  
Policies Can Reduce Greenhouse Gas Emissions and Improve Air Quality Simultaneously 

Description of Evidence Base
The author team made use of the existing literature, emphasizing studies published since NCA4 but also 
referencing some classic papers published before 2018. The author team emphasizes here how decisions 
to control GHG emissions often have effects on air pollutant emissions. Similarly, decisions to control air 
pollutant emissions may influence GHG emissions. The author team therefore highlights the opportunity to 
control both types of emissions simultaneously through reductions in fossil fuels use, addressing both air 
pollution and climate change. Conclusions are informed by historical changes in emissions in the US and 
elsewhere, particularly the actions to implement air quality regulations through controls on smokestack 
emissions from power plants and large industries and controls on tailpipe emissions from motor vehicles. 
A fuller array of possible actions is presented in Figure 14.7, which emphasizes the capacity for actions to 
affect emissions of both air pollutants and GHGs in the near-term (targeting 2030), without explicit con-
sideration for the cost-effectiveness of actions. Figure 14.7 does not present the potential for emissions 
reductions quantitatively, as the author team is not aware that this has been analyzed previously for the 
US. Rather the author team used information from several key sources to inform where boxes are placed 
in Figure 14.7, including US emissions inventories for GHGs215 and air pollutants,333 which constrain the 
potential reductions of some actions. Estimates of the global GHG mitigation capacity from the Sixth 
Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) Working Group III221 help 
quantify the capacity for reduction, although these estimates are not specifically for the US, and estimates 
specifically for US energy system actions are from Figure 32.22. Estimates of sector contributions to US air 
pollution–related deaths216 are also used, as are qualitative estimates of the effects of GHG reductions on 
air pollution in the United Kingdom.65 Using these sources of information, emissions-reduction actions are 
put in order separately along the two axes in Figure 14.7 and then plotted. In some cases, minor changes 
in the order are made to fit the boxes on the figure. The boxes themselves are intended to communicate 
that there is some uncertainty in the emissions reductions, including boxes that straddle an axis, indicating 
uncertainty in the sign of the influence. Box positions should not be interpreted quantitatively (e.g., inferring 
that emissions-reduction capacity for one action is twice that of another action). Actions considered include 
those emphasized in past emissions reductions and considered for future action in the US, and not all 
possible actions can be included here. The analysis also focuses on technology actions rather than policy 
approaches (cap-and-trade, incentives for clean technology) used to achieve these goals.

There are many studies of the air quality and human health benefits due to the co-pollutant emission 
reductions from GHG mitigation actions.226,227,228,229,230,231 The author team surveyed the literature and found 
26 studies that either directly reported or contained enough information to quantify the monetary value 
of human health benefits from improved air quality per ton of mitigated GHG emissions. In some cases, it 
was necessary to contact the authors to ensure that the data were being interpreted correctly. These 26 
studies form the basis of the range presented in the text ($8 to $430 in 2022 dollars, with a median of $100 
per metric ton of CO2). The estimates of human health benefits and costs from these studies span a range 
of two orders of magnitude because of different methods used, geographical scope, time periods analyzed, 
and GHG reduction actions considered. Figure 14.8 presents results from the subset of these studies that 
included both the air quality human health benefits and GHG mitigation costs. A complete list of the 26 
studies and their reported values is available in the metadata for Figure 14.8. 

Discussion of short-lived climate pollutants has a strong foundation in past research, as summarized in 
the IPCC AR6,240 although some significant uncertainties remain in the magnitude of global anthropogenic 
radiative forcing for some of these species and in the net effects on climate from reductions of short-lived 
climate pollutants252 in the United States in particular.
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On the subject of social costs, since this chapter is about the link between climate change and air quality, 
it seemed appropriate to use costs that include both climate change and air pollution.244 As the text states, 
“over half of [the value is] from ozone health impacts,” so it is clear that this differs from commonly used 
costs, such as those produced by the US Government’s Interagency Working Group on the Social Cost of 
Greenhouse Gases for use in regulations, which include only damages related to climate changes.334

Major Uncertainties and Research Gaps 
Whereas there are new global modeling studies estimating air pollutant concentrations in future Shared 
Socioeconomic Pathway (SSP) scenarios, including the impacts of climate change on air quality, no study 
has yet downscaled these simulations to the United States for studying air pollution impacts. There is a gap 
in research that critically assesses how air pollution is projected to change in the US under scenarios that 
lead to decarbonization and approach net-zero emissions. There is also limited research in quantifying the 
effects of actions considered on both GHG and air pollutant emissions, as well as their costs and potential 
for emissions reductions, since much of the literature available focuses on GHG reductions without 
estimates of concurrent air pollutant emissions reductions.

Description of Confidence and Likelihood 
There is high confidence and it is very likely that broad policies to reduce greenhouse gas emissions 
economy-wide in the United States will reduce air pollutant emissions and benefit air quality and health, 
although some individual actions may not achieve these benefits (Figure 14.7).227,230,231 Many studies have 
estimated the air quality and human health benefits of greenhouse gas reduction actions, most of which 
have found that monetized benefits exceed the costs of greenhouse gas controls (see Figure 14.8 and 
associated metadata), when premature mortality is monetized using methods commonly used in the 
United States,22 such as those used by the EPA. Therefore, there is high confidence that monetized health 
benefits would exceed costs for many greenhouse gas reduction actions, and it is likely that many specific 
actions will also have health benefits exceeding costs.19,226,229 Based on several individual studies, there is 
high confidence that pursuing actions that emphasize reduced fossil fuel use, improved energy efficiency, 
and reductions in short-lived climate pollutants would not only put the United States on a trajectory that 
would substantially reduce GHG emissions and approach net-zero emissions (KM 32.4) but also substantially 
improve air quality and health.224,231
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Introduction
Climate change has profound negative effects on human health. Climate-related extreme events that impact 
the US population include floods, droughts, wildfires, extreme temperatures, and storms. All are expected 
to increase in frequency, intensity, and extent (KM 2.2). Health risks from a changing climate include 
higher rates of heat-related morbidity and mortality; increases in the geographic range of some infectious 
diseases; greater exposure to poor air quality; increases in some adverse pregnancy outcomes; higher rates 
of pulmonary, neurological, and cardiovascular diseases; and worsening mental health.1,2,3,4,5,6,7 These risks 
affect all US residents but have disproportionate repercussions for under-resourced and overburdened 
communities and individuals, such as pregnant people, communities of color, children, people with disabil-
ities, people experiencing homelessness, people with chronic diseases, and older adults. Structural racism 
and discrimination against groups that have been marginalized play a direct role in health inequities and are 
public health crises.8 Existing and projected human health impacts of climate change affect populations that 
are already experiencing an unprecedented decline in life expectancy due to environmental, social, political, 
and economic conditions that determine community health and well-being.9,10,11 Creating climate-resilient 
health systems, implementing adaptation measures, and mitigating greenhouse gas (GHG) emissions can 
protect human health.

Key Message 15.1  
Climate Change Is Harming Human Health 

It is an established fact that climate change is harming physical, mental, spiritual, and 
community health and well-being through the increasing frequency and intensity of extreme 
events, increasing cases of infectious and vector-borne diseases, and declines in food and 
water quality and security. Climate-related hazards will continue to grow, increasing morbidity 
and mortality across all regions of the US (very likely, very high confidence).

Extreme Heat
In recent decades, rising temperatures have increased heat-related health impacts in the US (Figures 
21.8, 22.9, 25.3, 26.2, 27.8, 28.7; KM 2.2).12 Higher temperatures are associated with adverse pregnancy and 
birth outcomes, mental health impacts, and increased emergency room visits and hospitalizations related 
to cardiovascular disease, diabetes, electrolyte imbalance, renal failure, and respiratory outcomes.13,14,15 
Heat-related health impacts are greatest among children, adults over age 65, those with disabilities, people 
with mental health or substance-use disorders; and those who are pregnant, lack access to cooling, or 
engage in outdoor labor and activities (Figure 15.1).13,16,17,18,19 Black, Latinx, Asian, historically redlined, and 
urban communities are disproportionately exposed to heat, as are those with low wealth and people 
experiencing homelessness (Figures 12.4, 12.6; KM 22.2);20,21,22 these groups also report being more worried 
about heat risks.23,24,25 Certain medications for management of cardiovascular conditions and mental health 
disorders may accentuate heat-health risk.26,27 Heat-related death and illness will continue to increase unless 
climate change adaptation and mitigation policies are implemented (KM 15.3).28,29
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Heat and Health Equity

Heat does not impact all communities equally. 

Figure 15.1. While anyone can be impacted by heat, location, economics, compound risks, and social and racial 
factors influence who is most at risk. These impacts disproportionately affect BIPOC (Black, Indigenous, and 
People of Color) communities as well as communities with low wealth. Figure credit: CDC, University of Colora-
do, NOAA NCEI, and CISESS NC. Image credits (clockwise from top left): NIEHS/Kelly Government Solutions and 
USGS/ASRC Federal Data Solutions; FG Trade/E+ via Getty Images; YinYang/E+ via Getty Images; Marc Dufres-
ne/iStock via Getty Images.

Drought
Among weather and climate disasters in the US over the last 40 years that have caused more than a billion 
dollars of economic loss, drought is responsible for the second-highest number of climate-related deaths—
approximately 99 per year (Figure A4.9).30 However, these statistics probably underreport the total number 
of deaths, as these estimates account only for heat-related mortality that accompanies droughts.31 There is 
growing evidence of an association between drought and increased mortality in adults ages 25–64 in both 
rural and urban populations.32,33 Drought can worsen air quality, resulting in adverse health outcomes such 
as increased cardiovascular and pulmonary disease and premature death (KM 4.2).34,35 It can also decrease 
water quantity and quality, which can cause increased exposure to heavy metals, bacteria, and other harmful 
contaminants (KMs 30.2, 30.2).36,37,38 Because farmers rely on the land for their livelihood, drought during the 
growing season is associated with worsening mental health among rural US farmers (KMs 11.2, 22.4).39 

Wildfires
Wildfire activity has significantly increased over the last few decades, especially in the western US (KM 
14.2; Figure 28.9; Focus on Western Wildfires). Roughly half of the increase in burned areas in the US can be 
attributed to a warming climate.40 Wildfires and resulting poor air quality can cause disruptions to a person’s 
life, including loss of livelihood and displacement, and can lead to multiple adverse health effects, including 
death, illnesses, injuries, adverse reproductive outcomes, poor mental health consequences, and declines in 
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psychosocial well-being.41,42,43,44 Exposure to smoke from wildfires is associated with emergency department 
visits, hospitalizations, and deaths.45,46,47,48,49

Infectious Diseases
Climate change is expected to alter the distribution, abundance, and seasonality of pathogens and their 
associated infections (Figure 15.2; Focus on COVID-19 and Climate Change).50,51,52,53 The range of vampire bats 
in Texas and Florida is expected to increase due to rising temperatures, which can lead to increased human 
rabies exposure.54,55 Exposure to rabies and other zoonoses like brucellosis and toxoplasmosis is also of 
increasing concern in Alaska, especially for residents who practice subsistence hunting and gathering (KM 
29.1).56 In the eastern US, exposure to the amoeba (Naegleria fowleri) that causes primary amebic meningo-
encephalitis has been documented farther north.57 Environmental fungal diseases like blastomycosis, coc-
cidioidomycosis (Valley fever), cryptococcosis, and histoplasmosis are expected to be impacted by climate 
change.58,59,60 Valley fever is expected to spread northward as drought and temperatures increase (KM 28.4). 
Case numbers are projected to increase by 220% by the end of the century under a very high scenario 
(RCP8.5).61 Valley fever tends to afflict construction and agricultural workers,62,63,64 and the disease dispro-
portionately impacts Black and Latinx populations, possibly due to occupational exposure.65,66,67,68 

Lyme disease and other tick-borne diseases account for approximately 80% of all reported cases of vec-
tor-borne diseases in the US69,70 and have steadily increased over the last 20 years due to multiple factors, 
including climate change (Figure 24.8).71,72,73 Increased distribution and abundance of ticks are projected 
to increase human disease cases.74,75,76,77,78,79 Climate change has contributed to the expansion over the last 
20–30 years of the Lone Star tick80,81,82,83,84 and the Gulf Coast tick, which transmit multiple pathogens.85 
Climate change extends ticks’ seasonal activity, prolonging human exposure.76,86,87,88,89

Mosquito-borne pathogen spread is influenced by weather, climate, and social factors.90,91,92 Climate change 
alters the diversity and distribution of mosquito vectors of dengue, Zika, and chikungunya viruses.93,94,95,96,97 
Dengue is currently a risk in the contiguous US, the US Caribbean, Hawaiʻi, and US-affiliated Pacific Islands 
(KMs 23.1, 30.2).98,99 Increasing weather variability (KM 4.1) may increase West Nile virus transmission. 
Regional West Nile virus projections indicate geographic expansion in the Northeast over the next 50 years 
due to climate-related changes in mosquito population distribution (KMs 22.2, 24.3).100,101,102 Mosquito-borne 
transmission of other encephalitis viruses has been sporadic in the last decade and may increase as climate 
change extends seasonality and expands habitat suitability for mosquito species.103,104,105,106,107,108,109,110,111
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Regional Examples of Climate-Sensitive Infectious Diseases 

Some climate-sensitive infectious diseases are expected to see expanded geographic range and extended 
seasonality. 

Figure 15.2. The map shows select examples of regional climate-sensitive infectious diseases, based on recent 
changes in geographic range or incidence. Some regions will experience increases in tick- and mosquito-borne 
diseases, zoonotic diseases, and pathogens, both in geographic area and extended seasonality. Figure credit: 
Los Alamos National Laboratory, CDC, Columbia University, University of Arizona, and University of Colorado.

Food and Water
Climate change negatively impacts water quality, water security, food security, and nutrition, which harms 
health, particularly for communities that rely on agriculture, fishing, and subsistence lifestyles (KMs 4.1, 11.2, 
22.2, 23.1, 25.3). For example, the 2021 Pacific Northwest heatwave affected the livelihoods of farmers and 
Tribes by damaging crops and causing a die-off of mussels, clams, and oysters.112

The incidence of certain diseases caused by foodborne and waterborne pathogens is expected to increase 
due to climate conditions that promote bacterial growth and geographic spread. For instance, vibriosis is 
a disease caused by ingesting Vibrio bacteria in contaminated shellfish or water sources. Symptoms range 
from food poisoning–like illness to death. Climate change–related vibriosis cases are projected to increase 
by 51% by 2090 under an intermediate scenario (RCP4.5)113 due to increasing Vibrio populations in warming 
waters, changing salinity, sea level rise–related coastal changes, and flooding (KM 9.1).113,114,115,116,117 

Mental and Spiritual Health
Extreme weather events, wildfires, and slow-onset disasters (e.g., drought, sea level rise) can contribute 
to adverse mental and spiritual health outcomes. These harms may arise from forced displacement and 
migration (KM 20.3), trauma, loss of sense of place and belonging, and disruption of livelihoods, lifeways, and 
social support systems.118 Under-resourced communities bear greater mental and spiritual health burdens 
(KMs 22.2, 25.2, 27.5).
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Mental health conditions including anxiety, depression, and suicide have become more prevalent in the US 
in the past decade, especially among adolescents.119,120 Climate change may increase these mental health 
burdens.55 Greater need for mental health services and psychiatric medications, as well as higher rates of 
anxiety, have been reported following major hurricanes (KM 23.1). For example, one in six mothers with low 
income experienced continued post-traumatic stress symptoms 12 years after Hurricane Katrina.121,122,123,124 
Many survivors of California’s deadliest wildfire, the 2018 Camp Fire, experienced post-traumatic stress, 
depression, and anxiety42 related to home loss and community disruption. Extreme heat exposure has been 
linked to worsening mental health, including suicide and interpersonal violence.7,125

Degradation or destruction of culturally significant places and flora and fauna relatives (KM 24.2),126,127 shifts 
in timing of ceremonial practices, disruption of intergenerational teachings and sharing of knowledge and 
wisdom, and loss of place-based spirituality and traditional livelihoods and lifeways put spiritual health at 
risk, especially for Indigenous communities.128,129
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Box 15.1. Child and Adolescent Mental Health 

Compared to previous generations, US children born in 2020 are more likely to experience climate-related adverse child-
hood events (ACEs) from damage to their homes, schools, and communities.130 Children with four or more ACEs have 3- to 
6-fold greater odds of having anxiety, depression, and substance use disorders and 30-fold greater odds of attempting 
suicide, in addition to greater physical health risks.131 Concerns about a potentially uninhabitable world due to climate 
change can result in “eco-anxiety.” Nearly 60% of 1,000 surveyed US adolescents reported anxiety about climate change, 
and nearly half believe that “humanity is doomed” (Figure 15.3),132 despite evidence to the contrary (Chs. 1, 2, 31, 32). 
Psychological resilience training along with mental health care may lessen anxiety and promote engagement on climate 
change.5,7,133,134 Youth climate education programs have focused on empowerment with the intent to reframe threats from 
climate change as opportunities to pursue solutions.135,136

Children’s Mental Health

Out of 1,000 children and young people surveyed in the US, a majority expressed worry about climate 
change impacts to people and the planet. 

Figure 15.3. The figure shows the level of worry about climate change among young people ages 16–25. 
In the US, 46% of respondents said they were “very” or “extremely” worried about climate change, and 26% 
of respondents indicated that their feelings about climate change negatively affected their daily life and 
functioning, including at least one of the following: eating, concentrating, work, school, sleeping, spending 
time in nature, playing, having fun, and relationships.132 Figure credit: Boston Children’s Hospital, NOAA NCEI, 
and CISESS NC.
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Compounding and Cascading Hazards
Multiple climate-related extreme events that occur concurrently or in rapid succession (KM 2.3; Focus 
on Compound Events) can result in greater health impacts than singular events and limit the ability of 
individuals and communities to effectively prepare for, manage, and recover from these events. A singular 
event that cascades across multiple sectors or regions can result in compounded adverse health conse-
quences. Examples include back-to-back heatwaves, heatwaves during wildfires, drinking-water contamina-
tion after flooding, and vector-control program breakdowns during and after flooding.137 During 2005–2013, 
windstorms combined with power outages increased emergency department visits, hospital stays, and 
injury costs in New York, particularly for older individuals and Medicaid recipients.138

Occupational Safety and Health Impacts
Climate-related increases in temperature are associated with increases in occupational injuries and occu-
pational exposure to heat, potentially resulting in illness or death (KM 11.2).139,140,141 Between 2011 and 2019, an 
average of 3,500 heat-related injuries, resulting in 38 fatalities per year, were reported to OSHA.139 Between 
2001 and 2018, higher-temperature days in California were associated with greatest increased risk of occu-
pational injuries to men, lower-income workers, and young workers. Repeated heat stress coupled with 
dehydration in occupational environments is a risk factor for the development of kidney disease.142 Extreme 
heat is expected to lead to lost labor hours, particularly for workers of color, individuals with low income, 
and those without a high school diploma. Additionally, these groups are more likely to live in areas where 
labor is most impacted by extreme heat.143 Projected estimates of annual lost wages due to unsafe heat range 
from $19.2 billion to $46 billion (in 2022 dollars) by midcentury (under an intermediate scenario, RCP4.5).144,145 
Industries where workers experience increased risk of heat-related mortality include agriculture (KM 11.2), 
construction, transportation and warehousing, and waste management.139 Workers can also face unsafe 
heat in indoor environments not equipped with adequate climate control.139 Worker safety is also affected 
by climate change impacts on economic opportunity and wealth (KM 19.3), exposure to infectious diseases 
(Focus on COVID-19 and Climate Change), extreme events (Focus on Western Wildfires), and increased 
mental health risks.146

Key Message 15.2  
Systemic Racism and Discrimination Exacerbate  
Climate Impacts on Human Health 

Climate change unequivocally worsens physical, mental, spiritual, and community health and 
well-being, as well as social inequities. It is an established fact that climate-related impacts 
disproportionately harm communities and people who have been marginalized. These include 
BIPOC (Black, Indigenous, and People of Color), individuals and communities with low wealth, 
women, people with disabilities or chronic diseases, sexual and gender minorities, and 
children.

Community Health and Health Equity
Climate hazards negatively impact physical, mental, and community health.147 Although extreme weather 
threatens all communities (Figure 15.3), health-related burdens are experienced more acutely by BIPOC and 
low-wealth communities that have been under-resourced and overburdened (KM 19.1; Figure 19.2).143,148,149 
Climate change creates intergenerational inequities as younger generations must endure more extreme 
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weather events than older ones (Figure 15.4). Valuation of intergenerational inequity can inform resilience 
and mitigation investments. Climate change is a threat multiplier, interacting with and magnifying other 
life-threatening stressors (Figure 15.5).150 Fenceline communities—those located adjacent to hazardous 
industrial facilities, which are disproportionately BIPOC and low-wealth—face higher risks from chemical 
and industrial disasters following extreme weather.151,152,153,154,155,156,157,158,159,160,161,162 Hazardous sites, threatened 
by flooding and sea level rise, exacerbate climate-related health inequities to BIPOC and communities with 
low wealth (KM 9.2).163 Additionally, about 70% of Superfund sites—locations contaminated by hazardous 
materials designated for clean-up—are located within one mile of federally assisted housing, which dispro-
portionately houses people of color, individuals with low wealth, and those with disabilities.164 

Intergenerational Inequity

The number of climate hazards a person born in North America will experience during their lifetime depends on 
how much Earth warms above preindustrial levels. 

Figure 15.4. People born in North America in 2020, on average, will be exposed to more climate-related hazards 
compared to people born in 1965, an indication of intergenerational inequity. Figure credit: Boston Children’s 
Hospital, NOAA NCEI, and CISESS NC. 

Food and Water Systems
Disruptions to food and water quality pose challenges to human health and disproportionately affect BIPOC 
communities, households with low wealth, single-parent households, and children (KM 11.2; Box 23.1).165,166 
In 2020, 10.5% of US households were food insecure, with higher rates reported among populations that 
have been marginalized.165 There are growing concerns about aging or inadequate water infrastructure,167 
especially among households, including many in the Navajo Nation, who experience unequal access to 
piped and treated drinking water and who are dependent on hauling large quantities of water from nearby 
facilities.168 Chemical, physical, and microbial contaminants (e.g., algal blooms and the toxins that cause 
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paralytic shellfish poisoning) threaten water supplies under drought conditions and high temperatures (KM 
22.2), which is of particular concern among Indigenous populations who rely on subsistence fishing (KMs 
10.1, 28.1, 29.1).

Healthcare Access and Delivery
Climate-related extreme events have resulted in reductions in healthcare access and an increase in illness 
and death that can extend for months after the acute event, especially for communities with low wealth 
(KM 23.1).169,170 Extreme events can disrupt care for chronic physical and mental health conditions. After 
hurricanes, risk of death among patients with lung cancer rises in proportion to the length of disaster 
declarations,171 and delays in access to dialysis after Hurricane Sandy were associated with more emergency 
department visits and mortality among patients with chronic kidney disease.172 Infrastructure and transpor-
tation failures contribute to poor health outcomes due to closures, lack of electricity or clean water sources, 
and/or road failures that prevent access to healthcare providers.173 

Tribal and Indigenous Peoples’ Health
Tribal and Indigenous Peoples are disproportionately impacted by climate change, and they often equate 
the health of their people, culture, and traditional practices to the health of the environment (KMs 16.1, 29.1, 
27.5, 30.2).127,174,175 In addition to enduring the historical injustices of colonization, forced relocation, and land 
dispossession,176 Indigenous Peoples are among the first to face the spiritual, physical, and mental health 
threats and impacts of climate change. This undermines their ability to maintain and access their cultural 
and economic lifeways and worsens community-wide vulnerabilities, such as limited water availability for 
use by humans, animals, and plants (KM 16.1).129 Climate-related hazards such as flooding, erosion, sea level 
rise, and melting ice may lead to impassable roads in remote parts of Tribal territories, thereby widening 
gaps in the ability to access adequate healthcare (KM 29.2; Focus on Risks to Supply Chains).177

Persons with Disabilities’ Health
Climate change disproportionately and differentially harms the health of persons with disabilities, magnifies 
existing health and socioeconomic inequalities, creates unique challenges, and compounds disparities due 
to multiple discrimination.178 During climate disasters, persons with disabilities are at heightened risk of 
mortality and injury, and they experience disruptions accessing assistive devices, medication, dialysis, other 
health services, and social support.178,179 During periods of higher ambient temperatures and heatwaves, 
persons with physical and mental disabilities experience adverse health impacts, increased emergency room 
visits, and higher rates of mortality; cooling measures may be physically or financially inaccessible.178,180 
Persons with disabilities are also at elevated risk of exposure to chronic air pollution, as they disproportion-
ately live in neighborhoods with heightened exposure to fine particulate matter due to lower wealth, higher 
unemployment, and undereducation relative to nondisabled peers.181 

African American and Latinx Peoples’ Health
Climate change has had and will continue to have disproportionate adverse health impacts on communities 
with low wealth and BIPOC communities, worsening already-existing health disparities. Discriminatory 
policies and practices in housing, education, and siting of polluting facilities, including disinvestment in 
infrastructure and healthcare, amplify adverse climate-related health impacts (KM 22.2; Focus on Risks 
to Supply Chains).150 Latinx populations, compared to other demographic groups, are 43% more likely to 
live in areas that will experience the highest labor reduction hours due to extreme high temperatures 
(with 2°C (3.6°F) of global warming by 2085–2095 compared to the 1986–2005 reference period).143,145 
African Americans are also expected to face disproportionately greater risks from climate change. African 
Americans and individuals with low income face higher risks of death from climate-driven floods and 
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air pollution compared to White people (Box 4.2).143 People of color are disproportionately exposed to 
greenhouse gas co-pollutants like small particulate matter and face adverse health impacts as a result.182,183 
Due to housing discrimination and redlining, African Americans are more likely to live in neighborhoods 
with fewer trees and more pavement, suffer disproportionately from heat-related deaths, be exposed to 
worse air quality, and experience higher rates of asthma-related emergency room visits (KM 22.2; Figures 
12.4, 12.6),184,185,186,187 all of which are compounded by climate change. Latinx and other BIPOC communities 
face similar challenges (KM 14.3).188,189 

Women’s Health
Women disproportionately experience the burden of climate change because of unique mental, sexual, and 
reproductive health needs that intersect with existing social, racial, and economic disparities. Women, and 
particularly women of color, are more likely to live in communities with low wealth,190,191 which is associated 
with food insecurity192 and exposure to particulate matter, extreme heat,2 and climate-related disasters.193,194 
Pregnant cisgender women are particularly vulnerable because exposure to heat, particulate matter, and 
disaster-associated stressors leads to poor pregnancy outcomes, including miscarriages and low birth 
weight.1,195 These factors contribute to maternal mortality, which is more prevalent in the US than in any 
other developed nation.196 These outcomes are more likely in groups that have been marginalized, particu-
larly Black pregnant people,197,198 exacerbating existing social inequities. 

In utero exposure to maternal stress during climate-related disasters is linked to subsequent psychiatric 
disorders in early childhood.199 Additionally, women have higher caregiving burdens and decreased 
healthcare access, which makes recovering from climate-driven exposures more difficult. Transgender 
women may be required to stay in male-only shelters during climate-related disasters, negatively impacting 
their mental and physical health.200,201

Sexual and Gender Minorities’ Health
Sexual and gender minorities (SGMs) face social, economic, and health disparities and, as a result, 
experience greater risk of harm from climate change. SGMs are found in all populations, including frontline 
communities, and can experience compounding disparities and impacts on the basis of sexual orientation 
and gender identity. In 2015, Black and Latinx transgender individuals were more than three times as likely 
as the overall US population to be living below the poverty line (KMs 19.1, 23.1).190 Indigenous SGMs face 
heightened health disparities as climate change continues to impact lifeways and economies.202 SGMs may 
lack access to critical services during extreme events and are often not included in disaster preparedness 
and response plans due to discrimination and institutional structures that prioritize the needs of cisgender, 
heterosexual individuals;200 may not recognize “chosen families”; and increasingly rely on faith-based orga-
nizations as first responders during disasters, which in some cases have blamed SGMs for devastating 
hurricanes and wildfires as a punishment from God.193 These discriminatory beliefs have led some SGMs 
to not seek services at faith-based organizations for fear of being turned away or their SGM status being 
outed.203 Because of religious bias, healthcare workers may also refuse to provide health services to or dis-
criminate against SGMs during disasters.204 
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Social Vulnerability and Climate Hazards 

Some highly vulnerable areas also have high economic losses from climate hazards. 

Figure 15.5. Panel (a) maps counties based on their Social Vulnerability Index (SoVI) scores for the period 
2015–2019. SoVI uses 29 different inputs that characterize underlying socioeconomic and demographic fac-
tors, and the index is classified (high, medium, low) using standard deviations. Panel (b) shows counties with an 
increasing trend in climate-sensitive hazard losses (2000–2019) based on data from the Arizona State Universi-
ty/ASU Spatial Hazard Events and Losses Database for the US (SHELDUS). The data is based on property losses 
and excludes injuries and fatalities from climate-sensitive hazard losses. Exclusion of fatality (especially from 
heat) explains why some areas of the Southwest appear to have a seemingly decreasing loss trend. The com-
posite map (c) identifies counties with high social vulnerability that have less capacity to prepare for, respond to, 
and rebound from increasing climate-related losses. SoVI does not fully capture the disproportionate impacts of 
climate hazards in specific neighborhoods, populations, and cultural groups within a county, nor does it account 
for risk created by historic marginalization. Figure credit: University of Central Florida, Arizona State University, 
NOAA NCEI, and CISESS NC.
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Key Message 15.3  
Timely, Effective, and Culturally Appropriate Adaptation  
and Mitigation Actions Protect Human Health 

In every sector of society, implementing timely, effective, and culturally appropriate adaptation 
measures (high confidence), creating climate-resilient health systems (high confidence), and 
preventing the release of greenhouse gases can protect human health and improve health 
equity (high confidence).

Risk Management and Integrated Approaches
Proactive and continuous risk management to protect at-risk groups and healthcare facilities is critical to 
human health and well-being (KM 31.3). This includes integrated approaches that mainstream health into 
food systems (KM 11.1), infrastructure, water, and sanitation policies. Mitigation options with significant 
health benefits include reducing point-source (e.g., coal-fired power plants) and mobile-source emissions, 
increasing active transport (e.g., walking), and increasing consumption of vegetables, legumes, fruits, 
and nuts (KMs 13.3, 32.4).205 The economic value of avoided hospitalizations and premature deaths from 
mitigation activities is larger than the cost of implementation.29

Climate-Resilient and Sustainable Health Systems
A climate-resilient health system can “anticipate, respond to, cope with, recover from, and adapt to” 
climate change to improve the health of communities (KMs 18.2, 19.2).206,207 Focusing on equity, proactively 
addressing mental health needs, and linking to community health resources such as community health 
workers and long-term support and services can create a climate-resilient health system. Climate-related 
hazards routinely stress and disrupt healthcare systems and threaten access to healthcare for many. For 
example, a flooding event in 2019 damaged hospitals and disrupted access to healthcare across the central 
US.208 Many hospitals (9.3%), nursing homes (10.2%), and pharmacies (12.1%) are at risk of flooding.209 The 
COVID-19 pandemic exposed the lack of resilience of the healthcare system when confronted with a large, 
prolonged increase in healthcare needs (Focus on COVID-19 and Climate Change). Climate-sensitive health 
problems are linked to a significant economic burden on the healthcare system. There are numerous tools 
to identify threats and vulnerabilities to healthcare systems—such as the US Department of Health and 
Human Services’ Sustainable and Climate Resilient Health Care Facilities Initiative—with frameworks to 
guide planning and implementation.210 

Healthcare systems can play an important role in GHG reduction. The healthcare sector is responsible 
for 8.5% of US GHG emissions (Figure 19.5).211,212 Transitioning to clean energy sources and introducing 
sustainable technologies into healthcare systems would reduce these emissions and associated health 
harms (KM 32.4). 

Benefits of Reducing Air Pollution
Air pollution is a leading cause of premature death worldwide (KM 14.1).213 It has substantial impacts on 
lung, heart, and brain health; cancer; and mental health.214 Reducing GHG emissions and human-caused air 
pollution would save lives and decrease the burden on the healthcare system (KMs 14.5, 32.4; Figure 32.15).

Disease Surveillance
Implementing surveillance programs for climate-sensitive infectious diseases and non-infectious health 
outcomes (e.g., heat stroke, respiratory disease, mental and behavior health indicators) is an important 
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adaptation measure. The COVID-19 pandemic illustrated the need for modernization of the US surveillance 
system and the role of innovative surveillance strategies such as wastewater testing and community-based 
participatory surveillance (Focus on COVID-19 and Climate Change). Monitoring disease case counts, cor-
responding indicators (animal health and vector populations), and health outcomes facilitates identifying 
seasonal trends, responses to climate and environmental variability, geographic hotspots for diseases, and 
new or reemerging threats.65,215,216 Enhanced disease surveillance identifies populations most at risk for 
contracting a disease and improves health by raising disease awareness and reducing time to diagnosis and 
treatment.217 This increases capacity to plan for and prevent disease spread or outbreaks, such as by creating 
predictive models of disease transmission, implementing vector abatement programs, and developing and 
stockpiling vaccines and pharmaceuticals.101,218,219,220

Extreme Heat
Increasing temperatures, urbanization, and an aging population (KM 2.2)221,222 can result in increased 
heat-related deaths (KM 2.2).221,222 Limiting warming to 1.5°C (2.7°F) above preindustrial levels (compared 
to 3°C, or 5.4°F) and timely adaptations could substantially decrease heat-related deaths, especially in 
cities.223,224,225,226 Adaptations range from ensuring equitable access to cool spaces and reducing social 
isolation to augmenting heat warning systems and improving green infrastructure (KMs 12.3, 12.4).224

Air-conditioning access is limited for unhoused populations and households with low wealth. High 
electricity costs prevent effective use of air-conditioning.227 Poor self-reported health and reduced life 
expectancy are more prevalent where families spend a large proportion of household income on residential 
energy.228 Government programs can help families reduce their energy costs.229 Home weatherization can 
improve health conditions and reduce healthcare costs while reducing GHG emissions, providing societal 
benefits greater than the implementation cost (KM 5.3).230,231 There are self-reported health benefits from 
energy retrofits in households with low wealth.232

Increased air-conditioning use can exacerbate the urban heat island effect by transferring hot air from 
buildings to the outdoor environment (Ch. 12; Figure 12.4) and can increase electricity-related emissions 
of GHGs and other air pollutants.233 Buildings that rely on air-conditioning may become dangerously 
hot during prolonged power outages.234,235,236,237,238 Sustainable cooling strategies are in development, 
such as energy-efficient systems (e.g., heat pumps and fans) and affordable passive cooling (e.g., 
night-flush ventilation).239,240,241,242

Wildfires
Under a range of future climate scenarios, wildfire pollutant emissions are expected to increase and result 
in significant health burdens.243 Integrated wildfire management and adaptation strategies are critical to 
reducing deaths and illnesses, as wildfire risk cannot be eliminated. Proactive and effective management of 
fuel loads (e.g., through prescribed and cultural burning) can reduce wildfire size and intensity, but there 
may be unintended health consequences.244 Strategies to reduce wildland fire smoke exposure include 
personal actions and community-level interventions (KM 14.2).245 Early warning systems identify areas and 
populations experiencing higher smoke exposure on a near-real-time basis.246,247

Vector-Borne Diseases
Climate change is a significant contributing factor to the increase in vector-borne disease cases reported 
over the last 20 years.71,72,73 To adapt to these changing risks, new technologies to prevent transmission of 
vector-borne diseases are urgently needed, as traditional control measures, including insecticides, are 
rapidly becoming ineffective.71,248,249,250 Recent advances include vaccines, spatial repellents, genetically 
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modified mosquitoes, and Wolbachia (a naturally occurring bacteria that reduces transmission of viruses 
such as dengue).

However, these novel adaptations are not yet operational due to funding, regulatory status, and infrastruc-
ture needs. Buy-in from communities and decision-makers is critical to ensure that emerging strategies 
can be utilized to protect health.92,218,251,252,253,254 Coupling novel strategies with well-established community 
engagement practices, such as remediating vector habitat and increasing personal protective measures, can 
effectively reduce risk and empower communities.255,256 

Mental and Spiritual Health
Actions to support community social cohesion and cultural continuance, establish trusted and effective 
communication systems, and ensure that community members and/or officials can effectively manage 
disasters may buffer against adverse mental health outcomes.147 A personal sense of agency to take climate 
action can reduce adverse mental health outcomes during extreme events. It can provide hope for survival 
and contribute to greater participation in community responses to climate change, which may also improve 
mental health resilience.257

Community-Level Resilience and Adaptation Strategies to Build Capacity
Communities, connected through relationships and practices,258 have unique priorities, traditions, and 
histories relevant to adaptation.259 Many communities are already making proactive intergeneration-
al adaptation decisions to reduce exposure to climate impacts, build capacity, and enhance healing and 
self-determination in the face of historical traumas (Figure 15.6).260 Many Indigenous Peoples in the US 
practice cultural burning, a fire management approach that promotes ecosystem resilience and growth 
of culturally important medicinal plants129,261 while also serving as an eco-centric adaptation strategy for 
improved planetary health.262,263 The Swinomish Indian Tribal Community used values-driven data and 
community input in developing Indigenous health indicators and a climate change health assessment for 
adaptation decision-making; the indicators included community connection, self-determination, education, 
resilience, cultural use, and resource security.174,264,265

External adaptation strategies can exacerbate inequities through, for example, institutional racism, uneven 
distribution of adaptive capacity, and resource allocation that ignores distributive and historical injustices 
(KM 31.1). Adaptations (e.g., tree planting) that make an area more appealing for people with higher income 
could push existing residents out, resulting in eco-gentrification.266,267 There are policies and institutional 
barriers to implementing whole-community adaptation actions.129,268
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Indigenous-Led Disaster Recovery Actions and Improved Health Outcomes

Louisiana Tribal leaders are upholding sovereignty and self-determination in their climate adaptation actions 
following hurricane damage. 

Figure 15.6. Tribal leaders from coastal Louisiana shared Indigenous and local knowledge, wisdom, and experi-
ences of the health impacts and resilience-building recovery actions following Hurricane Ida, which made land-
fall in coastal Louisiana in August 2021. Interviews were recorded during a convening where the Tribal leaders 
came together to share how Louisiana Tribes are adapting to climate change while upholding sovereignty and 
working to improve health outcomes. Link to videos. Image credit: ©Craig Richard and Unitarian Universalist 
Service Committee, in collaboration with the First People’s Conservation Council of Louisiana, Lowlander Center, 
Livelihoods Knowledge Exchange Network, and Disaster Justice Network, July 2022.

Addressing immediate needs and developing healthier long-term outcomes that reduce inequities269 and 
strengthen community resilience147 involves collaboration and cooperation across multiple scales. Persons 
with disabilities, for example, are often excluded from adaptation and mitigation efforts,270 and there is a 
strong need for disability-inclusive climate planning and response.271 The most impacted communities must 
be included in decision-making, from visioning and planning through implementation.258,272,273 

Community adaptation capacity is enhanced by building and sharing flexibility, humanity, spirituality, and 
resilience. To be effective, adaptation strategies must integrate workforce development into co-governance 
and promote institutional support systems for community-defined, -driven, and -led adaptation efforts that 
include a diversity of cultures, histories, lifeways, and knowledge systems.129,260,274

https://toolkit.climate.gov/content/louisiana-tribes-are-adapting-climate-change-while-upholding-sovereignty
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Traceable Accounts
Process Description
Chapter authors were selected over a three-week period in August 2021. The initial discussion centered 
around authors who had been nominated or who had self-nominated. The chapter lead author and federal 
coordinating lead author then expanded the list and focused on balancing career stage, topic expertise, 
geographic location, and type of institution (academic, federal government, nonprofit). Once the chapter 
lead author had narrowed down the search, the authors were contacted. All contacted authors agreed to 
participate and were invited to complete the survey to be officially enrolled. The 18 authors for the Human 
Health chapter are subject experts in the topics selected for inclusion. Technical contributors were added as 
needed during the response to comments from the public and the National Academies to bring in additional 
data and subject-matter expertise.

Authors reviewed and evaluated scientific literature on the human health impacts of climate change, with 
a focus on new and emerging evidence since the Fourth National Climate Assessment (NCA4). Authors 
also reviewed technical inputs (submitted as part of the NCA5 process) for relevant information. The 
entire author team regularly met virtually to create and review chapter content; all authors participated 
in determining Key Messages and chapter topics and content. A public engagement workshop was held to 
solicit public input. The chapter was informed by workshop participants’ concerns and comments. Authors 
also met in person in April 2023 to continue writing and incorporating additional information in response to 
review comments.

Key Message 15.1  
Climate Change Is Harming Human Health

Description of Evidence Base
Multiple lines of evidence demonstrate that climate change is already harming human health.69,269,275,276 
Evidence indicates that extreme events and climate-related environmental changes will continue to place 
stress on food, water, and energy supplies (KM 2.2). This, in turn, will negatively impact the health of the US 
population in many ways, including reduced access to healthcare. Based on recent peer-reviewed research, 
this Key Message outlined the existing health impacts in the areas of extreme heat, drought, wildfires, 
infectious diseases, food and water quality and security, mental and spiritual health, compounding hazards, 
and occupational safety. Studies demonstrate that these trends will continue to increase.269,277

Evolving attribution science allows researchers to study how extreme events, and resultant health impacts, 
were influenced by climate change. This growing evidence line contributes to our understanding of the role 
of climate change in the health impacts of heatwaves, floods, droughts, and other disasters.278,279,280,281

Major Uncertainties and Research Gaps
While ample evidence demonstrates the health impacts of climate change, uncertainties remain on specific 
aspects of these impacts. For example, uncertainties in projections of human health outcomes in response 
to climate change can partially stem from the underlying human case data involved in the research, which 
is subject to underreporting or underdiagnosing the human case counts. Quantifying the impacts of climate 
change on human health is challenging due to lack of long-term surveillance and datasets; differential 
exposures based on location; and underlying health inequities.282 In addition, health surveillance related to 
extreme weather is being improved through utilization of syndromic (“real-time”) surveillance, data mod-
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ernization initiatives, and integration of existing surveillance systems. Decades of research on the impacts of 
climate change on infectious disease illustrate the complexity of the pathways by which climate change may 
alter disease transmission dynamics. Uncertainties arise from geographic differences in social–behavioral–
environmental interactions, vector and non-human reservoir species involved in the disease system, and 
difficulties in isolating the impact of climate change from other significant environmental and human-driven 
changes (App. 4.6). 

Evidence is growing that there are emerging mosquito-borne diseases and species that are able to transmit 
pathogens in the US. However, not all of these are linked entirely to climate change but also to land-use 
change, global trade, and importation of pathogens related to travel.

There is also a growing body of evidence exploring the bionomics of mosquitoes and ticks and the 
pathogens they carry to better understand the underlying mechanisms by which changes in thermal 
conditions could increase or decrease disease risk.283

Most projection models of range do not use disease but rather vector range as the endpoint. Arizona, for 
example, has an abundance of the dengue virus vector Aedes aegypti, but there has been little documenta-
tion of local transmission of dengue.284,285 There is also uncertainty around how the mosquitoes and ticks 
themselves, as well as the pathogens they are carrying, will adapt to climate change.76

Uncertainty also stems from challenges with surveillance systems and data collection relating to heat injury 
and illness, especially in the occupational setting. As is the case with occupational data generally, data on 
and estimates of heat-related morbidity and mortality differ based on the source of the data.286,287 Some 
heat-related impacts may not be properly categorized as heat-related288 and may not accurately capture 
the location of exposure, as it may be reported either by the person’s residence or by the location where 
medical treatment was sought.289 Further, the Bureau of Labor Statistics estimates that its accounting of 
occupational injuries and illness are undercounted.290,291 It is therefore challenging to estimate the true 
number of injuries and illnesses due to extreme heat, and heat morbidity and mortality are underreported.139 
Occupational health impacts from other climate hazards may also be underreported.

Recent cold spells in Texas (e.g., February 2021) and other regions have highlighted the impacts of cold 
weather on communities, including fatalities that resulted from cold weather exposure and power 
failures.292,293 Whether such trends in cold spells will continue is uncertain,294 but colder temperatures are 
associated with adverse health outcomes and increase the risks of death and illness.295,296,297 Positive and 
negative health impacts arising from climate-related shifts in ice storms, blizzards, and cold spells are an 
area for future research.

There is little research on the long-term health impacts of wildfire smoke exposure in communities that 
face repeated wildfires or on human health harms, and associated costs, from exposure to compounding 
and cascading hazards. There is a lack of research exploring the pathways associated with drought and 
human health in the United States. The full range of mental health impacts of climate change and cli-
mate-related events is not yet fully understood.298 Additional research is needed in all of these areas, 
including compounding events such as drought and flooding, to better describe the pathways that affect 
human health.

There are important administrative, logistical, and methodological challenges in assessing mortality and 
morbidity common to large-scale disasters and public health emergencies of any provenance. These 
challenges undercut the ability of practitioners to gather, report, and use mortality and morbidity data to 
save lives and protect health in the wake of a public health event, from the initial devastation through the 
long tail of recovery. Accurate and timely information about mortality and significant morbidity related to 
the disaster is the cornerstone of the efforts of the disaster management enterprise and will require holistic 
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data systems and new approaches in order to be more effective.299 Specifically, there is not a standardized 
methodology for counting excess deaths during and after hurricanes, which can result in an underestima-
tion of number of deaths (Figure 23.5).300 Similarly, vector-borne, food-borne, and water-borne diseases are 
not fully captured in case numbers.71,301 For example, cases of the rare, and typically fatal, primary amebic 
meningoencephalitis from exposure to the amoeba Naegleria fowleri have been documented farther north, 
although this conclusion is based on limited case numbers.57 Thus, the true burden of climate-attributable 
health effects may not be known; more research is needed to quantify health impacts in relation to physical, 
mental, and spiritual health.

Description of Confidence and Likelihood 
Based on multiple lines of peer-reviewed evidence, including field studies, laboratory studies, model 
projections, and systematic reviews, it is an established fact that climate change is negatively impacting the 
health of the US population. Based on the amount and quality of peer-reviewed research, it is very likely, 
with very high confidence, that climate-related hazards will continue to grow, increasing human health 
impacts across all regions of the United States. Adaptation and mitigation activities could reduce this impact 
and protect health; the scope and scale of these efforts will determine future confidence levels around 
health impacts.

Key Message 15.2  
Systemic Racism and Discrimination Exacerbate 
Climate Impacts on Human Health 

Description of Evidence Base
While all people in the US face health risks linked to climate change, some populations are affected sooner 
and more intensely.269,302 This is because of differences in the number of and severity of exposures to climate 
hazards (Figure 15.5), sensitivity to these hazards, and ability to adapt (KM 20.3).99 This Key Message outlines 
how ample peer-reviewed literature and data indicate that some populations disproportionately face envi-
ronmental injustices, including impacts from climate-related extreme events. Systemic racism, discrimina-
tory policies, and longstanding marginalization and disenfranchisement all contribute to increased climate 
vulnerability and to determining who bears the most climate risk.99,303 Specifically, this Key Message outlines 
the peer-reviewed evidence behind climate change’s disproportionate impact in the areas of community 
health, food and water systems, healthcare access and delivery, Tribal and Indigenous Peoples’ health, 
persons with disabilities’ health, African American and Latinx peoples’ health, women’s health, and sexual 
and gender minorities’ health.

Major Uncertainties and Research Gaps
There is relatively little community-driven participatory research on the health impacts of climate change, 
which leads to a lack of full understanding of impacts on disproportionately at-risk populations. There may 
also be underreporting of health outcomes due to a lack of healthcare access in some communities. For 
example, the mechanisms causing certain demographics, such as Black and Latinx populations, to have an 
increased risk of contracting Valley fever are unknown. More research is needed to determine links among 
higher rates of occupational exposure, societal factors such as access to healthcare or health insurance, 
or genetics.68

There is limited data on well-water usage and quality in some states, and limited funding and capacity for 
water quality testing in disproportionately impacted communities.304 Similarly, there is a research gap on 
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aspects of climate change impacts on food quality, security, and nutrition in the US, as much of the research 
focuses on developing countries.305,306

There is also limited research on system-wide health impacts, in which communities, ecosystems, and 
all living relatives depend on the holistic, intact system to survive and thrive.307 Such understanding is 
important to ensure that adaptation does not happen in silos or isolation but rather includes the entire 
living system and that the proposed actions can actually achieve the intended results; this can determine 
the ability not only to survive but also thrive for generations to come. This is of particular importance to 
Indigenous communities.

More research could increase understanding of gender disparities for women and for sexual and gender 
minorities.193 More research on risk factors and contextualized vulnerabilities could also provide better 
insights into acceptable prevention and control strategies that can be implemented to protect the health 
of disproportionately impacted populations. There is limited research exploring the unique vulnerabilities 
of women and gender minorities in pregnancy, as well as the impact on fetal outcomes.1,308,309 Some studies 
demonstrate that women experience more significant health consequences, but very few directly relate 
them to climate change specifically.197

Research gaps at the intersection of disability, climate change, and health are impeding the development of 
effectual climate adaptation and mitigation policies and initiatives.271,310 Participatory research is required 
to understand the climate impacts and health disparities experienced by the heterogeneous disability 
community.271 Future climate-related health research can consider compounding multiple discrimination, 
including persons with disabilities, African Americans, Latinx, women, children, Indigenous People, older 
persons, and sexual and gender minorities.178,271,310 A bottom-up approach to the development of public health 
responses with and by organizations of persons with disabilities may advance innovative public health 
approaches.271 Additional research on the health effect of heat could demonstrate effectiveness of inter-
ventions for the diverse disability community.271 Moreover, further environmental justice research inclusive 
of persons with physical and mental disabilities would assist climate adaptation and mitigation planning 
and initiatives.311 A greater proportion of persons with ambulatory and cognitive disabilities were found to 
reside in neighborhoods with Hurricane Harvey–induced flooding in Harris County, Texas, many in public 
housing in non-White neighborhoods with low wealth; such research is vital to future disaster risk-reduc-
tion strategies.312 Accurate health surveillance of morbidity and mortality among disability populations that 
have been marginalized, including persons with intellectual disabilities, is critical to ensuring disability-in-
clusive climate responses.271 Additional research would improve knowledge of climate and health impacts 
on the Latinx population. The use of the term Latinx in the chapter is used to reflect gender diversity 
and is inclusive of nonbinary, gender nonconforming, and transgender individuals. The term Latinx is 
primarily used by younger generations and sexual and gender minorities.313 Some literature suggests that 
the term should not be used because x is not common in the Spanish language, upholds a Western idea 
that gender neutrality is grammatically superior, and, when used to refer to all Latinx individuals, can 
erase Latinas similar to the way that “Latinos” does.313,314,315 Other literature suggests that use of the term 
allows for individuals, who are often erased and discriminated against, to self-identify as a gender outside 
of or between the binary or who may not have a gender at all.313 Use in this chapter is consistent with the 
inclusion of the sexual and gender minorities section and the CDC’s adoption of the term “Latinx” when 
referring to health equity.99 Additional community-based research to inform specific impacts on Latinx 
communities is needed.

There is limited data at the census tract level or similar geographic scale on social vulnerability and climate 
hazards. Figure 15.5 identifies specific counties with increasing trends in climate hazard–related economic 
loss that also are designated as vulnerable using the SoVI (Social Vulnerability Index), which synthesizes 
information across multiple variables at the county scale. It does not, however, fully capture the dispropor-
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tionate impacts of climate hazards in specific neighborhoods or on specific population or cultural groups 
within a county, nor does it account for risk created by historic marginalization.

Furthermore, data suppression due to health privacy concerns can limit the availability of data for research 
on specific racial or gender groups. In addition, political sensitivities around the topic of climate change 
impacts on specific populations can hinder research and response.

Description of Confidence and Likelihood
It is unequivocal that some populations are already disproportionately impacted by climate change, as 
evidenced by multiple lines of data and peer-reviewed research that included longitudinal field studies. 
Research and data indicate that disproportionately affected populations include persons with disabilities, 
older adults, pregnant people, children, sexual and gender minorities, some communities of color, and 
those living in communities that have been under-resourced and over-burdened. Populations at higher risk 
will continue to be negatively impacted by climate change unless disparities are addressed and adaptation 
and mitigation strategies are targeted to benefit all communities and, in particular, those that have 
been marginalized.

Key Message 15.3  
Timely, Effective, and Culturally Appropriate Adaptation 
and Mitigation Actions Protect Human Health 

Description of Evidence Base
Multiple lines of research indicate that the health of the US population benefits from adaptation and 
mitigation activities, including integrated approaches to mainstream health into policies such as improve-
ments in food, infrastructure, water, and sanitation. There is growing evidence that various adaptive 
strategies (e.g., cooling centers, building resilient healthcare infrastructure, communication campaigns, etc.) 
have an impact on knowledge, attitudes, and behaviors that can improve health.269,316 For example, federal 
programs from the US Department of Health and Human Services (Low Income Home Energy Assistance 
Program) and the Department of Energy (Weatherization Assistance Program), as well as state governments, 
are implementing a suite of additional energy efficiency programs to help families reduce their energy costs 
and protect their health.229 Recent research and limited literature reviews describe and classify the level of 
effectiveness of various adaptations and interventions to protect health.316,317,318 This evidence informed the 
Key Message content related to adaptation. Additional research and evidence showing direct impact on 
human health outcomes would be needed to increase the confidence level to very high.

Peer-reviewed evidence indicates that strategies to reduce greenhouse gas emissions (mitigation) can 
protect health by reducing future climate hazards.205 They also can increase resilience by providing 
co-benefits that immediately improve health.319 The economic value of avoided hospitalizations and 
premature deaths are of the same order of magnitude as or larger than the cost of implementing the 
mitigation polices.29

Major Uncertainties and Research Gaps 
There are still uncertainties and research gaps around timely, effective, and culturally appropriate 
adaptation and mitigation actions, including in the areas of risk management and integrated approaches, 
community-level resilience and adaptation strategies to build capacity, climate resilient and sustainable 
health systems, benefits of reducing air pollution, disease surveillance, and actions to protect populations 
from extreme heat, wildfires, and vector-borne diseases.
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Further research could help document the effectiveness of adaptation and mitigation options in both 
the short term and long term. This could include examining the specifics affecting the success of inter-
ventions, including enabling conditions, constraints, and barriers, as well as effective approaches to 
overcome challenges and to scale up effective measures. Some mitigation and adaptation activities can have 
unintended negative health consequences; for example, trees planted to provide shade and reduce exposure 
to unsafe temperatures may inadvertently increase pollen levels and pose a hazard to those with respiratory 
health issues such as asthma.320,321 Providing timely pollen information to clinicians, public health practi-
tioners, and the public could increase awareness and allow at-risk individuals to take preventive measures 
(KM 14.4). Because pollen monitoring stations are sparsely distributed, using nontraditional data sources 
such as information from web searches322 and near-real-time data on symptoms of emergency department 
patients323 can offer alternative ways of gathering and communicating potential risks of pollen exposure. 

There is also a lack of research on the effectiveness of some health-protective actions in different regions 
and among varying population demographics; for example, tree planting may not be a feasible strategy to 
provide shade in a water-scarce ecosystems such as the desert Southwest. More research would improve 
understanding on how individual and community-level social capital impacts the effectiveness of adaptation 
and mitigation strategies.324 More research would also help tailor health communication messages to 
specific populations, an effective strategy to protect health.325

Continuous improvements in research and modeling can help drive evidence-based public health responses 
to minimize illness and death.224,225,226 Climate-sensitive disease or health-outcome surveillance systems 
could be integrated with weather event tracking and economic cost estimates to assess the overall impact of 
such events.31,326

There is limited curriculum on the health impacts of climate change. Greater integration into medical 
school, nursing school, and public health curricula can increase awareness of the established links 
between climate change and health and effective adaptation and mitigation strategies to reduce these 
health impacts.327,328

Health departments are chronically underfunded, and most do not have the resources to prepare for 
and respond to the health impacts of climate change.329 Increased capacity is needed to track hazards, 
build community resilience, and address cascading hazards. Improved data and capacity would allow for 
more effective adaptation and mitigation actions to protect health. Healthcare and public health worker 
shortages and unstable funding limit the ability of practitioners to engage in climate change–related health 
protection activities.

More research is also needed on community acceptability of adaptation and mitigation interventions to 
ensure effectiveness and sustainability. In addition, there are still gaps in implementation science (“the 
scientific study of methods and strategies that facilitate the uptake of evidence-based practice and research 
into regular use by practitioners and policymakers”330), a practice that helps ensure interventions benefit the 
communities that are most impacted by climate change.99

Description of Confidence and Likelihood
In the first statement of Key Message 15.3, the author team determined that there is high confidence that 
human health can be protected if adaptation measures are implemented. This statement is based on 
multiple lines of peer-reviewed evidence and real-world examples of successful adaptation strategies. 
Measures such as building energy retrofits, the establishment of education and outreach programs, instal-
lation of white roofs, and improvement of equitable access to cooling centers and green spaces can help 
protect human health if the necessary resources to implement these strategies exist or are made available. 
Based on peer-reviewed literature, there is also high confidence that creating climate-resilient health 



Fifth National Climate Assessment

15-27 | Human Health

systems will protect health and high confidence that mitigation efforts to reduce greenhouse gas emissions 
can protect health and improve health equity.

There is some uncertainty because it is difficult to determine future human behavioral response to the 
proposed adoption of adaptation and mitigation strategies. In order to improve health equity, it remains 
important to contextualize these strategies to specific communities, determine acceptability of strategies 
to specific communities prior to introduction, and investigate potential unintended consequences prior to 
adoption of mitigation strategies.
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Introduction
Indigenous Peoples in the United States represent more than 700 communities and Tribal Nations. They are 
culturally and politically unique and self-determining societies in North America, Hawaiʻi, American Sāmoa, 
Guam, the Northern Mariana Islands, Puerto Rico, and the US Virgin Islands (Figure 16.1), encompassing 
diverse ecosystems. They differ in their relationships with federal, state, territorial, and local governments 
but have similarly endured genocide and land dispossession (Figure 16.2). Indigenous Peoples’ origins begin 
millennia ago, long before the United States. Many Indigenous persons are scientists of the environment, 
holding holistic understandings of the interconnected drivers of climate change and evidence of climate-re-
lated changes and strategies for adaptation (Figure 16.3; KMs 26.1, 27.6, 30.2, 30.5).1,2,3,4,5,6 For generations, 
Indigenous Peoples have centered their knowledge of climate change in their cultures, political organiza-
tions, and arts. Many Indigenous persons closely track natural cycles and assemblages of plants and animals, 
making them keenly aware of environmental disruptions. 
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Representative Locations of Indigenous Peoples

Homelands of Indigenous Peoples are located throughout the US and its territories. 

Figure 16.1. The maps show pre–United States customary (traditional) homelands and some US-recognized con-
temporary homelands. The maps represent overlapping territories (approximately represented in outlined, shaded 
areas, with darker shading representing areas of overlap) in North America (a and c), Hawaiʻi (b), Puerto Rico and 
the US Virgin Islands (d), and Guam and the Northern Mariana Islands (e). The maps exclude most Indigenous 
marine territories. Given available data, the maps omit many territories (e.g., in American Sāmoa). Figure credit: 
Colorado State University, NOAA NCEI, and CISESS NC.
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The Complexity of Land Tenure for Indigenous People

Federally Recognized Tribal Lands are often near federal lands, where Indigenous Peoples may have 
consultation, treaty, or comanagement rights.

Figure 16.2. The maps show many of the current federally recognized reservations in the continental US, including 
Tribal trust lands (and excluding fee lands and Hawaiʻi, US Caribbean, and US-Affiliated Pacific Islands). Federal 
lands, including national parks, national forests, and wilderness areas, are shown, as Tribal Nations can have 
rights to comanage, exercise treaty rights, and consult on land management decisions. Panels (a), (b) and (c) 
show, in additional detail, the relationship between federal and Tribal lands. The profiles of (b) Grand Portage Band 
of Lake Superior Chippewa and (c) Miccosukee Tribe of Indians and Seminole Tribe of Florida highlight current 
and potential comanagement agreements between Federally Recognized Tribes and the Federal Government.7,8 
Figure credit: Citizen Potawatomi Nation, University of Minnesota, and DOI. See figure metadata for additional 
contributors. 
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Indigenous Holistic Worldview

Indigenous holistic worldviews offer diverse and complex expressions of climate change.

Figure 16.3. As an intentionally non-exhaustive example by particular Indigenous designers, the “Indigenous holis-
tic worldview” image demonstrates interconnected drivers of sustenance, climate change impacts, and future as-
pirations. Illustrations connecting human social systems and the environment, including the relationship between 
social justice (e.g., colonialism, racism) and environmental change (e.g., ecological degradation, pollution), repre-
sent certain Indigenous approaches to climate change. Figure credit: ©STACCWG 2021.6 Used with permission.

Indigenous Peoples have distinct rights to self-determination, cultural protection, and land use in relation 
to federal, state, and local government and nonprofit and for-profit institutions.6 For example, Alaska 
Native corporations own and hold resource rights in one-tenth of Alaska lands for the purpose of economic 
development.9,10 Alaska Tribal governments are responsible for managing government services, including 
cultural revitalization, for their members yet control significantly less land than corporations (see Ch. 29). 
Broadly, Indigenous-operated institutions include local customary and traditional governing systems, 
US Federally Recognized Tribes, treaty organizations, Alaska Native Corporations, Alaska Native villages, 
community development corporations and financial institutions, Native Hawaiian Organizations and 
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Hawaiian Home Lands, Indigenous-serving organizations within US territories, state-recognized Tribes, 
urban Indigenous centers, and more.

US federal and some state governments have agencies and programs with legal mandates to support 
Indigenous Peoples’ health, economic vitality, education, environmental quality, and cultural continuance. 
The Federal Government has a legal obligation to consult with Federally Recognized Tribes and the Native 
Hawaiian community.11,12,13,14 The US has given a non-binding endorsement of Indigenous Peoples’ rights 
as articulated in the United Nations Declaration on the Rights of Indigenous Peoples, which affirms that 
Indigenous Peoples have rights to self-determination and free prior and informed consent regarding 
territorial development and the protection of their health, cultures, and knowledge.

Climate change negatively disrupts Indigenous Peoples’ health (KM 15.2), economic vitality, education, 
environmental quality, governance, and cultural continuance (Figure 16.3).6,15 Historical abuses of Indigenous 
rights have significant responsibility for the heightened severity of climate disruption.6,16,17 The US govern-
ment’s taking of land from Indigenous Peoples has increased vulnerability to climate disruption.18,19,20 The 
growth of the US industrial sector heavily polluted and degraded Indigenous territories through mining, 
fossil-fuel energy development and use, commodity and plantation agriculture, unsustainable forestry, and 
military infrastructure and activities.21,22,23,24,25,26,27

Today, Indigenous initiatives addressing climate and energy are often organized as movements for 
protecting and advancing Indigenous rights. These include rights to self-determination regarding 
climate change responses in their territories—rights that are critical to Indigenous efforts to choose the 
best pathways for supporting health, economic vitality, educational institutions, environmental quality, 
governance, cultural continuance, and spiritual traditions.

Key Message 16.1  
Indigenous Peoples Face Risks to Well-Being and Livelihoods  
from Climate Change and Barriers to Energy Sovereignty

Climate change continues to cause negative effects on critical aspects of Indigenous Peoples’ 
well-being, including their livelihoods, health, nutrition, and cultural practices, as well as 
the ecological resilience of their territories (very high confidence). Indigenous Peoples are 
responding in diverse ways, including through energy sovereignty (very high confidence).

Indigenous Peoples face harms and risks from climate change that negatively affect their health and 
well-being, economic sustenance, and cultural integrity and continuity (KMs 15.3, 25.3, 27.6, 29.1).28,29,30,31,32,33 
Given the diversity of Indigenous Peoples, no single chapter could adequately address projections of 
the impacts of climate change on many hundreds of communities 25–100 years in the future. In this Key 
Message, relocation, including permanent relocation and managed retreat, is covered as a separate topic. 
Many Indigenous Peoples continue to be among the communities navigating climate-related disasters and 
negotiating permanent relocation, expansion, community-led relocation,34 and managed retreat (KMs 29.1, 
29.4, 30.2). Indigenous Peoples face injustice in energy transitions and barriers to investing in renewable 
energy.35,36,37,38,39 The information in this Key Message builds on the findings of Tribal and Indigenous Peoples’ 
chapters in previous National Climate Assessments without repeating previous findings.



Fifth National Climate Assessment

16-9 | Tribes and Indigenous Peoples

Indigenous Livelihoods and Economies 
Indigenous livelihoods and economies often rely on combinations of subsistence systems, natural resource 
management, small businesses, nonprofit organizations, community development corporations and financial 
institutions, Tribal government employment and contracts, Tribal enterprises, and multinational corpora-
tions.40 Regarding US indicators, Indigenous Peoples are disadvantaged in terms of income, employment, 
wealth, and access to adequate infrastructure, which has negative impacts on the availability of resources 
for climate response.6,18 Despite disadvantages, Tribes manage complex governments and economies. For 
example, there are 87 Native American financial institutions (banks, credit unions, and loan funds) managing 
$8 billion (in 2022 dollars).41

Climate change threatens to disrupt the conditions for critical Indigenous subsistence practices, including, 
but not limited to, planting, pollination, harvesting, the preparation and storage of food and medicines (i.e., 
medicinal plants), and subsistence-related travel (KMs 7.2, 10.2, 11.2, 21.3, 24.3, 29.3, 29.4, 29.5, 30.1, 30.2).15,42,4

3,44,45,46,47,48,49,50,51,52,53,54 Other climate-induced economic disruptions to subsistence and business include losses 
of timber revenue from wildfire or declines in culturally important species used for activities like basketry,55 
berry harvesting,56 fisheries,57,58 and tourism (KMs 29.3, 30.3). Losses of subsistence lifestyles are associated 
with decreased capacity to cope with climate change.59 Economic insecurity on subsistence and business 
can compound existing economic challenges,60 including poverty, labor exploitation, colonial debts, and 
inaccessibility of finance mechanisms.61,62,63

Nonetheless, robust Indigenous economies and entrepreneurial enterprises provide paths toward greater 
Indigenous resilience. Revitalization of Indigenous agricultural practices are also linked to increased 
economic resilience and food security, such as Native Hawaiian loʻi and dryland agriculture.64 In other cases, 
Indigenous People with strong ties to or ownership of successful and diverse economic enterprises have 
shown progress in their climate resilience.65,66

Indigenous Energy 
Lack of capacity to transition toward renewable energy can be considered a vulnerability to climate 
change—that is, vulnerability to being excluded from unlocking the capacity to enact mitigation measures. 
Numerous factors affect Indigenous self-determination in renewable energy, including barriers to infra-
structure ownership, access to financing and tax incentives, the navigation of regulations and jurisdictions, 
and income opportunities from renewables (KM 23.4).39,67,68,69,70,71,72,73,74 Affordable renewable energy is often 
inaccessible to Indigenous households, inhibiting a just energy transition (Figure 16.4).18,75,76,77,78
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Tribal Renewable Energy Projects 

The breadth of project type and funding amounts have increased for federally funded renewable energy 
projects.

Figure 16.4. The figure shows federally funded Tribal renewable energy and energy-efficiency projects between 
1994 and 2022. The size of the circles indicates the number of projects: the larger the circle, the more projects of 
that energy type were funded that year. Historically, projects like retrofitting to improve energy efficiency, as well 
as renewable energy projects including solar, wind, and biomass, often received funding. The more recent trend 
toward microgrid and solar projects mirrors efforts to build Tribal energy sovereignty. Figure credit: DOI, NOAA 
NCEI, and CISESS NC.

Health Risks
Indigenous concepts of health and well-being often remain closely tied to the health of the environment, 
waters, and more-than-human relatives that provide for subsistence and cultural needs (KMs 29.1, 30.2).6,79,80 
Climate change has decreased Indigenous Peoples’ access to nutritious subsistence diets necessary for 
food sovereignty and security (KMs 21.4, 27.1, 28.3, 30.1)47,49,50,81,82,83 and access to clean water (KMs 4.2, 30.1).84 
Climate change generally has had detrimental health impacts to Indigenous Peoples (KM 15.1).85 Negative 
health outcomes and deaths have increased from extreme weather events, including heatwaves, flooding, 
changing ice conditions, hurricanes/typhoons, and wildfires (KMs 23.1, 30.2).15,86 These negative health 
outcomes include post-traumatic stress disorder, anxiety, suicide, and other mental, spiritual, and social–
emotional health challenges (KMs 15.1, 23.1, 29.1; Figure 29.3),87,88,89 which can be exacerbated by intergener-
ational trauma90 and breakdowns in family and community relationships.85 These negative health impacts 
can amplify existing stressors on Indigenous health and well-being, including inadequate infrastructure, 
high rates of certain health conditions, high burdens of pollution, limited access to healthcare, water 
scarcity, poor sanitation, risks to occupational safety, and disproportionately high rates of environmental 
justice–related violence and human rights violations, many of which are especially burdensome for women 
(KM 4.3).15,17,84,85,91,92,93,94
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Climate change and the COVID-19 pandemic have negatively affected Indigenous cultural, spiritual, physical, 
and mental health. In Alaska, pandemic-related travel restrictions limited food access, seasonal harvesting, 
and communal gatherings that maintain Indigenous Knowledge and practices around food systems, causing 
physical and mental health impacts.95,96 High fuel prices and low salmon prices disrupted Indigenous 
businesses.97 Broadly, food supply shortages and high costs during the pandemic compounded preexisting 
Indigenous food insecurities.97,98,99,100 Preexisting water scarcity, such as in the Navajo Nation (KM 28.1),101 
Crow Agency, Montana,85 and many Alaska Native communities (KM 29.1),102 limited sanitation and hygiene 
practices and inhibited hydration and nutrition (KM 15.2).101,103,104,105,106 During the peak periods of COVID-19 
infection, disrupted stewardship and cultural activities included first salmon ceremonies,97 canoe journeys,99 
wildfire response,45 and Indigenous sports (e.g., stickball, lacrosse).107 Some communities were able to 
engage in socially distanced and safe activities.108 Climate change compounded preexisting inequities among 
Indigenous People who have low access to healthcare (KM 15.2)85,109 and high risk of COVID-19 infection, 
hospitalization, and death.110

Culture
Climate change compromises Indigenous territorial integrity, spiritual values and practices, and lifeways 
essential to cultural heritage and identity (KMs 6.1, 10.1, 23.1, 26.1, 30.5; Box 1.3).6,15,29 Climate-induced coastal 
hazards such as sea level rise, floods, storm surge, and erosion threaten Indigenous cultural sites, including 
burial grounds, sacred sites, museums, and other cultural infrastructure.111,112,113,114 Climate change increasing-
ly threatens the sustainability of culturally significant tree species used for making lodges,115 totem poles,116 
basketry,117 and maple syrup and sugar,118 among other examples. As culturally significant habitats shift out 
of Indigenous jurisdictions, challenges arise for treaty rights, Native Hawaiian homelands, and other access 
rights.15,80 Linguistically, some Indigenous place names that reference local geographic features, animals, 
plants, and first foods no longer accurately describe environmental conditions or associations.119 Changes 
to sea ice in Alaska will make certain environmental words in the Inupiaq dialect of Wales obsolete.120,121,122 
These altered conditions could lead to health and safety concerns and significant cultural impacts.28,122 
Phenological changes impact the timing of culturally significant patterns in nature (KM 8.2). For example, 
the Indigenous Phenology Network formed to understand phenological changes on Indigenous lands 
throughout the US.123

Relocation 
Indigenous Peoples, including Alaska Native villages, Pacific and Atlantic Coast Tribes, and Louisiana coastal 
Tribes, face unmet infrastructure needs and added stressors to culture and livelihoods as they relocate in 
response to increased erosion, more frequent flooding, increases in permafrost thaw, and rising sea levels 
(KM 29.2; Box 20.1).18,114,124,125 Indigenous infrastructure is critical to supporting economies, sovereign security, 
and ways of life; it consists of a broad spectrum of human-built structures and facilities—from power grids 
to cultural and subsistence-related infrastructure—that are critical to the lives of Indigenous Peoples. 
According to the Bureau of Indian Affairs (BIA),18 projected infrastructure costs arising from environmental 
impacts over the next 50 years are $4.8 billion for Alaska Native communities and a minimum of $2.1 billion 
for Federally Recognized Tribes (both amounts in 2022 dollars).18 Seventy out of 200 Alaska Native villages 
face severe impacts from permafrost thaw, coastal erosion, and increased storminess.126

Indigenous Peoples in Hawaiʻi, Puerto Rico, American Sāmoa, Guam, and the Commonwealth of the 
Northern Mariana Islands face distinct challenges for relocation based on their unique histories of 
colonialism. Often, impacts of climate change on US island regions and territories have been raised only in 
relation to impacts to life below water and not for Indigenous Peoples themselves.127 Indigenous Peoples in 
US territories are often ineligible for federal funding for climate impacts, as well as international financing 
mechanisms due to their US affiliation.128
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Most Indigenous Peoples face barriers to securing sufficient resources to implement climate adaptation, 
including home-building loans and complex technical data and training for decision-making (KMs 16.2, 29.4). 
Indigenous Peoples face intricate land policies that can prevent relocating or recovering their territorial 
bases, such as the US Supreme Court’s decision in Carcieri v. Salazar (2009), which prohibited land 
restoration for certain Tribal Nations.114,129,130,131,132

When impacted by flooding, Indigenous Peoples do not receive equitable implementation of the National 
Flood Insurance Program (NFIP). The NFIP’s inability to support a diversity of Indigenous jurisdictions and 
effectively communicate program information inhibits Indigenous Peoples’ success as program operators 
and beneficiaries.29 Indigenous Peoples face high costs through premiums, salaries for floodplain managers, 
and the expense of time and resources needed to develop, adopt, enforce, and maintain floodplain 
management ordinances.133 They are required to pay into the NFIP even when they had been forcibly 
relocated by the US government to marginal, flood-prone land.20,134,135,136 Indigenous Peoples are at risk of 
inundation and have limited ability to mitigate flood risk and manage floodplains, a circumstance made 
worse by the limits of available flood risk information. FEMA, EPA, and the US Army Corps of Engineers 
fund the development of flood-risk data (Figure 16.5a). However, historically inequitable and inconsis-
tent delivery of data to Indigenous communities, including not honoring Tribal sovereignty, has prompted 
some Tribes to reject federally funded flood risk data and develop their own flood-risk data through 
university partnerships.113,133
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Publicly Available Climate Data in Relation to Indigenous Territories

Some tribal lands are vulnerable to floods, wildfire, and drought. 

Figure 16.5. These maps feature (a) EPA and FEMA’s 100-year floodplain projections; (b) wildfire hazard poten-
tial through burn probability, which is the annual probability of wildfire burning in a particular area, also known as 
wildfire likelihood; and (c) drought intensity and duration of impact. Federally Recognized Tribal Land is outlined 
in solid black lines, and Alaska Native villages are indicated by black dots. Wildfire risk data were not available for 
the US Caribbean and US-Affiliated Pacific Islands. Figure credits: (a, b) FEMA, NOAA NCEI, and CISESS NC; (c) 
adapted from US Drought Monitor 2023.137
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Key Message 16.2  
Self-Determination Is Key to Indigenous Peoples’ Resilience to Climate Change

By exercising their right to self-determination, Indigenous Peoples can respond to climate 
change in ways that meet the needs and aspirations of their communities (very high confi-
dence). However, their ability to exercise this right is often undermined by institutions and 
policies shaped by the impacts of settler colonialism (very high confidence). Expanded support 
from federal and state governments has the potential to uphold Indigenous rights to self-deter-
mination for guiding climate resilience (high confidence).

Self-determination means Indigenous Peoples make decisions about how to respond to climate change in 
ways that meet community-defined needs and aspirations. Indigenous climate resilience requires having 
adequate options for deciding how to adapt to and mitigate climate change and the capacity to implement 
decisions and make strategic revisions upon evaluation. For many Indigenous Peoples, certain social and 
political conditions can support or curtail their capacity for self-determination. Indigenous self-determi-
nation has been limited by institutions and policies, colonial in their organizational structure, that enable 
federal, state, and local governments and private industry to make decisions for Indigenous Peoples and to 
maintain low levels of funding and administrative support for implementation.4,54,138,139,140,141,142 The ramifica-
tions are very practical in nature, including a lack of sufficient high-speed internet, adequate roads, shov-
el-ready projects, and financial, grant, and project management resources and staff. 

Self-Determination 
Self-government is one application of self-determination. Although some Indigenous Peoples with self-gov-
ernment have rights recognized by the US, social and political conditions can curtail these rights.138,143,144 
Indigenous Peoples are often left out of cross-jurisdictional climate and emergency planning with federal, 
state, or local governments.143 As an alternative, many Tribes have called for Indigenous-led management, as 
well as comanagement of lands, waters, and other resources currently under federal or state management. 
Comanagement, or even Indigenous-led management, represents opportunities to assert Tribal 
resource-management practices that address climate change.145,146,147 Comanagement has been shown to 
be problematic if Indigenous capacities are not bolstered, communication is not clear and consistent, and 
Indigenous cultures are not uplifted.148 

Consultation
For Federally Recognized Tribes, the US has a duty of government-to-government consultation.149 Consul-
tative processes, however, are not yet widely practiced in ways that empower Tribes, even when the US and 
its agencies increase the number of consultations.14,148 In some cases where federal or state agencies hire 
Tribal liaisons, the liaison role is only a small percentage of those employees’ full-time positions, and they 
often are responsible for establishing and managing relationships with numerous Tribes.150 Federal agencies 
must consult with the Native Hawaiian community in relation to certain statutes, and in some cases other 
Indigenous organizations, such as Native Hawaiian Organizations, can consult with federal agencies. 
Indigenous Peoples without formal consultative relationships face barriers to voicing their knowledge and 
concerns in public-participation and stakeholder-engagement processes, curtailing their self-determi-
nation.151,152,153 Climate change issues involve coordination and communication that must be underwritten 
by consultation.
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Capacity Infrastructure
Indigenous Peoples can lack the needed staffing and workforce development capacities to fully implement 
climate change plans—efforts that can include applying for and managing grant funds, energy feasibility 
studies, natural resource assessments, hazard mitigation plans, environmental monitoring, legal efforts 
to enforce land, water and natural resource rights, and forest and natural resource protection and 
management (KM 23.5).154 Funding is often not distributed in ways that Indigenous Peoples can access 
and benefit from, even during years when budget increases occur.141 Funding may require matching funds, 
reimbursements, reporting requirements, degrees of shovel-readiness, or other administrative burdens that 
Indigenous administrative units cannot shoulder. This often results from lack of consultation of Indigenous 
Peoples in developing federal funding spending plans.97,155 Tribal colleges and universities are often 
underfunded and face additional barriers to the accreditation necessary to train Indigenous community 
members in the academic fields related to climate change.156

Indigenous Peoples face compounding infrastructure deficiencies that threaten resilience—involving infra-
structure tied to water quality and access, coastal shoreline protection, telecommunications and broadband, 
transportation, supply chain management, energy efficiency and access, and sustainable forest management 
(such as sawmills, secondary processing facilities, logging equipment, and staffing to operate and maintain 
infrastructure; KMs 23.4, 29.4, 30.3).18,141 Indigenous Peoples face numerous barriers to accessing sufficient 
high-speed internet connections critical for education and capacity-building.157,158 Coordinated infrastruc-
ture projects that mutually support one another would significantly advance Indigenous Peoples’ resilience 
goals.18 For example, Tribes have coordinated housing infrastructure programs with renewable energy 
projects67 and community-level flood mitigation planning.133,159 In Puerto Rico, community-coordinated 
efforts are working to serve energy and restoration needs (KM 23.5).35,160

Indigenous Data for Governance
Indigenous Peoples face challenges in accessing relevant data to support decision-making for climate 
resilience.6 For example, they lack environmental data for Tribal lands and waters and often have access 
only to data that are misaligned with community values and priorities.161 Indigenous advocacy for data 
ownership, protection, and access focuses on relevance to their peoples, cultures, territories, ancestors, 
traditional places, knowledge, epidemiology, and public health.162,163 This includes ensuring that other parties 
seeking to collect and use data from or relating to Indigenous Peoples follow the principle of free, prior, and 
informed consent. Indigenous Knowledge holders and leaders call for more equitable relationships with 
scientists and support for Indigenous-led research.164 The CARE Principles (Collective benefit, Authority 
to control, Responsibility, and Ethics) for Indigenous Data Governance, which emphasize Indigenous 
concerns and rights about data, are increasingly being applied in climate change–related projects.161,165,166,167,168 
Large US-based environmental data repositories, including the Earth Science Information Partners, are 
currently exploring methods for operationalizing the CARE data principles by improving data management 
capacity to ensure that data can be disaggregated, scaled down, and used to support Indigenous climate 
change planning.161,166,169,170

Indigenous Organizational Support
Indigenous organizations are important for carrying forward the messaging of their constituencies 
and providing additional unfulfilled services to communities. Indigenous urban centers provide large 
Indigenous populations in cities across the US—from New York to Los Angeles, Boston, Chicago, Phoenix, 
and more—with vital social services necessary for resilient urban populations in a changing climate (KM 
12.4).171 Inter-Tribal organizations and networks serve as resources for enhancing Tribes’ climate change 
planning.172,173 For example, the Intertribal Timber Council, Columbia River Inter-Tribal Fish Commission, 
and Great Lakes Indian Fish and Wildlife Commission are leading innovative climate adaptation research 



Fifth National Climate Assessment

16-16 | Tribes and Indigenous Peoples

in their regions and inspiring cross-cultural scientific collaborations with non-Indigenous researchers, 
scientists, and organizations.144,174,175,176,177 Other organizations such as the National Congress of American 
Indians, United South and Eastern Tribes, and Affiliated Tribes of Northwest Indians support Tribes in their 
efforts to build climate resilience.114,178,179 Indigenous businesses can provide climate services if offered equal 
access to contracts, opportunities, and information.153 Indigenous organizations have sought to advocate for 
Indigenous perspectives, values, insights, and lived experiences of Indigenous Peoples by seeking to increase 
their access to appointed and elected leadership and decision-making positions.180

Key Message 16.3  
Indigenous Leadership Guides Climate Change Response

Indigenous Peoples lead numerous actions that respond to climate change (high confidence). 
Indigenous-led organizations, initiatives, and movements have demonstrated diverse strategies 
for climate adaptation and mitigation that are guided by Indigenous Knowledges and values 
and by the pursuit of Indigenous rights (high confidence). 

Indigenous-led actions to address climate and energy include implementation of climate adaptation 
strategies, climate and energy planning and policy initiatives, youth movements on climate justice, artistic 
mixed-media messaging about Indigenous experiences with and knowledges of climate change, and 
movements aimed to connect diverse Indigenous Peoples with one another spanning local to interna-
tional scales (Figure 16.6).6,80,138,181,182,183,184,185,186,187,188,189 Indigenous-led actions are often guided by Indigenous 
Knowledges, Indigenous values, and the pursuit of Indigenous rights to self-determination (Figure 16.3; KMs 
2.3, 21.4, 24.4, 25.5, 26.3, 27.6, 28.3, 28.5, 29.7, 30.5).190,191
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Indigenous Ingenuity the Hopi Way 

Actions on climate change taken by the Hopi people engage science, tradition, and education.

Figure 16.6. For more than 2,000 years, the Hopi have been adapting to an average of 6 to 10 inches of annual 
precipitation. Seeds from corn, beans, melons, and squash grown in drought years are used again in dry years. 
Hopi children learn dryland farming and the values, customs, and identities of why they farm. (left) Hopi soil-mois-
ture conservation techniques allow corn plants to adapt to extreme conditions such as drought. (bottom right) 
Hopi children in a traditional corn field learn about science through a cultural lens. (top right) A traditional Hopi 
sandstone home incorporates Western science with the use of solar and hydro panels. Photo credits: © Michael 
K. Johnson, University of Arizona.

Indigenous-Led Climate Initiatives
Many Tribes and Indigenous organizations have created climate plans. The Department of Energy has 
supported more than 190 Tribal-led energy projects, including many renewable energy projects (Figure 
16.4). The BIA has funded many Tribal-led climate and energy projects, including 250 feasibility studies 
for renewable energy and hundreds of adaptation planning efforts (Tables 16.1, 16.2). Indigenous Peoples 
are including changing climate conditions in hazard mitigation plans (KMs 21.4, 25.2),192 by incorporating 
available climate data (Figure 16.5), making them eligible for Hazard Mitigation Assistance grants through 
FEMA’s Building Resilient Infrastructure and Communities program. Initiatives by the National Indian 
Health Board’s Climate-Ready Tribes project, FEMA, the BIA’s Tribal Climate Resilience program, the Tribal 
Climate Health Project, and the Institute for Tribal Environmental Professionals, among others (the Climate 
Adaptation Science Centers; the Climate Adaptation Knowledge Exchange, the Tribal Climate Change 
Project),193 further capacities and expand funding.159,194 The Institute for Tribal Environmental Professionals, 
for example, has created several levels of adaptation planning training, reaching more than 390 Tribes and 
more than 30 Tribal organizations.

https://www.usgs.gov/programs/climate-adaptation-science-centers
https://www.usgs.gov/programs/climate-adaptation-science-centers
https://www.cakex.org/
https://tribalclimate.uoregon.edu/
https://tribalclimate.uoregon.edu/
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Table 16.1. Number of BIA Tribal Climate Resilience Funding Awards Per Category

Cells with “n/a” for “not available” indicate years before an award category was offered. The categories include: 1, Trainings 
and Workshops; 2, Adaptation Planning; 3, Travel Support for Climate Adaptation Planning; 4, Ocean and Coastal Management 
Planning; 5, Travel Support for Ocean and Coastal Management; 6, Capacity Building for Scoping Efforts; 7, Relocation, Man-
aged Retreat, or Protect-in-Place; 8, Internships; 9, Youth Engagement; 10, Implementation of Climate Adaptation Strategies; 
11, Implementation of Community Relocation, Managed Retreat, or Protect-in-Place Actions; 12, Relocation, Managed Retreat, 
or Protect-in-Place Coordinator. Values indicate actual awarded amounts; no adjustments have been made for inflation. Funds 
for 2017 and 2018 were combined and awarded in 2018 due to delays resulting from governmental shutdown. Source: BIA.195
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2011 n/a 6 9 n/a n/a n/a n/a n/a n/a n/a n/a n/a 15 $327,637 

2012 n/a 0 0 n/a n/a n/a n/a n/a n/a n/a n/a n/a 0 $0 

2013 n/a 6 13 n/a n/a n/a n/a n/a n/a n/a n/a n/a 19 $694,731 

2014 3 16 19 n/a 6 n/a n/a n/a n/a n/a n/a n/a 44 $2,286,316 

2015 8 38 30 19 7 n/a n/a 12 7 n/a n/a n/a 121 $13,322,972 

2016 5 20 32 11 1 7 n/a 5 2 n/a n/a n/a 83 $8,791,510 

2017/ 
18

18 42 32 30 13 3 n/a 0 0 n/a n/a n/a 138 $12,410,810 

2019 13 33 36 16 16 5 n/a 0 0 n/a n/a n/a 119 $8,731,454 

2020 15 49 41 14 12 13 15 0 0 n/a n/a n/a 159 $14,462,186 

2021 10 47 15 14 3 8 17 8 9 n/a n/a n/a 131 $13,870,444 

2022 8 26 10 10 4 3 11 5 6 17 6 12 118 $44,628,511 

Total 80 283 237 114 62 39 43 30 24 17 6 12 947 $119,526,571 
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Table 16.2. Number of BIA Tribal Climate Resilience Funding Awards Per Region

Awards made by the BIA Tribal Climate Resilience program to fund Tribal resilience actions. Source: BIA.195
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2011 2 1 1 0 2 1 3 1 0 1 1 2 15 $327,637 

2012 0 0 0 0 0 0 0 0 0 0 0 0 0 $0 

2013 1 0 1 0 5 0 4 3 0 1 1 3 19 $694,731 

2014 7 2 4 3 6 0 8 9 1 3 0 1 44 $2,286,316 

2015 19 7 4 2 7 2 47 18 3 3 6 3 121 $13,322,972 

2016 15 2 3 2 3 2 33 14 1 5 1 2 83 $8,791,510 

2017/ 
2018

44 6 5 2 5 1 45 9 5 4 6 6 138 $12,410,810 

2019 62 7 1 2 2 1 25 14 0 0 4 1 119 $8,731,454 

2020 62 11 5 4 6 0 29 24 2 7 4 5 159 $14,462,186 

2021 59 7 3 2 1 1 23 25 1 2 3 4 131 $13,870,444 

2022 43 2 4 2 4 1 30 16 5 3 1 7 118 $44,628,511 

Total 314 45 31 19 41 9 247 133 18 29 27 34 947 $119,526,571 

Some planning processes deliberatively start with place-based Indigenous Knowledge. For example, some 
adaptation plans involve interviews with knowledge keepers to determine key ecological indicators for 
adaptation strategies, such as the restoration of fire-adapted ecosystems, cultural burning, and strategies 
for maintaining biodiverse crops and culturally important species and landscapes (KMs 21.4, 28.5).6,80,87,196 In 
terms of values, some Tribal energy projects emphasize renewable energy as connected to elder care by 
lowering the cost of household energy for elders.67 Indigenous-led planning processes can emphasize that 
rights to self-determination should govern decision-making about climate and energy.6,38,197 

Climate change responses guided by Indigenous Knowledges and values include restoration efforts, food 
security initiatives (Boxes 30.3, 30.4), climate emergency response systems, and innovative communica-
tion mediums. Examples include the Tribal Climate Adaptation Menu80 and Indigenous-supported efforts, 
such as those of the Karuk Tribe198 to ensure that the State of California has permitting requirements for 
vegetation management to reduce fire hazards through prescribed burns that have cultural value. In 2021, 
the Onondaga Nation completed construction of the Tsha’ Thoñswatha’ firehouse and community hall, 
which is the Nation’s first triple-net-zero (energy, water, and waste) emergency-management facility (Figure 
16.7).199 
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Tsha’ Thoñswatha’ Firehouse and Community Hall

The Tsha’ Thoñswatha’ firehouse and community hall in the Onondaga Nation relies on renewable energy and 
meets a net-zero standard of energy use.

Figure 16.7. The firehouse was designed in collaboration with the community and reflects the Onondaga Nation’s 
language and culture. Photo credits: © Kelsey Leonard, University of Waterloo.

There are many other examples of Indigenous Peoples’ climate adaptation efforts. The College of 
Menominee Nation developed a community-engaged phenology research project to understand changes 
in plants on their reservation and also developed the culturally grounded Menominee Theoretical Model 
of Sustainability (Figure 16.8)51,200 to guide research, education, and community engagement. Other efforts 
include Indigenous-led blue carbon ecosystem restoration, such as through kelp farming off the coasts of 
Long Island and Alaska (Focus on Blue Carbon). The Swinomish Indian Tribal Community of Washington, 
among others, is building clam gardens as a climate adaptation strategy to combat sea level rise and ocean 
acidification and to bolster food security.201 Native Hawaiians are restoring their agricultural systems, given 
the ability of native species to adapt to the changing climate.64 Land-based and culturally grounded healing 
initiatives support Indigenous communities’ resilience.17,202,203 Indigenous self-determination protects the 
capacities of Indigenous People to practice stewardship and caretaking relationships with their land.204,205 
Indigenous Knowledge and values guide strategies focused on traditional species and the significance of 
their ecological relationships, the revitalization of management practices that were suppressed by the US 
Government, the uplifting of Indigenous cultural practices as a way to motivate people to engage,79,206 and 
the well-being of community members who face severe risks and negative impacts from climate change.207
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Climate Initiatives at College of Menominee Nation

At the College of Menominee Nation, Indigenous Knowledge guides climate change response. 

Figure 16.8. (a) The photo shows a phenology station sign at the College of Menominee Nation in Keshena, Wis-
consin. The phenology project explores the effects of climate change on the reservation forest and community 
over time. The college has also developed the Menominee Theoretical Model of Sustainability (b), which guides 
climate change research, education, and community outreach and is an example of Indigenous leadership for cli-
mate adaptation. Photo credit: (a) © Thomas R. Kenote, College of Menominee Nation Sustainable Development 
Institute. Source: (b) The Menominee Theoretical Model of Sustainability (MTMS): 2021 Schwitzer Redesign—3D 
Version (adapted from Dockry et al. 2016200).

Youth-Led Climate Movements
Youth-led movements (both US and international) continue to grow in number through the formation and 
engagement of organizations and coalitions, including the Climate Justice Alliance and the Indigenous 
Environmental Network, as well as through participation at the United Nations Framework Convention on 
Climate Change (UNFCCC) conferences of the parties (including the Paris Agreement).208 The International 
Indigenous Youth Council was instrumental in leading the resistance against the proliferation of fossil fuel 
colonialism in Oceti Sakowin, historically known to some as the Sioux Nation.209,210 Climate change was a key 
topic on the agenda at the February 2022 Native Youth Leadership Summit, held by The Youth Commission 
of the National Congress of American Indians.211 Earth Ambassadors of United National Indian Tribal Youth 
Inc. have developed projects ranging from seed banking to waste management to address climate injustices 
facing their Indigenous communities.212 Tribal colleges and universities are also engaged in building 
community resilience and supporting the next generation of climate leaders.156,213,214,215 Another empowering 
youth-led initiative is Mni Ki Wakan, which is working towards Indigenous-led water justice for all.216 

Art and Storytelling for Climate Communication
Since time immemorial, Indigenous Peoples have shared Traditional Knowledges and historical context 
through arts and storytelling. In modern times, they are mobilizing innovative and diverse media, including 
visual and performance art,217 film,218,219 podcasts,220 radio (www.nativenews.net), and other forms of story-

http://www.nativenews.net/
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telling, to communicate firsthand experiences of climate impacts and adaptation initiatives for Indigenous 
lifeways. Indigenous approaches to communicating about climate change are integral to the expression of 
cultural lifeways, sharing culturally appropriate examples of climate adaptation, and discussing Indigenized 
approaches to climate planning. 

Local, Inter-Tribal, and National Collaboration
Indigenous Peoples’ responses to climate change include collaborative environmental stewardship, 
protection, and coordination with other Tribes and Indigenous Peoples,34 as well as with federal, state, 
and local governments, private organizations, and businesses (KM 12.4). In 2020 a collaborative Tribal-led 
nationwide effort was undertaken to review the Congressional Action Plan on the climate crisis221 and to 
provide information, tools, and strategies for Tribal leaders to use in their advocacy on behalf of Indigenous 
Peoples.18 For example, Tribes have coordinated with federal forests on regional fire management as a 
climate adaptation strategy.6 Tribes and Indigenous Peoples continue to partner with each other to make 
unified statements and reports that can inform national and international climate policy and actions.80,124,221 
Inter-Tribal collaborations have engaged in regional monitoring of safety standards for shellfish and other 
resources.6 Inter-Tribal consortia, such as the Midwest Tribal Energy Resources Association and the 
National Tribal Emergency Management Council, have fostered coordinated efforts to support the needs of 
individual Tribes. Indigenous nonprofit organizations, such as the NDN Collective, have produced funding 
programs and resources for Indigenous community-based organizations to access guidance and funds for 
renewable energy. Organizations such as the Indigenous Environmental Network have resisted the growth 
of the fossil fuel sector nationally.222 Indigenous Peoples have participated in the conferences of parties of 
the UNFCCC (including the Paris Agreement), despite constraints to participation.223 In 2019, the United 
Nations Educational, Scientific and Cultural Organization hosted a regional workshop titled “Mobilizing 
Indigenous and Local Knowledge Solutions: Addressing Climate Impacts and Vulnerabilities—A Perspective 
from the Caribbean Region,” opening a dialogue and knowledge exchange across sectors, nations, and 
territories, including the US Caribbean.191
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Traceable Accounts
Process Description
The authors of the Tribes and Indigenous Peoples chapter were selected based on their academic and 
government track records as experts on the topic of Indigenous Peoples and climate change in the US. Each 
author has a regional area of expertise in addition to expertise more broadly. The author team met virtually 
each week to discuss and cowrite the chapter. There was a weekly email update from the chapter lead 
(CL) to set the agenda for each weekly meeting five days in advance. The CL initiated discussion about the 
outline of each element of the chapter and received feedback from the chapter authors through email and 
through meetings. Revisions were made to the outline until agreement was achieved. The same process was 
initiated for the written content of the chapter and for each figure. After authors had contributed text, bib-
liographic references, and information and concepts pertaining to figures, the CL sought consensus through 
iterative communications over email and in meetings.

The Tribes and Indigenous Peoples chapter hosted one public meeting specifically on the chapter. The 
public comments from the meeting were reviewed and vetted for inclusion in the chapter. The chapter 
received comments from federal agencies, which the author team also responded to.

The author team has reviewed and included information from different types of credible sources relating to 
Indigenous Peoples and climate change. First, peer-reviewed scientific and academic literature on the topic 
was reviewed in its relationship to the US and its territories. Second, reports on the topic were reviewed 
if they met certain standards. They included the following: reports produced by Tribal governments, the 
US federal government, and state and local governments; reports produced by Indigenous organizations 
that have gone through a quality review process relevant to the particular information featured in the 
reports; and testimonies and eyewitness accounts by Indigenous People with climate change information. 
In cases where testimony and eyewitness accounts were used, appropriate recognition of the nature of the 
information was included in the Traceable Accounts. 

Tribes and Indigenous Peoples in the US represent more than 700 communities and Tribal Nations that 
span the entire country and its territories. The communities encompass diverse regions and ecosystems. 
They differ culturally and have different relationships with the US, states, territories, and local governments. 
While different culturally, socially, and politically, Indigenous Peoples share comparable social circum-
stances. The circumstances include Indigenous Peoples’ existence in what is now US territory prior to the 
establishment of the country; their distinct cultures; their having subsistence practices as a dimension of 
their economies, depending on the community or people; their living in lands today that are smaller than 
their ancestral land bases; and, depending on the community or people, their having endured environmental 
risks stemming from pollution and other environmental injustices, low investment in infrastructure by the 
US Government, and barriers to economic development. The social circumstances of Indigenous Peoples 
formed the basis of how the author team assessed information in this chapter. It is not possible to assess 
source material for more than 700 communities and peoples that are distinct ecologically, culturally, territo-
rially, and politically. For this reason, the author team assessed as extensive a literature base as possible and 
drew on credible information to report information in the chapter that is relevant to the social circumstanc-
es of Indigenous Peoples. Throughout the chapter, the author team deliberately referenced Key Messages 
from other chapters relevant to Tribes and Indigenous Peoples; at the same time, the text is explicit that 
there is extreme differentiation across Indigenous Peoples.
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Key Message 16.1  
Indigenous Peoples Face Risks to Well-Being and Livelihoods 
from Climate Change and Barriers to Energy Sovereignty

Description of Evidence Base
There is a diverse body of peer-reviewed academic literature, reports, testimony, and eyewitness accounts 
that disclose information about how Indigenous Peoples are impacted by climate change, including risks 
and current harms and costs. While climate change may present opportunities for certain populations, the 
current literature on this topic suggests strongly that Indigenous Peoples are currently facing increasing 
risks and burdensome harms and costs. The Fourth National Climate Assessment (NCA4)224 reviewed 
literature since 2014 on this topic. NCA4 had three Key Messages in the Tribes and Indigenous Peoples 
chapter, focused on Indigenous Peoples facing risks, harms, and costs tied to their economies and cultures, 
their health, and their capacity to respond to disasters and natural hazards. This Assessment took into con-
sideration the literature published since NCA4—from 2018 onward. Additional literature was found as well 
on topics not covered in NCA4, including energy systems and COVID-19. The Status of Tribes and Climate 
Change (STACC) Report6 and the Contribution of Working Group II to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC) were published in 2021 and 2022, respectively. Both 
include a thorough peer-reviewed assessment of climate change issues that Indigenous Peoples have faced 
in the context of the US since 2018. The two reports are comprehensive but not exhaustive of important 
climate change impacts that Indigenous Peoples face relating to climate and energy. There are approximate-
ly 460 million Indigenous Peoples throughout the world.

Major Uncertainties and Research Gaps
For this topic, the author team had the capacity to analyze quality information covering numerous Tribes 
and Indigenous Peoples. However, the available literature does not come anywhere close to covering the 
total population of Tribes and Indigenous Peoples. As a result, there are hundreds of communities whose 
relationship to climate change is not covered in this chapter.

Description of Confidence and Likelihood
Very high confidence is attributed to this Key Message for at least two reasons. First, one of the primary 
evidence bases being built on is the NCA. Since 2000, greater evidence has been analyzed about the vulner-
ability of Indigenous Peoples to climate change. NCA3 and NCA4 represented substantive advances in the 
documentation of this evidence. Since NCA4, other major scientific reports and empirically rigorous reports 
and technical contributions, including the reports of the IPCC15 and the STACC Report,6 have added further 
to the documented evidence. Second, scientists, Tribal staff, and nonprofit professionals have increased 
their publication of rigorous information on Indigenous vulnerability, and US Government agencies have 
advanced in their documentation of steps diverse Indigenous Peoples are taking to address climate change. 
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Key Message 16.2  
Self-Determination Is Key to Indigenous Peoples’ Resilience to Climate Change

Description of Evidence Base
The evidence base is an assemblage of sources that range from documents produced by Indigenous 
Peoples themselves to academic literature. This diverse literature on the impacts of climate change and the 
responses of Indigenous Peoples to climate change discloses information about the conditions that affect 
Indigenous Peoples’ options for adapting to and mitigating climate change. Domestic Policy Council (2021),139 
NCAI (2019b),4 and the US Commission on Civil Rights (2018)141 provide information about Indigenous 
capacities to exercise self-determination, including critical information about infrastructural, financial, and 
administrative capacities. Warner et al. (2020)14 and Washburn (2021)147 offer important information about 
how policies that support self-determination in the form of comanagement and nation-to-nation con-
sultation are important strategies for responding to climate change and other environmental issues. The 
emerging literature on data governance is well documented in David-Chavez et al. (2019)161 and Carroll et 
al. (2020).165

Major Uncertainties and Research Gaps
Many of the conditions that create barriers for Indigenous Peoples in relation to climate change also affect 
other important areas, including political rights, education, health, and criminal justice. There continue to 
be gaps in research regarding how many total communities and peoples face particular climate challenges. 
However, some of the policies, governance mechanisms, and rights that are documented as barriers to 
Indigenous responsiveness to climate change pertain widely to Indigenous Peoples. There are also gaps in 
terms of being able to fully account for all of the adaptation and mitigation activities and processes that 
Indigenous Peoples are a part of or leading. 

Description of Confidence and Likelihood
Very high confidence is attributed to the statement that options for responding to climate change can 
be enhanced through support for self-determined decision-making. Within and beyond the available 
literature on climate change, the most common guidance from Indigenous and non-Indigenous sources 
is that Indigenous sovereignty, self-determination, and (where possible) self-governance are integral 
to supporting Indigenous efforts to address climate change. The author team discovered no literature 
claiming that US paternalism or domination of Indigenous Peoples is a pathway for mitigating climate 
risks and establishing renewable energy. Very high confidence is attributed to the statement that various 
institutions and related policy undermine or erode sovereignty and self-determination of Indigenous 
Peoples, negatively impacting opportunities for climate resilience. The literature, both since 2018 and 
before, depicts extensively and acutely the sources of barriers for Indigenous Peoples to address climate 
change and energy issues. There are no barriers that were discovered that operate independently of the 
influence of US colonialism on Indigenous Peoples. The final statement, on the relationship between federal 
and state support of Indigenous Peoples’ self-determination, is assessed at high confidence. The available 
information and evidence demonstrate ways that such support can improve Indigenous self-determination; 
however, such improvements depend on how federal and state support is administered, such as avoiding 
measures that would foster problematic forms of dependence that would actually counteract the right 
to self-determination.
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Key Message 16.3  
Indigenous Leadership Guides Climate Change Response

Description of Evidence Base
The evidence base includes some academic and scientific articles in addition to many reports from 
Indigenous Peoples on how they are responding to climate change. This Key Message is limited to 
describing known information about what Indigenous Peoples are doing in response to climate change. The 
reviewed literature, which is extensive, provides information on a topic area that is little represented in 
scientific assessments and provides information about climate change adaptation and mitigation measures 
that Indigenous Peoples have taken recently. In the NCA4 Tribe and Indigenous Peoples chapter,29 the 
Bureau of Indian Affairs and the author team for that chapter created a graphic representation (Figure 15.1 
in NCA4)29 of actions that Indigenous Peoples have taken to respond to climate change. The chapter text 
itself did not devote a Key Message to describing the responses. That is, the chapter did not have focused 
treatment on the topic of how Indigenous Peoples are responding to climate change. The Key Message for 
the current chapter includes additions to the graphic, which is featured again in updated form. The author 
team searched extensively for cases of Indigenous responses to climate change, and this Key Message 
reflects the results of what the author team learned about the array of information and evidence. The 
STACC Report6 provides dozens of small case studies of Indigenous Peoples’ actions, and the Indigenous 
Environmental Network and Oil Change International report on mitigation provides cases of Indigenous 
advocacy against certain drivers of human-caused climate change.222

Major Uncertainties and Research Gaps
Given that few climate change studies and scientific assessments take up and synthesize Tribal and 
Indigenous responses to climate change, this is one of the first assessments to describe the diverse array of 
responsive actions taking place. While the evidence base is extensive, there are certainly more responsive 
actions that Indigenous Peoples are engaged in that have not been published either at all or in a form that 
can be referenced in NCA. It is not known how many more cases there are. Indigenous Peoples, whether 
working through governments, organizations, or other entities, sometimes may not publish reports or 
publicly document the actions that they are taking. In other cases, documentation of an action may not be 
intended to be publicly referenced by its authors. And some publications, regardless of their quality, may not 
adhere with the requirements NCA has established for its evidence base. 

Description of Confidence and Likelihood
The Key Message attributes high confidence to the evidence that Indigenous Peoples are involved in diverse 
strategies for climate adaptation and mitigation and that Indigenous Knowledge, values, and rights shape 
many of the strategies. The literature on climate change demonstrates the importance of relevant and 
trusted leaders in orchestrating solutions that communities and staff will support. Indigenous leaders, Tribal 
governments, and Indigenous organizations have such relevance and potential for trustworthy leadership. 
Given that the legal, cultural, social, and political circumstances of Indigenous Peoples vary widely, the 
solutions that Indigenous Peoples are pursuing are unique in that they are tailored to such circumstances. 
There were no discovered instances where Indigenous Peoples’ solutions were not so tailored. 



Fifth National Climate Assessment

16-27 | Tribes and Indigenous Peoples

References
1. Kaholokula, J.K.A., S.K. Okamoto, and B.W.K. Yee, 2019: Special issue introduction: Advancing Native Hawaiian 

and other Pacific Islander health. Asian American Journal of Psychology, 10 (3), 197–205. https://doi.org/10.1037/
aap0000167

2. Knopp, J.A., B. Levenstein, A. Watson, I. Ivanova, and J. Lento, 2022: Systematic review of documented Indigenous 
Knowledge of freshwater biodiversity in the circumpolar Arctic. Freshwater Biology, 67 (1), 194–209. https://doi.
org/10.1111/fwb.13570

3. NCAI, 2019: Calling on the Department of Interior to Adopt Tribal Energy Resource Agreement 
Regulations That Respect Tribal Sovereignty and Self-Determination. Resolution #ABQ-19-
032. National Congress of American Indians. https://www.ncai.org/attachments/resolution_
kjpsfdqoiofcbwjkfcsdlfhgommyuyxetoshkgkdmwtxjuauceu_abq-19-032.pdf

4. NCAI, 2019: Tribal Nations and the United States. National Congress of American Indians, Washington, DC. https://
www.ncai.org/about-tribes

5. Petzold, J., N. Andrews, J.D. Ford, C. Hedemann, and J.C. Postigo, 2020: Indigenous knowledge on climate change 
adaptation: A global evidence map of academic literature. Environmental Research Letters, 15 (11), 113007. https://
doi.org/10.1088/1748-9326/abb330

6. STACCWG, 2021: The Status of Tribes and Climate Change Report. Marks-Marino, D., Ed. Northern Arizona 
University, Institute for Tribal Environmental Professionals, Flagstaff, AZ. http://nau.edu/stacc2021

7. Haaland, D. and T.J. Vilsack, 2021: Joint Secretarial Order on Fulfilling the Trust Responsibility to Indian Tribes 
in the Stewardship of Federal Lands and Waters. Joint Secretarial Order 3403. U.S. Department of Interior and 
U.S. Department of Agriculture, 5 pp. https://www.doi.gov/sites/doi.gov/files/elips/documents/so-3403-joint-
secretarial-order-on-fulfilling-the-trust-responsibility-to-indian-tribes-in-the-stewardship-of-federal-lands-
and-waters.pdf

8. Sams III, C.F., 2022: Tribal Co-Management of Federal Lands. U.S. Department of the Interior, Office of 
Congressional and Legislative Affairs, accessed May 23, 2023. https://www.doi.gov/ocl/tribal-co-management-
federal-lands

9. ANCSA, n.d.: Overview of Entities Operating in the Twelve Regions. ANCSA Regional Association, Anchorage, AK, 
accessed July 18, 2023. https://ancsaregional.com/overview-of-entities/

10. Stewart, H., 2022: Sovereigns of no territory: Alaska Natives, ANCSA, and tribal self-determination. 
Arizona Journal of Environmental Law & Policy, 12 (3), 247–269. https://static1.squarespace.com/
static/6307d452a995602a1c242475/t/63d8fc5aa339c47a5d56fe69/1675164762913/Sovereigns+of+No+Territory.pdf

11. Riley, J.K., C. Akamu, and L. Riley, 2023: Ēwe hānau o ka ʻāina: A policy review focused on Hawaiʻi’s public land trust. 
Land, 12 (1). https://doi.org/10.3390/land12010048

12. Sproat, D.K., 2016: An Indigenous people’s right to environmental self-determination: Native Hawaiians and the 
struggle against climate change devastation. Stanford Environmental Law Journal, 35 (2). https://law.stanford.edu/
publications/an-indigenous-peoples-right-to-environmental-self-determination-native-hawaiians-and-the-
struggle-against-climate-change-devastation/

13. The White House, 2021: Memorandum on Tribal Consultation and Strengthening Nation-to-Nation Relationships. 
The White House, Washington, DC, January 26, 2021. https://www.whitehouse.gov/briefing-room/presidential-
actions/2021/01/26/memorandum-on-tribal-consultation-and-strengthening-nation-to-nation-relationships/

14. Warner, E.K., K. Lynn, and K. Whyte, 2020: Changing consultation. UCD Law Review, 54, 1127. https://lawreview.law.
ucdavis.edu/issues/54/2/articles/files/54-2_warner_lynn_whyte.pdf

15. IPCC, 2022: Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to 
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Pörtner, H.-O., D.C. Roberts, 
M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. Möller, A. Okem, 
and B. Rama, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 3056 pp. https://doi.
org/10.1017/9781009325844

https://doi.org/10.1037/aap0000167
https://doi.org/10.1037/aap0000167
https://doi.org/10.1111/fwb.13570
https://doi.org/10.1111/fwb.13570
https://www.ncai.org/attachments/resolution_kjpsfdqoiofcbwjkfcsdlfhgommyuyxetoshkgkdmwtxjuauceu_abq-19-032.pdf
https://www.ncai.org/attachments/resolution_kjpsfdqoiofcbwjkfcsdlfhgommyuyxetoshkgkdmwtxjuauceu_abq-19-032.pdf
https://www.ncai.org/about-tribes
https://www.ncai.org/about-tribes
https://doi.org/10.1088/1748-9326/abb330
https://doi.org/10.1088/1748-9326/abb330
http://nau.edu/stacc2021
https://www.doi.gov/sites/doi.gov/files/elips/documents/so-3403-joint-secretarial-order-on-fulfilling-the-trust-responsibility-to-indian-tribes-in-the-stewardship-of-federal-lands-and-waters.pdf
https://www.doi.gov/sites/doi.gov/files/elips/documents/so-3403-joint-secretarial-order-on-fulfilling-the-trust-responsibility-to-indian-tribes-in-the-stewardship-of-federal-lands-and-waters.pdf
https://www.doi.gov/sites/doi.gov/files/elips/documents/so-3403-joint-secretarial-order-on-fulfilling-the-trust-responsibility-to-indian-tribes-in-the-stewardship-of-federal-lands-and-waters.pdf
https://www.doi.gov/ocl/tribal-co-management-federal-lands
https://www.doi.gov/ocl/tribal-co-management-federal-lands
https://ancsaregional.com/overview-of-entities/
https://static1.squarespace.com/static/6307d452a995602a1c242475/t/63d8fc5aa339c47a5d56fe69/1675164762913/Sovereigns+of+No+Territory.pdf
https://static1.squarespace.com/static/6307d452a995602a1c242475/t/63d8fc5aa339c47a5d56fe69/1675164762913/Sovereigns+of+No+Territory.pdf
https://doi.org/10.3390/land12010048
https://law.stanford.edu/publications/an-indigenous-peoples-right-to-environmental-self-determination-native-hawaiians-and-the-struggle-against-climate-change-devastation/
https://law.stanford.edu/publications/an-indigenous-peoples-right-to-environmental-self-determination-native-hawaiians-and-the-struggle-against-climate-change-devastation/
https://law.stanford.edu/publications/an-indigenous-peoples-right-to-environmental-self-determination-native-hawaiians-and-the-struggle-against-climate-change-devastation/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/26/memorandum-on-tribal-consultation-and-strengthening-nation-to-nation-relationships/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/01/26/memorandum-on-tribal-consultation-and-strengthening-nation-to-nation-relationships/
https://lawreview.law.ucdavis.edu/issues/54/2/articles/files/54-2_warner_lynn_whyte.pdf
https://lawreview.law.ucdavis.edu/issues/54/2/articles/files/54-2_warner_lynn_whyte.pdf
https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009325844


Fifth National Climate Assessment

16-28 | Tribes and Indigenous Peoples

16. Chisholm Hatfield, S. and M.M. Dalton, 2020: Integrating Traditional Ecological Knowledge and Western Climate 
science to enhance climate resilience of tribal communities. In: AGU Fall Meeting Abstracts. American Geophysical 
Union. https://ui.adsabs.harvard.edu/abs/2020agufmsy027..07c

17. Ford, J.D., N. King, E.K. Galappaththi, T. Pearce, G. McDowell, and S.L. Harper, 2020: The resilience of Indigenous 
peoples to environmental change. One Earth, 2 (6), 532–543. https://doi.org/10.1016/j.oneear.2020.05.014

18. BIA, 2020: The Unmet Infrastructure Needs of Tribal Communities and Alaska Native Villages in Process of 
Relocating to Higher Ground as a Result of Climate Change. Department of Interior, Bureau of Indian Affairs, 
Albuquerque, NM. https://www.bia.gov/news/unmet-infrastructure-needs-tribal-communities-and-alaska-
native-villages-process-relocation

19. Crepelle, A., 2018: Standing Rock in the swamp: Oil, the environment, and the United Houma Nation’s struggle for 
federal recognition. Loyola Law Review, 64, 141–186. https://dspace.loyno.edu/xmlui/handle/123456789/61

20. Farrell, J., P.B. Burow, K. McConnell, J. Bayham, K. Whyte, and G. Koss, 2021: Effects of land dispossession and 
forced migration on Indigenous peoples in North America. Science, 374 (6567), 4943. https://doi.org/10.1126/
science.abe4943

21. Fixico, D.L., 2012: The Invasion of Indian Country in the Twentieth Century American Capitalism and Tribal Natural 
Resources, 2nd ed. University Press of Colorado, 278 pp. http://www.jstor.org/stable/j.ctt46nvt7

22. Frain, S.C., 2018: ‘Make America Secure’: Media, militarism, and climate change in the Marianas Archipelago. Pacific 
Journalism Review, 24 (2), 218–240. https://doi.org/10.24135/pjr.v24i2.407

23. Goodyear-Kaopua, N., I. Hussey, and E.K.A. Wright, Eds., 2014: A Nation Rising: Hawaiian Movements for Life, Land, 
and Sovereignty. Duke University Press, Durham, NC, 416 pp. https://www.dukeupress.edu/a-nation-rising

24. Kojola, E., 2019: Bringing back the mines and a way of life: Populism and the politics of extraction. Annals of the 
American Association of Geographers, 109 (2), 371–381. https://doi.org/10.1080/24694452.2018.1506695

25. Liboiron, M., 2021: Pollution Is Colonialism. Duke University Press, Durham, NC, 216 pp. https://www.dukeupress.
edu/pollution-is-colonialism

26. Perez, C.S., 2021: Thinking (and feeling) with Anthropocene (Pacific) islands. Dialogues in Human Geography, 11 (3), 
429–433. https://doi.org/10.1177/20438206211017453

27. Spencer, M.S., T. Fentress, A. Touch, and J. Hernandez, 2020: Environmental justice, Indigenous knowledge 
systems, and Native Hawaiians and other Pacific Islanders. Human Biology, 92 (1), 45–57. https://doi.org/10.13110/
humanbiology.92.1.06

28. Bisbal, G.A. and C.E. Jones, 2019: Responses of Native American cultural heritage to changes in environmental 
setting. AlterNative: An International Journal of Indigenous Peoples, 15 (4), 359–367. https://doi.
org/10.1177/1177180119847726

29. Jantarasami, L.C., R. Novak, R. Delgado, E. Marino, S. McNeeley, C. Narducci, J. Raymond-Yakoubian, L. Singletary, 
and K.P. Whyte, 2018: Ch. 15. Tribes and Indigenous Peoples. In: Impacts, Risks, and Adaptation in the United States: 
Fourth National Climate Assessment, Volume II. Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. 
Lewis, T.K. Maycock, and B.C. Stewart, Eds. U.S. Global Change Research Program,, Washington, DC, USA, 572–603. 
https://doi.org/10.7930/nca4.2018.ch15

30. Marks-Marino, D., 2021: The Seminole Tribe of Florida. Northern Arizona University, Institute for Tribal 
Environmental Professionals, Climate Change Program. https://www7.nau.edu/itep/main/tcc/tribes/
gc_seminole

31. Sharp, F., 2019: Quinault Indian Nation Testimony, United States House of Representatives Committee on Natural 
Resources, Subcommittee on Water, Oceans, and Wildlife. Quinault Indian Nation, 5 pp. https://www.congress.
gov/116/meeting/house/109853/witnesses/HHRG-116-II13-Wstate-SharpF-20190725.pdf

32. Thomas, K., R.D. Hardy, H. Lazrus, M. Mendez, B. Orlove, I. Rivera-Collazo, J.T. Roberts, M. Rockman, B.P. Warner, 
and R. Winthrop, 2019: Explaining differential vulnerability to climate change: A social science review. WIREs 
Climate Change, 10 (2), e565. https://doi.org/10.1002/wcc.565

https://ui.adsabs.harvard.edu/abs/2020agufmsy027..07c
https://doi.org/10.1016/j.oneear.2020.05.014
https://www.bia.gov/news/unmet-infrastructure-needs-tribal-communities-and-alaska-native-villages-process-relocation
https://www.bia.gov/news/unmet-infrastructure-needs-tribal-communities-and-alaska-native-villages-process-relocation
https://dspace.loyno.edu/xmlui/handle/123456789/61
https://doi.org/10.1126/science.abe4943
https://doi.org/10.1126/science.abe4943
http://www.jstor.org/stable/j.ctt46nvt7
https://doi.org/10.24135/pjr.v24i2.407
https://www.dukeupress.edu/a-nation-rising
https://doi.org/10.1080/24694452.2018.1506695
https://www.dukeupress.edu/pollution-is-colonialism
https://www.dukeupress.edu/pollution-is-colonialism
https://doi.org/10.1177/20438206211017453
https://doi.org/10.13110/humanbiology.92.1.06
https://doi.org/10.13110/humanbiology.92.1.06
https://doi.org/10.1177/1177180119847726
https://doi.org/10.1177/1177180119847726
https://doi.org/10.7930/nca4.2018.ch15
https://www7.nau.edu/itep/main/tcc/tribes/gc_seminole
https://www7.nau.edu/itep/main/tcc/tribes/gc_seminole
https://www.congress.gov/116/meeting/house/109853/witnesses/HHRG-116-II13-Wstate-SharpF-20190725.pdf
https://www.congress.gov/116/meeting/house/109853/witnesses/HHRG-116-II13-Wstate-SharpF-20190725.pdf
https://doi.org/10.1002/wcc.565


Fifth National Climate Assessment

16-29 | Tribes and Indigenous Peoples

33. Weiskopf, S.R., M.A. Rubenstein, L.G. Crozier, S. Gaichas, R. Griffis, J.E. Halofsky, K.J. Hyde, T.L. Morelli, J.T. 
Morisette, R.C. Muñoz, A.J. Pershing, D.L. Petersone, R. Poudel, M.D. Staudinger, A.E. Sutton-Grier, L. Thompson, J. 
Vose, J.F. Weltzin, and K.P. Whyte, 2020: Climate change effects on biodiversity, ecosystems, ecosystem services, 
and natural resource management in the United States. Science of The Total Environment, 733, 137782. https://doi.
org/10.1016/j.scitotenv.2020.137782

34. Maldonado, J., D. Antrobus, C. Comardelle, S.R. Cox, L. Laukea, C. Jones, P. Keys, H. Mullen, M. Neale, and D. Sambo 
Dorough, 2021: Ch. 10. Protection-in-place & community-led relocation. In: Status of Tribes and Climate Change 
Report. Marks-Marino, D., Ed. Institute for Tribal Environmental Professionals, 241–259. http://nau.edu/stacc2021

35. de Onís, C.M., 2018: Energy colonialism powers the ongoing unnatural disaster in Puerto Rico. Frontiers in 
Communication, 3, 2. https://doi.org/10.3389/fcomm.2018.00002

36. Kronk, E.A., 2009: Alternative energy development in Indian country: Lighting the way for the seventh generation. 
Idaho Law Review, 46 (2). http://ssrn.com/abstract=2146189

37. Lee, D., C. Schelly, V.S. Gagnon, S. Smith, and S. Tiwari, 2023: Preferences and perceived barriers to pursuing 
energy sovereignty and renewable energy: A tribal nations perspective. Energy Research & Social Science, 97, 
102967. https://doi.org/10.1016/j.erss.2023.102967

38. Sovacool, B.K., S.E. Bell, C. Daggett, C. Labuski, M. Lennon, L. Naylor, J. Klinger, K. Leonard, and J. Firestone, 2023: 
Pluralizing energy justice: Incorporating feminist, anti-racist, Indigenous, and postcolonial perspectives. Energy 
Research & Social Science, 97, 102996. https://doi.org/10.1016/j.erss.2023.102996

39. Zimmerman, M.G. and T.G. Reames, 2021: Where the wind blows: Exploring barriers and opportunities to 
renewable energy development on United States tribal lands. Energy Research & Social Science, 72, 101874. https://
doi.org/10.1016/j.erss.2020.101874

40. Jorgensen, M. and J. Timeche, 2021: Ch. 7. Native America x rural America: Tribal nations as key players in regional 
rural economies. In: Investing in Rural Prosperity. Saint Louis Fed Eagle, Federal Reserve Bank of St. Louis. 
https://nni.arizona.edu/publications/native-america-x-rural-america-tribal-nations-key-players-regional-
rural-economies

41. Kokodoko, M., 2022: Enhanced Tool Maps Critical Role of Native American Financial Institutions. Federal Reserve 
Bank of Minneapolis, Center for Indian Country Development. https://www.minneapolisfed.org/article/2022/
enhanced-tool-maps-critical-role-of-native-american-financial-institutions

42. Angel, J., C. Swanson, B.M. Boustead, K.C. Conlon, K.R. Hall, J.L. Jorns, K.E. Kunkel, M.C. Lemos, B. Lofgren, T.A. 
Ontl, J. Posey, K. Stone, G. Takle, and D. Todey, 2018: Ch. 21. Midwest. In: Impacts, Risks, and Adaptation in the 
United States: Fourth National Climate Assessment, Volume II. Reidmiller, D.R., C.W. Avery, D. Easterling, K. Kunkel, 
K.L.M. Lewis, T.K. Maycock, and B.C. Stewart, Eds. U.S. Global Change Research Program, Washington, DC, USA, 
872–940. https://doi.org/10.7930/nca4.2018.ch21

43. Cold, H.S., T.J. Brinkman, C.L. Brown, T.N. Hollingsworth, D.R.N. Brown, and K.M. Heeringa, 2020: Assessing 
vulnerability of subsistence travel to effects of environmental change in Interior Alaska. Ecology and Society, 25 (1). 
https://doi.org/10.5751/es-11426-250120

44. Dupigny-Giroux, L.A., E.L. Mecray, M.D. Lemcke-Stampone, G.A. Hodgkins, E.E. Lentz, K.E. Mills, E.D. Lane, R. 
Miller, D.Y. Hollinger, W.D. Solecki, G.A. Wellenius, P.E. Sheffield, A.B. MacDonald, and C. Caldwell, 2018: Ch. 18. 
Northeast. In: Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II. 
Reidmiller, D.R., C.W. Avery, D. Easterling, K. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart, Eds. U.S. Global 
Change Research Program, Washington, DC, USA, 669–742. https://doi.org/10.7930/nca4.2018.ch18

45. Green, K.M., A.H. Beaudreau, M.H. Lukin, and L.B. Crowder, 2021: Climate change stressors and social-ecological 
factors mediating access to subsistence resources in Arctic Alaska. Ecology and Society, 26 (4). https://doi.
org/10.5751/es-12783-260415

46. Herman-Mercer, N.M., M. Laituri, M. Massey, E. Matkin, R. Toohey, K. Elder, P.F. Schuster, and E. Mutter, 2019: 
Vulnerability of subsistence systems due to social and environmental change: A case study in the Yukon-
Kuskokwim Delta, Alaska. Arctic, 72 (3), 215–335. https://doi.org/10.14430/arctic68867

47. ICC Alaska, 2020: Food Sovereignty and Self-Governance: Inuit Role in Managing Arctic Marine Resources. Inuit 
Circumpolar Council Alaska, Anchorage, AK. https://www.inuitcircumpolar.com/project/food-sovereignty-and-
self-governance-inuit-role-in-managing-arctic-marine-resources/

https://doi.org/10.1016/j.scitotenv.2020.137782
https://doi.org/10.1016/j.scitotenv.2020.137782
http://nau.edu/stacc2021
https://doi.org/10.3389/fcomm.2018.00002
http://ssrn.com/abstract=2146189
https://doi.org/10.1016/j.erss.2023.102967
https://doi.org/10.1016/j.erss.2023.102996
https://doi.org/10.1016/j.erss.2020.101874
https://doi.org/10.1016/j.erss.2020.101874
https://nni.arizona.edu/publications/native-america-x-rural-america-tribal-nations-key-players-regional-rural-economies
https://nni.arizona.edu/publications/native-america-x-rural-america-tribal-nations-key-players-regional-rural-economies
https://www.minneapolisfed.org/article/2022/enhanced-tool-maps-critical-role-of-native-american-financial-institutions
https://www.minneapolisfed.org/article/2022/enhanced-tool-maps-critical-role-of-native-american-financial-institutions
https://doi.org/10.7930/nca4.2018.ch21
https://doi.org/10.5751/es-11426-250120
https://doi.org/10.7930/nca4.2018.ch18
https://doi.org/10.5751/es-12783-260415
https://doi.org/10.5751/es-12783-260415
https://doi.org/10.14430/arctic68867
https://www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-inuit-role-in-managing-arctic-marine-resources/
https://www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-inuit-role-in-managing-arctic-marine-resources/


Fifth National Climate Assessment

16-30 | Tribes and Indigenous Peoples

48. Inuit Tapiriit Kanatami, 2019: National Inuit Climate Change Strategy. Inuit Tapiriit Kanatami. https://www.itk.ca/
wp-content/uploads/2019/06/ITK_Climate-Change-Strategy_English.pdf

49. Kapp, A., 2019: Aroostook Band of Micmac Indians. Northern Arizona University, Institute for Tribal Environmental 
Professionals, 9 pp. https://www7.nau.edu/itep/main/tcc/tribes/ne_micmacs

50. Kapp, A., 2019: The La Jolla Band of Luiseño Indians, September, 2019. Northern Arizona University, Institute for 
Tribal Environmental Professionals, Climate Change Program, 3 pp. https://www7.nau.edu/itep/main/tcc/tribes/
sw_lajolla

51. Kenote, T. 2020: Indigenous Phenology: An Interdisciplinary Case Study on Indigenous Phenological Knowledge on 
the Menominee Nation Forest. Master of Science, University of Minnesota Digital Conservancy, 91 pp. https://hdl.
handle.net/11299/216076

52. Markon, C., S. Gray, M. Berman, L. Eerkes-Medrano, T. Hennessy, H. Huntington, J. Littell, M. McCammon, R. 
Thoman, and S. Trainor, 2018: Ch. 26. Alaska. In: Impacts, Risks, and Adaptation in the United States: Fourth National 
Climate Assessment, Volume II. Reidmiller, D.R., C.W. Avery, D. Easterling, K. Kunkel, K.L.M. Lewis, T.K. Maycock, and 
B.C. Stewart, Eds. U.S. Global Change Research Program, Washington, DC, USA, 1185–1241. https://doi.org/10.7930/
nca4.2018.ch26

53. May, K., C. Luce, J. Casola, M. Chang, J. Cuhaciyan, M. Dalton, S. Lowe, G. Morishima, P. Mote, A. Petersen, G. 
Roesch-McNally, and E. York, 2018: Ch. 24. Northwest. In: Impacts, Risks, and Adaptation in the United States: Fourth 
National Climate Assessment, Volume II. Reidmiller, D.R., C.W. Avery, D. Easterling, K. Kunkel, K.L.M. Lewis, T.K. 
Maycock, and B.C. Stewart, Eds. U.S. Global Change Research Program, Washington, DC, USA, 1036–1100. https://
doi.org/10.7930/nca4.2018.ch24

54. Ristroph, E.B., 2019: Avoiding maladaptations to flooding and erosion: A case study of Alaska Native villages. Ocean 
and Coastal Law Journal, 24 (2), 110–135. https://digitalcommons.mainelaw.maine.edu/oclj/vol24/iss2/2

55. Dockry, M.J. and S.J. Hoagland, 2017: A special issue of the Journal of Forestry—Tribal forest management: 
Innovations for sustainable forest management. Journal of Forestry, 115 (5), 339–340. https://doi.org/10.5849/
jof-2017-040

56. Herman-Mercer, N.M., R.A. Loehman, R.C. Toohey, and C. Paniyak, 2020: Climate- and disturbance-driven changes 
in subsistence berries in coastal Alaska: Indigenous Knowledge to inform ecological inference. Human Ecology, 48 
(1), 85–99. https://doi.org/10.1007/s10745-020-00138-4

57. Hedden-Nicey, D.R. and L.K. Caldwell, 2020: Indigenous rights and climate change: The influence of climate change 
on the quantification of reserved instream water rights for American Indian tribes. Utah Law Review, 2020 (3). 
https://doi.org/10.26054/0d-6t19-bfke

58. Kozich, A.T., V.S. Gagnon, G. Mensch, S. Michels, and N. Gehring, 2020: Walleye Ogaawag Spearing in the Portage 
waterway, Michigan: Integrating mixed methodology for insight on an important tribal fishery. Journal of 
Contemporary Water Research & Education, 169 (1), 101–116. https://doi.org/10.1111/j.1936-704x.2020.03335.x

59. McMillen, H., T. Ticktin, and H.K. Springer, 2017: The future is behind us: Traditional ecological knowledge and 
resilience over time on Hawai‘i Island. Regional Environmental Change, 17 (2), 579–592. https://doi.org/10.1007/
s10113-016-1032-1

60. Allard, M.D. and V. Brundage Jr., 2019: American Indians and Alaska Natives in the U.S. Labor Force. U.S. Department 
of Labor, U.S. Bureau of Labor Statistics. https://www.bls.gov/opub/mlr/2019/article/american-indians-and-
alaska-natives-in-the-u-s-labor-force.htm

61. Garriga-López, A.M., 2020: Debt, crisis, and resurgence in Puerto Rico. Small Axe: A Caribbean Journal of Criticism, 
24 (2), 122–132. https://doi.org/10.1215/07990537-8604538

62. Long, J.W. and F.K. Lake, 2018: Escaping social-ecological traps through tribal stewardship on national forest 
lands in the Pacific Northwest, United States of America. Ecology and Society, 23 (2). https://doi.org/10.5751/
es-10041-230210

63. Rodríguez-Díaz, C.E., 2018: Maria in Puerto Rico: Natural disaster in a colonial archipelago. American Journal of 
Public Health, 108 (1), 30–32. https://doi.org/10.2105/ajph.2017.304198

64. Kurashima, N., L. Fortini, and T. Ticktin, 2019: The potential of Indigenous agricultural food production under 
climate change in Hawaiʻi. Nature Sustainability, 2 (3), 191–199. https://doi.org/10.1038/s41893-019-0226-1

https://www.itk.ca/wp-content/uploads/2019/06/ITK_Climate-Change-Strategy_English.pdf
https://www.itk.ca/wp-content/uploads/2019/06/ITK_Climate-Change-Strategy_English.pdf
https://www7.nau.edu/itep/main/tcc/tribes/ne_micmacs
https://www7.nau.edu/itep/main/tcc/tribes/sw_lajolla
https://www7.nau.edu/itep/main/tcc/tribes/sw_lajolla
https://hdl.handle.net/11299/216076
https://hdl.handle.net/11299/216076
https://doi.org/10.7930/nca4.2018.ch26
https://doi.org/10.7930/nca4.2018.ch26
https://doi.org/10.7930/nca4.2018.ch24
https://doi.org/10.7930/nca4.2018.ch24
https://digitalcommons.mainelaw.maine.edu/oclj/vol24/iss2/2
https://doi.org/10.5849/jof-2017-040
https://doi.org/10.5849/jof-2017-040
https://doi.org/10.1007/s10745-020-00138-4
https://doi.org/10.26054/0d-6t19-bfke
https://doi.org/10.1111/j.1936-704x.2020.03335.x
https://doi.org/10.1007/s10113-016-1032-1
https://doi.org/10.1007/s10113-016-1032-1
https://www.bls.gov/opub/mlr/2019/article/american-indians-and-alaska-natives-in-the-u-s-labor-force.htm
https://www.bls.gov/opub/mlr/2019/article/american-indians-and-alaska-natives-in-the-u-s-labor-force.htm
https://doi.org/10.1215/07990537-8604538
https://doi.org/10.5751/es-10041-230210
https://doi.org/10.5751/es-10041-230210
https://doi.org/10.2105/ajph.2017.304198
https://doi.org/10.1038/s41893-019-0226-1


Fifth National Climate Assessment

16-31 | Tribes and Indigenous Peoples

65. Cha, J.M., 2020: Ch. 4. Just transition: Tools for protecting workers and their communities at risk of displacement 
due to climate policy. In: Putting California on the High Road: A Jobs and Climate Action Plan for 2030. University of 
California, Berkeley, 147–175. https://laborcenter.berkeley.edu/wp-content/uploads/2020/08/Chapter-4-Just-
Transition-Putting-California-on-the-High-Road.pdf

66. Wright, A., 2021: Building Stronger Tribal Economies: A Four-Part Series. Blue Stone Insights. https://
bluestonestrategy.com/building-stronger-tribal-economies-a-four-part-series/

67. Begay, S.K., 2018: How Citizen Potawatomi Nation utilizes energy efficiency and renewable energy to address its 
high energy burden. The Electricity Journal, 31 (6), 16–22. https://doi.org/10.1016/j.tej.2018.07.005

68. Cambou, D. and G. Poelzer, 2021: Ch. 10. Enhancing energy justice in the Arctic: An appraisal of the participation 
of Arctic indigenous peoples in the transition to renewable energy. In: Renewable Economies in the Arctic. Natcher, 
D.C. and T. Koivurova, Eds. Routledge, London, UK, 19. https://doi.org/10.4324/9781003172406

69. Necefer, L., G. Wong-Parodi, and M.J. Small, 2020: Governing energy in conflicted resource contexts: Culture, 
cost, and carbon in the decision-making criteria of the Navajo Nation. Energy Research & Social Science, 70, 101714. 
https://doi.org/10.1016/j.erss.2020.101714

70. Sandoval, C.J.K., 2018: Energy access is energy justice: The Yurok Tribe’s trailblazing work to close the Native 
American reservation electricity gap. In: Energy Justice. Salter, R., C.G. Gonzalez, M.H. Dworkin, R.A. Mastor, and 
E.K. Warner, Eds. Edward Elgar Publishing, 166–207. https://ssrn.com/abstract=3557121

71. Sandoval, C.J.K., 2020: Principles to Advance Energy Justice for Native Americans. EBA Brief. Energy Bar 
Association, 21 pp. https://doi.org/10.2139/ssrn.3770406

72. Strand, H., 2018: Breaking barriers to renewable energy production in the North American Arctic. Alaska Law 
Review, 35, 67–115. https://scholarship.law.duke.edu/alr/vol35/iss1/4

73. Whitney, Z., 2020: Supporting Wind Development on Native American Tribal Lands. University of 
Hawai’i at Hilo, 149–153 pp. https://hilo.hawaii.edu/campuscenter/hohonu/volumes/documents/
SupportingWindDevelopmentonNativeAmericanTribalLands.pdf

74. Wildcat, D., R. Blake, J.C. Collard, Lomayestewa, D. Marks-Marino, K. Morales, H. Mullen, A. Samoy, A. Walker, F. 
Wilkinson, and K. Whyte, 2021: Ch. 7. Energy & a just transition. In: Status of Tribes and Climate Change Report. 
Marks-Marino, D., Ed. Institute for Tribal Environmental Professionals, 190–209. http://nau.edu/stacc2021

75. Brewer II, J.P., S. Vandever, and J.T. Johnson, 2018: Towards energy sovereignty: Biomass as sustainability in interior 
Alaska. Sustainability Science, 13 (2), 417–429. https://doi.org/10.1007/s11625-017-0441-5

76. O’Rourke, E. and J. Zoellick, 2020: Energy Paths for the Yurok People. DOE-YUROK-000008. U.S. Department of 
Energy, Office of Indian Energy Policy and Programs. https://doi.org/10.2172/1599208 

77. Schelly, C., D. Bessette, K. Brosemer, V. Gagnon, K.L. Arola, A. Fiss, J.M. Pearce, and K.E. Halvorsen, 2020: Energy 
policy for energy sovereignty: Can policy tools enhance energy sovereignty? Solar Energy, 205, 109–112. https://doi.
org/10.1016/j.solener.2020.05.056

78. Souba, F. and P.B. Mendelson, 2018: Chaninik Wind Group: Lessons learned beyond wind integration for remote 
Alaska. The Electricity Journal, 31 (6), 40–47. https://doi.org/10.1016/j.tej.2018.06.008

79. Donatuto, J., L. Campbell, and W. Trousdale, 2020: The “value” of values-driven data in identifying Indigenous 
health and climate change priorities. Climatic Change, 158 (2), 161–180. https://doi.org/10.1007/s10584-
019-02596-2

80. Tribal Adaptation Menu Team, 2019: Dibaginjigaadeg Anishinaabe Ezhitwaad: A Tribal Climate Adaptation Menu. 
Great Lakes Indian Fish and Wildlife Commission, Odanah, WI, 54 pp. https://forestadaptation.org/tribal-climate-
adaptation-menu

81. Hasbrouck, T.R., T.J. Brinkman, G. Stout, E. Trochim, and K. Kielland, 2020: Quantifying effects of environmental 
factors on moose harvest in Interior Alaska. Wildlife Biology, 2020 (2). https://doi.org/10.2981/wlb.00631

82. VanWinkle, T.N. and J. Friedman, 2019: Between drought and disparity: American Indian farmers, resource 
bureaucracy, and climate vulnerability in the Southern Plains. Journal of Agriculture, Food Systems, and Community 
Development, 9 (B), 53–68. https://doi.org/10.5304/jafscd.2019.09b.022

https://laborcenter.berkeley.edu/wp-content/uploads/2020/08/Chapter-4-Just-Transition-Putting-California-on-the-High-Road.pdf
https://laborcenter.berkeley.edu/wp-content/uploads/2020/08/Chapter-4-Just-Transition-Putting-California-on-the-High-Road.pdf
https://bluestonestrategy.com/building-stronger-tribal-economies-a-four-part-series/
https://bluestonestrategy.com/building-stronger-tribal-economies-a-four-part-series/
https://doi.org/10.1016/j.tej.2018.07.005
https://doi.org/10.4324/9781003172406
https://doi.org/10.1016/j.erss.2020.101714
https://ssrn.com/abstract=3557121
https://doi.org/10.2139/ssrn.3770406
https://scholarship.law.duke.edu/alr/vol35/iss1/4
https://hilo.hawaii.edu/campuscenter/hohonu/volumes/documents/SupportingWindDevelopmentonNativeAmericanTribalLands.pdf
https://hilo.hawaii.edu/campuscenter/hohonu/volumes/documents/SupportingWindDevelopmentonNativeAmericanTribalLands.pdf
http://nau.edu/stacc2021
https://doi.org/10.1007/s11625-017-0441-5
https://doi.org/10.2172/1599208
https://doi.org/10.1016/j.solener.2020.05.056
https://doi.org/10.1016/j.solener.2020.05.056
https://doi.org/10.1016/j.tej.2018.06.008
https://doi.org/10.1007/s10584-019-02596-2
https://doi.org/10.1007/s10584-019-02596-2
https://forestadaptation.org/tribal-climate-adaptation-menu
https://forestadaptation.org/tribal-climate-adaptation-menu
https://doi.org/10.2981/wlb.00631
https://doi.org/10.5304/jafscd.2019.09b.022


Fifth National Climate Assessment

16-32 | Tribes and Indigenous Peoples

83. Zentner, E., M. Kecinski, A. Letourneau, and D. Davidson, 2019: Ignoring Indigenous peoples—Climate change, oil 
development, and Indigenous rights clash in the Arctic National Wildlife Refuge. Climatic Change, 155 (4), 533–544. 
https://doi.org/10.1007/s10584-019-02489-4

84. Martin, C., J. Doyle, J. LaFrance, M.J. Lefthand, S.L. Young, E. Three Irons, and M.J. Eggers, 2020: Change rippling 
through our waters and culture. Journal of Contemporary Water Research & Education, 169 (1), 61–78. https://doi.
org/10.1111/j.1936-704x.2020.03332.x

85. Donatuto, J., L. Campbell, C. Cooley, M. Cruz, J. Doyle, M. Eggers, T. Farrow Ferman, S. Gaughen, P. Hardison, 
C. Jones, D. Marks-Marino, A. Pairis, W. Red Elk, D. Sambo Dorough, and C. Sanders, 2021: Ch. 5. Health & 
wellbeing. In: Status of Tribes and Climate Change Report. Marks-Marino, D., Ed. Institute for Tribal Environmental 
Professionals, 159–173. http://nau.edu/stacc2021

86. Adams, A., R. Byron, B. Maxwell, S. Higgins, M. Eggers, L. Byron, and C. Whitlock, 2021: Climate Change and 
Human Health in Montana: A Special Report of the Montana Climate Assessment. Montana State University, 
Institute on Ecosystems, Center for American Indian and Rural Health Equity, Bozeman, MT, 216 pp. https://doi.
org/10.15788/c2h22021

87. Karuk Tribe, 2019: Karuk Climate Adaptation Plan. Karuk Tribe Department of Natural Resources. https://
karuktribeclimatechangeprojects.files.wordpress.com/2019/08/final-karuk-climate-adaptation-plan_july2019.pdf

88. McKinley, C.E., J.M. Scarnato, J. Liddell, H. Knipp, and S. Billiot, 2019: Hurricanes and indigenous families: 
Understanding connections with discrimination, social support, and violence on PTSD. Journal of Family Strengths, 
19 (1). https://digitalcommons.library.tmc.edu/jfs/vol19/iss1/10/

89. Middleton, J., A. Cunsolo, A. Jones-Bitton, C.J. Wright, and S.L. Harper, 2020: Indigenous mental health in a 
changing climate: A systematic scoping review of the global literature. Environmental Research Letters, 15 (5), 
053001. https://doi.org/10.1088/1748-9326/ab68a9

90. Vecchio, E.A., M. Dickson, and Y. Zhang, 2022: Indigenous mental health and climate change: A systematic literature 
review. The Journal of Climate Change and Health, 6, 100121. https://doi.org/10.1016/j.joclim.2022.100121

91. Csevár, S., 2021: Voices in the background: Environmental degradation and climate change as driving forces 
of violence against Indigenous women. Global Studies Quarterly, 1 (3), ksab018. https://doi.org/10.1093/
isagsq/ksab018

92. Scheidel, A., D. Del Bene, J. Liu, G. Navas, S. Mingorría, F. Demaria, S. Avila, B. Roy, I. Ertör, L. Temper, and J. 
Martínez-Alier, 2020: Environmental conflicts and defenders: A global overview. Global Environmental Change, 63, 
102104. https://doi.org/10.1016/j.gloenvcha.2020.102104

93. Scheidel, A., Á. Fernández-Llamazares, A.H. Bara, D. Del Bene, D.M. David-Chavez, E. Fanari, I. Garba, K. Hanaček, 
J. Liu, J. Martínez-Alier, G. Navas, V. Reyes-García, B. Roy, L. Temper, M.A. Thiri, D. Tran, M. Walter, and K.P. Whyte, 
2023: Global impacts of extractive and industrial development projects on Indigenous Peoples’ lifeways, lands, and 
rights. Science Advances, 9 (23), 9557. https://doi.org/10.1126/sciadv.ade9557

94. Wiecks, J., C. Avery, A. Boetcher, C. Cooley, M. Cruz, P. Hardison, C. Jones, C. Kriebs, and D. Marks-Marino, 2021: 
Ch. 4.1. Air. In: Status of Tribes and Climate Change Report. Marks-Marino, D., Ed. Institute for Tribal Environmental 
Professionals, 81–97. http://nau.edu/stacc2021

95. Johnson, M.P., 2021: ‘Thirsty sugar lands’: Environmental impacts of dams and Empire in Puerto Rico since 1898. 
Environment and History, 27 (3), 337–365. https://doi.org/10.3197/096734019x15631846928701

96. Zavaleta-Cortijo, C., J.D. Ford, I. Arotoma-Rojas, S. Lwasa, G. Lancha-Rucoba, P.J. García, J.J. Miranda, D.B. Namanya, 
M. New, C.J. Wright, L. Berrang-Ford, C. Carcamo, V. Edge, and S.L. Harper, 2020: Climate change and COVID-19: 
Reinforcing Indigenous food systems. The Lancet Planetary Health, 4 (9), e381–e382. https://doi.org/10.1016/s2542-
5196(20)30173-x

97. Leonard, K., 2021: Sustaining Tribal fisheries: U.S. economic relief policies during COVID-19. Sustainability, 13 (22), 
12366. https://doi.org/10.3390/su132212366

98. John-Henderson, N.A., B.J. Oosterhoff, L.R. Johnson, M. Ellen Lafromboise, M. Malatare, and E. Salois, 2022: 
COVID-19 and food insecurity in the Blackfeet Tribal Community. Food Security, 14 (5), 1337–1346. https://doi.
org/10.1007/s12571-022-01292-x

99. Leonard, K., 2020: Medicine lines and COVID-19: Indigenous geographies of imagined bordering. Dialogues in 
Human Geography, 10 (2), 164–168. https://doi.org/10.1177/2043820620934941

https://doi.org/10.1007/s10584-019-02489-4
https://doi.org/10.1111/j.1936-704x.2020.03332.x
https://doi.org/10.1111/j.1936-704x.2020.03332.x
http://nau.edu/stacc2021
https://doi.org/10.15788/c2h22021
https://doi.org/10.15788/c2h22021
https://karuktribeclimatechangeprojects.files.wordpress.com/2019/08/final-karuk-climate-adaptation-plan_july2019.pdf
https://karuktribeclimatechangeprojects.files.wordpress.com/2019/08/final-karuk-climate-adaptation-plan_july2019.pdf
https://digitalcommons.library.tmc.edu/jfs/vol19/iss1/10/
https://doi.org/10.1088/1748-9326/ab68a9
https://doi.org/10.1016/j.joclim.2022.100121
https://doi.org/10.1093/isagsq/ksab018
https://doi.org/10.1093/isagsq/ksab018
https://doi.org/10.1016/j.gloenvcha.2020.102104
https://doi.org/10.1126/sciadv.ade9557
http://nau.edu/stacc2021
https://doi.org/10.3197/096734019x15631846928701
https://doi.org/10.1016/s2542-5196(20)30173-x
https://doi.org/10.1016/s2542-5196(20)30173-x
https://doi.org/10.3390/su132212366
https://doi.org/10.1007/s12571-022-01292-x
https://doi.org/10.1007/s12571-022-01292-x
https://doi.org/10.1177/2043820620934941


Fifth National Climate Assessment

16-33 | Tribes and Indigenous Peoples

100. Lunsford, L., M. Arthur, and C. Porter, 2021: African and Native American foodways and resilience: From 1619 
to COVID-19. Journal of Agriculture, Food Systems, and Community Development, 10 (4), 241–265. https://doi.
org/10.5304/jafscd.2021.104.008

101. Larson, R., 2020: Water law and the response to COVID-19. Water International, 45 (7–8), 716–721. https://doi.org/1
0.1080/02508060.2020.1835422

102. ANTHC, 2019: Portable Alternative Sanitation System Connects In-Home Sanitation Systems Where It Was 
Impossible Before. Alaska Native Tribal Health Consortium. https://www.anthc.org/news/portable-alternative-
sanitation-system-connects-in-home-sanitation-systems-where-it-was-impossible-before/

103. Mitchell, F.M., 2020: American Indian water insecurity in the era of COVID-19. Journal of Indigenous Social 
Development, 9 (3), 67–75. https://journalhosting.ucalgary.ca/index.php/jisd/article/view/71067/54411

104. OCCHE, 2022: Climate Change and Health Equity. U.S. Department of Health and Human Services, Office of 
Climate Change and Health Equity. https://www.hhs.gov/climate-change-health-equity-environmental-justice/
climate-change-health-equity/index.html

105. Stoler, J., W.E. Jepson, and A. Wutich, 2020: Beyond handwashing: Water insecurity undermines COVID-19 response 
in developing areas. Journal of Global Health, 10 (1), 010355. https://doi.org/10.7189/jogh.10.010355

106. Tanana, H., J. Combs, and A. Hoss, 2021: Water is life: Law, systemic racism, and water security in Indian Country. 
Health Security, 19 (1), 78–82. https://doi.org/10.1089/hs.2021.0034

107. Leonard, K., N. Welch, and A.A. Joseph, 2020: COVID-19 in Indigenous communities: Five protective factors of 
“exercising” sovereignty. In: Sport and the Pandemic: Perspectives on COVID-19’s Impact on the Sport Industry. 
Pedersen, P.M., B.J. Ruihley, and B. Li, Eds. Routledge, New York, 236–246. https://digitalcommons.linfield.edu/
busnfac_pubs/4/

108. Pember, M.A., 2020: Ojibwe people carry on wild rice tradition amid COVID-19. Indian Country Today, September 
30, 2020. https://www.indianz.com/news/2020/09/30/indian-country-today-ojibwe-people-carry-on-wild-
rice-tradition-amid-covid-19/

109. Wheat, S., S. Gaughen, J. Skeet, L. Campbell, J. Donatuto, J. Schaeffer, and C. Sorensen, 2022: Climate change and 
COVID-19: Assessing the vulnerability and resilience of U.S. Indigenous communities to syndemic crises. The 
Journal of Climate Change and Health, 8, 100148. https://doi.org/10.1016/j.joclim.2022.100148

110. Emerson, M.A. and T. Montoya, 2021: Confronting legacies of structural racism and settler colonialism to 
understand COVID-19 impacts on the Navajo Nation. American Journal of Public Health, 111 (8), 1465–1469. https://
doi.org/10.2105/ajph.2021.306398

111. Bowling, T., 2020: Burial at sea: Maryland’s historic cemeteries at risk. Natural Resources & Environment, 34 (3), 
39–43. https://www.americanbar.org/groups/environment_energy_resources/publications/natural_resources_
environment/2019-20/winter/burial-sea-marylands-historic-cemeteries-risk/

112. Ezcurra, P. and I.C. Rivera-Collazo, 2018: An assessment of the impacts of climate change on Puerto Rico’s Cultural 
Heritage with a case study on sea-level rise. Journal of Cultural Heritage, 32, 198–209. https://doi.org/10.1016/j.
culher.2018.01.016

113. Hutton, N.S. and T.R. Allen, 2020: The role of traditional knowledge in coastal adaptation priorities: The Pamunkey 
Indian Reservation. Water, 12 (12), 3548. https://doi.org/10.3390/w12123548

114. Leonard, K., 2021: WAMPUM adaptation framework: Eastern coastal Tribal Nations and sea level rise impacts on 
water security. Climate and Development, 13 (9), 842–851. https://doi.org/10.1080/17565529.2020.1862739

115. Mockta, T.K., P.Z. Fulé, A. Sánchez Meador, T. Padilla, and Y.-S. Kim, 2018: Sustainability of culturally important 
teepee poles on Mescalero Apache Tribal Lands: Characteristics and climate change effects. Forest Ecology and 
Management, 430, 250–258. https://doi.org/10.1016/j.foreco.2018.08.017

116. Benner, J., J. Nielsen, and K. Lertzman, 2021: Using traditional ecological knowledge to understand the diversity and 
abundance of culturally important trees. Journal of Ethnobiology, 41 (2), 209–228. https://doi.org/10.2993/0278-
0771-41.2.209

117. Marks-Block, T., F.K. Lake, and L.M. Curran, 2019: Effects of understory fire management treatments on California 
hazelnut, an ecocultural resource of the Karuk and Yurok Indians in the Pacific Northwest. Forest Ecology and 
Management, 450, 117517. https://doi.org/10.1016/j.foreco.2019.117517

https://doi.org/10.5304/jafscd.2021.104.008
https://doi.org/10.5304/jafscd.2021.104.008
https://doi.org/10.1080/02508060.2020.1835422
https://doi.org/10.1080/02508060.2020.1835422
https://www.anthc.org/news/portable-alternative-sanitation-system-connects-in-home-sanitation-systems-where-it-was-impossible-before/
https://www.anthc.org/news/portable-alternative-sanitation-system-connects-in-home-sanitation-systems-where-it-was-impossible-before/
https://journalhosting.ucalgary.ca/index.php/jisd/article/view/71067/54411
https://www.hhs.gov/climate-change-health-equity-environmental-justice/climate-change-health-equity/index.html
https://www.hhs.gov/climate-change-health-equity-environmental-justice/climate-change-health-equity/index.html
https://doi.org/10.7189/jogh.10.010355
https://doi.org/10.1089/hs.2021.0034
https://digitalcommons.linfield.edu/busnfac_pubs/4/
https://digitalcommons.linfield.edu/busnfac_pubs/4/
https://www.indianz.com/news/2020/09/30/indian-country-today-ojibwe-people-carry-on-wild-rice-tradition-amid-covid-19/
https://www.indianz.com/news/2020/09/30/indian-country-today-ojibwe-people-carry-on-wild-rice-tradition-amid-covid-19/
https://doi.org/10.1016/j.joclim.2022.100148
https://doi.org/10.2105/ajph.2021.306398
https://doi.org/10.2105/ajph.2021.306398
https://www.americanbar.org/groups/environment_energy_resources/publications/natural_resources_environment/2019-20/winter/burial-sea-marylands-historic-cemeteries-risk/
https://www.americanbar.org/groups/environment_energy_resources/publications/natural_resources_environment/2019-20/winter/burial-sea-marylands-historic-cemeteries-risk/
https://doi.org/10.1016/j.culher.2018.01.016
https://doi.org/10.1016/j.culher.2018.01.016
https://doi.org/10.3390/w12123548
https://doi.org/10.1080/17565529.2020.1862739
https://doi.org/10.1016/j.foreco.2018.08.017
https://doi.org/10.2993/0278-0771-41.2.209
https://doi.org/10.2993/0278-0771-41.2.209
https://doi.org/10.1016/j.foreco.2019.117517


Fifth National Climate Assessment

16-34 | Tribes and Indigenous Peoples

118. Emery, M.R., 2019: Voices from Maple Nation: Indigenous women’s climate summit. New England Society of 
American Foresters News Quarterly, 80 (4), 8–10. https://www.fs.usda.gov/research/treesearch/59171

119. Langston, N., 2021: Climate Ghosts: Migratory Species in the Anthropocene. Brandeis University Press, 201 pp. 
https://doi.org/10.2307/j.ctv2n7j1hf

120. Dorais, L.-J., 2020: Words of the Inuit: A Semantic Stroll Through a Northern Culture. University of Manitoba Press, 
344 pp. https://uofmpress.ca/books/detail/words-of-the-inuit

121. Weyapuk, W. and I. Krupnik, 2012: Kinikmi Sigum Qanuq Ilitaavut, Wales Inupiaq Sea Ice Dictionary. Arctic Studies 
Center, Washington, DC. https://repository.si.edu/handle/10088/94115

122. Wilson, K.J., A. Arreak, J. Itulu, Sikumiut Community Management Committee, G.J. Ljubicic, and T. Bell, 2021: 
“When we’re on the ice, all we have is our Inuit Qaujimajatuqangit”: Mobilizing Inuit knowledge as a sea ice safety 
adaptation strategy in Mittimatalik, Nunavut. Arctic, 74 (4), 418–583. https://doi.org/10.14430/arctic74212

123. IPN, n.d.: Indigenous Phenology Network [Website], accessed May 25, 2023. https://www.usanpn.org/nn/
indigenous-phenology-network

124. AIJ, 2020: Rights of Indigenous People in Addressing Climate-Forced Displacement: Complaint Submitted to the 
United Nations’ Special Rapporteurs. Alaska Institute for Justice. https://climatecasechart.com/non-us-case/
rights-of-indigenous-people-in-addressing-climate-forced-displacement/

125. Tanana, H., 2022: Protecting Tribal Public Health from Climate Change Impacts. University of Utah College of Law 
Research Paper No. 511. Northeastern Law Review, 43 pp. https://papers.ssrn.com/sol3/papers.cfm?abstract_
id=4212778

126. GAO, 2022: Alaska Native Issues: Federal Agencies Could Enhance Support for Native Village Efforts to Address 
Environmental Threats. GAO-22-104241. U.S. Government Accountability Office. https://www.gao.gov/assets/gao-
22-104241.pdf

127. Schwebel, M.B., 2018: Climate change perceptions and preparation in the United States territories in the Pacific: 
American Samoa, Guam, and the Commonwealth of the Northern Mariana Islands. Island Studies Journal, 13 (1), 
135–148. https://doi.org/10.24043/isj.57

128. Serrano, S.K. and I.F. Tapu, 2022: Reparative justice in the U.S. territories: Reckoning with America’s colonial 
climate crisis. California Law Review, 110. https://californialawreview.org/print/reparative-justice-in-the-u-s-
territories-reckoning-with-americas-colonial-climate-crisis/

129. Indianz.com, 2021: H.R.4352 – Legislative fix to U.S. Supreme Court decision in Carcieri v. Salazar. Native American 
News. Indianz.com. https://www.indianz.com/news/2021/12/01/h-r-4352-legislative-fix-to-u-s-supreme-court-
decision-in-carcieri-v-salazar/

130. Keene, E., 2017: Lessons from relocations past: Climate change, tribes, and the need for pragmatism in community 
relocation planning. American Indian Law Review, 42 (1), 259–289. https://www.jstor.org/stable/26492279

131. NCAI, 2020: Protecting Tribal Lands and Environment and Addressing Climate Change. National Congress of 
American Indians. https://www.ncai.org/conferences-events/ncai-events/2020_tuid_homelands_and_
climate_-final.pdf

132. USET, 2019: Testimony of United South and Eastern Tribes Sovereignty Protection Fund Submitted to the House 
Natural Resources Subcommittee for Indigenous People of the United States for the Record of the February 12, 
2019 Hearing, “The Impacts of Climate Change on Tribal Communities”. United South and Eastern Tribes, 4 pp. 
https://www.usetinc.org/wp-content/uploads/2019/02/USET-SPF-Testimony-to-HNR_Climate-Change-Tribal-
Nations-FINAL-022619.pdf

133. NAIHC, 2017: Flood Mapping on Native American Reservations. National American Indian Housing Council, 2 pp. 
https://naihc.net/wp-content/uploads/2018/03/Flood-Mappin-White-Paper-FINAL.pdf

134. Fayazi, M., I.-A. Bisson, and E. Nicholas, 2020: Barriers to climate change adaptation in indigenous communities: A 
case study on the mohawk community of Kanesatake, Canada. International Journal of Disaster Risk Reduction, 49, 
101750. https://doi.org/10.1016/j.ijdrr.2020.101750

135. Tanana, H.J. and J.C. Ruple, 2021: Synching Science and Policy to Address Climate Change in Tribal Communities. 
Research Paper No. 467. University of Utah, SJ Quinney College of Law. https://doi.org/10.2139/ssrn.3919210

https://www.fs.usda.gov/research/treesearch/59171
https://doi.org/10.2307/j.ctv2n7j1hf
https://uofmpress.ca/books/detail/words-of-the-inuit
https://repository.si.edu/handle/10088/94115
https://doi.org/10.14430/arctic74212
https://www.usanpn.org/nn/indigenous-phenology-network
https://www.usanpn.org/nn/indigenous-phenology-network
https://climatecasechart.com/non-us-case/rights-of-indigenous-people-in-addressing-climate-forced-displacement/
https://climatecasechart.com/non-us-case/rights-of-indigenous-people-in-addressing-climate-forced-displacement/
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4212778
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4212778
https://www.gao.gov/assets/gao-22-104241.pdf
https://www.gao.gov/assets/gao-22-104241.pdf
https://doi.org/10.24043/isj.57
https://californialawreview.org/print/reparative-justice-in-the-u-s-territories-reckoning-with-americas-colonial-climate-crisis/
https://californialawreview.org/print/reparative-justice-in-the-u-s-territories-reckoning-with-americas-colonial-climate-crisis/
https://www.indianz.com/news/2021/12/01/h-r-4352-legislative-fix-to-u-s-supreme-court-decision-in-carcieri-v-salazar/
https://www.indianz.com/news/2021/12/01/h-r-4352-legislative-fix-to-u-s-supreme-court-decision-in-carcieri-v-salazar/
https://www.jstor.org/stable/26492279
https://www.ncai.org/conferences-events/ncai-events/2020_tuid_homelands_and_climate_-final.pdf
https://www.ncai.org/conferences-events/ncai-events/2020_tuid_homelands_and_climate_-final.pdf
https://www.usetinc.org/wp-content/uploads/2019/02/USET-SPF-Testimony-to-HNR_Climate-Change-Tribal-Nations-FINAL-022619.pdf
https://www.usetinc.org/wp-content/uploads/2019/02/USET-SPF-Testimony-to-HNR_Climate-Change-Tribal-Nations-FINAL-022619.pdf
https://naihc.net/wp-content/uploads/2018/03/Flood-Mappin-White-Paper-FINAL.pdf
https://doi.org/10.1016/j.ijdrr.2020.101750
https://doi.org/10.2139/ssrn.3919210


Fifth National Climate Assessment

16-35 | Tribes and Indigenous Peoples

136. Trahant, M., 2018: Tribal people face disproportionate impact from climate change. Indian Country Today, 
November 27, 2018. https://www.indianz.com/news/2018/11/27/mark-trahant-climate-change-threatens-na.asp

137. National Drought Mitigation Center, 2023: U.S. Drought Monitor. University of Nebraska-Lincoln, National Drought 
Mitigation Center, accessed August 16, 2023. https://droughtmonitor.unl.edu/Maps/MapArchive.aspx

138. Cozzetto, K., D. Marks-Marino, and STACCWG, 2021: Executive summary. In: Status of Tribes and Climate Change 
Report. Marks-Marino, D., Ed. Institute for Tribal Environmental Professionals, 6–14. http://nau.edu/stacc2021

139. Domestic Policy Council, 2021: The White House Tribal Nations Summit Progress Report. The White House, 
Washington, DC, 38 pp. https://www.whitehouse.gov/wp-content/uploads/2021/11/wh-tribal-nations-summit-
progress-report.pdf

140. GAO, 2022: Tribal and Native American Issues. U.S. Government Accountability Office. https://www.gao.gov/
tribal-and-native-american-issues

141. U.S. Commission on Civil Rights, 2018: Broken Promises: Continuing Federal Funding Shortfall for Native 
Americans. Briefing Report. U.S. Commission on Civil Rights, Washington, DC. https://www.usccr.gov/files/
pubs/2018/12-20-broken-promises.pdf

142. Whyte, K., J. Maldonado, S. McNeeley, H. Mullen, and R. Novak, 2021: Ch. 1. History of Indigenous peoples in 
national climate assessments. In: Status of Tribes and Climate Change Report. Marks-Marino, D., Ed. Institute for 
Tribal Environmental Professionals, 27–33. http://nau.edu/stacc2021

143. Treaty Indian Tribes in Western Washington, 2011: Treaty Rights At Risk: Ongoing Habitat Loss, the Decline of the 
Salmon Resource, and Recommendations for Change. Northwest Indian Fisheries Commission, Olympia, WA, 35 pp. 
https://salishsearestoration.org/wiki/File:NWIFC_2011_treaty_rights_at_risk.pdf

144. Whyte, K.P., 2013: Justice forward: Tribes, climate adaptation and responsibility. Climatic Change, 120 (3), 517–530. 
https://doi.org/10.1007/s10584-013-0743-2

145. CEQ, 2022: CEQ Summary of Tribal Consultations on America the Beautiful. White House Council on 
Environmental Quality, Washington, DC. https://www.whitehouse.gov/ceq/news-updates/2022/03/21/ceq-
summary-of-tribal-consultations-on-america-the-beautiful/

146. Kennedy, S., 2022: This land is not our land, this land is their land: Returning national park lands to their rightful 
protectors. American Indian Law Journal, 10 (1), 3. https://digitalcommons.law.seattleu.edu/ailj/vol10/iss1/3/

147. Washburn, K.K., 2021: Facilitating Tribal Co-Management of Federal Public Lands. Wis. L. Rev. 263; Iowa Legal 
Studies Research Paper No. 2021-45. University of Iowa, College of Law. https://doi.org/10.2139/ssrn.3951290

148. Mills, M. and M. Nie, 2021: Bridges to a new era: A report on the past, present, and potential future of tribal 
co-managment on federal public lands. Public Land & Resources Law Review, 44, 2. https://scholarworks.umt.edu/
plrlr/vol44/iss1/2

149. Executive Office of the President, 2000: Executive Order 13175: Consultation and coordination with 
Indian tribal governments. Federal Register, 65 (218), 67249–67252. https://www.federalregister.gov/
documents/2000/11/09/00-29003/consultation-and-coordination-with-indian-tribal-governments

150. Dockry, M.J., S.A. Gutterman, and M.A. Davenport, 2018: Building bridges: Perspectives on partnership and 
collaboration from the US Forest Service tribal relations program. Journal of Forestry, 116 (2), 123–132. https://doi.
org/10.5849/jof-2016-106

151. David-Chavez, D.M., S. Valdez, J.B. Estevez, C. Meléndez Martínez, A.A. Garcia, K. Josephs, and A. Troncoso, 
2020: Community-based (rooted) research for regeneration: Understanding benefits, barriers, and resources for 
Indigenous education and research. AlterNative: An International Journal of Indigenous Peoples, 16 (3), 220–232. 
https://doi.org/10.1177/1177180120952896

152. Emanuel, R.E. and D.E. Wilkins, 2020: Breaching barriers: The fight for Indigenous participation in water 
governance. Water, 12 (8). https://doi.org/10.3390/w12082113

153. Jacobson, M.A., R. Hajjar, E.J. Davis, and S. Hoagland, 2021: Learning from tribal leadership and the anchor forest 
concept for implementing cross-boundary forest management. Journal of Forestry, 119 (6), 605–617. https://doi.
org/10.1093/jofore/fvab031

https://www.indianz.com/news/2018/11/27/mark-trahant-climate-change-threatens-na.asp
https://droughtmonitor.unl.edu/Maps/MapArchive.aspx
http://nau.edu/stacc2021
https://www.whitehouse.gov/wp-content/uploads/2021/11/wh-tribal-nations-summit-progress-report.pdf
https://www.whitehouse.gov/wp-content/uploads/2021/11/wh-tribal-nations-summit-progress-report.pdf
https://www.gao.gov/tribal-and-native-american-issues
https://www.gao.gov/tribal-and-native-american-issues
https://www.usccr.gov/files/pubs/2018/12-20-broken-promises.pdf
https://www.usccr.gov/files/pubs/2018/12-20-broken-promises.pdf
http://nau.edu/stacc2021
https://salishsearestoration.org/wiki/File:NWIFC_2011_treaty_rights_at_risk.pdf
https://doi.org/10.1007/s10584-013-0743-2
https://www.whitehouse.gov/ceq/news-updates/2022/03/21/ceq-summary-of-tribal-consultations-on-america-the-beautiful/
https://www.whitehouse.gov/ceq/news-updates/2022/03/21/ceq-summary-of-tribal-consultations-on-america-the-beautiful/
https://digitalcommons.law.seattleu.edu/ailj/vol10/iss1/3/
https://doi.org/10.2139/ssrn.3951290
https://scholarworks.umt.edu/plrlr/vol44/iss1/2
https://scholarworks.umt.edu/plrlr/vol44/iss1/2
https://www.federalregister.gov/documents/2000/11/09/00-29003/consultation-and-coordination-with-indian-tribal-governments
https://www.federalregister.gov/documents/2000/11/09/00-29003/consultation-and-coordination-with-indian-tribal-governments
https://doi.org/10.5849/jof-2016-106
https://doi.org/10.5849/jof-2016-106
https://doi.org/10.1177/1177180120952896
https://doi.org/10.3390/w12082113
https://doi.org/10.1093/jofore/fvab031
https://doi.org/10.1093/jofore/fvab031


Fifth National Climate Assessment

16-36 | Tribes and Indigenous Peoples

154. Sessions, J., J. Gordon, P. Rigdon, D. Motanic, and V. Corrao, 2017: Indian forests and forestry: Can they play a larger 
role in sustainable forest management? Journal of Forestry, 115 (5), 364–365. https://doi.org/10.5849/jof.2016-083r1

155. Braithwaite, J., 2022: This is no longer a Bristol Bay Fishery”: Fisheries dispossession and colonial violence in Bristol 
Bay, Alaska. Marine Policy, 143, 105172. https://doi.org/10.1016/j.marpol.2022.105172

156. Leonard, K., 2021: Turtle Island (North America) Indigenous higher education institutions and environmental 
sustainability education. Journal of Comparative & International Higher Education, 13, 90–133. https://doi.
org/10.32674/jcihe.v13isummer.3279

157. Blackwater, D., 2020: Broadband internet access: A solution to tribal economic development challenges. The 
Indigenous Peoples’ Journal of Law, Culture, & Resistance, 6, 93–116. https://www.jstor.org/stable/48671871

158. FCC Native Nations Communications Task Force, 2019: Improving and Increasing Broadband Deployment on 
Tribal Lands. Report to the Federal Communications Commission from the Tribal Members of the Task Force. 
Federal Communications Commission, 39 pp. https://www.fcc.gov/sites/default/files/nnctf_tribal_broadband_
report.pdf

159. FEMA, 2019: Tribal Mitigation Planning Handbook. U.S. Department of Homeland Security, Federal Emergency 
Management Agency. https://www.fema.gov/sites/default/files/2020-06/fema-tribal-planning-
handbook_05-2019.pdf

160. Rivera-Collazo, I.C., 2021: Climate change and archaeological sites: A case study for partnering cultural 
heritage and climate action. In: Stemming the Tide: Global Strategies for Sustaining Cultural Heritage through 
Climate Change. Rushfield, R., Ed. Smithsonian Institution Scholarly Press, Washington, DC, 25–38. https://doi.
org/10.5479/si.14750727

161. David-Chavez, D., D.B. Ferguson, A. Curley, T. Lane, S. Yazzie, S. Leroy, and S. Russo Carroll, 2019: Policy Brief: 
Supporting Tribal Data Governance for Indigenous Community Climate Resilience. University of Arizona, 
Native Nations Institute and the Climate Assessment for the Southwest, Tucson, AZ. https://nni.arizona.edu/
publications/policy-brief-supporting-tribal-data-governance-indigenous-community-climate-resilience

162. Walter, M., T. Kukutai, S.R. Carroll, and D. Rodriguez-Lonebear, Eds., 2020: Indigenous Data Sovereignty and Policy. 
1st ed., Taylor & Francis, London, UK. https://doi.org/10.4324/9780429273957

163. Walter, M. and M. Suina, 2019: Indigenous data, Indigenous methodologies and Indigenous Data Sovereignty. 
International Journal of Social Research Methodology, 22 (3), 233–243. https://doi.org/10.1080/13645579.2018.153122
8

164. Wheeler, H.C., F. Danielsen, M. Fidel, V. Hausner, T. Horstkotte, N. Johnson, O. Lee, N. Mukherjee, A. Amos, H. 
Ashthorn, Ø. Ballari, C. Behe, K. Breton-Honeyman, G.-B. Retter, V. Buschman, P. Jakobsen, F. Johnson, B. Lyberth, 
J.A. Parrott, M. Pogodaev, R. Sulyandziga, and N. Vronski, 2020: The need for transformative changes in the use of 
Indigenous Knowledge along with science for environmental decision-making in the Arctic. People and Nature, 2 
(3), 544–556. https://doi.org/10.1002/pan3.10131

165. Carroll, S.R., I. Garba, O.L. Figueroa-Rodríguez, J. Holbrook, R. Lovett, S. Materechera, M. Parsons, K. Raseroka, 
D. Rodriguez-Lonebear, R. Rowe, R. Sara, J.D. Walker, J. Anderson, and M. Hudson, 2020: The CARE Principles for 
Indigenous Data Governance. Data Science Journal, 19 (1), 43. https://doi.org/10.5334/dsj-2020-043

166. Carroll, S.R., E. Herczog, M. Hudson, K. Russell, and S. Stall, 2021: Operationalizing the CARE and FAIR Principles for 
Indigenous Data Futures. Scientific Data, 8 (1), 108. https://doi.org/10.1038/s41597-021-00892-0

167. Galappaththi, E., 2022: Indigenous data sovereignty: Insights from climate change adaptation research. In: 
American Fisheries Society Annual Meeting. Spokane, WA, 21–25 August 2022. Presentation at the American 
Fisheries Society Annual Meeting. 

168. Matson, L., G.H.C. Ng, M. Dockry, M. Nyblade, H.J. King, M. Bellcourt, J. Bloomquist, P. Bunting, E. Chapman, 
D. Dalbotten, M.A. Davenport, K. Diver, M. Duquain, W. Graveen, K. Hagsten, K. Hedin, S. Howard, T. Howes, J. 
Johnson, S. Kesner, E. Kojola, R. LaBine, D.J. Larkin, M. Montano, S. Moore, A. Myrbo, M. Northbird, M. Porter, 
R. Robinson, C.M. Santelli, R. Schmitter, R. Shimek, N. Schuldt, A. Smart, D. Strong, J. Torgeson, D. Vogt, and A. 
Waheed, 2021: Transforming research and relationships through collaborative tribal-university partnerships on 
manoomin (wild rice). Environmental Science & Policy, 115, 108–115. https://doi.org/10.1016/j.envsci.2020.10.010

169. Carroll, S.R., Rodriguez-Lonebear, D., Martinez, A, 2019: Indigenous data governance: Strategies from United States 
Native nations. Data Science Journal, 18 (1), 31. https://doi.org/10.5334/dsj-2019-031

https://doi.org/10.5849/jof.2016-083r1
https://doi.org/10.1016/j.marpol.2022.105172
https://doi.org/10.32674/jcihe.v13isummer.3279
https://doi.org/10.32674/jcihe.v13isummer.3279
https://www.jstor.org/stable/48671871
https://www.fcc.gov/sites/default/files/nnctf_tribal_broadband_report.pdf
https://www.fcc.gov/sites/default/files/nnctf_tribal_broadband_report.pdf
https://www.fema.gov/sites/default/files/2020-06/fema-tribal-planning-handbook_05-2019.pdf
https://www.fema.gov/sites/default/files/2020-06/fema-tribal-planning-handbook_05-2019.pdf
https://doi.org/10.5479/si.14750727
https://doi.org/10.5479/si.14750727
https://nni.arizona.edu/publications/policy-brief-supporting-tribal-data-governance-indigenous-community-climate-resilience
https://nni.arizona.edu/publications/policy-brief-supporting-tribal-data-governance-indigenous-community-climate-resilience
https://doi.org/10.4324/9780429273957
https://doi.org/10.1080/13645579.2018.1531228
https://doi.org/10.1080/13645579.2018.1531228
https://doi.org/10.1002/pan3.10131
https://doi.org/10.5334/dsj-2020-043
https://doi.org/10.1038/s41597-021-00892-0
https://doi.org/10.1016/j.envsci.2020.10.010
https://doi.org/10.5334/dsj-2019-031


Fifth National Climate Assessment

16-37 | Tribes and Indigenous Peoples

170. O’Brien, M., 2021: CARE principles for ESIP data repositories. In: Earth Science Information Partners (ESIP). 
Edinburgh, UK, 22 April 2021. https://doi.org/10.5281/zenodo.5644249

171. Nursey-Bray, M., M. Parsons, and A. Gienger, 2022: Urban nullius? Urban Indigenous people and climate change. 
Sustainability, 14 (17). https://doi.org/10.3390/su141710830

172. Dent, L.A., J. Donatuto, L. Campbell, M. Boardman, J.J. Hess, and N.A. Errett, 2023: Incorporating Indigenous 
voices in regional climate change adaptation: Opportunities and challenges in the U.S. Pacific Northwest. Climatic 
Change, 176 (3), 27. https://doi.org/10.1007/s10584-023-03499-z

173. Evans, L.E., N. Dolšak, M.T. Plog, and A. Prakash, 2020: Native American tribal governments, cross-sectoral climate 
policy, and the role of intertribal networks. Climatic Change, 160 (1), 35–43. https://doi.org/10.1007/s10584-
019-02641-0

174. Dittmer, K., 2013: Changing streamflow on Columbia basin tribal lands—Climate change and salmon. Climatic 
Change, 120 (3), 627–641. https://doi.org/10.1007/s10584-013-0745-0

175. Dockry, M.J., S.J. Hoagland, A.D. Leighton, J.R. Durglo, and A. Pradhananga, 2023: An assessment of American Indian 
forestry research, information needs, and priorities. Journal of Forestry, 121 (1), 49–63. https://doi.org/10.1093/
jofore/fvac030

176. Gephart, L., 2009: Tribal salmon restoration and climate change in the Pacific Northwest. Ecological Restoration, 27 
(3), 263. https://doi.org/10.3368/er.27.3.263

177. Singel, W., 2018: Indigenous responses to climate change and water quality concerns in the Great Lakes. Sea Grant 
Law & Policy Journal, 9, 62. https://doi.org/10.17613/z4yr-yz15

178. Krosby, M., G. Bridge, E.T. Asinas, and S. Hall, 2023: Moving transboundary conservation from Indigenous 
engagement to Indigenous leadership: Working across borders for a resilient Cascadia. Parks Stewardship Forum, 
39 (1). https://doi.org/10.5070/p539159903

179. Nursey-Bray, M., R. Palmer, A.M. Chischilly, P. Rist, and L. Yin, 2022: Ch. 4. Tribal capacity building and adaptation 
planning: The United States. In: Old Ways for New Days: Indigenous Survival and Agency in Climate Changed Times. 
Nursey-Bray, M., R. Palmer, A.M. Chischilly, P. Rist, and L. Yin, Eds. Springer, Cham, Switzerland, 57–76. https://doi.
org/10.1007/978-3-030-97826-6_4

180. NDN Collective Climate Justice Team, 2021: Memo: How ‘The Build Back Better Act’ Can Meaningfully Mobilize 
Investment to Indigenous Communities & Uphold Free Prior and Informed Consent in the Process. NDN Collective, 
Rapid City, SD. https://ndncollective.org/memo-how-the-build-back-better-act-can-meaningfully-mobilize-
investment-to-indigenous-communities-uphold-free-prior-and-informed-consent-in-the-process/

181. Hearing: A Call to Action: Native Communities’ Priorities in Focus for the 117th Congress, United States Senate, 
Committee on Indian Affairs, 2021: United States Congress, One Hundred Seventeenth, First Session. https://www.
govinfo.gov/content/pkg/CHRG-117shrg44248/html/CHRG-117shrg44248.htm

182. BIA, 2021: National Climate Assessment: Indigenous Peoples Resilience Actions. U.S. Bureau of Indian 
Affairs, Tribal Climate Resilience Program. https://biamaps.doi.gov/portal/apps/webappviewer/index.
html?id=53794ae1ce054029bd5b55bcf269434c

183. Dockry, M.J., 2020: Indigenous rights and empowerment in natural resource management and decision making as 
a driver of change in U.S. forestry. In: Drivers of Change in U.S. Forests and Forestry Over the Next 20 Years. Dockry, 
M.J., D.N. Bengston, and L.M. Westphal, Eds. U.S. Department of Agriculture, Forest Service, Northern Research 
Station, Madison, WI, 76–83. https://doi.org/10.2737/nrs-gtr-p-197-paper8

184. Grossman, Z., 2008: Indigenous nations’ responses to climate change. American Indian Culture and Research 
Journal, 32, 5–27. https://doi.org/10.17953/aicr.32.3.n561082k204ul53g

185. Gwich’in Steering Committee, 2020: Arctic Indigenous Climate Change Summit Report. Gwich’in Nation. https://
ourarcticrefuge.org/wp-content/uploads/2022/09/aics2019-report-final.pdf

186. ITEP, 2022: Tribal Profiles. Northern Arizona University, Institute for Tribal Environmental Professionals, Flagstaff, 
AZ. https://www7.nau.edu/itep/main/tcc/tribes/

187. Lubchenco, J., K. Leonard, R. Hilborn, and K. Kryc, 2017: Full Committee Hearing: Ocean Climate Action: Solutions 
to the Climate Crisis. U.S. Natural Resources Committee. https://www.congress.gov/116/meeting/house/111092/
witnesses/HMTG-116-II00-Wstate-LubchencoJ-20201117.pdf

https://doi.org/10.5281/zenodo.5644249
https://doi.org/10.3390/su141710830
https://doi.org/10.1007/s10584-023-03499-z
https://doi.org/10.1007/s10584-019-02641-0
https://doi.org/10.1007/s10584-019-02641-0
https://doi.org/10.1007/s10584-013-0745-0
https://doi.org/10.1093/jofore/fvac030
https://doi.org/10.1093/jofore/fvac030
https://doi.org/10.3368/er.27.3.263
https://doi.org/10.17613/z4yr-yz15
https://doi.org/10.5070/p539159903
https://doi.org/10.1007/978-3-030-97826-6_4
https://doi.org/10.1007/978-3-030-97826-6_4
https://ndncollective.org/memo-how-the-build-back-better-act-can-meaningfully-mobilize-investment-to-indigenous-communities-uphold-free-prior-and-informed-consent-in-the-process/
https://ndncollective.org/memo-how-the-build-back-better-act-can-meaningfully-mobilize-investment-to-indigenous-communities-uphold-free-prior-and-informed-consent-in-the-process/
https://www.govinfo.gov/content/pkg/CHRG-117shrg44248/html/CHRG-117shrg44248.htm
https://www.govinfo.gov/content/pkg/CHRG-117shrg44248/html/CHRG-117shrg44248.htm
https://biamaps.doi.gov/portal/apps/webappviewer/index.html?id=53794ae1ce054029bd5b55bcf269434c
https://biamaps.doi.gov/portal/apps/webappviewer/index.html?id=53794ae1ce054029bd5b55bcf269434c
https://doi.org/10.2737/nrs-gtr-p-197-paper8
https://doi.org/10.17953/aicr.32.3.n561082k204ul53g
https://ourarcticrefuge.org/wp-content/uploads/2022/09/aics2019-report-final.pdf
https://ourarcticrefuge.org/wp-content/uploads/2022/09/aics2019-report-final.pdf
https://www7.nau.edu/itep/main/tcc/tribes/
https://www.congress.gov/116/meeting/house/111092/witnesses/HMTG-116-II00-Wstate-LubchencoJ-20201117.pdf
https://www.congress.gov/116/meeting/house/111092/witnesses/HMTG-116-II00-Wstate-LubchencoJ-20201117.pdf


Fifth National Climate Assessment

16-38 | Tribes and Indigenous Peoples

188. Steen-Adams, M., D. Sampson, C. Jones, K. Lynn, and J. Mankowski, 2020: Tribal Review of the 2020 Congressional 
Action Plan on the Climate Crisis. Affiliated Tribes of Northwest Indians, Portland, OR, 80 pp. https://atnitribes.
org/climatechange/wp-content/uploads/2020/11/ATNI_Tribal-review-of-CAP_11.7.20H.pdf

189. U.S. Federal Government, 2021: Tribal Resilience Resource Guide. U.S. Climate Resilience Toolkit. https://toolkit.
climate.gov/tool/tribal-resilience-resource-guide

190. Latulippe, N. and N. Klenk, 2020: Making room and moving over: Knowledge co-production, Indigenous knowledge 
sovereignty and the politics of global environmental change decision-making. Current Opinion in Environmental 
Sustainability, 42, 7–14. https://doi.org/10.1016/j.cosust.2019.10.010

191. UNESCO, 2020: Mobilizing Indigenous and Local Knowledge Solutions: Addressing Climate Impacts 
and Vulnerabilities. A Perspective from the Caribbean Region. United Nations Educational, Scientific, 
and Cultural Organization, Georgetown, Guyana. https://www4.unfccc.int/sites/submissionsstaging/
documents/202009071542---unesco%20links%20sids_caribbean%20ilk-climate%20workshop%20report__
final%20draft%5b3%5d.pdf

192. Lac du Flambeau Tribe, 2019: Hazard Mitigation Plan. Chapman, E., B. Gauthier, S. Petersen, G. Haddow, and D. 
Cappola, Eds. Federal Emergency Management Agency, 104 pp. http://www.ldftribe.com/resilience

193. Schramm, P.J., A.L.A. Janabi, L.W. Campbell, J.L. Donatuto, and S.C. Gaughen, 2020: How Indigenous communities 
are adapting to climate change: Insights from the Climate-Ready Tribes Initiative. Health Affairs, 39 (12), 2153–2159. 
https://doi.org/10.1377/hlthaff.2020.00997

194. Morales, K., 2021: Climate Change 202: Tribal Hazard Mitigation Planning Cohort. Northern Arizona University, 
Institute for Tribal Environmental Professionals, Climate Change Program. https://www7.nau.edu/itep/main/tcc/
tribes/ntnl_thmp

195. BIA, 2023: Tribal Climate Resilience Annual Awards Program. U.S. Department of the Interior, Bureau of Indian 
Affairs, Washington, DC, accessed September 12, 2023. https://www.bia.gov/service/tcr-annual-awards-program

196. GLIFWC Climate Change Team, 2023: Aanji-Bimaadiziimagak O’ow Aki. Great Lakes Indian Fish and Wildlife 
Commission, Odanah, WI, 332 pp. https://glifwc.org/climatechange/

197. Brown, A., 2020: Tribes expect little help in fight to protect elders from coronavirus. The Pew Charitable Trusts, 
March 19, 2020. https://www.pewtrusts.org/en/research-and-analysis/blogs/stateline/2020/03/19/tribes-
expect-little-help-in-fight-to-protect-elders-from-coronavirus

198. Avitt, A., 2021: Tribal and Indigenous Fire Tradition. U.S. Department of Agriculture, Forest Service, Fire and 
Aviation Management. https://www.fs.usda.gov/features/tribal-and-indigenous-heritage

199. Onondaga Nation, 2015: TSHA’ THONSWATHA’: The Journey to a New Firehouse. Onondaga Nation. https://www.
onondaganation.org/news/2015/tsha-thonswatha-the-journey-to-a-new-firehouse/

200. Dockry, M.J., K. Hall, W. Van Lopik, and C.M. Caldwell, 2016: Sustainable development education, practice, and 
research: An indigenous model of sustainable development at the College of Menominee Nation, Keshena, WI, USA. 
Sustainability Science, 11 (1), 127–138. https://doi.org/10.1007/s11625-015-0304-x

201. Northwest Treaty Tribes, 2020: Swinomish Revives Ancient Clam Gardens to Fight Climate Change. Northwest 
Indian Fisheries Commission, Northwest Treaty Tribes. https://nwtreatytribes.org/swinomish-revives-ancient-
clam-gardens-to-fight-climate-change/

202. Bowra, A., A. Mashford-Pringle, and B. Poland, 2021: Indigenous learning on Turtle Island: A review of the literature 
on land-based learning. Canadian Geographies, 65 (2), 132–140. https://doi.org/10.1111/cag.12659

203. Johnson-Jennings, M., S. Billiot, and K. Walters, 2020: Returning to our roots: Tribal health and wellness through 
land-based healing. Genealogy, 4 (3). https://doi.org/10.3390/genealogy4030091

204. Irlbacher-Fox, S. and R. MacNeill, 2020: Indigenous governance is an adaptive climate change strategy. Northern 
Review, 49, 271–275. https://doi.org/10.22584/nr49.2020.019

205. The Red Nation, 2021: The Red Deal: Indigenous Action to Save Our Earth. Common Notions. https://www.
commonnotions.org/the-red-deal

https://atnitribes.org/climatechange/wp-content/uploads/2020/11/ATNI_Tribal-review-of-CAP_11.7.20H.pdf
https://atnitribes.org/climatechange/wp-content/uploads/2020/11/ATNI_Tribal-review-of-CAP_11.7.20H.pdf
https://toolkit.climate.gov/tool/tribal-resilience-resource-guide
https://toolkit.climate.gov/tool/tribal-resilience-resource-guide
https://doi.org/10.1016/j.cosust.2019.10.010
https://www4.unfccc.int/sites/submissionsstaging/documents/202009071542---unesco%20links%20sids_caribbean%20ilk-climate%20workshop%20report__final%20draft%5b3%5d.pdf
https://www4.unfccc.int/sites/submissionsstaging/documents/202009071542---unesco%20links%20sids_caribbean%20ilk-climate%20workshop%20report__final%20draft%5b3%5d.pdf
https://www4.unfccc.int/sites/submissionsstaging/documents/202009071542---unesco%20links%20sids_caribbean%20ilk-climate%20workshop%20report__final%20draft%5b3%5d.pdf
http://www.ldftribe.com/resilience
https://doi.org/10.1377/hlthaff.2020.00997
https://www7.nau.edu/itep/main/tcc/tribes/ntnl_thmp
https://www7.nau.edu/itep/main/tcc/tribes/ntnl_thmp
https://www.bia.gov/service/tcr-annual-awards-program
https://glifwc.org/climatechange/
https://www.pewtrusts.org/en/research-and-analysis/blogs/stateline/2020/03/19/tribes-expect-little-help-in-fight-to-protect-elders-from-coronavirus
https://www.pewtrusts.org/en/research-and-analysis/blogs/stateline/2020/03/19/tribes-expect-little-help-in-fight-to-protect-elders-from-coronavirus
https://www.fs.usda.gov/features/tribal-and-indigenous-heritage
https://www.onondaganation.org/news/2015/tsha-thonswatha-the-journey-to-a-new-firehouse/
https://www.onondaganation.org/news/2015/tsha-thonswatha-the-journey-to-a-new-firehouse/
https://doi.org/10.1007/s11625-015-0304-x
https://nwtreatytribes.org/swinomish-revives-ancient-clam-gardens-to-fight-climate-change/
https://nwtreatytribes.org/swinomish-revives-ancient-clam-gardens-to-fight-climate-change/
https://doi.org/10.1111/cag.12659
https://doi.org/10.3390/genealogy4030091
https://doi.org/10.22584/nr49.2020.019
https://www.commonnotions.org/the-red-deal
https://www.commonnotions.org/the-red-deal


Fifth National Climate Assessment

16-39 | Tribes and Indigenous Peoples

206. Donatuto, J., L. Campbell, J.K. LeCompte, D. Rohlman, and S. Tadlock, 2020: The story of 13 moons: Developing 
an environmental health and sustainability curriculum founded on Indigenous first foods and technologies. 
Sustainability, 12 (21), 8913. https://doi.org/10.3390/su12218913

207. Ullrich, J.S., 2019: For the love of our children: An Indigenous connectedness framework. AlterNative: An 
International Journal of Indigenous Peoples, 15 (2), 121–130. https://doi.org/10.1177/1177180119828114

208. Britten, M. and D. Deane-Ryan, 2020: Global Scan of Youth-Led Organisations Active on Climate and/or 
Biodiversity and Youth-Supporting Partners. Robert H. N. Ho Family Foundation. http://www.rhfamilyfoundation.
org/p/RHFF_2020_Global_Scan_of_Youth_Led_Organisations_Exec_Sum_Full_Version.pdf

209. IIYC, 2023: International Indigenous Youth Council [Website], accessed May 23, 2023. https://
indigenousyouth.org/

210. Privott, M., 2019: An ethos of responsibility and Indigenous women water protectors in the #NoDAPL movement. 
American Indian Quarterly, 43 (1), 74–100. https://doi.org/10.5250/amerindiquar.43.1.0074

211. NCAI, 2022: The Native Youth Leadership Summit: Conference Agenda. National Congress of American Indians, 
accessed September 29, 2022. https://www.ncai.org/events/2022/02/14/the-native-youth-leadership-
summit-nyls-2022

212. UNITY, 2021: A Platform to Help Out Our Environment, Our Community, and the World. United National Indian 
Tribal Youth. https://unityinc.org/native-youth/a-platform-to-help-out-our-environment-our-community-
and-the-world/

213. Fillmore, H.M., L. Singletary, and J. Phillips, 2018: Assessing tribal college priorities for enhancing climate 
adaptation on reservation lands. Journal of Contemporary Water Research & Education, 163 (1), 64–78. https://doi.
org/10.1111/j.1936-704x.2018.03270.x

214. Kuslikis, A., 2020: Native knowledge for New Horizons: AIHEC’s STEM initiatives. Tribal College: Journal of American 
Indian Higher Education, 31 (3), 18–21. https://tribalcollegejournal.org/native-knowledge-for-new-horizons-
aihecs-stem-initiatives/

215. Paskus, L., 2015: Climate change working group meets at SIPI. Tribal College: Journal of American Indian Higher 
Education, 26 (4), 15–16. https://tribalcollegejournal.org/climate-change-working-group-meets-at-sipi/

216. Lubeck, A., W. LaPointe, L. LaPointe, and N. MartinRogers, 2021: Theory of Change: Mni Ki Wakan Decade of Water 
Summit. Wilder Research, Saint Paul, MN. https://www.wilder.org/sites/default/files/imports/MniKiWakan_
DecadeOfWaterSummit_10-21.pdf

217. Warden, A.A., 2011: Calling All Polar Bears: A One-Woman Show. Allison Akootchook Warden, Minneapolis, MN. 
https://www.allisonwarden.com/calling-all-polar-bears.html

218. Pala Environmental Department, 2022: Tribes, Health, and Climate Change Short-Video Series. Tribal Climate 
Health. https://tribalclimatehealth.org/video-series/

219. Palmer, A. and C. Boutsikaris, 2021: Inhabitants: An Indigenous Perspective. Inhabitants Films. https://www.
inhabitantsfilm.com/

220. Brewer, S. and M. Trahant, 2021: Decolonizing Journalism Media By, For and About Indigenous Peoples. Moderators: 
Amy Stretten and Robert Pluma [Video]. Craig Newmark Graduate School of Journalism. https://www.youtube.
com/watch?v=rMyG-LgV7Ow

221. U.S. House Select Committee on the Climate Crisis, 2020: Solving the Climate Crisis: The Congressional Action 
Plan for a Clean Energy Economy and a Healthy, Resilient, and Just America. U.S. House Select Committee on the 
Climate Crisis, 538 pp. https://www.preventionweb.net/publication/solving-climate-crisis-congressional-action-
plan-clean-energy-economy-and-healthy

222. Goldtooth, D., A. Saldamando, K. Gracey, T. Goldtooth, and C. Rees, 2021: Indigenous Resistance Against Carbon. 
Rees, C., Ed. Oil Change International, Washington, DC. https://www.ienearth.org/indigenous-resistance-
against-carbon/

223. Belfer, E., J.D. Ford, M. Maillet, M. Araos, and M. Flynn, 2019: Pursuing an indigenous platform: Exploring 
opportunities and constraints for indigenous participation in the UNFCCC. Global Environmental Politics, 19 (1), 
12–33. https://doi.org/10.1162/glep_a_00489

https://doi.org/10.3390/su12218913
https://doi.org/10.1177/1177180119828114
http://www.rhfamilyfoundation.org/p/RHFF_2020_Global_Scan_of_Youth_Led_Organisations_Exec_Sum_Full_Version.pdf
http://www.rhfamilyfoundation.org/p/RHFF_2020_Global_Scan_of_Youth_Led_Organisations_Exec_Sum_Full_Version.pdf
https://indigenousyouth.org/
https://indigenousyouth.org/
https://doi.org/10.5250/amerindiquar.43.1.0074
https://www.ncai.org/events/2022/02/14/the-native-youth-leadership-summit-nyls-2022
https://www.ncai.org/events/2022/02/14/the-native-youth-leadership-summit-nyls-2022
https://unityinc.org/native-youth/a-platform-to-help-out-our-environment-our-community-and-the-world/
https://unityinc.org/native-youth/a-platform-to-help-out-our-environment-our-community-and-the-world/
https://doi.org/10.1111/j.1936-704x.2018.03270.x
https://doi.org/10.1111/j.1936-704x.2018.03270.x
https://tribalcollegejournal.org/native-knowledge-for-new-horizons-aihecs-stem-initiatives/
https://tribalcollegejournal.org/native-knowledge-for-new-horizons-aihecs-stem-initiatives/
https://tribalcollegejournal.org/climate-change-working-group-meets-at-sipi/
https://www.wilder.org/sites/default/files/imports/MniKiWakan_DecadeOfWaterSummit_10-21.pdf
https://www.wilder.org/sites/default/files/imports/MniKiWakan_DecadeOfWaterSummit_10-21.pdf
https://www.allisonwarden.com/calling-all-polar-bears.html
https://tribalclimatehealth.org/video-series/
https://www.inhabitantsfilm.com/
https://www.inhabitantsfilm.com/
https://www.youtube.com/watch?v=rMyG-LgV7Ow
https://www.youtube.com/watch?v=rMyG-LgV7Ow
https://www.preventionweb.net/publication/solving-climate-crisis-congressional-action-plan-clean-energy-economy-and-healthy
https://www.preventionweb.net/publication/solving-climate-crisis-congressional-action-plan-clean-energy-economy-and-healthy
https://www.ienearth.org/indigenous-resistance-against-carbon/
https://www.ienearth.org/indigenous-resistance-against-carbon/
https://doi.org/10.1162/glep_a_00489


Fifth National Climate Assessment

16-40 | Tribes and Indigenous Peoples

224. USGCRP, 2018: Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II. 
Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart, Eds. U.S. 
Global Change Research Program, Washington, DC, USA, 1515 pp. https://doi.org/10.7930/nca4.2018

https://doi.org/10.7930/nca4.2018


Fifth National Climate Assessment: Chapter 17  
Climate Effects on  
US International Interests



Fifth National Climate Assessment

17-2 |  Climate Effects on US International Interests

Chapter 17. Climate Effects on  
US International Interests
Authors and Contributors

Federal Coordinating Lead Author
Farhan H. Akhtar, US Department of State

Chapter Lead Author
Molly E. Hellmuth, Winrock International

Chapter Authors
Andrea H. Cameron, US Department of Defense
Caitlin A. Corner-Dolloff, US Agency for International Development
Geoffrey D. Dabelko, Ohio University
Tufa Dinku, Columbia University, International Research Institute for Climate and Society
Jay L. Koh, Lightsmith Group
Douglas Mason, Millennium Challenge Corporation
Roger S. Pulwarty, National Oceanic and Atmospheric Administration
Lawrence I. Sperling, US Department of the Interior
Maria Fernanda Zermoglio, US Agency for International Development

Technical Contributors
Trinetta Chong, University of California, Berkeley, Global Policy Lab
Jake Connolly, Climate Policy Initiative
Margaret Poulos, Duke University
Elizabeth Pruitt, Florida State University

Review Editor
Quentin A. Stubbs, NOAA National Ocean Service

Cover Art
Taina Litwak

Recommended Citation

Hellmuth, M.E., F.H. Akhtar, A.H. Cameron, C.A. Corner-Dolloff, G.D. Dabelko, T. Dinku, J.L. Koh, D. 
Mason, R.S. Pulwarty, L.I. Sperling, and M.F. Zermoglio, 2023: Ch. 17. Climate effects on US interna-
tional interests. In: Fifth National Climate Assessment. Crimmins, A.R., C.W. Avery, D.R. Easterling, K.E. 
Kunkel, B.C. Stewart, and T.K. Maycock, Eds. U.S. Global Change Research Program, Washington, DC, 
USA. https://doi.org/10.7930/NCA5.2023.CH17

https://nca2023.globalchange.gov/art-climate/#art-Taina-Litwak
https://doi.org/10.7930/NCA5.2023.CH17


Fifth National Climate Assessment

17-3 |  Climate Effects on US International Interests

Table of Contents

Introduction .................................................................................................................4
Box 17.1. Climate Services at the International Level .................................................................................. 5

Key Message 17.1  
Interdependent, Systemic Climate-Related  
Risks Increasingly Affect US Interests .........................................................................5

Key Message 17.2  
Climate Change Exacerbates Risks to National Security ..............................................8

Key Message 17.3  
Climate Change Presents Risks and Opportunities  
for US Economics, Trade, and Investments ................................................................12

Key Message 17.4  
Climate Change Undermines Sustainable Development .............................................16

Traceable Accounts  ..................................................................................................20
Process Description ..................................................................................................................................... 20
Key Message 17.1 ........................................................................................................................................ 20
Key Message 17.2  ....................................................................................................................................... 21
Key Message 17.3 ........................................................................................................................................ 22
Key Message 17.4 ........................................................................................................................................ 24

References ................................................................................................................25



Fifth National Climate Assessment

17-4 |  Climate Effects on US International Interests

Introduction
Globally, climate change is rapid and widespread and will continue through midcentury even if emissions 
are cut sharply, intensifying events such as extreme heatwaves, heavy rainfall, and drought.1 The acute and 
accelerating impacts outside of US borders on food systems, health, human well-being, built and natural 
systems, and economic sectors2 affect US national interests and compound the impacts of warming within 
the United States. The pace of emissions reduction and adaptation response would need to accelerate this 
decade both to limit warming to 1.5°C (2.7° F) or 2°C (3.6° F) above preindustrial levels and to build resilience 
to existing and future climate impacts (KMs 2.3, 32.1).2,3

In a globally connected world, climate impacts can affect multiple sectors at once and have cascading 
effects that cut across sectors and geographies (KM 17.1). The direct impacts of climate change globally on 
people, ecosystems, and infrastructure, as well as the global transition to cleaner, lower-emissions technol-
ogies and economies, affect critical US interests including national security (KM 17.2); economics, trade, and 
investment (KM 17.3); and sustainable development (KM 17.4).

Despite documented evidence of increasing climate change risks, mitigation and adaptation responses 
by public and private sectors are not yet sufficient to avoid rising losses of life, biodiversity, infrastruc-
ture, and economic opportunity.1,2 Proactive early adaptation and mitigation action can reduce losses from 
climate change and extreme events, avoid locking in high emissions, and produce economic, social, and 
environmental benefits.4 In particular, inclusive approaches can help reduce risks, improve effectiveness 
of responses, and create opportunities for Indigenous Peoples, local communities, and other marginalized 
and underrepresented populations (such as women, youth, older adults, and ethnic minorities) who are 
especially vulnerable to climate impacts and energy transitions (KM 31.2). Adapting to a changing climate 
depends in part on the effective integration of climate information into decision-making at global, regional, 
national, and local levels (Box 17.1; KM 31.4). 
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Box 17.1. Climate Services at the International Level 

Risk governance in the 21st century requires coherent actions across disaster risk reduction and climate change adap-
tation.5,6 Systematic, coordinated approaches to climate information services (hereafter “climate services”) can enable 
the development, quality-assurance, accessibility, stakeholder engagement, and knowledge-tailoring needed to support 
decision-making, from disaster risk reduction to resilient infrastructure development.7,8,9 Climate services involves orga-
nizing different types of climate information (e.g., extreme-event return periods, slow onset trends such as sea level rise, 
in situ risk mapping, satellite-based data) across multiple timescales (e.g., weeks, seasons, decades, and longer), as well 
as technical assistance to help decision-makers interpret and integrate such information and related uncertainties into 
their planning and design processes. Such services support the coordination and implementation of international instru-
ments and frameworks in which the United States has strong interests, including the Paris Agreement on climate change, 
the Sendai Framework for Disaster Risk Reduction 2015–2030, and the United Nations Sustainable Development Goals. 
Climate services are a central pillar of both the US President’s Emergency Plan for Adaptation and Resilience (PREPARE), 
and the United Nations Secretary-General’s initiative on Early Warnings for ALL (EW4ALL), launched in 2022. The EW4ALL 
goal is to ensure global coverage of action-oriented information systems to anticipate and reduce weather- and cli-
mate-related disasters by 2027.

There has been notable recent progress in data availability, including satellite-based information, climate- and disaster 
risk–related analytics, and networks for engaging communities across sectors such as national security, humanitarian 
interventions, water resources, human health, energy, food security, and infrastructure planning.2,10,11,12 Examples include 
the Global Framework for Climate Services (GFCS), the European Union Copernicus Climate Change Service, Enhancing 
National Climate Services, and the Famine Early Warning Systems Network. The GFCS was initiated in 2009 and formally 
endorsed by the 187 member countries of the World Meteorological Organization, including the US.8 However, many 
regions and countries lack sufficient capacity to assess climate impacts and cascading risks and to develop and deliver 
climate services to inform their immediate risk management and longer-term resilience goals.13,14,15,16,17 While fundamen-
tally important, observing networks are often inadequate in many regions. Many countries also lack comprehensive data 
on the local-level impacts of climate extremes and changes, hampering effective co-development and sustained delivery 
of services (KMs 31.3, 31.4; Ch. 23).18 These gaps can undermine confidence in national and international climate 
service providers, sending users in search of alternative, competing, and less authoritative services, and, critically, can 
increase marginalization and inequity. 

Key Message 17.1  
Interdependent, Systemic Climate-Related  
Risks Increasingly Affect US Interests

In a globally connected world, climate change impacts on US interests are multifaceted, inter-
connected, and frequently exacerbated by social unrest and environmental degradation (likely, 
high confidence). The scale and speed of climate-related impacts to US interests are expected 
to increase, due in part to underlying interdependencies and to the projected intensification of 
climate change (likely, high confidence). Emerging systems- and scenarios-based approaches 
to integrative planning are being applied to account for interdependencies and competing pri-
orities (likely, high confidence).

Climate-related risks manifest across multiple systems, sectors, geographic domains, and timescales.19,20 
Climate shocks in one or several parts of the built or natural system can lead to ripple effects around the 
world.21,22 Climate change impacts—alone or in combination with compounding stressors—can cascade 
across interdependent systems, magnifying risks not typically attributed to climate change. The effects of 
these impacts can spill across geographies and markets and, in turn, affect multiple US security, economic, 
and sustainable development interests (Figure 17.1; Focus on Compound Events). Moreover, traditional 
approaches to managing risk are inadequate given the compound and cascading nature of system risk, 
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increasing the importance of accounting for system interdependency and uncertainty to reduce risk to US 
national interests.23,24

Climate change impacts affect the US’s security, economy, and sustainable development interests by 
reducing local and global stability, disrupting livelihoods and economic growth, increasing poverty and 
global inequality25,26 and compounding existing risks across US interests. For example, the Central American 
countries El Salvador, Guatemala, and Honduras are highly dependent on climate-sensitive agriculture, and 
climate change impacts disrupt rural livelihoods, health, and food security.27 Drought and extreme storms 
have impacted millions of Central Americans by exacerbating conflict and insecurity, requiring significant 
humanitarian resources and fueling unprecedented migration, including to the United States.28,29,30,31 Drought 
and extreme storms in Central America are expected to increase in frequency and severity due to climate 
change, threatening to further exacerbate these challenges.32 

The combination of systemic global interdependencies and intensification of climate change is expected 
to increase both the scale and speed of climate change impacts.1,33 Climate change—including increasing 
temperatures, changing rainfall patterns, and increased frequency of some extreme events—combines 
with stressors such as conflict, land degradation, biodiversity loss, population growth, and worsening 
human health to exacerbate food insecurity and potential famine.34 For example, climate extremes have 
increased the incidence of multiple concurrent or consecutive breadbasket failures (e.g., poor harvests in 
major food-producing regions), threatening global food security and leading to cascading effects (e.g., social 
unrest and higher prices) across multiple geographies that affect US interests.21,35,36 Since 2018, multiple 
stressors, including droughts in North America and the Horn of Africa, poor harvests in China and France, 
the COVID-19 pandemic, and the war in Ukraine have combined to severely test global food security, 
increasing fertilizer costs and food prices and decreasing food availability.37

Given the right conditions, however, interconnectedness can help mitigate risk. For example, food imports 
can address localized food insecurity and may become more prevalent given climate change impacts.20,38 
Transformative changes in human behavior that lead to “positive tipping points”—including the adoption of 
new technologies (e.g., energy transition to lower-emissions technologies) or approaches (e.g., regenerative 
agriculture approaches that increase climate resilience and sustainability of farm and food systems)—can 
help prevent the worst-case impacts of climate change.39

Traditional risk assessment and management approaches tend to focus on single sectors or locations 
rather than systems and the related complex interdependence of risks.16,40 However, approaches to 
decision-making that address adaptation and mitigation early in the process at a systems level, considering 
the fullest suite of risks, interactions, and optimal response options, are advancing (Ch. 18).41 Integrating 
responses vertically (across global, regional, and local levels) and/or horizontally (e.g., multistakehold-
er partnerships to codesign landscape-scale responses) offers promising insights for addressing these 
interdependencies across multiple scales and sectors.42,43,44,45 Scenario planning, “nexus” approaches that 
address multiple sectors, and other co-development and participatory approaches are being applied to plan 
in the face of uncertainty, address linkages, and consider the role of response options themselves as risk 
drivers (Chs. 18, 31).20,40 More experience is needed in applying and evaluating these emerging approaches to 
improve policy coherence and coordination across sectors and to better understand sensitivity to system 
changes and uncertainty.40,46
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Interconnected Interests and Cascading Impacts 

  
Future impacts to US interests are uncertain given complex system interdependencies and interactions between 
stressors, capacities, and responses. 

Figure 17.1. This figure illustrates how system interdependencies and the interconnected nature of climate 
change stressors and response choices can lead to uncertain future impacts on US interests (e.g., national se-
curity; economics, trade, and investment; and sustainable development). Climate and compounding stressors in-
teract and present different degrees of potential impact to US interests given varying levels of adaptive capacity, 
sensitivity of interest areas, and the effectiveness of responses in addressing systemic risks and taking advan-
tage of opportunities. The complexity of interacting stressors and interdependent systems can lead to cascad-
ing impacts, unintended consequences, and increased uncertainty on future impacts to US Interests. Adapted 
from Ringsmuth et al. 202247 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode
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Key Message 17.2  
Climate Change Exacerbates Risks to National Security

Climate change can contribute to political and social instability and, in some instances, 
to conflict (likely, high confidence). It impacts the operations and missions of defense, 
diplomacy, and development agencies critical to US national security (very likely, high con-
fidence). The US Government, bilaterally and in collaboration with international partners, is 
increasingly addressing these implications through a range of diplomatic, development, and 
defense responses (very likely, high confidence).

Climate change exacerbates existing security challenges and risks, affecting a wide range of US national 
security interests.48,49,50 Climate change impacts and responses can contribute to political and social 
instability as well as various forms of conflict.2,49,51,52,53 Security-related concerns can also stem from 
the impacts of climate change on human lives and livelihoods, food and water security, biodiversity, 
and ecological and human health, as well as the responses to these impacts.54,55,56 Inversely, conflict can 
exacerbate climate-related vulnerabilities, particularly affecting women, children, and overburdened 
populations.57 This interplay between climate and conflict can hinder both mitigation and adaptation 
progress. The risk of destabilization and conflict connected to climate change has implications for US 
security interests distributed worldwide.

As shown in Table 17.1, the climate risks to US security interests span from local instability to geopoliti-
cal tension. In addition to the risks of instability and conflict, compounding dynamics include declining 
agricultural production and food security;2 recruitment and influence for extremist or violent groups;58 
and declines in state capacity or legitimacy, including potential corruption, where governments cannot 
effectively respond to extreme weather events or long-term, chronic climate-connected impacts.59,60,61
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Table 17.1. Climate Risk Assessment to US Interests 

“Risks to US national security interests through 2040 will increase as countries respond to the intensifying physical effects 
of climate change.”50 For a full explanation, see the National Intelligence Estimate on “Climate Change and International 
Responses Increasing Challenges to US National Security Through 2040,”50 from which this table is adapted.

Risk 2021 2030 2040

Climate Effects Impacting 
Country-Level Instability

Strain on energy and food systems  Low Medium High

Negative health consequences  Low Medium Medium

Internal insecurity and conflict  Low Low Medium

Greater demand for aid and humanitarian relief  Medium High High

Strain on military readiness  None Low Medium

Climate-Exacerbated 
Geopolitical Flashpoints

Miscalculation over strategic competition in the Arctic 
leading to conflict  None Low Medium

Cross-border water tension and conflict  Low Medium High

Cross-border migration attributed to climate impacts  Medium High High

Ungoverned unilateral geoengineering  None Low Medium

Geopolitical Tensions over 
Climate Responses

Perception of insufficient contributions to reduce 
emissions  Low Medium High

Carbon dioxide removal not at scale for countries’ 
net-zero pledges  None Low Medium

Developing countries’ demands for financing and 
technology assistance  Medium High High

Petro states resisting clean energy transition away 
from fossil fuels  Low Medium High

Competition with China over key minerals and clean 
energy technologies  Low Medium High

Contention over use of economic tools to advance 
climate interests  None Low Medium

Mobility, both planned and forced, is a common adaptation response to a changing environment, contrib-
uting to displacement and migration that primarily occurs within countries and, at times, crosses national 
boundaries.31,62,63 Climate change–related mobility, impacting both sending and receiving populations, is 
expected to increase.50 Ongoing international engagement continues around climate change and mobility, 
but limited international governance that provides binding protections for people crossing national borders 
due to climate change results in varied state and regional responses.64

As countries continue to work toward adaptation and mitigation goals, alternative climate interventions are 
being considered to reduce the warming effect of greenhouse gases and avoid tipping points. One category 
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of alternative intervention is carbon dioxide removal, technical interventions to remove carbon dioxide 
from the atmosphere that can have impacts on food systems, biodiversity, and other systems (Chapter 32). 
Solar radiation modification (SRM) constitutes a variety of approaches to reduce sunlight reaching the lower 
atmosphere. The potential risks and benefits involving the use of SRM need to be considered relative to the 
risks and benefits associated with plausible trajectories of ongoing climate change not involving SRM.65 SRM 
represents an area of growing interest for national security given the potential for unilateral action from 
state and non-state actors, evolving understanding of climate and societal impacts, and limited formal or 
informal mechanisms of engagement.66,67 Understanding the risks and trade-offs of these alternative climate 
interventions is a rapidly growing field of study.

Climate change impacts are of particular concern in areas with limited resilience, unequal resource dis-
tribution, and/or weak governance structures. Unintended consequences of climate responses can also 
have important national security implications. For example, mitigation and adaptation efforts can unin-
tentionally exacerbate new or existing conflicts and inequalities affecting marginalized populations.68,69 
Dynamics accompanying an energy transition such as price variability, loss of employment in the fossil fuel 
sector, and stranded assets for petroleum-producing countries may also contribute to internal protest and 
reduced support for strengthening international climate change mitigation efforts.70 International climate 
change responses are shifting geostrategic and regional interests and priorities. These dynamics include 
competition for minerals and metals critical for mitigation and renewable energy.71,72 Figure 17.2 displays 
the source of these materials, many of which are sourced outside the United States; however, note that 
China controls much of the market for mining and processing of many of these minerals and metals, leading 
to heavy dependence on China for resources critical for energy technologies. Moreover, the extraction 
and processing of these necessary inputs can heighten local ecological, political, and justice tensions.73 
Interests across the Arctic have also come under greater scrutiny as rapid warming opens up natural 
resource extraction possibilities, new sea transport routes, emergency response expectations in the event 
of accidents, and increased military activity, particularly by Russia (Chapter 29). 
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US Net Import Reliance by Region for Minerals Necessary for Renewable Energy Technology

US renewable energy technologies rely on imports of critical minerals from around the world.

Figure 17.2. Many mineral inputs critical for renewable energy technologies are imported to the United States. 
This figure illustrates the diversity of location, mineral type, application, and scale of import reliance.74 Adapted 
from Humphries 2019.75

Countries may also leverage climate change mitigation and adaptation policies to gain influence and foster 
new coalitions. Each country will experience a wide variety of climate-related security concerns that can 
generate new interests or alter existing interests within bilateral relationships.50,61 For example, climate 
change impacts can disrupt global supply chains, such as those for food, energy, and critical minerals.72 
These disruptions affect US national security interests, particularly when occurring in tandem with 
responses to health, economic, and political crises such as those presented by COVID-19 and the war in 
Ukraine. 

US national security, diplomatic, and development agencies are responding to the national security impacts 
of climate change and competing with other countries in these engagements.76,77,78,79 Climate change 
impacts and responses have implications for defense, diplomacy, and development portfolios, including the 
climate-altered operational environment, US military and civilian infrastructure in partner countries, and 
humanitarian response.49,79,80 Government responses include developing climate mitigation and adaptation 
plans; adapting operations, assessments, and infrastructure to be more resilient; building adaptive capacity 
and resilience to reduce future risk; and addressing threats and opportunities with a range of defense, 
diplomacy, and development approaches.81,82,83 Within this geopolitical context, countries cooperate and 
compete and may try to take advantage of climate change impacts to gain influence.49
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A number of multilateral forums (such as the UN Security Council, UN General Assembly, UN Environment 
Programme, European Union, North Atlantic Treaty Organization, African Union, and Organization for 
Security and Co-operation in Europe) recognize the interdependent nature of climate change impacts and 
their implications for national and regional security and have initiated collaborative responses to address 
transboundary risks.

Defense, diplomatic, and development institutions face increasing operations and emergency response 
expectations, often arising in new regions that are geopolitically relevant for US interests, as well as 
increasing requests for humanitarian support worldwide.76,84 To ensure continuity of operations around 
the world, adaptation measures ensuring reliable and functional host country infrastructure and services 
at risk from climate change are a priority for US federal agencies. With international partners, the US 
Government is increasingly addressing climate-related risks to US national security through a wide range 
of responses. Assessing and responding to climate-related national security risks relies on the exchange of 
quality-assured information across global, regional, national, and local scales (see Box 17.1).

Key Message 17.3  
Climate Change Presents Risks and Opportunities  
for US Economics, Trade, and Investments

The physical impacts of climate change are increasingly affecting global and regional 
economic growth (very likely, high confidence). These impacts have important implications for 
US economic, trade, and investment interests (likely, medium confidence). Global mitigation 
and adaptation responses by governments and businesses will likewise impact US economic 
interests, presenting both risks and potential opportunities for the US economy (likely, medium 
confidence). Public- and private-sector institutional, regulatory, financial, and market-based 
frameworks for climate mitigation and adaptation will influence these risks and opportunities 
(likely, medium confidence).

The impacts of climate change on global ecosystems, agriculture, human settlements, infrastructure, 
health, and migration translate into economic impacts that vary across regions and countries, as well as the 
extent to which effective adaptation measures are undertaken (Ch. 19).2,85,86 Losses from climate-influenced 
disasters are globally widespread and growing, including from a wider range of climate-related events, 
such as wildfires and floods (Figure 17.3).87,88,89 Although climate change has played a significant role in these 
trends, consensus is lacking on the extent to which increased losses are attributable to climate change 
versus other factors.90,91 
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Climate-Related Disasters and Economic Losses

This figure shows global trends in the number, growing costs, and increasing diversity of types of climate-
related natural disasters since 2000.

Figure 17.3. The total global losses associated with climate-related disasters have risen over the last two de-
cades, with growing diversity in the types of climate-related events that lead to disasters (e.g., drought, wildfires, 
floods) and some annual spikes in storm-related losses. There is little correlation between losses and total num-
ber of disasters (suggesting increased losses may derive from increasing severity of disasters, increased value 
of assets, reporting discrepancies, or a combination of these). Figure credit: DOI, Winrock International, NOAA 
NCEI, and CISESS NC. 

In addition to acute impacts, slow-onset climate impacts such as biodiversity loss and the effects of rising 
temperatures on health and agriculture in vulnerable regions, as well as nonlinear climate risks (tipping 
points), will affect economic growth.92,93 A growing body of literature identifies sea level rise (SLR) as a key 
driver of economic impacts from climate change, with one study estimating global economy-wide GDP 
losses as high as 4% by 2100 from SLR-related coastal flooding if no adaptation measures are undertaken.94 

Climate change impacts beyond US borders expose US economic, trade, and investment interests to risk 
because these interests are highly integrated in the global economy (Focus on Risks to Supply Chains; Ch. 
19). For example, US foreign direct investment overseas and the value of exports and imports reached record 
levels in 2022.95,96,97

Although research relating climate change impacts outside of the US to direct impacts on US trade and 
investment interests is sparse, analyses suggest several risks to which US overseas investments and 
trade will be exposed, such as reduced asset values, greater risks of loan default, disincentives for new 
investments, and trade implications. For example, vulnerable countries face prolonged economic disruption 
from climate-related disasters, including loss of income and consumption and a higher risk of sovereign 
debt default.98,99 Economic shocks in foreign countries are expected to reduce US agricultural exports, 
production, and farm income (Ch. 11).100 According to one study, global temperature increases of 3.6°–5.76°F 
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(2.0°–3.2°C) would reduce midcentury GDP in the US, Canada, and the United Kingdom by 6%–9%, 
compared to growth without climate change.101

Global climate responses, including policy choices and market responses, present both risks and oppor-
tunities for US economic interests as other countries transition toward low-emissions, climate-resilient 
economies.86,102 Transition risks include potential job losses, stranded assets, energy price increases, and 
potential negative impacts on the global financial system.103 Adaptation responses that restrict development 
in risk-prone areas could limit options for US investors or leave existing assets exposed.104

The global transition, including increased global financing for mitigation and adaptation (Figure 17.4), will 
also generate innovation, trade, and investment opportunities for US firms (Ch. 19).105,106,107 Opportunities 
for innovation and investment include low-carbon energy and carbon capture; transport and infrastruc-
ture; adaptation technologies in water, agriculture, health, and other sectors; resilient supply chains; and 
climate services.108

Governments and financial institutions are increasingly using blended finance, green bonds (fixed-income 
debt instruments that enable investments in climate change mitigation and adaptation), guarantees, and 
grants to unlock private-sector climate-related investment, including in areas such as land use, refor-
estation, and adaptation.109,110 Multistakeholder partnerships are also harnessing market forces to reduce 
emissions, such as by encouraging deforestation-free commodity supply chains.111 Workforce development 
and youth engagement programs are being implemented to prepare economies for the transition to 
climate-resilient development.112,113

Evolving regulatory and market frameworks and financing are important enabling conditions that will 
influence the effectiveness of global climate responses—including in achieving Paris Agreement climate 
mitigation and adaptation goals—and their impact on US economic interests.108,114,115,116 Total global financing 
for climate mitigation and adaptation (Figure 17.4a) grew steadily from 2011–2020 but slowed in the years just 
prior to the pandemic and falls short of estimated needs to meet Paris Agreement goals and avoid the worst 
impacts of climate change.117 Private-sector contributions increased between 2011 and 2020, although more 
slowly than public-sector contributions. Adaptation finance grew nearly three times faster than mitigation; 
however, methodologies for tracking adaptation finance are less developed than mitigation finance and 
subject to data gaps, particularly from the private sector.118 While important caveats apply (see Figure 17.4 
metadata), US investments in the energy and transport sectors have grown steadily between 2013 and 2020, 
largely tracking overall global climate finance increases, including in these sectors, albeit more concentrat-
ed on domestic US rather than overseas investments (Figure 17.4b).118 
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Climate Finance

Public and private contributions to global climate finance are increasing but not at the pace necessary to avoid 
the worst impacts of climate change.

Figure 17.4. (a) The public and private sectors provided $4.8 trillion in climate finance in total between 2011 and 
2020, with the private sector responsible for about half. (b) Data on private finance flows originating from the 
US are most comprehensive for the energy and transport sectors. Figure credits: (a) adapted from Naran et al. 
2022118 [CC BY-NC-SA 4.0]; (b) DOI, Winrock International, and Climate Policy Initiative.

Regulations and economic incentives supporting mitigation and adaptation, carbon markets, climate-related 
innovation, reduced deforestation, subsidy reform, and climate-related risk disclosure can spur companies, 
investors, and others to address climate risk (Ch. 19). Public sector policies and frameworks to incentivize 
greater ambition on mitigation include the 2022 US Inflation Reduction Act (IRA) and the EU’s Carbon 
Border Adjustment Mechanism (CBAM), adopted in May 2023. The CBAM may impose costs for US exporters 
to Europe and spark retaliatory measures by others, with spillover impacts for US exporters to other 
regions.119,120 Although domestically oriented, the IRA may spur investment by US companies in renewable 
energy and other technologies that could be applied to international markets. 

Investors and companies increasingly view climate change mitigation as a business necessity and an 
opportunity.108,121,122,123 From November 2020 to November 2021, the number of companies worldwide 
committing to reducing their carbon footprint to “net zero” through emissions reductions, carbon capture, 
and emissions offsets by 2050 or sooner had grown from 30 to more than 450, and the value of assets 
represented multiplied 26 times.124

The value of global carbon offset trading quadrupled from 2018 to 2021.125 The Paris Agreement Article 
6 rule book, adopted in 2021, creates global norms for government carbon trading and is expected to 
inform private transactions.126,127,128 A maturing carbon offset market is projected to grow 15-fold by 2030 
and 100-fold by 2050, presenting opportunities for US firms to meet mitigation goals through overseas 
investments and the potential to generate resources to support local adaptation measures.129,130,131,132 
There remain concerns that carbon trading could shift burdens onto developing countries, vulnerable 
communities, and future generations.133,134

A growing number of investors and asset owners have committed to evaluate and disclose climate 
risks. As of September 2022, 3,400 organizations from 95 countries have supported the Task Force on 
Climate-Related Financial Disclosures, representing nearly all economic sectors.135 Banks, insurance 

https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode
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companies, and pension regulators are focusing on climate-related risks.136,137,138 The US Securities and 
Exchange Commission has proposed mandatory climate financial risk disclosure, paralleling similar actions 
by the United Kingdom and others.139,140

Despite growing corporate interest in addressing climate change, implementation lags behind commitments 
to climate risk disclosure and net-zero goals. Pressure is growing to convert these commitments into 
credible measurable actions, including through science-based targets.113,141,142,143,144 Small- and medium-sized 
enterprises may face challenges navigating complex reporting standards, which could impact their compet-
itiveness and access to financing.145 Increased climate risk disclosure may increase costs and discourage US 
investment in vulnerable areas.146 

Despite historic challenges, increased awareness of risks and market opportunities has begun to generate 
interest in private investment in adaptation. Private-sector adaptation investment has begun to be tracked 
alongside public climate adaptation finance, although less than $500 million was identified in 2021.117 
Institutional investors have begun to develop frameworks for investing in climate adaptation and resilience 
opportunities.147 The Adaptation Solutions Taxonomy, peer-reviewed and released in 2020, identifies 
companies supporting adaptation and climate resilience solutions.148 The first private investment fund 
secured $185 million for climate resilience and adaptation technologies in 2022.149

While government regulations, expenditures, and market-driven climate responses are key to creating 
enabling environments for climate responses, they can also increase corruption risks, which in turn 
can undermine business efficiency, frustrate the effectiveness of climate responses, and exacerbate 
insecurity or poor governance.59,60 Thus, enabling environments to ensure transparent, accountable, and 
participatory climate responses may impact the balance of risks and opportunities for US businesses and 
economic interests.150,151,152

Key Message 17.4  
Climate Change Undermines Sustainable Development

Climate change undermines the world’s ability to develop sustainably, reverses development 
gains, and exacerbates inequities (very likely, high confidence). Climate finance is increasing, 
but global flows continue to fall short of needs (likely, high confidence). Accelerated 
deployment of adaptation and mitigation action at scale can yield substantial benefits for 
sustainable development (likely, medium confidence). Climate action is most effective when 
co-developed and grounded in equity, local ownership, and inclusive governance (likely, 
medium confidence).

The impacts of climate change are globally pervasive, touching all aspects of human, built, and natural 
systems, including food security, poverty, health, water, infrastructure, and education, among others. 
Climate change is a risk multiplier in the face of existing development challenges, such as a rapidly growing 
population base; increased migration, particularly to urban centers, and displacement; increased food 
insecurity; and rising energy demands. These development challenges are also hampered by reductions 
in the capacity of natural resources and landscapes to buffer against increased risks, an inability of 
lifeline services to keep pace with needs, limited economic diversification, low educational levels, and 
weak institutions to manage these changes.153 In conjunction with these and other factors (Figures 17.1, 
17.2), climate change undermines sustainable development, reversing the significant development gains 
made in recent decades.154,155,156,157 These challenges highlight the need to take into account the impacts 
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of climate in development trajectories in order to inform mitigation and adaptation response to achieve 
sustainable development.158,159,160

Globally, an estimated 26 million people are falling into poverty every year due to extreme weather events 
such as floods and droughts, and projections point to millions more that could be pushed into poverty 
by midcentury due to climate change.153,161 Climate change impacts fall disproportionately on low-income 
countries and on marginalized and underrepresented populations, which have fewer resources to adapt. 
Figure 17.5 shows the differential mortality risks from climate change around the world, which results in 
unequal distribution of risk between and within countries. Limited resources, response capacities, and 
geophysical and socioeconomic constraints can reduce the feasibility of adaptation.162,163,164,165 In some 
contexts, impacts will be beyond the ability of communities to adapt (Ch. 31).2 This raises equity concerns, 
particularly given the relatively small greenhouse gas contributions of many low-income populations.166,167

Impact of Climate Change on Mortality Rates in 2050 

 
Climate change will exacerbate global inequalities in mortality rates. 

Figure 17.5. A warmer world will interact with existing differential capacities, shifting mortality patterns. Even 
when accounting for future adaptation and rising incomes, mortality will significantly increase in the Global 
South. The maps show projected changes in mortality due to climate change in 2050 (averaged over 2041–
2060) for (a) an intermediate scenario (RCP4.5) and (b) a very high scenario (RCP8.5). Adapted with permission 
from Carleton et al. 2020.168
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Despite growing climate financing, global finance flows continue to fall short of mitigation and adaptation 
goals and needs.2,117 To avoid the most dangerous impacts of climate change, annual international climate 
finance flows in support of adaptation and mitigation efforts would need to increase by 3 to 6 times from 
current levels by 2030.2 Even if mitigation finance goals were met, adaptation finance and the resulting 
percentage of climate finance toward adaptation would need to increase as well.169 Adaptation costs for 
developing countries alone are projected to be $140–$300 billion annually by 2030 and $280–$500 billion 
by 2050 (dollar year not reported), and some estimates go further to propose a doubling or tripling every 
few years.107 To date, most adaptation investments have been fragmented, project-based, small-scale, 
incremental, sector-specific, and more focused on near-term risks and planning.170 Achieving mitigation and 
adaptation goals requires alignment of domestic, international, public, and private investment, practices, 
and business models.117

The increasing debt burden many countries incur to manage climate risks and restore economies and 
livelihoods after extreme events represents a growing obstacle to sustainable development.153,171 Although 
large disasters make headlines, globally the cumulative losses from small-scale recurring disasters account 
for a larger portion of economic losses and erode community resilience.2 Proactive investments can help 
safeguard against budget restructuring or reallocations as extreme events become more frequent. For 
example, investments in early warning systems, flood inundation models, and insurance schemes could have 
offered protection and limited the long-term effect of the recent floods in Pakistan, where development 
funds were diverted to disaster response. 

Adaptation investments can be affordable, with benefits that far exceed costs not just in terms of financial 
costs and benefits but also in reduced humanitarian spending, avoided asset losses, and lives and 
livelihoods saved.2 The net benefits of investing in mitigation and adaptation include reduced future losses, 
positive economic outcomes, and social and environmental benefits. Mitigation benefits are expected to 
exceed costs, even without comprehensive accounting for avoided losses, reduced adaptation needs, and 
co-benefits, and higher near-term investments are projected to lead to long-term economic gains.2 The 
benefits of investing in adaptation across a range of sectors are significant, spanning from $2–$13 for each 
$1 invested, with some of the higher ranges being associated with investments in infrastructure resilience, 
early warning and response, and disaster risk management.172,173,174 Conversely, estimates of the costs of 
inaction range from a 7% to 14% reduction in global GDP.101,175 

There is evidence of effective mitigation and adaptation options that are feasible to achieve at scale 
in specific contexts.2 Accelerated response to climate change can shift development pathways toward 
increased sustainable development outcomes despite climate change trajectories. Climate-resilient 
development efforts are enabled by responses that span policy, diplomacy, public and private investment, 
and the development and humanitarian assistance domains.2,176,177,178,179 Increasingly affordable and accessible 
low-emissions technologies support shifting away from fossil fuels to limit warming.2 Policy interventions 
at multiple levels, especially those involving ambitious near-term mitigation targets from current and 
projected major emitters, can minimize potential for overshooting 1.5°C (2.7°F) warming.2 Adaptation efforts 
can reduce disruptions due to shocks and stressors and help countries and people accelerate responsive 
solutions, aligned with local needs and opportunities, leading to sustainable outcomes, especially for 
vulnerable populations.2,180 Internationally, increased coherence and coordination among humanitarian, 
peace-building, resilience-building, and development can help address convergent risks and opportuni-
ties.181 Participation in international and transboundary climate efforts is shown to result in national and 
subnational government and civil society action.169

Integrated approaches to mitigation and adaptation can further amplify co-benefits of actions.182 For 
example, mangrove conservation and restoration, one of many nature-based solutions with mitigation and 
adaptation outcomes, can minimize the risk of coastal flooding, reduce greenhouse gas emissions, sequester 
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carbon, and contribute to broader sustainable development benefits related to food security and nutrition, 
economic prosperity, marine and coastal protection, and natural habitat and biodiversity.4 Response 
options also have trade-offs with each other and with various sustainable development goals due to the 
complex interconnectivity of climate and non-climate risk (Ch. 31). Increased attention to adverse impacts 
of responses and development pathways can help avoid lock-in of emissions trajectories, maladaptation, and 
exacerbated inequalities.2 Further, global momentum and evidence are growing on approaches to accelerate 
transformative climate actions that embed systems thinking and innovation to facilitate more resilient 
development pathways.183,184,185

Inclusive governance favoring locally led, collaboratively developed responses can strengthen the potential 
for enabling effective and equitable climate-resilient development outcomes at scale.26,185 Meaningful 
engagement of affected groups (including those historically underrepresented and/or marginalized) and the 
co-development of information and solutions build capacity and increase support for long-term sustainable 
and equitable response outcomes (KMs 31.1, 32.2).186,187 Decision-relevant information, and the capacity to use 
it in novel ways, underpins effective responses.188,189,190 This information may be global or local and derived 
from diverse knowledge sources, including the scientific community as well as Traditional Knowledge. 
Governance and decision-making processes that integrate climate into substantial development efforts and 
account for the above factors can minimize trade-offs and adverse impacts and result in climate action that 
advances US interests in broader sustainable development outcomes.185
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Traceable Accounts 
Process Description
This chapter focuses on the implications of international impacts of climate change on US interests. It 
does not address or summarize all international impacts of climate change. The topics in the chapter—
interdependent climate-related risks; national security; economics, investment, and trade; sustainable 
development; and climate services—were selected because they represent critical interests that are being 
affected by climate impacts outside of US borders. Climate effects to these interest areas are context 
specific and are pervasive across the world. The chapter is limited in terms of providing specific detail 
due primarily to space constraints and limited literature that specifically addresses climate impacts to 
US interests.

The authors agree that this points to the lack of a sufficiently timely, policy-oriented, and geographical-
ly detailed US Government scientific assessment of climate change outside the US. In addition, current 
literature does not adequately address or provide evidence on the wide range of response options that could 
be taken to mitigate impacts. Therefore, US national security and international policymakers and analysts 
must rely on IPCC assessments, existing academic literature, in-house analysis, or ad hoc contracted 
studies, which are suboptimal or potentially inconsistent.

Chapter leadership sought an author team that could bring diverse experience, expertise, and perspec-
tives. Care was taken to ensure that the team included both early-career and senior professionals from 
across government, academia, and the private sector who came from varying geographic areas and 
personal backgrounds. The authors were selected from the list of individuals who responded to the Federal 
Register Notice or otherwise directly contacted the US Global Change Research Program (USGCRP) to 
volunteer. Technical contributors were onboarded to conduct an extensive literature review to further 
identify any dissensions and help reconcile different inputs. Technical contributors also supported design 
and development of selected figures. The writing team engaged in conference calls starting in September 
2021, and calls continued on a regular basis to discuss content, writing, and technical and logistical issues 
related to the chapter. The NOAA Technical Support Unit staff joined some of these regular conference 
calls. Subsets of chapter authors also held conference calls on literature, content, and writing on different 
sections of the chapter.

Public feedback was sought via Federal Register Notices and a public engagement workshop. During the 
workshop, the USGCRP and chapter authors shared information about the progress to date of the chapter 
and sought input from stakeholders to help inform further development of the chapter, as well as to raise 
general awareness of the process and timeline for the Fifth National Climate Assessment (NCA5).

Key Message 17.1  
Interdependent, Systemic Climate-Related  
Risks Increasingly Affect US Interests

Description of Evidence Base 
The literature base on climate change and systemic, interdependent risk has grown significantly since 
the publication of the Fourth National Climate Assessment (NCA4) in 2018, which looked into transbound-
ary climate risk—that is, how climate impacts in neighboring countries affect US interests. However, the 
literature on global systemic risks cannot yet be considered expansive; it has evolved from a focus on the 
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financial sector and has more recently increased—not as a result of climate shocks but rather due to recent 
supply chain disruptions and the observed ripple effects of COVID-19, which put that interconnectivity 
into stark relief. According to Li et al. (2021)19 and Simpson (2021),20 the existing literature highlights the 
importance of climate change as a driver of systemic risk, but there is a gap in understanding in terms of 
the interactions and dynamics that generate risk, the methods to support risk assessment, and the design 
of adaptation and mitigation responses to address complex risk. There is a lack of evidence surrounding 
the effectiveness of emerging systems- and scenarios-based approaches that are being designed and 
implemented to address complex, interdependent risk.40,46

Major Uncertainties and Research Gaps 
The literature is evolving from predominantly sector- (e.g., water security, food security) or domain-based 
(e.g., urban areas) risk assessment toward consideration of complex, interdependent systems that can result 
in compounding and cascading climate impacts.

There is little available literature that focuses on broad and cascading impacts of interconnected/inter-
dependent climate risks in relation to compounding and cascading effects on multiple US interests. Nor 
is there a literature base that assesses the performance of approaches and measures to address systemic, 
interdependent risk.

Description of Confidence and Likelihood 
There is high confidence and it is likely that in a globally connected world, climate change impacts on US 
interests are multifaceted, interconnected, and frequently exacerbated by social unrest and environmental 
degradation. These interconnections and their ripple effects are well documented.

There is high confidence and it is likely that the scale and speed of climate-related impacts to US interests 
are expected to increase, due in part to underlying interdependencies and to the projected intensification 
of climate change. It is unequivocal that climate change is intensifying and that it will result in increased 
impacts across systems and value chains.

There is high confidence and it is likely that emerging systems- and scenarios-based approaches to 
integrative planning are being applied to account for interdependencies and competing priorities. Although 
these approaches have been developed and are being applied to identify risks and responses, the literature 
surrounding their effectiveness is less advanced.

Key Message 17.2  
Climate Change Exacerbates Risks to National Security

Description of Evidence Base
The literature base on climate change and national security has grown significantly since NCA4, as well as in 
the approximately 15 years since it became a more prominent focus for scholars and practitioners.48,53 Given 
the significant diversity of topics and regions considered for links between climate change and national 
security, the literature is evolving and cannot yet be considered expansive. Some research questions for 
which the literature was limited and contested during the NCA4 review period have since seen significant 
additions and greater agreement among findings, including collaborative research efforts among large 
groups of scholars. An example of this convergence of findings in recent years involves questions around 
causal links between select climate impacts and the onset of conflict.52 Literature on other research 
questions, such as causal links between climate responses and conflict, is less advanced and more deductive, 
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often based on historic responses in related issue areas. The number and diversity of US government 
responses to climate change and national security actions have expanded since the NCA4 review.49,50

Major Uncertainties and Research Gaps 
Given the diversity of potential research topics connected to climate change and national security, a 
number of issue areas and geographies have limited literature using diverse methods. In some cases, data 
remain limited in scales and locations, which constrains the types of methods that can be utilized. In other 
instances, the institutional responses to climate change that may have national security implications remain 
in early stages and therefore do not present an evidence base that could generate research findings with the 
highest levels of confidence.

Description of Confidence and Likelihood
There is high confidence and it is likely that climate change can be a contributing factor to political and 
social instability and in some instances conflict. There is high confidence and it is very likely that climate 
change increasingly impacts the operations and missions of defense, diplomacy, and development agencies 
and departments critical to US national security. There is high confidence and it is very likely that defense, 
diplomacy, and development agencies and departments are increasingly addressing climate impacts and 
responses across the government. These confidence levels are based on an in-depth review of a robust body 
of literature drawn from numerous disciplines, as well as a growing set of US Government and international 
policies, programs, and assessments.

Key Message 17.3  
Climate Change Presents Risks and Opportunities  
for US Economics, Trade, and Investments 

Description of Evidence Base 
There is significant research on global and regional impacts of acute and chronic climate-mediated risks.2 
There is an emerging body of literature that analyzes economic impacts of these risks on global and regional 
economies.85,86 However, studies that draw conclusions regarding macro-level economic impacts of climate 
change (e.g., Swiss Re 2021101) require assumptions regarding the cost of uncertainty that would benefit from 
peer review and more analysis. The most granular data on the costs of physical climate impacts pertain to 
acute risks, such as climate-mediated disasters, rather than chronic risks. However, there is debate among 
scholars on the degree to which the economic effects of acute events are attributable to climate change.90,91

Figure 17.3 reflects data reported to EM-DAT, the International Disaster Database on disaster-related 
events, types, and costs.191 The categorization of data within this database is dependent on how events are 
reported, and there may be some discrepancies in how specific events and associated losses are character-
ized by reporters. For example, EM-DAT captures events and quantifies losses for storm events (including 
tropical, extratropical, and convective storms) as well as floods (including coastal, riverine, flash, and ice-jam 
floods). However, EM-DAT does not provide guidance to data reporters for distinguishing flood events from 
storm events; as a result, damages from floods caused by storm events could potentially be reflected under 
either “storms” or “floods.” However, the purpose of the figure is to show overall trends in event types and 
damages; the potential for discrepancies in how these events and associated damages are reported in the 
database is not material to the overall intent of the figure.

A relatively sparse but growing body of literature analyzes economic effects of climate change on 
sectors or topics in which US economic interests are highly embedded, such as sovereign lending,98,99 
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agriculture,100,192,193,194 and migration.195 These studies offer insights from which expected economic impacts 
on US economics, trade, and investment may be inferred; however, they generally fall short of attempting to 
quantify isolated impacts to US economic interests.

A growing body of literature from think tanks, consultants, multistakeholder organizations, and institutional 
sources provides empirical evidence of trends and practices regarding economic risks and opportunities 
and participation of private-sector interests in climate responses. The literature available in peer-reviewed 
scientific journals is less extensive than reports and studies available from non-peer-reviewed sources but 
is growing. Recent literature addresses the impact of corruption on climate responses. However, the most 
comprehensive and authoritative assessment of corruption risks posed by climate responses derives from a 
2011 study.152 

Major Uncertainties and Research Gaps 
Literature estimating the global and regional economic impacts of physical climate risks, as well as of 
mitigation and adaptation response choices, is evolving. In addition to more granular analysis of these 
impacts across different risk categories, gaps in the literature include analysis of how economic impacts 
outside the US spill over into impacts on US economic, trade, and investment interests. Greater exploration 
of how policy, regulatory, market, and financial enabling environments mitigate or exacerbate economic, 
trade, and finance impacts—both at the global and regional levels as well as for US interests—would be 
valuable. The interrelationship of corruption and climate responses is a topic of emerging relevance that 
would benefit from updated research and analysis. 

Description of Confidence and Likelihood 
There is high confidence and it is very likely that the physical impacts of climate change are increasingly 
affecting economic growth at global and regional levels outside of the United States.

There is less authoritative analysis of how these global and regional economic impacts translate into impacts 
on US economic, trade, and investment interests. Studies of specific areas of economic impact in which US 
economic interests are highly embedded suggest likely implications for US interests, which can be inferred 
with medium confidence.

Similarly, while it is clear that responses by governments and the private sector to climate change will 
affect the economic impacts of climate change globally and in specific regions and that these responses are 
expected to translate into both risks and opportunities for US economic, trade, and investment interests, 
there is a lack of precise analysis attempting to quantify these effects. Consequently, these impacts are 
assessed as likely and with medium confidence.

An important mediator of these impacts is the quality and effectiveness of policy, regulatory, market, and 
financial frameworks that governments and private institutions develop to enable climate change mitigation 
and adaptation responses. The impact of these enabling environments on US economic, trade, and 
investment interests is assessed as likely and with medium confidence.

These confidence levels are based on empirical observation of trends and developments, supplemented with 
scholarly analysis and significant data relevant to business practice and sentiment reflected in the copious 
trade literature.
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Key Message 17.4  
Climate Change Undermines Sustainable Development

Description of Evidence Base
The literature base on climate change, sustainable development, and disaster risk reduction and recovery 
has grown since NCA4. The literature base is expansive given the diversity of topics, and it is further 
evolving. Some research questions where the literature was limited and contested during the NCA4 
review period have seen significant additions and greater agreement among findings. An example of this 
convergence can be found in the improved understanding of the importance of interconnectivity of climate 
and non-climatic impacts on populations and potential effective response options.185 There has been an 
increase in literature on the social and economic impacts of climate change and on the implications for 
poverty and exacerbating inequality.153,161 Likewise, increasing evidence not only points to the growing need 
for climate finance and aligning investments for both mitigation and adaptation but also recognizes that 
while climate finance is increasing, it is not matching or keeping pace with this need. The evidence base on 
response options has greatly expanded, and the authors have focused on emerging trends and cross-cutting 
efforts instead of attempting to represent the vast literature on specific response options within various 
sectors. 

Major Uncertainties and Research Gaps 
Given the diversity of potential research topics connected to climate change, sustainable development, 
and disaster risk reduction and recovery, there is not consistent depth of literature across research topics, 
geographies, levels (from local to international), and sectors. In some cases, data remain limited in scales and 
locations, which constrains the types of methods that can be utilized. In other instances, the nature, extent, 
and effectiveness of responses relative to this section remain in early stages and therefore do not present 
an evidence base that could generate research findings with the highest levels of confidence. Additionally, 
the evidence base on the costs and benefits of implementing proactive adaptation strategies is ample but 
fragmented and very context dependent.

Description of Confidence and Likelihood 
There is high confidence and it is very likely that climate change undermines the world’s ability to develop 
sustainably, reverses development gains, and exacerbates inequities. Climate change is threatening achiev-
ability of the 2030 Sustainable Development Goals, and impacts are very likely falling disproportionately on 
poor, marginalized, and underrepresented populations, and on developing countries in particular, raising 
equity concerns given that these individuals and countries contributed least to climate change. 

There is high confidence and it is likely that climate finance is increasing, but global flows continue to 
fall short of needs. There is a significant literature base to support the statements that climate finance is 
growing but not keeping pace with current needs and that proactive investment is more cost effective than 
reactive investments.

There is less analysis and evidence regarding the benefits of large-scale mitigation and adaptation action at 
scale, leading to medium confidence and an assessment of likely that accelerated deployment of adaptation 
and mitigation action at scale can yield substantial benefits for sustainable development. 

There is medium confidence and it is likely that climate action is most effective when co-developed and 
grounded in equity, local ownership, and inclusive governance. 
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Introduction 
The Fifth National Climate Assessment assesses the many ways climate change affects people, nature, and 
infrastructure across the Nation and around the world. The chapters are divided up by sectors and topics, 
such as water (Ch. 4), food (Ch. 11), economics (Ch. 19), and social justice (Ch. 20). They are also organized by 
region, from the Northeast (Ch. 21) to Hawaiʻi and the US-Affiliated Pacific Islands (Ch. 30).

But in reality, the impacts and risks of climate change unfold across interacting sectors and regions. For 
example, a forest fire in one region (Ch. 7) can affect air quality (Ch. 14) and human health (Ch. 15) in other 
regions as well (Chs. 21–30), depending on where winds blow. Further, climate-related hazards interact with 
multiple stressors that might seem like they have nothing to do with climate change, such as the COVID-19 
pandemic, economic recessions, or social inequities. For instance, different households with different levels 
of wealth can have very different capacities to evacuate in advance of a hurricane or recover if their homes 
are damaged (Chs. 9, 20, 22, 23).

As a result, if the perspective of only a single sector, topic, or region were considered, many climate impacts 
might be missed or overlooked. The consequences of climate change would be unexpected and surprising. 
And at the same time, the prospects for climate responses, whether through adaptation or mitigation, also 
fundamentally depend on these same interactions across sectors and regions. For example, using water 
(Ch. 4) for hydropower (Ch. 5) can impact fish in rivers (Ch. 8), as well as water supply for agriculture in rural 
communities (Ch. 11) and residential use in big cities (Ch. 12). Without considering such types of interactions, 
climate responses will be less effective, and there could be missed opportunities.

This chapter is about these deep connections inherent to climate impacts, risks, and responses. The chapter 
considers these interactions and interdependencies across sectors and regions as complex systems that can 
lead to cascading impacts and sudden failures, as well as sometimes surprising potential for reducing our 
emissions of heat-trapping gases and preparing for climate risks that can’t be avoided.

The chapter is organized as follows. First, it introduces what we know about complex systems and explains 
how complex systems—involving interactions across sectors and regions—can lead to climate impacts 
that happen faster than expected or can limit future options (KM 18.1). Second, the chapter assesses how 
complex, interacting climate impacts and responses can be most stressful for overburdened communities 
(KM 18.2). Third, the chapter evaluates how collaborative approaches to generating knowledge about 
complex systems can lead to better climate responses (KM 18.3). Finally, the chapter considers the degree to 
which current governance approaches are adequately prepared to handle the complexity of climate change 
(KM 18.4). 
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Key Message 18.1  
Human–Nature Interconnections Create Unexpected  
Climate Risks and Opportunities 

Human–natural systems are dynamic and complex. Interconnected networks of people, 
infrastructure, commodities, goods, and services influence changing climate risks and are in-
creasingly vulnerable to their impacts (high confidence). The vulnerabilities in these networks, 
and their effects on human–natural systems, strongly depend on human responses and other 
compounding stressors (high confidence). Decision-makers seeking to reduce climate change 
risks have to navigate diverse and sometimes competing objectives and perspectives across 
many actors, institutions, and geographic scales while reconciling deep uncertainties and 
limits to predictability (high confidence).

In a changing climate, interconnections among human and natural systems give rise to both successes and 
failures. For example, power systems can fail if exposed to extreme wind or extreme heat (KM 5.2). When 
they fail, transportation, water and wastewater treatment, telecommunications, health services, and many 
other economic activities are also disrupted (KM 19.3).1,2 The interactions among people, systems (e.g., 
networks, nature), and sectors thereby transmit opportunities and risks from one to another (e.g., KM 27.4), 
such as from the power system to the transportation system. These interactions lead to new risks and can 
both increase and limit existing threats.3,4,5,6 Figure 18.1 shows six interconnected and overlapping features of 
human–natural systems; each of these features contributes to the complexity of the systems and influences 
the effectiveness of climate mitigation and adaptation actions. Box 18.1 illustrates these types of interactions 
through a specific example, data centers.

Climate change makes the existing interconnections between human and natural systems more important 
for two reasons. First, many human and natural systems have conditions in which a small shock or 
change can produce very large impacts, but these conditions are rarely known in advance.7 For example, 
the winter storm in Texas in February 2021 was a relatively brief 10-day shock of extreme cold weather, 
but it caused cascading failures across many sectors (e.g., energy, water, health), as well as fatalities and 
long-lived economic impacts for the region and for individuals.8 There is evidence that warming in the 
polar north can increase the potential for these types of winter storm shocks in the US.9 Second, climate 
change puts natural systems into fundamentally new conditions, so there is a greater chance of expe-
riencing these large potentially negative impacts. Climate change–driven aridification of the American 
Southwest is an example of a fundamental change that has resulted in more persistent and severe heat 
as well as drought extremes. The consequences of this fundamental change are complex, increasing the 
potential for compounding and cascading impacts. These effects include simultaneous increases in the 
potential risks for human health, disruptions to critical transportation services, stress on power systems, 
and water scarcity conflicts across regions and sectors.10,11 The overall risk of bad outcomes increases, and 
the sources of risk are more complex. There has been substantial progress in the study of complex, adaptive 
human–natural systems.3,12,13,14,15,16,17,18 Innovations across many disciplines are helping to address intercon-
nected risks.19,20,21,22,23,24,25,26 Further, climate mitigation and adaptation actions depend on one another and 
interact. They both require resilience to intensifying and increasingly complex mixtures of future influences, 
shocks, and hazards. Figure 18.1 shows how these future influences can be climate-related hazards, such as 
floods, droughts, or wildfires; environmental shifts, such as changes in forest composition; or social trends 
or disruptions, such as from changes in economies, political contexts, cultures, or disease.2,5,12,16,22,23,26,27,28,29 
Mitigation and adaptation involve major changes to human–natural systems with global to local implications 
(KMs 31.1, 32.5). They can create fundamental shifts in supply chains, consumption patterns, technologies, 
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and competition over constrained natural resources (also see Focus on Risks to Supply Chains).13,27,30,31,32,33,34 
These changes are expected to continue to have disproportionate impacts on exposed populations and 
ecosystems (KMs 4.2, 5.2, 8.3, 9.3, 15.2). 

There are therefore trade-offs, linked benefits, and dependencies among energy transitions, adaptation 
actions, and sustainability goals (KMs 17.4, 25.4, 31.3, 32.2).12,15,19,22,28,35,36,37,38,39,40 For example, an increased 
supply of clean energy helps power air-conditioning to keep homes cool under intensifying heat while also 
ensuring that this increased energy usage does not cause emissions of heat-trapping gases. This situation 
also has implications for social equity and justice, as poverty reduction and improved energy security 
are needed for all households to afford adequate air-conditioning. These interactions demonstrate the 
importance of accounting for diverse forms of knowledge, social and institutional power dynamics, and 
justice in navigating risks, challenges, and benefits of interventions and policies (Figure 18.1; KMs 16.3, 17.4, 
20.1, 31.3).31,41,42,43 Recent advances offer promise for assessing risk–benefit trade-offs, interconnections, and 
sequences of action or inaction across scales.44,45,46,47 However, rapidly changing human systems, their mul-
tisectoral dynamics, and their interconnections with natural systems create deeply uncertain futures. Many 
futures are possible, and there is disagreement on how probable they are or how they may shape different 
human–natural systems’ responses. Therefore, significant challenges remain for measuring risk–benefit 
trade-offs when evaluating potential actions.48,49,50,51 

Recognition of these deep uncertainties and the difficulties in predicting complex interconnections among 
human and natural systems over long time periods has led to an approach called exploratory systems 
modeling.52,53,54 This approach considers diverse scientific perspectives and uses scenarios to better 
understand a wide array of possible future outcomes. For example, scenarios can examine the consequenc-
es of extreme weather conditions that have never previously happened but may happen under a future 
climate. The approach aims to discover what future conditions, actions, and outcomes are the most conse-
quential.45,47,55,56,57 Capital investments associated with new energy sources and climate adaptation are both 
expensive and long-lived. Exploratory modeling of benefits and impacts of these investments can help avoid 
the unintended amplification of risks and increase future resilience. Exploratory modeling can support 
adaptation planning by providing a wider array of futures, such as for coastal systems under sea level 
rise,58 and by more clearly identifying responses as they occur among interconnected, complex human and 
natural systems.



Fifth National Climate Assessment

18-8 | Sector Interactions, Multiple Stressors, and Complex Systems

Interacting and Overlapping Features of Human–Natural Systems

Climate-related experiences and actions connect with many other activities and contexts.

Figure 18.1. Interacting and overlapping features of human–natural systems shape actors’ capacities to re-
spond to climate change. The effectiveness of decisions and actions—taken or not (teal center of the figure)—is 
shaped by multiple other features (outer rings). Ways of knowing (light blue ring), such as local, Indigenous, or 
scientific knowledge, are a foundation that determines how climate risks and responses are perceived and un-
derstood. Moving outward, interactions across sectors (e.g., water and energy) and geographic scales (e.g., from 
local neighborhoods to the Nation as a whole) determine risks and responses under both climate-related haz-
ards (e.g., flooding, drought, wildfire, and heat) and non-climate influences (e.g., social inequities and cultures). 
Ultimately, these features together define the complexity inherent to climate risks and responses. Adapted from 
Brelsford and Jones 2021.59

Box 18.1. Data Centers Create a Critical New Interconnection  
Between Energy, Water, and the Economy

Data centers are buildings that house large computer systems that support online activities and much of the US econ-
omy. There has been rapid growth in the number and size of data centers as the national economy has shifted toward 
digital communication and activities. Although water and energy use of individual data centers can be difficult to measure 
precisely,60 their water and energy footprint is large—accounting for 1.8% of total US electricity usage and 510 million 
cubic meters of water in 2018—and is an increasing focus of research.61,62,63 The siting of data centers is a complex 
problem, influenced by local and state government incentives as well as by land, energy, and water availability to support 
cooling, such as in climates favoring evaporative cooling. The future demand for data centers, together with their needs 
for water and energy and their influence on linked water–energy–land systems, will vary considerably geographically.62 
Given that data centers depend on both water and energy and are themselves infrastructure critical for the functioning of 
the economy, data centers create a new interconnection between energy, water, and the economy. 

In the western US, where arid climates are favorable to the evaporative cooling often sought out for data center oper-
ations, water and land are inextricably linked through prior-appropriation water law (KM 28.1).64 As a result, securing 
adequate supplies of water to support data center demands can become a complex and potentially contentious exercise 
in acquiring agricultural land and fallowing it, a process that is dependent on state laws governing the transfer of water 
rights. Moreover, the increasing potential for large-scale, long-term droughts in the western US could lead to unanticipated 
events (KMs 4.1, 6.1, 28.3). For example, increasingly heavy base-load water consumers such as data centers may make 
the water system less able to adapt to drought through short-term conservation. Increasing attention to the environmental 
footprints of new data center projects in the western US potentially signals a new interconnection and potential point of 
conflict between economic sectors (KM 6.3), such as technological industries versus agriculture. 
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Key Message 18.2  
Complex Climate Impacts and Responses Further  
Burden Frontline Communities

Compounding and cascading interactions among sectors, hazards, and geographies magnify 
the impact of climate change and societal responses for already-overburdened groups (high 
confidence). However, social vulnerability assessments tend to evaluate risks and impacts by 
sector, hazard, or jurisdiction, and most complex-systems models do not yet account for social 
and political dynamics (high confidence). Data about how complex systems affect frontline 
communities under climate change are severely lacking, especially for hard-to-reach popula-
tions, and this can lead to disproportionate risks and impacts for these groups  
(high confidence). 

The complex systems described in KM 18.1 can create cascading and compounding climate impacts that 
particularly affect people and communities with little flexibility to absorb additional stress. This includes 
smaller and more rural communities, lower-income households, racialized minorities, people with health 
conditions and disabilities, pregnant people, caregivers, young children, and older adults (KMs 4.2, 15.2, 
16.2).18,65,66,67,68,69,70,71 The combination of complex societal factors (Figure 18.1) with people’s multiple roles 
and identities shapes their lived experiences of multiple shocks and stressors (Figure 18.2).72,73,74 It is not 
an accident that access to land, housing, infrastructure, food, and water in the US is highly unequal.67,75 
Within a context of institutionalized inequality and uneven access to safe housing and quality infrastruc-
ture, new and conflicting private- and public-sector responses to complex climatic and non-climate events 
often reinforce existing inequities.18 At the same time, each person carries multiple identities and plays 
multiple roles, creating intersectional vulnerabilities that can intensify direct impacts of climate change 
and indirect impacts of climate actions by more privileged groups. For instance, in rural Alaska, climate 
change is rendering more difficult the lives of Iñupiat women as they care for multiple generations, maintain 
land-based food and cultural systems, and endure gender-based violence,76 while young, single men working 
in the oil and gas industry are experiencing the energy transition very differently. 

Increased exposure to flooding provides an example of how compounding and cascading interactions and 
intersectional vulnerabilities can amplify harm in already-burdened communities. Legacies of inequitable 
access to residential home loans, municipal incorporation to isolate wealth in suburbs, and infrastruc-
ture investments that privileged certain neighborhoods and municipalities over others have concentrated 
low-income people, African Americans, and other frontline communities in places with high flood risk.77,78,79,80 
Federal flood risk response programs privilege predominantly White and wealthier communities by giving 
them more funding for levees or seawalls.81 These measures worsen downstream or down-coast flooding 
in places that might not be able to afford such infrastructure.80 Federal programs also disproportionately 
fund predominantly White communities to voluntarily relocate from floodplains (Figure 20.3),82,83,84 while 
low-income people, including renters, receive less assistance and have to move farther away to places 
with fewer amenities.85 Box 18.2 shows a different example of how cascading and compounding events can 
worsen long-standing inequities. It discusses how a wildfire exacerbated social conflict over land, housing, 
and infrastructure in California. Accordingly, people’s cumulative vulnerability can be understood and 
addressed only through multiple scales of analysis (e.g., Turek-Hankins et al. 202086) and through integrated 
strategies for housing, planning, social services, lending, and racial justice.

Models of how climate impacts affect complex systems and how societies can respond usually do not 
account for people’s diverse roles, identities, and lived experiences nor the social, political, and governance 
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characteristics of decision-making.3,87,88,89,90 For example, political polarization, in addition to structural 
inequities, increasingly shapes individual and government responses to disasters and long-term planning.91,92 
This can lead to a patchwork of mitigation and adaptation efforts across a region, which can weaken overall 
system function.93,94,95 Data gaps exacerbate the modeling uncertainties described in Key Message 18.1, 
especially for smaller, less studied urban, suburban, and rural areas and Indigenous communities (KMs 11.3, 
16.2).69,96,97 Research on the linkages between places, such as how impacts on agriculture systems affect 
urban food security, migration, and housing demand, is also limited (KM 11.2).98 The absence of research 
on the lived experiences, climate impacts and risks, and implementation outcomes for overburdened 
communities often leads to their underrepresentation in decision-making.99 Accounting for people’s diverse 
roles and identities, modeling social and political responses to climate change, and improving data availabili-
ty can improve the modeling of complex systems and the inclusivity of decision-making tools.

Box 18.2. Wildfire and COVID-19 Lead to Compounding  
and Cascading Impacts over Time

Disasters can trigger compounding and cascading effects on displacement. While research has focused on flood-driven 
displacement in the US,100,101 other hazards are also intensifying migration pressures (see Figure 20.5). The Camp Fire, 
which devastated Paradise and surrounding Northern California communities in November 2018, illustrates how climate 
migration can trigger cascading impacts in places receiving displaced persons (KM 28.4). The Camp Fire killed 85 people, 
destroyed roughly 19,000 buildings, and displaced more than 50,000 people.102,103 Many evacuees fled to the nearby city of 
Chico, which swelled from 93,000 to more than 111,000 people.104 Chico Police Chief Michael O’Brien said, “You normally 
would have a decade to prepare for such growth. We had about 10 hours.”102 

In-migration increased traffic by 25%, sewage inflows by 16%, and annual sewage treatment costs by more than $725,000 
(in 2022 dollars). It also turned Chico into America’s hottest real estate market.102,105 Telecommuters fleeing the Bay Area 
during the COVID-19 pandemic further fueled Chico’s housing affordability crisis. Even before 2018, only 1.5% of housing 
starts were affordable to people with very low incomes, and the vacancy rate was less than 1%.106,107 A political action 
committee stoked fears around skyrocketing housing prices, new homeless encampments, and crime and drugs to shift 
the city council from predominantly liberal to conservative. Housing policy began to emphasize evictions and criminalizing 
unsheltered “vagrants,” creating significantly greater risks and impacts for Indigenous Peoples, who are disproportionately 
represented among the unsheltered.106 

Since then, climate change, worsening air quality due to subsequent wildfire seasons (Figure 14.3), housing unafford-
ability, the COVID-19 pandemic, and the shift to teleworking are fueling migration in California from rural to urban areas, 
from smaller to larger cities, and from coastal cities to more affordable and scenic suburban and rural areas.108,109,110,111 
Across the country, most cities’ climate vulnerability and risk assessments focus on future climate impacts to current 
populations without considering disasters taking place elsewhere that could affect their outlook.112 Models and assess-
ment tools that account for cascading impacts, especially those conducted at regional scales, can help steer or antici-
pate the effects of climate-exacerbated migration (e.g., Zoraghein and O’Neill 2020113). In addition, national and regional 
climate-migration and housing-resource models can help inform national and local government infrastructure, land use, 
and housing decisions. 
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Intersectional Vulnerabilities

Intersecting social and environmental factors privilege some people’s ability to respond to climate change. 

Figure 18.2. Climate impacts and societal responses exacerbate intersectional vulnerabilities. People’s gender, 
class, ethnicity, age, race, and ability form their intersectional identity (left). Intersectional vulnerabilities emerge 
when intersectional identities interact with inequities in complex systems, as outlined in Figure 18.1 (right). 
In the face of climate risks and responses, these intersectional vulnerabilities can result in unequal exposure, 
exclusion from benefits, and cascading impacts that further impact already-overburdened groups. Societal 
responses to climate change—including uneven existing resources across municipalities, decisions about where 
to allocate investments, and noninclusive ways of knowing—can exacerbate existing harms and generate new 
ones. Adapted with permission from Box TS.4, Figure 1 of Field et al. 2014.114

Key Message 18.3  
Collaborations Among Diverse Knowledge Holders Improve  
Responses to Complex Climate Challenges 

Responding effectively to complex climate challenges benefits from integrated frameworks 
and modeling approaches that incorporate diverse types of knowledges suited to specific 
contexts and needs (high confidence). Participatory and collaborative approaches and tools 
bring together diverse knowledge holders and improve the generation and use of actionable 
knowledge for complex-systems decision-making (medium confidence). These collabo-
rative approaches help navigate complex challenges, such as competing perspectives and 
knowledge uncertainties, thereby improving climate responses (low confidence).

Complex-systems responses to climate change require diverse types of knowledge, incorporating different 
ways of thinking about climate change and complexity, and often arise through participatory and collab-
orative processes (KMs 12.4, 20.2, 31.3, 31.4).115,116 While much research focuses on analyses, modeling, or 
projections specific to individual sectors, regions, or actors, a richer diversity of information is needed 
to fully understand complexity.116,117 Decision-making for complex systems benefits from knowledge 
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of the interdependence of human–natural systems; the venues where decisions are made; the actors 
participating and impacted by decisions, politics and ideologies; and the values, attitudes, and beliefs of 
people and institutions (Figure 18.3).117 Such knowledge stems from diverse disciplines as well as inter-
disciplinary and transdisciplinary endeavors. Interdisciplinary work integrates knowledge from different 
disciplines, and transdisciplinary approaches often additionally integrate knowledge from researchers and 
nonacademic partners such as communities or decision-makers.118,119,120,121,122 For instance, social science and 
humanities research that examines the distribution of inequities of climate change has helped to highlight 
the overlapping and often compounding impacts on overburdened groups and can be used to ensure the 
inclusion of those communities in climate response decision-making (KM 18.2). Transdisciplinary knowledge 
that draws from both academic and nonacademic actors can help clarify systemic feedbacks and path 
dependencies that might go unnoticed if viewed from siloed disciplinary perspectives alone (Figures 18.3, 
29.16).123,124 Overall, complex-systems responses necessitate moving beyond traditional siloed knowledge 
production processes to integrated approaches that include diverse types of knowledge and actors.125,126,127

The diverse types of actionable knowledge needed for responding to complex climate risks include data 
and modeling, decision support tools, case studies, art, and lived experiences (KMs 4.3, 13.2, 17.1; Box 19.1). 
Different types of knowledge can be critical depending on the context and needs. For instance, qualitative 
forms of knowledge, such as oral histories or ethnographies, provide rich, place-specific understandings of 
how complex systems function and how climate-related experiences influence behavior.128 Narratives and 
crowdsourced data of extreme events, including how people cope with them, have improved the integration 
of climate knowledge into social and cultural life.129 Stories have advanced climate and energy solutions by 
allowing exploration of the intersection of nature, humanity, and technology.130

Integrated frameworks that bring together different knowledge types across various sectoral and regional 
contexts are essential for holistic analyses of complex systems. For example, recent developments in 
coupled human–natural systems modeling have not only examined cascading impacts across sectors and 
scales but have also incorporated the feedback relationships from social and political systems back into the 
models.131 The Water Utility Climate Alliance has used a “chain of models” approach to link global climate 
models (GCMs) to hydrological models and then water utility decision-making tools.132 Connections between 
GCMs and urban tree canopy models have supported analysis of heat management strategies across 
multiple dimensions, including air quality, irrigation demand, and greenhouse gas emissions.133,134,135 Food–
Energy–Water (FEW) systems studies have developed frameworks126,136 to better understand regional to 
global dynamics within cross-sectoral FEW systems.131,137 

These advanced integrated frameworks draw on knowledge that stems not just from academics and 
researchers, but also from a wide range of experts, including practitioners, decision-makers, and local 
and Indigenous Peoples.116,127,138,139,140 There are increasing examples of community and citizen scientists 
monitoring specific environmental indicators at temporal and spatial scales otherwise infeasible (see Table 
12.2).141,142,143,144 The long-term environmental knowledge and socioecological memory held by Indigenous 
Peoples has helped to detect, understand, and predict complex changes in climate systems.138,145 Further, 
land management approaches based on Indigenous Knowledge have long emphasized flexibility and 
diversity of resources and serve as successful examples of resilient practices under complex environmental 
changes (e.g., Box 27.3).138 

Connecting different knowledge holders and knowledges requires a different type of scientific practice 
that is more collaborative, participatory, or community-engaged.116,146,147,148,149 Approaches such as copro-
duction, which bring together diverse knowledge holders with potential knowledge users, have proven 
to be successful in developing actionable knowledge for complex systems (Box 18.3; see Key Message 
20.2 for more on engaging diverse stakeholders).150,151,152 Such approaches allow for iteration and delib-
eration about multiple worldviews and have been effective in improving credibility, relevance, and trust 
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in knowledge.115,139,153,154 They also enable better understanding and management of knowledge uncer-
tainties.154,155,156 For example, participatory modeling of complex socioecological systems has included 
experience-based practitioner knowledge to improve identification of system boundaries, elicit realistic 
management alternatives, and increase the decision-relevance of outputs.21,132,140,157 The county of Los 
Angeles has used participatory modeling to identify cascading impacts across infrastructural systems, 
their downstream effects for residents, and key intervention points.158 Collaborative decision-making 
under deep uncertainty (DMDU) approaches, such as flexible adaptation pathways, scenario planning, 
and decision scaling, seek to develop robust climate responses for multiple potential futures rather than 
planning for a single best-estimate future, and they have also been positively received by decision-makers 
(see Figure 18.4).159,160,161 The US National Park Service has used collaborative scenario planning, bringing 
together natural and cultural resource managers and subject-matter experts, to negotiate social and 
scientific uncertainties associated with climate change and inform the setting of conservation and resource 
stewardship goals.162,163,164,165

Effectively implementing and sustaining such collaborative processes requires specialized boundary orga-
nizations and climate services agencies (Box 18.3).166,167,168 These boundary agencies facilitate, translate, and 
mediate engagements between scientists and different actor groups. NOAA’s Climate Adaptation Part-
nerships, USGS’s Climate Adaptation Science Centers, USDA’s Climate Hubs, and university agricultur-
al extension services have emerged as leading boundary agencies for the production and use of climate 
information through trust- and partnership-building with various knowledge-holder and user groups.169,170

Evaluation of effectiveness and equity is an important aspect of efforts to use climate-relevant knowledge in 
complex-systems decision-making. While there is increasing evidence that many collaborative approaches 
(such as coproduction, collaborative scenario planning, and DMDU tools) have been effective in improving 
the production and use of complex-systems knowledge in decision-making (Box 18.3), there has been limited 
examination of the long-term outcomes and equity of these processes and tools.151,152,171 Additionally, the 
relative advantages and disadvantages of when and where different types of knowledges are most useful is 
also not well understood.119,172 Overall, despite preliminary successes, understanding of the transferability, 
impact, and equity of different collaboratively generated knowledge and tools is still emerging.
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Interacting Climate Responses and Knowledges Across Scales

Climate responses, ranging from the individual to global scale, interact with and draw from diverse knowledges.

Figure 18.3. Activities of government at multiple scales (green) affect climate risk (red) via multiple pathways, 
by decreasing or increasing greenhouse gas emissions (gray) and supporting adaptive (or maladaptive) actions 
(pink, purple). Moreover, government actions are influenced by the opinion and interests of residents, businesses, 
and other organizations (orange), and they in turn shape the actions of households and businesses (pink, blue). 
Interacting actors are nested within multiple spatial scales (left) and also rely on different knowledge sources for 
decision-making (right). Adapted from Moore et al. 2022.88
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Box 18.3. Different Forms of Knowledge and Collaboration Across  
Groups Support Local Adaptation

Governments, businesses, community organizations, and residents in coastal cities have been early implementers of 
collaborative approaches to create actionable knowledge for complex climate responses (KM 22.1; see also Box 9.1). The 
Little River Adaptation Action Area in Miami-Dade County, Florida, is one such example of a new flexible planning tool.173 
This area is exposed to flooding worsened by sea level rise, and the challenges can be particularly stark. For example, 
when high tides and rainfall happen at the same time, septic tanks fail, leading sewage to back up into homes and spill 
into and contaminate waterways. As one resident described it, “I could live with a little bit of flooding if I knew the water 
wasn’t full of sewage.”173 Systemic drivers of disparities across neighborhoods go back decades, and financial hardship 
means that households often struggle to reduce risks from flooding, as well as from chronic humid heat in the home.174 
Starting out in 2020, the Little River Adaptation Action Area has three main goals: 1) to use data to inform capital projects 
reducing climate risks (see also KM 31.5), 2) to support collaborative approaches in which community members’ knowl-
edge and experience guide climate solutions (see also KM 31.3), and 3) to break down silos and coordinate responses 
across governments, households, and the private sector. Implementation of this flexible adaptation tool has been led by 
resilience staff in the region, including importantly municipal chief resilience officers. Supported by research–practice 
partnerships such as the Resilient305 Collaborative, the county has enabled community-based implementation of multiple 
regional climate strategies.173,175,176,177,178

The Little River Adaptation Action Area has thereby been able to test out collaborative approaches and improve respons-
es to complex climate challenges. First, the planning effort has been guided by overarching principles such as making 
residents safer through equitable engagement, fair policies, and direct investments; working with nature; and supporting 
flexible, integrated climate responses.173,175,176 These guiding principles create clear signposts for designing and updating 
the collaborative planning process. Second, community workshops and research–practice networks have supported the 
use of physical and socioeconomic information and diverse knowledges in exploring locally preferred response strate-
gies with support from state and federal partners, such as septic-to-sewer conversion, expansion of green spaces, and 
improvement of housing.174,178,179 Granular, transparent data are being used to understand the distribution of climate and 
policy impacts such as flood and heat exposure across communities, as well as to understand building, household, and 
neighborhood characteristics that shape impacts on families. Third, evaluation has been embedded into planning efforts, 
such as by monitoring investments made and how residents perceive them.180 These evaluation efforts require commit-
ment and rigor, and they are necessary to understand how effective climate responses are for both climate goals and 
broader priorities, to identify unexpected benefits, and to support course corrections where needed. Fourth, approaches 
are expanding to address deeper uncertainties, such as the implications of large amounts of sea level rise and pathways 
that could help ensure longer-term flexibility where it may be needed.181 
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Key Message 18.4 
New Governance Approaches Are Emerging, but Gaps  
in Practice and Evidence Persist

Climate change presents challenges for managing risks and responses across different 
levels of government, the private sector, and civil society. Current governance entities and 
their existing jurisdictional authorities are often unable to resolve conflicts posed by the wide-
ranging and unprecedented interactions and complexities of climate risks and more localized 
compounding stressors (high confidence). Local and regional governments have experimented 
with alternative institutional arrangements, funding mechanisms, and decision coordination 
(medium confidence). Thus far, however, there is only preliminary evidence of their effec-
tiveness (low confidence). These pilots and other innovations developed for climate mitigation 
and adaptation may well present opportunities for replication and broader successes in other 
locations and different local contexts (medium confidence).

Climate responses and management practices are expanding to address complexity in coevolving human–
natural systems. The need for science-informed, inclusive decision-making around complex climate 
risks is immense. The form and quality of governance of individual and interacting systems are shaped by 
government agencies, civil-sector actors, and private-sector entities.182 The actors and their roles vary 
across jurisdictions and are dependent on constitutional authorities, modes of control (e.g., proprietary, 
regulatory, budgetary), geographic territories, climate-related functions, technical capacities, budgets, 
access to financial and intellectual resources, and institutional or political power. The current state of 
these factors depends on institutional legacies and their momentum or inertia in response to changing 
climate conditions.183

There are inherent challenges in governing complex systems in response to climate change (KM 31.3). 
Relevant jurisdictions tend to be highly defined and siloed despite overlapping social or environmental 
system interactions.184 Structural inequities established in past governance institutions are often inex-
tricable from current decision-making processes (KM 20.1). Market failures are sometimes ignored (e.g., 
disclosure of a property’s climate risks) or exacerbated by public policy (e.g., securitizing mortgages for 
risky properties, paying out insurance claims for repeat losses, or decreasing housing affordability as a 
result of mitigation efforts). Access to financial and intellectual resources has historically been weak at the 
local level and highly variable across geographies and urban to rural gradients.185 Governance of complex 
systems requires flexibility beyond the formal governance of any one system.186 Alternative processes for 
decision-making have been proposed or are in preliminary levels of implementation. These include an 
increased and explicit reliance on available scientific, engineering, and social-science evidence to inform 
policy. Iterative, participatory planning and deliberation inclusive of all residents or stakeholders are also 
possible. Similarly, transparency and accountability in public information and deliberations are increas-
ingly important. Improved coordination strategies between governing entities—adjusting to evolving 
conditions and improving information—include decentralization and de-siloing in the public sector across 
agencies or jurisdictions, effectively reorganizing government. Governing entities are also looking at making 
longer-term commitments in public works and social programming and in longer-term visioning scenarios 
than their current budgetary and planning terms have traditionally prescribed (KM 12.4). Finally, governing 
institutions increasingly recognize the distribution of risks, path dependencies, and costs and burdens 
across communities.18,187
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The state of evidence on effective governance approaches varies for each characteristic of 
complex-systems management:

• Complex systems are often characterized by deep uncertainty—the presence of systemic structural 
uncertainties or unknowns without objective probabilities. Climate risks and possible scenarios 
exacerbate this uncertainty (KM 18.1). Stakeholders such as private-sector interests, public-sector 
officials, and civil-sector representatives may disagree about the likelihood of future scenarios or con-
sequences of decisions. Effective governance approaches include transparency in system frameworks, 
integration of contingencies and redundancies, and flexible planning and operations to avoid decisions 
that are costly or impossible to reverse (Figure 18.4).188,189,190,191 Actors are already revisiting their crisis 
management plans to avoid worst-case outcomes and reduce short-term losses.

• Wide-ranging actors within complex systems may have multiple, often competing objectives regarding 
climate actions. In response, effective governance approaches include establishing consistent criteria 
to evaluate alternative actions, sometimes using consensus-based principles. Inclusive governance, 
stakeholder consultation, and explicit consideration of multiple criteria are other strategies 
for addressing cross-system conflicts. However, interactions among actors across overlapping 
governance structures and systems, combined with strategic behavior for individual decisions, can 
complicate these processes.192,193,194,195,196

• Complex systems are often characterized by broadly distributed knowledge and power—with diverse 
actors controlling knowledge about different parts of the system. Approaches in these polycentric 
governance systems include processes for data sharing, decision coordination and deliberation, and 
de-siloing of decision-making in related areas.117,197,198,199,200,201,202,203,204,205,206,207,208,209,210,211,212  
Mechanisms such as market-based approaches can sometimes allow for interaction of diverse 
actors via price signals, reducing the need for direct, centralized regulations, although these efforts 
may not account for inequitable financial access and outcomes across stakeholders, particularly 
overburdened communities.213,214

• Governance of complex systems tends to be geographically and functionally nested—controlled by 
multiple jurisdictions such as municipal, state, and federal authorities (Figure 31.4). Coordination 
across actors in different jurisdictions, together with improved clarity and boundary definitions, 
can therefore be valuable (Figure 18.3). The primary tools of nested governance structures—that is, 
regulation, statute, program rules, and coordinated budget transfers from multiple sources—can be 
negotiated through coordination rather than preemption.202,215,216,217,218,219,220,221,222,223,224

• Finally, feedbacks and path dependencies are common in complex systems. Choices at one point in time, 
such as the capacity and siting of physical infrastructure projects, can either expand or limit options 
later on (Figure 18.4). As a result, the full effects of management actions can be difficult to anticipate, 
particularly in the longer run. Path dependencies and policy feedbacks can lead to immediate 
commitments that restrict later change. Effective governance strategies include adaptive management 
approaches that repeatedly monitor, evaluate, and amend actions, although such governance 
strategies are not well developed.225,226,227,228,229,230,231,232,233,234,235

Overall, there is only preliminary evidence of the effects of alternative governance structures on climate 
mitigation and adaptation actions or their outcomes. Existing governance structures largely predate con-
temporary public climate responses and extend histories of US federalism, home rule, privatization, and 
ad hoc regional collaborations or special districts created in response to temporal needs or crises. These 
structures have generally not been reconfigured in the face of complex climate challenges, with some 
exceptions (KM 31.3). The governance structure between the Federal Government and state governments 
across and between most systems is constitutionally defined. The resulting flows of resources and other 
forms of assistance are therefore statutorily defined by program authorizations and appropriations. Existing 
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governance entities such as state government agencies have attempted broad internal coordination among 
sub-state governments, although adjustments have met with varied success and contested leadership.236

There are more examples of alternative governance structures between and within subnational 
governments. Examples of the former include the cross-state Regional Greenhouse Gas Initiative for 
climate mitigation actions or the cross-county Southeast Florida Regional Climate Change Compact (Box 
18.3) for climate adaptation; these efforts attempt to manage multiple systems across different jurisdic-
tions.237,238 Other regional coordinating entities have been created across states, counties within states, or 
cities within counties, including those affiliated with the Alliance of Regional Collaboratives for Climate 
Adaptation. But these efforts are typically preempted or bounded by the constitutional authorities allowed 
by the superseding level of government (for example, a state over counties). There is preliminary evidence 
about the effectiveness of individual climate professionals (e.g., chief resilience officers and related bound-
ary-spanners).203,239 However, the long-term outcomes from these efforts have not been conclusively 
measured.240 
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Governance of Complex Systems

Governing complex systems involves pathways of decision-making across time.

Figure 18.4. Adaptively managing complex systems involves a series of choices and actions through time. 
There are path dependencies shaped by the past and present, opportunities for maintaining flexibility under 
deep uncertainties, and needs for iterative learning through time. Governance of complex systems is more effec-
tive when it is flexible, inclusive, integrated, collaborative, and adaptive. At each decision point in time (circles 
with arrows), diverse decision-makers evaluate possible solutions available at that time and choose a path for-
ward (people in gray considering benefits and trade-offs of different possible pathways). Given these responses, 
alternate pathways (red, orange, yellow, and green) may remain possible for the future or become closed off. At 
each decision point, an important consideration is how actions taken may expand or contract the options avail-
able in the future. Adapted with permission from Figure SPM.6 in IPCC 2023.241
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Traceable Accounts
Process Description
The scope of this chapter was first developed by considering 1) the corresponding chapter in the Fourth 
National Climate Assessment (NCA4) as a starting point; 2) new emphases on topics relevant to complex 
systems, intersectoral interactions, and multiple stressors across NCA5; and 3) evolving areas of research 
and practice. The chapter lead identified important areas of expertise for the author team, including com-
plex-systems methods, engagement methods, and topical expertise (e.g., energy–water–land, coastal, 
urban). Potential authors were identified from the nominations database, literature searches by the chapter 
lead and coordinating lead author, and the authors of the NCA4 chapter.

The First Order Draft, Second Order Draft (2OD), Third Order Draft (3OD), and Fourth Order Draft (4OD) 
were developed from the Zero Order Draft (ZOD) narrative outline through a multistage process. First, 
feedback on the framework and topics of the chapter was solicited via a public engagement workshop. 
Discussions focused on the NCA5 chapter framework for complexity, lived experiences, and the 
management of complex interactions. Second, chapter authors discussed the outline, and a lead author, 
along with accompanying contributors, was identified for each Key Message, figure, and box. Third, drafting 
proceeded through iterative processes of full-team and subgroup conversations on the scope and approach 
for each chapter element, literature reviews, and preparation of text and graphics, as well as identifying 
emerging assessment findings, areas of overlap across chapter sections, and potential directions for 
refinement in subsequent drafting stages. Fourth, cross-chapter discussions and the ZOD public review 
comments were used in the revision of the 2OD. These themes were further prioritized as the chapter was 
revised in the development of 3OD text and figures, also incorporating the review comments on the 2OD. 
The 4OD was then developed on the basis of public review and NASEM (National Academies of Sciences, 
Engineering, and Medicine) comments, with monitoring by the chapter review editor.

Key Message 18.1  
Human–Nature Interconnections Create Unexpected  
Climate Risks and Opportunities 

Description of Evidence Base 
Key Message 18.1 material draws heavily from the recent assessment conducted in development of the 
Multisector Dynamics (MSD) vision report,3 which was an in-depth assessment by a diverse research 
community directly building from NCA4, as well as recent literature outside the scope of that report. In 
addition to citing the report itself, Key Message 18.1 directly cites underlying literature from the MSD 
vision report and other fields such as socio-ecological-technical systems, sociohydrology, complex 
systems, exploratory modeling, and decision-making under deep uncertainty.5,12,13,14,15,16,17,18,25,54,56,242 Given this 
foundation, the Key Message draws from an expansive evidence base, for which agreement in the literature 
pertains both to areas of agreement across studies and to deep uncertainties that remain.

Figure 18.1 is a combination of new and existing work. The underlying source was a conceptual diagram 
of complexity in urban systems and the lenses through which it can be organized and understood. Here, 
the figure has been adapted for complex systems as a whole, pursued through an actor-oriented lens 
and reflecting the authors’ review of figures that explain different aspects of complexity in socioecolog-
ical systems or coupled human–natural systems under a changing climate.5,29,243,244,245,246,247,248,249 The MSD 
vision report executive summary Figure 1 was also a source of inspiration, yet the figure included in this 
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Assessment centers actors and their capacities to respond. This adjustment reflects increasing recognition 
of the role of people in complex systems and associated climate risks and responses.

Major Uncertainties and Research Gaps 
Major uncertainties are explicitly acknowledged in the discussion of deep uncertainties inherent to complex 
systems. Based on the available literature, we provide assessment of emerging approaches relevant to 
complex systems under such uncertainties. There are deep uncertainties in predicting complex intercon-
nections among human and natural systems over long time periods, which are particularly exacerbated by a 
lack of human systems research that focuses on the interactions between human and natural systems.12,14,22 
Exploratory systems modeling52,53,54 is developing approaches to address these deep uncertainties.

Description of Confidence and Likelihood 
Given the robust evidence underpinning this foundational section of the chapter, along with high agreement 
about that evidence (see especially the foundational assessment by Reed et al. 2022b3) Key Message 18.1 is 
assessed with high confidence overall. The first confidence-assigned statement in the Key Message describes 
the increasing vulnerability of interconnected human–natural systems to risks from climate change. Given 
the high degree of agreement among voluminous sources of evidence,1,3,5,12,14,15,16,20,25,26,28,29,30,35,242,248,250, we 
assign high confidence to this statement. The second statement describes how these vulnerabilities depend 
on human responses and other compounding stressors. Given the high degree of agreement among many 
sources of evidence (see above), we assign high confidence to this statement. The final statement describes 
the diverse and sometimes competing objectives that decision-makers will need to navigate in managing 
climate risks. Given the high degree of agreement among ample sources of evidence (see above), we assign 
high confidence to this statement.

Key Message 18.2  
Complex Climate Impacts and Responses Further  
Burden Frontline Communities 

Description of Evidence Base 
Evidence of the intersectional impacts of natural hazards, decarbonization efforts, and climate adaptation 
is well documented. Quantitative assessments of program outcomes and post-disaster outcomes, with a 
large number of data points, consistently show that more rural or smaller municipalities are less able to 
attract resources for adaptation (e.g., Mach et al. 201983). Numerous case studies and spatial and quan-
titative assessments provide evidence of the displacement tendencies of climate-exacerbated disasters 
and climate mitigation and resilience initiatives.73,85,109,251,252,253 In-depth qualitative research and longitudi-
nal studies of overburdened communities have studied how cyclical disasters erode community response 
capacity254,255,256 and trigger cascading infrastructure and housing effects in cities receiving groups migrating 
from or displaced by climate-related events and trends.103 Research on the climate transition from fossil fuel 
economies shows that these efforts intersect with social, cultural, and political challenges to create inter-
sectional vulnerabilities and complexities.257,258 

Major Uncertainties and Research Gaps 
Just as important as what we know about distributive impacts in complex systems is what we do not know 
or measure. Most research assessing complex systems is highly technocratic, focusing on specific events, 
discrete risks, and the impacts of cascading infrastructure systems, demographic change, and natural 
resource systems. However, complexity studies do not tend to encompass the large body of social and 
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humanities research—increasingly focusing on climate change—related to cultural, psychological, and 
effective responses to shocks; racial, gender-based, and equity-oriented studies of vulnerabilities, risks, 
and societal responses; or the roles of political ideology and violent conflict (e.g., Palmer and Smith 2014;89 
Beckage et al. 2020;87 Moore et al. 2022;88 Reed et al. 2022,242 2022;3 Rising et al. 202290). These issues can help 
explain political decision-making, protests, and post-disaster conflicts and are important for understanding 
interactions across social and physical systems in the near and long term. There is a resulting lack of tools 
and communities of practice to integrate disciplinary divides in support of complex-systems research.

Limited knowledge about climate-exacerbated migration and how receiving cities are responding results 
in uncertainties about how climate migration differs from other forms of migration, what migration means 
for overall vulnerability trends, and how it will impact other interlinked physical and natural systems. 
Information on urban–rural linkages is limited, especially in forms that can support complex-systems 
modeling. Trade-offs between mitigation efforts and adaptation strategies with competing impacts on 
individuals’ well-being are also understudied.

Description of Confidence and Likelihood 
There is high confidence in each statement of Key Message 18.2. First, there is high agreement in the 
literature that climate change disproportionately impacts already-overburdened groups (statement 1), as 
recently assessed in the comprehensive Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change, Working Group II.69 Second, multiple studies with high agreement across them have documented 
the lack of social and political dynamics in complex-systems models and limitations resulting from 
sectoral, regional and jurisdictional, and disciplinary silos of vulnerability and risk assessments (statement 
2).3,86,87,88,89,90,242 Some complex-systems analyses have made first steps in incorporating social and political 
dynamics (e.g., Moore et al. 202288), but these are emerging efforts, and statement 2 is therefore made with 
high confidence. Third, data about how complex systems affect frontline communities is lacking for hard-to-
reach populations, and this can lead to disproportionate climate impacts (statement 3).97,99 This statement 
is made with high confidence given the large evidence basis on inequalities in data availability and quality 
across communities and the focus of the literature on data-rich places (e.g., Friel et al. 2011;98 Pörtner et al. 
2022;69 Reed et al. 20223).

Key Message 18.3  
Collaborations Among Diverse Knowledge Holders Improve  
Responses to Complex Climate Challenges 

Description of Evidence Base 
Key Message 18.3 and corresponding text draw from a review of various types of literature on knowledge 
for complex systems, several author team meetings and deliberations over written documents, and 
takeaways from the public engagement workshop. The write-up was also coordinated with authors of other 
Key Messages, especially Key Messages 18.2 and 18.4. Literature reviewed for this Key Message spanned 
several topical areas. The authors reviewed literature describing integrated frameworks and modeling for 
complex systems,3,123,126,127,131,136 as well as characteristics of actionable or usable knowledge.115,116,120,153,154 Authors 
also focused on literature showcasing the role of qualitative knowledge such as narratives in managing 
complex systems.128,129,130 In terms of knowledge production processes, the team reviewed the latest papers 
on co-production of knowledge and collaborative research approaches, as well as on interdisciplinary and 
transdisciplinary research.115,124,147,259 The authors also reviewed literature and case studies on Indigenous and 
Traditional Knowledges and their role in complex systems, as well as the role of citizen science.141,142,143,144 
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Studies on participatory modeling,21,140,156,157 as well as collaborative decision-support tools for complex 
systems such as decision-making under deep uncertainty and scenario planning, were also reviewed. Finally, 
research on climate services and boundary agencies was also reviewed.

Box 18.3 centers on complex coastal governance, drawing from evaluations of climate responses in Metro-
politan regions including the San Francisco Bay area, Los Angeles County, Southeast Florida, and metropol-
itan New York; a specific case example of the Little River Adaptation Action Area is discussed here. Multiple 
recent studies have examined the science–policy–practice processes and partnerships, along with the 
evolving governance systems, inherent to complex coastal climate responses (e.g., Treuer et al. 2017;260 Kim 
2019;261 Solecki et al. 2021;262 Tedesco et al. 2021;179 Troxler et al. 2021;178 Lubell and Robbins 2022263). Direct 
references are provided to relevant regional strategies and decision support forums (e.g., Miami-Dade 
County 2021;176 Miami-Dade County 2021;175 SFWMD 2021177).

Major Uncertainties and Research Gaps 
Despite the promise and potential of collaborative knowledge production processes and collaborative 
decision tools, long-term monitoring and evaluation of these processes and tools are largely lacking; hence, 
the long-term impact and effectiveness of such collaboratively generated knowledge in responding to 
complex climate risks in complex systems are not well understood.147,151,172,264 In addition, the impact of collab-
oratively generated actionable knowledge on long-term management of complex climate-impacted systems, 
particularly as it relates to procedural or distributive justice in outcomes, is not well understood.265

Description of Confidence and Likelihood 
There is high agreement in the literature, from both theoretical120,124,127 and empirical studies,117,123,131,263 that 
effective complex systems responses benefit from integrated frameworks that bring together diverse and 
context-specific knowledge. Therefore, there is high confidence in the first statement in this Key Message. 
A growing number of studies provide evidence that participatory and collaborative approaches that bring 
together diverse actors have improved the actionability of knowledge for managing complex systems,150,151,152 
but more evidence is needed on the extent to which this actionable knowledge has actually been used in 
complex-systems decision-making.266,267,268 Hence, there is medium confidence in the second statement. 
Although the theoretical literature suggests that collaborative approaches help to navigate competing 
perspectives of different actors and knowledge uncertainties,43,117,119 there are very few studies that have 
evaluated the extent to which these approaches have successfully led to improved climate responses in the 
long term.171,267,269,270 Hence, there is low confidence in the third statement. 

Key Message 18.4  
New Governance Approaches Are Emerging, but Gaps  
in Practice and Evidence Persist 

Description of Evidence Base 
The subgroup of authors for Key Message 18.4 pulled from a multidisciplinary set of research products at the 
intersection of governance, regional planning, systems theory, and jurisdictional authority in relation to both 
climate mitigation and adaptation planning, actions, outputs, and outcomes.202 The subgroup identified key 
peer-reviewed research products based on the themes categorized by subgroup members’ expertise, as well 
as the themes that surfaced in the public engagement workshop; essentially, the identification of sources 
was expansive, but the themes from which the sources were identified and classified were necessarily 
limited. Further, the subgroup sought to identify documentation of alternative governance successes and 
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failures in relation to climate mitigation and adaptation in order to expand the pool of sources to other 
disciplines that may not explicitly use governance terms.191 For each of the themes identified, there is a 
vast literature from which to pull findings. Identifying these was a straightforward process, and there was 
minimal disagreement on either the themes or the sources. 

In slight contrast, there was significant discussion regarding the level of confidence around the synthesis 
of sources’ findings, given their range of empirical inquiry and methodological rigor. The vast majority of 
evidentiary sources rely on either singular governance case studies (or, less often, a few cases) or theoretical 
exploration in either qualitative or quantitative ways.195,199 Fewer studies include sample sizes of governance 
cases that are powerful enough—or that employ comparison groups of any design—to produce conclusive 
and generalizable findings.203,221 Consequently, assessments of uncertainties and confidence are based largely 
on the variable rigor of these sources. 

Major Uncertainties and Research Gaps 
Governance, by definition, varies by geographic, social, and political landscapes, among many contextual 
factors. The first factor—geography—poses a particular challenge for the development of conclusive 
evidence of governance actions and effects.188 Essentially, each place has a unique governance framework.117 
Although rigorous qualitative and quantitative studies have been conducted regarding governance inter-
ventions and their outcomes in specific places, the sample sizes of individual monographs and consistent 
application of terms across them have consequently produced only preliminary evidence to date. As with 
urban studies and political geography, there are few multisite studies of complex-systems governance at any 
level of quasi-experimental rigor, or even basic outcome evaluations, that allow for replicable responses to 
the fundamental question posed in the public engagement workshop: What is “good” climate governance? 

Description of Confidence and Likelihood 
This fundamental methodological challenge, then, prohibits an assessment of high confidence for all com-
plex-systems governance themes—with the sole exception of their current inability to produce consistently 
positive outcomes. Further study with larger sample sizes and consistent terms of governance frameworks—
including their inputs, activities, outputs, and outcomes—is necessary to assess higher levels of confidence. 
Statements in the Key Message regarding evaluation/learning, effectiveness, and replicability are therefore 
made with low and medium confidence. The quantity of evidence around climate governance implementa-
tion and outcomes is too small to conclude that their findings are externally valid and replicable.203 Policy 
and governance literature for other subject domains beyond climate mitigation and adaptation for which 
there has been more extensive study, however, suggests that pilot governance efforts’ success may not be 
insignificant, implying a higher confidence that the implementation of current climate pilots may also yield 
positive outcomes.200,224
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Introduction
The climate is a national asset that enables and contributes value to diverse economic activities across the 
United States, from agriculture, finance, and tourism to healthcare, education, and real estate. Changes 
in the climate are expected to impose substantial new costs to the US economy and adversely affect the 
economic opportunities of most Americans. Climate change, and the policies adopted in response to it, are 
also expected to alter both the domestic US economy and the global economy in which the US competes. 
These economic consequences are projected to be highly uneven across US regions, industries, and 
communities. 

Climate change has direct and indirect effects on economic outcomes. Direct impacts affect individuals 
and other basic components of the economy (e.g., buildings, crops). These direct impacts may in turn 
cause secondary indirect impacts resulting from markets, governments, and other institutions adjusting 
to direct changes. For example, changes in rainfall patterns and sea level rise put existing homes at risk of 
flooding, a direct effect. Elevated flood risk in turn causes indirect effects, including lowering home prices, 
increasing risks to mortgage-providing businesses, and altering the cost of flood insurance provided by the 
Federal Government.

This chapter assesses the effects of climate change on US markets, budgets, and the economic opportu-
nities of households, businesses, and institutions. This chapter does not assess the economics of climate 
change mitigation and technological solutions, which are covered elsewhere (e.g., KMs 31.1, 31.2, 17.3).1,2

Key Message 19.1  
Climate Change Affects the Economy Directly

Climate change directly impacts the economy through increases in temperature, rising sea 
levels, and more frequent and intense weather-related extreme events (e.g., wildfires, floods, 
hurricanes, droughts), which are estimated to generate substantial and increasing economic 
costs in many sectors (likely, high confidence). These impacts are projected to be distributed 
unequally, affecting certain regions, industries, and socioeconomic groups more than others 
(very likely, high confidence). Adaptation can attenuate some impacts by reducing vulnerability 
to climate change, but adaptation strategies vary in their effectiveness and costs (medium 
confidence).

Observed Direct Impacts
Direct economic impacts of climate change have been observed in many economic sectors (e.g., Table 19.1a). 
For example, more frequent extreme events and higher temperatures lead to direct economic losses via 
infrastructure damage,3 worker injuries,4 and crop loss.5

Climate change also directly affects valuable resources that are not traded in markets, such as human health 
and ecosystems. These nonmarket impacts are sometimes difficult to quantify but are nonetheless economi-
cally important and represent a substantial fraction of the economic burden of climate change on Americans 
(Table 19.1c). For example, rising temperatures, extreme weather, wildfires, vector-borne diseases, food 
insecurity, and knowledge of the threat of climate change itself have all been linked to declines in Americans’ 
physical and mental health.6,7,8,9,10 Additionally, changes in ecosystems caused by climate change have 
impacted food production, water resources, forestry, human health, real estate values, recreation, and 
tourism (KM 6.1, 7.3).11,12,13
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Projected Direct Impacts
While some economic impacts of climate change are already being felt, the impacts of future changes are 
projected to be more significant and apparent across more sectors of the economy (e.g., Figure 19.1 and 
Table 19.1b). With every additional degree of warming, the United States is expected to see increasingly 
adverse consequences. For example, warming global temperatures by 2°F is projected to cause more than 
twice the economic harm induced by 1°F of warming.14,15

As climate change advances, economic risks are projected to grow over time. For example, weather-re-
lated disasters currently generate at least $150 billion per year (in 2022 dollars) in direct damages to 
the US,16 a cost that is projected to increase due to climate change in the near term.17,18,19 Over the next 
few decades, climate change is projected to cause ecosystem disruptions,20 water stress,21 and agricul-
tural losses.22,23,24,25,26,27,28 Over the coming century, the country faces relocation costs and damage to 
property and infrastructure due to coastal flooding,29 major adverse impacts on ecosystem services,30 
substantial and unequal health costs,7 large negative impacts on economic production,31 and a restructured 
investment landscape.32

While many sectors are impacted by changing weather conditions, agriculture is also directly impacted by 
higher carbon dioxide (CO2) levels, because plants use CO2 during photosynthesis. The effect of a CO2-en-
riched environment is not well understood and depends on crop types and the availability of water and soil 
nutrients.33 In some cases, CO2 enrichment increases biomass but causes the nutritional value of agricultur-
al output to decline.34 Overall, the risks climate change poses to agriculture are expected to outweigh any 
potential benefits due to CO2 fertilization or other factors such as longer growing seasons and expanded 
crop ranges (KMs 11.1, 21.1, 22.4, 23.3, 24.1, 26.2).

Projected economic impacts are not certain, as they depend on factors that cannot be known precisely. 
The largest source of uncertainty in projected impacts is the unknown trajectory of future greenhouse 
gas emissions,35 which depend on mitigation policy, economic development, population growth, and other 
factors (KM 2.3). The uncertainty caused by climate change is itself an economic burden, since individuals 
are generally risk averse (Box 19.1).36,37

Economic impacts of climate change will vary by location due to different hazards, regional climate change 
patterns, and historical climate (Figure 19.1; KM 3.4). For example, locations that are hot today are generally 
projected to suffer greater damage because warming from 100°F to 105°F has a larger effect on human 
health, energy use, labor supply, and crop yields than warming from 60°F to 65°F.7,26,38,39 Population density 
also influences the local economic impacts of climate change, since dense populations exacerbate urban 
heat islands and groundwater drawdown but improve the cost effectiveness of some public adaptation 
projects, such as seawalls.40,41

Cold regions may benefit from low levels of warming while temperate and hot regions are generally 
harmed.15 Within most sectors that have been studied, more Americans are harmed than are helped 
by climate change (Figure 19.1b).3,7,42,43,44,45,46,47 Estimates of nationwide impacts indicate a net loss in the 
economic well-being of American society (Figure 19.1c; e.g., Hsiang et al. 2017;15 Rode et al. 2021,46 2022;45 
Hultgren et al. 2022;43 Carleton et al. 2022;7 Martinich and Crimmins 201944). 
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Table 19.1. Example US Economic Impacts of Climate Extremes and Climate Change

Shown are observed and projected impacts of a sample of climate extremes and climate changes on US economic outcomes, 
as they are estimated in the context of particular studies. Note that only a subset of climate drivers may have been assessed 
in each study. Section (a) shows impacts on current economic outcomes. Section (b) shows projected future impacts. Section 
(c) highlights examples of important but unquantified impacts. All impacts are for the US and in 2022 dollars unless otherwise 
noted. GDP stands for gross domestic product, a standard measure of total domestic economic production. These estimates 
are illustrative and not comprehensive. See metadata for table credits. 

Key: * indicates an intermediate scenario (e.g., RCP4.5); ** indicates a high scenario (e.g., RCP6.0); *** indicates a very high 
scenario (e.g., RCP8.5); † indicates 3% discount rate.

a) Sample Current Impact Estimates of Climate Hazards on US Economic Outcomes

Sector Impact Type Climate Hazard Economic Estimate

 
Crop insurance payouts Temperature 

increases +19% of federally subsidized payouts48

Rural outmigration Warming-linked 
crop failure +0.17% for 1% crop yield reduction49

Commercial mortgage 
delinquency Hurricane +28% per 10% damage increase50

GDP growthW Hurricane –0.45 percentage point annual growth rate per 
hurricane51

Municipal borrowing costs Sea level rise +23.4 basis points annualized bond issuance cost per 
1% additional GDP loss due to sea level rise52

Municipal budgets Wildfire +25 percentage point increase in likelihood of budget 
deficit53

Social safety net transfers Hurricane +$975–$1,440 per capita54

Housing prices Flooding –4.6% (in 100-year floodplain)55

Student learning Temperature 
increases

1% decrease in test scores per 1°F hotter school year 
(no adaptation)56

Property values Sea level rise –14.7% (1-foot rise)57

 
Damage to  
structures and crops Flooding +$235 billion per year58

Earnings Wildfire smoke –$144 billion per year59

Work injuries Heat (≥85°F day) +5%–15% per hot day4
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Sector Impact Type Climate Hazard Economic Estimate

 
Wages as adult Heat (≥90°F day) –0.1% per hot day in utero60

Emergency department 
costs Heat (≥80°F day) +$10,600 per 100,000 people aged 80+61

Mortality Heat (≥90°F day) +0.9 deaths per 100,000 people62

Alaska Native village 
relocation

Warming-linked 
erosion $28–$280 million costs per village (adaptation only)63

b) Sample Future Impact Estimates of Projected Climate Hazards on US Economic Outcomes

Sector Impact Type Climate Hazard Economic Estimate

Agricultural yields (maize, 
soybeans, winter wheat, 
spring wheat, cotton, and 
sorghum) 

Temperature, 
moisture changes

12%–29%* decrease (2050–2100)21

20%–48%*** decrease (2050–2100)21

Agricultural yields (maize, 
soybeans, and cotton)

Temperature, 
precipitation 
changes

30%–46%* decrease (2070–2099)26

63%–82%*** decrease (2070−2099)26

Aggregate multisector 
impact 

Temperature 
increases

–0.1%–1.7% GDP loss*15

1.5%–5.6% GDP loss***15

Airline network disruption Temperature 
increases +16%–50% recovery costs (2035, global)***64

GDP growth Temperature 
increases –0.13 percentage points per year per 1°F warming31

Income Temperature 
increases 

–19.6% global GDP per capita (3°C [5.4°F] of 
warming)31

Income Hurricanes 29% GDP loss**†65

Federal disaster response Hurricanes +$5.2 billion* (2050 annual expenditures)66

+$36 billion*** (2050 annual expenditures)66 

National Flood Insurance 
Program Flooding +$3.9 billion annual losses (2050)*66

+$5.1 billion annual losses (2100)*66 

Property tax revenue Sea level rise –1.4% (3-foot rise)67

Public services Temperature 
increases +1.45% costs (2050)***68 

Coastal damages Sea level rise +$550 billion (optimal adaptation)***40

+$2.6 trillion (no adaptation)***40 
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Sector Impact Type Climate Hazard Economic Estimate

Electricity outages 
Temperature, 
precipitation 
changes

+$2.3–$6.8 trillion consumer costs***69

Flooding costs Flooding +61% annual losses (2050)*70 

Railroad disruption Temperature 
increases

+$30–$55 billion* costs from network delays71

+$43–$73 billion*** costs from network delays71

Road degradation 
Temperature, 
precipitation 
changes

+$116 billion*** costs†29

Urban drainage degradation 
Temperature, 
precipitation 
changes

+$29 billion*** costs†29

Alaska Native village 
relocation and protection 
costs

Flooding, erosion, 
permafrost 
subsidence

+$3.9 billion over 50 years (adaptation only)72

Migration from  
Mexico to US 

Temperature, 
precipitation 
changes

+0.7 million* migrants73,252,253

+3.2 million*** migrants73,252,253

Mortality (all causes) Wildfire +9–20 deaths per 100,000 people ≥65 years old 
(for 50% increase in smoke)74

Suicides Temperature 
increases +5,600–26,000 deaths by 2050***6

Recreation (boating, 
cycling, hiking, running, 
water sports)

Temperature, 
precipitation, 
snowfall changes

$11.6 billion (annual welfare gains 2050–2100)***75

Recreation (fishing, 
hunting, skiing, ice skating, 
snowboarding)

Temperature, 
precipitation, 
snowfall changes

$4.6 billion (annual welfare losses 2050–2100)***75

c) Sample Impacts That Are Difficult to Quantify in Economic Terms

Sector Impact type Climate hazard Economic estimate 

Happiness

Preservation of national 
landmarks

Loss of cultural heritage 
and resources

 
Subsistence activities
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Example Projected US Economic Damages for 3°F of Global Warming

Projected economic impacts of climate change vary by sector and region, with aggregate impacts resulting  
in net damages nationally.

Figure 19.1. Shown are estimates of annual economic damages in each National Climate Assessment region 
for several sectors in a scenario where global surface temperature increases 3°F (1.67°C). Positive damages 
indicate harm and negative damages indicate benefits. Panels (a) and (b) show per capita damages by region 
broken down by sector. Panel (c) shows summed per capita damages across sectors by region, with bar width 
corresponding to 2020 population. Most regions experience positive damages in most sectors. In aggregate, 
nearly all regions and the vast majority of the American population are projected to experience economic harm 
from climate change. Note that these damages do not account for cross-sector interactions, some sources of 
uncertainty are not quantified, and the list of sectors is not comprehensive. See Table 19.1 for further examples of 
sectors impacted by climate change. Citations for each study underpinning these results are available in the figure 
metadata. Figure credit: See figure metadata for contributors.
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Adaptation
Adaptation to climate change can reduce some economic impacts.38,40 For example, adaptation is expected 
to reduce storm-related climate damages by approximately one-third.76 In some sectors, however, 
there is limited scope for adaptation (Ch. 31).77,78 Natural and human systems may not be able to adapt 
quickly, so gradual warming is expected to be less harmful than rapid warming.40 Adaptation can occur 
when populations have access to technologies or opportunities that lower their vulnerability to harmful 
conditions at sufficiently low cost.41,79 Around 1% of the US capital stock is estimated to be adaptation 
capital.76 Some adaptation strategies require new investments, expenditures, or consumption changes 
that offset or outweigh their benefits.7,80,81 These adaptation costs may be large enough to prevent existing 
technologies from being utilized, particularly among low-income communities.41,46 Adaptation may also face 
political difficulties, require behavior changes that populations are reticent to adopt,82 or depend on tech-
nologies that do not yet exist or are in their infancy.83 These factors make the projected timing and effec-
tiveness of adaptations uncertain.77

Economic Vulnerability and Inequality
Economic damages from climate change are distributed unevenly across American society, often amplifying 
existing inequalities (Figure 19.2). Certain communities and individuals are more sensitive to climate 
impacts, are more exposed to climate hazards, or lack the resources to adapt to climate changes and 
recover from damages caused by natural hazards.18,46,76,84,85,86,87,88,89,90,91,92 For example, people with preexisting 
health conditions and older adults may be relatively more sensitive to heat or air quality impacts such as 
wildfire smoke (KMs 14.3, 15.2).4,93 Families living below the poverty line often live where climatic changes 
are expected to be the most economically damaging, like the already-hot Southeast (KMs 22.3, 22.4).15 Cli-
mate-driven relocations of Alaska Native communities have already occurred where warming is happening 
fastest (KMs 16.1, 29.3, 29.5).94,95 Climatic stressors have also been shown to increase racial segregation,96 
gentrification,97 income inequality,98 and low-income communities’ reliance on social safety net programs 
and credit systems.54,85,99 Climate change also introduces fiscal risks (Figure 19.3; KM 19.2) that may threaten 
programs vulnerable communities rely on.100 Broad research gaps remain about unequal climate change 
impacts across demographics, health status, and socioeconomic background.
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Climate Damages by Income, Age, Access to Credit, and Race and Ethnicity

The effects of weather and climate change are often experienced differently by populations according to 
income, age, access to credit, and race and ethnicity.

Figure 19.2. Each bar plot summarizes findings from a single study with impact estimates for different groups. 
Whiskers represent 95% confidence intervals, with the exception of the whiskers on the multisector aggregate 
panel, which are 90% confidence intervals. (a) The first set of estimates show unequal impacts by wealth. (b) The 
second set of estimates show unequal impacts across age groups. (c) The third set of estimates show unequal 
impacts by credit access. (d) The fourth set of estimates show unequal impacts by historically advantaged and 
disadvantaged populations. The citations for each study are available in the metadata. Many of these estimates 
are uncertain, and differences between groups are often not statistically significant. Further examples of unequal 
climate impacts within National Climate Assessment regions are available in Figure 22.4 and Key Message 20.1. 
Figure credit: See figure metadata for contributors.
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Key Message 19.2  
Markets and Budgets Respond to Climate Change

Markets are responding to current and anticipated climate changes, and stronger market 
responses are expected as climate change progresses (medium confidence). Climate risks are 
projected to change asset values as markets and prices adjust to reflect economic conditions 
that result from climate change (very likely, high confidence). New costs and challenges will 
emerge in insurance systems and public budgets that were not originally designed to respond 
to climate change (high confidence). Trade and economic growth are projected to be impacted 
by climate change directly and through policy responses to climate change (likely, medium 
confidence).

Markets
Markets aggregate information from many individuals and firms, generating system-level outcomes (e.g., 
market prices). Prices in well-functioning markets will reflect assets’ exposure to future climate risks and 
expected adaptation costs. For example, anticipation of future flood risk has begun to reduce the prices of 
vulnerable properties (Figure 19.3).57,101 But there are barriers that sometimes prevent market prices from 
adjusting to reflect climate risks,102 such as inaccurate information or incomplete understanding of relevant 
climate risks.103,104,105,106 Increasing awareness of climate change is expected to tighten the link between asset 
prices and climate risks in financial markets and may lead to abrupt price adjustments.52,57,107,108,109

Changes in prices due to climate change can have different impacts on producers and consumers. For 
example, higher temperatures around the globe are expected to lead to a reduction in global production of 
corn, wheat, rice, and soybeans.43 This reduction in supply is expected to increase crop prices.110 In some 
cases, these higher prices could financially offset the reduction in yields for farmers, but US consumers 
would face the burden of the higher food prices.111

Insurance markets are important for financial resilience to changing climate extremes, but insurance 
coverage is costly, and prices may exceed what households and businesses are willing or able to pay.112 As the 
risk of climate extremes grows, private insurers are expected to abandon high-hazard areas, as is occurring 
in some wildfire- and hurricane-prone locations.113 Uninsured consumers face greater financial distress 
post-disaster,114 and public-sector insurance programs, such as crop insurance and the National Flood 
Insurance Program, see increasing demand when private insurance markets contract. To account for the 
growing risks, fiscal costs of public insurance programs will rise.66,115

Stock and bond market prices generally reflect anticipated climate risks,116 but pricing can be incomplete 
or distorted.102,117 Anticipated policies to curb emissions can impact stock prices of emissions-intensive 
companies,108,118 and long-term bonds issued by municipalities exposed to future climate risks tend to have 
lower prices.52,119 In the absence of strong global mitigation policies, some forward-looking financial institu-
tions are preemptively responding to potential impacts by restructuring portfolios.120,121



Fifth National Climate Assessment

19-14 | Economics

How Climate Hazards Impact Real Estate Prices

Exposure to climate hazards has a negative effect on real estate values.

Figure 19.3. Exposure to past climate events and to present and future climate risks affects the values of oth-
erwise identical properties. The market price for real estate is reduced when the property is exposed to adverse 
climate extremes or risks. Percentages shown are example estimates from studies. Homes located in the pres-
ent-day 100-year floodplain cost 4.6% less than comparable homes outside the floodplain;55 homes projected 
to be inundated by 1 foot of sea level rise cost 14.7% less;57 and homes located near one recent wildfire cost 
9.3% less, while those located near two recent wildfires cost 27.7% less.122 Note that these are examples from 
specific studies, some of which are not nationally representative. Other climate hazards including hurricanes,123 
droughts,124 temperature,125 and ecosystem health,126 among others, also affect real estate prices. Figure credit: 
See figure metadata for contributors.

Public Budgets, Healthcare, and Infrastructure
Climate change will affect public budgets at all levels of government through changes in revenues, spending, 
and borrowing costs (Figure 19.4).127,128,129 For example, sea level rise, wildfires, and hurricanes can decrease 
incomes65,130 and housing values (Figure 19.3),109,131 and thus tax revenues,100 while simultaneously increasing 
public expenditures for healthcare, income support,54 disaster assistance,132 and defense spending.133 This 
combination of declining revenue and increasing expenditures increases municipal borrowing costs.52,53,100,119

Climate change is expected to further increase the costs of public programs, such as crop insurance 
subsidies,48,115 wildfire suppression,66,134,135 endangered species protection,136 and healthcare provision.68,137,138 
Given these demands, achieving sustainable public budgets in a changing climate is expected to require 
additional revenues or other expenditure reductions.68,128

US healthcare is provided by public systems and private markets, both of which will be impacted by climate 
change. Extreme weather events, such as hurricanes, damage healthcare facilities and impede medical care 
delivery139,140,141 and create competition for healthcare services.142 The direct health impacts of climate change 
(e.g., Ch. 15; Limaye et al. 2019143) are expected to generate higher medical costs, raising health insurance 
premiums, out-of-pocket spending, and expenditures on prevention efforts.7,144,145

Essential infrastructure, such as water, energy, communication, and transportation systems, will increas-
ingly be compromised by the compounding effects of climate change impacts (Chs. 4, 5, 12, 13; Focus on 
Compound Events). Degradation or disruption of these assets, many of which are publicly owned, can have 
substantial repercussions on other sectors and the well-being of households (Table 19.1).
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Migration, Trade, and Growth
Future climate changes are expected to affect migration patterns, although how these shifts will occur is 
uncertain. Historical events that have shaped migrations include extended droughts, which drove rural 
populations toward urban centers,124 and hurricanes, which have had persistent impacts on where people 
live.146,147,148 Projections of increased flood risks due to sea level rise (KM 2.2) are expected to displace 
substantial populations.149,150,151 Climate-driven economic changes abroad, including reductions in crop yields, 
are expected to continue increasing the rate of immigration to the United States.73,152

Global supply chains can transfer, amplify, or reduce the direct impacts of climate change (Focus on 
Risks to Supply Chains). Climatic events in other countries impact trade with the United States,153 which 
in turn affects domestic markets (Ch. 17).154 Climate impacts that affect multiple countries simultaneous-
ly amplify costs due to interacting disruptions and linked trade.155 However, geographic diversification of 
supply chains would allow for businesses to flexibly adjust supplies to partially reduce their exposure to 
climate-associated risks.156

High annual temperatures and tropical cyclones are associated with lower growth in GDP,31,65,157,158 with 
responses from multiple industries contributing to this overall effect. For each 1°F increase in global average 
surface temperature, annual US GDP growth is projected to slow roughly 0.13 percentage points,31,157,158 with 
larger effects for larger temperature changes. These changes in growth rates can in turn affect stock market 
prices and interest rates.159,160

Innovation 
Economic impacts of climate change will motivate some investments in innovations aimed at reducing 
or limiting climate damages. For example, development of low-cost air-conditioning38 and arid-tolerant 
crop varieties reduced the impact of historical climate conditions.161 Future innovations may reduce costs 
or result in new adaptation technologies. However, some adaptation challenges have proven difficult to 
overcome,162 and novel adaptive technologies are sometimes costly, often limiting their accessibility to 
high-income communities.46 Nonetheless, strategic investments in key adaptation technologies have the 
potential to generate large social and private returns.
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Fiscal Risks of Climate Change

Climate change puts pressure on public budgets.

Figure 19.4. Climate change increases demand for government services while also reducing governments’ ability 
to fund those services, creating new risks for the fiscal sustainability of government budgets at local, state, and 
federal levels. Tax revenues may fall due to decreased real estate values, household income, and business reve-
nues.53,100,163 Meanwhile, expenditures on infrastructure,164 disaster relief,132 healthcare,54,68 and public insurance135 
are expected to increase. Together, this fiscal risk increases the cost to government for borrowing funds (e.g., the 
sale of bonds) by reducing the rating of public debt, which in turn further harms the ability of governments to fund 
services. Figure credit: See figure metadata for contributors.

Box 19.1. Economic Decision-Making Under Uncertainty

Economists use economic and financial models to understand the potential impacts of climate change on our economy 
and markets. Projected economic outcomes depend on many uncertain factors, including technological developments, 
economic growth, mitigation policies, individual behavioral responses, and Earth system processes. Recognizing this 
uncertainty is important for decision-making and should be factored into economic planning and risk analysis.
 
Economic uncertainty due to climate change is costly. Individuals and investors dislike uncertainty as it can drive up 
costs of action by requiring planning for multiple possible futures. Society thus benefits from actions that can reduce 
this uncertainty (e.g., obtaining better information on damages). When uncertainty cannot be reduced, some invest-
ments may be valuable specifically because they serve as a hedge against climate risks,159 and it may be prudent to pre-
serve and develop options and invoke decision strategies that seek robustness against a range of future outcomes. For 
example, in the face of uncertainty around future climate conditions, the California Public Utilities Commission now asks 
energy utilities to use downscaled climate projections for a very high scenario (RCP8.5) for climate adaptation planning, 
investment, and operational purposes (see KM 18.3).165 
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Key Message 19.3  
Economic Opportunities for Households, Businesses,  
and Institutions Will Change

Climate change is projected to impose a variety of new or higher costs on most households 
and to impact their employment, income, and quality of life (very likely, high confidence). 
Climate change will alter the economic landscape that businesses face, generating new risks 
but also creating new opportunities (likely, medium confidence). Institutions and governments 
are expected to see existing programs used more intensively or in new ways as populations 
cope with climate change, generating new system-wide risks (medium confidence). Design, 
evaluation, and deployment of adaptation technologies and policies will strengthen our 
national preparedness for climate change (high confidence).

American Households
Climate change will have different economic implications for American households depending on their 
occupation and where they live.84,157 On average, climate change is projected to reduce future income gains 
compared to what households would achieve in the absence of climate change.166

Climate change is expected to impact employment by changing demand for workers, reducing worker 
safety,4 altering the location of available jobs,49 and changing workplace conditions in heat-exposed jobs.45,167 
Households may also lose wealth through declines in the value of real estate (Figure 19.3).

Climate change will affect household spending,168 for example, by changing energy use (Ch. 5),169 increasing 
medical costs (Ch. 15),143 elevating food prices (Ch. 11),111 raising insurance premiums, and requiring more 
frequent repairs and replacement of assets damaged by extreme events.16

Children’s economic prospects will be affected by climate change. For example, higher temperatures in 
utero negatively impact adult economic outcomes,60 while higher temperatures during childhood reduce 
learning56,170 and cognitive performance.171,172

Climate change is expected to alter the quality of life for American households125 by reducing life 
expectancy,7 increasing crime and domestic violence,15,173 damaging sleep quality,174 harming mental health,6,175 
reducing happiness,176 and altering recreation in both positive and negative ways (Table 19.1).75,177,178,179

Adapting to climate change generates new household costs and can alter living and work arrangements. 
For example, homes may be relocated or retrofitted to withstand weather extremes,180,181 and consumption 
patterns may change to offset harms from the climate.62 Importantly, lower-income households may face 
greater risks from climate change and have fewer resources to support the costs of adaptation (KMs 
22.3, 22.4).98

American Businesses
Climate change is projected to reduce labor productivity and economic output across many sectors—
including agriculture, finance, real estate, insurance, and services—and across many regions and states.15,80,157 
Extreme weather events can reduce output for extended periods, altering GDP growth rates.158 In 
projections, these effects can compound over time, generating large cumulative losses.9,31,157,182

Businesses will face increasing exposure to climate-related risks at local, national, and international levels. 
For example, more intense heatwaves will reduce local productivity, greater wildfire smoke will lower 
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demand for outdoor services, and more frequent extreme events around the world will disrupt international 
trade, supply chains, and foreign demand for American products (KM 17.3).

Climate change will also affect business investment planning. For example, the location of firm capital 
investments may change in response to more frequent weather disasters,183 and regional adaptation 
efforts may be funded via corporate taxes or impact the rate of return on other investments.184 Investment 
strategies for climate-resilient technologies and the total cost of insurance for capital investments are both 
expected to be impacted by climate change. In addition, uncertainty in impacts and the effectiveness of 
adaptation may delay investments (see Box 19.1). 

The management of climate-related business risks can draw on established practices for general risk 
management. For example, regulators and investors are increasingly requiring businesses to disclose climate 
risks and management strategies. To support this, risk assessment tools for quantifying physical risks are 
currently being developed in public and private sectors.185,186

Governments and Institutions
Local, regional, national, and international governments and institutions (e.g., universities, professional 
associations, nongovernmental organizations) play a major role in facilitating individual and coordinated 
adaptation responses and enabling cost-effective decisions. Federal agencies are required to develop 
adaptation plans187 and assess and mitigate climate-related financial risks,188 while some states, local 
governments, and Tribal governments are developing plans varying in scope and complexity (KMs 31.1, 31.3, 
31.4, 32.5). 

Governments at all levels would benefit from preparing for the fiscal impacts of climate change, considering 
impacts on revenues, expenditure requirements (e.g., healthcare, income support), and borrowing 
costs.53,68,128 Reducing the overall societal cost of extreme events may be possible through investments in 
public infrastructure, healthcare, and community resilience programs189,190,191 and through public support for 
private adaptation, including fiscal support,76 updated building codes (Ch. 12),192,193,194 and better climate-risk 
information and disclosures.195 Such public programs also have the potential to reduce the inequitable 
impacts of climate change.98,196 Financial preparedness by households and public entities, such as through 
insurance take-up,52,197 improved credit,52,85 and specialized financial instruments,198 can shift risk or reduce 
losses. However, public insurance support or provision can decrease incentives for private adaptation.76,199

It is sometimes important for governments or institutions to quantify the overall economic impact of 
climate changes caused by certain current activities, for example, in analyses of whether the benefits of a 
new climate policy exceed its costs. A succinct summary description of the benefits of emissions reductions 
widely used in economic analyses is the “social cost of greenhouse gases,” defined as the cumulative global 
economic harm to society caused by additional greenhouse gas emissions (Figure 19.5).200 Institutions and 
governments considering the economic consequences of emissions may find estimates of this measure 
helpful, although they should familiarize themselves with the analytical and ethical judgments used in its 
construction. In 2010, twelve agencies from the Federal Government developed a process for estimating 
the social cost of greenhouse gases and periodically updated it based on scientific advances.201 The current 
interim estimate used by the Federal Government, adjusted to 2022 dollars, is $57, $1,700, and $20,000 per 
ton of carbon dioxide, methane, and nitrous oxide, respectively, for 2020 emissions using a 3% discount 
rate.201 There is ongoing research to update these values in accordance with recommendations from the 
National Academies of Sciences, Engineering, and Medicine.200

There is growing concern that climate change could pose a systemic risk to financial stability.202,203,204,205,20

6,207 Negative economic impacts on even a limited number of entities could, in principle, lead to cascading 
effects, causing wider failure in the financial system. For example, declines in property values due to climate 
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change could adversely affect mortgage markets and financial institutions’ balance sheets, potentially 
leading to financial distress, especially if climate risks are imperfectly priced or if they are concentrat-
ed in government-sponsored enterprises.202,206,207,208,209,210 While more research is needed to understand 
these systemic effects, some underlying risks can be managed. For example, the risk of future asset 
price corrections, driven by misalignment between current prices and the expected effects of climate 
change,57,101,102,103,109,211 can be reduced through communication and disclosure of climate risks to market 
actors.109,195 

Climate change has the potential to undermine conditions that support overall societal stability, which may 
threaten economic stability, and vice versa. Global warming has the potential to impede the ability of insti-
tutions and governmental organizations to function smoothly175,212 and to increase political turnover,213 and 
it is directly implicated in increasing rates of violence and unrest.214,215 Some extreme events have triggered 
widespread mortgage delinquency,216 insurer default,217 breakdown in support for leaders,218 and the 
migration of large populations domestically219,220 and internationally221,222—which in turn impacts downstream 
markets.146,223 Coping with these destabilizing effects may require investment in systems that buffer and 
stabilize economic and social conditions, such as social safety nets, insurance, defense spending, and 
confidence-building mechanisms.54,133,224

The Social Cost of Greenhouse Gases

The social cost of greenhouse gases is a monetary estimate of the total economic impact of an additional 
greenhouse gas emission today.

Figure 19.5. The social cost of greenhouse gases provides an estimate of the economic benefits to society of 
mitigating emissions, which can then be compared against the costs of doing so. This conceptual illustration 
shows how the social cost of reducing emissions of a particular greenhouse gas is computed. From left to right, 
the effect of one ton of carbon dioxide (CO2) emitted into the atmosphere is illustrated in terms of additional 
warming or other physical impacts like sea level rise; these changes are translated into costs and benefits expect-
ed in representative market sectors such as agriculture, energy services, and water and coastal resources, as well 
as nonmarket impacts to human health and ecosystems; lastly, impacts that occur around the world and into the 
future are added up into a single measure using weights that reflect preferences around time, risk, and equity. The 
values shown in the figure are illustrative and may differ from estimates used for regulatory purposes. Figure cred-
it: See figure metadata for contributors.
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Traceable Accounts
Process Description
The chapter lead author was identified in July 2021, and the author team was recruited in July–August of 
2021. Authors were selected based on their expertise on broad topics critical to the economic impacts of 
climate change on the US economy. Technical contributors were recruited by January of 2022 and were 
identified based on their expertise on specific types of impact. Efforts were made to ensure that both 
the author team and technical contributors represented a diverse range of backgrounds from across the 
country, including representation from academia, the private sector, nongovernmental organizations, and 
economic units of the Federal Government. The Economics chapter hosted an online engagement workshop 
on January 31, 2022. The authors also considered other outreach with stakeholders and inputs provided in 
the public call for technical material and incorporated the available scientific literature to write the chapter. 

Discussion within the team during multiple virtual meetings and email exchanges, along with consideration 
of a systematic review of available scientific literature developed by the technical contributors, led to the 
development of three Key Messages. Because previous National Climate Assessments did not have a chapter 
on economics, the team focused on scientific material that was not previously discussed in other chapters 
of prior Assessments. Based on scoping by the National Climate Assessment Federal Steering Committee, 
the Economics chapter focused on the economic impact of climate change on the US economy and did not 
consider economic aspects of potential mitigation policies, which was out of scope. Particular attention was 
paid to the emerging scientific understanding of inequity of impacts across the country, which informed 
all Key Messages. Figures were developed by the author team, with support from technical contributors, to 
highlight key concepts that support the Key Messages. Entries to the tables of example impacts (Table 19.1) 
were selected, based on an evaluation of their topical importance and breadth of coverage, from a much 
larger database of more than 300 entries collected by the author team and technical contributors in their 
review of scientific evidence.

Key Message 19.1  
Climate Change Affects the Economy Directly

Description of Evidence Base
There is mounting evidence of climate change impacts on economic costs. This literature requires multi-
disciplinary expertise bridging the physical sciences and economics. Broadly, the approaches to estimating 
climate impacts include biophysical process models, structural economic models, statistical or empirical 
methods, and hybrid approaches, with each methodology having strengths and weaknesses. A common 
finding in the above literature26,38,39,225 is that moderate temperature and/or rainfall are usually beneficial, 
while cold and heat spells negatively affect a sector, as do droughts and floods. This implies that impacts 
will vary by 1) the baseline climate, 2) the predicted change, and 3) the vulnerability to such changes. First, 
colder places might actually benefit from warming as colder temperatures are replaced with moderate 
ones. Most of the above papers find an asymmetric relationship with regard to temperature, where being 
too hot is worse than being too cold. Hence, the effect of an increase in extreme heat is the dominant driver 
for most places in the US leading to a net loss. Second, predicted climate change is not uniform around the 
world, and higher latitudes (farther removed from the equator) are predicted to see higher warming. Third, 
vulnerabilities vary significantly across groups; for example, the sensitivity to extreme heat is larger in cold 
places,226 and poorer places tend to have higher mortality effects of hotter temperatures.7



Fifth National Climate Assessment

19-21 | Economics

The literature addresses adaptation either by assessing it directly or assuming results are inclusive of 
adaptive responses.7 Examples of directly assessing adaptation include study of the development and 
penetration of air-conditioning to reduce future temperature-related mortality,38 the use of drought-tol-
erant crop varieties to limit the impact of some historical climate events,161 and the building of seawalls 
and nourishment of beaches to protect infrastructure and ecosystems from sea level rise.40 Research often 
assumes optimal adaptation, but some studies have considered partial adaptation to be more reflective of 
observed reality.227

Major Uncertainties and Research Gaps
A major source of uncertainty in estimates of climate change’s economic impacts is representing complex 
interactions among physical, natural, and social systems. There are a number of critiques of the existing 
literature but also many important advances. Major uncertainties arise around unmeasured impacts, 
damages due to non-gradual weather or climate changes, interactions between regions and sectors, 
projections of population and income growth and technological change, risk aversion, distributional effects, 
and accounting for adaptation processes and costs. Improving the robustness of economic impact estimates 
is an active area of research. Scientific advancements in the last decade (National Academies of Sciences, 
Engineering, Medicine 2017200 and others) have improved estimates of economic impacts, as well as our 
understanding of key uncertainties. 

One point of uncertainty regards the shape or functional form of the climate damage function. While many 
empirical studies have found that the increase in global, regional, and sectoral damages as the climate 
warms can be approximated by a quadratic damage function,15,47,228 disagreement remains, particularly for 
higher temperatures. Several studies (Nordhaus 2019; Dietz et al. 2021; Kemp et al. 2022;229,230,231 see also 
Dietz et al. 2022232 reply to comments by Keen et al. 2022233) argue that the damage function should become 
substantially steeper at higher levels of warming. 

Damage projections in many sectors do not fully account for expected reductions in future vulnerabili-
ties, for example, as has been observed in the past for temperature-related mortality.7,38 More study of how 
the relationship between sensitivity of impact sectors (such as agricultural yields, mortality, or energy 
consumption) to weather fluctuations and income has changed over time may improve this area of research, 
as it remains unknown whether confounding factors influence cross-sectional comparisons sometimes 
used to estimate patterns of adaptation. Damage projections also rely on projections of future population, 
income, and technology, which are themselves uncertain. 

Description of Confidence and Likelihood 
There is high confidence that climate change will directly affect the economy and that impacts will be 
unevenly distributed, because numerous information sources document these results across many sectors, 
and studies of the same outcomes generally agree on the sign and magnitude of these impacts. Many 
findings are replicated by distinct author teams. Furthermore, insights from biology and physiology, derived 
from experimental and/or observational data, often support econometric findings. However, the changes 
in the primary drivers of some of these impacts have complex patterns (e.g., wildfires, floods, drought, 
hurricanes), while some regions or impact categories may see benefits from warming (e.g., avoided heating 
expenditures). Therefore, taken together, the finding regarding the substantial cost of these impacts is 
deemed only likely. This same complexity supports the finding of unequal distribution of impacts, so that 
finding is deemed very likely. This unequal distribution is a direct consequence of the different baseline 
climate (known by looking at current climate), different amount of warming (consistent finding in climate 
models), and different underlying vulnerabilities due to social determinants such as sensitivity and adaptive 
capacity. The finding that currently warm places are more negatively impacted by additional warming than 
colder places is widely supported and garners high confidence. Similarly, the fact that vulnerabilities vary by 
income and education has also been repeatedly observed. Neither point is controversial in the literature. 
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Given the breadth of approaches to analyzing adaptation, the literature is more varied in conclusions drawn 
regarding the level of risk that adaptation is expected to ameliorate, the cost of the adaptation actions, and 
the likelihood that these adaptation actions will actually be implemented. Future innovations may reduce 
the costs of existing adaptation technologies, or they may result in entirely new technologies. However, 
some adaptation challenges have proven difficult to overcome,162 and, ultimately, success is uncertain and 
there do not exist established approaches for forecasting these innovations. Furthermore, public efforts to 
adapt to the climate sometimes have perverse outcomes, and it is unclear that similar efforts will be dra-
matically more successful in the future. For example, in the United States, public provision of both crop 
insurance subsidies and disaster aid have been estimated to increase vulnerability to extreme weather.76,199 
For all of these reasons, there is only medium confidence in findings regarding adaptation. 

Key Message 19.2  
Markets and Budgets Respond to Climate Change

Description of Evidence Base
Multiple lines of evidence, including theoretical and empirical analyses, demonstrate effects of anticipated 
climate risks on financial markets. For example, anticipated increases in flood risks due to sea level rise 
reduce the prices of vulnerable coastal properties57,101,103 and the prices of long-term bonds issued by 
vulnerable municipalities.52,119 These effects have increased over time, coinciding with increasing investor 
attention to climate change.57,119,234 Emerging evidence demonstrates potential sources of market inefficien-
cies due to government policies. For example, existing securitization programs by government-sponsored 
enterprises, such as Fannie Mae and Freddie Mac, unintentionally encourage banks to issue mortgage loans 
to properties that are exposed to hurricane risks.209

For public budgets, adverse fiscal impacts of more frequent and intense natural disasters are well 
established. Hurricanes increase public expenditure requirements for healthcare and other programs,54,132 
decrease local tax revenues,100 and increase municipal borrowing costs.100 Wildfires have similarly been 
shown to increase public expenditures on fire suppression and other programs.53,68,135,192,235,236,237 Evidence on 
natural disaster impacts on tax revenues is mixed across event types and levels of government (e.g., Liao 
and Kousky 202253) find positive local revenue impacts of wildfires in California, due to a unique state law 
that freezes property assessments for taxes until a sale, and Miao et al. (2018)163 fail to detect significant tax 
revenue impacts of disasters at the state level). Certain climate impacts may also have partial fiscal benefits, 
although the evidence is less strong (e.g., EPA 2017;164 Barrage 202368). However, the same evidence base 
also suggests negative net impacts. For example, Liao and Kousky (2022)53 estimate large increases in the 
probability of municipal deficits as a result of wildfire events. Conceptually, disasters such as hurricanes 
and flooding can also have adverse impacts on tax bases, such as through negative effects on economic 
growth51,65,101 and property values.109,123,131 Finally, the literature documents other fiscal climate costs, such as 
from infrastructure,164 the Endangered Species Act,136 and increasing exposure to flood risk in the balance 
sheets of financial institutions208 and government-sponsored enterprises.209

For insurance, private markets are important for financial resilience and climate adaptation, but these 
markets may be stressed by climate change. For example, it is well understood that as climate risks grow, 
it is increasingly difficult for insurers to offer policies at rates that both reflect risks accurately and that 
consumers are able and willing to pay, leading to a growing disaster insurance gap (e.g., Issler et al. 2020;238 
Netusil et al. 2021;239 Kousky 2022113). Current risk and, thus, insurance pricing systems may become outdated 
with changing climatic conditions (e.g., GAO 2021240). Evidence suggests that households and businesses 
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with insurance tend to recover better and faster from disasters (reviewed in Kousky 2019,114 also Billings et 
al. 202285).

There is growing evidence that global supply chains can transfer, amplify, or reduce the direct impacts of 
climate change. Multiple studies have documented that climate events in other countries impact trade with 
the United States, which in turn affects US domestic market conditions.110,153,154 A smaller number of studies 
have identified ways that climate change also causes physical events that impact entire regions, generating 
costs that can be amplified by production networks.155,241 It is theoretically well understood that flexible 
supply chain networks can also enable adaptation to climate change by enabling geographic diversifica-
tion,156 although there is not a large body of empirical evidence to demonstrate how this occurs in practice.

Major Uncertainties and Research Gaps
There is considerable uncertainty regarding the estimated effects of climate risk exposure on asset values. 
For example, estimates of the effect of sea level rise risk on coastal real estate prices vary from as large as 
–20%57 to zero.211 There is also substantial uncertainty about the extent of exposure of financial institutions 
to climate-related risks.205 More research would be needed to understand how climate risks affect prices 
and quantities in debt markets, especially the mortgage market and mortgage-backed security market, and 
to understand the potential sources of market inefficiencies in pricing and allocating climate risks. 

For public budgets, while evidence suggests that many public program costs may be affected by climate 
change, many of these impacts remain unquantified (e.g., law enforcement and military expenditure changes 
due to potential increases in crime and international conflict, respectively). Research is also limited on 
interactions between different climate impacts, such as on migration and fiscal outcomes. For both public 
budgets and insurance markets, policy uncertainty and uncertainty over adaptation compound the difficulty 
in projecting climate impacts.

Description of Confidence and Likelihood
There is evidence of market responses to climate change, although the literature on this topic varies in 
terms of estimates of the magnitude and timing of the response, which leads to a determination of medium 
confidence for this finding. However, climate risk factors are very likely to be an important driver of asset 
values in the future. There is already a significant body of research documenting the capitalization of 
weather-related risks into the prices of durable assets (real estate, stocks, long-term bonds, etc.), including 
a growing number of papers finding a reflection of the assets’ exposure to future climate risks (e.g., sea 
level rise, flooding, wildfires, or anticipated carbon policies), leading to a determination that this linkage 
is very likely, although the magnitude varies and estimates of how price changes will unfold over time are 
uncertain. The literature on this is robust enough to warrant high confidence. There is high confidence that 
climate change will stress insurance systems and public budgets that were designed before global warming. 
This is supported by a large academic literature that considers direct effects of climate change on insured 
assets such as crops and flood-prone homes, direct effects on publicly funded disaster assistance, and 
indirect effects on healthcare utilization and social safety net programs. There is also research confirming 
negative impacts on municipal budgets from natural disasters and projected losses to other public sector 
budgets. In addition, there is mounting observational evidence of climate stress already impacting markets 
in certain regions of the country such as Louisiana, Florida, Texas, and California. There is medium 
confidence that trade and economic growth are both likely to be impacted by climate changes and by the 
policy responses designed to mitigate climate change. There is broad agreement that climate change will 
affect trade, but the magnitude and structure of those changes are complex and not fully understood. 
Similarly, many studies find that climate change affects economic growth, but there is substantial variation 
in quantitative results depending on which methods and data are used.



Fifth National Climate Assessment

19-24 | Economics

Key Message 19.3  
Economic Opportunities for Households, Businesses,  
and Institutions Will Change

Description of Evidence Base
Substantial literature supports the conclusion that climate change will impose new costs on households 
and businesses.15,84,157 In particular, research has focused on income,15,31,157,166,242,243,244 employment,4,39,49,167 and 
changes in real estate value.57,101,103,105,211 Businesses face increased costs in a variety of areas. These costs 
include reduced productivity due to heatwaves, lower demand for outdoor activity at more distant locations 
due to wildfire smoke, supply chain disruption due to hydrologic extreme events (e.g., tropical cyclones in 
Asia, where semiconductor manufacturing is concentrated), property damage and business interruption 
losses from weather-related extremes,245,246 and reduced foreign demand for American products.5,84,156

Literature also supports the fact that it is possible to reduce the societal cost of extreme climate-related 
events through investments in hazard mitigation,3,76,247 including updated building codes192,193,194,248,249 and 
public provision of better climate-risk information, such as flood risk disclosures.195,250 Research has also 
shown that existing and new programs and activities associated with public and private institutions will 
need to play a role in helping to mitigate and adapt to climate change.52,53,54,68,100,128,135,163 Household financial 
preparedness and specialized financial instruments198 can also play a role in reducing losses from climate 
extremes. While insurance against natural disasters can financially protect households and businesses, 
these markets are themselves being stressed by climate change, with much natural disaster coverage now 
offered through fully or quasi-public programs.113 It remains the case that those most in need of the financial 
protection of insurance are least able to afford it. There is strong evidence that public healthcare and social 
support programs can reduce climate vulnerability in certain settings.190,191

Major Uncertainties and Research Gaps
It is challenging to anticipate all the ways that households, businesses, and institutions will change in the 
face of a wide range of climate impacts; continued research on observed and projected responses to climate 
changes will refine and improve quantitative estimates of the implications of these changes. In particular, 
systemic risks have proven more difficult to conceptualize and model, and while they could be extremely 
costly, they have received less research attention. We also have limited understanding of nonlinearities in 
the costs or threshold effects that may materialize in both natural and human systems. Public programs 
can potentially moderate the inequality of climate impacts in important ways, but more research would be 
required to identify cost-effective and scalable strategies.251 There are also uncertainties regarding how to 
target healthcare and other social support programs to achieve the largest net benefits.

Description of Confidence and Likelihood 
There is a large literature base and high agreement regarding the variety of new or higher costs of climate 
change, leading to the finding of very likely and high confidence for this statement. There is less literature 
available characterizing the alteration of the economic landscape due to climate change, and while new risks 
predominate, there is a subset of papers that discuss the potential for new opportunities that business can 
take advantage of: this leads to the likely and medium confidence finding. Similarly, there is less literature 
regarding the response of institutions to changing climate conditions, leading to a medium confidence 
finding. There is extensive literature and a high level of agreement that private and public investments 
in adaptation and mitigation can reduce household and business costs, leading to the assessment of high 
confidence. 
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Introduction
Social Systems Are Where Climate Change Is Created and Experienced
Climate change is a result of human behavior and has differentiated effects on communities and peoples 
around the United States and the globe. It is inextricably tied to a history of human development and 
decision-making—from individuals to organizations to entire societies. For this reason, we cannot fully 
understand or respond to current or future changes in climate without understanding this history of human 
organization—that is, without understanding social systems. 

Social systems create and reproduce the assumptions that we—individuals and institutions—act on when 
making decisions about climate change over time and space. This might include what a given community 
considers sacred or taboo, or how we speak of and conceptualize environmental problems. Lack of rain, 
for example, may be conceptualized differently by scientists, farmers, government agencies, and land 
developers; and what is identified as cause for action (or sacrifice) may change depending on whether 
growing food is experienced as sacred, a national security issue, or an economic input. 

Critically, social systems define who is seen as deserving of local, state, and federal interventions to address 
climate impacts. For example, they determine which neighborhoods receive hazard mitigation investment 
or post-disaster recovery aid. Through complex interactions, conscious and unconscious tendencies and 
biases, and visible and invisible social rules, social systems distribute climate risks and benefits; they also 
create the opportunities for climate adaptations and climate mitigation to be envisioned and acted upon. 

There is growing evidence that understanding social systems is an integral part of climate science and 
climate solutions-making, including identifying links among adaptation, mitigation, and climate justice. The 
importance of social science and humanities research on climate change has been made clear by con-
tributions across many fields, including but not limited to anthropology, communication, ethnic studies, 
geography, history, linguistics, philosophy, political science, psychology, public policy and administration, 
religious studies, and sociology.

This chapter highlights and summarizes contributions to climate change science from across the social 
sciences. It explains that social systems give rise to greenhouse gas emissions and distribute the risks 
and benefits of industrialization and climate change (KM 20.1). The chapter also explains how knowledge, 
culture, ethics, communication, and decision-making shape engagement with and responses to climate 
change (KM 20.2), as well as how climate adaptation and mitigation processes, such as human migration and 
transitions away from fossil fuels, may be just or unjust (KM 20.3). Central to this chapter is an explanation 
of how social systems inequitably distribute harm to BIPOC (Black, Indigenous, and People of Color), 
low-income, and rural communities; women and gender minorities; and other racialized or overburdened 
peoples. Key to this explanation are the concepts of environmental justice and environmental injustice. Envi-
ronmental justice has three primary dimensions: recognitional, distributional, and procedural (Figure 20.1). 
This chapter uses these three dimensions to explore whether the actions taken to create, mitigate, or adapt 
to climate change are expected to produce just or unjust outcomes.
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Three Dimensions of Environmental Justice

Environmental justice requires three dimensions: recognitional, distributional, and procedural justice. 

Figure 20.1. These three dimensions of justice are based on a framework originally summarized by the “father of 
environmental justice,” Robert Bullard,1 who pointed to the “ethical and political questions of ‘who gets what, why, 
and in what amounts?’” Commitments to each dimension are essential to achieving environmental justice, and 
each dimension can influence the others.2,3,4 Figure credit: Puget Sound Partnership, Citizen Potawatomi Nation, 
and University of Michigan.
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Key Message 20.1  
Social Systems Are Changing the Climate  
and Distributing Its Impacts Inequitably

Social systems are changing the climate (very high confidence). Societal characteristics and 
processes shape greenhouse gas (GHG) emissions, primarily through the burning of fossil 
fuels (very high confidence). Social systems also inequitably distribute the benefits of energy 
consumption and the impacts of GHG emissions and climate change (high confidence). Gover-
nance is a critical process that distributes these impacts (very high confidence) and provides 
access to adaptation (medium confidence).

Emissions Are a Consequence of Social Systems
Social systems produce and distribute climate change and its impacts through mechanisms such as 
economic growth, population dynamics, social and economic inequities, governance, militarization, and 
world-economic integration (KM 2.1).5,6,7,8 Greenhouse gas (GHG) emissions, and especially carbon emissions, 
are a significant and measurable outcome of energy use that leads directly to climate change (KM 3.1), the 
impacts of which are largely determined by social systems.9,10,11,12 The relationships between emissions and 
standards of living in higher-income and lower-income nations exemplify unequal access to the benefits 
of industrialization and world-economic integration13,14,15,16,17 and highlight different responsibilities for 
the human drivers of climate change.17,18,19,20 Industrial processes over the past two centuries produced 
GHG emissions and improved quality of life, but these benefits have not been equitably distributed.21,22,23,24 
However, some societies (e.g., countries or smaller subnational units) have achieved high levels of human 
well-being, such as increased average life expectancy or perceived high quality of life, without consuming 
substantial amounts of fossil fuels per capita.25,26,27,28,29,30,31,32,33

Relationships between emissions and other social features are evident across time and space and at different 
scales. National-level carbon emissions are strongly associated with economic growth.34,35,36,37,38,39,40,41 Using 
regression analysis, researchers have also identified structural factors that shape the relationship between 
economic growth and carbon emissions. For example, the relationship between emissions and economic 
growth is stronger for nations with greater levels of income and wealth inequality or whose economies 
are more reliant on natural resource exports.42,43,44,45,46,47 All else being equal, nations with larger and more 
capital-intensive militaries have higher emissions,48,49,50,51 most notably the United States.52,53,54 Conversely, 
nations with a stronger environmental civil society or more gender equality experience a decrease in the 
relationship between economic growth and emissions.55,56,57 

Carbon emissions, overall, have a positive association with population size.39,58,59,60 Population growth 
is higher in lower-income nations than in higher-income nations and contributes to rising energy 
consumption and carbon emissions, although empirical research also suggests that such population growth 
threatens global climate stability less than higher-income nations’ carbon-intensive economic activities.61,62

Subnational analyses show that increases in emissions over time are moderately lower in US states with a 
greater concentration of environmental nongovernmental organizations63 and in US states with legislators 
exhibiting strong environmental records.64 This research points to the role of governance and related insti-
tutional arrangements in mitigating emissions. 
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Climate Impacts Are Distributed Unevenly
While all people are exposed to human-caused climate change stemming from GHG emissions, social 
systems shape the degree of exposure and distribute climate impacts across people and places over time 
(KMs 4.2, 5.2, 11.2, 15.2, 23.1, 31.2). Exposure and impact are differentiated in the social science and climate 
change literature. As an example, flood exposure is understood as the probability of water inundation and 
risk to infrastructure, whereas flood impacts could be the displacement and housing insecurity that result 
from preexisting conditions interacting with the inundation or high water.65 Individuals and communities 
that have lived at the margins of, or have been purposely excluded from the benefits of, industrialization 
have a greater probability of exposure to pollution and negative environmental impacts.66 For example, in 
the United States, Black and BIPOC individuals and communities, members of low-income households, 
immigrants with limited English proficiency, unhoused individuals,67,68,69 rural communities,70,71,72,73 and agri-
cultural workers are disproportionately impacted by environmental hazards66,74 and climate change (Figures 
4.15, 4.16, 18.2; KMs 4.2, 11.2, 14.3, 15.2). The convergence of exclusion, exposure, and impacts places unequal 
burdens on these individuals and communities, sometimes referred to as overburdened communities. 

The burdens of climate change and social inequity become acute during disaster events71,75,76,77,78,79 and can 
be exacerbated by governance decisions.80 Hurricanes Maria and Harvey, for example, had disproportion-
ate impacts on minority households, renters, multifamily households, and low-income families due in part 
to governance decisions related to aid distribution and documentation requirements (Box 4.2; KMs 23.1, 
23.5; Figure 26.3). In this case, application and appeals processes for disaster assistance required doc-
umentation that some residents did not have or required the navigation of complex aid structures that 
some people could not successfully find their way through.81 This left those same families and communities 
struggling to meet basic needs in the immediate aftermath82,83 and unable to access funding for rebuilding. 
These obstacles to recovery can have long-term generational effects related to the loss of savings, housing 
insecurity, and displacement. For example, people who migrated to California from the southern Midwest 
during the Great Depression fared worse than native Californians for at least a generation.84 The absence 
of data and data collection, such as demographic and hazard data, compounds the challenges of equitable 
governance during disasters. Data limitations in territories, for example, have direct impacts on the avail-
ability of resources and the visibility of at-risk populations.85,86,87

Policy processes and governance also influence the formation of socioecological landscapes before and after 
climate change–related disasters.88,89,90 For example, the use of a cost–benefit analysis for the allocation of 
hazard mitigation funding, and disaster-related assistance for rebuilding, gives priority to areas of denser 
population and higher-value housing stock.91 Pre-event social vulnerabilities, such as a lack of clear title for 
real estate, lack of financial capital, and subpar housing leave some populations at greater risk of negative 
impacts following a disaster.81 For example, a family without clear title may have a more difficult time 
proving home ownership in order to access federal rebuilding assistance, and subpar housing may be more 
difficult to insure and repair.

Structural Inequalities Affect Outcomes
Even when all citizens are treated the same under the law, differential outcomes may result if the law 
ignores structural inequalities.92,93 For example, when aid is delayed or not readily available following a 
disaster, low-income individuals and families may lack access to food and shelter even when those costs will 
be reimbursed. Under these same conditions, middle- or high-income individuals and families often have 
greater access to credit and other financial resources that allow them to spend money now and then wait 
for reimbursement.94

All levels of government (including federal, state, and county) shape the impacts of climate change and 
are impacted by a complex variety of social systems (Figure 20.2). Inclusive, rapid governance responses 
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that promote adaptation and mitigation are challenging to create,95,96 in part because governmental insti-
tutions have difficulty innovating quickly.97 Conditions that create the disaster impacts described above 
occur over decades or centuries, while governance responses to these impacts are asked to be created in 
far less time in order to be effective. The United States’ three-branch system of government was designed 
to prevent those in power from taking quick action and harming those in the minority.98 Stemming from 
this arrangement, a key challenge for climate adaptation and mitigation is how to react to quickly changing 
circumstances given the slow pace at which legislative action and other forms of governance occur (KMs 
4.3, 31.3).

Climate Change Governance 

Climate change governance is complex and multifaceted.

Figure 20.2. This figure recognizes the complex interaction of multiple social systems that give rise to gover-
nance. Climate change impacts, and the impacts of adaptation and mitigation strategies, will all be mediated by 
governance decisions and actions. Understanding this complex interplay allows the social scientists who study 
climate change to make predictions regarding climate impacts and to assess where governance systems are 
expected to produce climate justice or injustice. Figure credit: Jacksonville State University. 
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One example of adaptive governance in the face of climate risk occurred in Tulsa, Oklahoma, where a broad 
coalition of civil society and local, state, and federal government actors came together to address flood risk 
and to create structures and organizations that continue to drive risk reduction for all hazards. Tulsa was 
the most frequently flooded city in the United States from the 1960s through the 1980s.99 Almost 40 years 
ago, a coalition of concerned citizens and flood victims brought pressure to bear on city hall to address 
the problem. This coalition was eventually joined by government and elected officials and supported by 
federal partners, which led to a comprehensive floodplain management approach that has served as a model 
for other cities.100 The city was able to enact stricter land-use regulations and draw on federal incentives 
through the Community Rating System to garner public and political support.101

Key Message 20.2  
Social Systems Structure How People Know  
and Communicate About Climate Change 

People’s histories, educations, cultures, and ethics determine how they understand and expe-
rience climate change (high confidence). These knowledges take multiple forms (high confi-
dence) and generate diverse approaches to climate adaptation and mitigation (medium con-
fidence). Engagement across communities that builds clear objectives and benchmarks has 
been shown to produce more desired outcomes (medium confidence). Effective engagement is 
challenging due in part to the complexity and uncertainty associated with climate science and 
politics (high confidence). Including community perspectives and multiple forms of knowledge 
in climate discussions and decision-making helps promote justice (medium confidence).

How People Know About Climate Change
Researchers in the social sciences and humanities have studied the ways in which people and groups learn 
about and understand human–nature interactions, including climate change.102,103,104 Epistemology is the 
name for the study of how people develop knowledge. For both scientists and nonscientists, epistemological 
assumptions influence an understanding of what the drivers of climate change are, what kinds of evidence 
matter, and what are seen as appropriate and ethical responses to its risks and impacts.105,106,107,108,109,110,111,112 For 
example, climate modelers may use computer models to predict the thinning and reduction of Arctic Sea 
ice in order to produce more accurate maps and forecasts. Indigenous Arctic walrus hunters might instead 
draw on their experiences and observations to better understand the complex interconnections among ice 
thickness and timing, ocean currents, walrus behavior, prey dynamics, accessibility of hunting locations, 
travel safety, and food security to make decisions about the long-term sustainability and health of their 
community,113 which may conceptually include both walruses and people.

Recognizing that knowledge emerges out of different histories and traditions can lead to new insights 
regarding mitigation and adaptation (Box 23.1).114,115,116,117,118,119,120 For climate scientists, the principal driver of 
climate change is understood to be GHG emissions.121 From this perspective, climate mitigation involves 
reducing emissions. In contrast, people who have been excluded from the benefits of industrialization, or 
disproportionately harmed by industrial processes, might see the principal driver of climate change as the 
social systems and ethical arrangements that allowed for the simultaneous exploitation of land, animals, 
and peoples.77,119,122,123,124,125,126,127,128 If climate change is understood as an outcome of socioeconomic and ethical 
arrangements that resulted in exploitation and discrimination, then reexamining those arrangements also 
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becomes necessary.129,130,131,132,133,134,135 Most often these insights are not contradictory but rather expand the 
universe of possible solutions for climate adaptation and mitigation.136,137

A promising area of research that takes different forms of knowledge seriously is called coproduced or 
cocreated research (Figure 20.3).138,139,140 While coproduction is an increasingly widely used term with varied 
definitions (Figure 20.3), coproduced climate change research projects often integrate community-based 
insights and solutions to climate change with scientific insights and solutions. Coproduced research 
often foregrounds nonscientists, such as Indigenous Knowledge holders or multigenerational farming 
communities, as experts within their own knowledge contexts (KMs 18.3, 31.5). This kind of research can 
give rise to community-based resilience efforts. Research in the Arctic, for example, has been particularly 
successful at experimenting with coproduction, especially in integrating Indigenous and Western scientific 
knowledge bases.141,142 However, integration can fail if power dynamics, goals, trust, and compensation within 
research teams and epistemologies are not equitable.143

Coproduction in Research 

Coproduction is a way forward to include multiple epistemologies, or knowledge traditions, but must be defined 
to be productive.

Figure 20.3. This figure demonstrates the diverse approaches to coproduction and focuses on the need to define 
what a research team means when seeking to do a coproduced research project. The two items in the top right 
quadrant are descriptive lenses, while the other six are normative lenses. Adapted with permission from Bremer 
and Meisch 2017.138
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One important consequence of different epistemological assumptions is that different people and groups 
perceive climate change risks and possible solutions in widely different, often compatible, but sometimes 
conflicting, ways.144,145 For example, the politicization of climate change in the US helps to explain differences 
in public perceptions of severity and concern as a function of demographic factors such as gender and 
political ideology.146,147 In this case, women and liberal-identifying individuals report relatively higher levels 
of concern and support for mitigative action and policy. In contrast, climate change is a relatively less 
polarizing issue among racial and ethnic minorities as well as socioeconomically disadvantaged groups 
compared to White populations and higher-income groups.148 In part, beliefs and concerns about climate 
change have been shaped by well-documented, intentional efforts by industry groups supportive of the 
continued use and promotion of fossil fuels to misrepresent the uncertainty and knowledge about climate 
change and downplay the risks to society.149,150,151,152 

Processes for Promoting More Effective Climate Change Engagement Efforts
As suggested above, diverse communities have distinct knowledge traditions within which people interpret 
climate change. These diverse communities also engage with climate science and information in different 
social and cultural settings. There have been numerous explicit efforts over the past few decades to build 
greater levels of public engagement with the issue of climate change and climate science. These climate 
change engagement efforts have taken many forms, including traditional expert-to-public communication 
products (e.g., USGCRP National Climate Assessments, documentaries, journalism) and more participato-
ry activities (e.g., public art installations, town meetings, deliberative democracy forums).153 These efforts 
occur in both formal (e.g., K–12 and college classrooms) and informal (e.g., zoos, museums) settings and are 
sometimes tied to intentional educational activities; however, much climate change engagement occurs 
outside formal classroom settings. 

Significant efforts and resources have been put into improving the effectiveness and accessibility of climate 
change information and engagement activities over the past decade. One outcome of these efforts has 
been collective learning regarding processes and actions that improve effectiveness of climate change 
engagement efforts. We describe some of these insights below.

First, establishing clear, measurable objectives with well-defined benchmarks or desired outcomes leads 
to more effective communication products and processes (Figure 20.4); bringing key stakeholders into the 
process at this early stage can improve effectiveness. 
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Successful Climate Engagement

 
A simple three-step process of communication can improve climate change engagement with diverse 
stakeholders.

Figure 20.4. Simple changes can help facilitate communication about climate change. Identifying the stakehold-
ers, tailoring the process of communication and knowledge creation, and setting clear objectives for everyone 
involved has been shown to be an effective process. Figure credit: Rutgers University, University of Massachusetts 
Amherst, and Oregon State University–Cascades.

Second, to inform real-world decision-making, information needs to be calibrated to the needs of target 
audiences;154,155 importantly, communicating relevant information sometimes involves translating science 
into accessible and actionable language, whereas in other cases it involves incorporating diverse forms of 
knowledge into communications products and efforts. For example, farmers and forest owners often have 
different informational needs with respect to climate change impacts and implications for management: 
whereas farmers may be most interested in seasonal forecasts or timescales of a few years, forest owners 
may be more interested in projections of trends for the next few decades. Climate change communica-
tors must know—or put in place processes to uncover—the needs and epistemologies of their intended 
audiences. 

Third, including intended target audiences throughout the process of developing communication products156 
both promotes procedural justice and increases the likelihood that such efforts meet shared goals.157,158,159 In 
parallel, communicators—including formal and informal science educators—may in some cases better meet 
their own and audiences’ goals via setting- and audience-specific trainings that provide a strong grounding 
in both climate science and effective communication, such as the National Network for Ocean and Climate 
Change Interpretation.160,161

Fourth, efforts that have been successful in engaging people on climate change across existing ideological 
and cultural divides generally do so by addressing the things people care about most, such as livelihoods, 
homes, investments, local communities, and family.154,162,163 It is not always necessary to connect relevant 
impacts to climate change to motivate action, and doing so can sometimes backfire; for example, providing 
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environmental-benefit information (green labels) on energy-efficient products decreased the chances of 
their purchase by conservatives relative to when no label was provided.164 

Fifth, engagement outcomes also strongly reflect the relationships and levels of trust between intended 
audiences and messengers. The use of trusted messengers increases acceptance and use of climate change 
risk information. For example, parents, teachers, peers, and scientists are considered trusted messengers 
for youth audiences, and the use of targeted messages and trusted messengers can increase engagement 
even among adversarial audiences;165,166 similarly, experimental research has found that classroom-based 
climate change curricula offered to school-aged children can influence the climate change beliefs and 
engagement of adults who interact with those children.167

Sixth, pervasive uncertainty surrounding climate change (including public uncertainty) continues to be a 
major challenge to communication, but there is evidence that certain practices can help people understand 
the likelihood and magnitude of expected or possible changes and their implications for decision-making.168 
For science communicators, these include avoiding unfamiliar probabilistic statements and combining 
verbal and numerical assessments of likelihood—for example, when describing an outcome as “unlikely,” 
simultaneously providing the corresponding numerical assessment of “0%–33%” probability;169 using visual-
izations to show probabilistic information;170 transparently discussing possible ranges for future outcomes 
or impacts, including both worst- and best-case scenarios;171 and focusing attention on the types and 
magnitude of expected impacts rather than on when, specifically, those impacts might occur.163 Commonly 
used technical phrases such as “1-in-1,000-year event” can often lead to mistaken beliefs or expectations 
about the probability of repeat occurrences of disasters such as flooding or wildfire.

Implications of Engagement Efforts for Decision-Making and Justice
A growing evidence base identifies how and when engagement and communication can lead to changes in 
climate decision-making.114,172,173,174 Some work suggests that such efforts can, over time, move people from 
unawareness of the issue to initial awareness to more active and involved engagement at the personal and 
collective levels.175 Although many engagement efforts aim to increase knowledge about climate change 
and climate science or shift attitudes, some efforts are more directly aimed at supporting mitigative and/
or adaptive behavior change related to climate change. For example, extensive work on social norms 
messaging—which communicates information about the behavior of others, or expectations of behavior, 
and provides cues and social pressure—finds evidence that such information can influence several climate 
change-relevant behaviors, including household energy consumption.176 

Efforts to engage diverse groups and communities with the issue of climate change also have critical 
upstream and downstream justice-related implications. For example, engagement activities or processes 
that actively work to include diverse stakeholders throughout the knowledge creation and/or application 
process (in, for example, setting objectives, developing content, and drawing implications) are more proce-
durally just than top-down efforts that simply attempt to provide actionable information to those groups.177 
Recognitional justice is similarly promoted by inclusive engagement efforts and inhibited when diverse, 
climate-impacted communities or groups are excluded from the process of setting engagement and/
or knowledge-creation objectives. Thus, efforts to engage diverse publics, and the epistemologies and 
struggles they inhabit, within climate change decision-making are a key mechanism through which jus-
tice-related outcomes or objectives can be either realized or thwarted, intentionally or unintentionally.
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Key Message 20.3  
Climate Justice Is Possible If Processes  
like Migration and Energy Transitions Are Equitable

Climate justice—the recognition of diverse values and past harms, equitable distribution of 
benefits and risks, and the procedural inclusion of affected communities in decision-making 
processes—is possible (medium confidence). Complex social processes such as human 
migration affect climate inequities (medium confidence). Climate justice is also closely 
related to just transitions (high confidence), which involve equitably adapting societies, 
economies, and energy systems to climate change mitigation strategies and climate impacts 
(high confidence). 

Human Migration May Be a Pathway to Climate Justice or Injustice
The concept of climate justice is useful in understanding how the impacts of climate change, and the 
impacts of climate change mitigation and adaptation, are distributed across communities. Climate justice 
recognizes that the inequitable distribution of resources and other social and political capital impacts the 
capacity for adaptation during times of upheaval, including the upheaval created by climate change. Human 
migration is a complex response to pressures created by social, political, economic, and environmental 
systems, including climate change.178,179 The dynamic interactions among climatic changes, market processes, 
governance decisions, and historical inequity make human migration a critical example of how climate 
change interacts with preexisting social processes to alleviate or exacerbate inequity (Figure 20.5). 

In the United States, climate change–related disasters are not yet a major driver of migration.180,181 Most 
counties affected by hurricanes deviate only temporarily from their pre-disaster growth trend, although 
the demographic composition of affected areas may change.182,183,184,185 Historically, most communities 
have adapted to climate hazards by engineering protections and adaptive technologies.186,187,188 As climate 
change impacts overwhelm the protective ability of these solutions, as is expected to occur in the future 
(KM 9.2), communities are expected to adapt by accommodating hazards or by relocating away from 
hazardous areas.189,190

Recent hurricane events illustrate how extreme weather has displaced unprecedented numbers of people, 
mostly temporarily, and caused billions of dollars in damages.191,192,193,194,195,196,197,198,199 Tropical storms pose an 
ongoing threat to about one-fifth of the US population that lives in coastal communities along the Atlantic 
and Gulf Coasts.200 Further, every US region experiences climate-related hazards (KMs 21.1, 22.4, 23.3, 24.2, 
25.1, 26.1, 27.4, 28.1, 29.2, 30.3). Efforts to predict future migration depend on assumptions about how climate 
hazards will affect the habitability of places far into the future, mostly informed by models of sea level rise 
or heat extremes.201,202 These climate impacts are predicted to unfold gradually and unevenly, producing 
unpredictable impacts at small temporal and spatial scales. Governance that does or does not anticipate 
climate hazard events, and does or does not account for past harms, will determine whether migration will 
exacerbate inequities or offer a pathway toward climate justice (Figure 20.5).

Past experience with weather-related disasters illustrates the complexity of the relationship between 
environmental change and migration (Figure 20.5). Disasters that destroy housing and infrastructure have 
the potential to displace people from their homes, neighborhoods, and communities. Yet social systems 
that govern land and property—such as housing markets, homeowners’ insurance, and federal disaster 
recovery housing assistance—promote in situ housing recovery for most homeowners (but notably not 
for renters and those with precarious title to property).203 For example, federal disaster assistance and 
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private insurance incentivize many homeowners to rebuild in place, a social system that aligns with 
residents’ place attachment.204,205,206 Homeowners maintain and rebuild their housing to protect its market 
value and increase its resilience to future hazards.207 In contrast, historic and ongoing discriminatory real 
estate practices, such as redlining and predatory lending, sort low-income and BIPOC households into 
environmentally risky neighborhoods and deteriorated housing66,208,209 and into rental housing or housing 
types that are more susceptible to disaster-related damage, such as multiunit buildings and mobile 
homes.210,211,212,213,214 The low property values in these neighborhoods and renters’ tenuous connection to 
their homes also make residential mobility after a disaster more likely. For example, homeowners may be 
unable to repair and rebuild their homes because insurance and disaster recovery assistance align payments 
with pre-disaster property values, creating large gaps in the ratio of funds to rebuilding costs.215,216 Rental 
properties, which house a disproportionate number of low-income and BIPOC households, are rebuilt 
more slowly than owner-occupied housing, driving up rents and limiting the number of affordable rental 
units.203,207,217 Consequently, more residential mobility is observed among renters and those lacking clear title 
to their property.182,185,218,219,220 Additionally, upheaval in housing markets after disasters is associated with 
increases in evictions and gentrification, as real estate speculators buy up deeply discounted properties 
for development.221,222,223 Thus, there are multiple housing-related pathways through which low-income and 
BIPOC households are displaced or compelled to migrate as a result of climate-related disasters. These 
processes can therefore exacerbate pre-disaster inequalities through unjust governance and unequal distri-
bution of risk and resilience. 

Migration and Governance

Social systems create just or unjust conditions that influence migration outcomes.

Figure 20.5. Research shows that social systems exert influence on migration. Historically, forced migration has 
exacerbated inequities and caused social harm. It is not yet understood how these dynamics will play out under 
conditions of climate change and whether climate-inflected migration can be a pathway toward climate justice. 
This figure captures, conceptually, how migration may exacerbate inequity or be a remedy. Figure credit: Oregon 
State University–Cascades, Brown University, Jacksonville State University, and Puget Sound Partnership. 

Current US policies governing relocation away from locations where repeated hazard events have occurred 
involve home buyout programs. Voluntary homeowner buyout programs have been used as a piecemeal 
strategy for hazard mitigation, often as part of post-disaster recovery assistance.224,225,226 However, 
buyout programs often lack transparency, resulting in public distrust and low participation, as well as 
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disproportionate participation in low-income and BIPOC communities.227,228 Buyout programs tend to be 
pursued in counties with higher property values, more home equity, and higher proportions of White 
residents, yet within these counties a greater number of buyouts tend to occur in BIPOC neighborhoods, 
suggesting home buyouts are an inequitable mechanism for moving people out of harm’s way (KMs 18.2, 21.3, 
22.1).229 Furthermore, home buyout programs have been deemed inadequate to the scale and complexity of 
managing relocation away from climate-related hazards.230 Programs designed to relocate residents out of 
areas exposed to hazards in a way that promotes climate justice would consider these historical and ongoing 
social inequities and take steps to mitigate their impact. 

Relocation as an outcome of flooding can be prevented or forestalled with the preservation and installa-
tion of green infrastructure, such as riparian zones, wetlands, trees, parks, and other green stormwater 
management systems.231,232,233,234,235 However, if justice is not taken into consideration, these same adaptation 
projects that alleviate climate-related displacement can cause the displacement of low-income residents, 
as property values often rise when improvement and hazard mitigation projects are planned and executed, 
leading long-time residents to be priced out of the market.236 Climate adaptations therefore can create social 
risks similar to those of climate-related disasters.

What Are Just Transitions?
Central to climate justice is the concept of a just transition—or just transitions, as approaches may be 
diverse and locally specific. The idea of a just transition emerged from labor environmentalism in the 1970s. 
Labor union leaders recognized the need to support workers who lost their jobs due to stricter environ-
mental policies or whose jobs exposed them to toxic materials.237 Just transition approaches focused on 
the creation of green jobs and training workers to fill these jobs. In the past 40 years, the concept of just 
transitions has broadened and now refers to mitigating and adapting to climate change in a managed 
process that ensures equitable access to jobs, environmental goods, and quality of life.238 If efforts are 
made to shift the economy away from fossil fuel extraction, thus displacing workers in coal, oil, gas, and 
other energy sectors, job creation and training will continue to be vital components of just transitions. This 
broader approach to just transitions emphasizes that poor and BIPOC communities that have experienced 
the brunt of environmental injustices, including both pollution and climate change impacts, are the least 
responsible for these impacts.239 Without just transitions, these inequities are expected to be exacerbated 
as society moves away from fossil fuel extraction, responds to climate adaptation and mitigation processes, 
and shifts toward a sustainable and green society (KMs 5.3, 14.3).88,240

Just transitions recognize the capacity of green infrastructure not only to mitigate hazards, capture carbon, 
and provide local cooling but also to redress past harms and minimize social inequities. For example, 
decisions about where to place green infrastructure might take into account legacies of unjust social 
systems and ongoing social inequality that shape the unequal access of BIPOC and low-income communities 
to environmental amenities and their overexposure to environmental harms.241,242,243,244 

The green infrastructure equity index can help provide a more nuanced examination of communities and 
their access to green space.245 Not taking into account these forms of justice has been shown to contribute 
to the uneven distribution of urban green infrastructure.246 Other examples have shown that using spatial 
tools and indices examining the built environment that include racial, social, and economic indicators 
can help us understand the inventory, condition, and distribution of green infrastructure247 and use that 
information to promote equity.
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Current Policy Creation as Part of Climate Justice
Mitigation and adaptation policies and programs are being implemented at federal, state, and municipal 
scales in multiple sectors (KMs 31.1, 32.5) and have implications for climate justice (KMs 31.2, 32.4). Both 
Colorado and California have charged agencies with creating plans to guide their transition away from coal, 
with a focus on economic diversification, job creation, and workforce training for former coal workers. 
Colorado’s Just Transition Action Plan, approved in 2020, acknowledges a commitment to communities 
disproportionately impacted by coal power pollution.248 California’s Office of Planning and Research is in the 
process of creating a Just Transition Roadmap. Executive Order N-79-20, which mandates the roadmap’s 
creation, includes language highlighting the disproportionate impact of coal pollution on low-income and 
BIPOC communities; however, it is still uncertain whether the roadmap, like Colorado’s plan, will be focused 
on former coal workers.249 

The Federal Government has also enacted a portfolio of environmental, climate, and economic justice 
policies that seek to ensure no one is left behind by climate change and energy transformations. These 
are examples of policies that seek to incorporate climate justice into governance structures. The Justice40 
Initiative,250 a policy that aims to ensure that 40% of the benefits in these investments flow directly to 
disadvantaged communities, is one example. Other indices and geospatial and measurement tools—such 
as the Climate and Economic Justice Screening Tool and the National Risk Index—have been developed to 
gauge whether climate exposures and impacts or the impacts of climate adaptation and mitigation are being 
distributed equitably. In addition, federal civil rights laws such as Title VI of the Civil Rights Act of 1964,251 
Section 504 of the Rehabilitation Act of 1973,252 and Section 308 of the Stafford Act253 are written to ensure 
that the implementation of environmental, climate, and economic policies do not discriminate against 
protected classes. The outcomes of these programs and the efficacy of these indices in leading to just and 
equitable access to resources have yet to be realized or analyzed.
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Box 20.1. Quinault Indian Nation Relocation and Sovereignty

The Quinault Indian Reservation, located along the central coast of Washington State, is experiencing an accelerated loss 
of land caused by sea level rise, flooding, and erosion. To adapt, the Quinault Indian Nation (QIN) is relocating the Quinault 
Tribal community from their traditional village site, where they have lived and to which they have been tied since time 
immemorial, to a newly developed site at higher elevation. 

Meaningful community engagement throughout relocation decision-making processes facilitates participation that 
recognizes community values and culture. Community engagement means engagement that involves local experts and 
nonexperts and allows impacted populations to have decision-making power and consent pathways (KM 16.3). This 
kind of engagement can be a profound way to incorporate local wisdom and values. Reflecting on possibly relocating, a 
Quinault Tribal member shared this sentiment: “I’ve made my life living off of the land and the water, and if it’s my turn to 
give something back, I’ll go with it” (interview with community member quoted in Watkinson-Schutten 2022254).

While many Indigenous communities are concerned with carrying out plans that consider seven generations into the 
future, historic US policies imposed on American Indian Tribes and other Indigenous communities have greatly limit-
ed Tribal self-determination to conduct long-term planning that allows the Tribe to adapt to changing conditions. Land 
allotment and assimilation policies that led to the fractionation of lands, for example, impact the available relocation sites 
that would help QIN adapt to climate change. Reacquiring and consolidating Tribal trust land through buyback programs 
enhances the adaptive capacity of Tribes experiencing climate change impacts.254

Relocation and Tribal Sovereignty

Quinault Indian Nation engaged the full community in its village relocation plan. 

Figure 20.6. Community members gather for a ribbon cutting for Quinault Indian Nation’s New Generations 
Building in Taholah, Washington. In March 2014, the Quinault Indian Reservation hired planners to work 
with the community to develop a plan for the relocation of the village. The master plan resulting from this 
effort directs the development of a new village beyond the tsunami zone and flooding inundation areas. 
The new village will replicate the uses in the lower village and will include single and multifamily residential, 
commercial, public, and institutional land uses. The plan also includes new streets and provides for open 
spaces, parks, and other recreational facilities. Photo credit: ©Larry Workman, Quinault Indian Nation.
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Traceable Accounts
Process Description
This chapter’s authors have scientific knowledge and credibility in the topical areas covered. In particular, 
the authors span a variety of social science disciplines, allowing the team to analyze social systems from 
multiple disciplinary perspectives. Author selection for the chapter proceeded as follows.

First, the US Global Change Research Program (USGCRP) released a Request for Public Nominations. 
Interested scientists were either nominated or self-nominated and their names placed into a database. A 
concurrent Request for Public Nominations also solicited scientists to serve as chapter leads. Both lists were 
reviewed by the USGCRP, with input from the coordinating lead author (CLA) and from the National Climate 
Assessment (NCA) Federal Steering Committee. All chapter lead (CL) and agency chapter lead (ACL) authors 
were selected by the USGCRP. The CLA, CL, and ACLs then convened to review the author nominations list 
and identify potential chapter authors. The list was coded for diverse disciplinary expertise, and a subset 
was identified that met our requirements for analysis. 

In the second phase, the CLA and CL used both the list of nominees and a list of other scientists who had 
relevant expertise to build an author team that was representative of diverse social science disciplines, 
institutional affiliations (federal agencies and academic and research institutions), depth of subject-matter 
expertise, and knowledge of proposed topics. 

Lastly, the authors were contacted by the CL to determine their level of interest and willingness to serve 
as experts on the first Human Social Systems chapter in the NCA. One author, Dr. Kyle Whyte, was invited 
to lead a different chapter of the NCA after the process had begun. Because his disciplinary expertise was 
needed on this chapter, Dr. Whyte was asked to remain as an author on this chapter as well. Although this 
was unusual, all authors felt it was the best course of action given the team’s ongoing conversations. 

In January 2022, the author team held a public engagement workshop, where the public was invited to weigh 
in on the prospectus stage of our chapter. Public comments were therefore incorporated at multiple stages 
of chapter development.

To ensure Tribal sovereignty, the chapter lead, Elizabeth Marino, chapter author Melissa 
Watkinson-Schutten, and the NCA5 director, Allison Crimmins, discussed and consulted on the contents 
of Box 20.1 and accompanying photograph with the Tribal Council of Quinault Indian Nation. Formal 
permission was received through a vote to include this information in this NCA chapter. 
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Key Message 20.1  
Social Systems Are Changing the Climate 
and Distributing Its Impacts Inequitably

Description of Evidence Base 
Decades of rigorous social science research identifies numerous human-caused drivers of climate 
change, with the burning of fossil fuels and resulting greenhouse gas (GHG) emissions being of great 
importance.11,255,256 Human-caused drivers encompass social systems and individual and aggregated 
human actions causing GHG emissions, as well as societal factors shaping and conditioning those actions, 
emphasizing institutional or large-scale processes of social structure. Most research on how social systems 
produce and distribute climate change focuses on anthropogenic drivers and involves longitudinal analyses 
of carbon emissions for the world’s nations, while subnational analyses of emissions, including for US 
states and smaller units such as corporations and power plants, are becoming increasingly common (e.g., 
Galli-Robertson and Collins 2019;257 Grant et al. 2020;10 Jorgenson et al. 2019;61 Pulver and Manski 2021258). To 
generate the body of knowledge summarized here, researchers merge aggregate data for societal factors 
(e.g., economic growth, population, inequality, etc.) with emissions data and use many statistical modeling 
techniques, such as multilevel regression analysis and longitudinal regression analysis, to examine changes 
over time and to test linear and nonlinear hypotheses regarding the relationships between social systems 
and emissions.259

Empirical research seeks to analyze these processes and interrelationships at different spatial scales 
and temporal resolutions. When the unit of analysis is the nation-state, analyses usually examine data 
for most of the world’s nations or are grouped in categories like higher- and lower-income nations or 
as particular regional clusters. Economic development (e.g., industrialization, GDP growth, wealth) and 
population dynamics (e.g., population size, population growth) are the most widely analyzed anthropo-
genic drivers. Other societal factors with many dimensions are analyzed as well, such as urbanization, 
which may lead to different findings, depending on which dimension is being modeled (e.g., urban density, 
urban slum prevalence, percent of overall population residing in urban areas) and at which scale (e.g., 
cross-national, subnational).61,255

Analyses of governance are often found in public policy and political science research. These literatures 
recognize that governments are frequently in the position to support human well-being and survival 
through policy interventions but also demonstrate that these policy processes interact with the institutions 
and conventions of human social systems and can play a role in the perpetuation of structural inequalities. 

It is well-documented that land-use policies, including historic practices such as redlining and other gov-
ernmental decisions, have concentrated hazard risk into zones of vulnerability and largely determined who 
will inhabit those zones.260,261,262 Some disaster risk-reduction strategies and policy decisions function as 
disaster risk creation, while disaster relief has been shown to incentivize poor land-use decisions by local 
government.263,264,265 An extensive literature exists in fields such as public administration, social geography, 
and political science, providing an evidence base that is generally in agreement regarding the role that 
governance and institutional arrangements play.

Major Uncertainties and Research Gaps
Although addressing human drivers is necessary for reducing GHG emissions, how to effectively harness 
global drivers of change is uncertain, given institutional inertia and the complexity of cross-scale social 
change. Curbing economic growth is not expected to proceed evenly at a global scale, given unbalanced 
resources, policies, and institutional mechanisms to promote change. The scale at which mitigation of 
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human drivers can be most effective is unclear, as efforts need to be multi-scalar and operate across various 
social-structural and spatial contexts. 

There is uncertainty as to whether bureaucratic discretion can be utilized in service of adaptive governance, 
as opposed to when legal and regulatory changes are needed. Scholars are investigating the bounds of law 
and policy that limit and create options for climate adaptation, risk reduction, and support for communities 
faced with structural racism and discrimination. Transformative adaptive governance is only possible if 
there is action at all levels of government and civil society.266 This action is dependent on key governance 
choices, including what problems to focus resources on, at what level of government actions should be 
taken, the timing of such actions, the mode of governance to be utilized, and what norms to rely on.267 More 
research would be needed in order to identify the limitations of discretion and how best to build adaptive 
governance mechanisms.

Another important gap is a lack of alternatives to cost–benefit mechanisms, such as models that can 
account for the value of preserving community, protecting lifeways, and accounting for historic disenfran-
chisement that drives down economic value. 

Description of Confidence and Likelihood
There is an extensive body of empirical research in the social sciences on the societal drivers of climate 
change.61,255,268 Therefore, there is very high confidence that social systems create climate change via GHG 
emissions and that these emissions are mitigated by societal characteristics. Empirical research and 
theoretical modeling of human activity show that human systems demonstrably impact the atmospheric 
conditions of the Earth. A diverse set of studies also show that world economic integration, ongoing 
economic growth, population growth, and high levels of inequality are correlated with GHG emissions 
and continue to trend upward. A large body of research demonstrates correlations in world economic 
integration, life expectancy, and income distribution with GHG emissions. This body of literature is 
unambiguous. Therefore, the authors have very high confidence that social systems also inequitably 
distribute the benefits of energy consumption and the impacts of GHG emissions.

Case study literature and disaster studies for at least 40 years have shown that disasters do not affect 
everyone equitably; therefore, authors also have high confidence that the impacts of climate will be 
distributed inequitably. Public administration research, as well as case study literature from geography and 
anthropology, corroborates this claim. 

The interactions between a variety of governance processes and hazards and disasters are well studied. 
Land-use policies, and in particular their impacts, have been studied in depth and show disparate impacts 
over time.265,269 Institutional decisions, policies, and bureaucratic discretion have also been shown to cause 
greater harm to some populations than to others.270,271 Here the authors do not suggest that inequitable dis-
tribution of climate impacts is certain in the future, but there is a robust literature that suggests governance 
decisions are clearly linked to how risk emerges within human and social life, thus leading to an assessment 
of very high confidence. There is research that demonstrates adaptive measures to climate changes, such as 
hazard mitigation, are similarly structured by governance decisions; but because there is a much shorter 
time frame for studying climate change–specific adaptation, authors have assigned medium confidence. 
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Key Message 20.2  
Social Systems Structure How People Know 
and Communicate About Climate Change 

Description of Evidence Base
There is a rapidly increasing, diverse, and transdisciplinary evidence base supporting the conclusion 
that social systems structure how people understand, think about, and respond to climate change in 
fundamental ways. Work on this topic comes out of philosophy, science and technological studies, intellec-
tual history, Indigenous studies, psychology, sociology, and anthropology, among other fields, and includes a 
wide diversity of theoretical and methodological approaches to evidence gathering (including epistemologi-
cal studies, survey research, ethnography, and others).

The evidence base includes studies that demarcate the diverse ways in which human–nature interac-
tions are conceived, including worldviews that integrate human and nonhuman society. The evidence 
base also includes research that demonstrates that insights Indigenous Peoples and others make 
about climate drivers and action reflect their social position, history, culture, and connectedness to 
the environment.77,105,119,122,123,125,128,163,272,273,274

A robust literature in social psychology and science communication, among other fields, demonstrates how 
people respond to different messages and information about climate change and why different types of 
climate change engagement efforts have differential outcomes. These fields offer insight into how effective 
communication and engagement can promote decision-making and action through multiple pathways, 
including provision of actionable knowledge, growth of motivation to act, and development of new skills and 
sense of efficacy. However, while there is often much hope around initiatives to change household behaviors 
through communications and engagement, the impacts of these initiatives are oftentimes relatively small, if 
generally robust.172,173

Major Uncertainties and Research Gaps
The literature is clear that knowledge is influenced by social position, culture, and history, and that 
knowledge and justice are related; it is also clear that people engage with climate change in diverse 
ways as a function of who they are and how efforts to communicate climate change are designed and 
delivered. There are significant gaps in the relevant research base, however. One is that studies are only 
beginning to emerge that show how people who experience injustice related to climate change envision 
different solutions to climate change. While the available evidence is strong in some domains, such as fire 
management,109,110 it is not comprehensive in other domains, such as with respect to responses among 
diverse BIPOC (Black, Indigenous, and People of Color) communities and communities with lower incomes 
that are experiencing a range of impacts and challenges. In addition, in part because it is so broad and 
comes from many different fields of study, the evidence base regarding social systems and how people 
understand and engage with climate change lacks integration across fields (and even within subfields). 
Although there are growing efforts to use coproduction approaches, as well as meta-analytic and other syn-
thesizing approaches, to study social systems, there is a clear need for additional synergistic and interdisci-
plinary research that explores these issues from a diverse set of perspectives and using diverse methodolog-
ical tools. Additionally, there is a need for more studies that employ coproduction approaches to understand 
more about how diverse knowledge contributes to climate adaptation and mitigation among communities 
that have been shaped by prior unjust experiences.138,139,140

While guidance to improve communications and engagement efforts has grown and strengthened in the 
past decades, there are also areas of uncertainty and research gaps in this domain. One such area concerns 
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the role of emotion in engagement and communication. Researchers and practitioners debate whether 
messages that evoke fear, guilt, hope, or other emotions can motivate behavior change effectively.275 
Climate communication that appeals to different emotions as a means to engage audiences and spur action 
is a growing research area, but there are conflicting findings about its effectiveness. Another research 
gap due to a lack of qualitative and quantitative studies involves the communication needs of vulnerable 
populations.148 More generally, extant evidence tends to come from correlational studies and relatively 
small-scale and/or lab-based experiments with nonrepresentative samples, and there are open questions in 
the literature regarding the robustness, generalizability, and applicability of the research base to real-world 
engagement and communication efforts.

Description of Confidence and Likelihood
There is extensive evidence in both case study and other research that people’s context impacts their 
understanding of knowledge and, in turn, how they experience climate change. Therefore, we have high 
confidence that people’s histories, educations, cultures, and ethics determine how they understand climate 
change. Given the cultural diversity of knowledge and knowledge communication found in anthropology and 
other fields, we have high confidence that these knowledges take different forms.

Although there is evidence from within and beyond the climate change domain to suggest that clear 
objectives and benchmarks promote desired outcomes regarding public engagement efforts, there are gaps 
with regard to the diversity of communities that have been formally studied. For example, much attention 
has been dedicated to communicating more effectively across ideological divides. On the other hand, 
the authors identify research gaps regarding knowledge of the communication needs of overburdened 
communities that are potentially most vulnerable to climate change impacts. Therefore, the authors have 
medium confidence that building such components into engagement efforts will actually promote desired 
outcomes across diverse communities.

There is extensive evidence across multiple fields of study and practice that converges on a consistent 
finding: namely, that climate change is a challenging issue on which to engage diverse publics. This is due 
in part to the complex nature of the issue, as well as to pervasive deep uncertainty, such as tipping points, 
within the climate system and how social systems (including political systems and governance) will continue 
to adapt to evolving risks. Therefore, the author team has high confidence that these and other factors pose 
significant challenges to effective engagement.

Although there is a growing recognition of the importance of community-driven engagement and inclusion 
of diverse forms of knowledge in collective decision-making in the climate change space, relatively less 
attention has been paid in the literature to promoting (climate) justice through inclusion of diverse perspec-
tives and epistemologies. Therefore, the existing evidence base provides for medium confidence that greater 
inclusion of diverse community perspectives and types of knowing in engagement and decision-making 
efforts can provide an effective mechanism to promote justice.
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Key Message 20.3  
Climate Justice Is Possible If Processes 
Like Migration and Energy Transitions Are Equitable

Description of Evidence Base
Research on environmental migration and relocation is represented in multiple social science disciplines, 
including demography, sociology, geography, anthropology, regional and urban planning, and urban studies. 
Research methods vary widely, from ethnography and other qualitative approaches to statistical analysis 
of survey, census, and administrative records and to scenario-based modeling. Much of the empirical 
research focuses on migration in response to extreme disaster events in order to speculate on future 
climate–migration interactions. Therefore, event-based case study approaches dominate the literature.276,277 
Meta-analyses of the climate migration literature have shown that hazards have heterogeneous effects on 
human migration, sometimes driving people out of and sometimes attracting people to hazard-affected 
areas and sometimes not having any effect.278,279,280,281,282 In the United States, a few surveys ask respondents 
why they moved, although only very small percentages (less than 1%) name disasters or the environment as 
their reason for moving,180,181 supporting the statement that the environment is not a major driver of internal 
US migration. Research on governance of housing recovery after disasters is based on a growing body of 
evidence about disaster impacts on housing, post-disaster permanent housing recovery, home buyout 
programs, and social and spatial inequalities therein, which originated in disaster research centers and has 
expanded to include scholars in all of the aforementioned disciplines. 

This Key Message and supporting text were based on the extensive environmental justice, climate justice, 
and just transition literature. The overburdening and overexposure of low-income and BIPOC communities 
to environmental injustices and negative climate change impacts, as well as their lack of access to envi-
ronmental amenities and green spaces, has been well documented, particularly by scholars such as Robert 
Bullard (e.g. Bullard 1994,1 1996,241 2001,242 200874).

While the majority of environmental justice literature focuses on the distributional arm of justice, some key 
literature has discussed and demonstrated the importance of recognitional and procedural justice amelio-
rating histories of environmental injustices (e.g., Corburn 2003;283 Rigolon and Németh 2018;284 Whyte 20113). 
The literature on just transition largely focuses on the transition to a low-carbon economy via the increased 
use of green energy.238 Much of that literature is based on European case studies. As such, there are not 
many US case studies to discuss, and even fewer successful ones. However, the literature on green infra-
structure, which can be considered a part of just transition strategies, is better developed, although it is still 
evolving (e.g., Zuniga-Teran et al. 2021246). Nevertheless, the literature available on these topics, albeit limited 
in some areas, is corroborating, clear, consistent, and overwhelmingly in agreement regarding the history of 
environmental racism, the evidence of disparate exposure and impact, and the potential for perpetuation in 
the context of climate. 

Major Uncertainties and Research Gaps
There are several research gaps within this research areas. One such area is research on nontraditional 
hazardous scenarios or built-environment challenges, including the distribution and condition of critical 
infrastructure systems and utility services that pose risks in the instance of failure.247 One well-known 
example of this is the Flint, Michigan, water crisis and the disrepair of drinking water systems that resulted 
in corrosion and lead poisoning in a majority-Black community. Emerging literatures are filling this gap 
in terms of justice in the areas of energy, sewerage, stormwater, transport infrastructure, and beyond. 
Similarly, research in just transitions is still developing, especially with regard to green energy and jobs, two 
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of the major focuses of the literature, and has few resolved or successful case studies. This is mainly because 
this phenomenon is relatively recent and the outcomes related to efforts are still to be determined. 

Observational studies of environmental drivers of migration cannot predict the quantity or types of 
migration that will occur in the future, especially as changes occur in the environment, the economy, 
governance, risk perception, and systems exacerbating or mitigating social inequalities. Scenarios of 
expected conditions may allow for broad generalizations;285 however, predicting the timing, location, and 
magnitude of climate-related hazards that may provoke migration requires many assumptions and uncer-
tainties (e.g., Rigaud et al. 2018;286 Clement et al. 2021287). Social science may contribute to filling a gap 
regarding how social systems influence collective and individual decisions to relocate away from or adapt in 
place to climate change impacts. There are growing literatures on immobility, whether climate induced288 or 
voluntary.289 Additional research gaps enumerated in a recent review include investigations of the long-term 
outcomes of disaster evacuees and the effects of climate change on demographic subgroups, such as 
children or older adults, and small populations, such as Indigenous People.290

There are not enough data available to evaluate the new federal initiatives mentioned in this section. In the 
past it has been challenging to understand environmental justice implications in federal policies because 
of a lack of data. FEMA, for example, has not historically collected data on race or ethnicity as part of its 
assistance programs. Recent changes have permitted this data to be collected,291 and we anticipate new 
insights in the coming years. 

Description of Confidence and Likelihood
Historical corollaries and new policies on environmental justice provide an opportunity for communities 
to envision climate justice; however, current case study research and ongoing research on environmen-
tal justice outcomes show that such a transition will be difficult and that there remain deep inequities in 
accessing environmental benefits and suffering environmental burdens. Additionally, it is unclear whether 
governance structures can adapt quickly enough to respond to climate risks and other societal pressures. 
There is therefore medium confidence that climate justice is possible. An extensive literature in demography, 
anthropology, geography, public administration, and legal studies demonstrates that migration is a complex 
phenomenon that has multiple push and pull factors and is mitigated by socioeconomic conditions. This 
research base gives us medium confidence that migration will impact the three categories of environmental 
justice or exacerbate these injustices. There is extensive literature that suggests justice is a complex, mul-
tifaceted process that includes understanding how benefits, burdens, and decision-making around climate 
change are distributed among diverse groups;1 therefore, we have high confidence that adaptation to a 
changing climate and changes to energy production require a whole-systems approach that must consider 
the social dynamics of race, ethnicity, rurality, poverty, and infrastructure equity, among other factors. 
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Introduction
The Northeast landscape varies from the rural New England coast to the urbanized corridor from Boston 
to the Mid-Atlantic and inland to the heavily forested Appalachian Mountains. New York, Pennsylvania, 
Maryland, Delaware, West Virginia, and the District of Columbia all contain parts of the Chesapeake Bay 
Estuary, the largest estuary in the United States. The Northeast is the homeland of Indigenous Peoples, 
including 18 Federally Recognized Tribal Nations and many Indigenous Peoples both within the region and 
who were removed from their lands in the Northeast and relocated to other regions of the United States. 
Much of the region’s employment is in the professional sectors, but jobs related to the natural environment 
and tourism remain culturally and economically important.1 Heritage industries tied to resources and 
agriculture still shape New England and the Mid-Atlantic, including fishing at the coasts, farming in rural 
areas of Pennsylvania and Maryland, forestry in northern New England, and mining in West Virginia. 
Seasonal tourism tied to outdoor recreation is particularly important, with summer tourism in coastal 
communities, fall tourism driven by changing leaves, and winter tourism based on cold-weather sports. 
Tourism is also important in the cities year-round, with visitors attracted to historical sites, the arts, and the 
diverse cultures of large cities such as Boston, New York City, Philadelphia, Baltimore, and Washington, DC. 

The population of the Northeast has increased by approximately 4.4% since 2010, totaling more than 67 
million people. The Mid-Atlantic states experienced the largest increases, with the District of Columbia 
increasing by 14.6% and Delaware by 10.2%. Some states with larger rural areas—Maine, Pennsylvania, 
Vermont, and Connecticut—experienced more modest population growth or remained stable. West Virginia 
was the only state to lose population, declining by 3.2%.2,3 

Much of the information about the impacts of climate change on the region presented in the Fourth 
National Climate Assessment (NCA4) remains true today.4 Urban residents still face increased exposure to 
extreme heat events, flooding, and episodes of poor air quality. Likewise, rural areas are still susceptible to 
droughts and floods that affect agricultural productivity and ecosystem function. These events still pose 
compounding threats to aging transportation, water, and wastewater infrastructure. The communities most 
vulnerable to climate risks remain those that are historically overburdened and economically disadvantaged 
in both rural and urban areas. As extreme events continue to occur frequently, these changes are becoming 
stressors throughout the region—in rural interiors, urban corridors, and the ecosystems supporting coastal 
communities. 

Many early adopters of both mitigation and adaptation action have been in the Northeast. Hurricane Sandy 
(2012) drove some of this action through programs like the Rebuild by Design effort, which focused on 
making projects related to disaster rebuilding more resilient to all hazards.5 In 2014, thirteen projects that 
won the National Disaster Resilience Competition were located in the Northeast, and by 2022 these projects 
were in design and construction phases, with some projects substantially complete.6,7 Northeast cities and 
states participated in numerous other efforts, from the Rockefeller Foundation’s 100 Resilient Cities program 
to Massachusetts’s landmark integration of climate adaptation into its FEMA State Hazard Mitigation Plan.8 
States, Tribal Nations, and local governments are also beginning to fund both planning and project imple-
mentation with non-grant public funding, and private-sector actors are increasingly self-funding their 
own action. Advancements in adaptation and mitigation efforts in the Northeast provide an opportunity to 
document progress and identify remaining knowledge gaps that constrain or enable climate action.

In the Northeast, both adaptation and mitigation actions are proceeding, particularly in response to 
repeated impacts from extreme weather events (KM 21.1). Adaptation is also being documented in the 
ocean and coastal regions (KM 21.2). Human and ecosystem climate change impacts are disproportionately 
affecting overburdened communities and people, leading to an increased focus on equity in adaptation and 
mitigation efforts (KM 21.3). Deliberate action plans for both mitigation and adaptation are being completed 
throughout the Northeast by states, municipalities, and Tribal Nations (KM 21.4), but the progress of action 
in both the public and private sector will depend on the ability to fund and finance it (KM 21.5).
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Key Message 21.1   
Chronic Impacts of Extreme Weather Are Shaping  
Adaptation and Mitigation Efforts

The Northeast continues to be confronted with extreme weather, most notably extreme pre-
cipitation—which has caused problematic flooding across the region—and heatwaves (very 
likely, high confidence). In response, climate adaptation and mitigation efforts, including 
nature-based solutions, have increased across the region (high confidence), with a focus on 
emissions reductions, carbon sequestration, and resilience building (medium confidence).

Precipitation in the Northeast has increased in all seasons (Figure 2.4),292 and extreme precipitation events 
(defined as events with the top 1% of daily precipitation accumulations) have increased by about 60% in 
the region—the largest increase in the US (Figure 2.8; see also Figure 21.1). These changes may be due to an 
increase in tropical systems during the Atlantic hurricane season in September and October, especially at 
interior locations as far inland as West Virginia.9,10,11,12 The increase in extreme precipitation and associated 
flooding could also be due to the higher overall water availability throughout the region.13 

Trends in Extreme Precipitation in the Northeast 

The number of days in the Northeast with extreme precipitation has increased. 

Figure 21.1. The four charts show the number of daily events per year with precipitation totals equal to or exceeding 
2, 3, 4, and 5 inches from 1958–2022 (blue lines), along with trend lines (black) computed from linear regressions 
over the full period. Numbers in the top left corner show the percent increase relative to the long-term average, com-
puted as the difference between the end points of the trend lines divided by the 1958–2022 average. The number of 
daily events is defined as the total number of extreme precipitation accumulations recorded at all stations across 
the observing network in the Northeast. See the figure metadata for details on the methodology. The trends shown 
suggest an increase in the frequency of extreme precipitation, with larger increases for the more extreme precipita-
tion events. Figure credit: USDA Forest Service, Drexel University, NOAA NCEI, and CISESS NC.
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Urban and flash flooding is typically triggered by short-duration (e.g., sub-daily, sub-hourly), high-intensity, 
localized “cloudburst” events, often caused by convective thunderstorms. Although historical and forecasted 
trends in sub-daily precipitation event attributes and frequencies have not yet been evaluated for the 
region, the occurrence of these events has already begun to motivate action (Figure 21.2). For example, 
in 2021 after back-to-back storms (Hurricane Henri followed by Hurricane Ida) shattered records for the 
greatest one-hour rainfall events and resulted in 13 deaths, the City of New York committed to educate, 
train, and acclimate residents to the potential impacts of extreme weather, expand flood protection to 
include both inland and coastal communities, and reimagine its drainage system, among other initiatives.14

Examples of State and Local Responses to Extreme Weather

Northeastern states and cities have adopted a range of plans, programs, and policies in response to extreme 
weather, many of which include nature-based strategies.

Figure 21.2. This map highlights efforts, many of which are nature-based, that address climate change impacts 
by building resilience or promoting mitigation measures. In some cases, these efforts are specific programs or 
projects, such as the Family Forest Carbon Program in Vermont and New York. In other cases, local and statewide 
plans include broader attention on natural and nature-based strategies. Figure credit: Drexel University and USDA 
Forest Service.

The frequency of droughts in the Northeast decreased between 1901 and 2015, albeit not as much as would 
have been expected given the region’s increase in average precipitation.15 Although higher overall humidity 
can reduce the effect of rising temperatures on how quickly water evaporates from crops,16 farmers17,18 and 
other stakeholders report impacts triggered by highly variable soil moisture. For example, thaw events, 
extended spring conditions, and longer mud seasons have reduced mobility on unpaved roads that are 
important for rural travel and logging operations.19
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As in the rest of the country, the region’s heatwaves are lasting longer and are more severe, generally 
increasing heat stress, especially in densely populated areas (KM 2.3). By midcentury, heat index values over 
100°F are projected to increase threefold in the Northeast under an intermediate scenario (RCP4.5).20

Extreme weather creates a range of social, economic, and ecological impacts in urban, coastal, rural agri-
cultural, and wild landscapes, as demonstrated by an increase in reporting on extreme weather in the 
Northeast media (Figure 21.3). Social vulnerability to climate stressors is unequally distributed throughout 
the region. Individuals who are low income, minority, and/or without high school diplomas are, respec-
tively, 35%, 20%, and 20% more likely than individuals who are not members of those groups to live in 
areas with the highest projected traffic delays due to high tide flooding. Minorities in the region are 16% 
more likely than non-minorities to experience property damage or loss due to the highest projected inland 
flooding damages.21 In New York City, high levels of social vulnerability to climate change are consistently 
found in neighborhoods with lower incomes and higher shares of African American and Hispanic residents.22 
Ecosystems are also becoming more vulnerable to extreme weather events as climate change increases 
stressors such as pests that survive in warmer winter nights.23

Northeast US Newspaper Mentions of Extreme Weather and Nature-Based Solutions

Mentions of extreme weather events and nature-based solutions are increasing across Northeast media.

Figure 21.3. As the Northeast continues to experience extreme weather events, news articles highlight the 
trend in climate action planning. Natural and nature-based features are a common strategy used in these 
efforts. Solid lines show mentions related to heavy precipitation (blue), extreme heat (orange), and nature-based 
solutions and green infrastructure (gray) during 2000–2021, with dotted lines showing the estimated trend line 
for each category. Figure credit: Drexel University and USDA Forest Service.

Future increases in heatwaves are projected to increase mortality rates in the region’s major urban areas 
(KM 15.1).24 Among workers who are exposed to weather conditions, minorities are 7% more likely than 
non-minorities to lose labor hours under 2°C (3.6°F) of global warming.21 Extreme heat is also putting 
increased pressure on emergency managers and utility corporations, as well as causing human mortality.25

High population density, problematic land-use configurations, industry and other pollution sources, con-
taminated soils, aging infrastructure, and a legacy of buried and/or heavily modified natural drainage 
systems exacerbate extreme weather impacts in urban areas (KM 12.2).26 Even under non-extreme weather 
conditions, impervious surfaces (e.g., sidewalks, roofs, roadways, compacted lawns) generate large quantities 
of runoff from precipitation, yielding nonpoint source pollution, streambank erosion, habitat degradation, 
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downstream flooding, impaired mobility, and reduced access to services. Extreme weather accelerates and 
amplifies these phenomena. Localized rainfall flooding can damage homes and businesses with below- or 
at-grade spaces (e.g., basements, ground floors, subways). Hurricane Ida triggered rainfall flooding that 
killed 11 people in New York City who could not escape below-grade dwellings27 and inundated below-grade 
sections of Philadelphia’s Vine Street Expressway. In Baltimore, flooding interrupts basic services, including 
access to food distribution centers, schools, childcare facilities, health services (e.g., dialysis or methadone 
clinics); in addition, the city’s elderly, poor, mentally ill, mobility-constrained, and those with limited 
experience of flooding were identified as the most susceptible to flooding effects.28 More broadly across 
Maryland, probabilistic flood mapping and recent flood events indicate that flood risks extend beyond the 
100-year floodplain in some places, particularly in urban watersheds.29

Increased precipitation can also impact less intensively developed areas and along the coasts. Observed 
and projected increases in precipitation in the Susquehanna River basin, which contributes about half of all 
freshwater discharges into the Chesapeake Bay, are drivers for flood risk, poor water quality, and changes 
to habitats in the bay.30,31 Wetter springs are expected to continue to delay planting, postpone harvests, and 
reduce crop yields.23

Stronger storm surges during tropical systems and nor’easters increase the risk of coastal flooding, also 
exacerbated by sea level rise.32,33 Flood hazards for coastal cities are projected to increase in frequency and 
magnitude in the coming decades in the absence of near-term adaptive measures.34 In August 2020, Tropical 
Storm Isaias flooded the Eastwick neighborhood of southwest Philadelphia. This overburdened community 
is home to one of the largest Superfund sites in the country and also faces coastal and compound flood risks 
due to sea level rise from the Delaware River.

Governmental and nongovernmental groups are mapping hazards to assist in responding to extreme events. 
New York City and Boston developed detailed maps of the portions of each city that are at risk of rain-
fall-induced inland flooding under coincident tidal conditions and sea level rise. Maps of croplands and 
forests most vulnerable to saltwater intrusion are also being developed.35 Heat vulnerability maps have been 
developed for cities (e.g., Philadelphia), counties (e.g., Essex County, New York), and states (e.g., Vermont) 
throughout the region. Such maps can assist with identifying at-risk communities. Heat risk-reduction 
strategies tend to emphasize direct assistance to at-risk residents and impacts on energy utilities. Chelsea, 
Massachusetts, and New York City have distributed air conditioners to reduce the impacts of extreme heat, 
and Philadelphia recently released a Beat the Heat Toolkit.

States, regional planning commissions, Tribal Nations, and localities are also responding by incorporating 
climate resilience into FEMA hazard mitigation plans (HMPs; KM 31.4). Many action plans are developed 
through collaborative public–private processes. Atlantic County, New Jersey, has initiated a Regional 
Resilience and Adaptation Action Plan through a partnership between the New Jersey Bureau of Climate 
Resilience Planning and various regional stakeholder groups. The Stafford Act36 requires that states and 
Tribes submit approved HMPs to FEMA every five years to be eligible for nonemergency Stafford Act 
disaster assistance and FEMA hazard mitigation grants. The act also requires each state to establish a 
process to support development of local HMPs. Climate-resilient HMPs incorporate downscaled climate 
projections, resident experiences, and local visions. Increasingly, HMPs directly address the goals of other 
plans developed at the local, regional, Tribal, or state level, including sustainability plans and comprehen-
sive plans (e.g., Nashua, New Hampshire; Springfield and Boston, Massachusetts; Shinnecock Nation; and 
New York City). In most cases, these efforts are in the planning phase, but some early-adopter locations are 
beginning to implement their resilience projects. Local and state FEMA hazard mitigation planning guides 
now encourage climate-informed planning and projects that incorporate resilience.37,38
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With increased awareness of extreme weather impacts, climate action plans and projects in the Northeast 
are utilizing natural and nature-based features (NNBFs) more frequently (Figure 21.2). NNBFs restore 
landscape resilience to disturbances, protect downstream water bodies, and deliver a range of co-benefits 
that protect public health, reduce flood damage, improve water and air quality, and control ambient air tem-
peratures (KM 9.3). NNBFs utilize plant or soil systems for environmental, economic, and social benefits.39 
Several recent studies focused in New Jersey, New York, and Connecticut emphasize the role of NNBFs in 
buffering coastal flood losses,40,41 detaining and retaining runoff,42,43 reducing combined sewer overflows,44 
alleviating heat impacts,45,46 and introducing vegetation that is resilient to future floods and droughts.47 
Changes in precipitation can also reduce the stormwater capture performance of NNBFs,42,48,49 and the 
adaptation value of NNBFs can depend heavily on unique local conditions.50 Several Tribal NNBFs are also in 
place across the Northeast (KM 16.3). For example, the Shinnecock Nation has developed a kelp aquaculture 
farm and a living shoreline featuring oyster reefs on Long Island, New York.51 In partnership with the Town 
of Mashpee, Massachusetts, the Mashpee Wampanoag Tribe also built an oyster reef.52 The Wampanoag 
Tribe of Gay Head (Aquinnah), Massachusetts, rebuilt and replanted beach dunes for coastal protection.53 

Climate mitigation is also a target for NNBFs, including carbon sequestration and greenhouse gas (GHG) 
emissions reductions.54,55,56 Local, Tribal, and state planners are moving toward multi-objective approaches 
when incorporating NNBFs as part of the toolbox for climate adaptation and mitigation, with increasing 
focus on equitable climate outcomes where co-benefits are needed for heat, flooding, and well-being 
(Figure 21.2). 

Key Message 21.2  
Ocean and Coastal Impacts Are Driving Adaptation to Climate Change

The ocean and coastal habitats in the Northeast are experiencing changes that are unprec-
edented in recorded history, including ocean warming, marine heatwaves, sea level rise, and 
ocean acidification (high confidence). Changing ocean conditions are causing significant 
shifts in the distribution, productivity, and seasonal timing of life-cycle events of living marine 
resources in the Northeast (high confidence). These impacts have spurred adaptation efforts 
such as coastal wetland restoration and changes in fishing behavior (high confidence). 

Ocean warming, more frequent and intense marine heatwaves, sea level rise, and ocean acidification are 
harming aquatic ecosystems and ecosystem services, and these impacts are expected to be exacerbated by 
future climate change (KMs 2.1, 3.4, 9.1, 9.2, 10.1; App. 4.4).57,58,59,60 Climate-driven shifts in distribution, pro-
ductivity, and phenology (seasonal timing of life-cycle events) are increasing in prevalence and magnitude 
across species, from phytoplankton to whales.59,61

Ocean temperatures in the continental shelf bottom waters of the Northeast have increased by as much 
as 0.15°F to 0.7°F per decade (Friedland et al. 2020) due to changes in atmospheric circulation from a 
persisting positive North Atlantic Oscillation (NAO; a large-scale climatic phenomenon) and a weaker 
Atlantic Meridional Overturning Circulation.62 The northward shift of the Gulf Stream increased the salinity 
and temperature of subsurface waters on the Northwest Atlantic shelf.63 Several notable marine heatwaves 
affected the Northwest Atlantic over the last decade (Figure 21.4),63,64,65 associated with Gulf Stream 
variability, atmospheric jet stream motions, and the increased presence of masses of warm water formed 
from the Gulf Stream called warm core rings.66 Changes in ocean temperature and circulation have also 
decreased the extent, temperature, and duration of the cold pool, a near-bottom coldwater feature in the 
Mid-Atlantic and an important habitat for fish productivity.58,67
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These changes are impacting productivity at the base of the region’s ocean ecosystem and changing the 
composition of the phytoplankton community.68 The overall diversity and abundance of the zooplankton 
community has increased,68 but the biomass of key zooplankton species has declined.59,69 These changes can 
restructure communities and have cascading effects throughout the food web. For example, the negative 
impact of warming on the copepod Calanus has been linked to shifts in the distribution of right whales along 
the Northeast shelf.70,71

Ocean Temperatures and Marine Heatwaves

Oceans are growing warmer and marine heatwaves are more frequent, which is impacting marine ecosystems in 
the Northeast.

Figure 21.4. Annual average sea surface temperature (SST) anomalies (solid black line) and daily SST anoma-
lies (light gray line) for the Gulf of Maine (region defined as ecological production unit, an ecologically distinct 
ecosystem). Differences from the long-term average are estimated using a 30-year climatology reference period 
of 1982–2011. Days meeting marine heatwave criteria are noted (red tick marks). Marine heatwave status was 
determined following the methods of Hobday et al. (2016).72 The figure shows continued warming of the Gulf of 
Maine, with 2022 among the warmest years on record. In addition to the warming trend, the periodicity of extreme 
temperature events (i.e., marine heatwaves) has increased in the region. Adapted from Gulf of Maine Research 
Institute 2022.73 

Fish stocks are shifting northeastward along the shelf and into deeper waters.58 Traditional Mid-Atlan-
tic fish species (e.g., black sea bass)74,75 are increasing, and subarctic species (e.g., northern shrimp and 
Atlantic cod)59 face declines in the Gulf of Maine (Figure 21.5). Warming is changing the distribution of 
bottom-dwelling species, including American lobster, Atlantic surf clams, and sea scallops (Figure 21.6).76,77 
New research directions focus on the impacts these changes have on early life stages for key species like 
Atlantic mackerel.78
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Past (1985), Present (2015), and Future (2050) of the Gulf of Maine Ecosystem

Shifts in the abundance and composition of species in the Gulf of Maine are expected to continue with addition-
al warming.

Figure 21.5. In 1985, conditions in the Gulf of Maine ecosystem were cool, and subpolar species (puffin, right 
whales, and Atlantic herring) were not abundant due to human activities and natural variability. By 2015, Atlantic 
cod abundance was low due to overfishing and rising temperatures, whereas temperate species (e.g., black sea 
bass and squid) became prevalent due to warming. Under an intermediate scenario (RCP4.5), by 2050 many sub-
polar species (e.g., lobster, Atlantic cod, Atlantic herring, and Calanus, a copepod) are expected to decline (down 
arrows), and temperate species will increase (upward arrows). With better management, Atlantic cod abundance 
will tend to increase, but it will be counteracted by decreased productivity due to warming. Right whales will 
increase with better management but are expected to move out of the Gulf of Maine (horizontal arrow) due to the 
impacts of warming on the distribution and abundance of their prey. Local fishing communities will need to shift 
effort to harvest species that have become more abundant. Adapted from Pershing et al. 202159 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode
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Changing Distribution of Fishery Resources in the Northwest Atlantic Ocean

The distribution and abundance of American lobster are expected to decrease by midcentury.

Figure 21.6. The figure shows (a) predicted changes in American lobster (Homarus americanus) distribution and 
abundance based on the estimated baseline biomass (log-transformed scale) from 1991 to 2020 (the color scale 
ranges from yellow [high biomass] to purple [low biomass]) and (b) future projected change in biomass in 2055 
compared to the baseline period (the color scale ranges from no change [white] to a decrease in biomass [darker 
blue]). Projections suggest a decrease in the future biomass of lobster due to ocean warming. Adapted from Allyn 
et al. 202079 [CC0 1.0].

The timing of important life-history events, such as fish feeding and spawning migrations, is shifting in 
the Northeast. Spring and autumn phytoplankton blooms occurred later in recent decades.80 Larval fish 
occurrence and fish migration are both happening earlier.81,82,83 Warmwater fish remain longer in Rhode 
Island’s Narragansett Bay, while coldwater species stay for shorter periods,84 changing when species can 
be fished. Warming seas are linked to increased cold-stunning events for Kemp’s ridley sea turtles in the 
northwest Atlantic, in which turtles acclimated to warm water become motionless when subjected to 
sudden cold water.85

Increased temperatures make some diseases more prevalent in aquatic organisms, affecting the avail-
ability of seafood and increasing seafood-borne diseases. Shell disease in American lobster is associated 
with changing molting patterns due to spring warming and increased exposure to summer heat.86 Climate 
change is expected to cause higher mortality of blue crabs due to infection by Hematodinium87 and 
Callinectes sapidus reovirus 1.88 Harmful algal blooms occur more often in the Northeast.89 Evidence links 
climate change to an increase in the potential growth rates and bloom-season duration of Margalefidinium 
polykrikoides, which kills finfish and bivalve mollusks,89,90,91 and in the number of blooms of Prorocentrum 
minimum.92,93 Increasing temperature is linked to increases in the occurrence of pathogens (e.g., Vibrio 
species),60 which are among the most important causes of seafood-borne diseases.94

Increasing water temperature is expected to alter fish and shellfish community structure in estuaries.95 
Significant declines in the relative habitat usage of several economically important finfish species (e.g., 
Atlantic croaker, spot, and summer flounder) were observed in the Chesapeake Bay from 2008 to 2019,96 
driven in part by the NAO.

https://creativecommons.org/publicdomain/zero/1.0/legalcode


Fifth National Climate Assessment

21-13 | Northeast

The abundance of subtropical species such as pinfish and white shrimp is expected to increase in the 
Chesapeake Bay and coastal lagoons, whereas more temperate species, such as soft clam and sand shrimp, 
might decrease.97,98 In the Chesapeake Bay, an observed increase in the abundance of white shrimp99 was 
related to favorable environmental conditions, including rising temperatures. Projections of shorter winter 
periods and warmer winter temperatures in the Chesapeake Bay suggest that by 2100, blue crabs will grow 
faster and improve their overwinter survival, increasing the productivity of the population.100

Combined with changes in salinity, ocean acidification exerts stress on shell-building organisms in the 
region (KM 2.3). The Mid-Atlantic Bight is acidifying faster than other Atlantic coastal regions and the open 
ocean.101 Ocean acidification may impact fishery resources, including American lobster, scallops, oysters, 
clams, and mussels.102 For example, projections of sea scallop biomass suggest a potential decrease of more 
than 50% by the end of the century under a very high scenario (RCP8.5) and 13% under an intermediate 
scenario (RCP4.5).103 Scallops are one of the most lucrative fisheries in the Northeast, and acidification will 
have socioeconomic ramifications. 

Oxygen loss in ocean and coastal areas, which is correlated with water temperature and nutrient 
enrichment, is also an important driver of marine ecosystem change (KM 2.3). The rate of change varies by 
region, with coastal waters of the Northeast showing a drop in oxygenation that outpaces that of the global 
ocean and broader North Atlantic.104,105,106 Projected increases in precipitation discussed in Key Message 21.1 
will lead to increased runoff and nutrient loading into coastal waters. Estuaries such as the Chesapeake 
Bay that receive significant amounts of nutrients from the watershed that stimulate algae production 
experience low oxygen levels (hypoxia),107 especially during the summer months. Furthermore, tempera-
tures are rising in the region, and in the Chesapeake Bay this is driven by increases in air temperature and 
in reflected longwave radiation, as well as by warming of the continental shelf.108 Marine heatwaves are 
also increasing in frequency, number of days per year, and yearly cumulative intensity in the Chesapeake 
Bay, which is projected to reach a semipermanent marine heatwave state by 2100, relative to present day.109 
Under such a condition, extreme temperatures will occur for more than six months in a year. Increases in 
the temperature and intensity of marine heatwaves are expected to decrease the dissolved oxygen content 
of water and worsen the hypoxic conditions, with consequent negative effects on fish, shellfish, and other 
living organisms.110,111

Sea level rise, tropical and extratropical cyclones, storm surges, and flooding are changing natural coastal 
wetlands and forests and the species that inhabit them (Figure 21.7; Ch. 9).112 Impacts of rainfall and riverine 
floods on coastal areas include shoreline erosion,113 damage to infrastructure and agriculture, and the 
degradation and loss of coastal ecosystems, including tidal wetlands and forests (KMs 9.1, 9.2).114,115 Coastal 
inundation poses increased risks to aquifers and buried structures, such as septic tanks and pipes, which 
would degrade water quality.116 Coastal zone groundwater supplies (such as in Long Island, New York, and 
Cape May County, New Jersey) are also vulnerable to saltwater intrusion from sea level rise.117,118

Coastal forests in the Northeast, such as the Lower Eastern Shore of Maryland and other areas of the 
Delmarva Peninsula, have been affected by saltwater intrusion and salinization of the soils.119,120 When coastal 
forests are invaded by salt water, they transform into tidal marshes, leaving behind standing dead trees, 
called ghost forests,121,122 and promoting the growth of Phragmites australis, an invasive reed grass that 
provides less suitable habitats for fishes, crustaceans, and other invertebrates.123
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Projected Changes in Coastal Forests 

Rising sea levels kill trees and transform coastal forests into marshes, damaging vital ecosystems and the ser-
vices they provide to the community.

Figure 21.7. As sea level rises, the water table also rises; the vadose zone (which is between the ground sur-
face and the groundwater table) becomes thinner, bringing the water table closer to the surface; and tidal 
flooding and storm surges reach farther inland, resulting in forest dieback and conversion of forested wet-
lands to standing-water wetlands. Over time, these changes result in permanent habitat shifts. Adapted from 
Sacatelli et al. 2020.122
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Advancements in predictive modeling of coastal and marine resources59,79,124 are informing expectations of 
future climate-driven changes in the thermal habitat of species, such as American lobster (Figure 21.6) and 
sea scallops, and enabling marine resource managers to anticipate risks to these fisheries. Projections of 
habitat changes in the Northeast suggest that sea scallops will undergo a northward shift, while American 
lobster will move farther offshore over the next 80 years.125 Information on expected shifts in the distribu-
tions of marine resources is important for adaptive actions that can support livelihoods and local economies 
reliant on these resources.

Adaptation responses to sea level rise and shoreline erosion include the use of natural and nature-based 
features, such as eco-engineered oyster reefs (e.g., oyster castles), and management and restoration126,127 
of coastal wetlands.128,129,130 Collaborative learning and exchange of ideas among multidisciplinary groups, 
including salt marsh professionals, is facilitating salt marsh management and restoration in the region; 
techniques include using drone technology to monitor living shorelines and constructing and evaluating 
runnels (shallow, narrow channels used to drain water from the marsh surface at low tide).131,132,133,134 Other 
measures are aimed at managing stormwater and reducing carbon dioxide (CO2) emissions to mitigate 
ocean acidification.135

New England and Mid-Atlantic fishing communities are particularly vulnerable to climate impacts and 
face declining fishing opportunities unless they adapt, either through catching new species or fishing in 
new locations.136 Actions undertaken to reduce potential climate change impacts to Northeast fisheries 
range from individual actions to changes in federal governance.137 Fishing patterns such as location 
and timing have altered in response to shifting species distributions (e.g., summer flounder). Effective 
adaptation strategies include diversifying species targeted for harvest in response to changing availability 
and improving fleet mobility, so fishers can follow their target species.138 Marine heatwaves led to an early 
influx of molted lobsters, prompting the lobster industry to implement changes throughout the supply 
chain to avoid price drops should another warm year with early and intense landings occur.139 However, 
key barriers to adaptation efforts include fisheries specialization and dependency, fishery access, working 
waterfront and workforce issues, and management system responsiveness.140 Furthermore, interactions with 
threatened and endangered aquatic mammals can complicate adaptation efforts. Changes in right whale 
patterns due to warming have increased concern about the risk of vessel strikes. This has prompted calls for 
increased fishing gear regulations, with possible ramifications for the lobster industry.141
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Key Message 21.3  
Disproportionate Impacts Highlight the Importance of Equitable Policy Choices 

Extreme heat, storms, flooding, and other climate-related hazards are causing dispropor-
tionate impacts among certain communities in the Northeast, notably including racial and 
ethnic minorities, people of lower socioeconomic status, and older adults (very likely, very high 
confidence). These communities tend to have less access to healthcare, social services, and 
financial resources and to face higher burdens related to environmental pollution and preex-
isting health conditions (very likely, high confidence). Social equity objectives are prominent in 
many local-level adaptation initiatives, but the amount of progress toward equitable outcomes 
remains uneven (very likely, high confidence).

Across the Northeast, the disproportionate impact of climate change and extreme weather on racial and 
ethnic minorities and low- and moderate-income communities has provided focus to new advocacy and 
policy work to advance equity and environmental justice.

Climate impacts—including extreme heat, stronger storms, flooding, and pollution—compound the environ-
mental, health, and socioeconomic burdens on some communities (KMs 12.2, 15.2). These burdens include 
historical racially based injustices such as redlining (a discriminatory practice by which financial products 
such as loans and insurance were refused or limited in specific geographic areas),142,143,144,145,146 land disposses-
sion and forced migration of Indigenous Peoples, and disinvestment in poor communities and communities 
of color. In response, local, Tribal, and state governments are increasingly working directly with community 
organizations, Indigenous Peoples, and environmental justice groups to develop new approaches to 
these challenges.

Analyses of summer land surface temperature and sociodemographic data reveal heat exposure disparities 
across Northeast neighborhoods. Specifically, neighborhoods with higher proportions of racial and ethnic 
minorities, people of lower socioeconomic status, and households without automobile access experience 
higher temperatures.147

Relative to non-redlined neighborhoods, historically redlined areas in the Northeast show consistent 
city-scale patterns of elevated land surface temperatures.148 For instance, Figure 21.8 shows higher average 
summer temperatures in redlined neighborhoods in the Bronx, New York. People of color tend to live in 
census tracts with higher surface urban heat island intensity than non-Hispanic Whites, and this difference 
is particularly pronounced in the Northeast.149 Across the United States, higher heat is experienced by racial 
and ethnic minorities in metropolitan statistical areas more segregated from Whites and in census tracts 
with lower socioeconomic status and higher percentages of Black and Asian residents.150
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Summer Temperature Differences by Neighborhood in the Bronx, New York

Average summer temperatures are generally higher in historically redlined neighborhoods in the Bronx, 
New York. 

Figure 21.8. Historically redlined areas, defined by lower Home Owners’ Loan Corporation (HOLC) grades that 
deprived certain areas of federal loans and insurance, typically show higher temperatures relative to non-redlined 
neighborhoods, leading to greater likelihood of heat exposure for areas with lower socioeconomic status and 
higher percentages of racial and ethnic minorities in the Bronx, New York (1981–2010). The letters A, B, C, and D 
on the figure correspond to the four categories used by the HOLC: “Type A (Best), Type B (Still Desirable), Type C 
(Declining), and Type D (Hazardous).”143 Figure credit: Union of Concerned Scientists, RAND Corporation, Columbia 
University, NOAA NCEI, and CISESS NC.

Compared with the historic territories of Indigenous Peoples, present-day Tribal lands experience nearly 
two additional extreme heat days per year and a decrease of nearly 23% in annual average precipita-
tion.151 For some members of Tribal Nations across the Northeastern US, climate change impacts on Tribal 
reservation or trust lands, which in some Tribal Nations have been reduced to 1 square mile or less, pose 
serious threats to Tribal cultures. One of the greatest threats will be the shifting of ecosystems and species 
migration beyond Tribal lands or regions.152 Loss of access to culturally significant locations harms the 
physical and mental health of Indigenous Peoples (KM 15.2).153

Temperature extremes are related to a larger fraction of cardiorespiratory deaths in the Northeast and 
industrial Midwest (compared with other regions), particularly in areas with higher urbanization, more 
older people, fewer White residents, and lower socioeconomic status (Zhang et al. 2019).154 Reasons for the 
regional differences are unclear. Nationally, health impacts of temperature extremes often cluster in neigh-
borhoods that are also poor, racially segregated, historically disinvested, and suffer other environmental 
problems such as air pollution.155

As extreme events become more frequent or severe in the Northeast, both rural and urban fenceline 
communities (those adjacent to industrial facilities) are expected to face increased health burdens from 
exposure to toxic pollution and stress related to potential chemical releases (KM 20.3).156 In rural Penn-
sylvania, fenceline communities near oil and gas extraction activities show higher pediatric asthma and 
genital and urinary problems in non-elderly women; increased asthma is related also to industrial animal 
pollution.157 Power sector carbon mitigation policies focusing on aggregate emissions reductions (e.g., 
Regional Greenhouse Gas Initiative) may not redress disparities in pollutant burdens.158

Energy insecurity is a complex problem influenced by social determinants of health and the changing 
climate. Energy burden—the fraction of household income spent on energy costs—varies among racial 
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groups, depending on energy type, end-use demand, and region, given differences in climate and 
households’ socioeconomic characteristics. The cold Northeast climate leads to higher household energy 
burdens (compared with the Midwest, West, and South) based on residential energy consumption.159 African 
American households had a heavier energy burden than others, but their energy poverty rate (the share 
of households paying a disproportionate share of income on the cost of energy use) decreased over time, 
whereas the rate for White households increased. Despite the substantial impact that energy burden can 
have on population health, links with climate change have been understudied.160

Continued warming in the Gulf of Maine ecosystem (KM 21.2) threatens access to species and locations of 
cultural significance. Some Tribal Nations and other coastal communities may have to shift their economic 
or subsistence harvests to new species that are migrating to the region, but the loss of other species 
or places is expected to result in a loss of cultural lifeways that will harm physical and mental health 
and well-being.161

Managed relocation from flood-prone areas is still relatively uncommon (KM 20.3), but initiatives such as 
the New Jersey Department of Environmental Protection’s Superstorm Sandy Blue Acres Buyout Program 
are combining federal and state funding to support community relocation. Demand for buyouts (where 
homeowners sell properties to the government and the land is restored to open space) along the Mid-At-
lantic seaboard relates to household-level perceptions of risk and confidence in ability to adapt to changing 
conditions.162 Buyouts by local governments tend to be more common in counties with larger populations 
and income.163 However, bought-out properties tend to be concentrated in areas of greater social vulnera-
bilities within the counties (i.e., relatively poorer, less densely populated areas with lower levels of education 
and English language proficiency and with greater racial diversity). The reasons underlying this pattern 
are unclear, but the finding highlights the need for evaluating the equity of buyout implementation and 
outcomes (KM 22.1).164

Social equity objectives that address challenges facing low-income communities and communities of 
color are prominent in local-level adaptation plans and initiatives.165 These groups are less likely to have 
access to socioeconomic or healthcare resources to mitigate climate change impacts and are more likely 
to have preexisting health concerns, greater sensitivity to environmental changes, and higher exposure 
to pollution.166

Three dimensions of social equity are important in understanding uneven climate-related burdens. Dis-
tributive equity refers to the fair distribution of risks and benefits across groups; procedural equity focuses 
on the inclusion of affected groups prior to and during decision-making processes; and contextual equity 
reflects the preexisting structural, political, and socioeconomic conditions.167,168

Distributive equity has been a prominent theme in New York City’s planning initiatives (e.g., OneNYC 2050). 
These plans cited the disproportionate health impacts of extreme temperatures on certain populations 
and focused heat mitigation investments on developing green space in underserved neighborhoods.169 
Local legislation mandated that city agencies work together and with local environmental justice leaders 
(addressing procedural equity) to publish more data on local environmental conditions, study environmental 
justice concerns, and publish a first-ever environmental justice plan that embeds a new approach to deci-
sion-making to counter historic injustices.170,171 When representatives of frontline communities are included 
in the decision-making process (which helps address procedural equity), more attention is paid to the 
equitable distribution of benefits and burdens.165

Innovative sea level rise adaptation strategies developed by Tribal Nations, such as the WAMPUM 
Indigenous adaptation framework (Box 21.2), reflect Indigenous Knowledge typically not evident in other 
existing sea level rise adaptation frameworks in the Northeast.172 Nonetheless, even when Tribal Nations 
work across jurisdictions to address climate change impacts, some adaptation plans do not take into 
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account Tribal Nations’ interests in natural resources and areas of cultural significance. Tribal Nations 
face difficulties if adaptation strategies require relocating or reacquiring lands with access to cultural 
resources.153 Relocation is a profoundly sensitive concern for Tribal Nations, given the history of forced 
migration and loss of homeland access. These past injustices highlight the importance of the United States’ 
meeting trust and treaty obligations to Tribal Nations and ensuring that rights and access to original 
homelands, waters, and coasts are maintained and protected, even if these places become submerged.152

Key Message 21.4  
Climate Action Plans Are Now Being Implemented

In recent years, there have been substantial advances in the magnitude and scope of climate 
action across all jurisdictional scales (high confidence). Almost every state in the region has 
conducted or updated a climate impact assessment, developed a comprehensive climate 
action plan, and enacted climate-related laws since 2018 (high confidence). Innovative 
approaches to transparent, inclusive, and equitable processes around climate action are 
being embraced by Tribes, municipalities, and states (high confidence). Although ambitious 
emissions reduction targets have been put forward, meeting these goals is expected to be 
challenging (medium confidence). 

The landscape of climate action in the United States has been dynamic in recent years. The United States’ 
withdrawal from and rejoining of the Paris Agreement raised questions among international and subnational 
constituencies about America’s ability to meet its mitigation targets—and, as a consequence, catalyzed 
substantial climate action at state, city, business, and Tribal levels.173,174 Moreover, the increase in public 
concern about community climate risks has led to a proliferation of vulnerability assessments and resilience 
plans among these subnational jurisdictions.175

A compilation of recent state-level climate impact assessment reports, climate action plans, and relevant 
laws and executive orders for the 12 states (plus Washington, DC) of the Northeast is shown in Table 21.1. For 
a more comprehensive assessment, see, for example, Dalal and Reidmiller (2023),176 the US Climate Alliance 
inventory of member state policies particularly around mitigation,177 the Georgetown Climate Center’s State 
Adaptation Progress Tracker,178 and the Northeast Region reports section of NOAA’s Climate Resilience 
Toolkit.179 The intent in presenting the information in this Key Message is to provide the ever-growing 
regional workforce (and related volunteer efforts) focusing on climate action planning and implementation 
with a concise, accessible source of information and inspiration as these workers develop, refine, and/
or update their own assessments, plans, and climate-related laws. It endeavors to be a decision-support 
tool. An analysis of individual vulnerability assessments, climate action plans, or climate laws and executive 
orders is beyond the scope of this chapter; rather, the utility comes from providing—for the first time 
ever—a single resource compiling all of the Northeast’s state- and Tribal-level information in one place. 
For a more comprehensive look at state-level climate mitigation policies across the entire country, see Key 
Message 32.5.

The Regional Greenhouse Gas Initiative (RGGI) is the largest regional climate coordination effort in the 
Northeast. RGGI includes every state in the Northeast region except West Virginia, but as of this writing, 
Pennsylvania’s membership is undergoing a legal challenge. Established in 2005, RGGI was the Nation’s 
first mandatory, market-based cap-and-trade program aimed at reducing CO2 emissions from the power 
sector. RGGI issues a limited number of tradable CO2 allowances with member states, which are then able to 
distribute the allowances through quarterly auctions. The revenue generated through these auctions goes 
toward investments in energy efficiency, renewable energy, and other consumer benefit programs. Although 

http://www.usclimatealliance.org/state-climate-energy-policies
http://www.usclimatealliance.org/state-climate-energy-policies
https://www.georgetownclimate.org/adaptation/plans.html
https://www.georgetownclimate.org/adaptation/plans.html
https://toolkit.climate.gov/reports?f%5B0%5D=field_region%3A63
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there have been critiques of RGGI for, among other things, not adequately integrating environmental justice 
considerations (e.g., Declet-Barreto and Rosenberg 2022158), it has also been estimated that the program is 
responsible for an annual reduction of almost 5 million metric tons of CO2

180 across the regulated states—
roughly equivalent to the annual residential CO2 emissions from Rhode Island and Maine combined.181,182

There has been strong cross-jurisdictional collaboration between the federal and state governments to 
advance climate resilience in the past few years. An example of this is the Federal Highway Administration’s 
Resilience and Durability to Extreme Weather Pilot Project. Under this effort, departments of transportation 
and metropolitan planning organizations from eight states in the Northeast (ME, MA, CT, NY, NJ, PA, DE, 
and MD) are performing detailed vulnerability assessments to understand the condition of their transporta-
tion-related assets and the risks they face from climate change (KM 13.1).

In many Northeast states, particularly in New England, mitigation and adaptation action has been solidified 
in state law. Many states in the region have legally mandated greenhouse gas emissions reductions by 
midcentury, consistent with the goals of the Paris Agreement, and require state agencies to integrate the 
best available science (e.g., sea level rise projections) into land-use planning and zoning, building codes, 
and regulation development. Seven states in the region (ME, VT, MA, RI, CT, NY, and NJ) have laws requiring 
emissions reductions of at least 80% by 2050 (usually against a 1990 baseline). Several go even further in 
calling for economy-wide carbon neutrality before midcentury. Most of these laws have been passed by 
state legislatures since 2018. In other Northeast states, much of the action has been promulgated through 
executive order.176

Below are some novel climate actions employed by states in recent years that reflect increased attention to 
economic risks; equity considerations; and transparent, inclusive engagement processes (e.g., Molino et al. 
2020;183 Powell et al. 2019;184 Reckien and Petkova 2019185). The list is illustrative, not exhaustive, but provides 
practitioners with examples of the latest innovative ways of advancing climate action at the state level.

• In Maine, the work of the Maine Climate Council and its Maine Won’t Wait climate action plan 
was informed by a collection of economic impact and opportunity reports,186 as well as an equity 
assessment conducted by an external team of experts.187

• In Massachusetts, a climate bill was passed that mandates that all new vehicles sold be zero emissions 
by 2035, as well as pilots a program allowing municipalities to ban fossil fuel connections (such as 
natural gas lines) to new construction.188

• Among other provisions, Rhode Island’s H5445 requires the integration of environmental justice 
into climate action planning efforts to reduce impacts on vulnerable communities and create an 
equitable transition.189

• A Connecticut law allows municipalities to create stormwater authorities charged with developing 
stormwater management and public outreach.190 Connecticut also enacted a first-in-the-Nation 
climate risk provision requiring the state insurance commissioner to submit a report on progress 
toward addressing climate-related risks, monitoring greenhouse gas levels, and bolstering resilience 
of insurers to the physical impacts of climate change.191

• In New York, the Climate Leadership and Community Protection Act established a Climate Justice 
Working Group to support the Climate Action Council in mainstreaming environmental justice con-
siderations.192 The New York State Common Retirement Fund released a Climate Action Plan Progress 
Report highlighting the fund’s recent efforts to address climate risks and opportunities.193

• In New Jersey, a study was commissioned to better understand the integration of the needs and 
challenges of underrepresented and socially vulnerable populations into coastal hazards planning.194

https://legislation.nysenate.gov/pdf/bills/2019/S6599
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• Maryland launched a Climate Leadership Academy in 2018, providing standardized climate 
training and support to state and local government officials, citizens, the private sector, and 
nonprofit organizations.195

Table 21.1. Recent Climate Planning and Action Among States and Tribal Nations in the Northeast

The table is a compilation of state and selected Tribal climate impact assessments and action plans, alongside illustrative 
climate-related laws, since 2018.

State Climate Impact Assessment Climate Action Plan Climate-Related Laws

Maine

Scientific Assessment of 
Climate Change and Its 
Effects in Maine196

Maine Climate Science 
Update 2021197

Maine Won’t Wait198

An Act to Analyze the Impact of Sea 
Level Rise199

An Act to Implement Agency 
Recommendations Relating to Sea 
Level Rise and Climate Resilience200

An Act to Establish a Pilot Program 
to Encourage Climate Education in 
Maine Public Schools201

New Hampshire New Hampshire Climate 
Assessment 2021202

N/A

(The state has a pre-2018 
climate action plan203)

An Act Establishing a Coastal 
Resilience and Economic 
Development Program204

Vermont Vermont Climate 
Assessment 2020205

Initial Vermont Climate 
Action Plan206 Global Warming Solutions Act207

Massachusetts Massachusetts Climate 
Change Assessment208

Massachusetts Clean 
Energy and Climate Plan 
for 2025 and 2030209

Massachusetts State 
Hazard Mitigation and 
Climate Adaptation Plan8

An Act Creating a Next-Generation 
Roadmap for Massachusetts 
Climate Policy210

An Act Driving Clean Energy and 
Offshore Wind188

Rhode Island

Resilient Rhody: The 
Statewide Climate Resilience 
Action Strategy211

Rhode Island 2022 Climate 
Update to the 2016 GHG 
Emissions Reduction Plan212

Executive Climate Change 
Coordinating Council (EC4) 
to deliver “2025 Climate 
Strategy” by Dec 31, 2025

Resilient Rhody: The 
Statewide Climate 
Resilience Action 
Strategy211

Rhode Island 2022 Climate 
Update to the 2016 GHG 
Emissions Reduction 
Plan212

Executive Climate Change 
Coordinating Council (EC4) 
to deliver “2025 Climate 
Strategy” by Dec 31, 2025

2021 Act on Climate189

Connecticut
Connecticut Physical 
Climate Science Assessment 
Report213

Taking Action on Climate 
Change and Building a 
More Resilient Connecticut 
for All214

An Act Concerning Climate Change 
Adaptation190

A provision to address climate-
related risk to insurance215

https://www.mdclimateacademy.org/
https://www.maine.gov/future/initiatives/climate/climate-council/reports
https://www.maine.gov/future/initiatives/climate/climate-council/reports
https://www.maine.gov/future/initiatives/climate/climate-council/reports
https://www.maine.gov/future/initiatives/climate/climate-council/reports
https://www.maine.gov/future/initiatives/climate/climate-council/reports
https://www.maine.gov/future/initiatives/climate/climate-council/reports
http://www.mainelegislature.org/legis/bills/getpdf.asp?paper=hp1169&item=4&snum=130
http://www.mainelegislature.org/legis/bills/getpdf.asp?paper=hp1169&item=4&snum=130
https://legislature.maine.gov/legis/bills/getpdf.asp?paper=hp1465&item=3&snum=130
https://legislature.maine.gov/legis/bills/getpdf.asp?paper=hp1465&item=3&snum=130
https://legislature.maine.gov/legis/bills/getpdf.asp?paper=hp1465&item=3&snum=130
https://legislature.maine.gov/legis/bills/getpdf.asp?paper=hp1409&item=7&snum=130
https://legislature.maine.gov/legis/bills/getpdf.asp?paper=hp1409&item=7&snum=130
https://legislature.maine.gov/legis/bills/getpdf.asp?paper=hp1409&item=7&snum=130
https://scholars.unh.edu/sustainability/71/
https://scholars.unh.edu/sustainability/71/
https://www.des.nh.gov/sites/g/files/ehbemt341/files/documents/r-ard-09-1.pdf
https://legiscan.com/nh/text/sb285/id/2033744
https://legiscan.com/nh/text/sb285/id/2033744
https://legiscan.com/nh/text/sb285/id/2033744
https://site.uvm.edu/vtclimateassessment/
https://site.uvm.edu/vtclimateassessment/
https://outside.vermont.gov/agency/anr/climatecouncil/shared%20documents/initial%20climate%20action%20plan%20-%20final%20-%2012-1-21.pdf
https://outside.vermont.gov/agency/anr/climatecouncil/shared%20documents/initial%20climate%20action%20plan%20-%20final%20-%2012-1-21.pdf
https://outside.vermont.gov/agency/anr/climatecouncil/shared%20documents/act%20153%20as%20enacted.pdf
https://www.mass.gov/doc/2022-massachusetts-climate-change-assessment-december-2022-volume-ii-statewide-report/download
https://www.mass.gov/doc/2022-massachusetts-climate-change-assessment-december-2022-volume-ii-statewide-report/download
https://www.mass.gov/info-details/massachusetts-clean-energy-and-climate-plan-for-2025-and-2030
https://www.mass.gov/info-details/massachusetts-clean-energy-and-climate-plan-for-2025-and-2030
https://www.mass.gov/info-details/massachusetts-clean-energy-and-climate-plan-for-2025-and-2030
https://malegislature.gov/bills/192/s9
https://malegislature.gov/bills/192/s9
https://malegislature.gov/bills/192/s9
https://malegislature.gov/bills/192/h5060/billhistory?pagenumber=2
https://malegislature.gov/bills/192/h5060/billhistory?pagenumber=2
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/resilientrhody18.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/resilientrhody18.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/resilientrhody18.pdf
https://climatechange.ri.gov/act-climate/2022-climate-update
https://climatechange.ri.gov/act-climate/2022-climate-update
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/ec4-ghg-emissions-reduction-plan-final-draft-2016-12-29-clean.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/ec4-ghg-emissions-reduction-plan-final-draft-2016-12-29-clean.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/resilientrhody18.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/resilientrhody18.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/resilientrhody18.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/resilientrhody18.pdf
https://climatechange.ri.gov/act-climate/2022-climate-update
https://climatechange.ri.gov/act-climate/2022-climate-update
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/ec4-ghg-emissions-reduction-plan-final-draft-2016-12-29-clean.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/ec4-ghg-emissions-reduction-plan-final-draft-2016-12-29-clean.pdf
https://climatechange.ri.gov/sites/g/files/xkgbur481/files/documents/ec4-ghg-emissions-reduction-plan-final-draft-2016-12-29-clean.pdf
http://webserver.rilin.state.ri.us/statutes/title42/42-6.2/index.htm
https://circa.uconn.edu/wp-content/uploads/sites/1618/2019/11/CTPCSAR-Aug2019.pdf
https://circa.uconn.edu/wp-content/uploads/sites/1618/2019/11/CTPCSAR-Aug2019.pdf
https://circa.uconn.edu/wp-content/uploads/sites/1618/2019/11/CTPCSAR-Aug2019.pdf
https://portal.ct.gov/-/media/DEEP/climatechange/GC3/GC3_Phase1_Report_Jan2021.pdf
https://portal.ct.gov/-/media/DEEP/climatechange/GC3/GC3_Phase1_Report_Jan2021.pdf
https://portal.ct.gov/-/media/DEEP/climatechange/GC3/GC3_Phase1_Report_Jan2021.pdf
https://portal.ct.gov/-/media/DEEP/climatechange/GC3/GC3_Phase1_Report_Jan2021.pdf
https://www.cga.ct.gov/2021/ACT/PA/PDF/2021PA-00115-R00HB-06441-PA.PDF
https://www.cga.ct.gov/2021/ACT/PA/PDF/2021PA-00115-R00HB-06441-PA.PDF
https://www.cga.ct.gov/2021/ACT/PA/PDF/2021PA-00002-R00SB-01202SS1-PA.PDF
https://www.cga.ct.gov/2021/ACT/PA/PDF/2021PA-00002-R00SB-01202SS1-PA.PDF
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State Climate Impact Assessment Climate Action Plan Climate-Related Laws

New York
Observed and Projected 
Climate Change in New York 
State216

Draft Scoping Plan217

New York State Climate 
Action Council Scoping 
Plan218

Climate Leadership and Community 
Protection Act192

Soil Health and Climate Resiliency 
Act219

Green CHIPS220

Environmental Bond Act221

Pennsylvania Pennsylvania Climate 
Impacts Assessment 2021222

Pennsylvania Climate 
Action Plan223 N/A

New Jersey

New Jersey’s Rising Seas 
and Changing Coastal 
Storms224

2020 New Jersey Scientific 
Report on Climate Change225

Climate Change Impacts 
on Human Health and 
Communities226

2021 New Jersey Climate 
Change Resilience 
Strategy227

2019 New Jersey Energy 
Master Plan228

New Jersey’s Global 
Warming Response Act 
80x50 Report229

An Act Concerning the Reduction of 
Greenhouse Gases230

An Act Requiring New Jersey to 
Join the U.S. Climate Alliance and 
Uphold the Paris Climate Accord231

Delaware
An Economic Analysis of the 
Impacts of Climate Change 
in the State of Delaware232

Delaware’s Climate Action 
Plan233

Renewable Energy Portfolio 
Standards Act234

Maryland Sea Level Rise Projections 
for Maryland 2018235

2030 Greenhouse Gas 
Emissions Reduction Act 
Plan236

2021 Annual Report and 
Building Energy Transition 
Plan237

Maryland Ocean 
Acidification Action Plan 
2020135

Climate Solutions Now Act238

Sea Level Rise Inundation and 
Coastal Flooding—Construction, 
Adaptation, and Mitigation239

West Virginia N/A N/A N/A

Washington, DC
N/A

(DC has a pre-2018 impact 
assessment240)

Clean Energy DC241

Sustainable DC 2.0 Plan242

Resilient DC243

Climate Ready DC244

Clean Energy DC241

Sustainable DC 2.0 Plan242

Resilient DC243

Climate Ready DC244

Saint Regis 
Mohawk Tribe

Climate Change Adaptation 
Plan for Akwesasne245

Climate Change 
Adaptation Plan for 
Akwesasne245

N/A

Shinnecock Indian 
Nation

Shinnecock Indian Nation 
Climate Vulnerability 
Assessment and Action 
Plan51

Shinnecock Indian Nation 
Climate Vulnerability 
Assessment and Action 
Plan51

N/A

Mi’kmaq Nation Thirteen Moons Climate 
Change Adaptation Plan246

Thirteen Moons Climate 
Change Adaptation Plan246 N/A

https://www.dec.ny.gov/docs/administration_pdf/ccnys2021.pdf
https://www.dec.ny.gov/docs/administration_pdf/ccnys2021.pdf
https://www.dec.ny.gov/docs/administration_pdf/ccnys2021.pdf
https://climate.ny.gov/Resources/Draft-Scoping-Plan
https://climate.ny.gov/resources/scoping-plan/
https://climate.ny.gov/resources/scoping-plan/
https://climate.ny.gov/resources/scoping-plan/
https://legislation.nysenate.gov/pdf/bills/2019/s6599
https://legislation.nysenate.gov/pdf/bills/2019/s6599
https://www.nysenate.gov/legislation/bills/2021/A5386
https://www.nysenate.gov/legislation/bills/2021/A5386
https://www.nysenate.gov/legislation/bills/2021/S9467
https://www.nysenate.gov/legislation/bills/2021/S8008
https://www.dep.pa.gov/citizens/climate/pages/pa-climate-action-plan.aspx
https://www.dep.pa.gov/citizens/climate/pages/pa-climate-action-plan.aspx
https://climatechange.rutgers.edu/images/STAP_FINAL_FINAL_12-4-19.pdf
https://climatechange.rutgers.edu/images/STAP_FINAL_FINAL_12-4-19.pdf
https://climatechange.rutgers.edu/images/STAP_FINAL_FINAL_12-4-19.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-scientific-report-2020.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-scientific-report-2020.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-scientific-report-human-health-addendum.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-scientific-report-human-health-addendum.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-scientific-report-human-health-addendum.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-climate-resilience-strategy-2021.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-climate-resilience-strategy-2021.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-climate-resilience-strategy-2021.pdf
https://nj.gov/emp/docs/pdf/2020_NJBPU_EMP.pdf
https://nj.gov/emp/docs/pdf/2020_NJBPU_EMP.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-gwra-80x50-report-2020.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-gwra-80x50-report-2020.pdf
https://dep.nj.gov/wp-content/uploads/climatechange/nj-gwra-80x50-report-2020.pdf
https://www.njleg.state.nj.us/bill-search/2018/s3207
https://www.njleg.state.nj.us/bill-search/2018/s3207
https://legiscan.com/NJ/bill/S598/2018
https://legiscan.com/NJ/bill/S598/2018
https://legiscan.com/NJ/bill/S598/2018
https://documents.dnrec.delaware.gov/energy/Documents/Climate/Plan/Economic-Analysis-of-the-Impacts-of-Climate-Change-in-the-State-of-Delaware.pdf
https://documents.dnrec.delaware.gov/energy/Documents/Climate/Plan/Economic-Analysis-of-the-Impacts-of-Climate-Change-in-the-State-of-Delaware.pdf
https://documents.dnrec.delaware.gov/energy/Documents/Climate/Plan/Economic-Analysis-of-the-Impacts-of-Climate-Change-in-the-State-of-Delaware.pdf
https://documents.dnrec.delaware.gov/energy/Documents/Climate/Plan/Delaware-Climate-Action-Plan-2021.pdf
https://documents.dnrec.delaware.gov/energy/Documents/Climate/Plan/Delaware-Climate-Action-Plan-2021.pdf
https://legis.delaware.gov/BillDetail?legislationId=48278
https://legis.delaware.gov/BillDetail?legislationId=48278
https://mde.maryland.gov/programs/Air/ClimateChange/MCCC/Documents/Sea-LevelRiseProjectionsMaryland2018.pdf
https://mde.maryland.gov/programs/Air/ClimateChange/MCCC/Documents/Sea-LevelRiseProjectionsMaryland2018.pdf
https://mde.maryland.gov/programs/air/ClimateChange/Documents/2030%20GGRA%20Plan/THE%202030%20GGRA%20PLAN.pdf
https://mde.maryland.gov/programs/air/ClimateChange/Documents/2030%20GGRA%20Plan/THE%202030%20GGRA%20PLAN.pdf
https://mde.maryland.gov/programs/air/ClimateChange/Documents/2030%20GGRA%20Plan/THE%202030%20GGRA%20PLAN.pdf
https://mde.maryland.gov/programs/air/ClimateChange/MCCC/Documents/2021%20Annual%20Report%20FINAL%20%282%29.pdf
https://mde.maryland.gov/programs/air/ClimateChange/MCCC/Documents/2021%20Annual%20Report%20FINAL%20%282%29.pdf
https://mde.maryland.gov/programs/air/ClimateChange/MCCC/Documents/2021%20Annual%20Report%20FINAL%20%282%29.pdf
https://mde.maryland.gov/programs/air/climatechange/mccc/stwg/oa%20action%20plan.pdf
https://mde.maryland.gov/programs/air/climatechange/mccc/stwg/oa%20action%20plan.pdf
https://mde.maryland.gov/programs/air/climatechange/mccc/stwg/oa%20action%20plan.pdf
https://mgaleg.maryland.gov/mgawebsite/Legislation/Details/HB1350?ys=2018rs
https://mgaleg.maryland.gov/mgawebsite/Legislation/Details/HB1350?ys=2018rs
https://mgaleg.maryland.gov/mgawebsite/Legislation/Details/HB1350?ys=2018rs
https://doee.dc.gov/sites/default/files/dc/sites/ddoe/publication/attachments/AREA_Vulnerability_Assessment_DRAFT_2016-06-21lowres_.pdf
https://doee.dc.gov/sites/default/files/dc/sites/ddoe/publication/attachments/AREA_Vulnerability_Assessment_DRAFT_2016-06-21lowres_.pdf
https://doee.dc.gov/sites/default/files/dc/sites/ddoe/page_content/attachments/Clean%20Energy%20DC%20-%20Full%20Report_0.pdf
https://sustainable.dc.gov/sdc2
https://resilient.dc.gov/
https://doee.dc.gov/climateready
https://doee.dc.gov/sites/default/files/dc/sites/ddoe/page_content/attachments/Clean%20Energy%20DC%20-%20Full%20Report_0.pdf
https://sustainable.dc.gov/sdc2
https://resilient.dc.gov/
https://doee.dc.gov/sites/default/files/dc/sites/ddoe/service_content/attachments/CRDC-Report-FINAL-Web.pdf
https://dvc479a3doke3.cloudfront.net/_uploads/site_files/ClimateChange.pdf
https://dvc479a3doke3.cloudfront.net/_uploads/site_files/ClimateChange.pdf
https://dvc479a3doke3.cloudfront.net/_uploads/site_files/ClimateChange.pdf
https://dvc479a3doke3.cloudfront.net/_uploads/site_files/ClimateChange.pdf
https://dvc479a3doke3.cloudfront.net/_uploads/site_files/ClimateChange.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.peconicestuary.org/wp-content/uploads/2019/10/Shinnecock-Indian-Nation-Climate-Vulnerability-Assessment-and-Action-Plan.pdf
https://www.usetinc.org/departments/oerm/climate-change/tribal-climate-planning-documents/
https://www.usetinc.org/departments/oerm/climate-change/tribal-climate-planning-documents/
https://www.usetinc.org/departments/oerm/climate-change/tribal-climate-planning-documents/
https://www.usetinc.org/departments/oerm/climate-change/tribal-climate-planning-documents/
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Box 21.1. Innovative Approaches to Climate Action at the Municipal Level 

To complement the aforementioned focus on state-level planning and implementation—a jurisdictional level that was fea-
sible to assess within the scope of this chapter—this box highlights examples of innovative approaches to climate action 
within mid-sized cities of the Northeast region. While extensive climate action planning and implementation has occurred 
within the major metropolitan areas of the Northeast region (e.g., Boston,247 New York City,169 and Philadelphia248), the 
focus here is on a geographically, economically, and politically diverse sampling of mid-sized cities that have different ca-
pacities (e.g., specialized staff, funding) to commit to the issue. Their efforts generally receive less visibility, but the need 
among similarly sized cities in the region—to learn about best practices and lessons learned in developing and implement-
ing climate action plans to inform their own efforts—can be significant.

Cross-Jurisdictional Climate Action Planning in Portland and South Portland, Maine
The cities of Portland and South Portland, Maine, are jointly producing assessments and plans to address climate change. 
The Climate Change Vulnerability Assessment report highlights the ways climate change is projected to affect Portland 
and South Portland, and the Our Contributions to Climate Change report contains data about their greenhouse gas emis-
sions sources.249,250 Informed by these foundational reports, the One Climate Future climate action and adaptation plan 
commits the two cities to reduce their greenhouse gas emissions by 80% from the 2017 level by 2050,251 with municipal 
operations running on 100% renewable energy by 2040. Both city councils prioritize implementing the plan, working 
closely with municipal staff, business leaders, nonprofit organizations, and concerned citizens to ensure equitable and 
transparent progress is being made.

Pittsburgh Climate Action Plan 3.0 and State of Sustainability Reports
Pittsburgh places climate action at the forefront of its municipal agenda through executive orders and planning efforts. 
Mayor William Peduto signed Executive Order 2017-08, in which the City of Pittsburgh endorsed and expressed its com-
mitment to the “principles” of the Paris Agreement.252 An executive order in April 2021 commits Pittsburgh to achieve 
carbon neutrality by 2050.253 The city released an updated Climate Action Plan 3.0 in 2017, showcasing progress and 
adding new mitigation and adaptation measures.254,255 The update process included multiyear civic engagements bringing 
together residents, the business community, the nonprofit sector, and local, state, and federal government partners.256 The 
plan recognizes that climate-related stressors disproportionately affect some of the city’s most vulnerable residents and 
focuses on co-benefits including improved equity. The city tracks progress through its Pittsburgh Equity Indicators report 
and produces annual State of Sustainability reports, highlighting progress on the Climate Action Plan.257 The city’s recently 
updated stormwater code requires new developments to reflect a future-climate-projected 10-year rainfall event instead of 
historically derived estimates.258

Morgantown, West Virginia, Municipal Green Team Strategic Plan
While West Virginia has no formalized state-level mitigation or adaptation plan, the city of Morgantown committed to 
the Paris Agreement goals in August 2017. The Green Team, established in 2007, recommends actions to achieve the 
emissions-reduction goal,259 advises the city council on environmental sustainability, and produces annual reports on 
the status of team projects.260 In 2018, the Green Team released the Morgantown Municipal Green Team Strategic Plan 
(2018–2022), which contains a framework of goals and objectives that it plans to accomplish, including creating a climate 
action plan.261 Lastly, the team has an energy policy guide, which contains recommendations to reduce the cost of energy 
and also highlights the costs of fossil fuel extraction and combustion on the environment, human health, and national 
security.262

https://www.oneclimatefuture.org/wp-content/uploads/2020/12/OneClimateFuture_VulnerabilityAssessment_Final.pdf
https://www.oneclimatefuture.org/wp-content/uploads/2021/02/Emissions_Downsized_Web.pdf
https://apps.pittsburghpa.gov/mayorpeduto/Climate_exec_order_06.02.17_(1).pdf
https://apps.pittsburghpa.gov/redtail/images/14057_FINAL_Climate_Change_Earth_Day_Executive_Order.pdf
https://apps.pittsburghpa.gov/redtail/images/7101_Pittsburgh_Climate_Action_Plan_3.0.pdf
https://apps.pittsburghpa.gov/redtail/images/14821_State_of_Sustainability_2020_Final.pdf
http://www.morgantownwv.gov/295/Green-Team
http://www.morgantownwv.gov/DocumentCenter/View/1862/Morgantown-Green-Team-Strategic-Plan-2018-2022
http://www.morgantownwv.gov/DocumentCenter/View/1862/Morgantown-Green-Team-Strategic-Plan-2018-2022
http://www.morgantownwv.gov/DocumentCenter/View/1866/Morgantown-Energy-Policy-Guide
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Box 21.2. Tribal Nations Leading and Setting an Example

WAMPUM Adaptation Framework
The WAMPUM Adaptation Framework is a culturally responsive approach developed by Shinnecock Indian Nation citizen 
Dr. Kelsey Leonard for Northeast Indigenous Peoples impacted by sea level rise. This framework provides adaptation ac-
tions drawing from coastal Tribal Nations’ Indigenous Knowledge systems. WAMPUM is an acronym for Witness (climate 
change warnings), Acknowledge (cultural relationships with land and water), Mend (areas damaged by sea level rise), 
Protect (cultural sites for future generations), Unite (with other Tribal Nations), and Move (to places out of harm’s way but 
with cultural connections). The framework connects to wampum (carved quahog and whelk shells), which Tribal cultures 
in the Northeast have used for millennia for establishing diplomatic relations, documenting kinship, recording treaties, 
and negotiating the economic systems of settler European nations as currency. The WAMPUM framework acknowledges 
that sea level rise may force some Tribal nations and communities to relocate; however, the framework insists on Tribal 
self-determination in movement and continued rights, access, and cultural connections with areas inundated by sea level 
rise.172

Climate Change Adaptation Plan for the Akwesasne/Saint Regis Mohawk Tribe
The Saint Regis Mohawk Tribe was the first Tribal Nation in the Northeast to formally draft a climate change adaptation 
plan, which was published in 2013. The plan was initiated by the Tribal Nation’s Environment Division to investigate the 
local impacts of climate change and to provide recommendations for adaptation actions. This plan continues to be imple-
mented and is noted for its grounding in the cultural framework and priorities of the Saint Regis Mohawk Tribe.245

Shinnecock Indian Nation Climate Vulnerability Assessment and Action Plan
Shinnecock translates to “People of the Stony Shore.” The Shinnecock Indian Nation, located on eastern Long Island, 
completed a climate change adaptation plan following Hurricane Sandy and updated it in 2019. The Shinnecock Indian 
Nation has a 1-square-mile reservation with more than 600 residents; it is vulnerable to sea level rise, storms, flooding, and 
coastal erosion. Other climate change concerns include water quality issues from increasing temperatures, salinity chang-
es, and acidification. The Shinnecock are closely tied to the coast, and fish and shellfish have been a staple of traditional 
diets for thousands of years.51 The updated Shinnecock Indian Nation Climate Vulnerability Assessment and Action Plan 
includes several steps, including evaluation of adaptation actions, habitat restoration, green infrastructure projects, land 
conservation, and outreach and education on climate change.

Mi’kmaq Nation: Thirteen Moons Climate Change Adaptation Plan
The Mi’kmaq Nation is one of several Tribal Nations of the Wabanaki Confederacy (“People of the Dawn”). The Mi’kmaq 
Nation (formerly known as the Aroostook Band of Micmacs) live in northern Maine in Aroostook County. In February 2022, 
the Tribal council approved its Thirteen Moons Climate Change Adaptation Plan. The primary concern for the Mi’kmaq 
Nation is warming winters, which are encouraging the spread of invasive species that damage forest health (e.g., emer-
ald ash borer) and harming animal populations (e.g., winter tick impact on moose). The plan calls for proactive efforts to 
address climate change, such as the development of solar energy, community education and outreach on climate change, 
and forest and wildlife health monitoring.246

https://www.tandfonline.com/doi/pdf/10.1080/17565529.2020.1862739
http://micmac-nsn.gov/files/2022/02/Aroostook_Band_of_Micmacs_Climate_Change_Adaptation_Plan__without_comments.pdf
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Key Message 21.5  
Implementation of Climate Plans Depends on Adequate Financing

Options for financing mitigation and adaptation efforts have expanded in recent years, 
providing households, communities, and businesses with more options for responding to 
climate change (high confidence). Flood insurance allows individuals and communities to 
recover following extreme flooding events, but many at-risk homeowners lack adequate 
coverage (high confidence). Although the public sector remains the primary source of funding 
for adaptation, private capital has started to invest in a variety of mitigation and adaptation 
projects, including services for monitoring climate risks and community-based catastrophe 
insurance (high confidence).

Climate adaptation plans and resilience projects ultimately need financing to come to fruition. Although 
finance is just one piece of the climate adaptation puzzle, progress and innovation in recent years have 
expanded the options available to businesses, communities, and Tribal organizations to cover the cost of 
building resiliently for the future.263 Implementing adaptation plans also requires meeting prerequisite 
conditions. Political leadership and local trust must be built among all stakeholders to ensure a common 
vision and successful outcome, and technical expertise is needed to execute the plan.264 Sources of private 
capital also look for transparency, well-defined risk metrics, and an adequate return on investment.265

Successful projects often require a mix of funding sources, and financing via a mixed or stacked approach 
becomes increasingly necessary as project size grows (KM 31.6).266 A stacked approach also helps spread the 
burden and benefits across multiple parties to achieve mutually beneficial mitigation and adaptation goals, 
improved distribution of risk management functions, and increasing private equity participation in climate 
adaptation activities.265

Currently, access to private funding of climate mitigation and adaptation remains primarily limited to 
large businesses and institutional investors, as their focus remains on protecting corporate investments 
and limiting potential liability, not the equitable distribution of climate mitigation and adaptation funds.267 
Federal and state public funding of climate mitigation and adaptation—whether via grants, loans, or tax 
assessments—is currently available to a wider array of stakeholders and is more readily accessible to over-
burdened communities (e.g., EPA 2023268). 

For households and businesses, property insurance remains one of the most effective risk financing 
mechanisms for protection from both natural catastrophes and the impacts of climate change.269 Insurance 
provides individuals, businesses, and communities a source of financial resilience from natural disasters, 
annually providing billions of dollars in recovery funds to devastated communities across the United 
States.270 Despite paying approximately $661 billion (in 2022 dollars) in insurance claims from natural 
disasters between 2012 and 2021, the US property and casualty insurance industry remains very well 
capitalized, with a record $978 billion (in 2022 dollars) in policyholder surplus to pay claims from future 
catastrophic events.271

However, insurance take-up rates (the percentage of households who purchase insurance) vary greatly by 
natural hazard. While about 50% of fire and wind damage in the United States is covered by insurance, only 
12%–14% of flood damage is insured by the federally run National Flood Insurance Program (NFIP).272 This 
“gap” in flood insurance coverage leaves millions at risk of financial hardship as the frequency and severity 
of coastal and rainfall flood events across the Northeast are expected to increase (KM 21.1).273 In 1978–2015, 
6 of the top 17 states with the highest NFIP payouts were in the Northeast, with New Jersey and New York 
ranked third and fourth, respectively.274 Currently only two counties in the Northeast have flood insurance 
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take-up rates above 50%. No other northeastern county exceeds 20% take-up, averaging 6.5% along the 
coast and 1.3% inland (Figure 21.9).

Lack of flood insurance coverage is driven by affordability issues and the underestimation of flood risk by 
individuals. Misperceptions around FEMA flood maps play a significant role here, as most individuals are 
unaware that the maps are not holistic in their assessment of flood risk. While FEMA is updating maps, some 
are still decades old and unrepresentative of total flood risk. Additionally, the maps do not consider flood 
risk along smaller catchments, nor do they consider the potential for localized flooding from intense rainfall 
events.275 Flood risk data for overburdened and Tribal communities have historically been underrepresented 
in flood mapping as well (KMs 16.1, 20.1). Since flood insurance is not required by mortgage lenders outside 
of mapped FEMA-designated Special Flood Hazard Areas (SFHAs; locations with an annual probability of 
flooding of 1% or more), many homeowners in non-mapped SFHAs or prone to flash flooding believe that 
they are not at risk and thus forego coverage.276

Even for those who purchase NFIP coverage, policy limits are capped by law at $250,000 for residential 
structures, well below the current median value for an existing single-family dwelling in the Northeast 
($366,000), potentially leaving policyholders financially exposed if their homes are completely 
destroyed.277,278 Enforcement of flood insurance requirements is another issue, as lenders often do not 
continue to verify coverage in locations where flood insurance is required; as a result, about one-third of 
policyholders stop purchasing coverage after three years.279

Flood Insurance Take-Up Rates by County

Many Northeast households and communities risk financial hardship from a lack of flood insurance coverage. 

Figure 21.9. The figure shows flood insurance take-up rates by county in the northeastern United States, based on 
2020 Census housing units and active National Flood Insurance Program policy counts at the end of 2021. Almost 
half of the counties in the region have less than 1% market penetration, while only two counties (Cape May, New 
Jersey, and Worchester, Maryland) have more than 50% of their housing units insured for flood. The lack of cover-
age, particularly inland, leaves both individuals and communities at risk of major financial hardship after a flood 
event. Figure credit: Munich Reinsurance America Inc.
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Because of major flooding events associated with hurricanes—including Irene, Sandy, and Ida in the 
Northeast—NFIP remains more than $20 billion in debt to the US Treasury, despite $16 billion in debt 
forgiveness by the federal government in 2017. This debt is driven by the program’s concentration of 
vulnerable risks along the coast and subsidized premiums that were unable to cover the claims volume from 
multiple large flood events.280 In response, the NFIP has developed a new pricing methodology, Risk Rating 
2.0, with a goal of making premiums better reflect the level of flood risk at individual locations.281 Addition-
ally, the NFIP started purchasing catastrophe reinsurance in 2017 and catastrophe bonds in 2018, which 
together can provide more than $1 billion in claims-paying capacity if losses to the NFIP exceed $10 billion 
from an extreme flood event.282 

Under the new Risk Rating 2.0 system, the majority of NFIP policyholders were projected to see only a 
nominal change in premiums, with only 4% of policyholders expected to see larger increases.281 However, 
the move toward risk-adequate rates exacerbates affordability issues, especially for vulnerable individuals 
and communities (KM 9.3). To address rising costs, some states have used public funds to help individuals 
in vulnerable communities afford flood insurance. For example, in 2019, the state of New York reduced 
property taxes for lower-income households to make flood insurance more affordable.263 Private insurers, 
who mostly stopped underwriting flood insurance for homeowners and small businesses in 1968, are also 
starting to reenter this market as more sophisticated flood risk assessment tools become available.283

Beyond flood insurance, private-sector financing of climate mitigation and adaptation has increased by 
13% globally since 2018, with an annual average expenditure of $332 billion (in 2022 dollars). Of that total, 
about $85 billion (in 2022 dollars) has been invested annually in the United States and Canada. However, 
the vast majority of this private capital, nearly 98%, is currently being spent on mitigation, focused on 
solar and onshore wind energy development, electric vehicle infrastructure, and increasing adoption of 
electric vehicles.264

The current dearth of private-sector investment in climate adaptation, despite ample capital available for 
such projects, is the result of several business obstacles, including a lack of localized climate data on which 
to make sound investment decisions, a lack of well-defined performance metrics, and the perception that 
returns on investment from adaptation projects are insufficient.265 It also can be challenging for private 
investors to identify climate adaptation projects that might be financially attractive to them, and, similarly, 
communities might not know how to find sources of private capital.264

Although the private sector’s direct investment in climate adaptation remains small, the sector is playing an 
increasing role in enabling adaptation. Over the past four years, dozens of companies have started providing 
climate adaptation services, including high-resolution risk assessments, the deployment of sensors for 
risk monitoring, and innovative finance and risk transfer mechanisms.265 This private sector investment in 
adaptation not only helps others but also ultimately makes businesses’ own supply chains more resilient to 
potential climate shocks (Focus on Risks to Supply Chains).265

Recent innovations around the financing of climate adaptation by the private sector include communi-
ty-based catastrophe insurance (CBCI), climate adaptation as a service, and climate investment intermedi-
aries. A CBCI is a community institution (it does not have to be governmental) that helps its members access 
and afford insurance. The level of involvement by the community institution can vary, from purchasing a 
group policy on behalf of its members, to creating its own risk-bearing entity, to simply facilitating access to 
insurance for its members.263 Climate adaptation as a service allows for the longer-term financing of climate 
adaptation projects for businesses and communities, with investors repaid over time with interest. Climate 
investment intermediaries are entities that facilitate matching asset owners with investors interested in 
climate adaptation projects.284
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The public sector has historically shouldered the costs related to investments in the built environment.285 
State and local governments are the primary owners and operators of transportation and water systems, 
spending $216.5 billion on projects in 2019, substantially more than federal spending at $173.3 billion 
(both amounts in 2022 dollars).286 The investments represent the responsibility of local entities to ensure 
continuous operation and services provided to taxpayers. 

Providing these services becomes increasingly difficult when dealing with an aging and inefficient infra-
structure coupled with climate change. This challenge is highlighted in the American Society of Civil 
Engineers’ 2021 America’s Infrastructure Report Card, in which no Northeast state received a grade higher 
than C.287 Additionally, state and local officials are finding it challenging to proactively address resilience 
planning due to limited staff and inconsistent budgeting.

Historic levels of federal funding directed to states, counties, Tribes, and communities through pandemic 
relief provide access to needed capital for climate resilience. The Infrastructure Investment and Jobs Act 
of 2021 provides funding through low-interest loan programs such as the Clean Water and Drinking Water 
State Revolving Funds.288 Capacity barriers exist to accessing federal funds, especially for Indigenous Peoples 
(KM 16.2). Increased capacity across these state-administered loan programs and access to grants create 
opportunities for Northeast states to address deferred maintenance and accelerate project implementation. 
Additionally, states in the Northeast continue to issue general obligation bonds through statewide ballot 
measures to finance climate resilience projects (Figure 21.10). Success of voter-approved bonds requires 
diverse stakeholder engagement. For example, land trusts are uniquely positioned in the Northeast to be 
effective in quickly generating support from landowners to elected officials for climate adaptation and 
mitigation funding and projects.289

Public Funding for Resilience

Northeastern states provide funding for resilience efforts in a number of ways. 

Figure 21.10. Northeastern states fund planning and implementation of resilience projects through multiple pub-
lic financing mechanisms. Examples of voter approved bonds, taxes and fees, and legislative bonds established 
and ongoing since 2018 are highlighted. The most common source of state funding originates from annual fees 
and is largely directed to conservation and natural and working lands. Infrastructure projects and capital invest-
ments are most often funded through voter-approved general obligation bonds, with Rhode Island being the most 
active issuer of bonds for climate-resilience projects. Figure credit: Rhode Island Infrastructure Bank.

https://www.whitehouse.gov/briefing-room/statements-releases/2021/11/06/fact-sheet-the-bipartisan-infrastructure-deal/
https://www.whitehouse.gov/briefing-room/statements-releases/2021/11/06/fact-sheet-the-bipartisan-infrastructure-deal/
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While access to infrastructure financing is increasing, the public sector’s ability and willingness to repay 
debt financing is a common challenge. This is heightened by the influx of federal stimulus funding, as well 
as local governments waiting for potential grant funds. New and innovative financing models that spread 
credit risk across multiple payors and focus on outcomes have moved from concept to reality. Most deals 
have focused on stormwater investments to increase installation of nature-based solutions and address 
regulatory compliance. For example, the Buffalo Sewer Authority financed nature-based solution projects 
through a $54 million environmental impact bond to support the city’s Rain Check 2.0 initiative.290 Buffalo 
Sewer will utilize bond proceeds for the design, engineering, and construction of stormwater projects that 
should reduce combined sewer overflows, improving water quality and community resilience. 

As Northeast states plan investment priorities, a pipeline of climate-resilience projects often does not exist. 
However, there have been recent examples of leadership in Massachusetts, Maine, and Rhode Island to 
create programs focused on identifying and prioritizing resilience projects. These programs have generated 
more than $130 million (in 2022 dollars) in state-directed funding for planning and resilience projects from 
2018 to 2022. The overall need identified through these planning programs far outweighs the grant funding 
available and highlights the opportunity to link these priorities with other financing programs. 

https://raincheckbuffalo.org/opportunityreport/
https://www.mass.gov/municipal-vulnerability-preparedness-mvp-program
https://www.maine.gov/future/climate/community-resilience-partnership
https://riib.org/solutions/programs/municipal-resilience-program/


Fifth National Climate Assessment

21-30 | Northeast

Traceable Accounts
Process Description
Chapter leadership compiled a list of previous Fourth National Climate Assessment (NCA4) authors and 
those provided to chapter leadership through the USGCRP author nomination process. They defined 
potential themes for the region based on their own and potential author expertise, NOAA engagements over 
a decade in the region via Regional Climate Services, and a literature review. They prioritized invitations to 
author candidates based on their ability to address potential themes and a desire for diversity based on a 
mix of regional distribution, career stage, gender, sector, discipline, race, and ethnicity. Where gaps existed, 
chapter leadership identified additions to the candidate list through professional networks, research into 
departments at key regional institutions, and searches on several databases of experts from frontline 
communities. Introductory conversations were pursued to gauge interest and answer questions. In some 
cases, when author candidates indicated they could not participate, chapter leadership asked them for rec-
ommendations of additional candidates.

Author meetings were held on a weekly basis throughout the process, with a Gantt chart used to track tasks 
and interim milestones. Authors were divided into teams based on expertise and Key Message, and some 
held team meetings in addition to the full chapter meetings. The author team used productivity tools to 
gain consensus on key themes for the Zero Order Draft. A public workshop on January 26, 2022, was held 
virtually, with productivity tools used to synthesize public input provided. Key Message teams then used 
workshop input and literature review to further develop their Key Messages and develop figures.

Key Message 21.1  
Chronic Impacts of Extreme Weather Are Shaping 
Adaptation and Mitigation Efforts 

Description of Evidence Base 
Literature reviewed (gathered by using tools such as the Web of Science) discussed an increase in extreme 
events in the region and the impacts caused by these events.10,11,12,21 Authors anchored their understanding of 
climate trends, likelihood, and confidence in climate data analysis through discussions with the Chapter 2 
author team and the Technical Support Unit (TSU) science team. Authors frequently referenced descriptive 
statistics and graphs from the NCA Figure and Climate Data Generator, developed by the TSU, and from 
NOAA NCEI’s Climate at a Glance. Cost data for recovery from incidents were used as a metric for impacts. 
For each state and Tribe in the region, the author team searched for the following types of documents and 
reviewed any that were found: heat vulnerability maps, climate action plans, hazard management plans, 
flood maps, and weather-relevant toolkits. The team also searched state and Tribal websites for information 
about responses to large storms that had recently occurred in the region. Most states and some Tribes 
and local governments have documented some evidence of climate planning, but the methods and types of 
documentation widely varied. It was rarer to find clear links to recent weather events, but comprehensive 
understanding of the planning process illuminates these events as motivators for climate adaptation and 
mitigation efforts. For example, an increase in public planning meetings and changes in funding allocations 
can be tracked to follow a particularly impactful storm event. 

Major Uncertainties and Research Gaps 
Our understanding of changes in extreme precipitation is largely based on analyses and descriptive 
statistics showing observed and projected changes of daily precipitation time series. Research into trends 
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in sub-daily and sub-hourly precipitation patterns in the region is ongoing but still inconclusive. The com-
prehensive body of state, local, and regional-level responses to climate change is continuously evolving and 
has not been summarized in any one place. This makes it difficult to quantitatively evaluate trends in climate 
action at different levels of government and to determine whether specific types of climate action can be 
generally attributed to the occurrence of specific extreme events.

Description of Confidence and Likelihood 
High confidence in ongoing increases in the frequency of extreme weather, specifically precipitation, is 
based on both published literature analyzing daily weather trends through time and current NOAA data. 
These increases in extreme weather frequency were deemed very likely based upon evidence on precip-
itation and heatwaves presented in Chapter 2, with this likelihood determined to maintain consistency 
across chapters. The conclusion that problematic flooding is very likely due to extreme precipitation was 
determined through actual event tracking based on knowledge of storms, NOAA NCEI’s database (https://
www.ncdc.noaa.gov/stormevents/), and newspaper searches. Efforts to address climate change through 
adaptation and mitigation are also determined through web searches that show both news reports and 
multiple efforts that include mitigation planning. High confidence regarding the increase of adaptation and 
mitigation activities across the region, including natural and nature-based features, comes from less formal 
web searches, personal knowledge, and author team discussions. Medium confidence in the influence of 
extreme events on adaptation and mitigation efforts is based on the balance of evidence discovered when 
searching for attribution of reasons for planning and implementing these efforts.

Key Message 21.2  
Ocean and Coastal Impacts Are Driving Adaptation to Climate Change

Description of Evidence Base
There has been a significant growth of peer-reviewed literature since NCA4 on climate change impacts on 
ocean and coastal environments in the Northeast. Ocean temperatures have increased,291 and several marine 
heatwaves65 have occurred in the region. These changes have impacted the marine ecosystem from phy-
toplankton to whales, with consequent effects on fisheries and the fishing community.59 Coastal forests in 
some parts of the region have been affected by saltwater intrusion due to sea level rise, transforming them 
into tidal marshes.122 Documentation on climate adaptation has come through formal reports and peer-re-
viewed literature in the field. 

Major Uncertainties and Research Gaps 
 The responses of the coastal and marine food webs to the effects of multiple stressors (e.g., warming, 
marine heatwaves, loss of oxygen, and acidification) in the Northeast are currently not well understood. 
Additional research would help to fill knowledge gaps on the relative severity of these stressors on estuarine 
coastal ocean ecosystems and to evaluate the effectiveness of nature-based solutions with regard to amelio-
rating the impacts of sea level rise in coastal environments. 

Description of Confidence and Likelihood 
Confidence in the statements that the coastal ocean is warming, sea levels are rising, and ocean acidifi-
cation is increasing is assessed as being high based on a synthesis of the published literature and formal 
reports. For marine heatwaves the confidence level is high based on peer-reviewed papers that covered 
limited data over a shorter time period. The statement on the existence of shifts in distribution, productiv-
ity and seasonal timing of life-cycle events of some marine species is made with high confidence based on 

https://www.ncdc.noaa.gov/stormevents/
https://www.ncdc.noaa.gov/stormevents/
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information contained in several peer-reviewed publications. For adaptation actions, the confidence level is 
high based on actions taken across state, local, and federal scales.

Key Message 21.3  
Disproportionate Impacts Highlight the Importance of Equitable Policy Choices

Description of Evidence Base
Reports of statistically significant relationships among sociodemographic variables and health and 
well-being outcomes related to heat, flooding, and storm events are published in peer-reviewed journals.147 
There is a growing body of literature that supports the conclusion that racial and ethnic minorities and low- 
and moderate-income communities are disproportionately impacted by climate extremes while having less 
access to the resources needed to mitigate those impacts.148,151,159 Evidence of social equity as a priority in 
local climate adaptation planning is provided in publicly available plans published by government agencies 
and nongovernment organizations.165 Specific actions to address environmental justice challenges are 
provided in the plans.172

Major Uncertainties and Research Gaps
The complex relationships among the changing climate, sociodemographic characteristics of communities, 
and health and well-being outcomes are multifaceted, and no single study can capture all aspects of these 
relationships. Moreover, longitudinal studies are rare, but they would help capture evolving patterns of 
impacts and responses within individuals and to evaluate the effectiveness of communities’ adaptation 
initiatives. There are gaps in knowledge about the equity impacts of alternative adaptation options.

Description of Confidence and Likelihood 
Confidence in the statement that climate-related hazards are causing disproportionate impacts among 
racial and ethnic minorities and low- and moderate-income communities in the Northeast is assessed as 
being very high because it is based on the synthesis of many peer-reviewed papers and formal reports. 
Confidence in the statement that these disproportionately impacted communities tend to have less 
access to resources and face higher environmental and health burdens is assessed as being high because 
it is based on the synthesis of many peer-reviewed papers, but the relationships are hard to tease apart. 
The assessment of high confidence in the statement that social equity objectives are prominent in many 
local-level adaptation initiatives but that progress toward equitable outcomes remains uncertain is based on 
the availability of several example plans, as well as insufficient time to permit robust assessment of equity 
outcomes. The likelihood of observed changes and events is assessed as very likely based on observations of 
extreme weather events and official actions and the synthesis of peer-reviewed papers and formal reports.

Key Message 21.4  
Climate Action Plans Are Now Being Implemented 

Description of Evidence Base 
The evidence base assessed for this Key Message includes formally adopted reports, plans, executive 
orders, and laws addressing climate risks and vulnerabilities, sources of greenhouse gas emissions, and 
response options from state, municipal, and Tribal governments, including the Dalal and Reidmiller (2023)176 
assessment of state-level climate actions. While state-level differences in impacts are revealed through 
state-specific climate impact assessments (see references in Table 21.1), broadly speaking the observed and 
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projected climate impacts are similar across states in the Northeast region. The state-by-state assessment 
of climate action revealed that most states in the region have taken ambitious, aggressive climate action 
through both the legislative and executive branches of government, with Pennsylvania (legislative inaction) 
and West Virginia (legislative and executive inaction) standing out as distinctly different. The reader 
is directed to Table 21.1 for a suite of state-specific resources describing climate impacts, sources of 
greenhouse gas emissions, and various state-government-level climate actions.

Major Uncertainties and Research Gaps 
While the statements in the Key Message do not contain traditional research uncertainties, there are 
unknowns, including the following: Have jurisdictions adequately and comprehensively assessed their 
climate-related risk exposure? How much uncertainty is associated with the greenhouse gas emissions 
inventories that have been conducted? Are there cascading impacts or interacting stressors that are not yet 
accounted for? Several major unknowns will persist in any such analysis: Will the jurisdiction achieve the 
targets that have been set forth? What future level of warming will these jurisdictions experience? Will the 
anticipated impacts manifest as projected? Will jurisdictions be able to overcome nonfinancial barriers to 
adaptation? Will adaptation actions prove to be effective against realized impacts?

Description of Confidence and Likelihood 
Confidence in most of the statements in the Key Message is assessed as being high because they represent 
an assessment of many stand-alone reports, plans, and laws. The exception to this is the final statement 
regarding whether mitigation targets will be met, which is assessed as having medium confidence, as the 
authors were unable to identify literature analyzing projections of emissions for each of the states in the 
region. Likelihood is not assessed in this Key Message because the nature of the content being assessed 
does not lend itself to a probabilistic assessment of the uncertainty associated with the statements.

Key Message 21.5  
Implementation of Climate Plans Depends on Adequate Financing 

Description of Evidence Base 
Currently, the quality of the information is high and comes from reliable academic sources, federal agencies, 
and nongovernmental organizations. Data regarding FEMA and the National Flood Insurance Program (NFIP) 
are sourced directly from those entities based on the most recent data available.280,281 However, most private 
risk financing and public funding information is not found in peer-reviewed literature but rather in gray 
literature, white papers, and case studies.264,265 Unlike the public sector, the private sector typically does 
not announce adaptation work they might be financing or investing in.264 However, the concepts behind 
public- and private-sector mitigation and adaptation projects are available from reliable academic and 
NGO sources.263,284

Major Uncertainties and Research Gaps 
The literature searches for the draft of this chapter unfortunately did not produce any specific examples 
of private-sector adaptation investment in the Northeast, for the reasons stated in the previous section. 
Community-based catastrophe insurance is a new financial risk transfer concept. Few extant in-force 
examples exist, and ultimately the concept may not gain widespread use (see Bernhardt et al. 2021263). 
Similarly, climate investment intermediaries are also a new business concept but ultimately may not achieve 
long-term success.265 The recent increase in federal funding through the Infrastructure Investment and 
Jobs Act288 provides opportunity to pay for climate resilience projects, but the public sector’s ability and 
willingness to repay debt financing is uncertain. 
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Description of Confidence and Likelihood 
This section primarily discusses human financial systems and adaptation to mitigate physical climate change 
risk. Confidence around impacts of the flood insurance gap is high, based on the low market penetration of 
flood insurance across the Northeast (Figure 21.9) and the fact that the NFIP policies are currently capped 
by law at $250,000 for structural damage,277 far below the median cost of a single-family home in 2022.278 
The confidence around demand for climate resilience investment is high, as numerous Northeast states have 
established programs to develop a project pipeline and pass voter-approved general obligation bonds to 
fund project implementation (Figure 21.10). Confidence around climate impacts is high, based on a literature 
search similar to that for Key Message 21.1.13,20,23
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Introduction
Patterns of climate risk, social vulnerability, and climate adaptation in the Southeast echo centuries of 
human history. The region consists of highly diverse communities and landscapes, including one of the most 
biodiverse areas in the continental United States. The Southeast’s ecosystems, stewarded for generations 
by Indigenous Peoples, are now in a precarious state. Centuries of political and land-use decisions have 
threatened the landscape and the people, with a few prospering at the expense of many. These decisions, 
shaped by a long history of systemic and structural racial discrimination and aggression, continue to 
have lasting harmful effects on the preparedness of Southeast communities for mounting climate change 
threats. The institutions of slavery and intergenerational ownership of individuals as property, Jim Crow 
segregation, and housing discrimination have resulted in many BIPOC (Black, Indigenous, and People of 
Color) communities living in neighborhoods that are disproportionately exposed to environmental risks 
and with fewer resources to address them when compared to majority White communities (Figure 32.18).
1,2,3,4,5,6,7,8,9,10,11,12,13 Furthermore, these frontline communities—those with higher exposures, greater vulnera-
bility, and less adaptive capacity to climate change impacts—continue to face forms of discrimination that 
increase their vulnerability to climate risks and reduce their options for resilience (Figure 20.1).1,14,15 These 
inequities are further complicated by the Southeast’s population changes, economic investments, and rising 
tax revenues in urban and suburban areas. Wealthier communities are able to seek out external resources 
needed to implement innovative climate resilience and adaptation projects.16,17 Meanwhile, smaller and more 
rural communities often lack the capacity to receive and spend funding, train leadership, and advocate for 
climate adaptation planning.18

With virtually no exceptions, climate change in the Southeast continues to exhibit the trends that were 
reported in the last National Climate Assessment (NCA).19 We now better understand the increasing intensity 
of climate stressors in the Southeast, including extreme heat, extreme precipitation events, drought 
persistence and strength, sea level change, and tropical cyclones (Table A4.1), as well as decreases in the 
intensity and frequency of disruptive cold-season events like snowfall and frost days (Ch. 2).20

There have been notable advancements in Southeast climate change adaptation in recent years.19 For 
example, adaptation plans created by Tribal Nations have contributed to those Nations’ cultural continuance 
in a changing climate—that is, their “capacity to maintain members’ cultural integrity, health, economic 
vitality, and political order into the future and avoid having members experience preventable harms” (KM 
16.3).21,22 Indigenous stewardship continues in the Southeast in many contemporary Indigenous “cultural 
landscapes,” or places where Tribal members have centuries-old connections (Box 22.3). In these places, 
members continue cultivating cultural practices including hunting, fishing, foraging, and ceremony.23 The 
increasing hazards of climate change, pollution, and threats to land and water rights–which may be under-
estimated by existing environmental justice analyses24,25–put a strain on Indigenous Peoples’ sovereignty and 
their ability to have high levels of cultural continuance.21,22,26

Moreover, communities throughout the Southeast are exploring how to spur action through communi-
cating about climate change science across both formal (classroom) and informal (outside of classrooms) 
learning,27,28,29,30,31,32,33 setting clear climate goals,34 and responding to the mounting threats and stressors that 
climate change presents (Figure 31.1).35 However, there has been an equal, if not a greater, number of failures 
to adequately prepare the region’s homeplaces, infrastructure, economy, and livelihoods for the threats of a 
warming climate, seen in the poorly coordinated responses to hurricanes over many years, from Hurricanes 
Katrina36 to Florence37 and Ida,38 especially for frontline communities.39 Moreover, uncoordinated adaptation 
efforts across municipal and state boundaries to address climate change may hinder the long-term efficacy 
of any individual project while delaying the shared goal of securing the vitality of the Southeast.
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Key Message 22.1  
Regional Growth Increases Climate Risks

The Southeast’s population has grown and is expected to continue growing, mostly in metro-
politan areas and along its coastline (very likely, very high confidence), putting more commu-
nities and their assets into harm’s way from increasing risks related to climate and land-use 
changes (very likely, very high confidence). Conversely, many rural places are facing declining 
populations with a growing percentage of older residents (very high confidence), making these 
areas particularly vulnerable to the impacts of a changing climate (likely, high confidence). At the 
same time, decision-makers frequently use outdated and/or limited information on climate-re-
lated risks to inform adaptation plans, which as a result fail to account for worsening future con-
ditions (likely, high confidence). These climate adaptation efforts also tend to be concentrated 
in wealthier communities, leaving under-resourced and more rural populations, communities of 
color, and Tribal Nations at growing and disproportionate risk (likely, high confidence).

A Growing Region Means Increased Climate Risks
All but one of the Southeast’s states—Mississippi—experienced population growth over the last decade, and 
most of the fastest-growing large US cities are located in the region.40 Even under scenarios with moderate 
population growth (e.g., Shared Socioeconomic Pathway [SSP] 2), the region’s population is expected to 
increase (Figure 22.1).41

Population Change in the Southeast

Population change in the Southeast exposes more people to climate threats along the coast and in cities while 
leaving rural areas with limited capacity. 

Figure 22.1. (a) Between 2010 and 2020, unequal population change occurred in the Southeast, with coastal and 
metropolitan counties growing while many rural counties’ populations declined. (b) This pattern is expected to con-
tinue through 2050 (under SSP2) and will expose more people to climate threats. Diminishing populations reduce 
the capacity of rural counties to adapt to climate threats by reducing critical financial and social resources, such as 
tax bases and community care organizations. Figure credit: Groundwork USA, NOAA NCEI, and CISESS NC. 
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Southeast land cover equal to about 1.7 million football fields changed from forested to developed between 
1985 and 2019, more than in any other NCA region (Figure 22.2a; Ch. 6). Urbanized land cover is estimated 
to increase by more than 9% throughout the region by 2060, based on urban area growth trends during 
1990–2010,42 further threatening the region’s unique terrestrial and aquatic biodiversity (Figure 22.2b; 
KM 8.1).

Land-Cover Change and Biodiversity

Land cover change and sprawling development threaten unprotected biodiversity hotspots in the Southeast. 

Figure 22.2. (a) The Southeast has lost more forested area to development and other land uses (cropland, 
grass/shrub, and water) than any other National Climate Assessment region since 1985. (b) Many of the region’s 
most biodiverse landscapes remain unprotected, threatening unique species of birds, fish, and amphibians. Future 
sprawl may threaten these landscapes, known as Areas of Unprotected Biodiversity Importance (AUBIs). Figure 
credits: (a) Groundwork USA, Oak Ridge National Laboratory, NOAA NCEI, and CISESS NC; (b) adapted with per-
mission from Hamilton et al. 2022.43

Unconstrained exurban and suburban sprawl will further expose human development to weather- 
and climate-related risks such as wildfire,44 hurricanes,45 floods,13,46 intensifying thunderstorms,47 and 
tornadoes.48 Growth along the region’s coastlines49 has increased the population exposed to coastal-specific 
climate threats.13,50,51,52,53 Although the Southeast has historically experienced more billion-dollar disaster 
events than the rest of the country54 and has weathered multiple hurricanes since 2018 (Figure 22.3), there 
is considerable regional variation among residents’ perceptions of whether climate change will personally 
harm them.55,56
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Billion-Dollar Disasters and Hurricanes in the Southeast

The Southeast frequently experiences costly weather-related disasters, which are worsened by climate change. 

Figure 22.3. (a) The map shows NOAA billion-dollar disasters by state during 1980–2022 in the Southeast. 
The map adds up billion-dollar events for each state affected (i.e., it does not mean that each state shown 
suffered at least $1 billion in losses for each event). (b) The map shows Southeast hurricane landfalls during 
2018–2022. Since 1980, the Southeast has had a higher frequency of billion-dollar disasters than other Nation-
al Climate Assessment regions. Disasters attributed to hurricanes have been particularly damaging. Hurricane 
impacts can spread far inland and even outside the region, including major flooding, which is not captured in 
the Saffir–Simpson Scale depicting hurricane landfall intensity (b). Because map (b) is limited to 2018–2022, it 
excludes prior billion-dollar hurricanes that hit the Southeast, including Hugo (1989), Andrew (1992), Fran (1996), 
Floyd (1999), Charley (2004), Rita (2005), Katrina (2005), Matthew (2016), and Irma (2017). Figure credit: Missis-
sippi State University.

Some of the Southeast’s growth follows patterns of urban renewal, with affluent and young people returning 
to urban areas and displacing under-resourced communities to suburban and rural areas.57 As a result of this 
displacement and long-standing underinvestment, under-resourced communities face more environmental 
hazards and increasing risks (Figure 22.4b)3,13 but have less access to climate-ready infrastructure such as 
housing (Figure 22.4a), dwellings with strong building codes58 that minimize disruption during storms,59,60 
public transit,61 community resource centers for heat and cold relief,62 and up-to-date stormwater 
management systems.63 These communities often also lack a well-resourced local and/or state governmen-
tal workforce64 to analyze, plan for, and mitigate risks (KM 20.1).16,17,18,65,66

Inland and Coastal Flooding Threatens the Present and Future
Southeast flood risk is inequitably distributed due to both climate and non-climate stressors. Physical 
stressors such as increases in rainfall, temperatures, and sea level, in addition to land cover change, 
exacerbate flood risks (KM 4.2),13,50,67,68 while social and economic policies, including institutional investments 
and disinvestments, differentially shape risk, vulnerability, and exposure to flooding.69,70,71 Compounding 
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preexisting social and economic disparities are changes in precipitation patterns. For instance, shifting 
autumn precipitation patterns have been attributed to human-caused climate change,72 and some Southeast 
counties with higher social vulnerability are experiencing more frequent flooding.73

Mandatory flood risk disclosure requirements largely depend on state-by-state policies,74 and virtually all 
requirements apply only to home sales. Millions of rental housing units in the region are within counties 
that have high Expected Annual Loss ratings from FEMA,75 and confidence is growing that areas currently 
populated by communities of color, who also are more often renters, will face disproportionately high future 
flood risks (Figure 22.4).3,13 Furthermore, other forms of housing that are vulnerable to climate risks include 
mobile homes and manufactured housing, which are concentrated in the Southeast.40,76,77 These populations 
tend to face more barriers to accessing flood insurance and federal flood disaster assistance and more often 
experience adverse outcomes during disaster recovery, due in part to the lack of disaster relief programs 
for renters and the rising cost of flood insurance.78,79,80 Additionally, the potential overvaluation of coastal 
residential housing stock makes it even more challenging to move people out of harm’s way due to the upper 
limits placed on the amount of compensation these programs can offer and peoples’ reluctance to sell these 
properties and lose rental revenue. For example, in Miami-Dade County, Florida, the total overvaluation of 
properties is $3.9 billion, and in nearby Duval County, where Jacksonville is the county seat (Figure 22.5), 
overvaluation exceeds $420 million.81 Across the Southeast, the average total overvaluation of properties is 
estimated to be around $110 million per county. Florida has the highest statewide total average overvaluation 
at $749 million, while Mississippi has an undervaluation of $20 million.81

Current and Projected Risks to Homes

Vulnerable homes in the Southeast will face increasing climate threats in the future. 

Figure 22.4. (a) Thousands of rental housing units across the Southeast are located in counties with at least a 
“relatively moderate” Expected Annual Loss score in FEMA’s National Risk Index. (b) Projected future increas-
es to flood-related average annual losses by 2050 compared to 2020 under an intermediate scenario (RCP4.5) 
disproportionately affect under-resourced populations and communities of color and are amplified by population 
growth, exposing more people to increased flood risk. (a) Adapted with permission from Harvard Joint Center for 
Housing Studies, America’s Rental Housing, © 2022 by the President and Fellows of Harvard College, www.jchs.
harvard.edu. All rights reserved;75 (b) adapted from Wing et al. 202213 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode


Fifth National Climate Assessment

22-11 | Southeast

Flooding impacts infrastructure and, in turn, public health. Injury, illness, and death can result from 
exposure to mold from floodwater damage,82,83 onsite wastewater treatment system failures,84 and carbon 
monoxide poisoning from misuse of generators for emergency power.85,86,87 In addition, healthcare facilities 
may be damaged by flooding or unable to handle an influx of demand.88,89 Damage to roads and bridges 
might prevent access to these facilities, disrupt the supply of medications and equipment,90 and hinder a 
community’s lifeline to emergency services and evacuation routes.91

Tropical storms and hurricanes have been responsible for some of the Southeast’s biggest and most 
damaging flooding events since 2018 (Figure 22.3). The likelihood of hurricanes slowing down or stalling near 
the coast has increased, exacerbating the rainfall-related flooding threat from these systems.92 However, the 
impact of climate change on slowing down or stalling tropical storms remains uncertain,92 although some 
simulations indicate a potential slowdown of Atlantic storms due to climate change,93,94 including near the 
Southeast US coast.95,96 In addition, rapidly intensifying hurricanes have presented challenges for imple-
menting evacuations,97 and the frequency with which Atlantic hurricanes rapidly intensify may be increasing 
in response to long-term human-caused climate change.98 Also, there is evidence of increased intensifi-
cation rates near the US Atlantic coast, which may continue into the future.99 There have been significant 
improvements in understanding how nontropical systems,100 atmospheric rivers,101,102,103,104,105 past and future 
El Niño–Southern Oscillation patterns,106,107 flash flooding,73,108 and urban environments109,110,111,112,113 add to the 
Southeast’s risk of extreme precipitation and flooding.

With additional global warming, more North Atlantic hurricanes are expected to strengthen to at least 
Category 4 intensity and to undergo rapid intensification, sea level rise is expected to worsen storm surge 
inundation, and tropical cyclone–related rainfall is expected to increase.93,114,115,116,117 The likelihood of storms 
making landfall could increase, which may offset the potential decrease in the total number of storms and 
overall exacerbate impacts.118 However, some uncertainty remains regarding the expected degree of change 
in hurricane activity impacting the Southeast. Additionally, estimates suggest that some seasonal, annual 
average, and extreme precipitation amounts across the Southeast will increase, driven mainly by more 
extreme events (e.g., precipitation of 3 inches or more in 24 hours) at higher levels of warming.20,67,119

Some Southeast communities plan for these extreme events with an outdated understanding of cli-
mate-related risks.68,120,121 Sewer infrastructure is built to accommodate a particular amount of rainfall over 
a specified time, and current estimates of precipitation intensity, frequency, and duration generally do not 
consider future projections of these metrics, posing a significant challenge to civil engineers.122,123 Estimating 
future precipitation characteristics and their impact on sewer infrastructure in the Southeast is primarily 
conducted on a state-by-state basis and relies on different scientific approaches,121,124 further complicating 
the development of design standards for climate-ready infrastructure (Figure 22.5; KM 12.2).120

Extreme rainfall that occurs at the same time that ocean water inundates populated areas (e.g., because 
of high tides or storm surges) creates compound flooding events, which can result in decreased property 
values125 and roadway obstructions that can hinder first responders (KM 9.2).66,126 Compound flooding events 
already affect low-lying areas in the coastal plain,93,127 and the Intermediate-Low and Intermediate sea level 
rise scenarios for the Southeast project a higher frequency of compound flooding by midcentury in regions 
along the Atlantic coast.128

Tide gauges throughout the Southeast indicate that relative sea level rose by 6 inches during the 1970–2020 
time period, with some variation across the region.51 The average range of sea level rise by 2050 relative 
to 2000 in the Southeast (Low to High scenarios)51 is 16–23 inches (0.40–0.58 m). This increases to a range 
of 2.2–7.3 feet in 2100 relative to 2000 under the same scenarios.51 These regional estimates are higher 
than the projected global average rise due to regional variations in land motion, excessive groundwater 
pumping,129 and the effects of sea level changes caused by changes in ocean currents.51 For example, overall 
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sea level rise projections by 2050 are 22–32 inches for Grand Isle, Louisiana, 10–19 inches for Jacksonville, 
Florida, and 15–22 inches for Outer Banks, North Carolina. High tide flooding events in the Southeast may 
increase by a factor of 5–10 by 2050 due to sea level rise (Figure 22.5).51 However, many communities will 
experience comparable increases in these events before 2050 due to changes in tides that exacerbate sea 
level rise.52 Saltwater intrusion from rising sea levels has already degraded the health of coastal forests and 
estuaries while reducing their ability to store carbon,130,131 and increased soil salinity has reduced yields in 
the remaining range and farmland.132 While there is uncertainty in how global ice sheets will respond to 
additional global warming and thus ultimately determine longer-term sea level rise, the Southeast could 
experience 3.1–13.2 feet of sea level rise by 2150.51

Sea Level Rise and Flooding in the Southeast

Major flood events in Jacksonville, Florida, could become about 5 times more likely by 2050 under an Intermedi-
ate-High sea level rise scenario.

Figure 22.5. Sea level rise under an Intermediate-High scenario51 would drastically increase the likelihood of flood 
conditions by 2050. For Jacksonville, Florida (a), this would mean that “minor” flood conditions (red colors) will be 
about 30 times more likely, “moderate” (orange colors) will be about 20 times more likely, and “major” (yellow col-
ors) will be about 5 times more likely. This would translate to more than 250 minor floods, 10–50 moderate floods, 
and about 1 major flood per decade in 2050. (b) Major flooding impacts would resemble those experienced during 
Hurricane Irma in 2017, when Jacksonville experienced record-high flooding conditions. (a) Adapted from NOAA/
NOS/CO-OPS 2023.133 Data layers provided by © Esri, HERE, Garmin, FAO, NOAA, USGS, © OpenStreetMap contrib-
utors, and the GIS User Community. (b) Photo credit: Department of Homeland Security.

Indigenous Communities: Loss and Leadership in a Rapidly Changing Region
Indigenous communities have long faced displacement from and loss of cultural and desirable lands from 
settlers and government (Figure 16.1). Settler colonialism and climate change are forcing the displacement of 
Indigenous communities once again, causing stress and grief (KM 16.1). Indigenous communities experience 
substandard housing and infrastructure, as well as limited insurance coverage, which increases their vul-
nerability to climate stressors (KM 16.2).134 In addition, land dispossession in the Southeast has impeded 
Indigenous Peoples from enduring climate hazards and deprived them of the benefits of the natural envi-
ronments they once stewarded.135,136,137,138

Climate change and a shift from Indigenous-managed cultural landscapes to settler-managed landscapes 
threaten cultural knowledge and practices.136 This shift can be seen in the loss of plants and animals of 
cultural significance to Southeast Indigenous communities (Figure 22.2; Box 22.3). This loss has contributed 
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to decreased physical and mental well-being as Tribal citizens have had to shift away from subsistence 
lifestyles that connect them to their cultural landscapes and contribute to cultural continuance.22,139 
Climate change also alters the ranges of native plants while enhancing the growth of invasive species that 
may out-compete them.140 The loss of native species adversely affects Indigenous populations who rely on 
these resources for subsistence or cultural value,141 such as coastal communities with economies driven by 
forests or fisheries.142 However, Tribal Nations are finding ways to lead in responding to climate change (KM 
16.3) while exercising their rights to cultural continuance and sovereignty through numerous actions and 
projects, including revitalizing rivercane ecosystems (Box 22.3).

Southeastern archaeological sites reveal a rich history of how Tribal Nations have met challenges similar to 
those they are experiencing now by using their Indigenous Knowledges.143 However, many of these sites are 
exposed to the threat of rising sea level because they are located in coastal lowlands.144 A sea level rise of 
approximately 3 feet (about 1 m) could result in the loss of more than 13,000 historic and prehistoric archae-
ological sites (with significantly more lost under more severe scenarios) while directly harming contempo-
rary Indigenous communities across the Southeast.144 Sea level rise also threatens coastal marshes in the 
Southeast more than anywhere else in the US.145 The potential loss of these marshes, teeming with biodi-
versity and critical ecosystem services, could adversely affect the communities that depend on them. The 
ability of marshes to move (or “migrate”) landward in response to sea level rise will depend on the availability 
of onshore land that in many cases is already developed. Planning for the migration of marshes will require 
a further understanding of their dynamics, as well as social trade-offs to accommodate their migration into 
new areas.145

Moving Out of Harm’s Way, Protecting Existing Communities, and 
Planning Ahead for Growth and Potential Resettlement
The Southeast is responding to climate threats; however, these actions are spread unevenly across the 
region (Figure 31.1). Many communities are adopting adaptation plans, including anticipating population 
growth due to climate-driven relocation.146,147,148 Tribal governments achieve greater success in developing 
comprehensive climate adaptation plans when joining strong cross-Tribal networks that share knowledge 
of effective strategies.149 However, Southeastern adaptation plans (especially for drought and heat) are less 
comprehensive than those in other regions.150,151,152,153

Adaptation actions include avoidance, planned relocation, protection, accommodation, or some combination 
of these. Avoidance involves limiting development in hazardous areas. Retreat from the coast or riverine 
floodplains involves removing infrastructure, housing, and public facilities from hazardous areas over time 
while limiting future development. Protection strategies use physical infrastructure like seawalls, levees, 
and beach nourishment, although these may not provide long-term protection if designed for past climate 
conditions.154 Accommodation involves elevating structures or using building materials that can withstand 
being submerged by floodwaters or are less prone to damage when exposed to fire (Figures 22.6, 22.7).

Funding needed to implement adaptation projects remains elusive for many communities, especially those 
with limited resources and high levels of preexisting social vulnerability.80,155 One strategy for advancing 
climate adaptation is applying for FEMA Hazard Mitigation Assistance (HMA) grants.156,157,158 However, state 
hazard mitigation officers who manage these grant programs have described differing levels of capacity to 
help local governments develop and implement HMA grants.16 While FEMA updated its hazard mitigation 
planning guidance in 2022 to require that local governments and states address equity and future conditions 
as part of their new strategic plans,156 the impacts of these changes have yet to be effectively assessed 
relative to the quality of the plans. Despite these challenges, a growing number of localities are factoring 
intensifying climate-related stressors into adaptation plans35,159,160,161 and helping guide new policy (Box 22.2).
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Current Tools Could Ensure Equitable Adaptation
There are several types of climate adaptation tools available to communities in the Southeast, including 
buyouts, information clearinghouses, land use policies, and city design and planning (Figures 22.6, 22.7).

Buyouts—acquiring hazard-prone housing that is demolished and converted to open space—are widely 
recognized as one of the most cost-effective strategies for reducing future losses,162,163 including those 
associated with adapting to a changing climate.164 However, while buyouts do require that the land be 
converted to open space after purchase, applying other proactive land-use planning techniques that 
guide development to safer locations or limit future growth in hazard-prone areas remains an uncommon 
practice.165,166 As a result, there remains considerable uncertainty around whether communities are actually 
reducing risk when accounting for the losses avoided with buyouts relative to increased hazard exposure 
associated with new development in hazard-prone areas.167,168,169 For example, some buyouts resulted 
in people relocating to an area of similar risk as their original dwelling,170,171 and relocation in a broader 
context has meant moving from one risk zone to another.172 Buyouts can also reduce a community’s tax 
base, which can be particularly devastating in smaller jurisdictions with limited revenue to support gov-
ernmental services.173 Questions of equity in buyouts include whether buyouts are preferred by residents, 
whether choosing to participate in buyouts is in their best interest, and whether frontline communities are 
involved in deciding how and where buyouts occur (KM 20.5; Figure 20.3).174,175,176,177,178,179 Additional buyout 
challenges include the long-term management of resulting open spaces, tracking buyout land in a given 
area, and strategies to achieve co-benefits such as creating climate-resilient recreation amenities like parks, 
greenways, water retention areas, and ballfields.180,181,182 Buyout migration and relocation from one place may 
also exacerbate local housing pressure in another. For example, in Miami, wealthier individuals are moving 
from higher-flood-risk coastal areas to safer higher-elevation areas, increasing inland property values and 
displacing residents,183,184,185 although the exact pressures driving gentrification and displacement within any 
community are complex.186,187 There is evidence that points to the migration of some Black residents out of 
floodplains in the Southeast, including the case of Edgecombe County, North Carolina, where the Town of 
Princeville, discussed in Box 22.1, is located.53

A growing number of climate adaptation resource clearinghouses are available (KM 31.4), and they include 
Southeast case studies.188,189 In addition, Southeast-focused organizations like the Southeast Climate 
Adaptation Science Center, USDA Southeast Climate Hub, and the Southeast and Caribbean Disaster 
Resilience Partnership provide resources needed to advance adaptation strategies, including resources for 
rural and/or under-resourced communities.18,64 Some climate change planning documents even now center 
on additional considerations such as equity in their frameworks.190 However, inequitable access to resources 
and constraints on workforce capacity to effectively use these tools can also lead to unequal progress 
toward implementing strategies across communities.

Climate-resilient community design principles are being employed by urban planners, landscape architects, 
and architects, as well as by an increasing number of municipalities (Figures 22.6, 22.7, 12.8).

https://secasc.ncsu.edu/
https://secasc.ncsu.edu/
https://www.climatehubs.usda.gov/hubs/southeast
https://www.scdrp.secoora.org/
https://www.scdrp.secoora.org/
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Climate-Resilient Neighborhood Design 

Climate-resilient community design can ensure the long-term vitality of cities.

Figure 22.6. Climate-resilient urban design may incorporate nature-based, infrastructural, and community-based 
solutions to alleviate the harm from climate stressors such as extreme heat and flooding. Participatory processes 
can foster shared ownership of climate resilience strategies and promote the distribution of resources to where 
they’re needed most. Equitable reduction of climate risks and ensuring the reliability of critical services can create 
social benefits. Figure credit: Groundwork USA and North Carolina State University.

Box 22.1. Reducing Flood Risk in Princeville, North Carolina

Land-use decisions dating back to the post–Civil War Reconstruction era placed Black communities in lower-lying, his-
torically flood-prone areas across the Southeast. One example is the community of Princeville, North Carolina, located 
along the Tar River.191 Princeville is the oldest incorporated independent Black community in the United States, originally 
settled by formerly enslaved people.192 The town, located entirely in a floodplain, has flooded numerous times. In 1967 
the US Army Corps of Engineers constructed a levee that protected Princeville until Hurricane Floyd struck in 1999 and 
caused widespread flood damage to the town.192 Research suggests that repeated exposure to varied water levels over 
time has reduced the levee’s protective capacity.193 Although state officials offered to use buyouts to move the town to 
higher ground following Hurricane Floyd, residents refused due to their deep attachment to the place.194 In 2016, Hurricane 
Matthew flooded Princeville again. Residents then accepted the state’s offer to fund several risk-reduction measures, 
including buyouts, converting acquired land to open space, elevating homes, and building replacement housing in com-
pliance with local flood standards. The state also purchased a 52-acre parcel of land adjacent to the town’s borders but 
located outside of the 100-year floodplain where critical facilities, businesses, and new housing are to be built.173 Princev-
ille provides a powerful example of how existing post-disaster funding programs and policies can guide risk reduction and 
adaptation in the face of a changing climate. The long-term impact of these programs on the community’s overall social 
and physical cohesion, as well as their resilience to future storms, remains an open question.
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Box 22.2. Reshaping FEMA Policy to Aid Disaster Recovery  
in the Gullah Geechee Cultural Heritage Corridor

The Gullah Geechee Cultural Heritage Corridor is a National Heritage Area established by Congress to recognize the 
unique culture of the Gullah Geechee people who have traditionally resided in the coastal areas and the sea islands of 
North Carolina, South Carolina, Georgia, and Florida —from Pender County, North Carolina, to St. Johns County, Florida.

Communities often consist of coastal families who represent five or more generations of Gullah Geechee heritage and 
whose quality of life is inextricably connected to the environment and the ecosystem services it provides. Gullah Geechee 
residents and other coastal citizens who reside on heirs’ property, or property passed down through family members 
by inheritance, are highly vulnerable to negative impacts associated with extreme weather events and changing climate 
and ocean conditions. One such impact was former federal disaster aid policies that did not recognize the uniqueness 
of heirs’ property, where possession is authentic but documentation can be complicated. The Gullah Geechee Cultural 
Heritage Corridor worked with FEMA to identify policy barriers and revisions for Gullah Geechee citizens seeking disaster 
and recovery aid. The Corridor used its communication network to educate communities about the newly created disaster 
aid revisions made to support owners of heirs’ property before the 2022 hurricane season. When powerful storms struck 
communities in South Carolina, the Corridor team reached out to families and directed FEMA representatives to areas 
that were hardest hit. Through its community-driven ad hoc subcommittee on natural resources and climate change, the 
Corridor has also used a similar grass-roots approach to understand how climate change may be experienced different-
ly in the coastal communities of the Corridor and has worked to identify nature-based solutions that may benefit some 
communities.

Climate Resilience in the Southeast

Southeast communities are adapting to climate threats in a number of ways.

Figure 22.7. (top left) A 60,000-acre-foot stormwater reservoir in Palm Beach County, Florida, temporarily stores 
peak stormwater flows. (top right) Transit advocates in Richmond, Virginia, document the cooling efficiency of 
shade structures at public bus stops. (bottom right) Construction workers prepare to raise a home’s foundation 
along Virginia’s Eastern Shore. (bottom left) Rain gardens like this one can be highly place- and community-driv-
en projects to absorb excess stormwater and improve green space, while nonprofits like Groundwork RVA build 
skills for a green economy. Photo credits: (top left) South Florida Water Management District [CC BY-ND 2.0]; (top 
right) © Jeremy Hoffman, Science Museum of Virginia; (bottom left) © Robert Jones; (bottom right) Aileen Devlin, 
Virginia Sea Grant [CC BY-ND 2.0]. 

https://creativecommons.org/licenses/by-nd/2.0/legalcode
https://creativecommons.org/licenses/by-nd/2.0/legalcode
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Key Message 22.2  
Climate Change Worsens Human Health and Widens Health Inequities

Human health and climate stressors are intimately linked in the Southeast (very high con-
fidence). Community characteristics such as racial and ethnic population, chronic disease 
prevalence, age, and socioeconomic status can influence how climate change exacerbates, 
ameliorates, or introduces new health issues (very high confidence). Climate change is already 
impacting health in the region (very likely, very high confidence). There are effective strategies 
to address the health impacts of climate change in the Southeast that have multiple benefits 
across social and environmental contexts (high confidence). 

Underlying Health Issues and History in the Southeast
Public health status is an important indicator of vulnerability to climate stressors,190,195 and Southeastern-
ers are consistently ranked among the unhealthiest in the Nation, with shorter life expectancies than the 
US average (Figure 22.8).196 Health disparities in the Southeast are related to various social determinants 
of health, such as lack of access to healthcare, low socioeconomic status, and poor health behaviors (e.g., 
smoking and drug and alcohol abuse).197 Sedentary lifestyles are reinforced by the quality of the surrounding 
built environment: the Southeast is home to 8 of the 10 least-walkable cities,198 15 of the 20 most dangerous 
cities for pedestrians,199 and 4 of the top 10 deadliest states for cyclists in the United States.200

Present-Day Health Inequities

 
Present-day health inequities in the Southeast exacerbate climate-related risks. 

Figure 22.8. (left) Southeastern states rank among the lowest in the Nation for life expectancy, although there is 
considerable variation within the region and within individual states. These patterns in life expectancy are reflect-
ed in estimates of social vulnerability (right)—a measure of how societal stressors like poverty, crowded housing, 
older populations, and lack of access to transportation may diminish a community’s ability to avoid human dis-
tress and financial damages in a disaster like those made worse by climate change. Figure credits: (left) Ground-
work USA, NOAA NCEI, and CISESS NC; life expectancy data from University of Wisconsin Population Health 
Institute, County Health Rankings & Roadmaps 2022, www.countyhealthrankings.org; (right) Science Museum of 
Virginia, NOAA NCEI, and CISESS NC. 

https://www.countyhealthrankings.org/
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The Southeast has more Black residents than any other NCA region,40 and health-related challenges faced 
by communities with majority Black populations differ from those with majority White, Hispanic, or Asian 
populations.201 Communities with majority Black populations tend to have even lower life expectancies and 
less access to resources that promote health, such as grocery stores, safe places to exercise, and quality 
healthcare than whiter and wealthier populations.202 These communities also have fewer opportunities for 
economic prosperity (Figure 22.12), fewer employment opportunities, limited access to quality education, 
and higher unemployment rates, all of which shape health outcomes.11 Black communities in the Southeast, 
therefore, shoulder a disproportionate level of health risk associated with climate change.3,12

Keeping Cool as Temperatures Rise
Extreme heat affects everyone, but particularly at risk are pregnant people;203,204,205 people with heart 
and lung conditions;206,207 older adults and young children;208,209 people with mental health conditions;210,211 
outdoor workers in construction, agriculture, and the service industry;212,213 athletes;214,215,216 and populations 
who lack adequate shelter or are incarcerated.217,218

Southeasterners rely on air-conditioning to cool living spaces, and air-conditioning demand is expected to 
grow across the Southeast as the climate warms.219 However, air-conditioning prevalence varies along racial 
and economic lines.220 Furthermore, the Southeast has high rates of households that experience energy 
insecurity.221 While the Southeast has the lowest energy rates in the US, households there pay the country’s 
highest energy bills.222 High energy bills disproportionately impact rural and under-resourced residents, 
elderly residents on fixed incomes, and communities of color (Figure 22.9).222 Historical de facto as well as 
de jure segregation policies such as redlining—the New Deal–era practice of classifying communities with 
significant Black, Asian, and immigrant populations as hazardous for financial investment—neighborhood 
housing covenants, and urban renewal have had lingering effects on frontline communities in the Southeast, 
resulting in their low proportion of homes that are energy efficient and affordable.222 There is evidence that 
the number of blackout events (power outages) affecting more than 1,000 residents for more than one hour 
due to increasing energy demands and extreme weather events is increasing.223,224,225 The Southeast has 
experienced many such blackout events annually and during the warm season (May–September) since 2011 
(Figure 22.10).226
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Inequitable Heat Burden and Future Heat Exposure

Projected increases in heat extremes disproportionately affect communities of color and other energy-burdened 
groups. 

Figure 22.9. Present-day inequities will be amplified by the increased threat of extreme heat in the future. Panel 
(a) shows overlap between the percentage of the population that is BIPOC (Black, Indigenous, and People of Col-
or) and the percentage of low- and moderate-income households with a high energy burden, or households that 
spend a disproportionately high amount of money on energy costs relative to their income. The dark purple areas 
show high overlaps between BIPOC households and high energy burden. Panel (b) shows the projected increase 
in the number of extreme heat days (maximum temperature at or above 95°F) in 2050 relative to 1991–2020 un-
der a high scenario (SSP3-7.0). Figure credits: (a) adapted from Bryan 2020;227 (b) NOAA NCEI and CISESS NC.

Blackouts Affecting More than 1,000 Residents for More Than 1 Hour (2011–2021)

Warm-season blackouts add to heat-related risks for residents in Southeast. 

Figure 22.10. For several Southeast states, major blackout events occur most often during the warm season 
(May–September). Major blackouts during the warm season generally occur during heatwaves, placing people at 
higher risk of heat exposure and heat-related illness because they do not have access to air-conditioning. The fig-
ure shows reported major blackout events—defined as electrical grid failures affecting more than 1,000 residents 
for more than 1 hour—in Southeast states during 2011–2021. Data are presented as warm season (orange, May 
through September) and non-warm season (blue, October through April). Figure credit: Georgia Institute of Tech-
nology, Groundwork USA, CDC, NOAA NCEI, and CISESS NC. 
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Public cooling centers are temporary health interventions for those without adequate air-conditioned 
shelter on exceptionally hot days (KM 15.3). However, in some areas of the Southeast, these centers are not 
located within walking distance of the populations most in need.228 Furthermore, the Southeast has the 
lowest public transportation access for households without a private vehicle.229

Heatwaves in the Southeast are happening more frequently and are occurring during a longer heat season, 
with some cities also showing increasing trends in their duration and intensity (Ch. 2).3,230,231 The number 
of extreme warm days (above 95°F) is expected to continue increasing with every increment of global 
warming (Figure 22.9b; Ch. 2). Wet-bulb globe temperature (WBGT)—which measures the combined effects 
of temperature, humidity, wind, and sunlight on thermal comfort and which may be a better metric for the 
Southeast than more traditional measures of extreme heat232,233—has already increased due to anthropogen-
ic climate change in parts of the region234,235 and is expected to increase across the region throughout this 
century.230,235 Additional heat stress within cities can be attributed to the urban heat island effect (Figure 
A4.4), whereby cities experience warmer temperatures than outlying rural areas and some neighborhoods 
within a city are hotter than others.236,237 Heat island intensities across the Southeast are systematically 
higher in formerly redlined communities5 and in counties with higher proportions of Black, Hispanic, and 
Asian residents, people with education no higher than a high school diploma, people with lower median 
incomes, and single-parent households.238 However, there is a lack of consistent and appropriate thresholds 
used to evaluate heat risk. For example, most work-related heat illnesses across five Southeast states 
occurred below the heat index range designated as dangerous by the National Weather Service.239

Climate change is increasing the risk of multiple dangerous weather events occurring simultaneously or 
in close proximity, resulting in worsened health effects (Ch. 15). An example of this is when a heatwave 
occurred after Hurricane Laura devastated the coast of Louisiana in 2020, resulting in at least eight deaths 
due to heat and an increased risk of heat-related illness, particularly for those who lost electricity and 
outdoor workers assisting with the recovery.240

In response to heat threats, Miami has institutionalized the first city heat officer to coordinate heat pre-
paredness and response efforts to reduce impacts to the most vulnerable.
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Blowing in the Wind
In the Southeast, climate change threatens Clean Air Act improvements by creating favorable conditions 
for increases in smog241,242,243 and wildland fire emissions.244,245,246 The Southeast already has significant 
amounts of particulate matter (PM2.5; Figure 22.11a) as a result of anthropogenic pollutants247 and extensive 
vegetation,248 and the associated health effects are experienced disproportionately by communities of color 
and populations with lower socioeconomic status (Ch. 14).249,250 Future premature deaths due to PM2.5 in the 
region could be avoided through significant emissions reductions, even when considering future warming 
(Figure 22.11b; KM 14.3).3,251,252 This is particularly relevant to the Southeast, which is projected to have the 
highest number of premature deaths due to climate-induced increases in PM2.5 and ozone exposure.3,251,252

Current PM2.5 Levels and Projected Change in Deaths Due to PM2.5 at 2°C of Global Warming

Rising levels of air pollution from a warming climate pose profound threats to human health. 

Figure 22.11. (a) Present-day (2000–2019) patterns of particulate matter (PM2.5) pollution in the air are asso-
ciated with excess mortality. (b) Potential future patterns (projected changes at 2°C of global warming relative 
to the 1986–2005 average) of premature deaths in people aged 65 and older due to PM2.5 show that even when 
accounting for reduced particulate emissions in the future due to developments such as vehicle electrification, the 
Southeast is particularly sensitive to increases in PM2.5 from increased temperature alone. (a) Adapted from van 
Donkelaar et al. 2019.247 (This is an unofficial adaptation of an article that appeared in an ACS publication. ACS 
has not endorsed the content of this adaptation or the context of its use.) (b) Adapted from EPA 2021.3

In addition, airborne pollen can pose significant health risks to populations living in the southeastern United 
States.253 Since 1992 in Atlanta, tree pollen concentrations have increased by approximately 4% in the spring 
and 10% in the fall, and weed pollen has increased by approximately 5% in the spring.254 Some species of 
trees and weeds are exhibiting an earlier and longer pollen season, correlating with warmer spring tempera-
tures.254 Pollen increases pose significant health risks, including aggravating respiratory conditions such as 
asthma, which has been linked to a loss of school and work days (KM 14.4). These health risks are expected 
to worsen as pollen seasons shift earlier and lengthen due to climate change (KM 14.4; Figure 8.2).
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Fire Danger
Wildfire risk disproportionately disrupts the lives of socioeconomically disadvantaged communities in the 
Southeast.2 As more people inhabit forested areas, there is an attendant increase in wildfire risks to human 
health and property.255 More hot days may also exacerbate soil moisture deficits, leading to heightened 
wildfire risk in the region.244,256 Rural, mountainous portions of the Southeast are more exposed to and less 
equipped for mitigating wildfire.257

Forest managers conduct controlled, low-intensity fires, known as prescribed burns, to reduce the amount 
of deadwood and vegetation, thereby managing wildfire risk.258 While the impacts of wildfires on air quality 
are widely recognized (KM 14.2), less is known about the impacts of prescribed burns versus wildfires on 
air quality.246,259 Prescribed burns reduce the risk of wildfire damage to the environment, homes, and infra-
structure, although areas with intensive prescribed burning tend to be near communities with higher social 
vulnerability scores, which subsequently experience more negative health outcomes from the smoke.260,261 
As conditions favorable for wildfire and unfavorable for prevention become a greater risk for southeast-
ern communities due to a warming and drying climate,256,262 communities may need to invest in more 
robust equipment and infrastructure. In 2016, wildfires in western North Carolina and eastern Tennessee 
highlighted the connection between exceptional drought and fire in the Appalachians.263 Power outages 
and damage to PVC pipelines that supplied water to sprinkler systems led to a lack of water to combat fires, 
resulting in more significant damages.264,265 That year, nearly 50% of US wildfires occurred in the Southeast, 
yet these fires contributed to only 29% of the total area burned that year, indicating that southeastern 
wildfires are smaller.244,246,258

Rolling Red Tides
Harmful algal blooms (HABs), also known as red tides or brown tides, occur in fresh, brackish, and salt 
water.266 HABs result from the overgrowth of algae due to runoff water containing excess nutrients from 
agriculture and lawn maintenance, rising water temperatures, and other land-use development.267 Since 
2011, large masses of sargassum, which can fall under a HAB classification, have been increasing from Florida 
across the Caribbean, causing harm to coastal social–ecological systems. This problem could be intensified 
by rising temperatures from climate change.268,269 HABs have significant negative impacts on human and 
animal health, as well as broad-reaching environmental and economic effects.270,271,272,273

Humans may experience various health issues from HAB exposure, such as diarrhea and headache.273 
HAB events also threaten national and local economies, as tourist areas become less desirable to visit.271 
Fisheries and aquaculture industries suffer from the loss of marine life and decreased species diversity as 
ecosystems are disrupted and hypoxic conditions occur,274,275,276 and consumers are potentially exposed 
to seafood poisoning.277,278 On Florida’s Gulf Coast, prolonged algal events have caused a devaluation of 
coastal properties.270,272

More Than Just a Bug Bite
Temperature and precipitation changes are anticipated to shift the geographic distribution and season of 
certain disease-carrying mosquitoes and ticks in the Southeast (KMs 15.1, 8.2). For ticks that carry diseases 
such as Lyme and Rocky Mountain spotted fever, models project varying shifts in ecosystem suitability in 
the Southeast depending on the species, land-use changes, and host abundance.279,280,281,282,283 Of particular 
concern are mosquito-borne diseases such as chikungunya, dengue, malaria, West Nile virus, and Zika virus. 
All have been documented in the Southeast and pose potential risks to human health.284 Black and under-re-
sourced neighborhoods in Chatham County, Georgia, were identified as hotspots for West Nile virus, as 
well as being home to communities with limited understanding of personal risk and protective measures 
against mosquitoes.285,286
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The Mind–Climate Connection
The Southeast is home to 5 out of the 10 highest-ranked states for the prevalence of mental illness287 and 8 
out of the 10 lowest-ranked states for access to mental healthcare services.288

Climate change significantly affects mental health as a result of 1) acute disaster events such as hurricanes, 
floods, and wildfires (KM 15.1); 2) long-term changes such as drought289 and heat stress;210 and 3) existential 
threats of long-lasting climate change impacts that make people feel less secure in their physical 
environment.290 Those who are either directly impacted by or concerned about the threat of climate change 
to themselves or others may experience “eco-anxiety” or “climate anxiety.”291,292

While extreme weather events commonly occur in the Southeast, climate change has increased their 
frequency and magnitude (Ch. 2), causing residents to face repeated trauma and displacement at an 
unprecedented level, which can lead to stress and the onset of new psychiatric disorders or the worsening 
of preexisting mental health conditions,293 especially among children and under-resourced and BIPOC 
residents.290,294,295 The Florida Department of Health in Monroe County conducted an evaluation of its 
emergency shelter effectiveness in serving people with particular access and functional needs and found 
significant room for improvement, leading to updates to strategic planning processes and procedures 
related to the operation and communication of specialty emergency shelters to ensure more equitable 
access to shelter services.

Key Message 22.3  
Climate Change Disproportionately Damages Southeastern Jobs,  
Households, and Economic Security

Over the last few decades, economic growth in the Southeast has been concentrated in 
and around urban centers (high confidence) that depend on climate-sensitive infrastructure 
and regional connections to thrive (medium confidence). Simultaneously, rural and place-
based economies that rely on the region’s ecosystems are particularly at risk from current 
and future climate changes (very likely, high confidence). Global warming is expected to 
worsen climate-related impacts on economic systems, labor, and regional supply chains 
in the Southeast, with disproportionate effects on frontline communities (very likely, high 
confidence). A coordinated approach that recognizes present-day inequities and the interde-
pendencies between rural and urban communities will be necessary to secure the region’s 
economic vitality (very likely, high confidence).

Economic Risks in the Southeast: “Less Money, More Problems”
Across the Southeast, disaster losses have increased over the last several decades, primarily due to rapid 
growth in hazardous areas that are driven, in part, by national, state, and local policies that incentivize 
development in such areas.166,296,297 Rising disaster costs negatively impact local and regional economies, 
some of which are already affected by limited upward economic mobility for their population, as well as by 
limited administrative, institutional, and social capacity (Figure 22.12). Moreover, these multisectoral impacts 
are expected to worsen substantially due to climate change,298 especially in the Southeast region (Figures 
22.13, 22.14, 19.1; KM 19.1).



Fifth National Climate Assessment

22-24 | Southeast

Household Income and Rural Capacity for Action 

Counties where low-income households overlap with limited community capacity (shown in light gray) highlight 
rural climate risk challenges. 

Figure 22.12. In the Southeast, children born to parents who make the lowest incomes also tend to earn low 
incomes as adults (blue hues), especially within frontline communities. These pockets of limited generational 
upward mobility may also overlap with lower scores on the Rural Capacity Index (red hues), as measured by 
under-resourced governance structures and limited public participation in civic processes like voting.64 This lack 
of resources may leave these communities more at risk from damage due to climate change. Figure credit: EPA, 
Groundwork USA, NOAA NCEI, and CISESS NC.

Losses attributed to climate change are expected to increase as rapid development continues to occur in 
hazardous areas, particularly along coasts (Figure 22.4b),299 while rural residents face increasing levels of 
isolation and economic decline (Figure 22.12).62
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Projected Annual Economic Damages from Unmitigated Climate Change 

The Southeast region faces substantial economic risks from climate change impacts. 

Figure 22.13. Direct annual climate damages, as measured by the percent of county GDP, are projected to be 
especially large in the Southeast. The map shows damages under a very high scenario (RCP8.5) at the end of the 
century. Adapted from Hsiang et al. 2017.300
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Regional Impacts of Extreme Weather Events

The Southeast is impacted by a wide variety of extreme weather events. 

Figure 22.14. The impacts of weather and climate extremes can be seen in photos from the Southeast (clockwise 
from top left): A flooded neighborhood in Kissimmee, Florida, is shown after Hurricane Ian (2022), which heavily 
impacted local livelihoods. Drought conditions in Alabama (2016) directly impacted farmers’ incomes and po-
tentially increased prices for customers. Regional drought-induced low-flow conditions on the Mississippi River 
caused barges and towboats to become stranded for several days (2022). Flood damage in northeast Arkansas 
impacted transportation infrastructure and crops and may have impacted supply chains (2017). Image credits: 
(top left) Robert Kaufmann/FEMA, DHS; (top right) Bruce Dupree, Alabama Extension [CC0 1.0]; (bottom left) Son-
ny Perdue, USDA; (bottom right) adapted from NASA Earth Observatory.

Place-based economies that are located in hazardous areas and are reliant on unique ecological systems 
(e.g., aquaculture, farming, and recreation/tourism) face numerous challenges, including the uncertain-
ties associated with the stability of freshwater and saltwater ecosystem services that support business 
and cultural attachment to place.301 For example, some fishing communities are facing threats to fishing 
infrastructure due to sea level rise and more intense coastal storms, as well as threats to fisheries stock 
habitats that are vulnerable to the effects of a changing climate, such as increasing bottom-water tem-
peratures.142,302,303 Meanwhile, inland towns and cities with ecotourism attractions also face significant 
economic losses due to increased flash flooding,73,108 including lower-income rural areas in Appalachia, 
as exemplified by the 2022 floods in eastern Kentucky. Rapidly growing urban centers in the Southeast 
are increasingly vulnerable to drought and the challenges tied to the provision of water for residents and 
businesses.304,305,306,307 The Southeast is more drought-prone than other parts of the eastern US due to higher 
rates of evapotranspiration.308,309 Evapotranspiration is expected to increase due to future climate warming 
(Ch. 2). Alabama cities’ drought plans were evaluated as less comprehensive and lacking pre-drought 
preparation compared to those of California cities.152 In rural, agriculturally dependent economies, increased 
heat, drought, and water-laden tropical storms currently threaten the productivity of crops and livestock 
(KM 22.4),310,311 as well as the health and livelihoods of workers, who tend to be Latino migrants.312 Future 
global warming will increase this threat, potentially further reducing labor productivity and costing billions 

https://creativecommons.org/publicdomain/zero/1.0/legalcode.en
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of dollars, particularly in the already hot and humid Southeast (KM 2.2).212,313 The Southeast’s economy relies 
on the region’s ports, rivers, rail, air, and road networks, which are at risk from sea level rise, flooding, 
extreme heat, drought, and other climate-related hazards.61,314 However, proactive adaptation can offset 
potential future climate-related damages substantially (Figures 22.13, 22.15, 22.17). Unplanned disruptions 
to these systems can potentially affect consumer pricing of goods, services, and livelihoods throughout the 
region and elsewhere (Figure 22.16).315,316

Proactive Adaptation Offsets Future Transportation Infrastructure Costs

Proactive adaptation to climate change could save millions of dollars in future transportation infrastructure 
costs. 

Figure 22.15. Future climate change impacts (under RCP4.5) may cost US transportation infrastructure billions 
in damages by 2050, with especially high costs in the Southeast. The left panels show the additional annual 
average system costs (as compared to 1986–2005 in 2018 dollars) to rail infrastructure (top) and road networks 
(bottom) in 2050, assuming no adaptation. Proactive adaptation—anticipating climate risks and investing up front 
in strengthening these systems before damage occurs—could reduce significantly, but not eliminate, these costs 
(right panels). Proactive adaptation strategies include temperature sensors for railroad tracks and working to 
reduce disruption times for roads undergoing repairs. Adapted from Neumann et al. 2021317 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode
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Supply Chain Impacts Affect Places Outside the Southeast
There is an urgent need to address climate change risks to global supply chains (Focus on Risks to Supply 
Chains; KM 19.1).318 In the Southeast, climate change–induced transportation infrastructure risks affect all 
modes (e.g., air, water, highway, rail, and even pipelines; Figures 22.15, 22.16; Ch. 13). Transportation agencies 
across the region appear to be planning for infrastructure improvements on different schedules and often 
lack the capacity to include climate data in the planning process (Ch. 13).319 Coordinated and proactive 
adaptation strategies could offset significant future damage to these systems (Figures 22.15, 22.17).317,320,321

Many Southeast roadways and rail lines are located along waterways and frequently cross bodies of water, 
making them vulnerable to potential floods and heat-related impacts. High future costs are expected 
if no adaptive investments are made today (Figures 22.15, 22.17).317 Inland navigation and the Mississippi 
River are critical to supply chains in the Southeast and much of the central portion of the United States, 
as evidenced by the 2021 closure of the Interstate 40 bridge over the Mississippi River at Memphis, 
Tennessee.322 Unscheduled lock outages resulting from floods, droughts, earthquakes, or hurricanes can 
cause cascading impacts. For example, an unplanned outage of the Calcasieu Lock in southern Louisiana 
would affect economies in 170 counties and 18 states (Figure 22.16).315,323 In the Southeast, manufacturing 
facilities for industries such as automotive (including electric vehicles and charging stations),324 solar panels, 
agriculture,325 and construction often rely on parts or materials originating from other locations, including 
some from international sources. The Mississippi River serves as a gateway to the Nation for imports of such 
materials and exports of goods such as agricultural products. In recent years, low-flow conditions due to 
regional droughts on Southeast waterways such as the Mississippi have halted or delayed the movement of 
barges carrying bulk goods, with regional and national implications (Figures 22.14, 22.16).326,327

Disruptions can impact not only the delivery of finished goods and products to customers but also 
production and the livelihoods of individuals working in jobs dependent on materials from other locations 
that may not arrive in time, leading to revenue loss and even potential job loss if disruptions become regular 
and significant enough. The impacts of climate change on supply chains include not only disruption to 
systems and additional costs associated with the transportation of goods but also potential health impacts 
to workers in industries that require working outdoors, such as agriculture,325 fisheries, construction, and 
last-mile delivery,328,329 who may be exposed to extreme heat or cold. Workers in these jobs may require 
additional heating or cooling or adjustments in shift times to avoid exposure to adverse weather conditions 
(KM 22.2; Ch. 19).330
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Expected Impacts of an Unplanned Calcasieu Navigation Lock Closure

An unplanned closure of the Calcasieu Navigation Lock would have impacts that extend well beyond 
the Southeast. 

Figure 22.16. The commodity flow impacts associated with an unplanned shutdown of Calcasieu Lock extend 
well outside the Southeast, affecting 170 counties across 18 states. Weather and climate extremes such as 
regional drought and low-flow conditions on the Mississippi River can result in unplanned shutdowns of the Calca-
sieu Lock. Adapted with permission from Burton et al. 2017.315

Furthermore, the Southeast is a hub of activity for oil refineries that provide fuel to the eastern half of 
the United States.331 Climate change is expected to negatively impact not only refineries that are located 
along the Gulf Coast but also the distribution networks of the petroleum products that many rely on for 
emergency services, backup power generation, air travel, and more.60,332,333
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Projected Annual Energy Infrastructure Costs

Proactively investing in strengthening our electrical infrastructure offsets significant future costs due to climate 
change damage. 

Figure 22.17. The Southeast faces some of the highest economic risks related to energy infrastructure damage 
without proactive adaptation measures in place—such as energy utilities and policymakers’ anticipating climate 
risks to electrical grid infrastructure and investing upfront in strengthening these systems in advance of any 
damages. As shown in the maps, in 2050 under an intermediate scenario (RCP4.5), proactive adaptation (a) could 
save as much as twice the total costs (in 2017 dollars) of no adaptation (b). These costs could be passed onto 
consumers. Adapted from Fant et al. 2020320 [CC BY 4.0]. 

Securing Economic Vitality 
Protecting businesses and urban and rural infrastructure investments may require adopting a combination 
of adaptation measures (KM 22.1). However, to avoid unintended disparities in service provision, these 
infrastructure investments should consider the needs of frontline communities in their design criteria.334 
For instance, Charleston, South Carolina, has explored questions surrounding the appropriate selection 
of adaptation measures, including protection techniques such as a seawall versus a greater reliance on 
nature-based solutions.

Justly transitioning to a low-carbon economy provides opportunities for businesses335 as well as labor,336 
assuming that marginalized populations and women are included in this workforce to avoid the inequities 
of our current energy labor markets.337 Business and governmental agencies could commit to workforce 
programs for employees in the oil, gas, and coal-producing industries,336,338 as workforce training in green 
technology must address challenges associated with transitioning away from economies that are closely tied 
to a community’s way of life.339,340 Additionally, ecosystem restoration and nature-based green infrastructure 
solutions (e.g., urban forestry, stormwater retention gardens, green roofs) may also provide meaningful job 
opportunities (Ch. 19).341 Key to adapting to climate change and leveraging new opportunities is the need for 
training and workforce development, which will require investment and prioritization (Ch. 19).

https://creativecommons.org/licenses/by/4.0/legalcode
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Key Message 22.4  
Agriculture Faces Growing Threats, but Innovations Offer Help

Changes in temperature, drought, extreme rainfall, and sea levels are already threatening the 
Southeast’s agriculture and other food-related systems (likely, very high confidence). Moreover, 
these climate-related hazards are expected to worsen with every increment of global warming, 
disproportionately harm farmers and small-scale operations, and increase the competition 
between urban and rural communities for valuable resources such as water and land (high 
confidence, very likely). However, innovative agricultural techniques such as precision farming 
show promise for adapting to future climate changes in the region (likely, high confidence). 

Agriculture is critical to the economy of the Southeast through its production of food and fiber and 
employment. In the United States as a whole, agriculture, food, and related industries contributed $1.26 
trillion (in 2022 dollars; a 5.2% share) to the gross domestic product in 2019.342 In the Southeast, nearly 
500,000 farms produced market sales of more than $83.8 billion (in 2022 dollars),343 and the region’s agri-
cultural products are consumed locally and exported throughout the United States and the world.344 Food 
systems distribute agricultural products throughout the region, although food deserts are present in urban 
and rural areas.345 Disparities in food distribution are especially pronounced in areas with concentrations of 
Black, Indigenous, and under-resourced communities.345

Climate Stressors on Agriculture and Food Systems
Climate change stresses agriculture and food systems (Ch. 11). Threats from a changing climate include both 
direct threats through impacts of climate extremes on crops, forests, ecosystems, and livestock and indirect 
threats through impediments to transportation, the health of outdoor workers and animals, degradation 
and loss of natural ecosystems, reduced productivity and loss of traditional crops, increased threats from 
invasive species and weeds, and loss of livelihood for vulnerable communities such as rural BIPOC farmers. 
For example, increased average and extreme high temperatures346 have led to increased heat stress on 
livestock325,347 and outdoor workers. Warmer winter temperatures have reduced the number of chill hours 
(the total number of hours a plant experiences temperatures below 45°F over the winter months), which 
are essential for fruit production,348 and have caused unusually early blooming of crops such as peaches and 
blueberries, which makes them vulnerable to damaging frost events. In spite of warmer winters, however, 
the change in the average date of the last spring frost is not consistent across the region.349

Higher temperatures, particularly overnight temperatures, have reduced crop yields,350 and these impacts 
are projected to worsen with additional global warming (Figure 22.19; Ch. 11). They have also led to an 
increase in the occurrence of drought in the region (Figure 22.18).351,352,353 The Southeast is the only region 
in the eastern half of the United States that is prone to extreme drought,308 and flash droughts occur with 
higher frequency there than in any other region.354 Longer-term droughts in the Southeast appear to be 
increasing in severity but do not appear to be occurring more frequently.355 Changes in climate conditions 
have also contributed to increased pressure by invasive species that have resulted in crop yield losses 
and damaged productive natural ecosystems.356,357 Increases in the frequency of heavy rain events358 and 
lengthening of dry spells between rain events at some locations in the region359,360,361 make water resources 
unpredictable. Hurricanes and tropical storm winds, as well as increasing accumulated rainfall in coastal 
areas, pose unique threats to agriculture.92,362 For example, following Hurricane Florence, swine feces 
markers were detected in surface waters in North Carolina, suggesting that management practices should 
be examined in areas at risk of increased extreme precipitation.363 Rising sea levels have increased saltwater 
intrusion in coastal aquifers, reducing the extent of available forests and farmland130,131 and threatening 
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seafood harvesting in estuaries by altering the salinity and turbidity in freshwater streams and marine 
nurseries.364 Extreme weather and coastal stressors have also disrupted food distribution by closing ports 
and highways,365,366,367 reduced the catch of fish, and diminished crop production.140

Droughts and Black Farmers in the Southeast

The Southeast’s Black farmers face disproportionate weather and climate risks. 

Figure 22.18. In the Southeast, areas with a higher number of drought events from 2000 through 2019 often over-
lapped with counties that are home to relatively higher proportions of Black producers, as identified in the 2017 
USDA Census of Agriculture. The Southeast has the highest proportion of Black producers when compared to any 
other National Climate Assessment region, highlighting how disparities in climate risks require innovation and 
equitable adaptation, especially for those producers who have smaller operations and fewer resources to adopt 
new technologies. Figure credit: Groundwork USA, University of Georgia, NOAA NCEI, and CISESS NC.

Disproportionate Impacts on Under-Resourced Communities
Climate stressors such as drought have a disproportionate impact on small-scale, Black, Indigenous, and 
economically disadvantaged farmers, who are more concentrated in the Southeast compared to other NCA 
regions (Figure 22.18).368,369,370 These groups are under-resourced, making adaptation to climate change more 
difficult.371 Knowledge gaps in best practices for small-farm management complicate information-sharing 
among communities across the region. Access to broadband in rural areas may limit producers’ ability to 
monitor their fields and make appropriate management decisions.372,373 Small-farm owners also have limited 
financial resources, which means they have less ability to invest in necessary farm equipment, insurance, 



Fifth National Climate Assessment

22-33 | Southeast

and other risk-reduction methods such as irrigation that could mitigate climate stress and reduce farmland 
value losses.374,375 Small-scale farmers and those with limited resources may find targeted USDA programs 
as well as innovative techniques such as organic farming and agroforestry to be well-suited to use on their 
smaller farms in the future.376,377

Competition for Resources
Southeastern agriculture and food systems are further stressed by land, water, and resource competition 
between urban and rural areas.378 Competition is highlighted by decades of lawsuits in the Southeast 
involving the appropriate distribution of water resources among municipal water users in large cities, agri-
cultural producers using irrigation to protect against drought, and coastal fisheries that rely on balanced 
salinity levels to maintain the health of estuarine systems.379 Sprawl is expanding into farmland, reducing 
the land available for food production and increasing the area affected by urban heat islands.380 Similarly, 
native forests have been developed or replaced by commercial forests, which may lack biodiversity and 
ecosystem resilience.381

Regional Dependencies
Climate stressors in other regions can have cascading effects on the Southeast and in turn the entire United 
States. For example, sea level rise is expected to hinder the operation of ports where food, other agricul-
tural products, and other needed supplies are imported and exported (KM 22.3). Additionally, low and high 
flows from droughts and floods may hamper the movement of food and agricultural products within and 
through the region, especially in highly urban and rural areas.382,383 Climate extremes can also reduce crop 
yields elsewhere and thus the availability of food products for the Southeast, potentially increasing stress on 
under-resourced populations through cost hikes and decreasing access to nutritious food.384,385

How Agriculture and Food Systems Are Adapting in the Southeast
Agricultural producers are using various techniques to respond to increased climate stress, which is 
expected to result in decreased crop yields in many parts of the Southeast (Figure 22.19).300 Precision 
agriculture can minimize water use through the timely and appropriate irrigation of crops based on growth 
stage and soil moisture.386 The use of cover crops to preserve soil moisture and nutrients reduces the 
impacts of soil erosion and the leaching of nitrate into waterways and coastal estuaries, as well as the need 
for expensive inputs of fertilizer and irrigation water (Ch. 11).387,388,389 Other innovative agricultural techniques 
such as organic farming, advanced grazing management, silvopasture, agroforestry, and other agroecolog-
ical systems (Box 22.3) also show promise for adapting to future climate changes in the region through a 
reduction in emissions of greenhouse gases and increased carbon sequestration in the soil and vegetation.376 
New crops such as olives and satsuma citrus have been introduced to some areas to take advantage of 
the shifting plant hardiness zones and favorable market value of the crops.390,391,392,393 Genetically modified 
organisms and new cultivars of perennial crops can contribute to reduced emissions of greenhouse gases 
through reductions in fieldwork and may reduce the need for inputs such as pesticides, as well as provide 
additional resilience to expected increases in temperature and drought that may threaten long-term 
yields.394,395,396 A longer growing season also allows some producers to grow two crops in a year instead of 
one, reducing the likelihood of a weather catastrophe destroying a year’s harvest in a single event.397
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Projected Changes in Agricultural Yields Under Unmitigated Climate Change

Agricultural yields are expected to decrease under very high warming. 

Figure 22.19. Agricultural yields (area-weighted average for corn, wheat, soybeans, and cotton) in the Southeast 
are expected to decrease due to the warmer climate in the future by 2099 under a very high scenario (RCP8.5). 
Some areas, however, may see yield increases due to less severe climate changes in these places, as well as lim-
ited impacts due to sea level rise and tropical storm damage. Decreases in crop yield are expected to negatively 
impact regional and national food supplies while threatening agricultural lifestyles and traditions. Adapted from 
Hsiang et al. 2017.300
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Box 22.3. Indigenous Stewardship of Southeast Ecosystems: Rivercane

Rivercane (Arundinaria gigantea) is a Tribal cultural keystone species398 and one of only three North American native 
bamboos. Once abundant and now critically endangered at just 2% of its original range, the species is still found through-
out the Southeast.399 Tribal Nations including the Cherokee, Chickasaw, Chitimacha, Choctaw, Houma, Koasati, and 
Seminole400 value rivercane in cultural lifeways. It is used for food, textiles, basketry, medicine, weapons and hunting, 
and musical instruments. Many Tribal elders have a relationship with rivercane as a non-human relative.401 Before settler 
colonialism, rivercane formed canebrakes, thickets of grasses that extended for miles, forming a feature from the South’s 
deepest history.

Native peoples actively managed or tended canebrakes through consistent thinning to provide habitat and the required 
culms (stems) for cultural uses.401 Canebrakes competed with European agriculture: cattle readily ate cane, particularly 
young shoots; pigs rooted for rhizomes,402 killing the plant; and crops were planted where cane once thrived. Urbanization, 
removal of fire from the landscape as a management practice, overgrazing by cattle, and lack of public knowledge of 
rivercane’s indigenousness have led to the plant’s diminishment. The significantly reduced range of the rivercane is now 
further threatened by invasive species that are thriving under climate change.403 Where it still exists, rivercane provides 
prime habitat for more than 50 animal species,400 and at least six species require rivercane to complete their life cycles.404

Rivercane provides ecosystem benefits such as soil and water quality improvements and river and stream bank stabi-
lization.405 Rivercane produces seeds during rare mass fruiting events, the timing of which is unknown. For this reason, 
controlled reproduction has been limited and requires more research if the plant is to thrive in the future.401 Current efforts 
are underway to restore rivercane, especially large swaths of canebrakes, as part of Tribal efforts to maintain sovereignty 
and cultural continuance. 

I feel like we have to educate the public of Cherokee culture, foods, and artisan resources. It is not just rivercane 
affected by climate change, loss of habitat, and the public’s lack of understanding of their cultural significance 
to our Tribal members, and other Tribes of the Southeast. — Mary W. Thompson, Eastern Band of Cherokee 
Indians406

Rivercane in North America

Rivercane, a native bamboo, is culturally important to many Tribes in the Southeast. 

Figure 22.20. (left) Rivercane grows by the French Broad River in Buncombe County, North Carolina. (right) 
Basket weaver Ramses King (Mississippi Band of Choctaw Indians) creates a “double-weave” basket (2014). 
The significantly reduced range of rivercane, largely due to land cover changes and agriculture, is now further 
threatened by invasive species that are thriving under climate change. Photo credits: (left) © Adam Griffith, 
Revitalization of Traditional Cherokee Artisan Resources; (right) Lance Cheung, USDA.
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Traceable Accounts
Process Description
Author selection for the Southeast chapter began with assessing the geographic distribution, career level, 
and academic expertise of the individuals listed in the Federal Register Notice nomination list. The chapter 
lead author (CL) then also assessed a number of other characteristics including demographics and previous 
experience with National Climate Assessment (NCA) chapter development. Initial invitations were sent 
following US Global Change Research Program (USGCRP) guidance. The CL extended multiple rounds of 
invitations until the final list of authors for the Zero Order Draft (ZOD) was complete in February 2022, 
achieving a distribution of career stages, expertise, and geographic representation. Additional authors were 
added after ZOD reviews from USGCRP agencies were assessed. Author team meetings were held virtually 
and were used primarily to gather consensus on the direction of the chapter content. In preparation for 
the public engagement workshops that were held in January and February 2022, the author team worked 
through the format of the engagement and how feedback would be gathered and summarized. The CL 
also gathered ZOD feedback from regionally focused organizations: the Southeast Sustainability Directors 
Network (January 18, 2022) and the Southeast and Caribbean Disaster Resilience Partnership (January 26, 
2022), as well as a youth-focused event put on by the Youth Environmental Alliance in Higher Education 
(February 15, 2022).

Subsequent drafts of this report reflected changes and edits agreed upon by a simple majority of authors 
in response to several dozen comments and suggestions from public, National Academies, and USGCRP 
Agency reviews. Consensus on chapter-wide changes was usually unanimous, with very few changes 
needing considerable discussion. The largest changes to the chapter occurred during the drafting of the 
Fourth Order Draft (4OD), as this was the draft that would need to respond to a large number of public and 
National Academies comments. Many of the changes would be instituted during the All-Author Meeting in 
April 2023. Review Editor Tisha Holmes ratified that the changes satisfied all public and NASEM comments 
before submission of the 4OD for Technical Support Unit editorial review. 

Key Message 22.1  
Regional Growth Increases Climate Risks 

Description of Evidence Base
Population growth and land-use change in the Southeast have been widely reported on in a variety of 
contexts, including in previous NCAs. This evidence has only gotten more detailed since NCA4.19

The relationship between global warming and increases in regional sea level trends has recently been 
substantially improved, allowing for highly detailed descriptions of future relative sea level and thus flood 
risks.51 Other advances related to projections of future rainfall intensity, duration, and frequency tied to 
both nontropical100 and tropical systems92 have greatly improved our understanding of future changes in the 
Southeast, including its potential downstream impacts on frontline communities.13,53

A wide body of quantitative research and qualitative practice has shown that the proactive adoption of 
risk reduction measures can significantly reduce future losses tied to natural hazards, including those 
exacerbated by a changing climate.154 Furthermore, there is widespread agreement that natural hazards and 
climate change is disproportionately impacting socially vulnerable populations.3 Planning and the distribu-
tion of funding have the potential to significantly reduce hazard risk, including that associated with climate 
change. However, the application of land-use planning techniques varies widely, and access to external 
grant funding is more often obtained by wealthier communities.16,17
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Major Uncertainties and Research Gaps
Projections of future population are based on many assumptions. Research on how future land-use change 
will exacerbate particular climate stressors in southeastern cities and across the region could help inform 
the best use of interventions and application of growth strategies. There have been limited analyses of 
adaptation activities in the Southeast, data inputs used, and evaluation of impacts. Downscaling global 
climate change models to inform geospatially targeted adaptation tools and techniques at the neighbor-
hood and parcel scale is improving. However, the use of this downscaled information requires continued 
refinement to improve accuracy; in addition, better processes for sharing this information would help 
local officials, including low-wealth jurisdictions with limited staff and technical expertise. There still 
exists uncertainty regarding how future intensification of storms will impact design standards, such as 
determining the appropriate design standard in an era of climate change, who makes these decisions, and 
who pays for the additional costs. These questions apply to housing, public facilities, and infrastructure. 
It remains uncertain how well communities are reducing hazard risk when accounting for both individual 
projects (which have been captured effectively in terms of future losses avoided) and ongoing development, 
which includes a variety of standards, ordinances, and public investments. There is limited literature 
estimating sub-daily precipitation metric projections for the Southeast. The degree to which future land use 
and urbanization will exacerbate or overpower climate change–intensified risks at the local level, especially 
in frontline communities, is under-explored in the current literature.

Description of Confidence and Likelihood
Population trends from the US Census Bureau are highly reliable through time and space, and as such, 
we ascribe very high confidence to reporting their data as well as future population estimates that 
virtually without exception agree on continued regional growth, warranting a very likely assessment. Risk 
management and assessment literature is extremely consistent on how sprawl and development relate to 
natural disaster risk, earning these statements very high confidence and likely assessments. That governance 
structures of varying scales are using outdated and/or limited information on climate-related risks is a 
well-reported feature within the flooding, disaster preparedness, and urban planning literature, so we 
assign high confidence to these statements. There is overwhelming consensus that climate adaptation 
efforts are concentrated in wealthier, more resourced communities, and therefore we assign assessments 
of high confidence and likely. There is overwhelming consensus that under-resourced, older, and marginal-
ized communities are at higher and increasing risk from present and future climate extremes, although the 
risk in rural areas is less fully assessed quantitatively, thus resulting in our assignment of high confidence 
and likely.

Key Message 22.2  
Climate Change Worsens Human Health and Widens Health Inequities

Description of Evidence Base 
There is strong evidence and consensus that climate change is already affecting the health and well-being 
of populations in the Southeast.19 There is also strong evidence and consensus that climate-related environ-
mental health stressors are projected to worsen.19

There is evidence that residents in the Southeast have poorer health in general compared to other US 
regions196 and have limited access to healthcare resources.202,288

It is well established that there are preexisting inequities in health and healthcare access, safe and affordable 
housing, and access to resources to adapt to climate change, and that these inequities are associated with 
communities with a high proportion of under-resourced and BIPOC (Black, Indigenous, and People of 
Color) residents.3,12,202,220
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The occurrence and projection of more frequent and intense extreme heat events are well documented 
by temperature models of the Southeast.3,230,231 The literature assesses the disproportionate health 
impacts of heat on those most affected, including people who work outdoors,212,213 student and nonstudent 
athletes,214,215,216 and those who do not have adequate housing or cannot afford the energy costs of air-condi-
tioning their homes.218,220,222

The literature outlines the causal pathway of how climate change is compromising air quality in the 
Southeast as a result of increasing favorable conditions for wildfires,244,245,246,256,262 longer and more intense 
pollen seasons,253,254,407 and increased production of smog,241,242,243 as well as the subsequent health impacts. 
There is some evidence that warmer temperatures are associated with an increase in harmful algal bloom 
events,267 which occur in fresh, brackish, and salt water, commonly occur in coastal areas in Florida, and can 
have detrimental effects on ecosystems, affecting plant, animal, and human health.273

The literature has established that climate change broadens the geographic distribution and season of 
certain disease-carrying mosquitoes and ticks, particularly in the Southeast, for tick-borne illnesses such as 
Lyme disease281,282,283 and mosquito-borne illnesses such as West Nile virus and Zika virus.284

Mental health data have established that the Southeast ranks worst among all regions of the US in the 
prevalence of mental illness and access to mental health care services,287,288 which is of particular concern 
as extreme weather events occur more frequently and intensely in the Southeast, causing displacement 
and stress.293

Major Uncertainties and Research Gaps
The degree to which health will be affected by climate change and climate adaptations is uncertain, due 
to various compounding factors that can influence health effects. There are few studies that quantify the 
health impacts of climate adaptation interventions in the Southeast, so there is a limited understanding of 
effective public health strategies for addressing climate change.

Because there is limited data on pollen and vector-borne diseases in the Southeast, it is challenging to fully 
understand the impacts of climate change on these disease exposures.

There is also limited quantitative data on the mental health impacts of climate change. This information 
tends to rely on survey data, qualitative data, and anecdotal information.

Description of Confidence and Likelihood 
There is a high degree of agreement in the scientific literature that climate change will impact and is already 
impacting extreme temperature and precipitation events, air quality, water quality, the spread of vec-
tor-borne diseases, and the prevalence of algal blooms, all of which have an impact on the health of people 
in the Southeast, as evidenced by health outcome information including health impact assessments of 
recent events, health projections of future events, and environmental health trends in the Southeast. Based 
on this information, the authors assigned very high confidence that the changes in temperature and precip-
itation due to climate change, in conjunction with changes in air quality, water quality, the spread of vec-
tor-borne diseases, and the prevalence of algal blooms, will impact, and is very likely already impacting, the 
health and well-being of people in the Southeast.

It is well established that the conditions in which people live and work have an impact on health, which 
is understood as the social determinants of health. It is also well established by the literature and lived 
experience that marginalized populations will experience disproportionate health impacts, as that is 
seen consistently across public health and particularly in environmental health. For this reason, as well as 
because of the breadth of literature on the disproportionate impacts of climate change on the health of 
marginalized populations, the authors assigned very high confidence that community characteristics such as 
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racial and ethnic population, chronic disease prevalence, age, and socioeconomic status, can influence how 
climate change exacerbates, ameliorates, or introduces new health issues, widening the gap in health status. 

Based on models of health impacts under varying climate scenarios, it is well-established that lower 
emission scenarios will result in less severe health outcomes. The literature is less established on the 
health benefits of climate adaptation efforts, as there is not a breadth of literature or evaluations on 
this topic, although from the literature that is available it is apparent that climate adaptation actions 
can improve health. For this reason, the authors assigned high confidence that climate mitigation and 
adaptation efforts can save lives and reduce the public health burden of climate change, particularly around 
reducing air pollutants and targeting already-marginalized communities, which is where the literature is 
more established.

Key Message 22.3  
Climate Change Disproportionately Damages Southeastern Jobs,  
Households, and Economic Security

Description of Evidence Base
There is a rapidly growing literature presenting both qualitative and quantitative evidence that livelihoods 
across the Southeast are already being impacted by climate change in a variety of important ways (Ch. 
19),298 including place-based economies such as construction, tourism, and agriculture and aquaculture 
(e.g., fisheries are being impacted not only by significant hurricanes but also by geographical shifts among 
species in ocean waters),408,409 as well as systems like transportation infrastructure317 and electrical grid 
infrastructure320 that undergird the distribution of goods and services in these places. Extreme weather-re-
lated disruptions and adverse working conditions created by climate change can affect both people and 
infrastructure systems that support local and regional economies by impacting the local community as well 
as regional and global supply chains.326,327 References and figures included in Chapter 19 were instrumental 
to establishing author team consensus around key statements related to economic impacts being relatively 
larger in the Southeast than in other NCA regions.

Major Uncertainties and Research Gaps
Localized impacts on inland agriculture and tourism are not fully understood to date. The relocation of 
individuals and households away from climate-affected areas to other locations and their need to establish 
new livelihoods are not well understood, nor is the effectiveness of federal funding to support the con-
struction of new settlements in less hazardous areas. The degree to which small and midsized businesses 
are adapting to climate change–related threats remains uncertain. The extent to which climate changes will 
impact large-scale agriculture is fairly well established, but the fiscal impact on small-scale family farms 
is not as well understood. There is limited research on the low-flow conditions and projections related to 
drought and its impacts on the Mississippi River and its tributaries as well as on the potential impacts to 
economies, despite how disruptive the events are to the regional, national, and global economy.

Description of Confidence and Likelihood
Based on the author team consensus reached through evaluating the evidence base presented in the 
literature as well as through direct and related experience in recent extreme weather and climate events 
impacting the Southeast, the authors have assigned high confidence to the statements surrounding the 
concentration of economic growth in urban centers, the climate-related risks to place-based economies 
that rely on ecosystems and to southeastern economies and labor, and the need for coordinated strategies 
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to prepare for the shocks and stressors of the future. Medium confidence was assigned to the evaluation 
of the extent to which urban centers depend on the interregional connections to more rural places and 
other urban centers due to limited peer-reviewed literature in this area. While there are reports and 
white papers on this subject from nonprofits and research think tanks that largely agree on the potential 
for disruptions to these systems to have impacts on both rural and urban centers, limited peer-reviewed 
studies seeking to isolate urban/rural dependencies in the face of climate change support at least medium 
confidence. Projections of future climate impacts in the Southeast are particularly robust in their evaluation 
of future heat and extreme precipitation risks; we assign very likely and high confidence to our Key 
Message statements that seek to link climate impacts to economic outcomes in the Southeast. Chapter 19 
(Economics) was especially helpful in establishing our very likely and high confidence assessments. 

Key Message 22.4  
Agriculture Faces Growing Threats, but Innovations Offer Help

Description of Evidence Base 
Evidence of trends in temperature, precipitation, and growing season are well documented in sources 
such as the NOAA National Centers for Environmental Information’s Climate at a Glance Tool and in the 
scientific literature.346,350 This literature base is extensive and covers individual states, the Southeast region, 
the United States, and the globe. Earlier concerns about temperature trends from satellite observations, 
which did not match surface-based observations, have largely been resolved by improved calibration of 
satellite measurements.

Trends in precipitation show changes in both amount and temporal and spatial distribution that are more 
difficult to separate out due to the nature of precipitation in the Southeast and its ties to sub-grid-scale 
processes like convection and tropical systems.358,359,360,361 Evidence of trends in drought are less certain 
because of the combination of interacting contributions from temperature, precipitation variability, and 
soil characteristics, but are becoming more apparent in recent modeling efforts that are documented in the 
scientific literature.351,352

The impacts of climate variability and change on agricultural production have been well documented in the 
scientific literature in agricultural journals in recent years.350,356 More work is ongoing as better methods 
for collecting in-field measurements are used to fine-tune the relationships between plant physiology and 
climate variables.

The assessment of the impacts of climate change on the health of workers and livestock, transportation 
pathways for agricultural production, and economic losses to both large-production farmers and small 
BIPOC farming communities has increased greatly in the last four years and is being reported in scientific 
journal articles in health, infrastructure, economic, and other social science–oriented journals.325,347

Many examples of agricultural producers implementing climate adaptation in farming exist, suggesting a 
willingness to address the impacts of a changing climate across diverse land ownerships. 

Major Uncertainties and Research Gaps
There is significant uncertainty regarding the ability of crop species to keep pace with changes in climate 
(based on temperature and precipitation), although plant breeders have a long history of producing 
new hybrids that can improve responses to changing climate conditions. The ability of new crops to be 
productive in an altered climate is also uncertain due to concurrent changes in temperature, precipitation, 
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humidity, and soil characteristics, which interact with plant growth patterns. This leads to considerable 
uncertainty in the extent to which changes in crop choice and management can adapt to the future climate.

There is also uncertainty in the knowledge of carbon interactions between soils and crops, but numerous 
studies are underway to better document these interactions to improve future predictions.376

Since agriculture is a global endeavor, changes in market pricing and availability of inputs such as fertilizer, 
as well as outputs such as crop variety and yield, interact in a way that hinders the prediction of future agri-
cultural outputs, droughts, and the economic effects of agricultural sales.410 As a result, economic impacts 
on both large-scale farmers and economically disadvantaged farmers with small-scale operations are 
difficult to predict with high confidence.

Description of Confidence and Likelihood
Based on the high degree of agreement in agricultural and climate science journal articles in the scientific 
literature and assessments of recent events, there is very high confidence that the interactions of warming 
temperatures, precipitation changes, sea level, and drought with insect pests, invasive plants, and plant 
pathogens are already threatening the region’s agriculture and food-related systems and will likely lead 
to decreased yields of many crops and production of other agricultural goods.356,357 Evaluations of recent 
past storm events coupled with the strong agreement in related journal articles resulted in an assignment 
of very high confidence that rising sea levels and impacts from tropical storms will disrupt coastal and port 
activities.325,347 Studies by social scientists published in the literature also demonstrate that small-scale 
BIPOC producers, as well as those who have limited financial resources, will be disproportionately 
affected by climate-related hazards;366,367 on that basis, the authors have described this as very likely with 
high confidence in the expected impacts. Additionally, based on examples in the scientific literature of 
adaptations that producers are already making in response to changes in the climate, the authors assigned 
a level of high confidence that producers in the Southeast will be able to adapt to those changes using 
techniques such as precision agriculture, changes in crop type, and innovative management of fisheries, 
livestock, and ecosystems, and a likelihood level of likely was assigned based on less agreement in the 
scientific literature about the degree to which they will be able to do so.386,390,394
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Introduction
The US Caribbean comprises Puerto Rico (PR) and the US Virgin Islands (USVI; Figure 23.1). Both are US 
territories, and people born there acquire US citizenship by birth. The USVI is home to about 87,000 
US citizens (Table 23.1).1 The USVI has a majority Black population and a mix of English-, Spanish-, and 
Creole-speaking communities. Puerto Rico (which includes the inhabited islands of Vieques and Culebra) has 
a population of around 3 million US citizens who are predominantly Hispanic- or Latino-Spanish speakers. 
Communities in both territories are now the source of significant migration to the US mainland.2,3,4,5,6

The US Caribbean

The US Caribbean region in the Fifth National Climate Assessment consists of Puerto Rico and the US Virgin 
Islands.

Figure 23.1. The map shows the location of Puerto Rico and the US Virgin Islands in the Caribbean Basin. The 
inset shows the main island of Puerto Rico (green; the two municipal islands of Vieques and Culebra are shown to 
the east and Mona Island to the west) and the US Virgin Islands (yellow; St. Thomas and St. John to the north and 
St. Croix to the south). Figure credit: University of Puerto Rico, NOAA NCEI, and CISESS NC.

The USVI and PR share a geographic region. Both are populated by groups that the US government 
considers minorities, and both face enormous socioeconomic challenges. At the same time, they have 
different socioeconomic, geopolitical, and climate realities. They are also quite different in scale, 
governance, and demographics (Table 23.1). Island residents have learned to cope with adversity due to 
centuries of unfavorable social inequality, colonial policies, and extreme climate events.7
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Table 23.1. Geography of US Caribbean Territories

The sociodemographic profiles of Puerto Rico and the US Virgin Islands are grounded in long histories of colonization, 
systemic inequality, and parallel historical backgrounds with deeply rooted Indigenous traditions. These territories are facing 
similar climate-related hazards that are compounded by shrinking economies, aging populations, and ineffective government 
structures. Sources: Median household income from US Department of Housing and Urban Development;8 other data from 
US Census Bureau.6

Category Puerto Rico US Virgin Islands

Population Living Below 
Poverty Level (US 
average: 11.4%)

43.5% 18.4%

Main Island(s) Surface 
Area 3,515 square miles

St. Thomas: 32 square miles
St. John: 20 square miles
St. Croix: 81 square miles

Total Population 3,075,000*

St. Thomas: 42,261
St. John: 3,881
St. Croix: 41,004
Total: 87,146

Principal Language Spanish English

Urban Population 93% 96.3%

Rural Population 7% 3.7%

 Race and Ethnicity 98.7% Hispanic or Latino**
(US: 18.5% Hispanic or Latino)

76% Black (Afro-Caribbean) 
(US: 13.4% Black or African American)

Median Household 
Income (in 2020 dollars; 
US average $67,521)

$20,539 $37,254

Population Change 
2010–2020 –17.4% –18.1%

Government

1 governor
27 senators
51 representatives
78 mayors/municipalities
1 non-voting member of the US 
House of Representatives

1 governor
15 senators (7 each district, 1 at-large)
No representatives
No mayors
1 non-voting member of the US House of 
Representatives

*2020 Post-Enumeration Surveys.9 **Although “Hispanic or Latino” is the official US Census category, it does not capture the 
racial and ethnic diversity of PR, the Caribbean, or Latin America. The official US Census definition for “Hispanic or Latino” 
refers to a person of Cuban, Mexican, Puerto Rican, South or Central American, or other Spanish cultural origin regardless of 
race. This definition is meant to cover all Spanish-speaking cultures. 

These islands are particularly vulnerable to extreme weather events that are being exacerbated by 
human-driven climate change, and there is increased potential for impacts because people, cities, and 
critical infrastructure are often located in the most vulnerable locations.10,11,12 Extreme weather is triggering 
cascading, ongoing crises and highlighting political divides, which shape response and recovery efforts. At 
the same time, these events are revealing grassroots organizational capacities typically ignored by national- 
or regional-scale discourses regarding vulnerability and resilience.13,14 A changing climate in the Caribbean 
highlights the interdependencies of critical infrastructure systems. In addition, climate change threatens 
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the preservation of heritage, particularly tangible heritage both on land and underwater.15 In addition to 
catastrophic failures caused by powerful hurricanes, the impacts of extreme events in many places in the 
Caribbean are exacerbated by intangible factors that undermine the foundations of strong communities 
and functional ecosystems. Post-disaster recovery is particularly complex in the US Caribbean because 
of diverse cultural practices, complicated governance structures, and uneven access to information and 
resources, sometimes referred to as differential social vulnerability (Box 23.1).

The absence of adequate governmental response to climate change and extreme events, coupled with a 
long history of political marginalization, has catalyzed the rise of community-based organizations that are 
pursuing sustainable development efforts on their own.13

Box 23.1. Differential Vulnerabilities in the US Caribbean

Impacts of climate change on US Caribbean societies must be understood in the context of the social and historical 
processes that shape identity and exposure (see Chapter 20 for a detailed explanation of these concepts and the links to 
justice). Not everyone is equally impacted by climate change. Social vulnerability is a multidimensional process affect-
ed by social, political, and economic forces interacting from local to international scales.16 In the US Caribbean, social 
vulnerability and social determinants of health are best viewed within a systemic risk framework and are at least partially 
influenced by the following:

• Culture: Broad ethnic diversity, different economic backgrounds, and deep historical traumas linked to colonization and 
struggle characterize the US Caribbean. These backgrounds shape locally relevant worldviews, risk-perception, deci-
sion-making, and adaptation and mitigation strategies. Perception of and response to climate risks include local and 
Traditional Ecological Knowledge and long-term memory of disasters that might or might not be transferable within or 
between islands (Ch. 20).

• Access to resources: High poverty indices and sharp social stratification, together with growing gentrification, migra-
tion, displacement, accumulated impacts from past disasters, and concerns linked to human health, influence access 
to resources—from economic to material objects—that could be used to lessen risks and prepare for adaptation. Aside 
from economic resources, access to natural resources is affected by the cumulative effects of human activities over 
time. In the Caribbean, for example, years of Indigenous agricultural practices, colonial plantation systems, and indus-
trialization have contributed to reduced biodiversity, loss of forest cover, soil depletion, unstable slopes, and degraded 
marine ecosystems, which converge to heighten the severity of risks (Chs. 17, 18).

• Access to information: Climate data are often available only on scales that are too large for the needs of relatively small 
islands with very wide microclimatic diversity. Other barriers to accessing information include language (Spanish and 
English are the principal languages of PR and the USVI, respectively), educational barriers, poverty, growing indices of 
illiteracy, and distrust in official entities.

• Governance: The political relationship between the US Caribbean territories and the Federal Government affects the 
ability and capacity for local action. Other formal and informal systems of local governance also affect action, including 
grassroots leadership, local nongovernmental organizations, and religious organizations.

• Puerto Rico’s fiscal and economic situation: The prolonged and deep contraction of Puerto Rico’s economy since 2006, 
coupled with the fiscal crisis and the Puerto Rico government’s bankruptcy, resulted in significant cutbacks in govern-
ment institutions, social services, and infrastructure improvements and maintenance.17,18,19 Such austerity measures, 
intensified by the escalating intervention of the federally controlled Fiscal Management Board, influence Puerto Rico’s 
ability to address the underlying causes of vulnerability and hinder its capacity to recover and adapt.20 
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Observed and Projected Climate Change for the US Caribbean
The assessment of observed and projected climate-related trends provides information for evaluating 
climatic and environmental consequences of future climate changes, risks, and impacts. The following 
assessment builds on the most recent findings.1,12,20,21,22,23,24,25

• Natural climate variability (Table 23.2), including the El Niño–Southern Oscillation (ENSO), North 
Atlantic Oscillation (NAO), and Saharan dust events, has an important role in the subseasonal to 
interannual (year-to-year) climate within the US Caribbean.

• Daily average temperatures in PR have increased by 2°F since 1950. Minimum temperatures are 
increasing faster than daily average temperatures, with the largest increase for minimum tempera-
tures at lower elevations. Projections for end-of-century temperatures show additional warming, from 
as low as 1.1°F under an intermediate scenario (SSP2-4.5) to as high as 7°F under a very high scenario 
(SSP5-8.5; Figure 23.2).

• No clear long-term trend is detected in seasonal or annual average rainfall over PR, although 
Figure 2.4 does show a small increase (less than 5%) in Puerto Rico in 2002–2021 compared to the 
1901–1960 average. However, climate models project a significant reduction in annual average rainfall 
by end-century with reductions of 10% for SSP2-4.5 and 33% for SSP5-8.5. The rainfall reductions 
for SSP5-8.5 compared to SSP2-4.5 become increasingly larger after midcentury. The consequence 
of reductions in annual average rainfall is a large increase in the number of consecutive dry days, 
especially for the wet season (Figure 23.2).

• Within the Atlantic basin, the tropical cyclone rain rate is projected to increase by about 15% and 
the average storm wind intensity around 3% for a global average temperature increase of 3.6°F (2°C) 
above present-day levels. The number of intense tropical cyclones (Categories 4 and 5) are projected 
to increase as well (KM 2.2). There is some indication within Puerto Rico that tropical cyclone rainfall 
rates are increasing over the climatological record, increasing the likelihood of extreme events like 
Hurricane Maria’s rainfall. Sea surface temperatures have warmed, and oceans are becoming more 
acidic, absorbing increased concentrations of atmospheric carbon dioxide (CO2).

• Sea level is rising and is expected to continue to rise for centuries (KM 9.1). Long-range sea level 
scenarios indicate an additional rise of approximately 0.6 feet (0.2 m; Low scenario) to 1.4 feet (0.4 m; 
High scenario) by 2050 and 1.9 feet (0.4 m; Low scenario) to 6.8 feet (2.1 m; High scenario) by 2100;25 for 
connections to Shared Socioeconomic Pathways [SSPs], see the Guide to the Report). The trajectory 
from tide-gauge observations from within the US Caribbean archipelago from 1970–2020 aligns with 
the Intermediate scenario out to 2050.
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Table 23.2. Large-Scale Circulation and Climate Variability

Changes in the global (large-scale) circulation affect climate variability in the US Caribbean. El Niño–Southern Oscillation 
(ENSO) is the strongest source of year-to-year climate variability across the globe. An ENSO warm phase is referred to as 
El Niño and is associated with the warmer water in the eastern equatorial Pacific. The cool phase is referred to as La Niña 
and is associated with cooler water in that region. These warmer and cooler waters affect the atmosphere and worldwide 
weather patterns. The different phases of ENSO typically last between 6 and 18 months and recur every 2 to 7 years.26,27,28 
The North Atlantic Oscillation (NAO) is an oscillation in the sea level pressure between the Icelandic Low and North Atlantic 
Subtropical High.29,30,31,32 A positive NAO occurs when both the Icelandic low and the Azores high are stronger than average, 
which creates strong atmospheric pressure differences within the North Atlantic. A negative NAO is associated with a weak 
Icelandic low and Azores high and weakened pressure differences within the North Atlantic. Saharan dust (consisting of 
particles containing minerals, organic matter, marine salts, viruses and bacteria, quartz, calcite, hematite, sulfates, and other 
materials) reaches the Americas from Africa (mainly from the Sahara and the Sahel). Dust season in the Caribbean occurs 
between May and September (summer), with maximum peaks from June to August.31,32

Climate Variability El Niño La Niña North Atlantic 
Oscillation (positive)

North Atlantic 
Oscillation (negative) Saharan Dust

North Atlantic 
Tropical Cyclone 
Activity

Suppress 
activity

Increase 
activity Suppress activity Increase activity Suppress 

activity

US Caribbean 
Rainfall

Weak to 
negligible 
impact

Weak to 
negligible 
impact

Suppress rainfall Increase rainfall Suppress 
rainfall
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Temperature and Rainfall in Puerto Rico 

Puerto Rico is projected to become warmer and drier, with increasing uncertainty in the magnitude of change 
beyond midcentury; just how warm and dry depends on the scenario followed. 

Figure 23.2. Projected temperature and precipitation changes for Puerto Rico are shown for an intermediate 
scenario (SSP2-4.5) and a very high scenario (SSP5-8.5) to demonstrate the range of plausible future changes in 
the climate. Climate change projections are shown for annual average daily minimum (a) and maximum (b) tem-
peratures, annual average precipitation (c), and maximum number of consecutive dry days during the dry season 
(d) and wet season (e). Both scenarios indicate a warmer and drier climate for Puerto Rico, but the magnitude 
of change for the very high scenario is alarming, especially when considering the availability of fresh water. The 
average maximum temperature increases for the end of the century (2071–2100) range from 2.8°F (1.5° C) for 
the intermediate scenario to 4.8°F (2.7° C) for the very high scenario. The increased temperatures, coupled with 
reductions in annual average precipitation at the end of the century of approximately 10% (intermediate scenar-
io) to greater than 30% (very high scenario), are both indications of a significantly drier climate, with very large 
impacts anticipated for the very high scenario. A particular concern is the precipitation reduction during the wet 
season and the large increase in the number of consecutive days without rain, exceeding an increase of 115 days, 
on average, by the end of the century for the very high scenario. The bar plots in panels (c–e) are averages over 
five-year periods. All plots are differences relative to the entire period (2021–2100). Figure credit: NOAA NCEI and 
CISESS NC.
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Box 23.2. Missing Data in the US Caribbean and the Pacific Islands 

The US Caribbean and Pacific Islands continue to face similar challenges related to climate change (Ch. 30), including 
geographic constraints (e.g., limited land area, variable topography), reliance on imports, critical dependence on local nat-
ural resources (fresh water, fisheries), and differential vulnerabilities to drought, sea level rise, and natural disasters. These 
territories are home to underserved and underrepresented communities that are systemically excluded from data collec-
tion efforts due to administrative structures that are rooted in colonialism.33,34 These structures, combined with the lack of 
data, have resulted in capacity issues that continue to promote discrimination, inequity, and inequality in a wide range of 
sectors (e.g., health, natural resources, education, agriculture, food security, imports, and housing).35,36,37,38

Data for the US Caribbean are missing for metrics such as carbon dioxide sources and carbon sinks, municipality-level 
population projections, and locally relevant downscaled projections for both the changes in average conditions (e.g., tem-
perature, precipitation) and extreme events (e.g., heatwaves, hurricanes, droughts, marine heatwaves, winter storms, dust 
storms). Even in cases where downscaled data are available for the US Caribbean region, they are not at a fine-enough 
resolution to distinguish small islands such as the US Virgin Islands, Culebra, and Vieques. Furthermore, Caribbean Tra-
ditional Knowledge systems and stewardship have been foundational in responding to climate change, but generations 
of knowledge have been undervalued, suppressed, and ignored by Western science and have only recently been recog-
nized as valid knowledge sources at the federal level.39,40 By identifying and addressing the underlying causes for missing 
information in the US Caribbean, scientific institutions will be able to more equitably develop future research and climate 
assessments. Doing so would better serve evidence-based decision-making throughout the Caribbean region.

Key Message 23.1  
Climate-Driven Extreme Events Exacerbate Inequities  
and Impact Human Health and Well-Being

Traditionally underserved and disadvantaged communities suffer disproportionate impacts 
from climate change because they have been systematically excluded from social services, 
secure livelihoods, quality education, and other social benefits that help sustain health and 
well-being (high confidence). Hurricanes and other climate-related extreme events have been 
associated with higher rates of disease, mental illness, and overall mortality, as well as loss of 
cultural heritage that is central to community identity (high confidence). As extreme weather 
events become more intense and more frequent, residents will continue experiencing in-
creasing levels of noncommunicable diseases, excess mortality, behavioral health challenges, 
and loss of quality of life (high confidence). The frequency of heat episodes and the severity of 
hurricanes are both expected to increase in the region due to human-induced climate change, 
which will affect public health unless adaptation measures are taken (high confidence).

Long histories of colonization and systemic inequality shape the ability of the US Caribbean peoples to 
maintain health, quality of life, and overall individual and social well-being. Evidence from both PR and the 
USVI suggests risks from climate impacts to multiple elements of human health, including vector-borne and 
noncommunicable diseases, mental health, and overall quality of life (Ch. 15).41 US Caribbean societies, with 
their multiethnic and multiracial makeup of high proportions of people of African and Indigenous descent, 
are more vulnerable to climate-related risks due to economic policies and social systems, varying levels of 
educational attainment, unemployment, poverty, out-migration, older-age demographics, food insecurity, 
colonialism, and unjust historical treatment.42 As an effort to address these circumstances and the threat 
of more frequent extreme events, the One Health approach, similar to the community health concept 
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described in Chapter 15, mobilizes collaborative work among communities, stakeholders, practitioners, 
sectors, and disciplines to tackle climate change while improving well-being and quality of life for all living 
organisms (Figure 23.3).

The One Health Approach

In the face of climate change, the health of Caribbean people, plants, animals, and ecosystems depends on 
coordination across multiple scales and boundaries. 

Figure 23.3. In the US Caribbean, climate change is interacting with the institutional and environmental context 
of the islands and the social determinants of health. Extreme weather events (e.g., powerful hurricanes, extreme 
heat, and droughts) are threatening access to clean air, safe drinking water, nutritious food, and safe settle-
ments, as well as damaging infrastructure, reducing tourism, displacing vulnerable communities, promoting 
migration among islanders, disrupting ecosystem services, and endangering animals. The One Health approach 
illustrated here promotes collaborative work at local, regional, and global levels to achieve health for humans, 
ecosystems, and animals alike. Adapted from World Health Organization 202143 [CC BY-NC-SA 3.0 IGO].

Community Identity and Heritage Are Necessary for Resilience and 
Post-disaster Recovery
US Caribbean cultural heritage is under threat due to changing climate conditions (Figure 23.4). Cultural 
heritage includes tangible elements (such as buildings, artifacts, monuments, and archaeological sites on 
land and underwater) and intangible elements (such as practices, ideas, representations, knowledge, music, 
songs, and ceremonies) that are recognizable components of community identity.15,44 Research from recent 
hurricane events suggests that the magnitude of loss of heritage is severely underestimated45,46 and that 
measures to mitigate climate impacts greatly threaten the preservation of cultural heritage and identity. 
For example, the traditional ways of life in the US Caribbean placed communities next to riverbanks for 
thousands of years. Archaeological sites associated with such communities, however, are under threat 

https://creativecommons.org/licenses/by-nc-sa/3.0/igo/legalcode
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from flood-control projects,15 which entail channelizing, dredging, or covering rivers (e.g., USACE 202247). 
These flood-control projects not only impact archaeological sites but also transform landscapes that are 
integral to the identity, recreation, and overall well-being of local residents.15,48 Climate impacts also increase 
out-migration, which can lead to disintegration of traditional communities and loss of Indigenous and 
Traditional Knowledge (KM 30.2).49

Climate Change and Public Health

Public health is shaped by sociocultural factors and further affected by climate change. 

Figure 23.4. The impacts of climate change on human health in the US Caribbean must be considered in the con-
text of the social, cultural, and historical realities of the islands. Shelter and food security, access to clean water, 
and communicable and noncommunicable diseases are certainly affected by climate, but they are also condi-
tioned by culture, tradition, and historical and colonization processes. Figure credit: University of California, San 
Diego; University of the Virgin Islands; NOAA NCEI; and CISESS NC.
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Impacts of Extreme Events on Health and Essential Services
Extreme events, combined with deteriorating infrastructure and unequal distribution of social determi-
nants of health, are expected to continue to cause interruptions in and insufficient access to healthcare 
services, as documented after Hurricanes Irma and Maria (KM. 15.2).14,50,51,52 PR and the USVI have contam-
inated sites where hazardous waste has been discarded and, in some cases, improperly managed. Some of 
these sites—26 in PR and 2 in the USVI—are designated as EPA Superfund sites.53 Extreme flooding has the 
potential to impact Superfund sites, spreading large amounts of contaminants and carcinogens into the 
surrounding environment.54

In the aftermath of Hurricane Maria, many older adults in PR experienced unmet needs that contributed to 
declining physical and emotional health, inadequate management of noncommunicable disease (NCD), social 
isolation, financial strain, environmental health issues, and excess mortality.14,55,56 High levels of post-trau-
matic stress disorder (PTSD), depressive symptoms, and disaster-related stressors were also evident (KM 
30.2).42,57 Many hospitals suffered significant damages in both territories.58 Various healthcare services 
were greatly affected, including vaccinations, cervical cancer screenings, surgeries, oncologic treatments, 
and dialysis.59,60,61,62,63,64 Experts recommend that further disease-specific planning be delineated within the 
emergency response of each jurisdiction and in collaboration with disease-specific plans for relevant orga-
nizations.65 For instance, region-specific and federal health plans, such as the CDC’s comprehensive cancer 
control plans, would mitigate the impact of extreme weather on specific populations and maintain adequate 
cancer prevention and treatment care during and after disasters.

Noncommunicable Diseases
The US Caribbean territories have high rates of NCDs, as well as increasing rates of impaired mental 
health.42,66 After Hurricane Maria, there were obstacles to providing nutritious, affordable, and culturally 
acceptable food appropriate for people with NCDs.42 In PR and the USVI, 67.5% and 65.2% of the population, 
respectively, are overweight, and 31.4% and 32.5% live with obesity;67 these conditions are considered 
predictors of early mortality.68 Surveys in PR in 2017 and 2019, pre- and post-Hurricane Maria, show an 
increase over that time span in the prevalence of NCDs and depression in adults.69 In March 2018, an online 
survey identified PTSD in 44% of respondents in PR and 66% of those displaced from PR to Florida.70,71

Climate-Driven Vector-Borne Diseases 
Vector-borne diseases (VBD) in the Caribbean, such as dengue, Zika, and chikungunya, are mostly 
transmitted by the Aedes aegypti, Aedes albopictus, and Culex mosquitoes (KM 15.1). The abundance of 
Ae. aegypti and Ae. albopictus are influenced by temperature and precipitation, and both species have 
excellent adaptation skills under extreme temperature and precipitation conditions.72,73,74,75,76 Factors in the 
US Caribbean that favor VBD outbreaks include climate change, inequality, poverty, serotype profile (virus 
variation), immunity, deficient water and waste management, and lack of community awareness.75

Climate Impacts on Human Zoonotic Diseases 
Human leptospirosis is an important zoonotic disease—that is, a disease that transmits from animals to 
humans—with worldwide distribution. It was first reported in PR in 1942, while the first cases of leptospi-
rosis in the USVI were reported in the aftermaths of Hurricanes Irma and Maria. Recent evidence suggests 
an excess risk in PR of leptospirosis associated with flood-prone areas, heavy rainfall, and higher tempera-
tures.77 Extreme weather events such as tropical storms, heavy rainfall, and floods are expected to result in 
an upsurge in the number and magnitude of leptospirosis outbreaks.78 Under the above-mentioned climate 
scenarios, outbreaks in both US territories are very likely to occur following extreme weather events. 
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Excessive Heat and Differential Social Burden of Climate Impacts
Heatwaves are increasing the risk for heat-related illness and death (KMs 6.2, 15.1; Figure 15.1). Conditions 
of extreme heat in the Caribbean have intensified since 1980. Recent research suggests an increasing trend 
in the number of days with heat stress (days above 39.9°C  [103.8°F]) for the Caribbean region since 1980.79 
Several factors contribute to heat vulnerability and sensitivity, including: 

• Populations at the extremities of age (e.g., newborns, children, elders)

• Pregnant women/people

• Individuals who are

• living in single-person households
• living below the poverty line
• working in confined spaces with poor ventilation 
• working outdoors and exposed to risk factors such as direct sunlight or high humidity combined 

with extremely high air temperature
• living with disabilities
• living with chronic health conditions (e.g., obesity, hypertension, diabetes, cardiovascular disease, 

respiratory illness) 
• without health insurance coverage

With rapid urbanization in the USVI and PR and past population growth, urban heat island effects have 
become stronger (KM 12.2). San Juan, PR, is already showing evidence of these effects;80 extreme heat 
episodes there have been associated with a significant increase in mortality and an increased relative risk 
for stroke and cardiovascular diseases.81 Cooling indoor environments help lessen the impact of heatwaves, 
but energy demands on a crumbling power infrastructure, as well as rising costs of living, create climate 
risks associated with inequality, as only a section of the society will be able to afford cooling equipment.82 

Human Health and Natural Sources of Air Pollution 
Recent studies suggest that global warming will make dust storms more severe in the Mediterranean and 
the Atlantic (KM 14.1).83 In the US Caribbean, dust particles carried across the Atlantic from the Sahara, 
mostly during summer, affect climate, weather, and ecosystems, including coral reefs, forests, and human 
populations.84,85,86,87,88,89,90,91,92 Saharan dust provides nutrients to terrestrial and marine ecosystems. However, 
in PR, Saharan dust has been associated with increased cardiovascular and respiratory risks;93 it has also 
been linked to increased risk of emergency room visits and hospitalizations related to asthma in children in 
Trinidad and Tobago,94 Guadeloupe,95 and Grenada.96 As humidity and temperatures rise, the abundance of 
mold and spores in the air also impacts air quality and thus respiratory NCDs. 

Sargassum and Health Intersections 
Sargassum is a brown seaweed that floats in the Atlantic Ocean and provides an important habitat for 
migratory organisms that have adapted specifically to it. These algal mats are sometimes pushed by wind 
and currents into the Caribbean Sea and are frequently reaching the coasts of the region’s islands. Evidence 
suggests that these events threaten coastal ecosystems and social and cultural activities (e.g., fisheries), with 
negative economic impacts (e.g., reduced tourism and degraded infrastructure; Ch.10; KM 1.2) and adverse 
human health effects (e.g., heart palpitations, shortness of breath, and skin rashes) due to hydrogen sulfide 
from decomposing sargassum in the air and direct exposure to algae.97,98,99,100,101,102,103 While sargassum mats 
can be harvested for beneficial uses such as fertilizer and animal feed and as an energy source, its use as a 
fertilizer could transfer heavy metals to crops.104,105,106 While the impact of this phenomenon has not yet been 
assessed for the US Caribbean, these conditions are expected to worsen as climate change intensifies.
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Water Resources and Human Health Interactions 
Factors related to environmental health and changing climate (e.g., sea level rise, saltwater intrusion, 
and pollution) impact water security. Inefficient water management and climate change, including the 
increasing intensity of storms, have led to growing concerns about water scarcity and water insecurity 
for both territories.107 While Traditional Knowledge has been shown to mitigate water scarcity during 
emergencies—such as individuals and communities activating historic or abandoned water sources during 
recent disasters44,108—these responses might not be enough, as Traditional Knowledge is also threatened, 
cultural heritage is being lost, and the magnitude of impacts exceeds previous experience (KM 30.1). Older 
traditional farmers in Puerto Rico have recorded a reduction in freshwater availability in streams and 
springs that impacts their traditional access to fresh water and their food production, which they consider 
a heightened risk for their health.15 Reports on communities in both PR and the USVI that are systematically 
excluded from welfare, education, and other social services and benefits link inequity to poverty levels and 
the impact of status on the development and interpretation of laws and programs that address these issues 
(KM 15.2). Studies after hurricanes in PR and the USVI have shown water pollution, disease vectors, and 
bacteria in the drinking water supply, all of which are expected to worsen with expected impacts of climate 
change, thus affecting livelihood security.109,110,111 

Underestimation of Mortality
Total excess mortality identifies how many more observed deaths happen after a specific event in 
comparison to the baseline historical trend of expected deaths had the natural event not occurred. After 
Hurricane Maria in PR, a large excess mortality was noticed by many people but not identified by the official 
certification of 64 deaths. Six months after Maria, a commissioned independent study identified 21% more 
deaths in males than expected and a total excess mortality estimate of 2,975 (Figure 23.5),56 including both 
direct (related to hurricane injuries) and indirect (related to lack of access to effective care after the storm) 
deaths. These deaths mostly affected the most vulnerable populations, including those at lower socioeco-
nomic levels.56 The distribution of causes of excess mortality is predominantly driven by chronic noncom-
municable diseases.112 Further analysis estimated 514 excess deaths in the Puerto Rican population displaced 
to the US mainland.113 Evidence shows that considering only direct hurricane injuries greatly underestimates 
the overall impact on excess mortality. After Hurricane Fiona in 2022, the mortality in Puerto Rico was 1.15 
times higher in adults older than 75 years of age, who experienced 226 excess deaths.114
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Excess Mortality from Hurricane Maria in Puerto Rico

 
Excess mortality from Hurricane Maria was most common among Puerto Rico’s most impoverished residents. 

Figure 23.5. Between September 2017 and February 2018, 2,975 excess deaths—that is, above what the mortality 
rate would have been if the storm had not occurred—were estimated in Puerto Rico due to Hurricane Maria. Mor-
tality was higher for individuals living in low-income municipalities, for those with the lowest scores on the Munic-
ipal Socioeconomic Development Index (SEI)—a multidimensional index of poverty developed by the Government 
of Puerto Rico—and for men aged 65 years or older. These results are useful to health officers, emergency pre-
paredness personnel, and residents, as they help to prepare for and to mitigate the potential effects of hurricanes. 
Adapted from Santos-Burgoa et al. 2018.115

Key Message 23.2  
Ecology and Biodiversity Are Unique and Vulnerable

Coastal and terrestrial ecosystems provide a large number of goods and services that are vital 
to the islands’ economies and to the health and well-being of their residents (high confidence). 
These essential systems are degraded by human actions and climate change, thereby reducing 
the benefits they provide to people, as well as their functionality as habitats for protecting bio-
logical diversity (high confidence). Climate change is expected to exacerbate the degradation 
of ecosystems (very likely, high confidence). The success of climate adaptation strategies will 
depend on reducing all sources of stress on ecological systems (medium confidence).

PR and the USVI are home to diverse aquatic and terrestrial ecosystems and are rich in natural resources 
and cultural heritage. Residents depend on the region’s natural resources and ecosystem services for their 
well-being and livelihoods. These important ecosystems are being degraded by economic activity, habitat 
destruction, land conversion, pollution impacts, and overfishing.116 Climate change impacts on land will have 
environmental consequences along the coast and beyond. Impacts and consequences will vary by territory, 
species, and ecosystem type. 
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Impacts of a Changing Climate on Ecosystem and Biodiversity Goods 
and Services
Climate stressors (e.g., extreme precipitation, droughts, frequent and intense tropical cyclones, and steady 
increases in surface temperatures) and non-climate stressors (e.g., pollution and deforestation) interact to 
impact ecosystems and the services they provide to people (Ch. 9). Ecosystem services include provision-
ing services such as food, feed, and fiber; regulating services such as climate regulation, flood control, and 
air and water purification; cultural services such as recreation and spiritual and aesthetic benefits; and 
supporting services such as nutrient cycling, primary production, and soil formation.117 Climate change is 
increasingly compromising ecosystem goods and services (Ch. 8). 

Coastal zones—often highly valued and the focal point for cultural activities, Traditional Knowledge, tourism, 
and industries essential for economic and social vitality—are at risk from climate change (KM 9.2).118,119,120 The 
US Caribbean coastline is roughly 876 miles (1,410 km) in length (PR, 700 miles [1,127 km]; USVI, 175 miles [282 
km])121 and is composed of nested coastal ecosystems such as sandy dunes, beaches, mangroves, salt flats, 
coral reefs, and seagrass beds. The high population density, concentrated development, and critical infra-
structure located within 0.6 miles (1 km) of the coastline are highly vulnerable to coastal hazards and climate 
stressors.20 The combined destructive power of wave action and intense rainfall from Hurricanes Irma 
and Maria alone damaged over 12% of coral reefs,122,123,124 caused beach loss of 1.2–3.1 miles (2–5 km),119,125,126 
eroded dunes,118,127 and devastated almost 33% of mangroves.128 These impacts added to the degradation of 
ecosystems caused by other climate stressors (KM 8.2). 

The loss of recreational benefits from the degradation of coastal reefs is expected to reach $172 billion (in 
2022 dollars) by 2100 under a very high scenario (RCP8.5).129,130,131 In 2019, an assessment quantified the annual 
coastal flood risk-reduction benefits provided by all US coral reefs, including those in PR and the USVI, as 
illustrated in Figure 23.6. 

Annual Expected Benefits from Coral Reefs in the US Caribbean

Coral reefs provide substantial coastal protection benefits to the US Caribbean each year.  

Figure 23.6. Coral reefs are a major component for recreational and commercial fisheries, coastal protection, and 
the tourism economy. Acting as a natural defense, coral reefs dissipate incident wave energy and protect coasts 
from erosion and flooding. Arguably, they are one of the most economically valuable ecosystems.130 Economic 
estimates are in 2010 dollars. Figure credit: Caribbean Coastal Ocean Observing System.
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Sediment and contaminant runoff derived from various land-based activities also threaten coastal 
ecosystems.125,132 Runoff of land-derived sediment could directly impact coral regeneration capacity, 
growth, and mortality, as well as the ecosystem services they provide.93 Cross-jurisdictional strategies and 
ecosystem-based management principles must be adopted to significantly reduce the adverse impacts 
of anthropogenic/land-derived pressures on coastal ecosystems.133 In PR’s Guánica Bay watershed, for 
example, a watershed management plan is being implemented to restore the health of coral reefs damaged 
by sediment and nutrient runoff.134

Caribbean forests are highly diverse, ranging from coastal mangroves to dry forests. These ecosystems 
provide many services, including habitat, recreation, coastal protection, and improved air and water 
quality.135 Although forests are adapted to withstand frequent natural disturbances, projected changes in 
temperature and rainfall are expected to impact the amount of fruiting and flowering, tree productivi-
ty, and nutrient cycling, as well as increase the likelihood of tree mortality, among other impacts (KM 7.2). 
Furthermore, they can alter the forest ecosystem’s biogeochemical processes and affect their composition, 
structure, and functioning.136 For example, trees within northeastern PR are already operating above their 
optimum temperature for photosynthesis; thus, increasing temperatures (which are projected) will lead to 
the release of more carbon dioxide (a major driver of climate change) into the atmosphere.137,138,139 Meanwhile, 
research on tropical forestry, ecology, and conservation in the Luquillo Mountains in PR has reversed the 
paradigm that tropical ecosystems are fragile, demonstrating instead that they exhibit remarkable resilience 
to many forms of disturbance.140

Emerging Issues and Future Directions
Ecosystems that are already degraded or stressed may have lower adaptive capacity and resilience. 
Increased stress from climate change may drive ecosystems to tipping points,141 with potentially irreversible 
socioeconomic consequences for coastal socioecological systems and community livelihoods.141 Maintaining, 
enhancing, and/or restoring ecological connectivity and corridors as conservation strategies are key to 
helping ecosystems adapt to climate change (Figure 23.7; Ch.1; KM 3.6). 
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Ecosystem Stressors

Both climate and non-climate stressors affect aquatic and terrestrial ecosystems and biodiversity in the US 
Caribbean.

Figure 23.7. The cumulative effects of these stressors could result in the degradation of aquatic habitats, increas-
es in coastal erosion and flooding, tree mortality, alterations in the growth of mangroves and seagrasses, and 
diminishment of resilience and adaptive capacity. Adapted with permission from Fitzpatrick and Giovas 2021.142 
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Key Message 23.3  
Climate Change Threatens Water and Food Security

US Caribbean food and water systems are becoming increasingly vulnerable to the escalation 
of climate change, including stronger hurricanes, more severe drought, warmer air tempera-
tures, and other extreme weather (likely, high confidence). Because the territories are heavily 
reliant on imported foods, they are affected by climate changes occurring both within and 
outside of the region (high confidence). Reductions in average annual rainfall, increasing air 
temperatures, and rising sea levels will adversely affect freshwater availability in the future 
(medium confidence). Improved adaptation efforts would benefit from a better understanding 
of the ways food and water systems interrelate and of the cascading impacts generated by 
climate change (medium confidence). 

Food and water security are important for well-being and emerge from complex social and environmental 
interactions across groups and regions in the Caribbean. About one-third of Puerto Rican adult residents 
in 2015 lacked consistent access to adequate food, higher than the rate on the US mainland (12%).143,144,145 
Low-income households were more than three times as likely to experience food insecurity as households 
with higher income.145 These numbers are influenced by lower governmental expenditures for key economic 
security programs relative to other US states or territories.146

Within this context, climate change can deepen food and water insecurity in the region. 

Characteristics of the Island Food Systems
More than 80% of the food consumed in PR comes from the US mainland147,148,149 on US-flagged ships, as 
required by law.150 Most of the food imported by PR arrives at a single port of entry and is transported by 
only a few maritime companies.151 In PR, food imports have been increasing since the 1950s.151,152

The agricultural sector represents an important source of employment and food security, although 
production accounts for less than 1% of the GDP in Puerto Rico.153 Between 2012 and 2018, the total number 
of Puerto Rican farms declined by 37%, with farms less than 10 acres in size declining by about 57%.154 The 
main classes of production are plantains and bananas, coffee, root crops and tubers, fruits and vegetables, 
nursery crops, and grasses.154 Cattle and dairy production generate more than 25,000 jobs on the island and 
occupy more than 50,000 acres.155,156

The USVI imports more than 90% of its food, with importation of most food categories increasing over 
time.157,158 The main crops grown and sold on the islands are vegetables, nursery crops, and tree crops. 
Between 2007 and 2018, the sale of these main crops increased by 1.1%, but they still represent less than 1% 
of GDP.159,160

Characteristics of the Island Water Systems
In PR, approximately 82% of water used is derived from surface water sources (reservoirs and streams), 
with the remaining 18% extracted from groundwater sources.161 The total storage capacity in reservoirs 
is decreasing due to sedimentation.162 Rain harvesting and desalination plants are also sources of potable 
water, primarily in the USVI. There is a tension between water for consumption and agricultural uses. 
PR has four irrigation districts around the main island that draw on a network of reservoirs to provide 
water to farmers for crops via irrigation canals. The Puerto Rico Aqueduct and Sewer Authority (PRASA) 
also purchases rights to the water in the districts. Water from PRASA is expensive and cannot be used for 
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agriculture.149 Due to faulty infrastructure, mismanagement, evaporation, and theft, approximately 50% of 
water purchased by PRASA from the irrigation districts is lost before reaching the public.

Outside of these four irrigation districts, surface runoff is stored in ponds or pumped from aquifers. The 
South Coast aquifer (SCA) has declining water levels due to over-pumping, which in some cases has lowered 
the water levels below sea level, leading to salinification.163,164,165 The cost of water to farmers is low,149 which 
may discourage them from using water efficiently. Irrigation scheduling can be used to optimize irrigation 
water use;166 however, limited data exist on the irrigation scheduling methods used by farmers in PR and the 
USVI. About 10%–20% of the water introduced into the irrigation canals is lost by leakage.161

In the USVI, farmers access water from surface ponds and aquifers and from stored rainwater in cisterns. 
On St. Thomas, the majority of the farming occurs in the drier Estate Bordeaux.167 Farmers there depend 
mostly on private and public cisterns and ponds or on wells that are privately managed. On St. Croix, most 
farmers depend on groundwater from deep wells or water from private cisterns or ponds they own or that 
are managed by the USVI Department of Agriculture. On St. John, farmers capture water in privately owned 
ponds. Few farmers depend on the public water system. 

Climate Stressors on Food and Water System Components
Climate change is affecting and will continue to affect the region’s food and water systems (Figures 23.8, 
23.9).147 In the past, strong winds and heavy rain have destroyed crops and caused livestock mortality. They 
have also led to landslides, soil erosion and degradation, flooding, and sediment contamination of water.168 
Between 1995 and 2017, agricultural losses attributed to hurricanes in PR accounted for 3%–26% of the total 
estimated economic damages. Hurricane Maria in 2017 alone caused more than $2.3 billion (in 2022 dollars) 
in losses and damages to crops and infrastructure,169 which represented a reduction of about 80% of the 
main island’s total agricultural value.170 Beyond these direct impacts, a substantial portion of agricultural 
losses were caused by indirect effects of tropical cyclones, including energy outages, disrupted telecommu-
nication and water supplies, and damaged roads and irrigation systems.152,168,171 With a projected increase in 
the intensity of major tropical cyclones, these impacts are expected to worsen without investments to make 
food and water systems more resilient (KMs 8.3, 11.3, 30.1).



Fifth National Climate Assessment

23-24 | US Caribbean

Climate Impacts on Food and Water Systems from Ridge to Reef

Risks to food and water systems differ under wet and dry scenarios.

Figure 23.8. (top) In periods of wet conditions, saturated soils coupled with heavy rainfall from hurricanes and 
storms can lead to flooding and, in turn, soil erosion and vegetation and crop destruction. Strong winds and floods 
can also damage infrastructure needed for food and water distribution. Excessive rain combined with higher sea 
levels affects water quality through the leaching of agricultural chemicals and wastewater from septic systems. 
(bottom) Dry conditions, on the other hand, increase groundwater pumping for irrigation. When combined with 
sea level rise, these conditions can also lead to saltwater intrusion into coastal aquifers. Figure credit: University 
of Puerto Rico, North Carolina State University, USDA Forest Service, University of Arizona, and University of the 
Virgin Islands.
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Food and Water Systems

Cascading impacts of climate change affect food and water systems and security. 

Figure 23.9. The figure displays the effects of the main climate changes that directly affect the islands on each of 
the system’s components. The up and down arrows show the increasing or decreasing effect of a given climate 
change stressor on the food or water system components. For example, the increasing frequency of Category 4 
and 5 hurricanes will cause a decrease in the distribution of food and water. The effects of climate changes are 
moderated by external influences such as socioeconomic changes that precondition the islands to be more or 
less susceptible to climate changes. Figure credit: University of Puerto Rico, USDA Forest Service, University of 
Arizona, North Carolina State University, and University of the Virgin Islands.

Drought has been common to PR and the USVI. Between 1950 and 2016, periods of severe drought occurred 
across the Caribbean (1974–77, 1997–98, 2009–10, and 2013–16). Regions of PR in 2020 and the USVI in 
2021–2022 were declared by the USDA to be natural disaster areas because of drought conditions. The 
2014–2016 drought was characterized as the most severe on record.172 Livestock losses in 2015 accounted 
for about 62% of all reported economic losses, and plantain losses accounted for 22%. The combination of 
periodically dry conditions with a warming trend leads to aridification and compounding impacts (KM 4.1).173 
Aridification leads to increased demand for irrigation. Higher demand for irrigation, coupled with salinifica-
tion of aquifers from sea level rise, suggests that groundwater aquifers like the SCA will be under increasing 
pressure in the future. Following 2015, the government of Puerto Rico created the Scientific Drought 
Committee. The USDA Caribbean Climate Hub created the Caribbean Drought Learning Network in 2021 to 
integrate drought-related information, initiatives, and programs in PR and the USVI.174 These initiatives can 
help preparation and response to future droughts.

Increasing average and intermittent extreme temperatures are expected to reduce crop yields,175 especially 
in tropical regions.176 Expected impacts on crops include reduced seed yield,177 reduced pollen production, 
and increased rate of senescence (i.e., shortening of a crop’s life cycle).178 The negative effects of increasing 
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temperature worsen under water deficit conditions.178 Higher temperatures also increase the potential for 
wildfires;179 can affect the range of weeds, diseases, and insects;180 and can cause heat stress in farmworkers 
(KM 4.2).181 Increased atmospheric CO2 levels may counteract the negative impacts of higher tempera-
tures; however, adequate water is required to take advantage of CO2 fertilization.182 Crop water use may 
increase183,184,185 or decrease186 under climate change conditions, depending on site-specific changes in the 
meteorological parameters.

Both drought and elevated temperature have negatively impacted livestock producers in PR and the 
USVI.152,156 High temperatures lead to heat stress, which reduces animal productivity, increases the prolif-
eration and survival of parasites and disease pathogens, reduces the ability of dairy cattle to produce milk 
and gain weight, and lowers conception rates. Furthermore, bovine breeds in PR and the USVI are more 
susceptible to heat because they were largely introduced from temperate regions, such as from within the 
US mainland.155,156

Soil health has direct effects on the ability to maintain agricultural production in the future and to adapt 
to climate change. Soil organic carbon is affected by increasing temperatures. Both mineralization and the 
loss of organic carbon and nitrogen increase under elevated temperatures.187 Extreme variation in rainfall 
can promote carbon loss via soil drying and soil erosion. Certain conservation practices—such as no-till 
farming and the use of cover crops—can promote soil health and enable the sequestration of larger amounts 
of carbon in the soil.187,188,189 The USDA Natural Resources Conservation Service is promoting methods to 
increase soil health in PR and the USVI.190

Social Protection
Crop insurance plays an important role in reducing climate impacts. In PR, about 50% of farmers participate 
in the Puerto Rico Crop Insurance Corporation (PRCIC; a similar program is currently unavailable in the 
USVI). Between 2010 and 2019, the PRCIC paid compensation for agricultural losses for 25 events, all but 
one—a wildfire—related to rainfall (hurricanes, tropical storms, tropical depression floods, and extreme 
rains). Ninety-eight percent of the total insurance payouts for the 2010–2019 period was for losses caused by 
hurricanes. The insurance program, however, does not cover drought.152

Emerging Issues
Areas receiving increased attention essential to managing extreme weather include plant and animal 
breeding,156,191 crop production within controlled environments,192 precision agriculture,193 irrigation 
scheduling,194,195 and flood and drought early warning systems.196,197 Increased local food production and the 
need to balance water use among sectors will become increasingly important issues.149 In the USVI, the lack 
of information to quantify economic losses associated with climate impacts, such as the effects of drought 
on food and agriculture, is also an issue. Superimposing climate change on top of other compounding 
issues (internal and external) will create additional stressors and have cascading impacts on food and water 
systems within the region. Understanding the complexity of the islands and their food and water systems 
will aid in the creation of contingency planning for problems that may arise.
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Key Message 23.4  
Infrastructure and Energy Are Vulnerable,  
but Decentralization Could Improve Resilience

Climate change has created profound risks for the US Caribbean’s critical infrastructure, 
already weakened from years of disinvestment and deferred maintenance (high confidence). 
Increasingly powerful storms, along with rising sea levels, are severely impairing infrastructure 
systems, with increasing damage projected in future years (likely, high confidence). Depen-
dence on fossil fuel imports increases energy insecurity (high confidence). Infrastructure im-
provements, coupled with a new paradigm focused on decentralization, adoption of distributed 
solar, and shared governance, could help limit residents’ vulnerability to health and other risks 
associated with loss of essential services (likely, medium confidence).

The 2017 and 2022 hurricane seasons in the Caribbean demonstrated the vulnerability of critical infra-
structure (e.g., energy, water, healthcare, transportation, telecommunications, wastewater, stormwater, 
and solid waste) in Puerto Rico and the USVI to natural hazards.23,24,198 This vulnerability is mainly caused by 
years of deferred maintenance, the recurrence of powerful tropical storms,199,200 and a centralized mode of 
production and governance that limits redundancy, flexibility, and, therefore, the ability to anticipate and 
adapt to future scenarios that climate change will create.201,202,203,204,205

Powerful tropical storm impacts are exacerbated by higher sea levels, which increase storm surge and 
prevent proper drainage of higher stormwater volumes.12,21,25,206,207,208,209 As a consequence, critical infrastruc-
ture systems, which tend to be concentrated near the coasts and floodplains, will experience compounded 
effects of different hazards and disrupt the movement of people, goods, and services (Figure 23.10; KM 
9.2).204,210 Climate change is also causing higher temperatures and drier conditions,12,21,211 thereby reducing 
water availability, increasing water demand, and intensifying saltwater intrusion into aquifers.212,213 And, 
because infrastructure systems are interconnected and interdependent, the disruption of any single system 
will affect the operation of other systems. Currently, even outside of droughts, water for human needs 
competes against demand for power production (KMs 4.2, 5.1).214 Similarly, even without hurricanes, sea 
level rise affects the operation of marine, air, and surface transportation systems,204 and stormwater flows 
overwhelm wastewater systems.200,204
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Infrastructure at Risk of Flooding in the US Virgin Islands

Many types of facilities in the US Virgin Islands and Puerto Rico are threatened by storm-induced flooding.

Figure 23.10. The figure shows the percentage of critical infrastructure currently located in flood zones (rainfall 
flooding caused by rainstorms and coastal flooding caused by storm surges and waves) in the US Virgin Islands. 
Many similar facilities are at risk in Puerto Rico,215,216 but data are missing to represent the information in this re-
port. Facilities at risk of flooding or that are flooded might not be able to provide critical services to communities 
when flooded, and there might not be another alternative available. The figure shows vulnerabilities under current 
climate conditions; additional flooding caused by sea level rise or potential future increases in intensity and dura-
tion of rainstorms is not included. Figure credit: University of the Virgin Islands, NOAA NCEI, and CISESS NC. 

Increasing temperature and heatwaves will drive power and water demand, and wetter storms will increase 
demand on wastewater and stormwater pumps.217,218 Damage from increased rainfall rates from hurricanes 
and increased hurricane intensities are projected to increase solid-waste flows, and response and recovery 
activities may intensify the use of single-use items such as utensils or water bottles.24,219,220 Demand for 
healthcare is also expected to increase as communities experience higher temperatures or greater exposure 
to stormwater or wastewater and associated waterborne pathogens.221

The effects of climate change on infrastructure systems are compounded by human impacts on ecosystems. 
Ecosystem degradation (e.g., beach erosion, loss of coral reefs or mangroves) is also increasing hazard 
impacts on infrastructure.222,223,224,225 Similarly, increased sargassum seaweed226 can impair infrastructure and 
render it inoperative, as well as affect the health of the people operating these systems.227,228,229

Finally, climate change compounds the stress on already-strained infrastructure systems. Legacy challenges, 
including systemic lack of investment, mismanagement, and fiscal limitations, undermine the capacity 
to invest in adaptation activities or to maintain a competitive edge in retaining talent and updating 
technical capacity.199,230,231

Dealing with climate hazards while mitigating other risks will require new thinking about the pitfalls 
of existing approaches and the potential for a path that allows for better management of resources 
and service delivery. Highly interdependent infrastructure systems with centralized operation and 
management structures might be unable to anticipate and adapt to disruptions caused by future climate 
conditions.202,232,233 Successful infrastructure adaptation strategies may require restoring natural infrastruc-
ture systems (e.g., aquifers, mangrove wetlands, nearshore coral reefs, etc.) for provision of services.234,235,236 
It also may require the adoption of a new paradigm, such as more decentralized infrastructure systems and 
different models of governance (KM 18.4). For example, household rainwater harvesting protects against 
prolonged public water system interruptions;237 sustainable material management reduces pressure on 
landfills;238 and microgrids and community solar and household solar systems provide power during inter-
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ruptions from the centralized utility (Figure 23.11). These types of decentralized systems can help achieve 
mitigation targets239,240,241,242 while also reducing negative health impacts of fossil fuel plants.243 However, 
it is important to consider whether or how the adoption of these new systems could exacerbate existing 
inequities of access to services or to these technologies,203,244,245 or compete against other land-use opportu-
nities such as farming and housing.246

Decentralizing Infrastructure and Governance

Strengthening the resilience of infrastructure will require a transition to decentralized systems as well as decen-
tralized modes of governance.

Figure 23.11. For power systems, decentralization means not only investing in more renewable energy systems 
managed by utilities but also increasing investments in systems managed by communities and households. For 
water systems, decentralization means increasing investments in water harvesting infrastructure to serve as an 
alternative. The improvement of governance models, by decentralizing decision-making and resource allocation, 
will better address climate change threats and current system frailties and problems. Figure credit: University of 
the Virgin Islands, NOAA NCEI, and CISESS NC.

Infrastructure systems in the Caribbean are at risk of future climate events, but current operation and 
management approaches increase their vulnerability.199,200,230 Further research on infrastructure systems, 
including community-based solutions to climate challenges, could help identify appropriate paths 
for adaptation.
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Key Message 23.5  
Adaptation Effectiveness Increases When Coupled  
with Strategic Governance and Planning

Climate adaptation in the US Caribbean is challenging because of multiple interacting factors, 
including high risk exposure, limited or misaligned funding, insufficient institutional and orga-
nizational capacity, and siloed approaches to risk reduction and resilience (high confidence). 
Effective adaptation to support resilience in the US Caribbean could be enhanced through 
co-development and integration of robust global, regional, and local climate science and 
risk-based knowledge into planning and implementation, as well as improved governance 
arrangements (high confidence). US Caribbean capabilities in planning and adaptation could 
be enhanced by strengthening partnerships across the wider Caribbean region and the US 
mainland (medium confidence).

Small islands provide a special case for development and adaptation due to their geographic isolation, 
complex geographies, diverse cultures, and unique natural resources, compounded by challenges such 
as their small economies, limited human resources, and costs of utility provision and services.247,248 Sound 
policies and institutional capacity are fundamental to effective risk-reduction and disaster response and 
recovery, as well as the ability to seize current and emerging opportunities for adaptation planning and 
implementation. 

For PR and the USVI, significant financial resources could be made accessible for climate adaptation 
and comprehensive disaster management, such as through disaster recovery funds, the Community 
Development Block Grant Mitigation (CDBG-MIT) program, and other federal and nongovernmental orga-
nization donors. However, effective adaptation planning is impeded by limited uptake of climate change 
information in decision-making,249 weak linkages between programs,250,251 and insufficient institutional 
capacity for prioritizing initiatives and designing linked operational systems across multiple organiza-
tions.168,252,253 In addition, adaptation and recovery could be made more efficient and effective by allocating 
funds that account for social vulnerability metrics.254

Policy for climate change planning and adaptation in the US Caribbean has advanced slowly in recent years, 
as evidenced by the Puerto Rico Climate Change Mitigation, Adaptation, and Resilience Act255 and Executive 
Order No. 474-2015: Preparing the Virgin Islands of the United States for Adapting to the Impacts of Climate 
Change.256 The Puerto Rico law that created the Expert Advisory Committee on Climate Change mandates 
that the government allocate funds for its operation and develop a climate change mitigation, adaptation, 
and resilience plan. Many community-based organizations have also taken action to advance social trans-
formation, climate adaptation, and sustainable development.257,258,259,260 Organizations in PR include Casa 
Pueblo (energy); Vieques Love (disaster preparedness, resilience, and capacity building); Mujeres de Islas 
(sustainable development); Vida Marina (dune restoration); Protectores de Cuenca (watershed restoration); 
Corporación de Servicios de Salud Primaria y Desarrollo Socioeconómico El Otoao (socioeconomic 
development and public health); and El Josco Bravo (agriculture). Organizations in the USVI that have taken 
action on climate change include the University of the Virgin Islands Caribbean Exploratory Research 
Center (climate change and health), St. Thomas East End Medical Center Corporation (education program on 
climate change and health), and Foundation for Development Planning Inc. (advocacy on climate change and 
disaster risk-reduction and participation in public policy process on climate change). Self-organization has 
also enhanced community trust and cohesiveness.13
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In the USVI, the US Department of the Interior funded a climate change initiative in 2016 that produced a 
vulnerability and risk assessment report.261 The Caribbean Climate Hub and a limited number of civil society 
organizations supported the initiative. However, there is currently no climate change adaptation program in 
the USVI, and the inadequate uptake of climate change information for decision-making identified in 2016249 
is still reflected in current public sector policies and programs in both the USVI and PR.262

Challenges and Opportunities
Advances in climate adaptation planning and implementation by individuals, communities, and public, 
private, and civil society organizations are constrained by shifts in demographics, fiscal and socioeconomic 
conditions and capacities, and high levels of risk exposure in the region (KM 31.2). 

In PR and the USVI, vulnerable populations are located in sites exposed to high climatic risk.20,263 Social 
determinants of vulnerability include economic instability and limited access to education and healthcare 
services.254,264,265,266 This vulnerability amplifies the effects of disasters and undermines the ability to prepare, 
respond, recover, and adapt.168,254,267,268

Between 2000 and 2019, PR was among the territories and countries most affected by extreme weather–
related events, and between 2010 and 2020, it registered the highest number of new displacements in 
the Caribbean,269,270 largely because its residents are US citizens and can move to the continental US 
without restrictions.271

The US Caribbean experiences both in- and out-migration, which should be considered in planning and 
adaptation, as migrants require permanent or temporary shelter and essential services.272 Progress in policy, 
programs, and implementation has been made, but the dynamics of intraregional migration are not fully 
understood or addressed.270

Decision-making processes and program delivery mechanisms typically involve multiple institutions, 
including civil society organizations. However, these public and private organizations often work in silos or 
with limited coordination or collaboration. The effectiveness of these mixed-delivery systems would be sig-
nificantly improved through enhancements to coordination mechanisms, improved institutional processes, 
and increased investment in human resources to understand and manage the connected processes and 
systems (Ch. 31).42,251,262,273,274 Similarly, overcoming the limitations in the institutional capacity to develop and 
manage federal grants will help advance adaptation actions in PR and the USVI.275

The physical separation of the US Caribbean from the mainland makes disaster response more complex and 
difficult.253 Recent reports on the response to Hurricanes Irma and Maria highlight the need for improved 
planning processes and delivery systems in the relevant federal agencies.276,277 Ensuring that federal policies 
and programs are appropriate to local physical conditions and institutional environments and include 
flexibility to account for future shocks and disturbances could improve disaster response and recovery, 
as well as climate adaptation action. Policies and program designs that incorporate sustainable land 
management approaches could reduce vulnerabilities associated with the location of infrastructure and 
housing in coastal areas and flood zones, water and food insecurity, and degradation of ecological systems. 
Enhanced alignment of federal and local programs could improve project, program, and development 
outcomes in the two territories. The government has a fundamental role in creating an appropriate 
enabling environment for sustainable development—that is, the social ecosystem created by the interplay of 
policies, laws, institutions, and processes that influence the development of a country. Therefore, ongoing 
investment in the capacity of government could help ensure that it has the competence to formulate and 
deliver public policy, maintain significant decision-making capabilities, maintain appropriate and effective 
governing systems, and develop resilience to shocks.199,252,278,279,280,281,282 
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Current risk-mitigation and emergency response programs focus predominantly on preparedness, response, 
and recovery—only three of the four phases of a comprehensive disaster management program. The fourth 
phase is prevention and mitigation, and it is in this phase that economic, legal, sociopolitical, institutional, 
and other measures are integrated to reduce vulnerability and strengthen resilience.283,284 In this context, 
building resilience to disasters and climate change could be enhanced by improving institutional capacity 
for risk assessment and management.

Both PR Act 33-2019 and USVI Executive Order 474-2015 provide governance frameworks that facilitate 
coordinated planning and participatory decision-making that involve the public, private, and civil society 
sectors and the general public. Current federal funding streams available to the territories under the 
CDBG-MIT program also present an opportunity to advance disaster risk-reduction strategies by focusing 
more on mitigation and prevention. Modification of the current plans for the USVI and Puerto Rico would 
make better use of this opportunity.285

In the USVI and PR, varying levels of progress have been made across the key elements of climate adaptation 
(Figure 23.12). This progress reflects the reality that adaptation is an ongoing process that requires evolving 
governance arrangements to facilitate engagement by all of society. 

Status of Adaptation Action

Adaptation action in Puerto Rico and the US Virgin Islands reflects different starting times and available 
capacity. 

Figure 23.12. The figure illustrates progress in adaptation action in Puerto Rico and the US Virgin Islands. The 
colored bars in the charts show the level of progress for each key element of climate adaptation. Adaptation is 
presented as a continuous process in which multiple elements may overlap or advance simultaneously. Accelerat-
ing adaptation action in both territories would reduce risk and enhance resilience. Figure credit: NOAA/Lynker and 
Foundation for Development Planning Inc. See figure metadata for additional contributors. 

Monitoring, research, and action on regional changes to weather systems, ocean health, and terrestrial and 
coastal ecosystems may be beyond the financial means of individual island states and territories, underscor-
ing the need for pooling of resources and experiences across the region. Many formal and nonformal rela-
tionships exist between institutions, governments, and professional associations in the US Caribbean and 
other Caribbean countries, which provide opportunities for improving climate adaptation actions through 
stronger regional collaboration.
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Traceable Accounts
Process Description
This chapter was written by a multidisciplinary team of 22 authors that was built in August and September 
2021 according to inclusive criteria that sought a diversity of voices by gender, ethnicity, discipline, career 
stage, knowledge, and geography. Approximately half of the authors work mainly in Puerto Rico (PR), 35% 
in both US territories, and 15% in the US Virgin Islands (USVI). Sixty percent of authors represent academia, 
followed by the public sector (about 20%), nongovernmental organizations, and the private sector. The 
authors are Hispanic- or Latino-Spanish speakers, Afro-Caribbean Black English speakers, and White alone 
or combined with other races. 

Starting in September 2021, the team held weekly all-author meetings to build relationships and capacity. 
The authors worked in distributed writing teams, each responsible for leading the narrative in each topic 
and providing evidence supported with literature. On January 19, 2022, the Caribbean chapter hosted a 
public engagement workshop with 90 participants. Since January 2022, the team continued holding weekly 
meetings where programmatic and technical issues were discussed. Each Key Message writing team and 
the chapter lead held weekly meetings to discuss thematic issues, figure development, and more in-depth 
discussions related to each Key Message. 

Key Message 23.1  
Climate-Driven Extreme Events Exacerbate Inequities  
and Impact Human Health and Well-Being

Description of Evidence Base
This topic combines the most recent peer-reviewed information and gray literature on assessment of 
climate change impacts on the health of people in the US Caribbean. The peer-reviewed literature came 
from a range of sources.14,42,50,52,56,59,60,61,62,63,64,80,81,210 The gray literature and reports sourced information from 
local databases in US Caribbean government agencies and surveys, as well as from databases and other 
reports.53,54,67,286 US Census reports lay the foundation for the challenges with descriptions of high levels 
of poverty and incomes below the US median in both Puerto Rico and the USVI. The literature describing 
the background information regarding the history of US Caribbean populations being disadvantaged and 
underserved is documented for the USVI in the needs assessment conducted by Michael et al. (2019)42 
following the 2017 hurricanes; it also provides a combination of local and federal data and information 
indicating challenges with access to and the extent of services to significant portions of the population 
before and after the hurricanes. Similar assessments for Puerto Rico have been done by Maldonado et al. 
(2021)287 (residential security and community relocation), Seara et al. (2020)288 (fishing community perception 
of climate impacts), and Boger et al. (2019)44 (cultural heritage and traditional knowledge). The relevance of 
the links between cultural and traditional resources and well-being of people are reported in Boger et al. 
(2019);44 Dawson (2013);289 Finneran (2017);290 Kohler and Rockman (2020);291 Perdikaris et al. (2021);292 and 
Rockman and Hritz (2020).293

There is strong evidence23,81 in Puerto Rico that extreme heat episodes and extreme rainfall events are 
increasing in frequency, intensity, and duration, posing the threat of increased incidence of heat-related 
illness and death, but such evidence is more limited for the USVI at this time. Data on underestimation of 
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mortality was presented for Puerto Rico specifically in Santos-Burgoa et al. (2018)56 and in NCHS (2019)294 
in the context of the COVID-19 pandemic. The quantification for USVI is not available for the period after 
Hurricane Maria.

Major Uncertainties and Research Gaps
Post-disaster settings present opportunities for researchers and for developers, often to the detriment of 
local or impacted communities.292,295 Louis-Charles et al. (2020)36 call for the need to pay closer attention 
to the ethics of engagement between, on the one hand, external researchers, agencies, and investment 
interests, and, on the other, local communities in the Caribbean. Although there have been popular claims 
calling out the damages of post-disaster gentrification in the media, social media, and popular music, not 
much research has been conducted on how disaster capitalism exacerbates injustices and cultural erasure 
in Puerto Rico and the USVI. Elders and Traditional Knowledge highlight concerns with rates of migration of 
youth and disarticulation of traditional communities that still would benefit from further research.296

While research on aerosol and aeroallergen distribution and health impacts has been conducted in Puerto 
Rico, this association has not yet been quantified in the USVI. 

Reports42,51 and peer-reviewed literature describe impacts of extreme weather and the efforts or needs to 
mitigate or adapt activities in both Puerto Rico and the USVI.297 Strengthened education and adaptation 
outreach efforts could help address issues with behavioral health, noncommunicable disease burdens, and 
other challenges.

The impact of sargassum algal mats reaching the coasts of the US territories is uncertain. Evidence from 
other Caribbean islands suggests that this phenomenon will contribute to worsening air quality, ecosystem 
health, and public health in coastal areas. There are some initial initiatives on an early warning system for 
Saharan dust, extreme heat, and public health, yet preparedness of the public health sector to mitigate 
illnesses is still low (and lower in the USVI than in PR). There are uncertainties related to Saharan dust 
clouds and how climate change will affect seasonality, patterns, concentration, and dust distribution. 
There are still uncertainties as to why excess mortality happens for extended periods after a natural event; 
the understanding of these mechanisms requires the identification of the cause-specific mortality and 
the different conditions leading to death, including infrastructure, critical building capacity, housing, and 
living conditions. Such an approach is currently being advanced in a project led by the National Institute of 
Standards and Technology.298

Description of Confidence and Likelihood 
There is high confidence that climate-related extreme weather events contribute to loss of quality of life and 
well-being in the US Caribbean. Long histories of colonization, generational trauma, and systemic inequality 
shape the ability of the US Caribbean peoples to maintain health, quality of life, and overall individual and 
social well-being (high confidence). The level of local and federal research and reports following Hurricanes 
Irma and Maria in 2017 included information on trends and also identified significant changes and challenges 
with general health, support services, mental health and well-being in general. In addition, it was noted 
that the conditions that supported the poor outcomes are major challenges for communities in both PR 
and the USVI. More frequent heat episodes and powerful hurricanes are expected to increase in the region 
due to human-induced climate change, affecting public health unless clear and urgent adaptation measures 
take place (high confidence). Climate conditions are favorable for vector-borne diseases (e.g., dengue, Zika, 
and chikungunya) and human zoonotic diseases (e.g., leptospirosis) in the US Caribbean (high confidence). 
However, many behavioral factors play a confounding and important role (e.g., life-concurrent events, social 
distancing, age, exposure) in the spread of these diseases. There is high confidence in the data and methods 
in the estimation of the excess mortality in Puerto Rico from Hurricane Maria, and such estimates are now 
in the official NOAA reports.299
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Key Message 23.2  
Ecology and Biodiversity Are Unique and Vulnerable

Description of Evidence Base
This topic reviews and synthesizes the most up-to-date assessments of climate change impacts on bio-
diversity, ecosystems, and ecosystem services in the US Caribbean region. The review included gray 
literature alongside peer-reviewed literature. The peer-reviewed literature considered strong resources 
from academic and scholarly journals such as the Journal of Ecology; Biological Conservation; American 
Journal of Marine Science; Sustainability Science; Ecological Indicators; Estuarine, Coastal and Shelf Science; 
and Ecosystem Consequences of Soil Warming. The gray literature included reports, documents, and white 
papers from federal and local agencies (USDA, USGS, FEMA, US Global Change Research Program, Puerto 
Rico Department of Natural and Environmental Resources), government entities (Puerto Rico and US Virgin 
Islands Taskforce), academia (University of Puerto Rico, University of the Virgin Islands), and nonprofit orga-
nizations. 

The preliminary literature review established and confirmed the observed ecosystem- and biodiversity- 
level changes in response to climate change due to direct impacts from climate drivers20,118,123,125,130,136 and the 
lack of effective adaptation strategies, policies, and measures.141 Most of the comprehensive assessments 
reviewed illustrated the rapid changes of habitats, species, and abundance.131

Major Uncertainties and Research Gaps
Both territories experience weather- and climate change–related hazards such as drought, sea level rise, 
coastal flooding, and erosion. However, the amount of climate research, observations, assessments, and 
modeling (prediction) are greater in PR than in the USVI. It would be necessary to gather knowledge and 
information from local agencies, institutions, community-based organizations, and even unpublished 
information to address existing and pressing gaps in the understanding of climate impacts on biodiversity 
and ecosystems in the USVI.

Description of Confidence and Likelihood 
There is high confidence that the synergistic effects of climate and non-climate stressors are impacting 
ecosystem goods and services, given the expanding literature with regional examples of these changes. As 
documented in federal, regional, and local climate change assessment reports, climate and non-climate 
stressors are very likely to persist and become more severe, further accelerating ecosystem degradation 
and aggravating their service efficiency. These assessment reports also highlight the dependence of the 
US Caribbean residents on ecosystem services for their well-being and livelihood (high confidence), hence 
the need to safeguard these services. Based on a broad range of evidence, there is high confidence that 
maintaining ecosystem functionality will require integrating effective local-level adaptation and mitigation 
strategies. However, given the lack of literature on implemented adaptation strategies, there is medium 
confidence that local-level adaptation and mitigation strategies could reduce and manage the risks of 
climate change on coastal and terrestrial ecosystems.
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Key Message 23.3  
Climate Change Threatens Water and Food Security

Description of Evidence Base 
The discussion of the vulnerability of the US Caribbean food and water systems to climate change is based 
on observations within the islands and projected changes in the regional and global climate.10,12,20,21,23,24,25 
Localized threats to water and food security include changes in drought intensity, frequency, or duration20,21 
and tropical cyclone rainfall rates and intensity.24 There is mounting evidence of the impact of climate-relat-
ed extreme events on the food and water system based on measurements, local knowledge, and published 
and gray literature.149,152,168,200,300 There is strong evidence that both hurricanes and drought are major issues 
for island food and water systems, as illustrated by the impacts of Hurricanes Irma, Maria, and Fiona168 
and the 2014–2016 drought.300 The direct and cascading impacts of these climate stressors with additional 
compounding problems, especially sea level rise, are a concern for food and water systems.165 The literature 
on direct climate impacts to certain sectors such as crops and livestock is widely available156,185 for Puerto 
Rico but is limited for the USVI. The evidence is limited when specifically considering island freshwater 
and food availability and is mostly available through evidence captured by the drought information system 
reports.301 There are no systematic studies that quantify the cascading and compounding impacts of these 
hazards. 

Major Uncertainties and Research Gaps
The lack of availability of high-resolution climate change projections that better resolve the island climates 
is a major research gap for understanding plausible future changes in the island climates. Major uncertain-
ties exist with respect to the role of the island terrain and land-use and land-cover change as the climate 
warms.21 This research gap is larger for the USVI than for PR. Another modeling challenge and research 
gap is how future tropical cyclones may interact with small islands like PR and the USVI, especially as 
rainfall intensity increases in a warmer climate, with cascading impacts on food and water systems. The 
association between natural hazards and decreased food security or diet diversity in PR and the USVI is 
another research gap.302 For the USVI, there is a noted gap of statistics and scientific impact studies on food 
production and water use. An area of research not discussed is the impact of climate change and major 
storms on Puerto Rico and the USVI. While there are some reports that document the impact of climate 
change on fisheries within the Caribbean basin, there are fewer studies that assess the impacts for Puerto 
Rico and the USVI.303,304 The role of community-based efforts for mitigating food and water insecurity, as 
well as the importance of local and Indigenous knowledge to these ends (KMs 30.1, 30.5), has been poorly 
researched in the US Caribbean and deserves further attention. More information is needed to better assess 
the impact and response to extreme climate events.305 Finally, there are research gaps in the compounding 
and cascading impacts generated by climate change in both Puerto Rico and the USVI.168

Description of Confidence and Likelihood
In the first statement of the Key Message, there is high confidence that the US Caribbean food and water 
systems will become more vulnerable as the climate warms, in part because extreme meteorological 
events like hurricanes and droughts are likely to become stronger and more severe in the future. There 
is high confidence that climate change at both global and regional scales is important because the islands 
are heavily reliant on imported foods. However, climate change projections at the scale of the islands are 
limited to a few studies, allowing medium confidence in predictions of local direct impacts of climate change 
on freshwater availability for the region. While improved knowledge will enhance adaptation, the authors 
have medium confidence because the adaptation process also relies on social and economic changes. The 
evidence base was not sufficient to determine quantitative probabilities for the second through the fourth 
statements in this Key Message; thus, no likelihood is specified.
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Key Message 23.4  
Infrastructure and Energy Are Vulnerable, but Decentralization Could Improve Resilience

Description of Evidence Base
The vulnerability of US Caribbean infrastructure systems to climate change is based on observations of 
impacts of recent climatic events within the islands and projected changes in the regional and global 
climate. The evidence to support current vulnerability of systems and future climate vulnerability is mostly 
based on documents from the gray literature, including reports from federal agencies and/or sponsored by 
federal or territorial agencies199,200,204,230 following Hurricanes Irma and Maria. The published literature and 
reports are not as rich as for locations in the continental US. The description of the need for a paradigm 
change in the governance of infrastructure systems is based on a number of peer-reviewed journal articles 
describing observations of the limits of current governance systems, as well as more academic journal 
articles addressing best practices for building resilient infrastructure systems. There is very little published 
literature on the effects of governance on the ability to adapt, especially in the US Caribbean.

Major Uncertainties and Research Gaps
The availability of more structural and system operation assessments of the vulnerability of infrastruc-
ture systems to flood and wind events is a major research gap, because most assessments are made by 
looking at the presence or absence of a system component in a flood zone. Often it is unclear whether the 
system component can be accessed or operated, or even whether it may have been rendered unsafe by 
previous mitigation activities that took place. Another gap is the lack of availability of public geodatabas-
es of infrastructure systems. The region is also missing flood maps that take into account future climates. 
Furthermore, understanding the effectiveness and feasibility of decentralized governance systems for 
critical infrastructure is a major research gap and need, as much of the current literature demonstrates the 
limits of centralized systems in the Caribbean. Finally, the lack of easily accessible data on water and power 
consumption, traffic patterns, and other ways that humans use infrastructure systems is a major data gap 
that needs to be filled so that adaptation strategies can be developed to mitigate against any disruption in 
the delivery of services. 

Description of Confidence and Likelihood
Based on the level of damage incurred during Hurricanes Irma and Maria (2017) and Hurricane Fiona (2022), 
as well as the post-2017 hurricane reports published by the government and federal agencies, there is high 
confidence that infrastructure systems in the US Caribbean are suffering from a lack of maintenance and 
investment and that climate change has created profound risks for the US Caribbean’s critical infrastruc-
ture, especially as extreme meteorological events become more likely in the future. There is high confidence 
that dependence on fossil fuel imports increases energy insecurity, based on numerous reports from the 
gray literature and the recent fiscal difficulties experienced by the public utilities in both Puerto Rico and 
the USVI. 

Given the lack of stability of the public utilities, as described in government and federal agency reports, 
and given the relative lack of long-term data on the effectiveness of solar electric systems as an alternative 
to centralized systems to provide power to communities during and outside of disasters, there is medium 
confidence that decentralization of system production and distribution, and medium confidence that decar-
bonization and shared governance, will likely help limit residents’ vulnerability to health and other risks 
associated with the loss of essential services programs.
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Key Message 23.5  
Adaptation Effectiveness Increases When Coupled with Strategic Governance and Planning

Description of Evidence Base
The evidence to support the Key Message consists of articles in peer-reviewed journals, research pub-
lications by universities, technical papers, assessment reports produced by or on behalf of the federal 
and territorial governments, executive orders and legislation passed by the territorial governments, and 
technical reports by Caribbean and global intergovernmental organizations.

The peer-reviewed journals were classified with impact factors that range from 3.20 to 9.5, indicating that 
the journals are trustworthy. The documents prepared or funded by federal and territorial governments 
underpin the conclusions regarding challenges of various levels of government for effective planning and 
adaptation.148,249,252,253,276,277,279 Literature that supports the conclusions regarding effective adaptation action 
through improved governance arrangements and coproduction with community organizations includes 
McGinley et al (2022),168 Filantropia Puerto Rico Inc. (2022),258 and Towe et al. (2020).262 The gray literature 
also includes publications by research institutions such as the National Institute of Building Sciences, the 
International Council for Local Environmental Initiatives–Local Governments for Sustainability USA, the 
University of the Virgin Islands, and the University of Colorado.

Since the publication of the Fourth National Climate Assessment in 2018, climate adaptation action is 
increasingly being informed by high-quality data, policies, laws, white papers, and technical reports 
prepared by the governments of the two territories, Puerto Rico’s Expert Advisory Committee on Climate 
Change, the Puerto Rico Climate Change Council, the Governors’ Institute on Community Design, academia, 
scientists, and community-based organizations.

Major Uncertainties and Research Gaps
A large body of literature is available globally and for the wider Caribbean on the benefits of local 
adaptation through coproduction. For the US Caribbean, although there are participatory efforts, mostly 
from the nonprofit sector and many supported by academia, the published literature is sparse. As such, 
additional research and evaluation on the capacity requirements and design for collective action would 
enhance implementation.

Description of Confidence and Likelihood
Statements about the challenges of climate adaptation in the US Caribbean due to multiple interacting 
factors—including high risk exposure, limited or misaligned funding, insufficient institutional and organi-
zational capacity, and siloed approaches to risk reduction and resilience—are based on extensive analysis 
of peer-reviewed papers; federal, regional, and local technical reports; and the onsite experience of the 
multidisciplinary, multisectoral team of 22 authors of this chapter. Authors had the opportunity to deal 
with, study, and/or assess these diverse interacting factors that are related to climate adaptation in the US 
Caribbean from diverse points of view. As a result, authors have high confidence in the first statement of the 
Key Message.

On-site experience, data, and numerous studies with consistent findings support the idea that US Caribbean 
adaptation could be enhanced through co-development and integration of robust global, regional, and 
local climate science and risk-based knowledge into planning and implementation, as well as improved 
governance, resulting in high confidence in the second part of the Key Message.

Based on a smaller number of studies but further deliberation among our author team, the statements about 
how US Caribbean capabilities in planning and adaptation can be enhanced by strengthening partnerships 
across the wider Caribbean region and the US mainland is assigned medium confidence.
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Introduction 
The Midwest is diverse in landscapes, people, and culture. The region covers more than 328 million acres, 
with approximately 284 million acres covered by croplands and forests or designated as public land. It 
sustains vital ecosystems and wildlife and provides refuge and recreation for its residents, including 35 
Federally Recognized Tribes and numerous other state-recognized and non-recognized Tribes. More 
than 40,000 natural lakes and thousands more human-made reservoirs and ponds dot the landscape. The 
Midwest borders four of the five Great Lakes; together, the five Great Lakes contain approximately 21% 
of the world’s surface freshwater supply, and about 10% of the US population lives within the Great Lakes 
basin. There are more than 500,000 miles of rivers and streams flowing through the region, including 
the Mississippi, Missouri, and Ohio Rivers—critical lifelines enabling the exchange of goods and services 
throughout the country. The Midwest is linked by more than 2 million miles of roads, 160,000 bridges, 
34,000 rail miles, and 3,000 airports. It has 41 cities with at least 100,000 residents, including 5 of the 
30 most populated cities in the United States. All of the Midwest states except Illinois have lower urban 
populations than the national average, and 74.3% of the Midwest population lives in urban areas.1

The climate of the Midwest has warmed since the first half of the 20th century, and annual precipitation has 
increased (Figure 2.4). Sub-annual changes, such as the recent lack of warming during summer and rapid 
oscillations between extreme wet and dry periods (Figure 24.1), increase the complexity and uncertainty 
of future impacts. Nonetheless, these changes have impacted agriculture (KM 24.1), natural resources 
(KM 24.2), health and well-being (KM 24.3), the built environment and transportation (KM 24.4), and water 
quality and quantity (KM 24.5) in societally important and interconnected ways. Increasing temperatures 
and oscillations between extreme droughts and floods threaten field crops, specialty crops, and animal 
production across the Midwest,2,3 which have direct and inequitable impacts on global food supply and 
security (KM 11.2). These rapid oscillations in hydrology will continue to transform aquatic and terrestrial 
ecosystems, many of which strongly influence individual and community health and the built environment. 
These observed and projected changes greatly limit access to natural areas, including those intimately 
tied to winter ice.4 Not only does climate change threaten recreation and the economy of this region, but 
it also disrupts important identity connections between Indigenous Peoples and their ancestral lands (KM 
16.1).5 Individual and community health is at risk, with cascading impacts on social and cultural connections 
that highlight inequitable health disparities tied to race, ethnicity, age, and income (KMs 14.1, 15.2). Aging 
infrastructure creates uncertainty in the ability to meet current and future energy needs and withstand 
increasing volumes of water. Although rural landscapes dominate the Midwest, urban centers concentrate 
climate risks and socioeconomic inequities (KM 12.2). NOAA’s Billion-Dollar Weather and Climate Disasters 
report (Figure 2.6) does not fully account for the burden felt by low-income populations of urban centers 
due to chronic, smaller-scale flooding events. Finally, projected increases in temperature and precipitation 
variability threaten the ability to maintain water quality and manage the Mississippi, Missouri, and Ohio 
Rivers in ways that maintain the flow of goods and services throughout the region and the country. The 
Great Lakes indicators, from fish consumption to invasive species, show diverse conditions. Many of the 
complex interactions between climate changes, the lakes, and their surrounding land and populations raise 
uncertainty in long-term projections of lake levels and trends in environmental and ecosystem metrics 
(Table 24.1),6 and this uncertainty has important implications for international collaboration and adaptive 
management in the Great Lakes (Box 4.3).

Despite these many risks to the economy and identity of the Midwest, people are responding in ways that 
offer hope for the future. Researchers are identifying climate-smart agriculture practices that could help 
boost profitability and improve economic and environmental sustainability (Figure 24.4). There is growing 
recognition that undeveloped natural lands provide economic and social benefits by contributing to climate 
mitigation and adaptation (providing nature-based solutions through effective resource management) 
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and that collaboration with Tribes on land issues improves climate outcomes for all residents. Within 
communities, people are engaging with one another to identify solutions to address structural, institution-
al, and systemic factors that contribute to inequities and climate injustice. Researchers and practitioners 
are collaborating to build transportation and energy networks that are resilient to climate change while 
also maintaining social cohesion in the process. For example, experimental port management in the Great 
Lakes is assuming the role of ecological restoration, which also improves the social health of the region 
(Figure 24.9). Communities like Milwaukee have developed public–private partnerships and increased green 
stormwater infrastructure. Finally, federal partners are working with state and local agencies to build tools 
and approaches to address climate-related challenges such as drought and harmful algal blooms. 

Key Message 24.1  
Climate-Smart Practices May Offset Complex  
Climate Interactions in Agriculture

Crop production is projected to change in complex ways (likely, medium confidence) due to 
increasing extreme precipitation events and transitions between wet and dry conditions (likely, 
medium confidence), as well as intensification of crop water loss (likely, low confidence). 
Changes in precipitation extremes, timing of snowmelt, and early-spring rainfall are expected 
to pose greater challenges for crop and animal agriculture, including increased pest and 
disease transmission, muddier pastures, and further degradation of water quality (likely, high 
confidence). Climate-smart agriculture and other adaptation techniques provide a potential 
path toward environmental and economic sustainability (medium confidence).

Risk
The Midwest is among the most intensive agricultural regions globally, producing more than 30% and 32% 
of the world’s corn and soybeans, respectively; numerous specialty crops; and livestock in concentrated 
animal operations.7,8 Climate change is already affecting Midwest agriculture, and projected climate changes 
increase these risks.

Impacts
Annual precipitation increased by 5%–15% across much of the Midwest during 1992–2021 (compared to the 
1901–1960 average), with some areas experiencing reduced precipitation during summer (Figure 2.4).9,10,11,12 
These trends, particularly across the north-central region of the US, have been partly attributable to 
human influence.13,14 Projections (under low [RCP2.6] to very high [RCP8.5] scenarios) suggest precipitation 
increases across the Midwest ranging from 8% to 20% by midcentury relative to the previous five decades, 
with individual model uncertainty regarding the degree, direction (wetter or drier), and regional spatial 
characteristics (KM 3.3).10,12,15,16,17 Rapid transitions between precipitation extremes are expected to increase 
across all of the Midwest by late century (2071–2100) compared to historical conditions (Figure 24.1).17,18 
Amplified precipitation variability and more frequent wet–dry transitions increase the risks of transient 
drought and harm to crops, requiring changes in management systems to maintain food security.19,20,21
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Change in Frequency of Transitions Between 1-Month Precipitation Extremes

The frequency of wet–dry and dry-wet transitions across the Midwest is projected to increase by late century 
(2071–2100). 

Figure 24.1. Transitions between wet and dry periods are expected to become more frequent across the Midwest. 
Observed changes in transition frequency (from wet to dry or dry to wet) are based on the Standardized Precip-
itation Index (SPI), represented by the difference between the periods 1951–1980 and 1981–2010 (historical 
change, panel a). SPI is a common statistical index that quantifies the relative intensity of drought or wetness, and 
monthly SPI values are utilized to show transitions over short periods. Projected changes in transition frequency 
under low (SSP1-2.6; b), intermediate (SSP2-4.5; c), and very high (SSP5-8.5; d) scenarios are represented by the 
difference between the periods 2071–2100 and 1981–2010. The black boundary outlines the Midwest region. 
Black dots indicate grid cells where the model-projected transition frequency is significantly different from the 
historical climatology. Adapted from Chen and Ford 202318 [CC BY 4.0].

Although average corn and soybean yields increased in recent decades in the Midwest,22 both excessive 
moisture (flooding) and extreme droughts significantly decreased corn yields in some locations and years 
by up to 37%.2,23 Excessive spring moisture has delayed corn planting by up to a month,24 while episodic 
droughts have reduced yields2 despite increasing annual rainfall.25 

Future projections suggest further changes in seasonality and increases in variability. Earlier snowmelt 
is expected to increase daily maximum spring streamflow.26 Intermediate (RCP4.5) to very high (RCP8.5) 
scenarios show both an increase in the frequency of wet springs and decreasing summer precipitation and 
drier soils.15,27,28 More intense precipitation during the early spring, when soils are largely uncovered and 
wetter, increases soil erosion3 and leaching of nitrogen fertilizer.10 Additionally, water quality concerns (KM 
24.5) are compounded due to more frequent spring manure storage overflow and increased pressure on 
farmers to spread manure early. 

Temperature increases directly affect crop development and physiology29,30,31 and lead to increases in 
evapotranspiration and stress during dry conditions.32 While daily minimum temperatures have increased, 
daytime maximum (summer) temperatures have cooled in some areas of the Midwest (1991–2021 compared 
to 1901–1960; see Figure 2.4). This is an important trend for the Midwest and differs from that of other 
regions (Figure 3.11). Often referred to as the “warming hole,”33 this trend may be partly explained by the 
expansion of croplands and increased transpiration over parts of the Midwest and Northern Great Plains 
(KM 25.2).34,35,36,37,38 Increased transpiration may have also induced observed summer rainfall increases over 
parts of the region.34 These changes may have contributed to improved corn yields.39,40,41 Projections across 
a range of scenarios (low [SSP1-2.6] to very high [SSP5-8.5]), however, show that rising temperatures will 
reduce corn and soybean productivity while maintaining wheat production by the end of the century.31,42,43 
Higher temperatures also increase atmospheric vapor pressure deficit (VPD), enhancing crop water loss. 
Without expansion of irrigation, projected increases in VPD are expected to limit corn yields.44,45

https://creativecommons.org/licenses/by/4.0/legalcode
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Irrigation in the Midwest affects climate as well. Across the Wisconsin Central Sands region, for instance, 
irrigated agriculture, compared to rainfed agriculture, has contributed to decreased maximum tempera-
tures, increased minimum temperatures, increased VPD, and decreased evaporative demand.46 This land-use 
change/microclimate complexity introduces uncertainty regarding future projections of temperatures and 
moisture across the Midwest (KM 6.2).

Animal production in the Midwest is also vulnerable to climate change. Increases in winter and spring pre-
cipitation and temperature are expected to result in muddier paddocks and pastures, which can decrease 
fetal growth during late gestation.47,48,49 Perennial forage crops are under a greater risk of winter injury with 
climate change because of a greater frequency of above-freezing temperatures during winter.23 However, 
there are potential gains in forage productivity with a warmer and wetter climate, longer growing seasons, 
and higher carbon dioxide concentrations, although with potential declines in quality.50 Other important 
livestock impacts include feed shortages, loss of shade structures, nutritional restrictions, disease transmis-
sion, and biosecurity concerns (e.g., feral hogs and waterfowl may contaminate existing stocks as they seek 
higher ground).51 Increasing temperatures and higher dewpoints place demands on livestock management 
and housing needs to limit productivity losses or mortality. Heat stress limits livestock production51,52 and 
dairy quality.53 Under intermediate (RCP4.5) and very high (RCP8.5) scenarios, more intense heat abatements 
(e.g., fans, misting, sprinklers, ventilation) could be necessary to sustain recent production increases,54 and 
environmental impacts on dairy production will increase by 2050.55

Specialty crops, such as tree fruit and vegetables (e.g., pumpkin and berries), represent a $7.1 billion industry 
(in 2022 dollars) and have higher potential market values and production-related risks than commodity 
crops due to their dependence on flavor and appearance.56,57 Cold injury and damaging frosts during the 
spring are concerns for both perennial and annual crops (Figure 24.2), and excessive moisture has been 
associated with significant crop losses for growers throughout the year.58 Early-season flowering followed 
by spring freezes (Figure 24.3) has resulted in premature phenological development of tree fruit crops, 
erratic flowering, and increased risk of freezing injury in April and May.23,58 Current understanding of future 
impacts on specialty and horticultural crops across projected climate changes is limited. As tempera-
tures increase, shifts in the timing and growing zones of crops have caused observed pollinator population 
declines that have translated directly into decreased crop production.59,60,61 Projected temperature increases 
suggest continued challenges related to crop growing zones and timing.62

Freeze-Damaged Apple Blossoms

Early warmth and flowering followed by freezing temperatures in the spring poses risks to perennial and 
annual crops.

Figure 24.2. Apple blossoms are damaged by a freeze event on May 9, 2020, in Berrien County, Michigan. Photo 
credit: ©Dr. Mike Reinke, Michigan State University.
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Trends in Last Freeze Dates for Spring

Last spring freezes are occurring earlier over most of the Midwest region.

Figure 24.3. (a) Trends (solid black lines) show that the last date in spring when minimum temperatures fall to 
either 28°F or 32°F in Leelanau County, Michigan, are occurring earlier in the year. For example, the last 28°F 
temperature commonly occurred after May 1 during the 1950s–1970s, with earlier dates noted since the 1980s. 
Note the large variability in dates. The statistical significance of the trends (dashed black lines; based on a 95% 
confidence interval) shows the range of values of the trend line based on the observed dates. In all cases, these 
confirm there is a trend toward earlier last freeze dates. Panel (b) shows change in the number of days per decade 
of the last spring freeze (28°F) over the period 1950–2021. The black boundary outlines the Midwest region. 
Orange shading indicates trends toward earlier last spring freeze dates, blue shading indicates trends towards 
later last spring freeze dates, and gray shading indicates no trend. Adapted with permission from the Midwestern 
Regional Climate Center’s Freeze Date Tool (https://mrcc.purdue.edu/freeze/freezedatetool). Map base layer on 
right is ©Mapbox ©OpenStreetMap. 

Evidence suggests that pest distributions have shifted northward since the early 20th century, and 
projections indicate that increasing temperatures will allow pests (e.g., brown marmorated stink bug, corn 
earworm, Japanese beetle, Mexican bean beetle, and potato leafhopper) to continue expanding northward 
across the Midwest.63,64,65,66,67,68 Warming winters lead to insect population expansion throughout the Great 
Lakes (e.g., Kiefer et al. 202169), while hotter, drier conditions exacerbate yield loss from weed competition.70 
Higher dew points (humidity) increase disease risk for numerous crops, including soybean and apples.21,71,72 

Most Midwestern row crops are insured, providing growers with some economic security against weather- 
and climate-related risks.73 However, US crop insurance losses continue to rise, with an estimated $31.9 
billion (in 2022 dollars) attributed to climate change over the last three decades.74 Drought payments 
represent the largest percentage of indemnities, although wetness losses are increasing.75 Evidence 
suggests an overall decline in drought across the region since 1895;76 however, an increased occurrence of 
flash drought (rapid depletion of soil moisture), along with soil degradation77 and more productive crops,8 
has resulted in moisture stress to crops and native vegetation.78,79 Damages from droughts and other 
climate-related financial losses have implications on farmers’ mental health as well (KM 24.3). 

https://mrcc.purdue.edu/freeze/freezedatetool
http://mapbox.com/about/maps
http://openstreetmap.org/copyright
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Climate-Smart Agriculture
According to the United Nations Food and Agriculture Organization, “climate-smart agriculture defines 
an agriculture that sustainably increases productivity [and] resilience (adaptation), reduces/removes 
GHGs (mitigation), and enhances the achievement of national food security and development goals.”80 
Climate-smart strategies include, but are not limited to, the use of cover crops, reduced- or no-tillage 
operations, improved nutrient and manure management, wetland and grassland management, agroforestry, 
bioenergy crops, on-site carbon sequestration, and agrivoltaics (the integration of agricultural production 
activities and solar energy generation; Figure 24.4). However, there are uncertainties about the climate 
benefits and detriments of these techniques, particularly in field settings.81 Cover crops can improve soil 
health, reduce erosion, and increase soil organic carbon. Five percent of agricultural fields in the Midwest 
were cover-cropped in 2017, up from 2.6% in 2012.82 A reduction in yields for cash crops may deter further 
adoption of cover crops, and recent analyses suggest that non-legume cover crop adoption reduced maize 
yields by 3.9% to 5.5% in the Midwest.82,83 Billions of dollars of investment to encourage producers to test 
various climate-smart practices have come from federal programs and legislation. Precision agriculture, 
which maximizes the efficiency of input application (e.g., fertilizers, herbicides) allows for homogeneous-
ly managed zones within the same field.84,85 Such approaches have the potential to increase production 
efficiency; increase resilience to climate-related risks, particularly the loss of nitrogen fertilizer;86,87 and 
yield co-benefits for Midwestern ecosystems (KM 24.2). Corn remains the major bioenergy crop in the 
US, providing ethanol as a biofuel.88 Whether corn ethanol is a climate-smart practice is heavily debated.88 
Second-generation biofuels from cellulosic biomass feedstocks, including dedicated energy crops (grown 
specifically for energy and not food production); agricultural crop residues (materials left on land after 
crop harvest); and wood residues have greater potential to reduce greenhouse gas emissions, with limited 
adverse impacts on food crop prices and indirect land-use changes compared to corn ethanol.89,90,91 
Additional techniques concerning animal agriculture and greenhouse gas emissions are explored in KM 11.1.
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Environmental Impacts from Conventional Versus Climate-Smart Practices

Climate-smart agricultural strategies may have adaptation and mitigation advantages that balance agricultural 
needs and environmental impacts. 

Figure 24.4. The figure shows examples of conventional and climate-smart production methods: (clockwise from 
top center) wheat field in Brownsburg, Indiana; spring corn under fair skies in southwest Ohio with infield soil 
sampling probe; outlet from water control structure to agricultural drainage ditch; inter-seeded annual ryegrass, 
clovers, and radishes growing in young corn in Carroll County, Iowa; macrotopograhic feature (ridge and swale) 
on a wetland restoration easement in Starke County, Indiana; planting green: no-till drilling soybeans into standing 
cereal rye in Washington County, Iowa; Forage Systems Research Center in Missouri works to improve the quality 
of forage grass, promotes management-intensive grazing, rotational grazing, cattle management, and the eco-
nomics of beef and forage; an example of agrivoltaics—combining solar energy production on agricultural produc-
tion lands; farmer tilling fields: traditional practice to break up soil in preparation for planting; farmer harvesting 
soybean with combine. The center diagrams compare the agricultural needs (blue ovals and text) with environ-
mental impacts (green ovals and text) for both conventional and climate-smart agriculture. As shown, there is an 
imbalance between the agricultural needs and environmental impacts of conventional agriculture (represented by 
the blue and green ovals); whereas climate-smart agriculture may provide more balance between the two. Adapt-
ed with permission from Foley et al. 2011.92 Photo credits: (top left; left, second from top) United Soybean Board 
[CC BY 2.0]; (top center) Carly Whitmore, NRCS; (top right) ©Elizabeth Hawkins; (right, second and third from top; 
bottom left) NRCS/SWCS photo by Lynn Betts [CC BY 2.0]; (bottom right) Carly Whitmore, NRCS; (bottom center) 
Kyle Spradley [CC BY 2.0]; (left, third from top) ©Tony Mancuso. 

https://creativecommons.org/licenses/by/2.0/legalcode
https://creativecommons.org/licenses/by/2.0/legalcode
https://creativecommons.org/licenses/by/2.0/legalcode
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Key Message 24.2  
Adaptation May Ease Disruptions to Ecosystems and Their Services

Ecosystems are already being affected by changes in extreme weather and other 
climate-related changes, with negative impacts on a wide range of species (likely, high  
confidence). Increasing incidence of flooding and drought is expected to further alter aquatic 
ecosystems (likely, medium confidence), while terrestrial ecosystems are being reshaped by 
rising temperatures and decreasing snow and ice cover (very likely, high confidence). Loss 
of ecosystem services is undermining human well-being, causing the loss of economic, 
cultural, and health benefits (medium confidence). In response, communities are adapting 
their cultural practices and the ways they manage the landscape, preserving and protecting 
ecosystems and the services they provide (low confidence).

Risk
The Midwest is home to many communities and cultures that appreciate and rely on fish, wildlife, waters, 
and lands. Indigenous communities throughout the Midwest recognize natural resources as persons and 
extended family (a kin-centric viewpoint) and at times may use terminology such as relatives or beings 
to refer to them.93 These relatives support intergenerational continuity, heritage, and spiritual practice. 
Fishing, hunting, and wildlife viewing are common recreational activities and contribute billions of dollars to 
the regional economy.94 Exposure to natural environments enhances human well-being and health,95 while 
limited access to natural resources contributes to health inequality.96

Impacts
Midwestern aquatic ecosystems are being harmed by rising temperatures and increased precipitation.97 
Climate change intersects with invasive species, land-use change, and human consumption to affect 
nutrient pollution, water quality, and water levels.98,99,100,101 For example, invasive species and habitat 
degradation are negatively affecting walleye growth, survival, and abundance.98,102,103,104 Mass fish die-offs due 
to extreme summer heat are projected to double by midcentury (under a very high scenario [RCP8.5]) in 
northern temperate lakes.105 Indeed, the Fond du Lac Band of Lake Superior Chippewa has documented an 
increase in lethal stream temperatures and a decline in brook trout harvest.5

Extreme precipitation events degrade riparian ecosystems, erode river and stream banks, disperse con-
taminants, disrupt plant and animal cycles, and spread invasive species; however, there may be benefits 
to flooding, including increases in connectivity for aquatic organisms, habitat complexity, and size of 
the floodplain.106 Reduced snowmelt is projected to shift spring peak flow earlier in the year.107,108 Rapid 
transitions in hydrology (Figure 24.5) and increasing temperatures are projected to cause widespread 
changes in stream conditions, shifting habitats for invertebrates and fishes.109 While broad declines in brook 
and brown trout populations are projected, streams with enhanced groundwater sources have demon-
strated resilience to warming and the ability to maintain a viable fishery.110 Climate-driven changes in heavy 
rainfall are magnified by land use, with pronounced negative effects in urban111 and agricultural watersheds.26
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Extreme Precipitation Impacts 

Extreme precipitation events have adverse impacts on aquatic and terrestrial ecosystems, human health, 
infrastructure, and economies. Conservation and management strategies can help moderate these impacts.

Figure 24.5. Extreme precipitation events can degrade aquatic ecosystems, threaten human health and safety, 
damage infrastructure and communities, and yield billions of dollars in economic damage. The conservation and 
management of natural lands can reduce these negative effects—reducing erosion and flood risk, improving water 
quality, increasing carbon sequestration, and reducing the economic cost of flooding. This conceptual drawing, 
showing a Midwestern landscape with an extreme storm on the horizon and water flowing into streams and rivers, 
illustrates how land management choices affect downstream flooding, infrastructure, and ecosystem services. 
Landscape features and land management practices that slow the flow of water across the surface can improve 
habitat and water quality, reduce flood and drought risks, and have a variety of other benefits. Adapted with 
permission from Palmer et al. 2020.112
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As in the Northern Great Plains (KM 25.4), agricultural expansion threatens Midwestern grasslands113 
via habitat loss and land fragmentation, which exacerbates the vulnerability of grassland wildlife.114,115 In 
Indiana, high temperatures and drought contributed to the local extirpation of the endangered Karner blue 
butterfly,116 and portions of the Midwest may become inhospitable for the monarch butterfly due to climate 
change.117 While the composition of grassland communities is changing in response to climate change, land 
use, and management,118 the adoption of mowing and prescribed burning may offset global and regional 
drivers to retain biodiversity in these threatened ecosystems.119,120

Increasing temperatures are projected to increase wildfire risks to Midwestern forests.121,122,123 Flash droughts, 
characterized by sudden onset and rapid intensification,124,125 have increased in frequency since 1980—
although it is unclear whether current frequencies reflect a departure from the past (i.e., before the instru-
mental record began126). Flash droughts not only impact crops (KM 24.1) but also induce significant water 
stress in thin-soiled forests, inciting pathogen infection that increases tree mortality.127 Additionally, climate 
change combined with river management for navigation strains the health of floodplain forests that are 
important hotspots of ecological activity.128,129

The threat of invasive species is amplified by climate change.130,131 However, invasive species can be perceived 
in different ways: many Indigenous communities have holistic views of invasives, or non-local beings, who 
encompass both positive and negative attributes. For example, dandelions and common plantain are used 
medicinally in Anishinaabe communities. Understanding the gifts and teachings that beings have can change 
our interactions and resource management.93,132

Warming has shortened the length of persistent cold conditions and decreased snow cover in the Upper 
Midwest.133,134 Snow supports the survival of boreal wildlife, providing insulation from cold conditions.135 
Some types of wildlife, such as moose, are threatened by warming winter conditions;133 declining moose 
populations have been recorded in the 1854 Ceded Territory over the last three decades.136,137 This 
loss, in turn, has cascading impacts on cultural practices, human well-being, subsistence harvesting, 
and tourism.133,138,139

Climate change accelerates the loss of beings, access, and connection to the land for Indigenous Peoples 
(Ch. 16).133,140,141,142,143 Wild rice is one of the most vulnerable culturally significant species to Midwest 
Tribes,5,144 and harvest rates have decreased due to warming and altered hydrology,136,145 potentially leading 
to a loss of cultural identity.5,146 Sugar maple is also culturally and economically important to Indigenous 
communities.133,145,147 Warming winters have altered the timing and length of maple sugaring.136,145 Seasonal 
changes and shifting habitats can impact Traditional Knowledge, language, physical health, and mental 
well-being by altering the timing of cultural ceremonies, availability of beings needed for the ceremonies, 
and potential loss of culturally significant relatives (KMs 8.2, 16.1).145,148

Nature-based recreation is transitioning, affecting opportunity, economy, and safety (KM 8.3). For example, 
climate change limits the availability of fish such as walleye and trout, sometimes leading to reduced 
catch limits104 and food insecurity.149 Ice cover, an important feature of northern lake systems, is declining 
in response to rising winter air temperatures,150 with the most abrupt changes beginning in the 1990s.4 
Loss of ice cover is projected to continue through the end of the century, with greater losses under high 
scenarios,150 threatening some cultural activities and services (Figure 24.6).151 Winter drownings have also 
increased along with temperatures, which have decreased ice cover.152
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Ecological Services of Ice-Covered Inland Waters

Rising winter temperatures are decreasing inland lake ice cover and the associated ecosystem services, 
benefits, and activities it provides.

Figure 24.6. Ice-covered inland waters provide humans with important cultural ecosystem services (light blue 
ring), benefits (dark blue ring), and activities (yellow ring) that are central to people’s well-being, culture, and 
identity across the Midwest. Adapted from Knoll et al. 2019151 [CC BY 4.0].

Nature-Based Solutions for Adaptation and Mitigation
Land managers are actively managing Midwestern forests to adapt to climate change153 by reducing 
stressors, restoring native species diversity, increasing structural diversity (e.g., variation in age structure), 
and shifting forest composition to species better adapted to future climate conditions.153,154 Additional 
studies can inform the introduction of species adapted to future climate to achieve desired forest 
management outcomes.155

Fish managers have ways to reduce the effects of increased water temperatures, novel invasive species, and 
other climate-driven changes.97 They have combined socioeconomic and ecological data to prioritize lakes 
and identify suitable management techniques.156 Current management interventions include acquisitions 
and easements, reducing runoff, protecting in-lake habitats, managing invasive species, changing harvest 
regulations, and adjusting stocking priorities.156 Improvements in lake modeling and forecasting of harmful 

https://creativecommons.org/licenses/by/4.0/legalcode
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algal blooms, as well as better information about invasive species and resilient fisheries, have the potential 
to improve adaptation efforts.157

Climate adaptation and mitigation can be achieved in part through nature-based solutions, including the 
protection and management of natural lands. These approaches have the additional advantage of providing 
social, ecosystem, and economic benefits.158,159 Since 1980, the Midwest has incurred $49–$109 billion 
(CPI-adjusted to 2022 dollars) in economic damages due to flooding,160 with losses projected to increase with 
further climate change.161 Natural floodplains can reduce flood damages and yield benefit-to-cost ratios of 
up to 5 to 1.162 Moreover, a targeted 10% increase of wetland area within the Mississippi River basin could 
decrease nitrogen loading to the Gulf of Mexico by more than 40%.163 Additionally, climate-smart strategies 
on agricultural lands (Figure 24.4)164 can yield co-benefits for Midwestern ecosystems.

There is also growing enthusiasm for natural climate solutions, which are specifically designed to increase 
carbon storage or decrease greenhouse gas emissions through conservation, restoration, and improved land 
management.165,166,167,168 Some Midwestern forests are already being managed to bolster carbon storage,169 and 
there is much room for expansion of these practices in the region (KMs 7.2, 8.3). Ongoing changes in the 
climate and atmosphere are expected to accelerate growth of the region’s grasslands, which, depending on 
how they are managed, could increase their carbon storage.170 Extensive peatlands in the region historically 
sequestered carbon, but much of this carbon has already been released by draining wetland areas.171,172 

The long-term mitigation potential of Midwestern ecosystems has large sources of uncertainty related 
to climate-driven risk factors such as fire, drought, and pests;165 offsets from increased soil microbial 
respiration;173 and warming-induced losses of carbon stored in peatlands.174

Tribal Nations have made considerable progress in adaptation, including collaboration on guidance, vul-
nerability assessments, and implementation (KM 21.4; Ch. 16).132,144,175 Adaptation strategies vary among 
Tribal Nations and their values. For example, one being might be a suitable substitute for another, such 
as birch trees instead of sugar maples for syrup tapping; however, beings that are tied tightly to a Tribal 
Nation’s cultural identity (e.g., wild rice) cannot be substituted.145 Therefore, adaptation strategies for those 
beings could mean collaborating and building relationships with Tribes and agencies outside of traditional 
harvesting lands and jurisdictional boundaries.132,145 Inclusion of cultural knowledge and language can 
strengthen adaptation planning and implementation.132,141,143,144 Guidance for incorporating this information 
and Tribal input by non-Tribal entities can inform respectful and reciprocal collaboration.132,176,177
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Key Message 24.3  
Climate Adaptation and Mitigation Strategies  
Improve Individual and Community Health 

Climate change has wide-ranging effects on lives and livelihoods (very likely, very high con-
fidence), healthcare systems (high confidence), and community cohesion (high confidence). 
These diverse impacts will require integrated, innovative response from collaborations 
between public health and other sectors, such as emergency management, agriculture, and 
urban planning. Because of historical and systemic biases, communities of color are espe-
cially vulnerable to these negative impacts (very likely, very high confidence). Mitigation and 
adaptation strategies, such as expanded use of green infrastructure, heat-health early warning 
systems, and improved stormwater management systems, when developed in collaboration 
with affected communities, have the potential to improve individual and community health 
(high confidence).

Risk
The health of Midwestern populations is at risk from increased extreme heat, precipitation, drought, and 
flooding, along with reductions in air quality and increased incidence of vector- and waterborne illnesses 
(Ch. 15). Physical injury and illness resulting from climate-related hazards may also influence mental health 
and can reduce quality of life and community function as traditional forms of connection and culture are 
lost or diminished.178,179

An individual’s exposure and sensitivity to climate change are influenced by preexisting health conditions, 
age and gender, race and ethnicity, access to resources, and the level of local adaptive capacity.179,180,181,182 
Therefore, climate change impacts on health are not distributed equally across populations. Historical 
policies and systemic racism have created conditions that leave lower-income individuals and people 
of color more vulnerable to climate-related hazards (KMs 15.2, 16.1).179,182,183,184 Environmental and social 
conditions such as old or deteriorating housing stock, inadequate tree cover, poor or degraded stormwater 
infrastructure, increased exposure to air pollution, limited transportation access, and lack of preventive 
healthcare services amplify climate-related hazards in the Midwest.181,183,185

Impacts
Rising temperatures can increase the production of ground-level ozone and particulate matter (KM 14.1). 
Exposure to these air pollutants can cause or worsen cardiovascular and respiratory illnesses and lead to 
premature death.186,187 Future warming under a very high scenario (RCP8.5) is projected to increase exposure 
to ground-level ozone by midcentury, with higher ozone-attributable death rates in counties in the Midwest 
and Great Plains than in the rest of the United States.188 This association may be impacted by population 
factors, such as density and baseline death rates.188 Mitigation efforts that reduce ozone can yield large 
reductions in associated healthcare costs.189

Projected increases in extreme heat events across the Midwest amplify the risk of heat-related and 
respiratory illnesses. A July 2012 extreme heat event in Wisconsin was associated with approximately $290.3 
million (in 2022 dollars) in damages due to loss of life, hospitalizations, lost wages, and other health-related 
costs.190 By the end of the century, approximately 1,200 deaths related to extreme heat would be avoided 
under an intermediate scenario (RCP4.5) compared to a very high scenario (RCP8.5).191
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While many of the worst wildfires occur in the western US, there are scattered areas of high wildfire 
risk throughout the Upper Midwest (Focus on Western Wildfires).192 Wildfire smoke from both local and 
distant sources (Figure 24.7) poses a threat to human health by aggravating cardiovascular and respiratory 
conditions such as heart arrhythmias and asthma.89,193 A study of hospital admissions across the US 
between 2006 and 2015 found that an increase of 10 micrograms per cubic meter in wildfire-related 
particulate matter in a hospital’s zip code was associated with a nearly 3% increase in probability of an 
intensive-care-unit admission.194 Compared to other US census areas, this association was most consistent 
across Midwestern zip codes. This may be due to the larger population in this region compared to other 
study regions or the lack of personal protective behaviors.194 Based on very high (RCP8.5) and interme-
diate (RCP4.5) future climate projections, many Midwest counties will experience increased exposure to 
wildfire smoke.195

Impacts from Wildfire Smoke in the Midwest

Wildfire smoke from both local and distant sources threatens human health. 

Figure 24.7. This satellite image shows wildfire smoke from Canada moving down over the northern Midwest 
on July 11, 2021. Satellite image credit: Joshua Stevens, NASA Earth Observatory, using VIIRS data from NASA 
EOSDIS LANCE, GIBS/Worldview, and the Joint Polar Satellite System (JPSS).

Increasing spring and fall temperatures are leading to rising pollen counts, which can worsen allergies, 
asthma, and other respiratory conditions (KM 14.4).196,197 By 2050, increased oak pollen is projected to lead to 
a 7% annual increase in asthma-related emergency room visits for the Midwest under a very high scenario 
(RCP8.5) compared to 2% under an intermediate scenario (RCP4.5).198 Notably, when sensitive individuals are 
simultaneously exposed to allergens and air pollutants, respiratory reactions can become more severe.199 
Black, Hispanic, and Indigenous populations tend to be disproportionately exposed to air pollution181 and 
have the highest rates of asthma and asthma-related deaths and hospitalizations in the United States.200
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The amount of precipitation falling in the most intense 1% of events increased significantly (45%) in the 
Midwest between 1958 and 2021 (Figure 2.8a). Under a global warming level of 3.6°F (2°C), extreme precip-
itation intensity is projected to increase 10%–15%, and perhaps more than 20% in some areas (Figure 2.12). 
Public health concerns related to flooding in the Midwest include drowning and injury, exposure to mold 
or waterborne pathogens, economic losses and fiscal strain, employment loss, mental stress, disruption of 
essential health services, and displacement from the community.179,184,201,202

Increases in extreme rainfall are stressing stormwater systems across urban and rural landscapes in the 
Midwest (KM 24.5).164,201 Resulting sewage overflow threatens surface water and water distribution networks 
and increases exposure to waterborne pathogens.201 By midcentury, precipitation changes are projected to 
increase the rate of gastrointestinal illness among children due to contaminated drinking water.203 Under a 
very high scenario (RCP8.5), some Midwest households that rely on private wells for drinking water, most 
of which are outside of urban areas, are projected to be at higher risk for nitrate contamination from heavy 
rainfall and flooding.204

Rising temperatures, particularly in winter, and increasing precipitation contribute to the geographic 
spread of disease-carrying vectors (e.g., ticks and mosquitoes) into and across the Midwest.205,206 Lyme 
disease, caused by the bacterium Borrelia burgdorferi, is the most prevalent vector-borne disease in the 
United States and is now endemic to the Midwest (Figure 24.8).207 Health costs related to Lyme disease are 
substantial. One study estimated that in 2012, the health-related costs of treating Lyme disease in Michigan, 
which at the time was not a high-incidence state, was approximately $9 million (in 2022 dollars).190 The 
tick species Amblyomma americanum, linked to ehrlichiosis and other serious diseases, has already been 
reported in the Upper Midwest, and projections indicate considerable potential expansion throughout 
this century.208

Midwest Region Lyme Disease Case Counts by State (2000–2019)

Lyme disease incidence has increased across the Midwest.

Figure 24.8. The graph shows annual reports of Lyme disease incidence across the Midwest between 2000 and 
2019. Factors such as rising temperatures, increased precipitation, warmer winters and land-use change have 
contributed to an increase in the incidence of Lyme disease across the region. Figure credit: University of Minne-
sota Climate Adaptation Partnership, NOAA NCEI, and CISESS NC. 

Milder winter temperatures and changes in precipitation patterns are also increasing the risk of 
mosquito-borne arboviruses such as dengue, chikungunya, Zika, yellow fever, and West Nile virus.209 By 
2050, areas like the Ohio Valley are projected to have approximately 99–201 annual cases of West Nile virus 
under an intermediate scenario (RCP4.5) or 112–231 annual cases under a very high scenario (RCP8.5).210
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Stress associated with experiencing climate-related disasters is impacting the mental health of people 
living in the Midwest179,211 and is expected to increase as the frequency of extreme events rises. The trauma 
caused by a disaster, such as losing one’s home, job, or livelihood or being displaced from one’s community, 
can contribute to chronic depression, anxiety, and post-traumatic stress disorder.212,213 In addition, people 
can suffer a loss of social connections, bear witness to people being harmed and landscapes destroyed, and 
confront an uncertain future, any of which can trigger or intensify adverse mental health conditions.178,214 
Farmers and others dependent on agriculture for their livelihood are particularly at risk.212,215,216 Many rural 
Midwesterners already experience obstacles to utilizing healthcare services,217 including mental health 
services.218,219 

Climate Resilience for Healthier Outcomes
Without efforts to reduce emissions and promote climate resilience, the Midwest will experience an 
increase in climate-related deaths, injury, and disease and a decrease in mental wellness.220,221 Furthermore, 
because these health outcomes are linked to key social and environmental determinants of health, they are 
expected to disrupt community well-being, with costs and consequences for livelihood, social and cultural 
connections, education, transportation, and access to essential services.178,182,221,222 Health disparities tied to 
race, ethnicity, age, and income are linked to an inequitable distribution of these climate-related health 
outcomes at individual and population levels.179,184

Actions and investments to reduce climate-related health and community impacts such as increased tree 
cover, weatherization programs, improved stormwater management, heat-health early warning systems, and 
culturally relevant climate education and climate services (Box 24.1) can yield multiple benefits for individual 
and community health while helping to advance more equitable climate adaptation.182,223,224,225,226,227 Sufficient 
data, technical services, and tools on climate-related health risks, racial and socioeconomic disparities, and 
socioenvironmental determinants of health would help increase the effective management of emerging and 
anticipated climate and health-related risks.182,204,227 For example, the CDC has advanced a framework for 
cross-sector collaboration that identifies a broad range of resources to reduce climate-related health risks.

Leadership efforts by the emergency management sector in the Midwest to address climate threats to 
individual and community health highlight the important role for this sector in adaptation planning.220,228,229 
The increased frequency of extreme events is expanding the need for more resources to support disaster 
preparedness and response, especially for vulnerable communities.182,228,230 

Box 24.1. Midwest Educational Resources 

The Midwest has a rich and expanding body of formal and informal climate education and services available to educators 
and resource managers of all ages and backgrounds. These efforts help build a climate-informed and responsive society 
and connect to impacts as well as adaptation and mitigation activities discussed throughout this chapter. Built on the 
National Research Council (NRC) Framework for K–12 Science Education,231 educators from across the country created 
the Next Generation of Science Standards (NGSS), which includes contemporary climate science.232 Incorporation of these 
standards varies across the Midwest. Illinois, Iowa, and Michigan have adopted the NGSS, while others have developed 
their own standards based on the NRC framework.233 In response, educators have created new climate curriculums and 
activities for students across K–12 (e.g., Muhich and Rood 2022234). Recent federal investments, such as one establishing 
the Midwest Climate Adaptation Science Center,235 augment climate research and outreach across the region, connecting 
with more communities and developing a stronger climate adaptation and community of practice. Since the publication 
of the Fourth National Climate Assessment in 2018, coordinated efforts have increased among extension professionals, 
who help translate climate research into practice to help rural and urban communities prepare for and respond to climate 
change. These and many other university, Tribal, and private entities are collaborating to expand the breadth and reach of 
climate education and services across the Midwest.
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Key Message 24.4  
Green Infrastructure and Investment Solutions  
Can Address Costly Climate Change Impacts

Increases in temperatures and extreme precipitation events are already challenging aging in-
frastructure and are expected to impair surface transportation, water navigation, and the elec-
trical grid (likely, medium confidence). Shifts in the timing and intensity of rainfall are expected 
to disrupt transportation along major rivers and increase chronic flooding (likely, high confi-
dence). Green infrastructure and public and private investments may mitigate losses, provide 
relief from heat, and offer other ways to adapt the built environment to a changing climate 
(medium confidence).

Risk 
Midwest infrastructure, including dams, bridges, roads, wastewater facilities, and energy generation and 
distribution systems, need repair,236 with estimated costs for upgrading these systems totaling $7,547 (in 
2022 dollars) on average per capita across the Midwest. Projected changes in precipitation and tempera-
tures increase the risk of failure and cost. Although the Midwest has had numerous state-level and federally 
declared flood disasters, the risk of loss due to recurrent, underreported inland and urban flooding events 
increases as the frequency of intense precipitation events rises. Fluctuating water levels make efficient 
navigation of goods and services through the region’s rivers and the Great Lakes more challenging. 

Impacts
Interest in the impacts of climate change on infrastructure has grown significantly over the last decade.237 
Although improvements have been made, recent grades based on capacity, condition, funding, future need, 
operations and maintenance, public safety, resilience, and innovation across Midwestern states vary from 
a C to a D+.236 Significant repairs are needed in surface transportation, wastewater and stormwater, dams, 
ports, and the energy grid. Projected increases in temperature and more intense precipitation under a very 
high scenario (RCP8.5) are expected to increase costs associated with rail and roads (amounting to hundreds 
of billions of dollars annually by 2090), with significant reductions to these estimates under an intermedi-
ate scenario (RCP4.5).238 For instance, projected rises in temperature are expected to increase the width of 
cracks caused by deicing salts in reinforced-concrete bridges.239

The commercial transport of goods and services along the major rivers (Mississippi, Missouri, and Ohio 
Rivers; KM 24.5), largely controlled by a system of locks and dams, is at risk from increased precipitation 
extremes. High-flow events reduce traffic on the river systems, which may be limited to daytime operation 
only or cease altogether. During low-flow events, channels are reduced and potentially need dredging. 
These hydrologic extremes increase costs and lead to delays in the delivery of commodities like food and 
fertilizer. Along the main stem of the Ohio River, increases in the spring (March) maximum and decreases in 
the fall (October) minimum flow discharge are projected for 2070–2099 under high (SRES [Special Report on 
Emissions Scenarios] A1B) and very high (SRES A2) scenarios, with up to a 35% change expected relative to 
1952–2011.240 Without coordinated adjustments to monitoring, water releases, and communications along the 
river, significant disruptions to traffic flow and volume of goods transported are expected.

Water transport is the most carbon- and fuel-efficient means of transport, especially compared to rail and 
truck.241 Fluctuating Great Lakes water levels, coupled with diverse ecological and geophysical conditions, 
create unique coastal environments that necessitate funding and construction strategies that are closely 
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tied to local ecological, economic, and social conditions. The period 1998–2013 saw some of the lowest water 
levels on the Great Lakes in recorded history, whereas the 2020s have seen some of the highest on record.242 
Great Lakes ports (Figure 24.9) are located at the vital intersections of ecological, cultural, and infrastruc-
tural systems, and port operations attempt to serve these overlapping, and at times conflicting, value 
systems.243,244,245 In some cases, ports are taking on the work of ecological restoration as well as protection, 
property management, and urban industrial remediation—the types of efforts that can promote industrial 
opportunities, urban well-being, and ecological health. A good example of this is Toledo’s More Than a Port 
initiative.246 Another example is the multiyear Healthy Port Futures initiative, supported by the Great Lakes 
Protection Fund. This project reimagines how ports can function to enhance the ecological and social health 
of the surrounding community and ecosystem through sediment management, as well as through the ways 
it informs the design and restoration of public landscapes in critical nearshore habitats across the region.

Beneficial Use Wetland Creation for Healthy Ports

Innovative design of coastal infrastructure, such as the Ashtabula Port, allows the built environment to deliver 
social and environmental services.

Figure 24.9. The image shows an overview of the harbor in Ashtabula, Ohio, the site of a wetland creation project 
by the US Army Corps of Engineers with support from Healthy Port Futures. This project, which works with the 
flow on the Ashtabula River into Lake Erie, was one of the first attempts in the Great Lakes to establish a partially 
open wetland system with reused dredge material. This design permits an occasional, ecologically necessary 
disturbance that will promote wetland complexity while also allowing for an important hydrological connection to 
the nearshore. The figure highlights areas of material placement (solid yellow lines) and sediment movement and 
accumulation (solid white lines, including sediment transported naturally along the shore). Sediment that accu-
mulates in the wetland channels is placed in the dredged sediment placement locations (dashed yellow lines) 
every two to three years. This way, the project can employ an adaptive management approach and respond to suc-
cesses and challenges that may arise. The project will create diverse habitat types including deep water, shallow 
submerged areas, seasonally emergent areas, and the adjacent open water areas (habits indicated by the light 
beige and green shading). The built project differs slightly from what is shown here. Adapted from Burkholder et 
al. 2022.247
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An aging energy grid, combined with the extent and timing of a transition to different sources of energy 
generation, creates uncertainty about the impact of climate change on the grid itself. Increases in air 
temperature, rainfall, and the intensity and frequency of wildfires and storms are expected to disrupt grid 
efficiency and function, including maximum capacities and outage rates of transmission lines, transform-
ers, and substations.248 Climate change will reduce US transmission capacity by roughly 2%–8% during 
peak demand periods by 2100 across a range of scenarios (low [RCP2.6] to very high [RCP8.5]). Average 
summertime transmission line capacity reductions could range from 2%–6% under the same scenarios by 
the midcentury, with the Midwest seeing the largest reductions.249 Transmission infrastructure failures, 
including those caused by mechanical failures and unplanned surges in electrical current, are projected to 
occur more frequently.248 Given the strong push toward renewable energy and electrification of all systems, 
including transportation, it is uncertain whether the current grid will be able to handle the ongoing and 
anticipated changes in energy generation and distribution.

Renewable energy production in the Midwest has grown by more than 275% over the last decade,250 
reducing carbon emissions from the energy sector, although less so than in other regions. The growth of 
investment in renewable energy is contributing to the Midwest’s economy. In Iowa, public interest coupled 
with public and private investment has advanced the state to the second-highest wind energy–producing 
state in the country and leading the Nation in megawatt capacity per capita. In Adair County, Iowa, 
investments by MidAmerican Energy Company have led to the installation of two large wind farms that are 
cumulatively expected to produce 550 megawatts of capacity to the grid and provide well-paying jobs.251 
However, the extent of growth in solar and wind power across the Midwest is constricted by a patchwork 
of state and local land-use laws and ordinances banning or regulating the siting of solar and wind power 
generation projects.252 

Illinois, Iowa, Missouri, Wisconsin, and Minnesota are at high risk for increased riverine flood damage.253 Of 
nearly 92,000 dams inventoried by the US Army Corps of Engineers, the average dam age is 61 years, an age 
when many dams require expensive repairs, and 75% are classified as high hazard potential. Climate-forced 
external pressures interact in complex ways, leading to effects on the built environment (Figure 24.10). 
Increased occurrence of extreme precipitation events stresses aging infrastructure and exacerbates the risk 
dams pose;254 since 2018, 30 dam failures or near failures have occurred across the Midwest. 
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Climate Change–Related Factors in Dam Failure

Climate change–related factors contribute to dam failure, with cascading impacts on the built environment.

Figure 24.10. The graphic shows contributing causes for dam failure related to climate change, first-order ef-
fects of dam failure on the built environment, and adaptation pathways. Dam systems may experience climate 
change–related impacts independently or in parallel, and these impacts can have cascading effects. Damage to 
transportation, power, water, and communication infrastructure can limit a community’s ability to access health 
services. Damage to infrastructure, land, and the built environment can negatively impact local businesses and 
the economy. Adaptation pathways provide a basis for communities to address dam risk from a variety of system 
viewpoints. Figure credit: MITRE, University of Pennsylvania, American Society of Adaptation Professionals, and 
The Ohio State University.

Increases in extreme rainfall events (Figure 2.8) negatively impact property, public health and safety, and 
transportation systems. Urban and rural communities are at risk from projected increases in frequency 
and intensity of extreme rainfall events. Even when events are not categorized as state or federal disasters, 
communities and households experience property damage from basement flooding, health impacts from 
sewer overflows, and traffic disruptions from storm damage.179,255 Increases in state and federally declared 
disasters are expected to become more frequent. NOAA’s Billion-Dollar Weather and Climate Disasters 
tracking data now offer a detailed analysis of disasters reaching this cost impact, but smaller events are 
difficult to assess.160

Moving away from disaster-struck areas is more difficult for people with low income than it is for wealthier 
populations.256,257,258 Billion-dollar disasters and smaller-scale disasters alike have led to individual property 
damage and, in some cases, complete loss. A history of repairing buildings after repeated disasters has led 
to cases where structures have been rebuilt more than 30 times at a cost of nearly 100 times the value of 
the property.259 Between January 1989 and August 2019, more than 18,000 structures experienced chronic 
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losses in Ohio, Iowa, Illinois, and Missouri.260 Repetitive losses are trending upward due to increases in 
extreme storms and flooding across the region. Some Midwest communities are facing relocation due 
to projected increases in heavy precipitation and increased flood risk. Managed retreat, or community 
relocation—moving an entire community out of harm’s way—is often discussed as a coastal adaptation 
measure, but it has applied to the Midwest for decades. Examples, including the town of Valmeyer, Illinois, 
and the relocation of the Bad River Band of Lake Superior Chippewa in Odanah, Wisconsin, offer lessons on 
the benefits and drawbacks of flood-induced relocation. Equitable and effective relocation benefits from 
the coordination of dozens of jurisdictions and substantial funding and often takes years to achieve.259 These 
relocation efforts can disrupt social relationships and institutions.261 As described in Box 20.1, successful 
and equitable relocation programs require strong community engagement and an open recognition of the 
multiple drivers of migration, including environmental, economic, and governance conditions. 

Innovative Finance and Investments
Recent federal funding from the Infrastructure Investment and Jobs Act is pushing funding to state and local 
governments to support long-delayed infrastructure upgrades and repairs. As of March 2023, more than $36 
billion (in 2022 dollars) in project funding has been invested or announced for infrastructure projects in the 
Midwest, with an average 15.5% of funding directed toward climate, energy, and environment projects.262 
Along with this infusion of public dollars, the infrastructure investment landscape is changing, with private 
investment, environmental impact bonds (EIBs), and other financing tools being used in the region. An EIB 
is a financing tool that allows private investors to provide up-front capital for a pilot project or to scale 
up an existing project, with the goal of achieving a set of environmental outcomes. Some localities have 
combined innovative infrastructure approaches, including green infrastructure, with new funding models 
like EIBs or public–private partnerships. An innovative finance and construction approach being used by the 
Milwaukee Metropolitan Sewer District (MMSD) is an example of proactive climate adaptation. The MMSD 
reduced the annual number of combined sewer overflow events from 50–60 in the early 1990s to 2.3 in 
2019. Using a community-based public–private partnership, the MMSD is now looking to add an additional 
20 million gallons of green stormwater infrastructure (GSI) capture capacity beyond the current capacity 
of 40 million gallons. The project will allow for public and private investment to support local business and 
achieve massive green infrastructure benefits by 2026.263 Other municipalities are implementing GSI, and it 
is estimated that private investments across Ohio, Wisconsin, Minnesota, Illinois, and Indiana can support 
more than a billion dollars of GSI.264 Aside from leveraging private investment, some municipalities are 
combining funding from multiple public sources, including from different agencies and at different scales 
of government (federal and state) to fully fund projects. In the case of the Bee Branch Watershed Flood 
Mitigation Project in Dubuque, Iowa, eight federal and three state funding sources have been applied to the 
$250 million (dollar year not reported) project.265

Careful placement and design of green infrastructure provides benefits beyond flood reduction, such as 
reducing the urban heat island effect and providing relief to city residents during heatwaves. Green infra-
structure such as increased vegetation, stormwater capture systems such as bioswales (vegetative areas that 
concentrate and move stormwater while filtering for debris and pollution) and detention ponds, and open 
green spaces can significantly lower temperatures and channel natural airflow, which enhances the cooling 
effect from the green infrastructure.266
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Key Message 24.5  
Managing Extremes Is Necessary to  
Minimize Impacts on Water Quality and Quantity

Climate-related changes to water quantity and quality are increasing the risks to ecosystem 
health, adequate food production, surface water and groundwater uses, and recreation (high 
confidence). Projected increases in droughts, floods, and runoff events across the Mississippi 
River basin and the Great Lakes will adversely impact ecosystems through increased erosion, 
harmful algal blooms, and expansion of invasive species (likely, high confidence). Federal and 
state agencies and nongovernmental organizations are cooperating on adaptation efforts 
related to streamflow, water quality, and other water issues (high confidence).

Risk
Climate change is affecting the quality and quantity of water in the Midwest, as well as management 
practices related to the health of human and natural systems.267 Across both the Mississippi River and Great 
Lakes basins, climate change has impacted streams, rivers, and lakes—all vital to urban, rural, and Tribal 
communities. Drinking water sources, private wells, and agricultural irrigation sources are at risk. Observed 
changes in hydrology include increases in the variability of lake levels, evaporation, and water temperatures, 
along with more intense precipitation,268 including lake-effect snow, and shorter duration of snow and ice 
cover. These changes impact food production, businesses, industries, tourism, and recreation. Ecologically 
sensitive aquatic systems in the Great Lakes are at risk due to changes in lake temperatures and invasive 
species (KM 24.2).269 

Impacts

Mississippi River System
The Ohio River, upper Mississippi River, and lower Missouri River are susceptible to floods and droughts 
based on projected changes in precipitation, evapotranspiration, and soil moisture (Ch. 4). Precipitation 
has increased in recent decades (Ch. 2) with more extreme variability and rapid shifts between wet and dry 
periods (Figure 24.1). Projections across a range of scenarios (low [SSP1-2.6], intermediate [SSP2-4.5], and 
very high [SSP5-8.5]) indicate future increases in annual precipitation of 0.3% to 1.5% per decade in the 
eastern Midwest and 0.2% to 0.5% in the western Midwest.15 Winter and spring precipitation is expected to 
increase, while summer and autumn precipitation is projected to be more variable.15

Cumulative runoff has increased in recent decades240 and is projected to continue increasing through 
midcentury (Figure 24.11), leading to increased riverine flooding in the Ohio, upper Mississippi, and parts 
of the Missouri River basins. Prolonged periods of increased cumulative runoff have adversely impacted 
ecosystems and commerce and are projected to continue to do so.240 Observed decreases in the length of 
winter have reduced snowfall across the Midwest,270 with negative impacts for snow-dependent winter 
tourism for the Midwest and Great Lakes (KM 24.2).178 By the end of the century, projections indicate 
reductions in snowstorm frequency and size and snow-water equivalent totals;271 shorter snow seasons; and 
fewer intense snowfall events.272
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Projected Changes in Cumulative Seasonal and Annual Runoff

Projected changes in cumulative local runoff will lead to increased flooding susceptibility in winter and spring, 
with increased flash drought potential in summer. 

Figure 24.11. The maps show projected changes in the annual approximate cumulative gridded local runoff gen-
eration (referred to as cumulative runoff) for intermediate (RCP4.5) and very high (RCP8.5) scenarios (a, b) and 
seasonal approximate cumulative runoff for an intermediate (RCP4.5) scenario (c–f). The cumulative runoff is 
defined as the gridded cell-by-cell ability of the landscape to generate excess water for potential downstream river 
runoff using the Variable Infiltration Capacity (VIC) land-surface model. The cumulative runoff was developed us-
ing Coupled Model Intercomparison Project Phase 5–modeled scenarios and the VIC hydrology model. Cumula-
tive runoff is projected to increase annually across the Midwest between 2036 and 2065 compared to 1991–2020 
(shown in percent changes). Cumulative runoff increases are expected throughout the region in winter and across 
all but the northern Great Lakes in spring and southern Midwest in fall. Summer cumulative runoff is projected to 
be more variable. The result of the projected increases (and in summer, both increases and decreases) in cumu-
lative runoff will be increased stresses to ecosystems, the built environment, natural and water resources, and 
agriculture. Figure credit: NOAA NWS, NOAA NCEI, and CISESS NC.

Midwest droughts develop in response to precipitation deficits or extremely high temperatures and evapo-
transpiration (KM 4.1). In recent decades, evapotranspiration has become, and is expected to continue to 
be, the dominant driver of drought,273,274 especially across the eastern Midwest.275 Precipitation deficiencies 
remain the primary driver of increased drought in the southwestern Midwest.276

Groundwater storage is important for water resource management, including wastewater permitting, 
water supply, and fisheries. Groundwater recharge is projected to be variable in the Midwest,277 with 
water imbalances28 resulting from precipitation and evapotranspiration changes. Failure of private wells is 
expected to increase during droughts as water tables drop with increased irrigation and water usage. 

Vulnerability to water shortages and water quality depend, in part, on the primary source for water use and 
drinking water for any given location (aquifers/deep groundwater versus surface/shallow groundwater; 
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Figure 24.12). Thus, drought occurrences will have different impacts based on the source. For surface water, 
decreases in summer runoff (Figure 24.11) can reduce water quality and streamflows.278 Aquifers, on the other 
hand, are more resilient to rapid hydrological transitions but are still impacted by longer-term drought 
conditions.278 Precipitation is projected to increase in all seasons, while runoff is projected to increase in 
the cool season but become more variable in the warm season (Figure 24.11). The combination of warming 
temperatures and more variable summer runoff suggests an increased risk of drought for people, crops, 
livestock, and ecosystems across the region.240 At the same time, increased precipitation and runoff events 
(Figure 24.11; KM 4.1) are expected to increase nuisance flooding (KM. 24.4) and sewage spills and resulting 
odor releases, as well as deteriorate water quality due to increased uncontrolled discharges. Stormwater 
runoff increases are expected to harm aging infrastructure and lead to higher costs for new systems (KM 
24.4). Thus, urban and rural managers are implementing best practices for water quality across diverse 
landscapes, from agriculture (Figure 24.4) to forests (Figure 24.5) and the built environment (KM 24.4).164

Map of US Aquifers 

Vulnerability to disruptions in water quality and quantity varies by location, depending on the primary source of 
water for drinking and other uses. 

Figure 24.12. The USGS Ground Water Atlas of the United States provides a complete summary of the Nation’s 
groundwater resources and includes the location, geography, geology, and hydrologic characteristics of the major 
US aquifers. Surface water and groundwater (aquifers) are the primary sources of water in the Midwest and 
Great Lakes. The areas highlighted in color represent groundwater aquifers, while areas in gray represent surface 
water as the main source. The black boundary outlines the Midwest region. Changes in rainfall and runoff pat-
terns impact water availability and water tables differently across the Midwest, depending on whether the main 
source of water is surface- or aquifer-based. For more information on aquifers outside the contiguous US, visit the 
USGS Ground Water Atlas of the United States and Principal Aquifers of the United States. Adapted from USGS 
2021.279

Harmful algal blooms (HABs) and their impacts to water quality, food production, recreation, tourism, and 
ecosystems continue to be a major concern across parts of the Midwest. Observed increases in precipita-
tion15,268 are resulting in, and are projected to continue to result in, increases of sediment and nutrient loads 
in the Mississippi River system. However, research has been inconsistent about whether HAB severity and 
magnitude in the Midwest have been increasing, remaining constant, or decreasing.280,281

https://pubs.usgs.gov/ha/ha730/ch_n/N-AKtext2.html
https://www.usgs.gov/mission-areas/water-resources/science/principal-aquifers-united-states
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Great Lakes
The Great Lakes are the largest freshwater ecosystem on Earth282 and are among the fastest-warming 
lakes in the world.283 The Great Lakes Water Quality Agreement between the United States and Canada 
established a suite of nine indicators to assess the ecosystem health of the Great Lakes (Table 24.1). 
While efforts to restore and protect the Great Lakes are ongoing, this ecosystem is at risk from shifts in 
seasonality (changes in the timing of the formation and destruction of temperature stratification) and from 
changes in ice cover, maximum summer temperatures, and oxygen levels, which have significant impacts on 
fisheries and habitats in the lakes.282 Invasive species and threats to biodiversity are the greatest concerns of 
the Great Lakes.282 Aquatic invasive species (KM 24.2) can degrade water quality by decreasing water clarity, 
concentrating toxins, and altering nutrient flows within the food web. Great Lakes water quality across a 
wide range of metrics currently ranges from fair to good.282

Table 24.1. State of the Great Lakes 2022 Assessment

CAPTION: The EPA and Environment and Climate Change Canada work jointly to meet the mission of the Great Lakes Water 
Quality Agreement. As part of this effort, the State of the Great Lakes Report is released every three years. The following table 
details the state of the Great Lakes using 10 Indicators. The assessments are basin-wide and typically vary between lakes. The 
metrics listed are synthesized to determine the status and trends of each indicator. The definitions for “poor,” “fair,” and “good” 
are quantitative, vary between indicators, and are documented in the report (ECCC and EPA, 2022).282 Status assessments are 
not provided for the climate trends indicators. Adapted from ECCC and EPA 2022.282

Great Lakes Indicator Metric Status Trend

Drinking Water US/Canadian drinking water standards (microbial, 
radiological, chemical) Good Unchanging

Beaches E. coli assays Good Unchanging–improving

Fish Consumption Polychlorinated biphenyls [PCBs] and mercury in fish 
flesh Fair Improving

Toxic Chemicals
Concentrations of compounds (PCBs, mercury, 
polybrominated diphenyl ethers, and others) in 
sediment, water, whole fish, and herring gull eggs

Fair Unchanging–improving

Habitat and Species
Overall health and habitat conditions and availability 
of invertebrates, fish, amphibians, birds, plants, 
connectivity

Fair Unchanging

Nutrients and Algae Nutrient concentration, harmful algal blooms, 
Cladophora Fair Unchanging

Invasive Species Rate of introduction Good Unchanging

Invasive Species Aquatic invasive species impacts Poor Deteriorating–unchanging

Groundwater Chloride/nitrate concentrations Good Undetermined

Watershed Impacts Forest and land cover, hardened shorelines, tributary 
water quality, human population Fair Unchanging

Climate Trends Lake levels N/A Unchanging–increasing

Climate Trends Surface water temperature N/A Increasing

Climate Trends Ice cover N/A Decreasing
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The Great Lakes have witnessed significant water-level variability over the last several decades, with low 
water levels from 1998 to 2013 and high-water levels since 2015. This variability is due in part to changes in 
the seasonality and intensity of precipitation (including lake-effect snow), warmer lake temperatures, lake 
evaporation, and loss of ice cover.284 The twin stressors of increases in precipitation and air temperature 
result in increased interannual variability in lake levels.285 However, the complex interactions between lakes, 
land, and atmosphere make the system difficult to model, so that long-term projections of net basin supply 
and lake levels have high uncertainty.6 These climate changes impede current water management practices 
for the Great Lakes, which are similar to those elsewhere in the Midwest, with the added challenge of 
transboundary water agreements with Canada (Ch. 4). For example, low water levels limit power production 
from hydropower facilities and pose risks to shipping286 and ports (KM 24.4), while high water levels lead 
to shoreline erosion, loss of coastal habitat287 and flooded communities. Shorelines are also at risk from 
high-wind events during high-water-level episodes.288

Great Lakes water and air temperatures have been rising since 1980282 (Figure 24.13). Summer surface water 
temperatures recorded by offshore buoys have shown nearly uniform increases across the upper Great 
Lakes (Superior, Michigan, and Huron). Lake Erie shows slower warming rates, while there are not enough 
data from Ontario to make a determination. Increases in lake surface temperatures are expected on all 
five lakes.289 Although uncertainty remains on the seasonal and spatial variability, increased temperatures 
are expected to result in loss of suitable fish habitat.290 How the surface warming will affect the rest of the 
water column and the overall impact on the ecosystem is not as well characterized. Coupled with increasing 
water temperatures is a decrease in winter ice cover,291 which is observed on all five lakes and has cascading 
impacts on ecosystems and culture (KM 24.2; Figure 24.6).
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Great Lakes Summer Surface Water Temperature Trends 

Summer surface water temperatures have been increasing for Lakes Superior, Michigan, Huron, and Erie since 
the late 1970s.

Figure 24.13. The graphs show summer (July–September) surface water temperatures for the period 1980–2021 
observed from buoys in the offshore waters of Lakes Superior, Michigan, Huron, and Erie. The upper lakes (Su-
perior, Michigan, and Huron; a–c) show similar trends toward warmer temperatures against a background of 
strong interannual variability, while Lake Erie (d) shows a weaker but still positive trend. To facilitate comparison 
of trends, a temperature range of 25°F is used for the vertical axis on all four charts, with actual temperatures 
varying across the different lakes. Figure credit: University of Minnesota Duluth, NOAA NCEI, and CISESS NC

HABs occurring in portions of all five of the Great Lakes, including western Lake Erie and parts of Lake 
Superior, are affecting people through poor water quality and advisories against swimming and beachgoing. 
HABs also negatively impact habitats and fisheries. Projected increases in cumulative annual runoff (Figure 
24.11), which elevate the risk of nonpoint-source pollution (natural and human-made pollutants that are 
carried from many sources by precipitation and runoff) and warming trends across the Great Lakes (Figure 
24.13), are expected to promote the growth of HABs through midcentury. Although the direction of change 
of HABs across the Midwest is inconsistent,280,281 recent trends in western Lake Erie show a significant 
increase in the extent and severity of HAB events over the last 20 years.282
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Managing Hydrologic Complexity and Extremes
Federal, state, and local governments and institutions are working with communities on initiatives to 
adapt to and/or lessen the impacts of climate change. For example, the US Army Corps of Engineers has 
partnered with federal agencies, nongovernmental organizations, and institutions on the Ohio River Basin 
Climate Change project.240 The goal was to create a comprehensive plan to address changing streamflows 
and identify adaptations needed to deal with water quantity, quality, and management challenges related to 
regulations, recreation, navigation, and aquatic habitats (e.g., fisheries). A similar study with NOAA and the 
University of Minnesota for the upper Mississippi River basin kicked off in 2022. Additionally, a number of 
climate resilience partnerships throughout the Midwest and Great Lakes have been completed.292

As part of the National Integrated Drought Information System, the Midwest Drought Early Warning System 
was established in 2016 to advance drought monitoring, forecasting, and preparedness in the region and to 
improve regional capacity to respond to drought.293,294

To adapt to extreme runoff, strong private and public partnerships can help formulate best management 
practices for reducing nutrient and sediment loads into streams and rivers. NOAA is accomplishing this 
through the Runoff Risk Decision Support project.295 NOAA is working with state departments of agriculture 
in parts of the Midwest and Great Lakes, including Minnesota, Wisconsin, Michigan, and Ohio, as well as 
New York. The NOAA Runoff Risk Decision Support tool provides the agriculture community with timely 
forecast information on when to apply fertilizers. Most fertilizer applications are executed in the Midwest 
and Great Lakes during the winter into spring just before planting season, which is also peak runoff season. 
A significant percentage of total nutrient and sediment losses typically occur from a small number of 
runoff events each year.296,297 The information provided by this tool allows farmers to make better-informed 
decisions on when to apply manure and fertilizer. The correct application of manure and fertilizer will 
reduce the risk of chemicals entering into river systems. The reduction of excess chemicals, including 
nitrogen and phosphorus, entering into waterways is important, since high nutrient and sediment loads 
contribute to impactful environmental HAB and hypoxia (low oxygen level) events.297 The Mississippi River/
Gulf of Mexico Hypoxia Task Force and the US/Canada Great Lakes Water Quality Agreement highlight the 
need for nutrient load reductions in the Mississippi and Great Lakes watershed systems, due to increasing 
impacts on both the public health system and ecosystems.298
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Traceable Accounts
Process Description
The Midwest chapter authors were identified and recruited in August and September of 2021. The goal was 
to construct the team with at least one author from each of the Midwest states, with attention to geography, 
interconnected systems, level of expertise, gender, and diversity. The selection of authors was based on 
Federal Registry Notice comments, USGCRP (US Global Change Research Program) Research Gaps Summary 
for the Midwest, and author nominations, as well as discussions and nominations by the chapter lead, 
coordinating lead author, agency chapter lead, and National Coordination Office point of contact. Authors 
were added iteratively, with those who accepted early providing additional suggestions for subsequent 
nominations. All but two of the invited authors agreed to participate.

Regular virtual meetings were held during the fall of 2021, with the Zero Order Draft finalized in December 
2021. The Midwest chapter hosted a virtual public engagement workshop on January 24, 2022. The key 
topics selected were well received, with ample discussion and feedback. Authors considered the comments 
along with inputs provided in the public call for technical material and incorporated the available recent 
scientific literature in developing the Key Messages for the First Order Draft. Author consensus was built 
through routine meetings and based on feedback from the NOAA Technical Support Unit (TSU); federal 
agencies; the National Academies of Sciences, Engineering, and Medicine; and public comment review 
periods. This iterative process occurred between the Second and Fourth Order Drafts, from the winter of 
2022 to the spring of 2023. 

Key Message 24.1  
Climate-Smart Practices May Offset Complex 
Climate Interactions in Agriculture 

Description of Evidence Base 
There is strong evidence that increasing extreme precipitation events, changing seasonality, and rapid 
transitions between hydrologic conditions are negatively impacting soil conditions and challenging 
traditional row crop agricultural production in the Midwest, with uncertainty remaining due to local 
climate influences and limitations with downscaled climate data.12,18 Studies link the loss of soil and applied 
nutrients to increasing rainfall, with cascading impacts including financial loss and increased water quality 
issues. Numerous studies point to future decreases in corn production, in combination with episodic 
drought, and increases in the production of some crops like wheat due to cooler-season changes including 
warmer springs and greater rainfall (e.g., Li et al. 20192). Impacts on animal agriculture in the region remain 
an understudied topic, although some studies have shown impacts are already occurring (e.g., Crist et al. 
202051). Many of these projected impact studies rely heavily on a very high scenario (e.g., RCP8.5), which 
limits the assessment of the full range of uncertainty. 

Reports and studies strongly demonstrate the economic importance of specialty crops to the Midwest and 
their vulnerability to climate change.56 Most studies to date focus on the impact of spring-freeze injury, 
although a limited number of studies address other impacts such as excessive moisture, disease, and pest 
pressure. Evidence suggests a wide range of future outcomes to specialty crops based on species and 
location of cropping systems within the Midwest. Studies on the direct impacts of rising temperature and 
altered precipitation patterns on specialty crops across the Midwest remain limited. The evidence base for 
the impacts of climate change on important pollinators and insect species distributions is growing. 
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An increasing number of studies address agriculture’s impact on climate, particularly the intensification of 
cropping systems and potential impacts from increased irrigation.46 Impacts on atmospheric moisture and 
feedback loops within the system are ongoing. 

Studies have linked, at least in part, climate change to crop insurance losses across the US and the 
Midwest.75 These losses are related to drought and excess moisture. Building resilience to these hazards 
is part of a climate-smart approach. Studies to evaluate specific benefits and other impacts from varying 
climate-smart techniques are evolving.

Major Uncertainties and Research Gaps 
Current climate trends are, in some ways, counter to projected climate conditions and differ from other 
regions of the country. For example, summer daytime warming trends (daily maxima) and drought are not 
occurring as projected by previous model simulations. Historical changes have been much more seasonally 
dependent, with the largest increases in temperature occurring during the cooler seasons rather than the 
summer. A high degree of uncertainty also exists in individual model-projected changes in the intensity and 
seasonality of future precipitation, as well as the attribution of these complexities to anthropogenic sources. 
While model consensus strongly points to overall increases in annual temperature, additional investigations 
on the interactions between agriculture and its impact on climate in the region would help resolve seasonal 
discrepancies. Reductions in model and scenario uncertainty would improve local impact assessments and 
decision-making. 

More detailed information about projected changes in other climate parameters (e.g., vapor pressure 
deficit, soil moisture, extremes, and severe events) and impacts on specific crops would be needed for a 
broader understanding of the potential impacts on agricultural production and increased confidence in 
the findings. This includes studies beyond corn, soybean, and wheat, including other cash and specialty 
crops (e.g., apples, pumpkins, cucumbers). Detailed information on secondary climate change impacts (i.e., 
increased insect, disease, and weed pressure on production) is less well understood as well. Analyses of 
historical changes in the distributions of agricultural pests are limited, as are model projections of their 
future distributions.

With respect to social equity and justice concerns for agriculture in the Midwest, identifying and increasing 
engagement with BIPOC (Black, Indigenous, and People of Color) communities and low-resourced 
communities across the Midwest could increase the sharing of information and bring resources to these 
communities to enhance their climate adaptation and mitigation activities already underway. This would 
lead to a more informed and full assessment of the impacts, adaptation, and mitigation agricultural activities 
already taking place within these communities. There have been recent federal investments, for example, 
that have infused support into National Institute of Food and Agriculture programs that bring social and 
physical scientists together to help fill in this knowledge gap. Work from these new projects could be sought 
for future National Climate Assessment reports.

Research activities on the ability for climate-smart practices to help agriculture adapt to changing climate 
conditions and lessen future issues are increasing. However, further investigation of the potential trade-offs 
between strategies and a diverse set of outcomes based on crop, cover, soil type, and local changes in 
climate would be needed to increase confidence in their use and whether they reach desired outcomes. 
Research does support some climate-smart practices, but widespread implementation and interaction of 
various practices is poorly understood. 
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Description of Confidence and Likelihood 
Based on numerous studies and converging evidence, there is high confidence and it is likely that climate 
change is negatively impacting agriculture in various ways. Examinations of historical extreme precipita-
tion events and rapid transitions between hydrological states through novel analysis techniques show that 
these phenomena are likely increasing in number, and projections show that they are likely to continue 
throughout the 21st century. The team focused on the challenges, including poor field conditions and 
potential crop losses, that are likely to accompany these changes in the hydrological conditions. Although 
crop impacts are likely based on similar results across scales and methods, uncertainty in specific impacts 
by species (crop, insect, etc.) leads to medium confidence in future outcomes of row and, especially, specialty 
crops. Other likely changes, including snowmelt timing and extreme precipitation events in spring, will 
lead to additional impacts on animal agriculture in the region, and attention was given to dairy production 
as a major component of animal agriculture in the Midwest (high confidence). Climate-smart adaptation 
techniques provide a potential path toward environmental and economic sustainability, but the limited 
converging evidence and adoption to date lead to overall medium confidence in their ability to mitigate 
future agricultural challenges.

Key Message 24.2  
Adaptation May Ease Disruptions to Ecosystems and Their Services

Description of Evidence Base 
Strong convergent evidence from many sources in the published and gray literature shows that climate 
change is impacting natural resources in the Midwest and that these impacts will further intensify with 
advancing climatic change. However, the amount of evidence varies by ecosystem, the particular type of 
environmental change, and geographic location within the Midwest. 

Strong convergent evidence from published studies shows that Midwestern aquatic ecosystems are 
responding to increasing temperatures and to changes in extreme weather.97,99 There is a moderate amount 
of evidence demonstrating that these systems are responding to increasing precipitation. Several studies 
show that flooding and drought pose increasing risk to aquatic ecosystems, specifically by altering structure 
and community dynamics. 

The evidence from published studies demonstrating that terrestrial ecosystems are being altered by 
climate change is strong overall (e.g., Contosta et al. 2019133), although the amount of evidence for any 
given ecosystem type being affected by any given environmental change is variable. Evidence supports the 
finding that impacts have been more pronounced in more northerly parts of the Midwest. Overall, there is 
unequivocal evidence that Midwestern ecosystems have been and will continue to be affected by landscape 
change, and many studies link changes in the functioning of these systems to rising temperatures and 
reduced snow and ice cover.133,151 There is strong evidence that these climatic factors have been changing in 
the Midwest. 

Major Uncertainties and Research Gaps
Much of the uncertainty concerning Midwestern natural resource responses to climate change is linked 
to the varying responses across species, ecosystems, and geographic location. Many species and some 
ecosystems are subjects of few or no direct studies; some variables have been studied in only one location 
within the Midwest; and species interact in complex ways that could potentially lessen or reverse direct 
effects of climate change in some cases—all of which increase the uncertainties of projected climate change 
responses. 
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Assessing projected responses to climate change can be challenging because of scale mismatches with 
climate model output. For example, streams are much smaller than climate model grids and as such require 
offline downscaling. Although this has been done, it has not covered the breadth of Shared Socioeconomic 
Pathway (SSP) scenarios. 

There is significant uncertainty concerning how widely human communities are adapting their cultural 
practices to climate change and whether adaptation strategies have documented benefits. Case studies are 
available,145 but more information is needed across the full spectrum of Midwestern communities.

Description of Confidence and Likelihood
Broad evidence from published studies indicates it is likely that climate change is impacting natural 
resources in the Midwest (high confidence). Published studies show that flooding and drought likely pose 
increasing risk to aquatic ecosystems by altering structure and community dynamics, although agreement 
on the precise magnitudes of effects is less clear (medium confidence). Numerous studies show that 
rising temperatures, altered winter conditions, and landscape changes are very likely altering terrestrial 
ecosystems and limiting their adaptive capacity (high confidence). This is particularly pronounced in 
northern ecosystems. Emerging evidence shows that losses of ecosystem services are undermining human 
well-being, causing the loss of economic, cultural, and health benefits (medium confidence). Owing to the 
site- and ecosystem-specific nature of the evidence, it is difficult to make broad generalizations across the 
Midwest. People are adapting management and cultural practices in response to climate change, particu-
larly for inland lakes and forest systems; many of these practices have co-benefits for ecosystem services, 
including mitigation of climatic changes (low confidence). The authors assess with low confidence because of 
noted knowledge gaps across the Midwest concerning both community actions and documented responses.

Key Message 24.3  
Climate Adaptation and Mitigation Strategies  
Improve Individual and Community Health 

Description of Evidence Base 
There is strong evidence that increasing temperatures and changes in historical precipitation patterns are 
occurring across the Midwest and will likely continue through the end of the century. The level of air con-
taminants, such as particulate matter, ozone, and pollen, are positively associated with rising temperatures, 
and there are numerous studies describing the link between exposure to these contaminants and increased 
morbidity and mortality.186,187

Exposure to climate-related events, such as extreme heat and flooding, has been shown to impact the 
health and well-being of Midwest communities, as well as degrade social and environmental determi-
nants of health.178,179 The occurrence of extreme heat and precipitation events is projected to rise across 
the Midwest. However, there are few in-depth qualitative assessments that capture and report person- or 
community-specific information from those impacted, particularly the short- and long-term effects of 
experiencing a climate-related hazard. Increases in intense rainfall have been linked to increased exposure 
to waterborne contaminants in both public and private drinking water systems in the Midwest.201,204 Studies 
using climate projection data have shown that climate-related seasonal precipitation changes will increase 
the rates of gastrointestinal illness in children.203

There is strong evidence that rising temperatures are contributing to the expansion of disease-carrying 
vectors like ticks and mosquitoes into and across the Midwest.207 Modeling using climate projections 
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predicts that the range of many established and newly invasive species will increase throughout the century, 
increasing the risk of various zoonotic diseases like Lyme disease and West Nile virus.208

Climate change is associated with negative impacts on mental health.211 However, there are few studies, 
particularly based on Midwest populations, that link robust measures of climate change or climate-related 
events with clinically validated psychiatric diagnoses.

There is a substantial increase in the number of climate assessments conducted for Midwest states and 
cities that emphasize the need to address systemic injustice and historical racism and prioritize equity 
in climate resilience decision-making.32,299,300 Many of these reports also acknowledge the need to involve 
disproportionately impacted communities in the design and implementation of resilience strategies. These 
assessments are not part of the peer-reviewed literature and thus were not considered as part of the 
evidence base for this section. However, it is notable that many Midwest climate assessments have not only 
included but also prioritized these issues as part of their climate resilience planning.

Major Uncertainties and Research Gaps
While there are many studies linking climate change to impacts on health and community well-being, only a 
small number of these studies have been conducted directly or solely on Midwest populations. Furthermore, 
to capture the breadth of potential impacts, these studies could consider a range of scenarios, not just the 
highest or worst-case scenarios. 

There is a gap in research characterizing how climate-related health impacts differ based on local pop-
ulation-specific characteristics and shared realities, particularly across the urban–rural gradient and 
multiple Tribal Nations and as a result of increasing immigration. This is particularly true for specific 
health outcomes (e.g., mental health) and health determinants (e.g., livelihood). Such information would 
be useful for developing targeted, effective intervention strategies that address existing inequities and 
historical racism.

The literature currently lacks studies specific to the Midwest that attempt to quantify the cost burden 
associated with climate impacts on health and key health determinants like livelihood or housing security. 
Thus, there is uncertainty about how much climate change impacts are costing Midwest communities in 
terms of injury, disease, job loss, property damage, healthcare utilization, and more.

Certain emerging topics for climate and health in the Midwest, including climate-driven migration and 
concerns for people with disabilities, were not covered due to a lack of literature specific to the Midwest 
region. Thus, it is uncertain what the attending health impacts may be related to these topics and how they 
may be distributed throughout a community.

Description of Confidence and Likelihood
There is high confidence and it is very likely that climate change will impact the health and well-being of 
individuals and communities in the Midwest across a wide range of exposure pathways. Literature shows 
that these pathways include extreme events, such as flooding, drought, heatwaves, and wildfires, that 
all pose an increasing risk to physical and mental health by direct exposure. Studies show that indirect 
exposure through degrading air and drinking water quality threatens livelihoods and strains essential 
health and emergency-related services. An individual’s exposure and sensitivity to climate change is very 
likely influenced by preexisting health conditions, income, race and ethnicity, age, and access to resources 
(high confidence). Evidence illustrates that health disparities tied to racism and income inequality are likely 
linked to an inequitable distribution of climate-related health outcomes. Actions and investments to reduce 
climate-related health and community impacts can yield multiple health benefits while helping to advance 
more equitable climate adaptation (high confidence).
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Key Message 24.4  
Green Infrastructure and Investment Solutions  
Can Address Costly Climate Change Impacts 

Description of Evidence Base 
Based on numerous independent analyses, much of the infrastructure of the Midwest is aging, and repairing 
this infrastructure will come at a significant cost (e.g., American Society of Civil Engineers Report Card 
for America’s Infrastructure).248 These costs require new forms of financing, data, and expertise, much of 
which is just emerging. The infrastructure deficit in the Midwest is articulated through academic literature 
and practitioner resources and research,236,248 all demonstrating that the infrastructure of the Midwest is 
aging and that repairing it will come at a significant cost. These costs require new forms of financing, data, 
and expertise, much of which are just emerging.236 There is strong evidence showing that increasing storm 
damages to infrastructure across the Midwest disproportionately impact people with low income and BIPOC 
populations.258 Numerous studies of social vulnerability and adaptive capacity demonstrate that individuals 
with lower vulnerability and higher adaptive capacity are better able to prepare for and recover from 
disaster. 

Major Uncertainties and Research Gaps
Storm damages not captured through disaster declarations are difficult to identify, and midsize disasters 
are difficult to quantify. One method for quantifying these midsize disasters could be to report on the total 
times states in the Midwest declare a state of emergency in response to a weather- or climate-related event. 
There is a gap in aggregated and standardized reporting of state-declared disaster events and related losses. 
Another approach could be to calculate insurance losses as reported by private insurance companies with 
holdings in the region. State-level data and private insurance datasets are accessible but require analysis 
and synthesis to be usable by decision-makers. The US Billion-Dollar Weather and Climate Disasters 
report, developed by NOAA’s National Centers for Environmental Information, has become a common way 
to understand the increasing cost incurred by climate change and related extreme events. However, many 
smaller-scale yet damaging storm events occur annually and lead to damage or destroyed infrastruc-
ture, loss of life, and harm to the health and well-being of people in the Midwest. One measure of these 
events is through the National Flood Insurance Program database. Tracking these events and the related 
economic impact could enable more effective and equitable distribution of resources before and following 
extreme storms.

Climate migration is an area of uncertainty, yet information is highly sought within academic and public 
spheres. Literature and resources on community relocation within the region exist, but literature and 
evidence on climate-induced migration of people moving into the region is not currently available.

Description of Confidence and Likelihood
There is strong evidence that climate change likely threatens built infrastructure, especially if a heavy 
dependence on conventional road transportation continues. Uncertainty about the modes of transportation 
that will exist in the future and uncertain trends toward electrification result in an assignment of medium 
confidence. More certain are the impacts from increased precipitation extremes and transitions between 
wet and dry conditions on riverine and Great Lakes environments (likely, high confidence). The emergence of 
new investments offers alternative methods toward development, but volatility in the economy leaves some 
uncertainty whether more communities and local businesses will embrace these tools (medium confidence).
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Key Message 24.5  
Managing Extremes Is Necessary to  
Minimize Impacts on Water Quality and Quantity 

Description of Evidence Base 
There is strong evidence that the Midwest and Great Lakes water is and will continue to be impacted by 
climate change, with associated adverse effects for both human society and ecosystems.267 The evidence for 
change is supported by the trends in temperature, precipitation, runoff, and evapotranspiration.268 Further, 
reasonably good climate-based scenario model performance in the past provides confidence in those 
predictions going forward.

The evidence and research were more consistent for water quantity and water management than for water 
quality.280,281 This is due, in part, to the more complex nature of water quality. The biggest areas for lack of 
agreement were in harmful algal blooms (HABs) and how global climate scenario-based models deal with the 
regional representation of the Great Lakes.

Major Uncertainties and Research Gaps 
The lack of robust model simulations of how the Great Lakes physically operate is a major gap and 
uncertainty. Climate processes in the Great Lakes region are difficult to simulate due to the complexity of 
lake–land–atmosphere interactions.6 Even the most sophisticated climate models for the Great Lakes region 
have deficient physical representations of the key hydrological components that make up a lake’s net basin 
supply (i.e., precipitation, evaporation, and runoff).6 Therefore, high levels of uncertainty are associated 
with future lake-level projections that are based on simulated changes to these hydrological components. 
However, higher variability in future water levels is anticipated, which will impact the entire ecosystem (KM 
24.2), ports (KM 24.4), and coastlines.284,301 Better physical representation of the Great Lakes would enhance 
confidence in how increases in the water temperatures of the lakes (both surface and deep lake) could 
impact the ecosystem. 

HAB research across the Midwest and Great Lakes is conflicting and limited.280,281 While research has been 
more conclusive in the Great Lakes with increasing HAB severity, research has been inconclusive in the 
Midwest as to whether HAB severity has been increasing, remaining constant, or decreasing. Connections 
to agricultural tiling and septic systems and their impacts on water bodies are additional knowledge and 
data gaps. 

Temperature, precipitation, and runoff research is much more comprehensive in the Midwest than 
streamflow research.268 There is limited available work on large basin–scale streamflow to assess climate 
impacts. The Ohio River Basin Climate Change project, by the US Army Corps of Engineers and NOAA,240 
is one of the US’s largest and most comprehensive climate change–related projects on water quantity, 
quality, and management for streamflows on medium- to larger-scale systems. A similar Midwest project 
by NOAA’s North Central River Forecast Center and the University of Minnesota is underway for the upper 
Mississippi River basin. More large-scale hydrologic projects, including in the Missouri River basin and Great 
Lakes, would aid in understanding large-scale streamflow changes and projected impacts. The absence of 
more such projects limits the ability to have higher confidence in some areas of water quantity, quality, and 
management. Combining Coupled Model Intercomparison Project Phase 5 with the Variable Infiltration 
Capacity hydrology modeling is a step in the right direction.
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Description of Confidence and Likelihood
Confidence and likelihood were assigned based on the consistency of the information in trends and 
research combined with strengths and weaknesses in the climate scenario models. For the Midwest and 
Great Lakes, there is consistent information to support high confidence for air temperatures, precipitation, 
and runoff trends and projections and the impacts to water quantity, water quality, water management 
practices, ecosystem health, food production, and recreation.15 Based on literature and projections, it is 
likely and there is high confidence that increases in runoff (in all seasons but summer, where some decreases 
are projected), drought, and flooding will adversely affect ecosystems through increased erosion and the 
expansion of invasive species. This applies to enhanced erosion and expansion of invasive species. For 
harmful algal blooms (HABs), the literature and projections support high confidence for continued HABs 
in the Great Lakes. For the Midwest, confidence is lower that increased temperatures and precipitation 
and runoff will continue to lead to variable changes in HAB events (increasing, decreasing, or remaining 
unchanged). This will likely result in continued adverse impacts to water quality and ecosystems. There are 
numerous examples where federal and state agencies along with nongovernmental organizations are collab-
orating on adaptation efforts related to water in the Midwest (high confidence).
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Introduction
The Northern Great Plains region, which includes Montana, Nebraska, North Dakota, South Dakota, 
and Wyoming (Figure 25.1), has a wealth of natural resources supporting economies, sense of place, and 
leisure activities. Climate change impacts on individuals and communities will differ, and it is critical to 
consider equity dimensions (Ch. 20). Economic dependence on crops, rangelands, and recreation makes 
residents with land-based livelihoods vulnerable to climate-related changes in weather, as well as flows 
of water, nutrients, and wildlife across the landscape.1,2,3 This region is largely rural, and its intact natural 
areas, farms, and wildlands serve as habitat for resident and migrating species, which are threatened by 
changing water scarcity. The region is an energy and food exporter and vulnerable to policy decisions and 
markets outside the region. Historical processes may lead to unequal distribution of harms, with Indigenous 
communities, service and energy workers, and rural residents more sensitive to impacts. Values related to 
place, community, and stewardship are strong. Residents of small towns express strong place attachment in 
comparison with their urban counterparts.4 The region’s population grew by 10% between 2008 and 2020. 
Ten metropolitan counties accounted for two-thirds of growth, while 75% of the region’s rural counties lost 
population.5 Among rural counties, energy-dependent and tourism-focused counties both grew by 14%,6 and 
farm-dependent communities experienced a 3% decline in population over the same period.7,8 An indication 
that more people are willing to move to the region due to climate conditions was the influx of remote 
workers from large cities during the COVID-19 pandemic.9

This region also has many vibrant Indigenous communities with a rich cultural heritage (Figure 25.1). There 
is increased environmental action from Indigenous communities to protect waters and lands, to navigate 
climate change, and to maintain cultural continuity.10 Culturally appropriate adaptation strategies, such as 
the restoration of buffalo, which serve a valuable ecological role and reestablish historic relationships to 
landscapes, are rooted in this region.11 “Buffalo” is the preferred term of Indigenous communities based on 
their culture and history; this term is used in reference to Indigenous actions while acknowledging that 
the scientific name of the species is American bison (Bison bison). Although the share of the non-White 
population remains small in absolute numbers, the region is becoming more culturally diverse. The 
Indigenous and Hispanic populations grew by 20% and 42%, respectively, between 2010 and 2019, and in 
2019, Indigenous and Hispanic populations accounted for 4% and 7% of the total population.8
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Tribal Lands and Rurality Measures 

Rural areas, including those controlled by Indigenous Peoples, are often under-resourced and therefore less 
resilient to climate change. 

Figure 25.1. Tribal reservations and American Indian trust lands (red outlines) overlap rural areas (dark gray; as 
defined by the USDA) across the Northern Great Plains. Rural and historically marginalized communities are often 
under-resourced and lack capacity to prepare for and recover from climate-driven natural disasters, making large 
portions of the Northern Great Plains less resilient to climate change.12 White sections represent areas that fail to 
meet the criteria for “remote from urban” as defined by the USDA.13 Figure credit: University of Wyoming, Center 
for American Progress, NOAA NCEI, and CISESS NC. 

The Northern Great Plains region is known for its climate extremes and variability, but climate change is 
intensifying these characteristics.14,15,16,17,18 The region has strong east–west precipitation (Figure 25.2) and 
north–south temperature gradients (Figure 25.3). Moving east to west across the region, the landscape 
becomes drier and elevation increases, forming three distinct areas: the humid eastern plains, semiarid 
high plains, and mountainous west. This complexity makes it challenging to summarize climate impacts 
across the region, but there are some common changes. Climate extremes in this region are expected 
to continue, compounded by climate change (KM 25.1). Human and ecological health will be impacted by 
these compounding hazards (KM 25.2). Human communities reflect the dependence on natural resources, 
historical policy legacies, and market forces that left a patchwork of land ownership and use (such as 
crop versus range, energy development, and recreation; Figure 25.8), and these livelihoods are at risk (KM 
25.3). Climate change response will involve navigating complex tensions and trade-offs (KM 25.4), but 
communities are already building their capacity to adapt and transform (KM 25.5).
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Average Precipitation for the Northern Great Plains

The region has distinct east–west precipitation gradients.

Figure 25.2. The map shows annual precipitation averaged over 1991–2020. Distinct precipitation gradients are 
evident from east to west and with elevation. These gradients highlight the complexity of the climate across the 
Northern Great Plains. White areas are large water bodies. Figure credit: USGS, University of Wyoming, NOAA 
NCEI, and CISESS NC.

Key Message 25.1  
Climate Change Is Compounding the Impacts of Extreme Events 

The Northern Great Plains region is experiencing unprecedented extremes related to changes 
in climate, including severe droughts (likely, high confidence), increases in hail frequency and 
size (medium confidence), floods (very likely, high confidence), and wildfire (likely, high confi-
dence). Rising temperatures across the region are expected to lead to increased evapotranspi-
ration (very likely, very high confidence), as well as greater variability in precipitation (very likely, 
high confidence).

Temperatures and Precipitation
Given the frequency of extremes and weather variability in the region, it is challenging to quantify 
long-term climate change trends. Even so, significant temperature trends and projections are clear (Figure 
25.3). Since 1900, annual average temperature has increased in the region by 1.6°–2.6°F, with the largest 
increase in North Dakota and the smallest increase in southern Nebraska. Warming has occurred in all 
seasons but is most pronounced in winter. Summers have warmed little in North Dakota, South Dakota, 
and Nebraska. However, warm nights (minimum temperature of 70°F or higher), which were once rare, 
have become more common in Montana and Wyoming. The region has experienced fewer very cold days 
(maximum temperature of 0°F or lower) than the long-term average (1900–2020) for several decades. For 
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instance, the number of very cold days has been below the long-term average in Montana since 1985, in 
Nebraska since 1990, and in Wyoming, North Dakota, and South Dakota since 2000.14,15,16,17,18 Decreasing 
snowpack will alter surface water availability for irrigation and may increase pressure on groundwater 
resources.3,19 Overall aridity has increased and is projected to continue to do so because of increases in 
potential evapotranspiration, suggesting that the demarcation line between the humid East and arid West, 
traditionally defined by the 100th meridian, is moving eastward.20,21 

Temperature for the Northern Great Plains

Distinctive gradients of temperature will hold with projected warming.

Figure 25.3. The maps show temperature averages for 1991–2020 (a) and projected temperature for global 
warming of 2°C (3.6°F; b) and 4°C (7.2°F; c) above preindustrial levels for the Northern Great Plains region. Current 
and projected values demonstrate distinctive gradients of temperature from southeast to northwest, with implica-
tions for climate impacts and effective adaptation. White areas are large water bodies. Figure credit: USGS, NOAA 
NCEI, CISESS NC, and University of Wyoming. See figure metadata for additional contributors.

All states in the Northern Great Plains region recorded their wettest five-year period between 1995 and 
2019.14,15,16,17,18 Total annual precipitation will be relatively stable across the region (Figure 4.3), but shifts 
in the form and timing of precipitation are expected. More intense precipitation events highlighting the 
projected increased variability in precipitation are expected to occur in all seasons, especially in the spring 
(Figure 2.12).22 Temporal and spatial variability continues to be a dominant factor with precipitation and 
temperature. 

Much of the runoff in the Northern Great Plains region contributes to the Missouri River and eventually the 
Gulf of Mexico, but portions contribute to the Columbia River, Colorado River, and Red River of the North 
basins. Much of the increasing streamflow in North Dakota shown in Figure 25.4 occurs in the Red River 
of the North basin and has prompted an approximately $3.2 billion (in 2022 dollars) infrastructure project 
to divert flood water around Fargo, North Dakota, and Moorhead, Minnesota.23 The upper Colorado River 
basin (Colorado, Wyoming, Utah, and New Mexico), with headwaters in the western Northern Great Plains 
region, has been experiencing extensive drought for the last 20 years. Flows in the upper Colorado River 
basin, which account for about 90% of the streamflow of the entire basin,24 have decreased over the past 
20 years.25,26 Increases in evaporative demand (the loss of water from Earth’s surface to the atmosphere; 
Figure 25.5) have decreased runoff efficiencies, meaning that less rain and melted snow end up reaching the 
streams that feed the Colorado River.27 Model-based analysis shows that continued warming is expected to 
further reduce flows in the upper Colorado River basin.26
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Hail
The region is prone to damaging hailstorms; southeastern Wyoming and the southwestern part of the 
Nebraska Panhandle lie in “hail alley,” the most hail-prone area in the United States.17,18 Changes in low-level 
moisture, convective instability, melting level height, and wind shear will create shifts in hail occurrence.28 
From 1979 to 2017, the number of days favorable to significant (2 inches or greater diameter) hail in the 
central and eastern United States increased by 2 to 4 days each year.29

Research on the response of severe convection to climate change has focused on a very high scenario 
(RCP8.5).30,31,32,33 Hail size, frequency of large hail, and length of hail season are projected to increase through 
the rest of this century in the Northern Great Plains.33 By 2071–2100, under a very high scenario (RCP8.5), 
projections for the Northern Great Plains show a 27% increase in moderate-size (0.79–1.4 inches) hail days, 
a 49% increase in large (1.4–2.0 inches) hail days, and a 302% increase in very large (2 inches and larger) hail 
days, with increases in hail coverage of 73%, 157%, and 882% for moderate, large, and very large hail, respec-
tively.33 Projections also indicate a lengthened hail season.33 The largest increases in hail risk anywhere in 
the United States are in this region and in July.33 Projections by late this century using the SRES (Special 
Report Emissions Scenarios) A2 scenario (a scenario with increasing greenhouse gas emissions, similar to 
those in RCP8.5) indicate more hail days and an increase in the potential size, with a correspondent increase 
in accumulated kinetic energy and damage potential.34 Comparing intermediate (RCP4.5) and very high 
(RCP8.5) scenario projections for severe convection indicates that the projected trends for RCP4.5 are in the 
same direction with lower amplitude compared to RCP8.5.35

Flooding
Precipitation changes do not have a one-to-one relation with flooding. Many factors influence floods, 
including short- and long-term antecedent moisture conditions, presence of frozen soils, snowpack accu-
mulation, rain-on-snow events, storm tracks, and rainfall rates.36,37,38,39

The Missouri River transects the region through 10 US states and 28 Tribal territories and is emblematic of 
the complex intergovernmental relations that will become increasingly important under climate change.40 
Record floods along the Missouri River and its tributaries in 2011 and 2019 caused evacuations, cost billions 
in damages,41 and created interstate closures. Research suggests that recent large floods were caused by 
natural variability within the system;42 however, model simulations suggest that climate change will reduce 
runoff in the upper Missouri basin.

Trends in annual peak streamflow, a proxy for flooding, differ across the 100th meridian divide (Figure 25.4). 
Observations show that annual peak streamflow is decreasing in the west and increasing in the east.43 With 
few exceptions, the eastern Dakotas are an area of increasing peak streamflow (and flooding), while the 
western Dakotas, Montana, and Wyoming have decreasing peak streamflow. With 2° to 4°C (3.6° to 7.2°F) 
of global warming, the Northern Great Plains would expect to see some of the highest increases in annual 
flooding damage costs in the contiguous US due to climate change.44
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Water Resource Regions and Rivers

Annual peak streamflow—a proxy for flooding—has been rising in eastern portions of the region and declining in 
the west. 

Figure 25.4. This map of the water resource regions and rivers within the region shows distinct east–west 
differences in trends in annual peak streamflow for 1961–2020, expressed as percent per year, where the size 
of the dot is relative to the size of the trend. Red dots are downward trends, and blue dots are upward trends. A 
likelihood-based approach is used to report these trend results. When a trend is identified, the trend likelihood 
value (likelihood = 1 – p-value/2) associated with the trend is between 0.85 and 1.0. In other words, the chance 
of the trend occurring in the specified direction is at least 85 out of 100. Smaller black dots are sites for which 
there were sufficient data for trend analysis but likelihood was less than 0.85; that is, these sites do not exhibit a 
substantial trend in either direction. Figure credit: USGS, NOAA NCEI, and CISESS NC.

Drought
Drought is projected to increase in the region, with localized droughts increasing by 2040 and more 
widespread regional droughts by 2070, under intermediate (RCP4.5), high (RCP6.0), and very high (RCP8.5) 
scenarios across wet or dry global climate models.22,45 After precipitation, the most significant component 
of the water budget is evapotranspiration—the moisture transfer from Earth’s surface and plants to the 
atmosphere.46 Projected warming is expected to increase evapotranspiration (Figure 25.5), which may lead to 
drier soils later in the growing season (Figure 25.6).47,48,49 Summer drought will be more probable than spring 
drought.22,50 Multiple future climate scenarios indicate future increases in moderate, severe, and extreme 
drought, occurring approximately 10% and 20% more frequently by 2050 and 2100, respectively.45 Recent 
droughts in the upper Missouri River basin between 2000 and 2010 were the most severe in the instrumen-
tal record,51 and flash droughts are a growing concern.52,53
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Current and Projected Potential Evapotranspiration 

Warming is expected to increase evapotranspiration.

Figure 25.5. Figure shows (center) simulated current evapotranspiration and its projected change for the summer 
months under (left) intermediate and (right) very high scenarios. Data presented were obtained from Variable 
Infiltration Capacity models driven by the Coupled Model Intercomparison Project Phase 5 and Localized Con-
structed Analogs downscaling methods. Potential evaporative demands in the summer months (June, July, and 
August) increase regionally, especially in western areas under moderate climate change, and in both western and 
eastern areas under severe climate change. An increase in potential evapotranspiration typically drives a decrease 
in surface soil moisture (4-inch depth; Figure 25.6). Figure credit: USDA Forest Service, NOAA NCEI, and CISESS 
NC. See figure metadata for additional contributors.
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Current and Projected Soil Moisture

Warming may not always lead to declines in soil moisture that would cause water stress in crops and natural 
plants.

Figure 25.6. Figure shows (center) simulated current soil moisture and its projected change for the summer 
months under (left) intermediate and (right) very high scenarios. Data presented were obtained from Variable Infil-
tration Capacity models driven by the Coupled Model Intercomparison Project Phase 5 and Localized Constructed 
Analogs downscaling methods. Soil moisture is expected to decrease slightly throughout the region in the sum-
mer months, with the largest decreases in the western mountain ranges of Montana. An increase in southwestern 
Wyoming is projected under both intermediate and very high scenarios. Snow water equivalent is decreasing at 
higher elevations in the Northern Great Plains (Figure 4.5) and can contribute to lower soil moisture in these ar-
eas. Declines in soil moisture can lead to crop, forest, and rangeland plant water stress, reduce plant growth, and 
increase ecosystems’ susceptibility to fire. Figure credit: USDA Forest Service, NOAA NCEI, and CISESS NC. See 
figure metadata for additional contributors.

Wildfire
Driven by increased temperature and decreased relative humidity, fire potential in this region is projected 
to increase under future climate change (HadCM3-HRM3 model), especially in summer and autumn, with 
fire seasons becoming longer.54 Increased evapotranspiration and drought risk raise the probability of large 
fire occurrence.55,56 The number of large grassland wildfires in the four semiarid ecoregional grasslands of 
the Northern Great Plains increased by 213%, from 128 between 1985 and 1995 to 273 between 2005 and 
2014, with total area burned increasing in the western ecoregions of the region by 350% but decreasing in 
eastern ecoregions by 75% or more.57 Wildfire numbers and fire-season length increased from the 1970s to 
the 2000s by 889% and 85 days, respectively, in western Montana and Wyoming forests, with most ignited 
by lightning strikes rather than humans.58 Historically, snow cover prevented winter wildfires and increased 
fuel moisture conditions during snowmelt followed by spring precipitation.59,60 However, early spring 
snowmelt has been correlated with increased fire activity.58 From 1950 to 2010, the number of snow-cover 
days declined within the region,60 increasing wildfire activity due to drying fuels, which can lead to changes 
in flash flooding and debris flow (Focus on Western Wildfires).
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Key Message 25.2  
Human and Ecological Health Face Rising Threats  
from Climate-Related Hazards

Climate-related hazards, such as drought, wildfire, and flooding, are already harming the 
physical, mental, and spiritual health of Northern Great Plains region residents (virtually certain, 
high confidence), as well as the ecology of the region (very likely, medium confidence). As the 
climate continues to change, it is expected to have increasing and cascading negative effects 
on human health and on the lands, waters, and species on which people depend (very likely, 
medium confidence).

Mental Health
Climate change adversely affects mental and spiritual health in multiple ways (Ch. 15).61,62 Although this 
issue affects the entire country, it is especially relevant in the Northern Great Plains, where three states 
are among the top 10 in highest suicide rates per capita in the Nation.63 Suicide rates are particularly high 
in rural and Indigenous populations,64 in part because of remoteness from care and the limited number of 
mental health professionals.65,66 Based on geographically broad-based studies, climate change is projected 
to amplify these risks.67,68 Climate anxiety, also called eco-anxiety (a feeling of doom about future climate 
change), is already prominent among farmers and ranchers in the region.69 Solastalgia—the distress spe-
cifically caused by environmental change while still in a home environment70,71—is indicative of more subtle 
but potentially wider-reaching mental health impacts. Solastalgia is most often associated with Indigenous 
communities, who share collective ancestral ties to the lands and natural resources where they live or 
previously lived and which are inextricably linked to their identities, cultures, and livelihoods, as well as 
their physical and spiritual well-being.72 However, solastalgia can also affect others who are connected to 
the land, such as ranchers and farmers.73

Direct impacts such as crop failure, increased disease, and biodiversity loss can lead to increased loss 
of Traditional Knowledge and language, further influencing the mental health of Indigenous Peoples.61,74 
Despair related to the loss of environmental, cultural, and human health is widespread among Crow Tribal 
elders, adversely affecting mental and spiritual health, and is exacerbated by a sense of inability to address 
the root causes of climate change.75,76

Physical Health 
Climate change is impacting the physical health of the region’s inhabitants in a number of ways. Wildfire 
is projected to increase in the region (KM 25.1), with correspondent health and property implications (Chs. 
14, 15; Focus on Western Wildfires).61 One study suggests that although the total number of premature 
deaths attributable to wildfire smoke is higher in states with greater population density, Montana has 
the highest per capita rate of such deaths in the country.77 In addition, heat is responsible for more cli-
mate-related deaths than any other factor in the United States.78 Although the Northern Great Plains region 
lacks the extreme temperature increases experienced in some other regions, people in this region are 
still at risk given the large number of outdoor workers and recreationists.79 Rising temperatures, as well 
as other climate impacts, are expected to increase the risk of some vector-borne diseases, such as West 
Nile virus.80,81,82 Flood risk patterns in the United States are inequitable on a county basis, with some of the 
counties in this region at increased risk, including some that encompass or are adjacent to Tribal reserva-
tions.83 Shifts in precipitation and increased flooding (KM 25.1) are expected to raise the risk of water-borne 
diseases such as Campylobacter infection.84
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Compound Health Impacts of Climate Events
Multiple climate pressures frequently act simultaneously, leading to compounding health-related outcomes 
(Ch. 15).61,85,86 The impacts of floods resulting from earlier snowmelt combined with more intense pre-
cipitation events can be worsened by loss of ground cover from past wildfires,87 putting people at risk of 
water-borne diseases, trauma and increased mental health issues, and economic losses. Wildfires are more 
common during hotter months when drought is more common,55,56 exposing people to compounding risks 
and stress from smoke, heat, and poor water quality.88,89

Ecological Health

Water Quality
Excess contributions of nutrients, such as nitrogen and phosphorus from agricultural runoff or point 
sources such as wastewater treatment plants, can cause water quality issues, which are expected to be 
exacerbated by climate change.90,91 Nutrient loads (the total amount of a nutrient transported past a single 
location over a set period of time) can increase after droughts, when sediment is flushed in subsequent 
runoff events.92 Nutrient runoff from agricultural land spikes after heavy rain and contributes to harmful 
algal blooms and transport of nutrients to the Gulf of Mexico (KM 25.5).93,94,95 Climate change has long been 
hypothesized as a driver of harmful algal blooms;96 supporting these hypotheses with observations has been 
challenging because of gaps in monitoring, lack of long-term algae data, and changes in laboratory and 
remote-sensing methods.97,98

Cascading Impacts to Biodiversity Loss
Climate change compounds existing threats to biodiversity (Ch. 8). Within the Northern Great Plains, 
conversion of perennial grasslands to monocultures of annual crops results in a loss of biodiversity.99 
Invasive species are also a contributor to biodiversity loss in the region,100,101 and the dominant invasive 
species of concern varies from east to west (Figure 25.7). The region is a hotspot for grassland bird diversity 
and encompasses the entire breeding season range for many of the most vulnerable species;102,103 based 
on projections under a scenario with 5.4°F (3.0°C) warming above preindustrial levels, more than 80% of 
grassland bird species will be vulnerable to climate-related threats during the breeding season.104 Both 
native pollinators and honeybees are important components of the region’s ecosystems. The region 
supports approximately 40% of US honeybee colonies in the summer.105 Over the last 15 years, pollinators 
have been experiencing declines.106 Although not directly linked to climate change, changes in land-use 
patterns related to biofuel policies and loss of Conservation Reserve Program (CRP) lands are potentially 
contributing to these declines.105,107 The CRP program pays farmers to take marginal land out of agricultur-
al production for 10 years and plant perennial cover to reduce soil erosion and provide other ecosystem 
benefits. Recent modeling, however, indicates that targeting where CRP lands are planted on the landscape 
could improve the benefits to pollinators.108 Finally, natural resource managers have identified a number of 
management strategies to help reduce biodiversity loss in the face of climate change, but for many taxa and 
ecological communities, there are still knowledge gaps.109,110
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Invasive Species as Bioindicators of Ecological Condition

Invasive cool-season grasses are reducing biodiversity in the Northern Great Plains. 

Figure 25.7. Acreage in the Northern Great Plains region where at least 50% of the soil surface is covered by two 
representative invasive plant species: cheatgrass (Bromus tectorum; left) in the western part of the region, and 
Kentucky bluegrass or Canada bluegrass (Poa pratensis or Poa compressa; right) in the eastern part of the region. 
The figure shows acreage for 2004–2010 (center) and 2011–2015 (bottom), as well as the change in extent of 
invasion between those two periods (top). These invasive grasses already pose a threat to the biodiversity of the 
region, and climate change is predicted to increase invasive species challenges for this region. Figure credits: 
(center left, bottom left, center right, bottom right) adapted from NRCS 2018;111 (top left, top right) The Nature 
Conservancy, NOAA NCEI, and CISESS NC.
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Key Message 25.3  
Resource- and Land-Based Livelihoods Are at Risk 

The Northern Great Plains region is heavily reliant on agriculture and resource-based 
economies, placing livelihoods at risk from the impacts of climate change and related policy. 
Agriculture and recreation will see some positive effects but primarily negative effects related 
to changing temperature and precipitation regimes (likely, medium confidence). Energy-sector 
livelihoods will be affected as emissions-reductions policies drive shifts away from fossil fuel 
sources (likely, high confidence). Climate change is expected to test the adaptive resilience of 
the region’s residents, in particular rural, Indigenous, and low-income immigrant populations 
(likely, medium confidence).

Food and Agriculture
Farming (referring to all forms of agricultural production, including livestock operations) accounts for 6% 
of total earnings in the region, compared to 0.4% of total earnings nationally.112 Although growing seasons 
and frost-free periods are lengthening,113,114 other factors may stress crop production.49 Negative crop yield 
impacts are anticipated from rising temperatures, which increase the potential for heat and moisture stress 
during reproductive periods, as well as the potential for increased weed competition and pest expansion.3 
Although row crop agriculture generally occurs where greater average annual precipitation occurs (Figures 
25.2, 25.8a), farmers are expanding and intensifying croplands into less productive lands in the region99,115,116 
as climate change alters growing conditions. Although crop yield decline from increased evapotranspiration 
may be somewhat offset by soil moisture trends, soil moisture is projected to slightly decline on an annual 
basis across much of the region (KM 25.1).117,118 Overwintering crops like winter wheat are expected to benefit 
from reduced exposure to frost days under climate change, but reduced ground insulation from declining 
snow cover may offset some of this gain.119 Additionally, higher carbon dioxide concentrations are expected 
to benefit the productivity of many crops.120

The net effect of climate change on specific crop yields is uncertain and will depend on interacting effects 
of temperature, moisture, carbon dioxide, and ozone, as well as adaptation through shifts in cultivars, 
crop mix, and management practices.120,121,122 For example, climate change was listed as a primary challenge 
to both dryland and irrigated agriculture in the 2022 Blackfeet Agricultural Resource Management Plan 
(ARMP), due to earlier snowmelt, increased evapotranspiration, and less water available for irrigation. Recent 
extreme events indicate potential future impacts to livelihoods of individuals throughout the agricultural 
value chain.123 Climate change negatively impacts the ability of regional Indigenous communities to grow and 
use traditional foods, medicines, and plants due to species movements and shifts in growing and harvesting 
seasons. Two significant examples are the Lakota staples wild turnips and chokecherries.124,125 In 2017, 
above-normal temperatures in late summer and fall delayed the harvest of berries and medicinal plants.126

Northern Great Plains rangeland productivity may see less harm from climate change than other live-
stock-producing regions.127,128 Rising temperatures and elevated carbon dioxide levels are projected to 
increase growing-season length and carbon assimilation by plants, thus increasing aboveground net 
primary productivity (atmospheric carbon converted into aboveground plant matter)129,130,131 but decreasing 
nutritional quality.132,133 However, drought-induced water limitation would produce the opposite response by 
reducing biomass production, concentrating nutrients, and enhancing forage quality.134 While the northern 
part of the region could see more frequent forage surpluses under both intermediate (RCP4.5) and very high 
(RCP8.5) scenarios, the southern part of the region (e.g., Nebraska) may experience more frequent forage 
deficits.1 Drought years have had a smaller impact on cattle numbers in the Northern Great Plains than 
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in other regions,135 and single-year droughts have only minimally impacted management or livelihoods.136 
However, ranchers face increasing challenges managing livestock health due to heat stress, parasites, and 
pathogens, as well as managing shifts in forage species, including invasive weeds.137,138 Tribal producers may 
be more vulnerable to these stresses, as they tend to operate smaller farms and ranches on lands that have 
highly fractionated ownership, compared to non-Indigenous producers.139 While cattle production has 
moved northward overall,1 additional stressors to rangeland-based livelihoods exist in the region, including 
conversion to cropland,140 rising land prices, and land ownership concentration trends.141,142,143

Geography of Land Use and Social Vulnerability 

The Northern Great Plains region shows wide geographical variations in land use and social vulnerability. 

Figure 25.8. The figure shows the geography of resource- and land-based livelihoods and vulnerabilities. Tribal 
reservation and trust lands are outlined on all maps. Panel (a) displays the predominant use of each county’s agri-
cultural land as either pasture or cropland. Pasture is common throughout much of the region, with cropland prev-
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alent in the eastern portion of the region. Panel (b) shows federally owned public lands, including lands managed 
by the National Park Service, Bureau of Land Management, Bureau of Reclamation, US Forest Service, US Fish and 
Wildlife Service, Department of Defense, Department of Energy, and other federal agencies. In addition to public 
lands, private protected areas voluntarily provided to the database are also included but make up a very small 
minority of the overall public and other protected land area. The amount of federally owned public land increases 
in the more arid western portion of the region. Panel (c) displays locations of major energy sources in the region. 
Surface coal mines, oil and gas wells, and wind turbine installations are located throughout the region. Panel (d) 
shows county-level Social Vulnerability Index (SoVI) scores, with higher scores closer to 1 indicating higher levels 
of social vulnerability to environmental hazards.144 Capital letters in panel (d) display locations of recent extreme 
climate events highlighted in the “Community Infrastructure and Quality of Life” section below (A, D, and E high-
light examples of flood impacts, B highlights storm damage, and C provides an example of drought impacts). 
Figure credit: University of Nebraska, USDA Forest Service, NOAA NCEI, and CISESS NC.

Tourism and Recreation
The region’s public and private lands provide tourism revenue, as well as benefits to residents’ quality of life 
(Figure 25.8b).145,146 Climate-related trends and extremes are expected to affect ecosystem services, wildlife, 
and tourism, with associated economic impacts.147,148 Higher temperatures in the Yellowstone River in August 
2016 are blamed for a fish kill that triggered the closure of the river to fishing and other uses, decreasing 
income for local and regional businesses.149 Water-based activities are particularly vulnerable to drought 
and face increased conflicts with other water uses.150 In 2017, Montana lost approximately 800,000 visitors 
and $289 million (in 2022 dollars) of tourism- and recreation- related income due to drought.151 Visitors 
also shortened their stays due to smoke and fires.150 Warmer winter temperatures in recent decades are 
correlated with mountain pine beetle outbreaks in western Montana but were not significantly correlated 
with mountain pine beetle outbreaks in other forests within the region, such as the Black Hills.152 A 2017 
drought decreased pheasant populations, affecting tourism income; its impact on wildlife populations 
also reduced Tribal-guided hunting opportunities and may have affected the competitiveness of culturally 
significant plants.126 The length of winter sports seasons is expected to decrease153 and thus negatively 
affect recreation economies in Montana, Wyoming, and South Dakota.154 However, there may be improved 
opportunities for spring and autumn “shoulder season” recreation and both positive and negative effects on 
wildlife-based activities.150 

Energy
Energy revenue in the region supports local services, infrastructure, and income that includes per capita 
payments for some Tribal members.155 Energy revenue can also create risks in the region stemming from 
short-term revenue volatility and long-term dependence.156 The region has an extensive number of oil and 
gas wells, numerous surface coal mines, and increasing wind turbine installations (Figure 25.8c). The region’s 
share of employees working in fossil fuel extraction is four times greater (1.8% of all jobs) than in the Nation 
as a whole (0.4% of all jobs).5 Energy-related livelihoods are affected by climate change due to changes 
in power generation, transmission, and consumption, as well as shifts in demands for particular types of 
energy sources. 

Climate change impacts and mitigation efforts are expected to change energy demand in the Northern 
Great Plains seasonally. Higher summer temperatures and heatwaves are expected to increase energy 
demand in the Northern Great Plains and throughout the country, while in the region, higher winter tem-
peratures and fewer cold snaps are expected to reduce energy demand for heating (Ch. 5).157,158 Increased 
energy demands from outside the region will place increased demands on regional energy resources and 
electricity supply.159 Lower winter electricity demands may potentially lower annual household energy costs 
in this region,157 but increased electrification of the grid may increase costs to utility ratepayers as natural 
gas utilization declines.160 Finally, climate change, especially climate extremes, may also stress energy infra-
structure (e.g. rail, pipelines, distribution lines, transmission lines; Ch. 5).161,162 
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Energy-related livelihoods are also affected by shifts in the type of energy harvested. Energy extraction 
and generation in the region respond to external market and policy drivers.163,164,165 For example, coal 
extraction has declined since 2011 due to air quality regulations, competition with lower-cost natural 
gas and renewables, and climate policy in states and utilities outside the region.155 Tribal and other rural 
communities dependent on coal extraction for revenue and jobs have experienced losses to both as markets 
shift away from these resources.166 Energy transition policy is heterogenous at the state level, and states 
in the region have pursued efforts to protect coal assets rather than help communities transition from 
coal.155,167,168 In response to the demand for oil and gas, communities engaged in oil and natural gas extraction 
in the Northern Great Plains region grew faster than the regional average (14% compared to 6%),8 and 
oil and natural gas extraction is expected to remain at or near current levels through 2030.169 Renewable 
energy production is on the rise in the Northern Great Plains, with the region supplying 12% of the total 
US electricity generation from wind, biomass, and solar sources.163,170 Wind electricity generation tripled 
in the region between 2011 and 2021 and was often co-located alongside row crop agriculture (Figure 
25.8).159,170 A growing number of Tribal entities are leading the Nation’s renewable energy transition by 
installing renewable energy projects, including the Pine Ridge Indian Reservation in South Dakota (solar), 
the Oceti Sakowin Power Authority (wind), and the Confederated Salish and Kootenai Tribes in Montana 
(hydroelectric).171,172,173 The Inflation Reduction Act of 2022 (IRA) is expected to accelerate deployment of 
renewable energy sources,169 and the region may benefit from investments in hydrogen hubs; carbon 
capture, utilization, and storage; and advanced nuclear reactors (Ch. 5).174 Without the IRA and other climate 
mitigation policies, additional energy produced by new renewable energy sources is expected to only 
meet the increased energy demand by 2050 rather than replace the current usage levels of petroleum and 
natural gas.163

Community Infrastructure and Quality of Life
Tribal lands, governments, and peoples are integral to the energy, agriculture, and recreation sectors. 
Immigrant populations are tied to agriculture in the region through their role in meatpacking, dairy, and 
other key industries. These communities face social vulnerability to harm from environmental hazards 
(Figure 25.8d). Communities across the region have experienced damages to infrastructure, businesses, 
homes, and livelihoods due to extreme events, including drought (2017, 2021), hailstorms (2018), flooding 
(2019, 2022), and wildfire (2021).41 For example, after the 2019 Nebraska floods, community-level impacts 
included damage to homes, lack of water and sanitation services, and increased levels of anxiety and 
stress.175 The effect of floods on the Santee Sioux Tribe included interruptions to power and drinking water 
supplies, wastewater backups, and destruction of many bridges and buildings (Figure 25.8d, point A).176

Future extreme events will disproportionately affect communities in the Northern Great Plains region 
that have greater exposure and sensitivity to hazards and fewer resources to prepare, respond, and adapt 
compared to larger cities.12 For example, two storms damaged nearly 600 homes on the Pine Ridge Indian 
Reservation in July 2018, half of which were not repaired one year later (Figure 25.8d, point B). In 2019, the 
region experienced widespread flooding and damaged roads,177 stranding many residents without access 
to basic needs. Many communities were disconnected from major highways, and infrastructure repairs are 
still underway. In drought years, communities dependent on surface water, such as those across the Crow 
Reservation, are seeing water resources and adaptation options become increasingly scarce (Figure 25.8d, 
point C).166

The lack of resilient infrastructure combined with regional climate impacts has created extreme water 
insecurity for Indigenous communities.178 In the region, $159 million (in 2022 dollars) would be needed to 
bring either sewer or water access to 175 Tribal communities. Further, there are upwards of 18,000 homes 
within the region in need of sanitation (water and sewer) repair.179
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Finally, regional residents living in housing or locations that are vulnerable face potential harms due to 
climate change. States in the region have a higher percentage of mobile and manufactured homes (e.g., 
12.3% in Wyoming and 10.4% in Montana) compared to the US average (5.5%).8 Mobile and manufactured 
homes are physically more vulnerable to extreme heat, flooding, and wildfires, exacerbating impacts from 
disasters.180 Homes in floodplains are disproportionately occupied by renters and non-White populations. 
In Nebraska, Hispanic residents are overrepresented in floodplain areas (18% compared to 9% of residents 
in non-floodplain areas),181 which resulted in disproportionate impacts to their housing security during the 
2019 flooding in areas like Fremont and Grand Island, Nebraska (Figure 25.8d, points D and E).

Key Message 25.4  
Climate Response Involves Navigating Complex Trade-Offs and Tensions

Climate change is creating new, and exacerbating existing, tensions and trade-offs between 
land use, water availability, ecosystem services, and other considerations in the region, leading 
to decisions that are expected to benefit some and set back others (very high confidence). 
Decision-makers are navigating a complicated landscape of shifting demographics, policy 
and regulatory tensions, and barriers to action (high confidence). Changes in temperature and 
precipitation averages, extremes, and seasonality will alter the productivity of working lands, 
resulting in land-use shifts to alternative crops or conversion to grasslands (likely, medium con-
fidence). Shifts in energy demand, production, and policy will change land-use needs for energy 
infrastructure (likely, medium confidence).

Communities across the Northern Great Plains region experience complex tensions and trade-offs between 
land use, water availability, ecosystem services, and other factors, all exacerbated by the impacts of climate 
change. For example, higher temperatures and a longer growing season make the region attractive for 
climate-driven human migration9 and increased forage production,1 which in turn increase the demand for 
water resources. However, shifts in precipitation and reductions in snowpack will alter the quantity and 
timing of available water.60 These tensions culminate in difficult decisions about how best to manage water 
quantity and quality and balance trade-offs between consumptive and ecological uses. Chapter 18 highlights 
frameworks for understanding complex systems, cascading effects, and decision-making under uncertainty.

Tensions: Navigating Barriers to Mitigation and Adaptation
Decision-makers are increasingly aware of current and projected climate change impacts, and communities 
are trying to adapt and mitigate. However, there are cultural, structural, and institutional barriers that 
prevent effective action in the Northern Great Plains region. States within the region currently rely on fossil 
fuel economies, creating resistance to energy transition and economic diversification.155,156,182 For example, 
Wyoming has passed legislation designed to hamper the retirement of coal plants and to ensure a continued 
market for coal generation.167 Other examples of barriers include less research funding than other regions;183 
lowered capacity to adapt (Box 25.1); varying perceptions of climate change;184 and a confusing, and occa-
sionally contradictory, set of water regulations and rights around surface water storage (e.g., implementa-
tion of artificial beaver dams to retain water on the landscape).185,186 These factors limit transition planning 
and undermine community-level resilience.168 

Integration of climate change into K–12 science education standards in the Northern Great Plains region 
varies greatly, with several states in the region failing to link human activities to climate change.187 
Acceptance of the human link to climate change is lower than the national average among adults in the 
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Northern Great Plains region, with particularly low acceptance among agricultural producers and agricul-
tural interest groups.188,189 This lack of acceptance highlights barriers to collective understanding and climate 
change response in the region and is matched by a stronger evidence base for actions that emphasize 
adaptation and resilience rather than mitigation (KM 25.5).

The employment, income, and public revenue impacts of the transition away from fossil fuels will vary by 
geography.190,191 Declines in coal demand have, and will continue to have, negative effects on rural coal-de-
pendent states and communities, such as Rosebud and Big Horn Counties in Montana.155,156,192 The public 
revenue gains from renewable energy could be substantial but uneven, reflecting both the impact of 
facility siting on regional economic opportunity and the impacts of tax policy on the ability of state and 
local governments to capture and retain tax revenue.155,193,194 Specifically, state taxation and expenditure 
limits preempt governments from generating revenue from diversified economic growth,195 including from 
renewable energy, and tax incentives designed to lower costs for renewable energy projects can undermine 
the revenue benefits of an energy transition.196 Tribal communities in this region also face barriers to 
developing and benefiting from renewable energy on Tribal lands, including a dependence on federal 
agencies for permitting, limited access to private finance, and an inability to access federal incentives, 
which makes private investment on Tribal lands less attractive.197,198 Decision-makers and communities 
in the region have increased efforts to incorporate multiple values and ways of knowing (e.g., Indigenous 
Knowledge, local experience, and empirical science) into planning and action (KM 25.5).

Box 25.1. Rural Capacity and Funding

With $1.28 trillion (in 2022 dollars) in funding, the Infrastructure Investment and Jobs Act is one of the largest invest-
ments in infrastructure, community resilience, and climate response in US history.199 To successfully plan for and finance 
climate mitigation and adaptation projects, communities require capacity, staffing, resources, and expertise to apply for 
funding; fulfill reporting requirements; and design, build, and maintain infrastructure projects over the long term.200 States 
where capacity to support these efforts is limited receive fewer federal resilience grants, and federal programs that create 
a need for capacity to apply for and manage grants can erode local capacity that could be utilized for other purposes, 
thereby discouraging participation.201 Federal funding agencies can utilize maps of capacity at the local-government 
level to identify and support communities that lack staff and expertise to compete for climate mitigation and adaptation, 
community resilience, and economic development resources. Montana, Nebraska, North Dakota, and South Dakota rank 
among the 10 states where the greatest share of communities have a Rural Capacity Index lower than the national medi-
um.202 Key Message 20.3 further describes the role of governance and policy in risk, adaptation, and equity.

Trade-Offs: Land-Use Conversion
To counterbalance the potentially negative effects of a warmer future climate and drier soils, a shift to more 
water-conservative and nutrient-retentive land cover may be needed, such as from row crops to grassland 
(Figure 25.9). This would enhance ecosystem services such as wildlife, flood retention, nutrient stabilization, 
and carbon sequestration.203,204 While this would increase resilience, it would also require many social and 
infrastructure adjustments and investments, including identifying seed sources for native species. Crops and 
services produced would shift from grain to forage, animal products, native plant seed, biofuel from grass, 
increased hunting on private land, and carbon credits. This would disadvantage companies that currently 
serve the high-input needs of conventional farmers but result in smaller loans for grassland producers due 
to less costly equipment, smaller seed purchases, and less grain shipped overseas. 
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Land-Use Conversion as a Strategy for Climate Adaptation

Land-use conversion offers one strategy for adapting to climate change. 

Figure 25.9. Climate stressors interact with regional land-use decisions in complex ways. Recent and historical 
land-use decisions (left) are altering the productivity of working lands. Potential alternative land-use decisions 
(right) have the potential to increase resilience against climate change. By converting agriculture to grassland 
in areas that will become marginal for production, landowners and resource managers can conserve water and 
enhance ecosystem services. Figure credit: USGS. 

Transitioning away from fossil fuel energy systems is expected to result in the abandonment or reduction 
of fossil fuel energy infrastructure (e.g., pump jacks, well bores), siting of new wind energy generation 
(e.g., wind turbines), construction of linear transmission CO2 pipelines, and continued land conversion to 
biofuels.165,205 Because renewable energy sources are expected to require larger land areas (3 to 25 times 
larger) to produce similar amounts of energy as nonrenewables,206,207 a trade-off exists between providing 
energy and conserving the few remaining intact grassland tracts in the world.208,209 Fragmentation of 
these tracts by energy infrastructure involved in harvesting and transmitting energy can reduce wildlife 
populations and provide conduits for invasive species.159 Siting of energy infrastructure on areas already 
disturbed by row-crop agriculture or other activities may help prevent further fragmentation in some areas 
but may not be a possibility in the more intact grasslands of the Northern Great Plains that are relatively 
undisturbed.159,209,210 Water-use trade-offs are another concern with energy development. Water law can 
influence the ability of industry to access water rights in low-flow years.211 For instance, state and federal 
environmental policy may limit options to generate power from fossil fuel plants that require water for 
cooling during low-water years, which are projected to become more frequent (KM 25.1). Additionally, legal 
challenges related to water quantity and quality for endangered fish set up trade-offs between energy, 
wildlife, and recreation.212,213

Another adaptation action, piloted locally on less productive farmland with promising regional mitigation 
potential, is planting low-input, productive tall grasses, such as switchgrass, as dedicated biofuel energy 
crops (Figure 25.10).214 This approach sequesters carbon from the atmosphere,215,216 and marketing this 
alternative crop for forage, seed, or biofuels could generate income equal to or exceeding current income.217 
Switchgrass is a native plant that requires little fertilization and is especially resilient to drought. Biofuel 
feedstocks could be burned to generate electricity or converted to ethanol or bio-oil, syngas, and biochar. 
Planting grasses would store more carbon in the soil, require fewer inputs of fossil fuel compared to the 
annual planting of conventional crops, and improve other components of soil health.218 However, large-scale 
land-use conversion to biofuel energy crops could disrupt food production processes, reduce biodiversity, 
and drive water competition.219
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Marginal Farmland Planted to Switchgrass 

Conversion of cropland to production of biofuels such as switchgrass is being piloted in the region as a climate 
adaptation action. 

Figure 25.10. Switchgrass is a highly productive native prairie perennial that is the most promising species for fu-
ture commercial growth as biofuel (for use as liquid transportation fuels and in electricity production). Photo was 
taken in 2021 at an experimental farm near South Shore, South Dakota, following two summers of drought, when 
production of switchgrass hay was 5 tons per acre and was more profitable than the production of corn. Photo 
credit: ©Arvid Boe, South Dakota State University.

Key Message 25.5  
Communities Are Building the Capacity to Adapt and Transform

Adaptation is underway in the Northern Great Plains to address the effects of climate change. 
Agricultural communities are shifting toward climate adaptation measures such as innovative 
soil practices, new drought-management tools, and water-use partnerships (medium confi-
dence). Several Tribal Nations are leading efforts to incorporate Traditional Knowledge and 
governance into their adaptation plans (high confidence). Resource managers are increasingly 
relying on tools such as scenario planning to improve the adaptive capacity of natural eco-
systems (medium confidence).

Effective adaptation accounts for climate change uncertainty as well as the complex interactions and 
trade-offs within and between ecological and social systems (Ch. 31).220,221 The failure to carefully navigate 
the full suite of adaptation options and the consequences of those options can result in maladaptation—
increased vulnerability to climate change due to poor or misguided action (Box 25.2)222 or inequitable distri-
bution of outcomes. Despite these challenges and risks, climate adaptation planning also presents opportu-
nities to build collaborative partnerships and steward ecosystems.223 The communities, economic sectors, 
and natural resource practitioners in this region are advancing adaptation solutions (Box 25.3).
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Box 25.2. Prairie Pothole Wetlands and Climate Adaptation Challenges 

In the eastern Prairie Pothole Region of Minnesota, North Dakota, South Dakota, and Iowa, an increase in rainfall in the 
spring season has exacerbated problems with excess shallow groundwater in farm fields. Farmers have responded by 
draining this water with perforated plastic pipes (known as tiles; Figure 25.11)224,225 buried at the rooting depth of mature 
corn plants, a practice that improves crop yield.226 Tiling has increased rapidly in eastern North and South Dakota, partic-
ularly in the Red River valley.227,228,229,230 To date, approximately half of the wetlands in the Northern Great Plains have been 
drained, disrupting their ecosystem services, such as flood protection, carbon sequestration, and forage and water for 
livestock.231,232 Drainage transforms the hydrology of downslope ecosystems, contributing to the widening and sedimen-
tation of rivers,224,233,234,235 and promotes toxic algal blooms in aquatic systems through transport of nutrients (especially 
phosphorus and nitrate).236,237 Additionally, improper placement of tiles may drain water from nearby wetlands.226 Adapta-
tion actions to regain wetland benefits and respond to climate change include restoring grassland and drained wetlands, 
redoubling the protection of wetlands with easements, revising vegetation management of wetland watersheds, and 
discouraging tile drainage in farm fields with wetlands present.238,239,240,241

Pattern Field Tiling

Draining agricultural fields through tiling improves crop yields but can harm ecosystems. 

Figure 25.11. Pattern field tiling in the Prairie Pothole Region is designed to drain low, wet ground to provide 
soil space for roots of crops, which can increase yields. Tiling can inadvertently drain wetlands if placed too 
close to or below the elevation of the wetland bottom. Plastic pipe is buried at each black line visible in the 
photograph. Photo credit: USFWS.
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Box 25.3. Climate Adaptation Successes 

Climate adaptation happening in the Northern Great Plains region includes farmers in Nebraska testing new methods to 
improve soil structure and hydrologic function, Indigenous communities returning buffalo to their lands, ranchers returning 
less productive farmland to grassland for forage production, and local communities responding to flooding and working to 
improve flood readiness. 

Adaptation Through Soil Health

Restoring soil structure and hydrologic function is a critical adaptation strategy in the Northern Great Plains 
region. In Nebraska, the Natural Resources Conservation Service has used federal conservation program 
dollars to support farmers testing soil health management practices, such as incorporating cover crops 
into annual crop rotations. Partnerships that leverage on-farm trials with outreach and research contribute 
to growing both the knowledge base and the execution of crop and livestock management practices that 
support improved soil function. Benefits include water-related outcomes such as increased infiltration and 
reduced runoff. Photo credit: USDA

Bringing Back the Buffalo

Bringing back the buffalo has been a regional resilience-building strategy for ranchers, Tribal Nations, and oth-
ers who understand the role it plays in the ecosystem. The buffalo has deep cultural and spiritual significance 
for Tribal Nations in the region and beyond. The Tanka Fund has been pivotal in this regional effort by con-
necting ranchers to technical support and resources to increase herd sizes. Similarly, the InterTribal Buffalo 
Council helps Tribal Nations develop and maintain their own herds. These two entities connect resources to 
people and Tribal Nations looking to restore the buffalo as the keystone species of grassland ecosystems. 
Photo credit: NPS
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Restoring Native Perennial Land Cover

As climate changes, it may be beneficial to return less productive cropland to native perennial cover that can 
provide multiple ecosystem services, including climate mitigation through carbon storage, pollinator benefits, 
and forage production for livestock. Audubon Great Plains, in partnership with government organizations and 
other nonprofits, is leading a new Conservation Forage Program in North Dakota to help producers achieve 
this shift in land use to benefit both producer operations and natural resources. Programs such as these that 
provide technical and financial assistance to producers while also helping to establish the necessary infra-
structure for grazing (e.g., fencing, water access) and allow livestock use after vegetation establishment will 
allow farmers and ranchers flexibility in their operations. Photo credit: ©Reese Lausen

Responding to Increases in River Flooding

Flooding along major rivers is an increasing challenge for rural and Indigenous communities in this region. In 
March 2019, a 64-unit Tribal housing community with more than 300 Yankton Sioux members on the edge of 
the Lake Andes National Wildlife Refuge was inundated with floodwaters and cut off from the town of Lake 
Andes. Subsequent heavy rain events flooded basements and made the road inaccessible until the water over 
the highway froze in December. On August 12, 2019, the Tribe released a statement: “Our community is liter-
ally drowning.”242 The White Swan Recovery Group was created to provide resources for impacted community 
members and advocate for long-term solutions. The group received training to provide local lead and mold re-
mediation and housing repairs. They continue to explore long-term solutions as the area is subject to frequent 
flooding; these efforts include advocacy to elevate the highway to protect housing, as well as conversations 
regarding relocating the community. Photo credit: Marcie Hebert, USFWS



Fifth National Climate Assessment

25-28 | Northern Great Plains

Adaptations in Agriculture
The agricultural community in the Northern Great Plains region is developing innovative climate adaptation 
solutions to support livelihoods in the region (e.g., Johnson and Knight 2022243), many of which also support 
mitigation by sequestering carbon (Ch. 11). Stakeholders recognize that soil improvements increase flood 
and drought resilience.244 Growing evidence from working farms and ranches in the region demonstrates 
how diversification strategies—such as reduced soil disturbance, increased crop residue, plant cover, and 
livestock and crop diversity (sometimes referred to as soil health or regenerative practices)—improve 
soil properties and processes, including water-holding capacity and infiltration, and provide many 
potential public and private co-benefits, including carbon sequestration.245,246,247 These properties and 
processes produce enhanced carbon and nitrogen cycling and soil structure,240 increased soil microbial 
communities, and lower pest communities while reducing nutrient inputs and leading to greater yields 
and profitability.248,249,250,251,252 There is strong demand for, and proven efficacy around, producer knowledge 
networks to support transitioning to soil health practices.253,254 Additionally, reintegrating row crop 
and livestock production systems could diversify income, increase operation resilience,246 and restore 
ecosystem services, including sequestering more carbon in soil; retaining nutrients, especially nitrate; and 
supporting biodiversity.108,217,255

In arid parts of the region, adaptive solutions for irrigated agriculture will be critical. The majority of the 
region’s states assign water rights based on prior appropriation, under which the first person to put water 
to beneficial use has the right to continue to use that water as long as the water is being used for the same 
beneficial use. This can slow the ability to acquire new water rights that may be necessary to address 
climate impacts.256 The Upper Colorado River Commission (UCRC), as part of the 2019 Drought Contingency 
Plan,25 is investigating the feasibility of implementing a demand-management program in the Upper 
Division states of the basin, including Wyoming. Under this program, water users would be compensated 
for voluntarily reducing consumptive uses. The conserved or imported water would be stored in federal 
reservoirs and released when needed to ensure compact compliance under a decision of the UCRC. On 
a smaller scale, many watershed and irrigation groups are investigating collaborative and shared water 
management strategies to manage scarce water resources to meet agricultural and ecological water needs, 
including the Brush Creek Irrigation District257 and the Popo Agie Watershed Healthy Rivers Initiative258 in 
Wyoming, as well as some Montana Tribes.259 Instead of directly following the prior appropriation doctrines, 
different approaches to collaboratively manage water resources to meet agriculture and instream needs 
are being implemented. All of these efforts include and rely on improved hydrologic monitoring and data 
collection, as well as strong communication and buy-in from stakeholders.

Ranchers are also exploring adaptation strategies that increase livestock production by adjusting range 
management for a warmer climate.260 One strategy to improve ranch resilience is through the use of drought 
planning.261,262 Drought plans focus on identifying critical time periods for monitoring conditions and making 
decisions.263 A planned drought response may involve adjusting the number of cattle, the season of grazing, 
the length of grazing time in pastures based on precipitation and vegetation growth,264 or holistic planned 
grazing strategies that manage for ecosystem health by adapting to changing conditions.265 A 2017 study 
found that nearly 60% of ranchers in the region had some type of drought contingency plan;261 however, 
adoption of weather and climate data into management decisions has been slow.136,266 The development of 
new grassland productivity forecasts may increase adoption by translating climate outlooks into usable 
information for ranchers.267 Unique multistakeholder groups are also exploring collaborative adaptive 
management to understand and reconcile stakeholder experiences and ways of knowing about complex 
rangeland systems on public lands.264
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Adaptation to Flooding
In response to significant flooding in 2011 and 2019 in the upper Missouri River basin (UMRB), improved 
monitoring was implemented to inform water management decisions. Frozen and saturated soil and 
significant snowpack in the UMRB were major contributors to flooding in those two years. Additionally, 
the drought west of the Missouri River in 2016–2017 highlighted the problem of sparse soil moisture data 
inhibiting accurate drought monitoring. As a result, the US Army Corps of Engineers, in collaboration with 
the state climate offices, is establishing a soil moisture and snowpack monitoring network.268,269 A total of 
529 stations are scheduled for installation between 2021 and 2027 on a 25-square-mile grid at elevations 
below 5,500 feet. The data from these stations, which include multiple soil moisture and temperature 
depths, as well as snow depths, will be directly available to NOAA to track and forecast flooding, drought, 
and other climatic and weather events.

With increased spring precipitation across much of the region, rural and Indigenous communities are 
adapting to more frequent flooding. Adaptation responses range from individual-scale approaches, such as 
elevating homes, to policy changes, including changing building codes and zoning regulations. Nebraska’s 
unique river-basin Natural Resources District structure has enabled watershed-scale approaches that bring 
together multiple jurisdictions and stakeholders to decrease flood risk.270 More drastic responses considered 
by some communities include relocating altogether. One increasingly successful adaptation strategy for 
responding to flood and natural disasters is the grassroots formation of local groups and coalitions to assist 
communities with disaster recovery and long-term adaptation (e.g., Sioux Empire Community Organiza-
tions Active in Disaster in South Dakota, Midwest Housing Resource Network in Nebraska). These groups 
are a mechanism for local communities to come together in mutual aid to plan for and support each other in 
response to flooding.

Adaptations in Indigenous Communities
Indigenous Peoples have called the Northern Great Plains region home for centuries, and today several 
regional Tribal Nations are leading the way in climate adaptation and implementation.271,272,273 Several other 
Tribal Nations are leading the effort in water resilience and proactively addressing drought.274,275,276,277 
Indigenous approaches to adaptation combine traditional and contemporary management practices often 
grounded in spirituality and cultural traditions.278 The key issues for Tribal climate adaptation in the region 
are capacity, sustainability, and sovereignty.197

The Rosebud Sioux Tribe has several initiatives in progress to build resilience to climate change.279,280 The 
Sicangu Climate Crisis Working Group developed a Tribal climate adaptation plan that covers 20 Tribal 
communities across more than a million acres of Tribal land. The plan incorporates Lakota philosophy 
and Traditional Knowledge, including historical migrations, astronomy, origin stories, and the Tribes’ 
special relationship with the buffalo. The plan prioritizes data sovereignty, interdepartmental collabora-
tion, and directly supporting Tribal households to prepare for the impacts of climate change.273 Addition-
ally, the Rosebud Sioux Tribal Water Department has developed a drought adaptation plan and extensive 
real-time monitoring that enables the management of stream flow and groundwater sources, including 
the Ogallala Aquifer.276 One of the major challenges has been the enforcement of the Rosebud water code 
to address neighboring farmers pumping Tribal-managed groundwater. However, with the removal of the 
moratorium on Tribal water codes, the Rosebud Sioux Tribe may now have the ability to manage its water as 
a sovereign nation.281

In 2018, the Blackfeet Nation completed a climate adaptation plan, which includes all of the natural resource 
departments across the Tribal government.271 This inclusive approach takes more time and coordination but 
also creates collaborative opportunities by breaking down silos, minimizing redundancy, and maximizing 
scarce resources. For many Tribal Nations, sustainability is a key issue. This was especially true during 



Fifth National Climate Assessment

25-30 | Northern Great Plains

the COVID-19 pandemic and continues to be the reality in rural agricultural regions with smaller tax 
bases and higher turnover rates in staffing. Implementation includes the Ksik Stakii Project, which aims to 
protect beaver, restore rivers, and increase natural water storage to reduce vulnerability to drought and 
flooding.271,282 A notable capacity-building strategy at Blackfeet is for Tribal resource departments to partner 
directly with Blackfeet Community College students on research projects. This type of a partnership is 
particularly important in the Northern Great Plains region, which has the highest concentration of Tribal 
colleges in the country.

Public Land Adaptation
The National Park Service (NPS) and partners have adapted scenario-based planning to help natural and 
cultural resource managers and others work with uncertainty and address the ways change might plausibly 
occur (Ch. 8).283,284 Adaptation action on public lands in this region is challenged not only by the region’s 
inherent climatic variability but also by the uncertainty in how resources, lifeways, or livelihoods might be 
affected by climate change and which adaptation responses might be effective (Figure 25.12). 

Adaptation of scenario-based planning for public resource stewardship has focused on NPS units within 
the region—including Knife River Indian Villages National Historic Site, Badlands National Park, Wind Cave 
National Park, and Devils Tower National Monument.283,285,286,287,288,289,290,291 This work has increased scenario 
plausibility and relevance and improved facilitation and efficiency of climate adaptation decision-mak-
ing.283 It has also clarified the importance of distinguishing climate futures (i.e., climate scenarios) from 
climate-resource scenarios (i.e., scenarios of both changes in climate and associated changes in resource 
condition).289,292 Importantly, this work has created a model to support climate adaptation for natural 
resource decision-making in the face of climate uncertainty.



Fifth National Climate Assessment

25-31 | Northern Great Plains

Adaptation Planning

Scenario-based planning accounts for uncertainty by considering a range of ways in which change might occur. 

Figure 25.12. Forecast-based planning uses predictions of a single future (b), whereas scenario-based planning 
works with a set of plausible futures that capture a broad range of potential future conditions, providing a frame-
work to support decisions under conditions that are uncertain and uncontrollable. Scenario-based planning at 
Wind Cave National Park identified four potential outcomes (a, c) for grassland and pine forest vegetation, surface 
water availability, and American bison (Bison bison) and prairie dog colonies under different climate futures—very 
dry and droughty (brown), frequent droughts (red), generally drier (green), and a bit wetter (blue)—all of which have 
different management implications for the natural and cultural resources in the park. Each dot in the graph rep-
resents a climate projection, and the set of four circled projections collectively encompasses most of the range 
of ways in which drought and springtime moisture levels could change by midcentury. SPEI—the Standardized 
Precipitation–Evaporation Index—is a multi-scalar drought index, based on precipitation and potential evapotrans-
piration, that is used to identify wet and dry periods in a given location.293 A zero value indicates average moisture 
balance, positive values signify above-average wetness, and negative values represent drier-than-average con-
ditions. SPEI-3 is a three-monthly SPEI calculation, and this figure shows values for April–June. Adapted from 
Schuurman et al. 2022294 and Runyon et al. 2021.289



Fifth National Climate Assessment

25-32 | Northern Great Plains

Rural Community Adaptation
Rural communities have two key needs to foster climate adaptation (KM 11.3). The first is economic diversi-
fication to create more resilient economies (e.g., broadband connectivity, restoration activities that create 
jobs and restore ecological function, and conservation that improves access and opportunity in recre-
ation-based economies). The second is the need for a new social contract around resource extraction, 
especially for communities that will remain rural, isolated, and resource-dependent.295 Major investments in 
community services, infrastructure, and economic development led by rural communities require long-term 
and sustainable funding to build capacity and resilience (Box 25.1).194,200 Barriers to building adaptive capacity 
include a lack of coordinated federal assistance programs.296 The region also has the potential for population 
growth in communities currently facing out-migration driven by favorable changes in climate coupled with 
a robust recreation economy, particularly in the intermountain West.297,298
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Traceable Accounts
Process Description 
The chapter lead authors were identified in the summer of 2021. This team compiled a list of nominated 
and Fourth National Climate Assessment (NCA4) authors as a pool of possible contributors. Additions to 
this list came from professional networks, research into priority departments at key regional institutions, 
and searches on several databases of experts from historically marginalized populations. The lead authors 
defined potential themes for the region based on team expertise and a review of literature published since 
the release of NCA4 and then narrowed the list of potential authors based on their ability to address these 
themes and a desire for diversity. 

Candidates were selected based on a mix of expertise, regional distribution, career stage, age, gender, 
sector, discipline, and race and ethnicity. After preliminary research on potential contributors, introduc-
tory conversations were pursued to gauge interest and answer questions. The majority of the chapter 
team was recruited in September and October 2021, although as gaps were identified, other authors were 
added. Weekly all-author meetings started in September 2021 to craft the Zero Order Draft, with subgroup 
meetings held when needed to work out details. Once key topics were identified in December 2021, authors 
were divided into Key Message teams, based on interest and relevant knowledge. Virtual all-author meetings 
continued weekly, with Key Message teams meeting approximately every other week and more frequently 
before submitting the Zero Order Draft. 

Key topics were identified through discussion, relevant literature, and knowledge of the region. Authors 
held two virtual engagement meetings, one during the day and one in the evening, to provide options for 
participants. Engagement events were promoted by the US Global Change Research Program through 
author networks, on social media, and with personal invitations to individuals whose voices the author team 
wanted to be represented. Feedback from engagement aligned well with the draft structure, but some of the 
emphases were adjusted based on stakeholder feedback. The author team incorporated inputs received in 
a public call for the technical material and relevant scientific publications and added several key technical 
contributors to bring other types of knowledge (e.g., Indigenous and experiential) that would provide a 
more complete assessment. Key Message teams discussed and came to consensus about Key Messages 
proposed in the First Order Draft and revised and came to consensus on Key Messages for the Second and 
Third Order Drafts. Key Messages were further iterated in the Fourth and Fifth Order Drafts to respond to 
comments from the public, National Academies, and agency technical review. 

Key Message 25.1  
Climate Change Is Compounding the Impacts of Extreme Events 

Description of Evidence Base 
The role of climate variability in the region has been well established.39,42,299 The added effect of climate 
change is still emerging. NOAA State Climate Summaries document long-term increases in temperature in 
the region and varying changes in precipitation across the region.14,15,16,17,18 Recent USGS trend and attribution 
efforts reflect the trends in flooding presented here, and the majority of attributions for those changes are 
related to changes in precipitation, with some also related to changes in temperature.43

The upper Missouri River basin combines the varying effects of east–west and north–south gradients in 
precipitation and temperature, respectively, for the Northern Great Plains. However, the Key Message team 
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wants to acknowledge that the Northern Great Plains region also includes parts of the Columbia, Colorado, 
Souris, Red, and Minnesota River basins.

Multiple independent scientific assessments and analyses of climate change effects on drought occurrence 
in the region are reaching similar conclusions across multiple climate change scenarios.22,26,45,48,51 The study 
showing increased wildfire activity in the Northern Great Plains is based on satellite data, which adds 
credibility, because the use of the same methodology to assess wildfire across the region eliminates dis-
crepancies caused by differences in how local governments record wildfire occurrence.57

Major Uncertainties and Research Gaps 
Given the high degree of natural climate variability in the region, predicting future hydroclimatic and 
ecological conditions at specific locations is a major challenge. Climate change predictions of increased 
drought occurrence vary spatially and temporally. Complex interactions among temperature, precipitation, 
evapotranspiration, and moisture storage also create uncertainty for future conditions and agricultural 
production in this region (KM 3.4). As many of the projections of soil moisture predict close to no net change 
and the region already has a low effective precipitation that has high interannual variability, projected 
changes in soil moisture vacillate between overall net positive and negative changes.47,48,49 Better under-
standing of how climate change affects soil moisture will require a greater assessment of the variability in 
soil moisture among global climate models and the incorporation of other factors such as soil type and plant 
species–specific responses at the local scale.117,118

Lack of long-term observations for small-scale and rare hail events and shortcomings in high-resolution 
models create uncertainty for predicting future events in specific areas,28,29 so the models rely on trends in 
favorable hail environments.30,31,32,33,34,35,300 Projections of severe convection in current research have largely 
focused on a very high scenario (RCP8.5).

Although drought frequency and severity are expected to increase, changes in multiyear drought 
occurrence due to climate change are relatively unknown.45,52,53 Research on wildfires in the region has 
not addressed how human presence has influenced wildfire activity in the grasslands but has covered it in 
the forests.58

Description of Confidence and Likelihood
The coauthors of this section discussed the initial levels of confidence and likelihood, weighing the 
literature, observational data, and collective subject-matter expertise. The authors assigned a likely estimate 
with high confidence for an increase in severe droughts because of the pervasive evidence that increasing 
summer temperatures will increase evaporative demand, while changes in precipitation patterns lean 
toward increasingly dry summers. The authors assigned a medium confidence and no likelihood estimate 
for increasing hail frequency and size because the literature is still emergent and precludes a likelihood 
estimate but does present evidence that suggest increasing hail frequency and size in the High Plains 
area under at least some climate change scenarios. The authors assigned a very likely estimate with high 
confidence for changes in flood potential because research and observations strongly support both an 
increase of snowmelt runoff and flood potential in the eastern half of this region and respective decreases 
in the west. NOAA State Climate Summaries cited predict increases in extreme precipitation, which are 
expected to increase flood risk, even in areas with declines in overall precipitation. The authors assigned a 
likely estimate with high confidence for increased wildfire risk because the increase in evaporative demand 
and precipitation variability that favors drought also favors increased numbers of wildfires. Research 
indicating shorter duration of snowpack coverage also favors longer wildfire seasons. The authors assigned 
a very likely estimate with very high confidence for increases in evapotranspiration because multiple sources 
and subject-matter experts agree that the increasing warm-season temperatures will increase evaporative 
demand. The authors assigned a very likely estimate with high confidence for greater precipitation variability 
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because of the depth of both observational and model-based studies and consensus among subject-matter 
experts for current and future trends toward increased variability. 

Key Message 25.2  
Human and Ecological Health Face Rising Threats  
from Climate-Related Hazards

Description of Evidence Base
Climate trends from NOAA State Climate Summaries,14,15,16,17,18 individual state-level climate assessments, 
USGS studies,43 and demographic data from the 2020 US Census Bureau provided information to help char-
acterize the region in terms of ecological conditions99,100,101 and human populations.61 CDC databases were 
also used extensively for health-related statistics. Multiple recent peer-reviewed studies of the impacts of 
specific aspects of climate change on human health were reviewed and included in the assessment. With 
relatively few region-specific studies of the health impacts of climate change, analyses based on areas 
with more concentrated populations provided valuable insights that are applicable to the Northern Great 
Plains. Several studies related to mental health have addressed the impacts on ranchers and farmers, rural 
residents, and Indigenous populations and are included in this assessment.73,75,76 Many studies predict water 
quality changes in response to climate change; fewer studies have identified such changes.90 Land-use 
change was predicted to be a larger driver of changes in water quality than climate change, and, along 
with management practices, land-use change appears to be the major driver in many cases;90,91 however, 
the interaction of land use, management practices, and climate extremes is an important area for future 
research and potential harm reduction.93,94,95

Major Uncertainties and Research Gaps
The complex interactions among climate-related indicators themselves, with even more variability 
contributed by the considerable east–west geographical expanse of the region, lead to notable uncertainties 
for future climate conditions and the interactions between those climate conditions and local populations. 
The overall low population and population density across the region make data collection relative to 
health-related impacts difficult, adding to even more uncertainty in projections for impacts on individuals 
or locales. Research gaps include limited studies relating to health impacts specific to the region. In addition 
to the demographic barriers noted above, many areas within the region have limited sensors for measuring 
local conditions related to air quality, temperature, water quality, and air and soil moisture. The paucity of 
sensors, most notable in nonurban areas of the region, for these conditions introduces uncertainty when 
focusing on specific locations. The need for location-specific data is particularly important when addressing 
adaptive measures, since some conditions, such as air quality and temperature, can vary dramatically within 
small geographical areas.

Climate impacts on the ecology of the Northern Great Plains are difficult to generalize because individual 
species are expected to respond very differently to changes in climate. While declines have been observed 
and are projected for some taxa,104,106 there are knowledge gaps around what those impacts might be for 
many taxa, species, and culturally significant plants and animals. Climate impacts will interact with and are 
expected to compound many other anthropogenic stressors, such as invasive species and conversion of 
natural ecosystems to row crop agriculture, and it is unknown which taxa are most vulnerable to climate 
change and what the magnitude of these impacts could be. 

While the authors understand water-quality and physical processes related to climate, many management 
activities designed to reduce nutrients are taking place on the landscape, along with changing agricul-
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tural nutrient requirements. Therefore, it can be difficult to find the climate signal in trends related to 
surface water quality, apart from the signal related to other important factors, such as land use, agricultural 
practices, and wastewater treatment.90,94 The problem of attribution is further confounded by the complex 
effects of reaction-transport lags between any climate or landscape-scale driver and detectable changes 
in nutrients in surface or groundwater.90,91 Recent findings based on observational data90,91 support past 
predictions that land-use changes would have comparable or greater effects on water quality than climate 
changes. 

Climate change has long been hypothesized as a driver of harmful algal blooms. Warming water 
temperature, higher carbon dioxide levels, and increases in heavy precipitation can create preferential 
conditions for algae. Blue-green algae can thrive in warming, slow-moving water; high carbon dioxide levels 
can result in rapid algae growth; and heavy precipitation can result in more nutrient runoff.96 Unfortunately, 
supporting these hypotheses with observations has been challenging because of gaps in monitoring, lack of 
long-term algae data, and changes in laboratory and remote-sensing methods.97,98 

Description of Confidence and Likelihood
Likelihood and confidence statements for climate change impacts on the health of residents of the region 
(virtually certain, high confidence) and on the region’s ecology (very likely, medium confidence) are based 
on literature, some of which is cited in Key Message 25.2, observational data, and collective subject-mat-
ter expertise. The very likely rating for the region’s ecology in both likelihood statements was based on the 
information that impacts are already being observed, and the medium confidence rating for both confidence 
statements was assigned because data or projections of impacts exist for some taxa but not all. Impacts to 
some aspects of the region’s ecology are unclear or unknown. The research gaps and uncertainties listed 
in the preceding section limit the ability to project impacts for specific locations but do not lessen the 
confidence regarding current impacts on the various aspects of human health in the region as a whole, 
assertions strongly supported by an increasing number of studies (Ch. 15).301 Levels of confidence and 
likelihood have been discussed in an ongoing fashion among the coauthors of the section, who weighed the 
overall literature and personal expertise to reach consensus for the stated levels. 

Key Message 25.3  
Resource- and Land-Based Livelihoods Are at Risk

Description of Evidence Base 
Multiple national government economic reports provide the background for population growth and the 
importance of the agricultural and energy sectors to livelihoods in the Northern Great Plains. The most 
recent comprehensive syntheses of crop and climate impacts,3,114,119 the most recent publications focused 
on Indigenous communities,126 and the most recent foundational publications on crop physiology impacts 
of climate change at a broader scale than the region120 support the projected negative impacts that rising 
temperatures would have on crop and culturally significant plant yields and timing. The net effect of climate 
change on agricultural livelihoods is uncertain due to the unresolved interacting effects of temperature, 
soil moisture, and carbon dioxide levels, as well as the degree of climate adaptations that may occur.120,122 
Projected aboveground net primary productivity increases and effects of drought are well documented 
across multiple scientific papers,129,130,131 with recent papers supporting older papers from the literature 
and reinforcing the expected outcomes. The current resilience of rangeland-based livelihoods135,136 and 
their future challenges137,138 are well documented and in agreement. Although extensive peer-reviewed 
literature does not exist for climate effects on tourism and recreation, a few peer-reviewed literature 
examples documented climate change impacts on water-based, hunting, winter, and sightseeing recre-
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ational activities.150,151,153 The scientific literature on projected changes in electricity use within the region 
in response to climate change is readily available and in agreement (Ch. 5),157,158 but literature on energy 
resource and electricity demands on the region from outside the region is limited and lacks specificity.155,159 
Examples of increasing and shifting types of energy demands on the region are well documented in both 
peer-reviewed scientific literature as well as government reports,163,165,169,170 but comprehensive literature 
reviews providing overviews of how all energy shifts are occurring in relation to one another and in 
response to climate change and climate change policy are lacking. Literature on the effects of current and 
projected energy demand and shifts among types of energy sources on the livelihoods within the region 
is less available, and information is gleaned from government reports.8 The impact of climate extremes on 
energy infrastructure is general in nature (Ch. 5)161 and does not cover climatic variability and extremes 
unique to the region for all the energy infrastructure types found in the region.162 Peer-reviewed literature 
on climate change impacts to livelihoods in the region does not fully address recent extreme events, 
so agency reports (e.g., FEMA 2019177) and Tribal documents (e.g., Blackfeet Nation 2022139) are used to 
document examples of impacts. This is also the case with Tribal infrastructure, where critical information 
on infrastructure was pulled from Indian Health Service and Bureau of Indian Affairs reports. Impacts are 
also identified by a technical contributor (Cullen) who works directly with communities affected by disasters 
in the region.

Major Uncertainties and Research Gaps 
As stated in the text of the Key Message, the net effect of climate change on specific crop yields is uncertain, 
and multiple interacting effects would benefit from further study to fully grasp how climate change will 
comprehensively impact the agricultural industry, especially as it develops cultivars and management 
practices that adapt to the changing environment.

The net impact on forage quantity and quality in the region remains to be further explored. Productivi-
ty responses of Northern Great Plains rangelands to climate change have a degree of uncertainty, as the 
response of the vegetation to climate change may vary between the two dominant plant functional groups 
(C3 and C4). Scaling up the climate change responses of individual species and functional groups and how 
they contribute to larger ecosystem processes and properties, such as evapotranspiration or productivity, 
is important for improving the forecasting of climate change impacts to grasslands and shrublands in the 
region; this is a research gap. There is also uncertainty about how the negative impact of drought, which is 
expected to increase under climate change, will impact the expected positive gains on forage quantity and 
quality due to rising temperatures and elevated carbon dioxide.

Comprehensive studies of how climate change will affect tourism and recreation in the region are missing 
from the literature. Climate change impacts on tourism livelihoods are often limited to case studies and 
would benefit from more directed scientific study. Although some climate change models predict changes in 
insect outbreaks, which can lead to large impacts on recreational areas, correlations between outbreaks and 
climate change (e.g., mountain pine beetle) were not widespread, indicating a research gap in understanding 
all the interactions contributing to the relationship of observed outbreaks and climate change (e.g., Weed et 
al. 2015152).

Further studies detailing how increased national energy demand impacts regional energy harvest 
would provide a deeper understanding of the economic connections that in turn greatly affect regional 
communities. Strategic planning for the development of new oil and gas resources while transitioning to 
other energy resources in the region could benefit the grassland resource as a whole. Carbon capture, 
utilization, and storage (CCUS) in the region may play a role in mitigating US emissions. However, little 
carbon is currently being sequestered, and documentation of the costs and benefits for the region, as well 
as its many barriers and uncertainty, is a major research gap. It would be helpful to gather more information 
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on these topics before CCUS technology is deployed at scale in the region. Specific research examining how 
energy infrastructure in our region would respond to climate extremes is another research gap.

The effects of extreme events on agricultural, energy, and recreation-based livelihoods are often investi-
gated more by the general media than by scientific studies and are therefore insufficiently covered in the 
research literature. This is also apparent when trying to evaluate the impact of climate change and climate 
extreme events on socially vulnerable communities. Peer-reviewed literature focused on climate change 
effects on rural and Indigenous communities in the region is a research gap.

Description of Confidence and Likelihood 
The coauthors of this section discussed the initial levels of confidence and likelihood, weighing the 
literature, observational data, and collective subject-matter expertise. The authors assigned a likely estimate 
with medium confidence for agriculture and recreation seeing some positive but primarily negative effects of 
changing temperature and precipitation regimes on livelihoods. The medium confidence level was assigned 
because regional-specific agricultural literature is limited and requires multiple sources to be pieced 
together to evaluate the likelihood and confidence of changes in agriculture, and because recreation and 
tourism literature was limited to case studies often focused on extreme climate events that could increase 
with climate change. The authors assigned a likely estimate with high confidence to the statement that 
energy-sector livelihoods would be affected by shifts away from fossil fuel sources driven by emissions-re-
ductions policies; this is because the coal industry has declined undeniably due to market competition, 
air-quality regulations, non-regulatory decisions made by public and private power utilities, and state and 
federal climate rules and renewable energy investments. Demand for oil and gas remains stable. The authors 
assigned a likely estimate and medium confidence to the statement that climate change will test the adaptive 
resilience of the region’s socially vulnerable residents. This statement is assigned that particular likelihood 
and confidence because of instances in which recent extreme events have set back rural, Indigenous, and 
low-income communities, although there is a lack of extensive documentation or literature addressing this 
risk. 

Key Message 25.4  
Climate Response Involves Navigating Complex Trade-Offs and Tensions 

Description of Evidence Base 
The evidence that climate change is creating new and exacerbating existing tensions and trade-offs 
relies heavily on peer-reviewed literature cited throughout the chapter. There is increasing evidence and 
examples of how climate change is impacting, and will continue to impact, human communities and natural 
resources in the Northern Great Plains in complex and interacting ways.167,219 The region is expected to 
see higher temperatures, a longer growing season, and shifts in water availability (KM 25.1) that will have 
impacts on livelihoods, land use, and water quantity and quality (KM 25.3). Climate change may also impact 
regional demographics over time, driving population growth of urban and amenity communities9 and the 
continuing depopulation of rural communities.5

The evidence in the peer-reviewed literature indicates that when these impacts are combined, adaptation 
and mitigation decisions will result in benefits to some individuals and communities and have negative 
impacts for others. For example, as climate change alters the productivity of existing farmland, some 
producers are choosing to adapt by planting biofuel energy crops, such as switchgrass (Figure 25.10).214 
The peer-reviewed evidence identifies many benefits for such an action, including sequestration of carbon 
from the atmosphere,215,216 sales that exceed current income,217 and enhanced soil health and resilience 
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to drought.218 However, peer-reviewed evidence also indicates that some communities may experience 
negative impacts, such as the disruption of food production processes, reduced biodiversity, and water 
competition.219 Evidence for how decision-makers are navigating these trade-offs is emergent and highly 
dependent on local context.

Evidence has been well established in the peer-reviewed literature that individual and community 
knowledge and culture determines how climate change is experienced and managed (KM 20.2). Within 
this region, the acceptance of human-caused climate change is lower than the national average.188,189 In a 
recent nationwide assessment,187 several states in the region (Wyoming, Colorado, and North Dakota) had 
curricula that supported the notion that climate change is real and human-caused and can be mitigated, 
despite reliance on fossil fuel. Lower-scoring states (Montana and Nebraska) failed to link human activities 
to climate change or stated that climate change is controversial and that educating students about climate 
change should be the responsibility of parents (South Dakota). As a result of low acceptance and varied 
educational efforts, discourse in the region focuses on the adaptation and resilience effects of climate 
action rather than the mitigation effects (KM 25.5). These factors provide evidence of the complicated and 
shifting landscape for decision-making. 

Peer-reviewed demographic and economic literature describes how the regional economy is reliant on 
agriculture and resource-based sectors (KM 25.3), so adaptation conversations have focused on land-use 
shifts to alternative crops (Figure 25.10),214 conversion to grasslands (Figure 25.9),203,204 and changes in energy 
infrastructure.165,205 Many factors complicate the ability of communities in the region to adapt to climate 
change, but recent peer-reviewed data and literature highlight the high degree of rurality (Figure 25.1) and 
low capacity to compete for and utilize federal funds (Box 25.1) as particularly inhibiting. 

Major Uncertainties and Research Gaps
Major uncertainties surround the choices that decision-makers and communities will make regarding the 
management and allocation of resources within the region and the impacts of those choices. There are 
additional gaps in understanding. For example, increased renewable energy in the region will impact labor 
opportunities in the region, but little is known on the labor effects of increased renewable energy. Estimates 
on land area that is required by different energy resources (e.g., wind versus oil) to produce similar amounts 
of energy are variable. Planning for minimizing grassland fragmentation while developing renewable 
resources with larger footprints could benefit from more accurate estimates. 

Description of Confidence and Likelihood 
Likelihood and confidence statements are based on literature cited in the narrative text, observational data, 
and collective subject-matter expertise. Confidence for the statement that climate change is leading to 
decisions that are expected to benefit some and set back others (very high confidence) was assigned based 
on the strong evidence of positive and negative effects of land-use change between agriculture, grassland, 
and energy in response to changes in climate (e.g., possible negative effects of large-scale conversion to 
biofuels).219 Confidence for the statement that decision-makers are navigating a complicated landscape 
of shifting demographics, policy and regulatory tensions, and barriers to action (high confidence) was 
assigned based on the evidence of policy and decision-making around trade-offs in energy investment 
and infrastructure development (e.g., state legislation compelling, easing, or resisting energy transition),167 
although it’s unclear how widespread such action is. Likelihood was not assigned to these two statements, 
as the uncertainty associated with human decision- and policymaking is difficult to quantify and is context 
dependent. For the statement that changes in temperature and precipitation averages, extremes, and 
seasonality will alter the productivity of working lands, resulting in land-use shifts to alternative crops or 
conversion to grasslands (likely, medium confidence), confidence and likelihood were assigned based on 
evidence of benefits from pilot actions in the region (Figure 25.10), although the scalability of these actions 
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to large geographies is still an area of study. For the statement that shifts in energy demand, production, 
and policy will change land-use needs for energy infrastructure (likely, medium confidence), confidence and 
likelihood were assigned based on evidence from the literature regarding the transition away from fossil fuel 
energy systems and its impact on abandonment of infrastructure165,205 and possible fragmentation of existing 
grasslands due to new infrastructure.159

Key Message 25.5  
Communities Are Building the Capacity to Adapt and Transform

Description of Evidence Base
Recent peer-reviewed literature provided the evidence base for adaptation actions being taken around soil 
health practices in the Northern Great Plains.245,247 This literature has expanded significantly in recent years; 
the cited literature describes not only scientific understanding of soil changes and its related adaptive 
benefits but also research on farmer knowledge networks specific to this region. The evidence base for 
drought planning also draws from recent peer-reviewed literature and is growing.261,262 The evidence base for 
diversification of grass-based livelihoods draws on a more limited peer-reviewed literature base and is more 
case specific.217,246 Recent reports and planning efforts provide the evidence base for the newly implemented 
flood monitoring system in the upper Missouri River basin.268,269 Reports, planning documents, limited 
peer-reviewed literature, and conversations with Tribal members provided the evidence for adaptation 
actions and challenges in rural and Indigenous communities.271,272,273 A rapidly growing body of peer-reviewed 
literature provided the evidence for recent advances in ecosystem-based adaptation and scenario planning 
in the region (Ch. 8).283,284

Major Uncertainties and Research Gaps
Given the already high degree of climatic variability in the region and uncertainty in predicting future 
conditions, climate adaptation planning is a challenge. Despite these challenges, the evidence base shows 
that many climate adaptation actions are being tried across the region. In the process of implementing 
these adaptation actions, one of the major uncertainties is whether planned or implemented actions will 
ultimately be successful at helping communities or ecosystems adapt to climate change. There is a lack of 
research evaluating the success of climate adaptation actions, possibly due to insufficient time to judge 
success or a lack of robust monitoring and evaluation of outcomes. Furthermore, many climate adaptation 
actions are implemented in very context-dependent situations; therefore, it is uncertain how generalizable 
some adaptation actions or strategies may be.

Description of Confidence and Likelihood 
It is difficult to quantify adaptation responses and to estimate their numerical variability. Therefore, the 
authors have not assigned any likelihood estimates to this Key Message. The authors assigned a medium 
confidence rating to the statement about adaptation actions in agricultural communities because there 
is evidence that a shift toward soil health and other adaptation practices is starting (e.g., Brown 2018;245 
Zilverberg et al. 2018247), but widespread adoption of these practices is not yet a reality. The authors assigned 
a high confidence rating to the third statement because there is good evidence that several Tribal Nations 
are leading efforts to incorporate Traditional Knowledge and governance into their adaptation plans (e.g., 
Blackfeet Nation 2018;271 CSKT 2016;272 Sicangu Climate Crisis Working Group 2022273). The statement about 
adaptation planning for natural resource managers is assigned a medium confidence rating because scenario 
planning is a well-developed tool and gaining traction in the National Park Service (e.g., Ch. 8),283,284 but it is 
not yet being used widely outside of the National Park Service.
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Introduction
Residents and visitors in the Southern Great Plains—Kansas, Oklahoma, and Texas—benefit from the 
region’s working coasts, sandy beaches, southern forests, grasslands, urban areas, rural towns, scrublands, 
rangelands, and croplands. The region spans 20 ecoregions,1 each with distinct and diverse species of 
plants and animals. Those ecosystems provide clean air and water, healthy soils, landscapes for recreation 
and tourism, habitats for wild plants and animals, and other benefits.2 The region’s 47 Federally Recognized 
Tribes were forcibly relocated to the region from elsewhere or constricted to fragments of their traditional 
homelands (circa 1830–1890).3 Contemporary immigrants from many countries have joined generations of 
Indigenous Peoples and those who trace their roots to Mexico, Europe, and Africa.4 The region’s distinct 
peoples and ecosystems experience the impacts of climate change differently, requiring unique responses to 
climate risk and resources for resilience.

Water is unevenly available across the Southern Great Plains, contributing to distinct lifestyles, workforces, 
and social burdens. Annual precipitation amounts are lowest in the western portion of the region (10–15 
inches) and increase substantially near the eastern boundary (over 50 inches), with high annual and seasonal 
precipitation variability everywhere.4 Rivers generally flow from northwest to southeast, and shallow 
transient wetlands dot western landscapes. These surface waters are critical to sustain irrigation, livestock, 
and ecological diversity.5,6 Groundwater is essential near and west of Interstate 35, with aquifers primarily 
supporting agricultural production and public water supply.7 Although governments have created reservoirs 
for flood control, drinking water, irrigation, and recreation,8 the region experiences some of the country’s 
worst water shortages, and these are projected to increase in both intensity and duration.9 

Energy is a dominant driver of the region’s economy. The vast reserves of fossil fuels in the region have 
supported economic development nationwide and worldwide.10 In the past two decades, wind and solar 
energy generation has proliferated across western lands. In 2021 Texas, Oklahoma, and Kansas ranked first 
(34,400 megawatts [MW] of installed capacity), third (10,400 MW), and fourth (8,300 MW), respectively, in 
the Nation in wind energy generation.11 The reliability of renewable and nonrenewable energy generation 
and distribution is challenged by tropical storms, wildfire, heat, winter storms, flooding, and drought 
(KM 5.1).

The region encompasses some of the Nation’s fastest-growing cities as well as many small rural 
communities with declining populations. Rural communities support much of the region’s food, fiber, 
and energy production, in addition to recreational activities. The region’s metropolitan areas are leaders 
in finance, research and development, service and energy industries, medical care, and tourism. Climate 
extremes and their impacts have harmed all communities, damaging infrastructure and agricultural 
production, disrupting commerce and price stability, and amplifying social inequities (KMs 11.1, 11.3, 12.2). 

Although climate change is global (KM 3.1), its specific impacts are regional (KM 3.3). Thus far, the Southern 
Great Plains has seen fewer direct, large-scale impacts of climate change than other regions because of its 
relatively low latitude, flat terrain, and high natural climate variability. Even so, annual average tempera-
tures have increased from 1900 to 2020: 1.5°F for Texas and Kansas12,13 and 0.6°F for Oklahoma.14 Annual 
precipitation has increased across most of the region except far west Texas (Figure 2.4). In addition, days 
with 2 or more inches of precipitation have become more frequent across the Southern Great Plains, with 
larger increases in the eastern half of the region than the western half (Figure 26.1).15 Between 2000 and 
2021, Texas endured its five wettest months on record, as well as 19 named tropical storms;13 8 of these 
storms were hurricanes, including Harvey (2017), Ike (2008), and Rita (2005). In contrast, over one-quarter 
of Kansas experienced severe to exceptional drought during 56 of the 156 months from 2010 to 2022. During 
this period, Oklahoma and Texas experienced 69 and 82 months, respectively, of these severe to exceptional 
drought conditions.16 Between 2018 and 2022 NOAA reported 52 individual billion-dollar climate-related 
disasters affecting all or part of the region.17
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Annual Number of Days with Precipitation of 2 Inches or More (1900–2021)

The frequency of days with precipitation of 2 inches or more has increased across the Southern Great Plains.

Figure 26.1. These graphs show the annual number of days (colored bars) with daily precipitation of 2 inches or 
more from 1900 to 2021 in (a) western Kansas (28% increase for the long-term, linear trend), (b) eastern Kansas 
(38% increase), (c) western Oklahoma (31% increase), (d) eastern Oklahoma (46% increase), (e) western Texas 
(9% increase), and (f) eastern Texas (20% increase). (Station data were unavailable for 1900 and 1901 in western 
Texas.) Solid black lines show five-year averages; dashed black lines denote the 1900–2021 trend. The number of 
days has been highly variable from year to year, with fewer 2-inch events in the west (gold bars) on average than in 
the east (green bars; divided at 97.5° west, near Wichita, Oklahoma City, Fort Worth, and Corpus Christi). Days with 
precipitation of 2 inches or more have increased in all six regions. Figure credit: NOAA NCEI and CISESS NC.

Since the Fourth National Climate Assessment in 2018, there has been substantial growth in utility-scale 
electricity generation from wind energy across the region and from solar energy in Texas. At the same time, 
there has been a significant decrease in the use of coal for electricity in Oklahoma and Texas,18 although 
Texas’s greenhouse gas emissions still far exceed those of any other US state.19 The February 2021 cold 
outbreak and the COVID-19 pandemic highlighted the fragility of the energy and healthcare systems to 
large-scale stressors. Many of the largest cities in the Southern Great Plains have released climate resilience 
or sustainability plans since 2018. As research has grown on the disproportionate impacts of climate change 
on overburdened populations, these cities also have started incorporating social justice concepts into their 
planning processes. 

Future temperatures are expected to be historically unprecedented in the instrumental record in all three 
states (Figure 26.2). By midcentury, annual average temperatures are projected to exceed historical record 
levels regardless of emissions pathway. In addition, the number of extremely hot days and the intensity 
of drought conditions are projected to increase, and the number of extremely cold days is expected to 
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decrease (KM 2.2). In general, southwestern and southern areas of the Southern Great Plains are projected 
to become drier, and northeastern areas are expected to become wetter (Figure 2.10). The changes in timing, 
intensity, and frequency of certain climate conditions and extreme events are expected to influence how 
we—the residents of the Southern Great Plains—live with family and friends (KM 26.1), work in business and 
industry (KM 26.2), play sports and enjoy leisure activities (KM 26.3), heal existing environmental inequities 
and injustices (KM 26.4), and serve residents through public infrastructure and services (KM 26.5).

Historical and Projected Changes in Air Temperature (1900–2100)

Air temperatures for Kansas, Oklahoma, and Texas are projected to be historically unprecedented by the end of 
the century.

Figure 26.2. These graphs show observed and projected changes (compared to the 1901–1960 average; thick 
black line) in near-surface air temperature for (a) Kansas, (b) Oklahoma, and (c) Texas. Annual average tempera-
ture observations (orange line) are plotted with the range of temperatures from climate model output (light gray 
shading) for the historical period. The overlap of observed and modeled temperatures indicates that the models 
represent the region’s climate reasonably well. Climate projections out to 2100 use an intermediate scenario 
(RCP4.5; green shading) and a very high scenario (RCP8.5; red shading), showing a range of possible future tem-
peratures. Results from both scenarios indicate substantial warming in Kansas, Oklahoma, and Texas by midcen-
tury and historically unprecedented warming by the end of the century. (a, b) Adapted from Frankson et al. 202212 
and Frankson et al. 2022;14 (c) adapted from Runkle et al. 2022.13

Key Message 26.1  
How We Live: Climate Change Is Degrading Lands, 
Waters, Culture, and Health

Climate change is beginning to alter how we live in the Southern Great Plains, putting us at risk 
from climate hazards that degrade our lands and waters, quality of life, health and well-being, 
and cultural interconnectedness (high confidence). Many climate hazards are expected to 
become more frequent, intense, or prolonged; to broaden in spatial extent; and to result in more 
people experiencing costly, deadly, or stressful climate-related conditions (very likely, high con-
fidence). To address the growing risk, effective climate-resilient actions include implementing 
nature-based solutions; valuing Indigenous, traditional, and local knowledges; and infusing 
climate change solutions into community planning (medium confidence).
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Lands and waters of the Southern Great Plains are important to people’s ways of life, shaping the stories 
of family and community successes and struggles. Climate change has added stress to lands and waters 
that already contend with invasive species, land-use change, and land fragmentation (KM 8.2).20 Rangeland 
and grassland health is being degraded by woody plant encroachment from precipitation changes21 or fire 
suppression.22 Wetlands are suffering from high evaporation rates or excess nutrient inputs from flood 
runoff.23 Ice storms, drought, and high temperatures have stressed forests, making them susceptible to 
post-event trauma (e.g., disease, pests, fire) and mortality.24,25,26

Urban landscapes are being harmed by air and water pollution, extreme heat, drought, and flooding (KM 
12.2). As climate change brings heavier rainfall, cities and towns are increasingly at risk of high-impact 
floods. The extensive impervious surfaces (e.g., parking lots, roofs) of metropolitan areas such as Houston 
(Box 26.1) increase the likelihood of widespread flooding because of increased runoff.27 Coastal cities have 
added risk from sea level rise. By 2100, under a projected 3.3 feet of sea level rise along the Texas Gulf Coast, 
a Category 2 hurricane is estimated to cause 3–10 times more damage to buildings and be $10.4 billion (in 
2022 dollars) more costly (from averages of $3.7 to $14.1 billion) than a similar storm today.28

Traditions, heritage, and culture related to land and water are also at risk because of changes forced by 
novel climatic conditions.29,30 Warming temperatures are shifting ranges of culturally significant species, 
making them absent or rare on lands where Indigenous People have access.31 Heavy rainfall and resulting 
flooding have inundated archaeological sites.32 Large-scale or repetitive damages from sea level rise, tropical 
cyclones, drought, and flooding have increased displacement of people and migration at the Texas–Mexico 
border and from coastal communities (KM 9.3).33,34,35,36

Tribes are revitalizing their cultural practices and relationships with nature to find solutions that resonate 
with their traditions (KMs 16.2, 16.3). For example, the Tribal Alliance for Pollinators is building on 
Indigenous cultural and medicinal traditions to preserve and restore grassland ecosystems for monarch 
butterflies and other threatened pollinators.31 To reduce harmful algal blooms that proliferate with hot tem-
peratures,37 the Chickasaw Nation has teamed with local landowners and agriculture producers in southern 
Oklahoma to remove invasive junipers, improve fertilizer application methods, and restore native habitats 
for ground-nesting birds.38

Box 26.1. Place Matters: A Case Study of Houston, Texas

Adaptation and mitigation actions occur at the local level, where people’s values and the neighboring landscape matter. 
Houston, Texas, illustrates how urban communities are starting to incorporate climate-smart actions into their planning 
efforts. 

Houston is a city of 2.3 million people within a broader metropolitan area of 7.2 million.39,40 It became a major port city 
because the navigable depth and orientation of the Buffalo Bayou supported the export of products from fertile inland 
croplands.41 By the early 1900s, oil and gas production emerged, and companies moved into Houston to shelter from 
coastal storms after the catastrophic 1900 Galveston hurricane.42 Now, Houston is one of the Nation’s fastest-growing 
cities, and its port is the Nation’s largest by tonnage. It is home to NASA’s Johnson Space Center and the world’s largest 
medical complex, the Texas Medical Center. 

Demographically diverse, Houston residents are predominantly Hispanic (38%), White (35%), Black (17%), and Asian 
(8%).43 One-quarter of Houstonians are foreign born, speaking almost 150 different languages. Social inequities and 
historic racism exacerbate many Houstonians’ ability to prepare for, respond to, and recover from climate impacts. For 
example, 45% of Black and Hispanic residents do not have cash available to cover an unexpected $400 expense during an 
emergency, as compared to 13% for Whites and 7% for Asians.44 

Houston experienced 35 federally declared disasters during 1982–2022; one-third of these were since 2015. Devastating 
floods occurred in April 2016 (the “Tax Day Flood”), August 2017 (Hurricane Harvey), September 2019 (Tropical Storm 
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Imelda), and September 2020 (Tropical Storm Beta). In August 2011, residents experienced 24 days of air temperatures 
above 98°F.45 The February 2021 cold outbreak (Box 26.2) crippled much of Houston’s energy and water systems. The 
effects of these disasters compound (Figure 26.3; Focus on Compound Events), amplifying harm to populations especially 
at risk.

Compounding Damages in Houston, Texas, from a Hurricane, Cold Outbreak, and Pandemic

Damages from compounding events—a hurricane, cold outbreak, and pandemic—disproportionately impacted 
socially vulnerable populations in Houston, Texas. 

Figure 26.3. Several areas in Houston (yellow outlines) that were most affected by Hurricane Harvey, the Febru-
ary 2021 cold outbreak (unofficially named “Uri”), and COVID-19 unemployment coincided with census blocks 
with high scores on the Social Vulnerability Index (SVI) from the CDC (darker gray shading). (The SVI measures 
16 social factors that describe socioeconomic status, household characteristics, racial and ethnic status, hous-
ing type, and transportation access.) For the weather events, zip codes were ranked by number of valid reg-
istrants to FEMA’s Individual and Households Program for financial assistance; for COVID-19, zip codes were 
ranked by percentage of population claiming unemployment insurance due to COVID-19, according to Texas 
Workforce Commission data from May 2020 to June 2021. The zip codes in the top 25% by those metrics are 
outlined in yellow. Adapted from Map 5 of Rice University’s Kinder Institute for Urban Research 2022.46
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Houston acted in response to these experiences and the scientific consensus on climate change. The city established a 
chief resilience officer in 2019. It published its Resilient Houston strategy and climate action plan in 202047 to prepare for, 
withstand, and recover from sudden catastrophic events and slow-moving disasters, including those worsened by climate 
change. In August 2020, Houston hosted the Nation’s largest single-day, community-led effort to measure and map where 
urban heat was most severe. One month later, the city released its climate impact assessment,48 illustrating how climate 
change is expected to affect Houston’s future. Other initiatives included an urban prairie resilience project and a green 
stormwater tax-abatement program.

Climate change is also affecting public health through cardiovascular stress from temperature extremes, 
respiratory diseases enhanced by allergens and pollutants, increases in transmission of vector-borne 
diseases (e.g., via mosquitoes), and illnesses caused by poor water quality (KM 15.1). Many of these risks are 
compounded by ecosystem and land-use change. For example, global warming has induced earlier and 
longer pollen seasons, with consistent changes during the past three decades in Texas.49 From 1987 to 2020, 
expansion of eastern red cedars was associated with a 205% increase in allergenic pollen intensity in Tulsa, 
Oklahoma.50 During grass-pollen season, the region’s emergency medical facilities are expected to see an 
average of 720 (under an intermediate scenario [RCP4.5]) to 980 (very high scenario [RCP8.5]) more asthma 
patients annually by 2050.51

High temperatures, particularly when combined with high humidity, have impaired human health. In 
Oklahoma, most heat-related deaths have occurred from July to September during heatwaves.52 People who 
are male, Black, 65 years or older, diabetic, unmarried, without air-conditioning, or living below the poverty 
line have been at higher risk of heat-related death (KM 15.2).52,53 Warmer temperatures also have worsened 
air pollution by increasing near-surface ozone.54 In 2023, 18 Texas counties in the Dallas–Fort Worth and 
Houston–Galveston metropolitan areas exceeded national ozone standards (i.e., 8-hour ozone concentra-
tions of 0.100 – 0.113 parts per million), affecting more than 12 million people.55

Rising temperatures are extending the ranges and lengthening the active seasons of ticks, mosquitoes, and 
other disease vectors (KM 15.1).56 For instance, host-seeking activities of ticks, which usually suspend in cold 
temperatures, were reported during January and February 2017 in eastern Kansas and Oklahoma.57 Warmer 
temperatures in the future are expected to support the range expansion of tropical diseases, including 
dengue, West Nile virus, Chagas disease, and chikungunya.58 Across western parts of the region, future 
warmer and drier conditions are projected to support an increased incidence of Valley fever,59 which is 
endemic in parts of Texas.60

Climate-smart planning (Figure 26.4) is alleviating some harmful consequences of climate variability and 
change that threaten residents’ health. Urban tree canopy assessment,61 planning,62 and planting63 efforts are 
aiming to reduce the negative impacts of increased temperatures, air pollution, and variable precipitation 
on urban landscapes.64 Community food forests, such as the Osage Orchard in Pawhuska, Oklahoma, provide 
food sovereignty and security, climate resilience, and public health benefits.65 Still, a lack of resources 
among many Tribes,66 outdoor and migrant workers,67 and overburdened populations68 has limited the ability 
of these groups to respond to climate-related health risks.
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Resilience Actions to Address the Impacts of More Frequent or Severe Droughts on 
Communities 

Resilience actions can help alleviate harmful consequences to communities of more frequent or severe drought.

Figure 26.4. The increasing frequency or severity of drought has negative impacts on lands and waters across the 
Southern Great Plains, including reduced crop and livestock production, shortages of drinking water, increased 
stress on ecosystems, and deterioration of air and drinking water quality. The example adaptation and mitigation 
actions can increase resilience and reduce negative impacts. Figure credit: See figure metadata for contributors.

Key Message 26.2  
How We Work: Climate Changes Are Creating  
Economic Challenges and Opportunities

As climate conditions change, businesses and industries across the Southern Great Plains 
are experiencing disruptions and losses in productivity and profits—but also new economic 
opportunities (high confidence). In coming decades, warmer temperatures, more erratic pre-
cipitation, and sea level rise are expected to force widespread and costly changes in how we 
work (very likely, high confidence). Businesses and industries have opportunities to harness 
their diverse knowledge, resources, and workers to develop products and services in climate 
mitigation technologies, adaptation strategies, and resilient design that will enhance the 
region’s economy (medium confidence). 
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The region’s economy provides for daily needs of residents, supports their long-term aspirations, and 
addresses societal needs inside and beyond the region. Hotter temperatures, heavier precipitation, stronger 
tropical cyclones, and other climate changes (App. 4) have harmed workers’ health and productivity, inflated 
product or building costs, and disrupted supply chains (Focus on Risks to Supply Chains). Extreme weather 
events, such as the February 2021 winter storm (Box 26.2), have exposed gaps in the resilience of businesses 
to climate extremes while also highlighting opportunities to develop products and services in response to 
worldwide demand for resilient solutions.

The energy industry in the Southern Great Plains is a global leader in fossil fuel exploration and production, 
serving a large fraction of global energy demand and supporting rural towns through local employment 
and tax revenues.69 Fossil fuels release greenhouse gases when burned, contributing substantially to 
atmospheric warming (KM 2.1). In 2020 Texas led the Nation in emissions of carbon dioxide (CO2; 667 million 
metric tons)—double that of the next-highest emitting state.19 Texas also had the highest methane emissions 
(94 million metric tons of CO2 equivalent in 2020).19 Natural gas operations in the Permian Basin leak the 
largest amount of methane per year from any US gas-producing region, an amount sufficient to supply 
natural gas to 7 million Texas households annually.70 Atmospheric methane concentrations are high across 
the Permian Basin as compared to the rest of the US (Figure 26.5) and are attributed primarily to natural 
gas production.70

Methane Across the Permian Basin (May 2018–March 2019)

Natural gas operations in the Permian Basin leak large amounts of methane.

Figure 26.5. The maps show satellite-estimated methane mixing ratio (in parts per billion by volume [ppbv]) 
across (a) the contiguous United States and (b) the Permian Basin (black box and inset map), averaged from 
May 2018 to March 2019. Mixing ratio is a measure of the concentration of a gas such as methane in the air. 
Darker shading represents higher methane mixing ratios; missing data are shaded white. Accounting for atmo-
spheric transport, the spatial pattern of methane mixing ratio across the basin is closely associated with gross 
(before processing) natural gas production and, to a lesser extent, with oil production.  (The original published 
source did not include data for Alaska, Hawaiʻi and the US-Affiliated Pacific Islands, and the US Caribbean.) Nat-
ural gas operations in the Permian Basin leak a large volume of methane, contributing to atmospheric warming. 
Adapted from Zhang et al. 202070 [CC BY-NC 4.0].

https://creativecommons.org/licenses/by-nc/4.0/legalcode
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Throughout the region, a major shift in energy generation from fossil fuels toward renewables (KM 5.3) is 
underway, creating new jobs, cleaner air, and climate change mitigation benefits. For example, the Electric 
Reliability Council of Texas (ERCOT; Texas’s main power supplier) estimates that installed capacity for 
electricity generated by wind from their suppliers alone will increase from 31,100 MW in 2020 to 41,700 
MW in 2025.71 During the same time, ERCOT expects growth in solar generation capacity from 6,000 MW 
to 46,400 MW, and in battery storage from 275 MW to 14,500 MW. Electricity generated from gas and coal, 
however, is not planned to increase substantially.71,72 In the third quarter of 2022, about 285,000 workers 
were employed in fossil fuel extraction, distribution, and support activities across the three states.73 
A transition of this workforce from a carbon-intensive to a low-carbon economy is expected to affect 
some Southern Great Plains communities disproportionately.74 Within Tribes, a just transition also means 
a strengthening of Tribal sovereignty, economic independence, and nonextractive, Indigenous-based 
restoration of ecosystems.3 For Tribes and communities facing this transition, there generally is a lack of 
planning, infrastructure, financing, and workforce training in new careers (including in renewable energy) 
across the region (e.g., Williams et al. 202175).

The Southern Great Plains accounts for 42% of the Nation’s wind-generated electricity (Figure 26.6).18 
Major wind installations in rural communities support the local tax base, stabilizing funding for public 
services such as education, road maintenance, and emergency services, as well as for infrastructure such 
as hospitals, jails, and parks.76 Wind-turbine productivity across western Kansas, western Oklahoma, and 
the Texas Panhandle is projected to increase with climate change because of a more stable low-level jet 
stream—a regional atmospheric feature that generates strong winds at turbine height, particularly at night 
during spring and summer.77

Net Generation of Electricity from Wind (2001–2022)

The Southern Great Plains contributes a large share to total US wind-generated electricity.

Figure 26.6. US producers in the 50 states generated 435 million megawatt-hours of electricity from wind power 
in 2022. Together, Texas, Oklahoma, and Kansas contributed 159 million megawatt-hours, or 42% of total US pro-
duction. Data were not available for the US-Affiliated Pacific Islands or the US Caribbean. Figure credit: See figure 
metadata for contributors. 
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Box 26.2. February 2021 Severe Cold Outbreak

Cold outbreaks occur when the jet stream weakens, causing Arctic air to advance southward. From February 8–20, 2021, 
Arctic air moved far into the Southern Great Plains.78,79 Wind chills were below 0°F from central Texas northward on Valen-
tine’s Day, snow fell along the Texas Gulf Coast, and almost 3,000 daily minimum-temperature records were tied or broken 
across the region.80 The prolonged cold caused large-scale power disruption, left 14.4 million households without tap 
water, and led to more than 200 deaths.81,82

Electricity-generation units failed in large numbers during the frigid conditions (Figure 26.7), requiring grid operators to 
implement rolling blackouts to try to avoid widespread, uncontrolled outages.81,83 Most of the unplanned outages and 
reductions in available capacity were associated with problems with natural-gas (58%) and wind (27%) generation units.83 
The Electric Reliability Council of Texas (ERCOT) was particularly devastated, losing up to 34,000 megawatts of capaci-
ty—almost half of its all-time peak load for the winter—from February 15–17.83 As a result, more than 4.5 million people 
lost power, some for up to four days. Millions had to boil water for drinking and cooking, and many cities issued water 
conservation orders because of low water pressure.81 In Houston, data indicate that non-White populations disproportion-
ately experienced outages, regardless of their income level (Figure 26.8). Economic losses in Texas were estimated at 
$85.6–$139.1 billion (in 2022 dollars).84

Power Generation Outages During the Cold Outbreak in February 2021

A severe cold outbreak in February 2021 led to extensive outages for electricity generation plants serving 
the Electric Reliability Council of Texas (ERCOT).

Figure 26.7. The map shows the maximum outage or power reduction (in megawatts, MW) by location 
and fuel type for electricity generation facilities serving ERCOT during February 10–24, 2021, amid the cold 
outbreak across portions of the south-central US. Circles are colored by fuel type; larger circles represent 
larger values of maximum outage or power reduction. One generation facility is in Oklahoma. Shaded coun-
ties denote the ERCOT service area. In Texas alone, loss of generation capacity caused more than 4.5 million 
customers to be without power at some time during the cold outbreak.83 Figure credit: See figure metadata for 
contributors.
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Income and Racial/Ethnic Disparities Related to Power Outages in Texas, February 2021

Regardless of income level, non-White populations experienced a disproportionate share of outages during 
the February 2021 cold outbreak.

Figure 26.8. This graph shows the percentage of the Texas population that experienced power outages during 
the February 2021 cold outbreak based on income level (poorest, medium income, and wealthiest) and race/
ethnicity (lowest, medium, and highest percentage of non-White people in the population) by census block 
group. Non-White people are those individuals whose race was listed as other than White alone or who list 
their ethnicity as Hispanic or Latino. Regardless of wealth status, data indicate that areas with the highest 
populations of non-White people were the most likely to be impacted by power outages due to long-standing 
marginalization. Adapted with permission from Carvallo et al. 2021.85 

The severe cold outbreak was not historically unprecedented, and widescale outages were avoidable.78 To illustrate how 
good adaptation enhances resilience, the City of El Paso, Texas, had prepared for extreme cold following widespread en-
ergy and water disruptions in 2011. The city invested in winterization of power infrastructure and built a new power plant 
that could operate with different fuel types.86 These adaptations, along with the city’s connection to a different power grid, 
resulted in few outages during the 2021 event.

Although the effect of climate change on the jet stream’s strength is an ongoing area of research87 and extremely cold 
days are expected to decrease, projections indicate that the region will still experience extreme cold events in a warm-
ing world.88 These events are expected to result in considerable costs if businesses are not adequately prepared.78 In 
June 2021, the Texas legislature passed Senate Bill 3, which focused on improving emergency communication and gas 
infrastructure as well as other winter preparedness actions.89 Grid operators also developed recommendations to improve 
energy reliability, grid operations, and communications for future winter weather events.83
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Agriculture, including crop and livestock production and forestry, is an essential industry in the region. 
In 2022, Kansas led the Nation in grain sorghum production and ranked second nationally in all wheat 
production.90 In 2023, Texas was first in head of cattle and calves, with Kansas and Oklahoma ranking third 
and fifth, respectively.91 In 2017, the region’s agricultural industry generated $60.5 billion (in 2022 dollars) in 
agricultural product sales, 70% of which was animal based.92 

Agricultural producers are experiencing loss of livestock and crops, reduced income, and negative public 
health outcomes as climate extremes increase in magnitude and frequency (KMs 11.1, 11.2). Warmer 
average temperatures are leading to longer growing seasons, which affect different species differently 
and potentially disrupt the long-term natural connection between plants and their pollinators or between 
insects and their predators (KM 8.2).93 Historical plant hardiness zones are predicted to continue migrating 
northward as the annual average minimum winter temperature warms (Figure 11.3). High temperatures 
have reduced plant growth and diminished productivity.94 In western Kansas and the Oklahoma and Texas 
Panhandles, the combination of cold fronts and earlier springs is projected to increase the potential for bud 
burst before the last freeze (Figure 26.9),95 threatening plant-leaf and wood-tissue damage.96

Compound events (Focus on Compound Events) that encompass hot, dry, and windy conditions have 
increased in southwest Kansas and the Panhandles of Oklahoma and Texas, reducing wheat yields pro-
portionally to the number of hot-dry-windy hours.97,98 Producers also are expected to experience drier 
conditions (Figure 26.10) and more frequent or intense drought by midcentury in western and southern 
parts of the region, lowering crop productivity or increasing irrigation costs.99 By 2070 across a range of 
climate change scenarios (from low [RCP2.6] to very high [RCP8.5]), the Southern Great Plains is projected 
to lose cropland acreage, as these lands transition to pasture or grassland.100 
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Projected Change in Annual Risk of Late False-Spring Events

The risk of plant bud burst before the last freeze is projected to increase for the northern portion of the Southern 
Great Plains. The risk decreases for the southern portion of the region.

Figure 26.9. Freezing temperatures after plants begin growth in spring (late false spring) can damage crops and 
nursery plants. Risk of a late false spring is projected to increase in northern parts of the Southern Great Plains 
by the end of the century (2071–2100) as compared to the 1991–2020 average. The risk of late false springs 
increases by up to 20% across most of Kansas, Oklahoma, and northern Texas under an intermediate scenario 
(SSP2-4.5; panel a) and across most of Kansas, the Texas Panhandle, and parts of Oklahoma under a very high 
scenario (SSP5-8.5; panel b). Risk decreases for the remainder of the region, especially in southern and far west-
ern Texas under a very high scenario. Figure credit: See figure metadata for contributors. 

Although increasing irrigation during drought can help maintain productivity, it reduces groundwater 
available for other ecological or societal needs and for future generations. Growers can produce similar 
yields using less water by adopting more efficient irrigation technologies and management practices.101 
Neighbors also can help neighbors. For example, irrigators in Sheridan and Thomas Counties (Kansas) 
self-imposed annual water restrictions that reduced water usage by 26%, with no reduction in crop 
acreage.102 

Drought also has reduced the capacity of native rangelands and planted pastures to support livestock and 
has increased labor demands for feeding, forcing producers to sell genetically valuable animals. High tem-
peratures also pose risks to animal health.99 In June 2022, for example, thousands of cattle died in south-
western Kansas during a heatwave combined with high humidity and low wind speeds.103,104 The additional 
stressors from climate change are anticipated to be especially difficult for multigenerational ranchers who 
strive to earn a profit while preserving the health of lands for their descendants.105 For large-scale livestock 
production, successful adaptation to a changing climate includes enhancing soil health and reducing the 
number of animals per acre.106
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Projected Change in Total Annual Precipitation

Slightly drier conditions are projected for much of the western and southern portions of the region by the end of 
the century.

Figure 26.10. In the future, drier conditions threaten agriculture and water supplies in parts of the Southern Great 
Plains (brown), while more precipitation is projected near the northern and eastern boundaries of the region 
(green). Under an intermediate scenario (SSP2-4.5), total annual precipitation is projected to decrease by 4% or 
more (as compared to the 1991–2020 average) in southern Texas by midcentury (a), with smaller differences 
expected by century’s end (b). Under a very high scenario (SSP5-8.5), annual precipitation is projected to decline 
slightly in western portions of the region by midcentury (c) and by 4% or more in southeast and far northwest 
Texas by the century’s end (d). Figure credit: See figure metadata for contributors.

More broadly, climate change–related damages to businesses have threatened the continuity of operations, 
increased insurance costs, disrupted supply chains, and shifted customer demand (KM 19.3). Many small 
businesses in the US do not have business disruption insurance, and 20%–40% of small businesses that 
temporarily close after a natural disaster do not reopen.107 Small businesses owned by women, non-Whites, 
and veterans have a higher likelihood of closing after experiencing a natural disaster.108 These closures have 
negatively affected the economy and well-being of local communities.109 

Large and small businesses and industries have started efforts to mitigate greenhouse gas emissions. For 
example, in 2021 Amazon piloted an electric-vehicle fleet in Tulsa, Oklahoma, and in 2022 Frito-Lay did 
likewise in Carrollton, Texas. The need to reduce emissions on a worldwide scale presents economic oppor-
tunities for energy-related businesses in the region to pilot and develop new technologies. NRG Energy and 
JX Nippon, for example, partnered to create a commercial-scale carbon capture facility at NRG’s coal-fired 
Petra Nova power plant in Thompsons, Texas.110 It was the US’s first and only facility to capture over one 
million tons of CO2 per year. It suspended operations in 2020, however, because oil prices were too low 
to justify the expense of using the captured CO2 for enhanced oil recovery.111 Houston’s Sage Geosystems 
is testing how to generate geothermal energy at commercial scale by repurposing an existing oil well in 
San Isidro, Texas,112 and groups like Kansas Soil Health Alliance and Texas Coastal Exchange are supporting 
carbon storage through soil and land stewardship.113,114 Mitigation and adaptation actions by businesses and 
industries promote resilience and offer long-term benefits to employers, employees, and the surrounding 
community (Figure 26.11).
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Resilience Actions to Address the Impacts of Heavier Rainfall Events on Businesses

Resilience actions can help businesses and industries reduce the negative consequences of more heavy rainfall 
events. 

Figure 26.11. An increased number of heavy rainfall events affects business and industry across the Southern 
Great Plains through flooding of facilities and infrastructure, inundation of agricultural fields, interruptions to out-
door operations, and disruptions to transportation and logistics. The example adaptation and mitigation actions 
can increase resilience and reduce negative impacts. Figure credit: See figure metadata for contributors. 

Key Message 26.3  
How We Play: Climate Extremes Are Endangering Sports, 
Recreation, and Leisure

 Extreme climate-related events are negatively influencing how we play and participate in 
outdoor sport, recreation, and physical activities in the Southern Great Plains (very high confi-
dence). Climate change is expected to increase heat-related illness and death, reduce outdoor 
physical activity, and decrease athletic performance (very likely, high confidence). Individuals, 
communities, and sports organizations can adapt to these hazards through strategies such 
as modifying the timing, location, intensity, or monitoring of activities (high confidence).

Sports, recreation, and leisure activities are part of life in the Southern Great Plains. Hunting, fishing, 
jogging, playing on the playground, and other activities help maintain participants’ physical and mental 
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health. Organized sports, such as football, soccer, and softball, bring together spectators to cheer for their 
favorite athlete or team, encouraging social cohesion.115 Climate extremes have affected many of these 
activities, diminishing their benefits (Figure 26.12). For example, sports fields across southeastern Texas 
were closed because of flooding after Hurricane Harvey in 2017.116 Although superintendents of unaffected 
schools offered Harvey-displaced students the opportunity to play on their teams, these athletes were 
reluctant to forfeit their home-team eligibility, reducing their broader scholastic involvement.117

Athletes of all ages experience decreased performance, do less outdoor physical activity, and are at higher 
risk of severe to fatal health issues because of extreme heat, air pollution, and weather hazards.118,119 These 
risks especially apply to older adults, those with chronic disease or higher body mass index, and those 
under prolonged environmental exposure (e.g., marathon runners) who conduct high-intensity sports or 
wear clothing or equipment that prevents heat loss.120,121 Heat injuries can damage organs (e.g., liver, muscle, 
kidney) or disrupt the central nervous system.122

All dimensions of environmental injustice (i.e., recognitional, distributional, and procedural; Figure 20.1) 
intersect with climate change to disproportionately harm people who have been marginalized (KM 15.2), 
reducing their participation in and health benefits from outdoor physical activities. These people include 
low-income populations, those living in areas with higher levels of air pollution, and those with less 
access to places to engage in sports, recreation, and leisure.123,124 Non-English-speaking recreationists are 
at increased risk because health communication about climate-related hazards (such as the dangers of 
swimming in a harmful algal bloom) likely is not presented in their native language.125
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Climate Change Impacts on Outdoor Activities

Climate change is expected to affect many outdoor sports, recreational, and leisure activities.

Figure 26.12. Outdoor sports, recreational, and leisure activities for people of all ages are being affected by 
climate extremes. Heavy rainfall, poor air quality, and extreme heat are expected to increase with climate change. 
These stressors impair athletic performance, damage sports facilities, and alter landscapes for recreation and 
tourism. Figure credit: See figure metadata for contributors.

Nationally, heat-related illnesses are the third-highest cause of death among high school athletes126 and are 
the most preventable cause of death in youth sports.127 Heat-related deaths can occur outside of a typical 
heatwave. For players of organized football at any level, these types of death occurred most often in the 
south-central and southeastern United States.128 These risks apply to any outdoor sport, especially those 
that involve training or competition during summer and fall. Future increases in the number of very hot days 
and warm nights are expected to exacerbate health concerns (Figure 26.13). For example, the number of 
100-degree days is projected to increase by the end of the century under a very high scenario (SSP5-8.5) by 
30–60 days in Kansas and Oklahoma and more than 80 days in parts of southwestern Texas (Figure 26.13c, 
d). By contrast, under an intermediate scenario (SSP2-4.5), the number of 100-degree days per year would 
remain close to the recent average (Figure 26.13a, b). 
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Projected Change in Annual Number of Days of 100°F or Higher

The number of extreme-heat days is projected to increase.

Figure 26.13. Outdoor physical activity becomes more dangerous in extremely hot temperatures. By midcentury, 
the number of days per year with temperatures at or above 100°F across the Southern Great Plains is projected to 
increase (a) by 10–40 days under an intermediate scenario (SSP2-4.5) and (c) by 10–60 days under a very high 
scenario (SSP5-8.5) above the 1991–2020 average. By late century, projections indicate that the number of these 
extreme-heat days would increase (b) by 10–60 days (SSP2-4.5) or (d) by 30–90 days (SSP5-8.5), depending on 
scenario. The historical average ranges from fewer than 10 days per year in Kansas to fewer than 20 days across 
most of Oklahoma and Texas, with 40–60 days along the Mexican border. Figure credit: See figure metadata for 
contributors.

Extreme temperatures have threatened the health of young athletes and their ability to practice 
and compete outdoors in sports like cross-country, track and field, tennis, golf, softball, soccer, and 
lacrosse.129,130,131 In schoolyards or playgrounds, the time spent playing in warm or hot environments and the 
physical environment (e.g., shade, vegetation) have affected the perceived discomfort of youth while they are 
active outdoors.132 Unhealthy heat stress is occurring even at ambient temperatures of 80°–85°F where play 
areas are unshaded and have artificial surfaces (e.g., asphalt or artificial turf).133 Children from non-White 
and lower-income families have less access to high-quality, sizeable urban parks,134 putting them at higher 
risk of heat illness and other adverse health outcomes (i.e., physical and mental health problems).123

Heavy rainfall and extreme temperatures cause sports teams to depend more on artificial or indoor 
environments, increasing participation costs and decreasing access to sports, especially for lower-in-
come populations.120 The Texas Rangers replaced their structurally sound stadium earlier than expected 
because extreme temperatures suppressed attendance.135 The new stadium has a retractable roof for a 
climate-controlled environment. Sports events across all levels—from youth and interscholastic to collegiate 
and professional—have been halted or moved because of the unusual timing or intensity of storms (Figure 
26.14, left), resulting in scheduling challenges, economic costs, and reduced social interactions.136,137 All 
people who enjoy the outdoors as part of their healthy lifestyle are expected to face more days with 
dangerous extreme heat (Figure 26.14, right).
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Extreme Event Impacts on Sports and Recreation

Outdoor sports and recreation of all kinds are challenged by extreme events.

Figure 26.14. (left) University of Oklahoma staff paint the Green Wave of Tulane University on their football field 
for a September 4, 2021, matchup. The game was relocated after Hurricane Ida left Tulane’s stadium powerless 
and damaged. (right) As people enjoy the outdoors as part of a healthy lifestyle, warmer temperatures are expect-
ed to cause them to adapt by drinking cool liquids, reducing strenuous exercise, or exercising during cooler times 
of the day. Photo credits: (left) ©University of Oklahoma Athletics; (right) ©Emma Kuster. 

Lakes, streams, and reservoirs support fishing, hunting, and other outdoor recreation; however, more 
variable or heavier rainfall, flash or prolonged droughts, and higher temperatures have jeopardized 
recreation by reducing the quality and quantity of water.138 In 2019, for example, southeast Kansas and 
northeast Oklahoma experienced historic spring flooding after multiple storm systems brought almost 
2 feet of rain.139 The flooding caused more than $12.5 million (in 2022 dollars) in damages for the Kansas 
Department of Wildlife, Parks, and Tourism (Figure 26.15), primarily through lost revenues from park 
closures.140 Texas State Parks amassed a $5.9 million (in 2022 dollars) funding deficit when drought, wildfires, 
and record heat prompted fewer visitors in 2011–2012.141 

Flooding of Park in Kansas, Spring 2019

Historic spring flooding in 2019 closed parks and recreational areas in southeastern Kansas. 

Figure 26.15. Sandstone Bluff Cabin along Toronto Lake in Cross Timbers State Park was flooded from spring 
2019 storms, as the lake level exceeded prior historic records. The extreme rainfall closed parks and created an 
estimated $12.5 million (in 2022 dollars) in damages. Photo credit: ©Kansas Department of Wildlife and Parks.
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Along the Texas Coast, recreational opportunities are expected to change as coastal ecosystems transform, 
degrade, or disappear as a result of sea level rise (KM 9.1), warming temperatures,142 and more powerful or 
rainier tropical cyclones.143 After the destruction from Hurricane Harvey (2017), coastal ecotourism collapsed 
across the Coastal Bend, where ecotourism supports 8% of the local workforce and generates over a billion 
dollars in economic value annually.144 Sea level rise has caused erosion of coastal beaches. Sand erosion on 
Galveston Island, for instance, has increased by 45% in comparison to geologic rates.145 Sea level rise is also 
increasing saltwater inundation of coastal marshes that support birdwatching and angling.146 

Changes in the timing and amount of precipitation have affected freshwater runoff and its associated 
salinity of bays and coastal ecosystems.147 In the winter of 2008–2009 at the Aransas National Wildlife 
Refuge, a combination of inundation, drought, and upstream water use resulted in the loss of 10% of blue 
crabs, the main food source for the whooping cranes that draw legions of birdwatchers to the refuge.148 
Other impacts are favorable for coastal fisheries. Fewer extreme freeze events have caused the northward 
expansion of mangroves,142 increasing fish diversity in Texas bays.149 The diversity and prevalence of marine 
fish for sport fishing has also increased along Texas coasts as tropical fish expand their range northward.150 

In 2020, hunting, shooting, and trapping generated $1.3 billion (in 2022 dollars) in Texas, ranking it first in 
the Nation.151 Competition for limited food and water resources during drought is anticipated to alter animal 
migration, reproduction, and behavior (e.g., Cady et al. 2019;152 Porro et al. 2020153). As a result, with warming 
temperatures, hunters are expected to see shifts in wildlife habitats and species ranges and decreases in 
the size and weight of prey.154,155 For example, the Texas Parks and Wildlife Department has noted a decline 
in wintering mallard duck populations because open waters and food remain available farther north as 
winters warm.156

Sport, recreation, fish, and wildlife managers can plan for climate change by considering ways to alleviate 
negative impacts or enhance benefits (Figure 26.16). For example, to reduce health risks resulting from 
extreme heat, athletes can acclimatize to heat by slowly increasing the duration and intensity of exercise, 
scheduling strenuous outdoor activities during cooler hours, and reducing their core body temperature 
by applying ice packs and drinking cold water.122 To maximize public outreach, communication of these 
risk-reduction methods should reflect the languages spoken throughout the community. Communities can 
support local sports, leisure, and recreation through landscape design by adding shaded green spaces as 
shelter from extreme heat. Park amenities, such as trees and splash pads, can also cool people on hot days. 
Despite the potential for temporary closures, siting parks and recreational areas along streambeds can 
reduce flood losses by buffering floodwaters in downstream developed areas.157
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Resilience Actions to Address the Impacts of Hotter Summer Temperatures on Outdoor 
Activities 

Resilience actions can alleviate the effects of hotter temperatures on outdoor activities.

Figure 26.16. Hotter temperatures affect athletic, recreational, and leisure activities outdoors across the Southern 
Great Plains, leading to poorer athletic performance and health outcomes, poorer water quality, hotter facilities 
and activity areas, and increased wildfire risk. The example adaptation and mitigation actions can increase resil-
ience and reduce negative impacts. Figure credit: See figure metadata for contributors.
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Key Message 26.4  
How We Heal: Climate Change Is Exacerbating  
Existing Social and Environmental Disparities

Some neighborhoods and communities in the Southern Great Plains are suffering dispropor-
tionately from climate-related hazards because of long-standing marginalization, discrim-
ination, and governmental policies (very high confidence). As a result, climate change will 
compound existing social and environmental burdens on the people, neighborhoods, and 
communities with the fewest resources to prepare and adapt (very high confidence). Our insti-
tutions and governments can play a role in improving outcomes for these people and places by 
adopting climate adaptation and hazard-mitigation practices and policies that prioritize social 
equity and justice, aim to reduce community risks, build resilience, and repair past injustices 
(medium confidence).

Climate change does not affect all people in the same ways; society’s most under-resourced and over-
burdened face harsher experiences (KMs 15.2, 20.1)158 and have less access to climate-resilient infrastruc-
ture and recovery support,159,160 typically as a result of power imbalances or discriminatory policies and 
practices.161,162 This unequal distribution of harms and benefits is climate injustice. Those most impacted 
by climate inequities and injustices include people with low incomes; rural residents; disabled persons; 
older adults; Black, Indigenous, and People of Color; those who identify as other than cis, straight men; 
immigrants; those living in colonias (Texas-border housing developments lacking basic infrastructure and 
services); and unhoused individuals (KM 15.2).

Governments and organizations trying to heal historical traumas, injustices, and disparities are expected 
to face increasing urgency for equitable solutions and resources, as exposure to climate change impacts 
is projected to increase by midcentury. Lack of resources, political power, and technical expertise inhibit 
effective planning for and implementation of climate mitigation and adaptation.3,163 Without inter-
vention, climate change is expected to continue limiting equitable access to resources, services, and 
economic opportunities.

In many cases, housing stocks that serve low-income communities and communities of color lack adequate 
weatherization, air-conditioning, structural resistance to high winds, or adequate tree canopy, shade, 
and green spaces to provide heat relief due to long-standing under-resourcing and marginalization.164,165 
Lack of access to reliable and affordable energy increases the vulnerability of low-income communities to 
intense heat events. Severely marginalized groups, such as unhoused, detained, or incarcerated people, have 
experienced considerable suffering during extreme heat events with little relief.166,167 For example, Texas 
inmates and correctional officers have endured heat stress or heat mortality from lack of air-conditioning 
and proper ventilation.168 

Low-income communities and communities of color often lack access to adequate and maintained flood 
infrastructure, which reduces resilience, limits recovery, and contributes to increased flood vulnera-
bility.169,170 In Houston and other Gulf Coast communities, for example, these populations often live in 
lower-quality housing in flood-prone areas, placing them at a higher risk than those living in surrounding 
areas.171 

In addition, low-income residential areas and residents of color tend to be in closer proximity to petro-
chemical plants or chemical storage facilities than their higher-income or White counterparts,172 putting 
them at higher risk of industrial accidents caused by extreme weather events that release toxins into the air 
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and water (KM 15.2).173 For instance, facilities that reported chemical releases after Hurricane Harvey tended 
to be near predominantly Hispanic neighborhoods and revealed patterns of societal inequity.174 Exposure is 
particularly acute near Superfund sites175 and across industrial areas of the Texas Gulf Coast (Figure 26.17).176

After a disaster, many people who are poor, uninsured, and without access to climate recovery and 
adaptation programs, such as voluntary buyouts, have not rebuilt.159,177 Efforts to recover from compounding 
hazards (Focus on Compound Events) can quickly exhaust resources and strain mental well-being in 
low-income populations (KM 15.1).178 

Increased Climate Risks in Port Arthur, Texas 

Historically underserved communities near chemical facilities face increased risks from weather hazards asso-
ciated with climate change. 

Figure 26.17. These scenes from Port Arthur, Texas, reveal (top) a low-lying landscape of petrochemical facilities 
and residential neighborhoods, representative of many communities along the Texas Gulf Coast. After Hurricane 
Harvey (2017) made landfall near Port Aransas, Texas, neighborhoods (bottom left) and transportation infra-
structure and petrochemical facilities (bottom right) were flooded, exposing residents to contaminated waters 
spreading across the landscape. With climate change projected to intensify hurricanes and bring heavier rainfall, 
the risks to communities along the Gulf Coast are even higher when hazardous facilities, such as petrochemical 
plants, are nearby. Photo credits: (top) halbergman/iStock via Getty Images Plus; (bottom left) US Air National 
Guard Staff Sergeant Daniel J. Martinez; (bottom right) ©Alison A. Tarter.

Communities with insufficient capacity to evacuate prior to coastal storms are at greater risk from tropical 
cyclones, which are projected to be stronger by midcentury (KM 2.2). These communities also face increased 
likelihood of house abandonment as Gulf waters rise and rainfall becomes more intense.160 After Hurricane 
Ike (2008), for example, over half of Galveston’s public-housing apartments sustained damages, displacing 
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almost 600 households. Most of these apartments were demolished and not replaced, and displaced 
residents confronted barriers to participating in post-disaster decision-making.179

Settler colonialism and policies to eradicate Indigenous Peoples, cultures, and practices have contributed 
to current inequalities in climate mitigation and adaptation resources (KMs 15.2, 16.2, 20.2).3 Through the 
Indian Removal Act and treaties with the United States,180 Tribes became bound geographically to predeter-
mined jurisdictions, often in areas now at higher risk of climate change impacts (KM 16.2) or more exposed 
to climate hazards than their historical lands.181 Self-determination, sovereignty, and self-governance, 
however, empower Tribes in the region to lead their own climate adaptation planning, transforming 
themselves into thriving communities of their own design (Box 26.3). Indigenous Peoples have knowledges 
and experiences to share with all peoples about how to live sustainably and adapt to climate changes.182

Box 26.3. Adaptation Planning Led by the Tribes of Kansas, Nebraska, and Iowa

The Iowa Tribe of Kansas and Nebraska, Kickapoo Tribe in Kansas, Meskwaki Nation, Omaha Tribe of Nebraska, Ponca 
Tribe of Nebraska, Prairie Band Potawatomi Nation, Sac and Fox Nation of Missouri, Santee Sioux Nation, and Winneba-
go Tribe of Nebraska recognized the need to be #Rezilient (the social-media notation for Tribal resilience) in the face of 
climate change. Using grant funding obtained by the Sac and Fox Nation of Missouri, the Tribes worked to blend their 
cultural values, Indigenous Knowledges, and adaptation experience with Western science to create Tribal climate adapta-
tion plans. They convened a series of workshops (Figure 26.18) to guide Tribal environmental professionals to customize 
plans for their unique communities. Beginning in 2019, Tribal elders, council members, environmental professionals, and 
subject-matter experts initiated Tribal Technical Teams to identify knowledge sources and prioritize risks. 
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Collaboration to Develop Tribal Climate Adaptation Plans

Nine Tribes of Kansas, Nebraska, and Iowa work together to create customized climate action plans for their 
individual communities.

Figure 26.18. (top) In 2022 Mayetta, Kansas, was the site of a climate resilience workshop for the nine Tribes 
of Kansas, Nebraska, and Iowa. (bottom) Technical teams worked together to create and present specific 
climate adaptation plans for each Tribe and to share their experiences with one another. Photo credit: ©Mark 
Junker.

Then the Tribes developed a drought early-warning system for each Tribe. The systems focused on more than 20 
drought-related indicators, including precipitation, soil moisture, fire danger indices, and evapotranspiration. Next, the 
teams wrote summaries of their individual regions’ climates in the Winnebago language. They discussed how to commu-
nicate local climate change impacts in relevant ways for the people on and near the reservations. The teams also met to 
create maps showing what areas were projected to be most at risk. By 2022, the groups were sharing how they collected 
data, analyzed trends, and researched impacts and solutions to climate change on their lands and peoples. The resulting 
nine climate adaptation plans will strengthen resilience of the Tribes of Kansas, Nebraska, and Iowa for years to come.
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Residents, businesses, organizations, and governments in the Southern Great Plains can work together to 
repair prior societal damage and build community resilience by incorporating justice and equity principles 
in climate resilience strategies and actions (Figure 26.19).183 For example, the Resilient El Paso strategy 
includes social stability, security, and justice among the 12 drivers in its resilience framework.184 The strategy 
recognizes El Paso’s unique attributes, including one-quarter of El Pasoans living in poverty, a large bilingual 
population, and its location in the largest binational metroplex in the Western Hemisphere. Development 
of the strategy involved 70,000 residents participating in 95 community engagement events, ensuring 
that a range of voices were at the table. These adaptation efforts are complicated, however, by historical 
trauma, which has diminished trust in government, and the marginalization of various populations (e.g., 
Norton-Smith et al. 2016185).

Resilience Actions to Address Equity and Justice Issues Related to Increasing Hurricane Risk

Resilience actions centered on justice and equity can help overburdened communities respond to increasing 
hurricane risks.

Figure 26.19. More intense hurricanes increase challenges for justice and equity actions across the Southern 
Great Plains, including loss of homes and property, community dispersion and displacement, disruption of live-
lihoods and economy, and damage to infrastructure. The example adaptation and mitigation actions can align 
justice and equity work with climate resilience. Figure credit: See figure metadata for contributors.
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Key Message 26.5  
How We Serve: Climate Change Is Straining Public Infrastructure and Services

The institutions that serve our communities have been challenged to respond and adapt to 
more frequent and intense weather events (medium confidence). Without significant adap-
tation, climate change is expected to strain water supplies, transportation infrastructure, and 
emergency services across the Southern Great Plains (high confidence). Actions that can 
enhance our community resilience include substantially reducing greenhouse gas emissions, 
installing or retrofitting climate-resilient infrastructure, educating students and the public on 
climate change, and cultivating the capacity of faith- and volunteer-based aid organizations to 
assist hazard planning, response, and recovery (medium confidence). 

Communities throughout the Southern Great Plains rely on basic physical infrastructure and public services, 
from roads and water treatment facilities to healthcare and education. However, the efficiency, effective-
ness, and equitable distribution of these fundamental services are being affected by climate change.186 
These services are not available equally across the region. For example, in 2018 along the Texas–Mexico 
border, only 77% of the Texas colonia population had wastewater service.187 Although colonia residents 
may have access to an electrical connection, many households remain without energy services because of 
limited income.188

Public utilities depend on reliable, safe, and abundant surface water and groundwater. These sources are at 
risk from increasing air and water temperatures, more frequent and severe drought, more intense rainfall 
events, and changes in rainfall frequency and timing (Figure 4.2; KM 4.2).189,190 For example, heavy rainfall 
events have caused higher concentrations of pollution191 and more sedimentation in reservoirs.192 Winter 
storms have led to the loss of water pressure and electricity at utility facilities (Box 26.2). The average annual 
number of boil-water notices and sanitary-sewer overflows across Texas increased substantially between 
2011 and 2016, mostly because of infrastructure damage following extreme drought that caused clay-soil 
contraction.193 

Along the Texas coast, massive water withdrawals from coastal aquifers currently cause most of local sea 
level rise.194 Precipitation carrying salt spray remains the major source of brackish waters in the Gulf Coast 
aquifer, as rising seas have yet to cause significant saltwater intrusion.195 However, rates of average sea level 
rise from global warming have accelerated since 1992,196 and western Gulf Coast sea levels are projected 
to rise 19–27 inches by 2050 using the full range (low to high) of global mean sea level rise scenarios.197 The 
resulting saltwater intrusion is expected to pose challenges for drinking-water suppliers, as costs for desali-
nating seawater are twice those for brackish groundwater.195

The region’s transportation systems, including its major airport hubs, ports, and highways, are critical 
for international and domestic commerce. Transportation infrastructure—much of which is aging and in 
significant need of repair—has been damaged by extreme weather events associated with climate change 
(KM 13.1).198 Extreme heat has reduced passenger and cargo loads for aircraft and buckled roadways and 
railways; heavy rainfall has eroded road, bridge, and rail foundations (Figure 26.20); and coastal storms 
have interrupted shipping and caused mass evacuations on roadways. When transportation systems 
fail, the impacts have been particularly devastating for people living in systematically underserved and 
under-resourced neighborhoods.171 As of 2022, Oklahoma’s and Texas’s state transportation plans do not 
address threats to transportation services or infrastructure from climate change impacts;199,200 Kansas’s plan 
does include threats to infrastructure from extreme weather.201
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Extreme Rainfall Impacts on Transportation

Heavy downpours associated with Hurricane Harvey (2017) caused bridge damage.

Figure 26.20. Extreme events associated with climate change are expected to threaten transportation infra-
structure, as demonstrated by past experiences. Here, widespread heavy rains associated with Hurricane Harvey 
(2017) caused the collapse of a section of Farm to Market Road 762 in Fort Bend County, Texas. Photo credit: 
Kevin Stillman, Texas Department of Transportation.

Climate change is also affecting public safety systems and their ability to serve community members. For 
example, during extreme heat events in 2018, the San Antonio Fire Department received significantly more 
requests for emergency medical services from neighborhoods with higher rankings on social vulnerabil-
ity indices.202 From 2000 to 2018, firefighters in the Southern Great Plains fought 16 megafires—fires that 
encompass over 100,000 acres, overwhelm local response capacity, and are extinguished only when weather 
conditions become favorable.203 These fires are associated with extremely dry vegetation,204 unusually warm 
temperatures, and strong winds aloft203—conditions projected to become more prevalent as the region 
warms and soil water evaporates more quickly. 

In addition to providing resources for infrastructure, utilities, and public safety, local communities support 
public education systems. These systems serve learners of all ages and support scientific literacy and 
social cohesion while serving meals and providing other community services—key steps in enabling public 
engagement solutions.205 As of 2022, only Kansas clearly incorporates human-caused climate change in its 
K–12 state curriculum standards.206,207,208 Educators rarely receive formal education on the subject, leading 
many K–12 science teachers to have misconceptions and critical gaps in climate change knowledge. In 
a survey of teachers and education students in Dallas–Fort Worth,209 for example, most educators were 
neutral regarding whether climate scientists disagree about the causes of global warming, even though 
97% of these scientists agree (KM 2.1).210 Informal education programs fill some climate change literacy gaps 
left by public education through short courses online (e.g., Martin et al. 2020211) and Tribal youth education 
programs.3 Educators can apply successful strategies for teaching the complexities of climate change by 
actively engaging learners212 and infusing lessons with place-based knowledge.213
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Environmental monitoring and associated data quality assurance and sharing are important to track 
changes in climate over time, support evidence-based decisions, and warn people of imminent danger. 
High-resolution, regional weather and water monitoring networks214,215,216,217 supply critical local mea-
surements for decision-makers. However, understanding local impacts of climate extremes and how to 
adapt is hampered by a lack of systematic, region-wide observations of species, habitats, economic costs 
and damages, resource demand and consumption, decision processes, and adaptation and mitigation 
strategies.218,219,220,221 Such data would help researchers better understand complex systems and managers 
develop better local management strategies.

Even without these regional data, cities across the Southern Great Plains are addressing risks to public 
services through hazard mitigation work and climate adaptation and mitigation actions (Figure 26.21; KM 
12.3). Greenburg, Kansas, for example, chose environmentally resilient designs for rebuilding after it was 
hit by a violent tornado on May 4, 2007 (Box 26.4). In 2020, Oklahoma City produced its first sustainability 
plan, known as adaptokc, which addressed climate change.222 Austin, San Antonio, and Dallas also adopted 
plans that included both mitigation and adaptation actions and have started to address local equity issues as 
related to climate change impacts (Climate Resilience Action Plan;223 Climate Ready, Action and Adaptation 
Plan;224 and Comprehensive Environmental and Climate Action Plan225). Smaller communities that lack 
resources for stand-alone climate plans are integrating actions into hazard mitigation or comprehensive 
plans. Results of city actions are becoming evident. For example, in response to frequent flooding that 
occurred prior to the 1990s, Tulsa enacted flood management actions that resulted in the National Flood 
Insurance Program awarding Tulsa its highest rating under the Community Rating System, reducing flood 
insurance premiums by 45%.226 
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Mitigation and Adaptation Actions Across the Southern Great Plains

A wide array of actions are being conducted across the region to address the impacts of climate change. 

Figure 26.21. Communities and Tribes across the Southern Great Plains are acting in response to the challenges 
associated with climate variability and change. Actions include developing plans for hazard mitigation, climate 
action, and climate resilience (black triangles) or undertaking activities related to hazard mitigation (e.g., building 
resilient infrastructure) and climate mitigation (e.g., reducing energy usage; red circles). Renewable energy proj-
ects (green stars) and agricultural or environmental practices that support sustainability (blue squares) are also 
beginning. For actions under multiple categories, the main category was mapped. These actions aim to increase 
community resilience to hazards now and in the future. The mapped examples are representative of others oc-
curring elsewhere across the region. See details at https://arcg.is/0yGjKm. Figure credit: See figure metadata for 
contributors. 

The water policies of the three states encourage consumptive use, generally exclude the physical inter-
actions between groundwater and surface waters, and are overseen by multiple agencies across different 
levels of government. These constraints make water resource solutions difficult in a rapidly changing 
climate. Nonetheless, Kansas’s 2022 statewide water plan includes climate change, its impacts, and 
associated recommendations, providing a scientifically credible guide for adaptation and mitigation 
options.227 The 2012 Oklahoma Comprehensive Water Plan went further by incorporating quantitative 
climate projections to assess future streamflow, municipal and industrial demand, crop irrigation demand, 
and water storage.228 The resulting information was applied in the plan’s recommendations. For Texas, 

https://arcg.is/0yGjKm
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however, the 2022 State Water Plan did not consider climate change.229 Researchers have spotlighted this 
crucial omission in Texas’s water planning process, especially its lack of planning for droughts worse than 
the previous record drought.190

Communities are beginning to welcome nature-based or green infrastructure solutions for water resource 
challenges. The City of Austin has implemented water catchment systems, bioswales, and other green 
infrastructure at libraries, schools, and other city properties to reduce stormwater flows.230 In Norman, 
Oklahoma, the Division of Utilities is testing how to augment water supplies during drought by returning 
highly treated water from its water reclamation facility to a nearby reservoir (Figure 26.22).231 Cities of 
all sizes, from Houston (see Box 26.1) to Lenexa, Kansas (population under 50,000),232 are adopting green 
infrastructure programs.233

Water Treatment Plant in Norman, Oklahoma

Wastewater treatment services in the region are addressing water resource challenges.

Figure 26.22. The City of Norman’s wastewater treatment facility is testing how to supplement water during 
drought by returning highly treated water from its water reclamation facility to its nearby reservoir. Water reuse is 
a well-established adaptation method that is especially useful in semiarid climates. Photo credit: ©City of Nor-
man, Oklahoma.

Faith-based organizations also are responding to climate impacts by raising charitable donations, serving 
as communication and distribution centers, and recruiting volunteers to assist with both physical and 
emotional disaster recovery.234 After Hurricane Harvey (2017), for example, faith communities provided over 
$242 million (in 2022 dollars) to help flood victims.235 Interfaith and ecumenical organizations, denomina-
tional bodies, local worshipping communities, and individual believers are teaching about climate change 
and environmental stewardship with their sacred texts or oral traditions236 and leading environmen-
tal actions such as recycling and tree planting.237 Sharing spiritual beliefs within a local community is an 
important way to increase social capital for climate adaptation.238
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Box 26.4. Building a Sustainable City: Greensburg, Kansas

After 90% of the structures in Greensburg, Kansas (population: 1,400), were destroyed by a 2007 tornado, the town’s 
residents rebuilt with an emphasis on resilience and sustainability—elements important to climate change adaptation. The 
community planned to “green Greensburg” following four visioning meetings that averaged 400 participants each.239 The 
resulting 2008 Sustainable Comprehensive Plan reflected their discussions through a focus on children and future genera-
tions, a strong community and sustainable economy, and living off and with the land.240

Rescoping and rebuilding the city required support from federal, state, university, private, and nonprofit organizations, as 
well as community groups and individual leaders.241 The city council provided backing through a resolution requiring that 
city-owned buildings of 4,000 square feet or larger adhere to “platinum” building standards of the Leadership in Energy 
and Environmental Design program.239 This decision led to the creation of a platinum-certified city hall, county school, pub-
lic hospital, county commons, arts center, and business incubator.242 Energy-efficient lighting along Main Street reduced 
energy and maintenance costs; a 10-turbine wind farm generated enough power for 4,000 homes; and native plants, green 
roofs, and bio-retention areas reduced stormwater runoff.243 Attracting sustainable businesses to the remote city, however, 
remains challenging.241

During the transformation process, residents’ attitudes have changed about sustainability. Many who were initially reluc-
tant found that environmental stewardship was consistent with their values and made common sense, leading them to 
adopt sustainable practices and technologies for their own homes and landscapes.243 

 
Overall, actions in the region have been too slow in pace, and investments have been inadequate in scale and 
scope, compared to what would be needed244 to minimize strongly negative consequences of climate change 
by midcentury (KM 32.1), within the lifetimes of today’s young adults. For mitigation, calculations indicate 
that CO2 emissions would have to decline by about 25% from 2010 levels by 2030 and reach net zero around 
2070.244 While Kansas and Oklahoma reduced carbon emissions 14%–17% between 2010 and 2019, Texas 
increased emissions by 11%.245 Transformative adaptation (KM 31.3) and climate equity and justice (KMs 20.1, 
20.3) provide holistic frameworks for climate adaptation actions. Many actions that enhance the resilience 
of public services and infrastructure (Figure 26.23) also are expected to reduce future financial costs from 
extreme events.
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Resilience Actions to Address the Impacts of Severe Winter Storms on Public Services

Resilience actions can reduce risks to public services caused by increasingly variable severe winter storms.

Figure 26.23. The increasing variability of severe winter storms causes uncertainty and increases risk in public 
services and infrastructure across the Southern Great Plains, including extended utility outages, uncertainty for 
school systems, stresses in the transportation system, and additional demands on first responders. The example 
adaptation and mitigation actions can increase resilience and reduce negative impacts. Figure credit: See figure 
metadata for contributors.
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Traceable Accounts
Process Description
The author team for the Southern Great Plains chapter was selected using a standardized rubric on 
candidate biographies acquired from nominations and an internet search. Rubric elements were 1) sub-
ject-matter expertise relevant to the Southern Great Plains; 2) diversity in discipline or type of experience 
to ensure breadth in chapter content; 3) role that reduced the risk of chapter structural problems, including 
breadth of perspectives (e.g., gender, ethnicity, race, organization type, career stage, and geographical 
location); and 4) experience engaging with partners across the region (e.g., government agencies, nongov-
ernmental organizations, practitioners, academics, churches, businesses). Candidate authors were screened 
by their willingness and ability to work on a team, write well, and commit the necessary time. A few original 
authors left the team during the Zero Order and First Order Draft stages (either to transfer to another 
chapter or to address changes in their jobs) and were not replaced.

The author team met virtually for an hour at least biweekly during writing periods to discuss assignments, 
answer questions, prepare for stakeholder workshops, discuss figures, and reach consensus on topics and 
written text. The coordinating lead author, chapter lead author, and point of contact met virtually, typically 
weekly during writing periods, to review due dates, answer questions, and ensure that the team was 
progressing adequately.

Chapter authors developed initial chapter themes by brainstorming a list of values and interests demon-
strated by people living and working across the diverse landscapes of the region. Impact-based statements 
focused on these values and were clustered by common attributes to reduce redundancy.

Consensus-building occurred through deliberations and by addressing questions during author meetings 
and through discussions using the comments feature in the shared online draft of the chapter. The lead 
author checked regularly with the author team for concurrence on any statements drafted by one or more 
team members. Disagreements on priorities or wording were discussed openly. Confidence was determined 
through initial, independent assessments of several author team members and finalized after oral discussion 
during a virtual meeting of the full author team. Concerns were debated until no one disagreed with the 
stated confidence level. All members of the author team approved of the document for each draft through 
the Fourth Order Draft. The lead author finalized the Fifth Order Draft, with minimal changes from the 
Fourth Order Draft, to respond to three minor reviewer comments, suggest copy edits, add missing 
citations, and address inconsistent figure captions.

The author team chose to hold four 90-minute online stakeholder workshops over two days to provide 
opportunities for people with different work schedules to participate. Workshops were held at various 
times of day, including during the noon lunch hour (Central Time) and at 5:30 p.m. for those unable to join 
during the normal workday. Each workshop began with a 30-minute overview of the full National Climate 
Assessment (NCA) process and the specific chapter content, followed by six concurrent one-hour breakout 
sessions—one for each of the five sections of the chapter and one additional session open for any discussion. 
The author team facilitated the breakout sessions using specific questions to engage participants and 
obtained feedback through interactive presentations and discussion.

Input from the stakeholder meetings, agency reviews, and internal reviews by the Technical Support Unit 
(TSU) were addressed through the consensus-building process noted above. The author team discussed 
content of newly developed graphics during regular meetings and iterated on design with the TSU. Metadata 
for all graphics and images were collected and documented by the chapter lead author and approved by the 
TSU. Technical contributors provided specific expertise in the following ways: 1) to alert the author team 
of local examples of impacts of, adaptation to, or mitigation of climate change; 2) to suggest peer-reviewed 
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literature in areas where the author team had a disciplinary gap; or 3) to aid in the description of an 
author-selected figure. Climate projections were available only to 2100; as a result, the author team was 
not able to assess the impacts of climate change out 100 years, as required by the Global Change Research 
Act of 1990.246

Key Message 26.1  
How We Live: Climate Change Is Degrading Lands, Waters, Culture, and Health

Description of Evidence Base 
Several topics have an extensive research base both nationwide and within the Southern Great Plains. For 
these, the author team selected citations that were most relevant for the region. Physical impacts, such as 
species range shifts, changes in water quality, and stormwater runoff, have sufficient evidence within the 
region to make well-documented statements (e.g., Howell et al. 2019;23 Bragg et al. 2003;24 Moore et al. 2016;25 
Will et al. 2013;26 Whyte et al. 202131). Literature on human health and climate change was relatively abundant 
(e.g., Anderegg et al. 2021;49 Levetin 2021;50 Neumann et al. 2019;51 Johnson et al. 2016;52 Mallen et al. 2019;53 
Bell et al. 2018;54 Caminade et al. 2019;56 Raghavan et al. 2021;57 Hotez 2018;58 Gorris et al. 201959). The body of 
literature in climatic regions similar to the Southern Great Plains also supports the statements (e.g., Chs. 6, 
8). Studies of human and societal impacts, such as climate impacts to culture, or the intersection of climate 
and other ecological or human drivers of the system, such as woody encroachment or racial disparities, 
were more difficult to find. In these cases, the members of the author team used their expert judgment to 
develop the section text. 

Studies for Houston, Dallas, and Austin, Texas, were relatively abundant, as was research on impacts of 
climate change on both natural ecosystems and agroecosystems in Texas. Research for the case study on 
Houston was abundant and consistent, although the diversity of peoples and environments across the 
metropolitan area was extremely broad and had to be condensed in a manner that did not capture the city’s 
nuances to the degree that the authors preferred.

Major Uncertainties and Research Gaps
Major gaps included lack of research on 1) a wide variety of communities (i.e., the same handful of cities are 
well documented and others are not), 2) human impacts outside of human morbidity and mortality (e.g., 
what traditions or cultural practices are changing because of climate change), 3) attribution of climate 
change to impacts that were driven by multiple stressors (e.g., urban flooding caused by heavier rainfall, 
changes in land use, and water management practices), and 4) long-term signals of climate change along the 
Gulf Coast and in Gulf waters (i.e., insufficient observational data over time and space). 

There are major uncertainties in individual, family, neighborhood, and community responses to different 
climate-related impacts, such as higher temperatures, heavier rainfall events, or more intense hurricanes. 
Adaptation methods are not commonly measured throughout the region, so the circumstances under 
which different adaptation strategies are most beneficial are highly uncertain (KMs 31.1, 31.3). Although 
specific Tribes are knowledgeable about climate-related impacts to their relatives and culture, many under-
standably choose to protect their intellectual property as sovereign nations; thus, some impacts to Tribes 
are uncertain.

Documentation of impacts and actions for Kansas and Oklahoma was substantially limited in comparison 
to inland Texas. In fact, peer-reviewed literature focused on or inclusive of Kansas was limited outside of 
the Kansas City metropolitan area. Literature on changes in waters along the Texas Gulf Coast as related to 
climate change was sparse, and data sampling was insufficient in space and time to determine long-term 
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trends in red tide harmful algal blooms, mass mortalities of aquatic organisms (e.g., from cold outbreaks), or 
freshwater discharge.

Description of Confidence and Likelihood
For the first statement in the Key Message, the author team had very high confidence in risks associated with 
degradation of lands, waters, and health. However, a lack of data for privately owned areas within the region, 
notably in Texas, where 93% of land is privately owned,247 limits the authors’ confidence slightly for these 
areas. The author team had lower confidence in risks associated with quality of life, well-being, and cultural 
interconnectedness. As a result, the team lowered the confidence level from very high to high. Confidence in 
future projections of temperature-related hazards (e.g., extreme heat days) is very high; however, confidence 
is substantially lower (i.e., medium) for precipitation-related hazards because projections are mixed on the 
trends, depending on location. As a result, the team lowered the confidence level from very high to high. 
In the third sentence, the author team agreed that all actions were viable and well documented in the 
literature as resilience activities, but the effectiveness of the actions has not been vetted thoroughly, leading 
to an assessment of medium confidence.

The evidence base was not sufficient to determine quantitative probabilities for the first and third 
statements in this Key Message; thus, no likelihood is specified. For the second statement, there is sufficient 
evidence from multiple sources of climate projections across the region to indicate that it is very likely 
that weather hazards will increase (in size, number, or intensity). There also is sufficient evidence in the 
literature to indicate that these types of changes generally result in negative consequences for human 
lives, because most US families, neighborhoods, and communities are equipped to handle average climate 
conditions, but they struggle to be resilient during extremes.

Key Message 26.2  
How We Work: Climate Changes Are Creating  
Economic Challenges and Opportunities

Description of Evidence Base 
Impacts of, and mitigations and adaptations for, climate change in the energy and agriculture industries 
have an extensive research base both nationwide and within the Southern Great Plains (e.g., see Chs. 5, 11; 
Challinor et al. 2014;94 Miller et al. 2021;248 Rojas-Downing et al. 2017;249 Shoeib et al. 2021;76 Wimhurst and 
Greene 201977). For these topics, the author team selected citations that were most relevant for the region. 
Robust literature was not available for many other businesses and industries across the region. In these 
cases, the author team selected examples specifically from the region. Research that focused on other 
regions of the country, even if robust, was not used because the context for resources, culture, and values 
of the Southern Great Plains differs from other regions of the United States. Thus, the author team chose to 
respect the place-based nature of impacts and solutions. 

Literature on the February 2021 winter storm and its impacts has grown rapidly, and the author team 
assessed sufficient documentation to discuss the event (e.g., Bolinger et al. 2022;78 Busby et al. 2021;86 
Doss-Gollin et al. 2021;250 FERC 2021;83 Ghosh et al. 202184). Figure 26.8 applied the first, third, and fifth 
quintiles of the data for both income level (poorest, medium income, wealthiest) and race (low, medium, and 
high non-White) to demonstrate inequities related to the percentage of power outages during the event.46 
Employment statistics for the fossil fuel industry were calculated for September 2022 using the following 
categories from the North American Industry Classification System: 211, 2121, 213112, 213113, 22112, 2212, 
and 3241.73
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The literature on topics such as geothermal energy production and carbon capture and storage has grown 
in academic and federal government publications; however, commercial-scale implementation of these 
technologies was considered of more interest to the chapter audience even though the literature was 
scarce. 

Major Uncertainties and Research Gaps
In addition to government services (KM 26.5), energy, and agriculture, major economic sectors in the region 
that may be affected by climate change include manufacturing, retail services, construction, hospitality, real 
estate, insurance, wholesale trade, and social assistance. Little to no peer-reviewed literature was found 
related to impacts, adaptation, or mitigation for these sectors.

As in other sections, literature was substantially sparser for Kansas and Oklahoma than for Texas. Most 
of the literature on climate-change impacts and actions related to business and industry, except for 
agriculture, was focused on major metropolitan areas; thus, rural areas were less studied. The literature on 
climate impacts to women- or minority-owned businesses or small businesses in the region was minimal. 
Research was limited on adaptation and mitigation actions in the region, including the evaluation of 
their effectiveness.

Peer-reviewed literature on the impacts of the February 2021 winter storm was limited except for the 
storm’s impact on energy generation, transmission, and distribution. News articles discussed a wide range 
of other impacts, from transportation and the economy to recreation and mental health, but few studies 
analyzing non-energy impacts were available in the literature at the time of writing. 

Description of Confidence and Likelihood
In the first statement for the Key Message, the author team determined that the literature was limited 
regarding how business and industry experience new employment opportunities as climate conditions 
change across the Southern Great Plains. Thus, the author team lowered the confidence level from very high 
(i.e., the level that would be assigned to the US as a whole) to high (for the Southern Great Plains region). For 
the second statement, confidence was assessed as high based on substantial evidence from available climate 
projections but less evidence for costs to businesses and industry. For the third statement, the literature 
was thin with respect to how actions by business and industry result in positive economic outcomes; hence, 
the team concluded that medium confidence was most appropriate.

The evidence base was not sufficient to determine quantitative probabilities for the first and third 
statements in this Key Message; thus, no likelihood is specified. For the second statement, there is sufficient 
evidence from multiple sources of climate projections to indicate that it is very likely that warmer tempera-
tures, more erratic precipitation, and sea level rise will occur across the region in the future. These types of 
changes are linked to costs and losses in business and industry.

Key Message 26.3  
How We Play: Climate Extremes Are  
Endangering Sports, Recreation, and Leisure

Description of Evidence Base 
The author team considered the topic of climate change and sports (i.e., sports ecology) to be an emerging 
area that will be of great interest to readers in the Southern Great Plains. Discussion about climate change 
and organized sport, from youth to professional, has been limited in prior NCAs. Yet the literature on how 
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climate affects health outcomes in sports and other physical activities has been growing (e.g., Bernard et al. 
2021;120 Bergeron et al. 2011;130 Yeargin et al. 2017;127 Vanos et al. 2017;132 Orr et al. 2022;118 Thomas et al. 2013;141 
Brocherie et al. 2015122). The lack of access to parks is a major theme in environmental justice and public 
health literature (e.g., Heynen et al. 2006;251 Sister et al. 2010;252 Rigolon 2016;134 Mullenbach and Wilhelm 
Stanis 2022253). Negative impacts of climate change on ecosystem services, including hunting, fishing, and 
other types of recreation, also are well documented (KM 8.3); however, positive impacts are less studied. 
Studies in the Southern Great Plains are abundant on health outcomes and ecosystem services in the face of 
climate change. 

Literature on the economic impacts of specific extreme events on recreation can be found, especially 
for Texas, but comprehensive literature on these impacts across the region or across recreation, sports, 
and leisure does not exist. In these cases, the author team gave examples from specific activities, events, 
and locations from the literature or provided examples from multiple news reports. As in other sections, 
peer-reviewed literature related to this section was most abundant for Texas, especially the Texas Gulf 
Coast, and least abundant for Kansas. Although examples were available for specific adaptation actions, 
literature evaluating the effectiveness of these actions was limited.

Major Uncertainties and Research Gaps
Documentation of how climate change affected the amount, timing, and intensity of physical activity on a 
community or larger scale is limited. Prior research focused primarily on the impacts of climate on football 
players. Research remains lacking on the impacts on other sports (e.g., soccer, lacrosse, cross-country). 
Comparative studies across the region are rare for impacts of climate change on sports, recreation, and 
leisure activities. Literature regarding climate change impacts and adaptation actions for recreational 
activities in Texas Gulf waters is minimal.

Research is limited on the convergence of environmental justice, climate, and sports and recreation, 
especially among Indigenous communities and in rural settings. Economic impact studies tend to focus on 
singular extreme events in limited regions and thus do not provide a comprehensive understanding from 
state to state, activity to activity, or sport to sport. Research is limited on the climate adaptations of sports 
organizations to reduce climate vulnerabilities, as well as on the outcomes (positive or negative) of those 
adaptations. 

Description of Confidence and Likelihood
Peer-reviewed literature was abundant and consistent, leading the author team to an assessment of very 
high confidence for the first statement in the Key Message. The other two statements were assessed at high 
confidence based on a smaller evidence base on climate change impacts on reduction of outdoor physical 
activity and on the types of adaptation strategies used by individuals, communities, or sport organizations.

The evidence base was not sufficient to determine quantitative probabilities for the first and third 
statements in this Key Message; thus, no likelihood was specified. For the second statement, there was 
sufficient evidence from multiple sources of climate projections to indicate that it is very likely that heat 
extremes will increase across the region in the future. The literature is sufficient to recognize that heat 
extremes are linked to heat-related illness and death and that they also result in a reduction of outdoor 
physical activity.
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Key Message 26.4  
How We Heal: Climate Change Is Exacerbating  
Existing Social and Environmental Disparities

Description of Evidence Base 
Social science literature regarding justice and equity as related to climate hazards was abundant and 
consistent, especially as related to extreme heat, flooding, and tropical cyclones (e.g., Benevolenza and 
DeRigne 2019;68 Flores et al. 2021;254 Maldonado et al. 2016;255 Prudent et al. 2016;256 Smiley et al. 2022257). 
Research on low-income communities and communities of color was extensive for many metropolitan and 
industrial areas in the region (e.g., Collins et al. 2019,258 2013;259 Flores et al. 2021;254 Li et al. 2022260). There 
is a cluster of research on tropical cyclones, sea level rise, and infrastructural disparities in marginalized 
communities in Texas coastal metropolitan and industrial areas, with some studies focusing on South Texas, 
where many colonias are located (e.g., Atisa and Racelis 2022;261 Martinich et al. 2013;160 Flores et al. 2021;254 
Chakraborty et al. 2019169). The Status of Tribes and Climate Change Report3 provided extensive examples and 
documentation of challenges and opportunities, and it was useful for content and context across the entire 
chapter. Evidence-based solutions were limited, especially those over a sufficient time period to evaluate 
long-term effectiveness.

Major Uncertainties and Research Gaps
In comparison to research on the physical impacts of climate change, there is significantly less research in 
the Southern Great Plains on climate change through the lens of justice and equity. Those most impacted 
include people and families with low incomes; rural residents; historically marginalized populations; 
disabled persons; older adults; Black, Indigenous and People of Color; those who do not identify as cis, 
straight male; immigrants; those living in colonias; and unhoused individuals; however, the author team 
found no studies that analyze the impacts on these populations systematically across any of the three states. 
In addition, although there are several studies assessing challenges for Spanish-speaking individuals, those 
who speak other non-English languages generally are not included. In some cases, literature diagnoses 
disparities without explaining the reasons for them (e.g., Carvallo et al. 202185), indicating that additional 
research is needed to analyze the root causes so that they can be addressed alongside climate adaptation 
and mitigation actions (i.e., to avoid maladaptation; KM 31.4).

Peer-reviewed research has tended to focus on cities, with less emphasis on rural communities or small- to 
medium-sized cities in the region. Even for locations near the Southern Great Plains, there is little literature 
on climate justice as it relates to rural communities (e.g., Gutierrez and LePrevost 2016262). Knowledge is 
limited regarding the evaluation of climate mitigation and adaptation strategies that seek to incorporate 
climate justice and equity (e.g., Mullenbach and Wilhelm Stanis 2022253). Because of their sovereignty, Tribes 
have chosen, in many circumstances, to document their work through oral traditions, which are not shared 
with outsiders.3

Description of Confidence and Likelihood
Based on the abundance of research and consistency of results across the US and within the region, the 
author team assessed the first two Key Message statements with very high confidence. How the specific 
demographics or location of the neighborhoods and communities relate to a higher risk of impacts remains 
to be studied more completely, but the first two statements were intentionally general to highlight what 
is known from the literature. The third statement was assessed with medium confidence because rigorous 
evaluation of outcomes from policies, practices, and programs is more limited in the literature.
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Although the literature is compelling for many of the physical impacts of climate change, impacts to 
individuals, neighborhoods, and communities were not as robustly documented and certainly did not cover 
the entire region. Hence, no likelihood is specified for any statement, as the author team could not assess 
quantitative probabilities through case studies or analyses of small regions within the Southern Great Plains. 

Key Message 26.5  
How We Serve: Climate Change Is Straining 
Public Infrastructure and Services

Description of Evidence Base 
Public infrastructure and services topics related to water supply (KM 4.2), infrastructure (KMs 12.2, 13.1), 
public health and safety (KM 15.1), and education212 had an extensive research base nationwide and across 
specific regions of the United States. Research in the Southern Great Plains was less robust. In this case, the 
authors, many of whom have worked for or with municipalities across the region for decades, used their 
expert judgment to communicate the message and to select the most relevant citations. Other evidence 
for this Key Message included state water plans,227,247,263 state transportation plans,199,200,201 and state science 
curriculum standards207,208,264 for each of the three states.

Scholarship is abundant regarding agricultural water needs and uses across the Southern Great Plains; 
however, peer-reviewed literature regarding climate change and municipal water supplies or water sustain-
ability was sparse for all three states. How climate change affects public infrastructure and services in the 
region is an emerging topic, with much of the research done only in the past decade. News media covered 
local impacts after extreme events, including the damage to public infrastructure and response by service 
agencies and organizations. Because cities and towns are important locations where climate mitigation and 
adaptation occur, the author team chose to cover this topic even though the evidence base was smaller than 
that for the other sections.

In addition, the author team chose to discuss the emergent topic of the role of faith-based organizations, as 
it was well aligned with values in the region. These organizations also can use content in this report to plan 
for community service before, during, and after climate hazards. Although major religions have statements 
regarding climate change (e.g., Laudato si’ encyclical from Pope Francis, “Islamic Declaration on Climate 
Change,” “Buddhist Climate Change Statement to World Leaders,” and “Interfaith Climate Statement”),265 
literature regarding the interactions of faith, religion, and climate change is limited.238,266 Peer-reviewed 
literature was sparse on how faith-based organizations conduct adaptation or mitigation actions or the 
scope and effectiveness of these activities. 

Information about what actions communities were taking in the region was primarily documented in 
state or municipal reports rather than the peer-reviewed literature (e.g., City of San Antonio 2019;224 City 
of Oklahoma City 2020222). Hence, no evaluation of the effectiveness of or public support for the actions 
was available. State transportation plans did not have detailed articulation of threats to transportation 
services or infrastructure as related to climate change. The 2020–2045 Kansas Long Range Transporta-
tion Plan;201 Oklahoma Long Range Transportation Plan: 2020–2045;199 and the Texas Transportation Plan 
2050200 did not provide goals or objectives that addressed climate-change impacts. Although Kansas and 
Oklahoma acknowledged the need to support electric-vehicle charging stations, climate-change adaptation 
and mitigation were minimal elements of these plans and provided little context for the author team. For 
water resources management, significant content was available in the 2022 Kansas Water Plan227 and the 
2012 Oklahoma Comprehensive Water Plan.263 Conversely, the Texas Water Development Board229 did not 
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acknowledge climate change or plan for its impacts on water resources management, thus limiting the 
content for Texas.

Major Uncertainties and Research Gaps
Data for and analyses of climate change impacts on public services and infrastructure in the region were 
sporadic, even though research, data, and projections for temperature, precipitation, and other physical 
climate indicators over land were generally plentiful. Also, although coastal and offshore data were available 
for the Gulf of Mexico from the Gulf of Mexico Coastal Ocean Observing System267 and Texas Automated 
Buoy System,268 these observing systems were not established to monitor long-term climate trends (e.g., 
ocean acidification, saltwater intrusion), and thus there was a scarcity of literature on how these observing 
systems aided decision support for climate change. 

Few studies on public infrastructure and services focused on Kansas and Oklahoma, with most research 
in Texas. Of those on Kansas and Oklahoma, many were decades old. For all states, most studies examined 
specific facilities or communities; there were few synthesis or comparison studies that helped present 
a larger picture of climate change impacts across the region. Documentation of how climate change is 
projected to affect the healthcare system or healthcare facilities was sparse, although research on climate 
change and public health was relatively abundant (see Traceable Account for KM 26.1). Similarly, broad 
syntheses across the region of the impacts of climate change on roadways, railways, ports, pipelines, and 
airports, or the reliability and safety of transportation systems, were unavailable. In addition, with the 
region’s residents and visitors heavily dependent on automobiles and trucks, there was a large gap in the 
research on what mitigation and adaptation measures were recommended for moving into a next-genera-
tion, climate-smart transportation system.

Few peer-reviewed publications existed, specific to the region, regarding the intersection of public safety 
and climate change, including current planning processes, effective adaptation, and economic costs. The 
documentation available primarily focused on historical events and rarely on projections into the future. 
Similarly, information was minimal regarding how climate change was incorporated into the curriculum at 
various education levels across all three states, whether in formal or informal programs.

Even though faith-based organizations play significant roles locally, regionally, and globally when crises 
occur, most of the literature on climate change and faith focused on individual knowledge, opinions, or 
actions based on religious affiliation. The scope of what these organizations were doing (or not doing) and 
how they were accomplishing their works were unclear.

Description of Confidence and Likelihood
Confidence was assessed to be medium for the first statement, which was the consensus after acknowledg-
ing both the dearth of peer-reviewed literature (which would have led to low confidence) and the experience 
of members of the author team who served one or more communities and networked with others who do 
the same (which would have led to high confidence). In this case, much of the work being conducted across 
the region is relatively recent (e.g., since the publication of NCA4 in 2018); thus, ongoing research has yet to 
reach publication stage. For the second statement, the high confidence level was chosen primarily because 
of the authors’ knowledge of the climate projections and those events that have most affected public infra-
structure and services in the past. As with other sections, evaluation of mitigation and adaptation options 
in the region is sparse (KM 31.1). The effectiveness of solutions is generally place-based, so the author team 
chose medium confidence based on these uncertainties.

Although climate projections indicate that more frequent and intense climate-related events are very likely 
in the future for the region, the author team did not find sufficient literature on the reliability, cost, and 



Fifth National Climate Assessment

26-46 | Southern Great Plains

distribution of community services to generate quantitative probabilities of likelihood. Thus, no likelihood is 
specified for any statement in the Key Message.
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Introduction
The Northwest—Washington, Oregon, and Idaho—encompasses diverse communities, economies, and 
ecosystems, with almost 14 million residents.1 From western coastal regions to forested mountains to arid 
shrub-steppe, the Northwest is home to numerous culturally and economically important native plants 
and animals. Northwest ecosystems provide housing, recreation, food, and income that support the 
collective health and well-being of the region’s communities and economies. The 43 Federally Recognized 
Tribes in the Northwest also rely on the region’s ecosystems to sustain their livelihoods. Climate change 
has already affected all areas in the Northwest and will continue transforming the region in consequential 
ways. Northwest communities are employing a variety of strategies to adapt to and prepare for climate 
change; however, there are limits to the long-term effectiveness of adaptation actions without comparable 
investments to mitigate climate change (KM 31.1).2,3

Climate change observations in the Northwest are consistent with projections from previous National 
Climate Assessments.4,5,6 Annual average air temperatures in the region have risen by almost 2°F since 1900. 
Washington and Idaho have warmed by nearly 2°F, and Oregon has warmed by 2.5°F. Relative to 1900–2020, 
the annual number of extremely hot days and warm nights in the Northwest has been above the long-term 
average over the past decade, and the annual number of extremely cold nights over the same period has 
been below the long-term average.7,8 By the 2080s, annual average temperatures in the Northwest are 
projected to increase by an average of 4.7°F under a low scenario (SSP1-2.6) and by an average of 10.0°F 
under a very high scenario (SSP5-8.5) relative to the period 1950–1999.9 Future warming in the region is 
expected to exacerbate regional heatwave intensities (KM 27.5).8,10 

Warmer winter temperatures have led to declines in mountain snowpack, particularly in areas with warm 
maritime climates.11,12,13,14 A greater proportion of winter precipitation is projected to fall as rain rather 
than snow.15 Warmer winter temperatures are expected to increase snow-line elevation, contributing to 
snow-dominated watersheds transitioning to mixed rain-and-snow watersheds and mixed rain-and-snow 
watersheds transitioning to rain-dominated watersheds.16,17 Summer precipitation is projected to decline 
under all scenarios, although it will be variable,9 contributing to more frequent, longer, and more severe 
regional drought conditions that increase wildfire risk and decrease water availability (KMs 27.2, 27.3). 

Interannual variability in precipitation is projected to persist, and observed lower streamflows in summer 
are expected to decrease even further due to reduced snow storage, increased evapotranspiration, and 
longer lags between summer precipitation events.18,19,20 Increasingly low precipitation in drought years 
has driven extremely low streamflows.20 Some currently permanent streams will transition to ephemeral 
streams, affecting aquatic species and regional water supply (KMs 27.2, 27.4). 

Decreased snow accumulation and increasing melt are raising the elevation of the snow line, or the point at 
which annual accumulation and melt of snow are equal, which is causing Northwest glaciers to recede,21,22 
affecting recreation industries and regional water systems (KMs 27.3, 27.4, 27.6). Over the long term, 
streamflow reductions are expected in basins historically fed by glaciers.23 Debris flows and landslides are 
expected to become more frequent as glacial recessions leave more bare land exposed to direct precipita-
tion and the steep sideslopes of glaciated valleys are left unbuttressed by ice.24

The frequency and intensity of extreme precipitation events are projected to increase across the region.7,8,25 
Long, narrow bands of atmospheric water vapor transport, commonly known as atmospheric rivers (ARs), 
are associated with extreme precipitation in the western United States, where they contribute an average 
of 30%–45% of total winter precipitation (Figure 27.1).26,27,28 ARs can cause severe damages,29 such as the 
widespread damage resulting from ARs witnessed in western Washington in November 2021 (KM 27.4). 
A greater number of strong AR events and fewer moderate and weak events are projected to occur,30 
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although the changes in the frequency of landfalling ARs vary across climate models.31,32 While the average 
contribution of ARs to annual precipitation in coastal areas is 50% or greater,33 ARs are projected to reach 
farther inland.34,35,36,37,38 Understanding how climate change affects ARs is critical to estimating how the 
region’s water supply will change (KM 27.4).

Atmospheric Rivers and Extreme Precipitation in the Northwest 

Extreme precipitation days are closely associated with atmospheric rivers, which are projected to be more fre-
quent and intense and to reach farther inland.

Figure 27.1. (top) Satellite imagery shows the total precipitable water vapor on February 6, 2020. Red areas indi-
cate more precipitable water vapor, which appears in a narrow band known as an atmospheric river (AR) directed 
toward the Northwest. (bottom) ARs are closely associated with extreme precipitation events and vary across 
meteorological seasons, as seen by the percentage of extreme precipitation events during 1981–2016 associat-
ed with ARs: winter (December–February), spring (March–May), summer (June–August), and fall (September–
November). Fall and winter months have a higher percentage of extreme precipitation days associated with ARs, 
particularly in coastal regions and regions west of the Cascades. (top) Satellite image: Joshua Stevens, NASA 
Earth Observatory; (bottom) adapted with permission from Slinskey et al. 2020.27 ©American Meteorological 
Society. 
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Seasonal coastal upwelling causes nearshore sea surface temperatures off the Washington and Oregon 
coasts to be cooler than offshore surface temperatures, tracking temperature trends in the slower-warming 
deep water.39 Nonetheless, annual average coastal sea surface temperatures in the Northwest have warmed 
approximately 1.2°F since 1900, and the northern California Current is projected to warm by an additional 
4.6°–7.3°F by the end of the century under a very high scenario (RCP8.5), affecting marine species in a 
variety of ways (KM 27.2).39,40,41,42 Human-caused carbon emissions have already driven ocean acidification of 
surface and subsurface waters off Oregon and Washington.43 Synergies among ocean acidification, hypoxia, 
and human-caused nutrient inputs negatively affect many species, with cascading effects on food webs and 
human communities (KMs 27.2, 27.6).44,45,46 

Two recent periods of widespread and persistent high sea surface temperatures in 2014–2016 and in 2019, 
known as marine heatwaves (and informally as the “Blob” and “Blob 2.0”), temporarily increased onshore 
temperatures by up to 11°F above regional averages,47 resulting in short-term shifts in species distributions 
and mortality of many seabirds48 and marine mammals (KMs 10.1, 27.2).49 These heatwaves increased the 
toxicity of harmful algal blooms to marine mammals and humans who consume crabs and other shellfish 
(KM 27.6).50,51,52,53,54 

Sea level is projected to increase across the Northwest under all scenarios (App. 3.3).55 Net sea level changes 
vary by location in response to rising sea levels and vertical land motion, which is the long-term change in 
land surface elevation from processes such as tectonic forces (Table 27.1).56 Sea levels are further affected 
by climate cycles, such as El Niño, which can raise sea levels up to another 7.9 inches for several months. 
Relative to the 1991–2009 average, relative sea levels in the Northwest are projected to rise 0.6 to 1.0 feet 
by 2050 for the Intermediate and High scenarios, respectively (Table 27.1),55 placing physical structures and 
communities at risk (KMs 27.1, 27.4).57 In Puget Sound, where most land is subsiding, sea levels are expected 
to rise 0.9 to 1.6 feet by 2050 and 3.2 to 10.2 feet by 2150 under a very high scenario (RCP8.5), relative to the 
reference period. On Washington’s outer coast, sea level rise is anticipated to range from 0.1 to 0.8 feet by 
2050 in Neah Bay, where land is rising, and 0.5 to 1.2 feet by 2050 in Tahola, where land is subsiding, under a 
very high scenario (RCP8.5).58

Table 27.1 Sea Level Rise Projections for the Northwest

Sea level rise is projected to increase across the Northwest under all sea level rise scenarios. This table illustrates the vari-
ability of sea level rise projections for 2050, 2100, and 2150 across the Northwest under the Intermediate and High sea level 
scenarios55 and for specific locations under comparable scenarios (50% likelihood of exceedance and 1% likelihood of exceed-
ance, respectively) for downscaled sea level rise projections for Washington State under a very high scenario (RCP8.5).58 The 
changes are increases in feet, relative to the 1991–2009 average. See Appendix 3 for associated information on scenarios. 

Location 2050 2100 2150

Northwest Region 0.60–1.03 2.64–5.98 5.40–10.86

Tacoma, WA 0.9–1.6 2.5–5.3 4.2–10.7

Neah Bay, WA 0.1–0.8 1.0–3.8 1.8–8.4

Tahola, WA 0.5–1.2 1.7–4.5 3.0–9.5 
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Key Message 27.1  
Frontline Communities Are Overburdened,  
and Prioritizing Social Equity Advances Regional Resilience

Ongoing systemic oppression disproportionately exposes frontline communities in the 
Northwest—including low-income urban communities of color; rural and natural resource–
dependent communities; and Tribes and Indigenous communities—to the consequences of 
extreme heat, flooding, and wildfire smoke and other climate hazards (very high confidence). 
Frontline communities often have fewer resources to cope with and adapt to climate change 
but have been leaders in developing climate solutions within and outside their communities 
(high confidence). Actions to limit and adapt to climate change that prioritize climate justice 
and redirect investments to frontline communities can advance regional resilience (medium 
confidence). 

In the Northwest, a history of disenfranchisement and systemic neglect of specific populations has 
influenced their geographic and occupational exposure to climate-related hazards.59,60 Long-lasting 
effects of settler colonialism, racially restrictive covenants, and exclusionary laws have pushed Indigenous 
communities, communities of color, and low-income communities into areas that are more vulnerable to 
climate change.59,61,62 

Additionally, economic, political, and social systems play critical roles in distributing the costs and benefits 
of climate action (KM 20.3), limiting frontline communities’ socioeconomic mobility and, thus, their capacity 
to adapt. As a result, these communities not only experience disproportionate climate burden but also have 
the fewest resources with which to respond and adapt to climate change.59

While many types of frontline communities exist—such as unhoused individuals, young children, older 
adults, and people with preexisting health conditions—this section highlights three communities: 
low-income urban communities of color, rural and natural resource–dependent communities, and Tribes 
and Indigenous communities.

Low-Income Urban Communities of Color 
Redlining, restrictive housing covenants, and other historical policies have reinforced racial and economic 
discrimination and exacerbated inequitable exposure to contemporary climate impacts (KM 20.3).63 
Formerly redlined communities in Portland, Tacoma, Seattle, and Spokane are still economically and racially 
segregated and continue to be deprived of equitable access to environmental amenities that protect against 
the consequences of climate change.64,65,66 Formerly redlined areas can be up to 13°F warmer than the city’s 
average surface temperature (KM 27.4), intensifying some impacts for residents such as heat exhaustion 
(Figure 27.2).67,68 Incidences of heat-related illness and death are on the rise and are expected to increase as 
the climate changes.69 Extreme heat poses the most consequential health risks for older adults, low-income 
households, outdoor laborers such as agricultural workers and construction workers, people who are 
unhoused, and others who have limited access to adaptive resources such as affordable cooling options 
(KM 27.5).

Previously redlined communities also have reduced diversity of plant and animal species due to land-use 
decisions that facilitated industrialization, reduced tree cover, and increased the severity of the urban heat 
island effect.68,70,71 Furthermore, the same factors contributing to urban heat islands—a higher proportion 
of water-impervious surfaces and lack of green spaces—also increase the chances of urban flooding during 
extreme precipitation events.72,73
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Redlining and Extreme Heat in Portland, Oregon

Economically and racially segregated urban communities are inequitably exposed to climate change impacts, 
including extreme heat.

Figure 27.2. The map shows satellite-derived land surface temperature (in °F) for July 14, 2017. Areas in Portland, 
Oregon, that were historically redlined—that is, areas that received Home Owners’ Loan Corporation (HOLC) grades 
of D, or “hazardous”—experience more intense heat island effects than areas that received HOLC grades of A or B. 
Residents are disproportionately exposed to extreme heat in these areas, where surface temperatures are up to 13°F 
warmer than the city’s average surface temperatures.68 Figure credit: Portland State University and NOAA NCEI. 
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Rural and Natural Resource–Dependent Communities 
Many rural communities depend on natural resources and therefore are particularly vulnerable to climate 
change (KM 27.3).74 Workers in natural resource and outdoor-based industries will experience heightened 
exposure to heatwaves and wildfire smoke,75,76 and outdoor construction workers face higher rates of 
traumatic injuries when exposed to extreme heat.77 Washington and Oregon have high numbers of agricul-
tural workers, especially Latino migrant workers, many of whom live in areas with low community resilience 
to climate-related hazards. 

Structural inequities limit low-income, migrant, and agricultural workers’ access to clean air and drinking 
water, adequate living conditions, healthcare, and other social services, compromising their ability to adapt 
to climate-related risks.78 As natural resource economies adapt, shifts in the seasonal availability of work and 
the diversification of local economies yield both positive and negative outcomes, including new economic 
opportunities, improved equitable occupational health and safety policies, and job security for outdoor 
workers and rural communities.79,80,81 Weather- and climate-service providers supply these communities 
with tools and resources—such as communication materials or user-friendly models—to help them be more 
resilient.82,83,84 Effective climate services that are inclusive of diverse perspectives and communities that also 
contextualize extreme weather events within long-term climate changes can reduce maladaptation and 
improve community resilience to climate change.3,74,85,86,87 

Tribes and Indigenous Communities
Tribes and Indigenous communities experience disproportionate climate impacts and systemic barriers 
that limit their ability to adapt to climate change (KM 16.1).88,89 Due to historical policies of land allotment, 
many landscapes have heterogeneous management across Tribal and non-Tribal jurisdictions, which can 
amplify wildfire or flooding risk to Tribal structures and limit the adaptation options for Tribal members. 
These policies complicate the ability of Tribes to access structures and spiritual locations during or after 
climate-related events.90,91 For example, some coastal Tribes, such as the Quinault Indian Nation, are 
adapting to coastal flooding by reacquiring fractionated land to relocate housing and key facilities.92 Even 
when Tribes manage contiguous areas of lands, limited access to funding, among other challenges, hinders 
planned or community-led relocation efforts (KM 9.3).92,93 

Climate change also affects cultural and traditional foods and other resources, leaving Tribes without 
traditional sustenance and medicines for religious or ceremonial purposes (KM 27.6).94,95 Climate change can 
shift resources outside usual and accustomed areas into adjacent non-Tribal jurisdictions or cause phe-
nological shifts that affect cultural harvesting practices.95 For example, shifts are expected in huckleberry 
habitat and the timing of huckleberry flowering and fruit ripening, affecting Tribes who rely on huckleber-
ries for cultural and economic uses.96 

Climate Action and Social Equity
Climate solutions designed without input from frontline communities can result in maladaptation, 
increasing vulnerability and cost burden.97,98 For example, measures to lessen the impacts of extreme 
heat, like green infrastructure, have increased real estate values in cities such as Portland and Seattle, a 
phenomenon known as green gentrification.59,99,100 As utilities transfer the costs related to extreme events 
and the transition to renewable energy directly to consumers, utility bills are expected to become unafford-
able for low-income households.101 Inequitable adaptation exacerbates displacement risks for low-income 
urban populations and can lead to cascading development pressures in rural areas (KM 27.6).102,103,104 The 
rising cost of living, alongside socioeconomic disparities, limits temporary relief and long-term recovery 
options for those who are affected by climate-intensified extreme weather events, such as the 2021 heat 
dome event.
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In response to grassroots advocacy and community-led efforts, state and local climate policies in the 
Northwest are increasingly recognizing the importance of climate justice. These policies are prioritiz-
ing strategies such as subsidizing adaptation, redistributing benefits, and reducing harm to frontline 
communities.105,106 Despite facing disproportionate risks from climate change impacts, frontline communities 
have emerged as leaders in climate action, elevating policies that center social equity and confer resilience 
to communities across the region.97 

Key Message 27.2  
Ecosystems Are Transitioning in Response to  
Extreme Events and Human Activity

Ecosystems are expected to change as the climate continues to change and as the magnitude 
and frequency of extreme events increases (very high confidence). Some historical and 
ongoing human activities reduce ecosystem resilience and the adaptive capacity of species 
(very high confidence). These human activities are expected to exacerbate many effects of 
climate change (very high confidence). Human efforts to enable ecological adaptation founded 
in ecological theory are expected to improve ecosystem functions and services and reduce 
exposure to climate-related hazards (medium confidence).

Ecological Effects of Climate Trends and Extreme Events 
Long-term changes in climate and the frequency and magnitude of extreme events, such as droughts, 
floods, and heatwaves, affect species and ecological processes (Figure 27.3).107,108,109,110 High temperature 
records set in the Northwest from 2015 through 2021 were associated with many short-term or long-term 
ecological transformations, such as mortality or physiological damage to numerous native species of plants 
and animals, changes in water availability, and wildfire dynamics. Ecological effects and responses to climate 
change are not uniform, even among closely related species.111,112
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Impacts of Climate-Related Extreme Events on Northwest Ecosystems

Long-term climate changes and extreme events threaten Northwest ecosystems.

Figure 27.3. (top) Flooding on November 16, 2021, in the Nooksack River is shown. Flooding is expected 
to become more frequent and severe as a result of more intense rainfall and rain-on-snow events. (middle 
left) Non-native invasives such as the European green crab (Carcinus maenas) disrupt food webs as their 
distribution expands with warming coastal waters. (middle center) Postfire debris flows are expected to 
become more common with increased wildfire and precipitation intensity. (middle right) Large areas across 
the Northwest—such as in Idaho—are prone to increased risk of wildfires. (bottom left) Aspen is sensitive to 
high air temperature, leading to more dying aspen groves. (bottom center) Increases in the distribution and 
density of non-native invasive grasses, such as cheatgrass (Bromus tectorum), exacerbate wildfire risk. (bottom 
right) Seedlings are more sensitive than mature trees to heat stress and drought. Satellite image: (top) Lauren 
Dauphin and Joshua Stevens, NASA Earth Observatory. Photo credits: (middle left) ©Emily Grason; (middle 
center, middle right, bottom left) ©Charlie Luce; (bottom center) ©Erica Fleishman; and (bottom right) Colorado 
State Forest Service.
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Terrestrial Ecosystems
People in the Northwest rely on forests for diverse goods, services, and cultural purposes (KMs 7.2, 27.2). 
Warming temperatures and decreased summer precipitation over the past four decades have contributed 
to increases in the size and maximum elevation of wildfires in Northwest forests, and those trends are 
expected to continue.113,114,115 Because concurrent heat and drought are becoming more common,116 the 
volume of stressed or dead vegetation is increasing, which is increasing fuel load and wildfire risk. Across 
the western United States, many previously burned forests are reburning.117 Some low-elevation and dry 
areas are converting from forest to shrubland after wildfires, and these transitions are expected to continue 
in the Northwest.118,119 

In arid woodlands and shrublands throughout the Northwest, the distribution and abundance of non-native 
and highly flammable cheatgrass (Bromus tectorum) continue to increase before and after wildfires.120,121 
Cheatgrass establishment is associated with relatively high precipitation during autumn and spring120 and 
with ground disturbance from wildfire, livestock grazing, and other types of land uses.121,122 Changes in 
human activities such as recreation, development, transportation routing, and energy transmission will 
also continue to affect wildfire frequency (KM 27.4).104 The length of the wildfire season and the potential 
for human-caused ignitions in all Northwest ecosystems are expected to increase as drought frequency, 
duration, and intensity increase.123

Climate change can affect the distribution and population dynamics of native and non-native species. When 
some non-native species become effective competitors with native and other non-native species, they 
are considered to be invasive in natural and human-dominated systems, including forests used for timber 
harvest or recreation. Some of these invasive species are expected to become more prevalent in response to 
projected increases in temperature, especially minimum winter temperature, and increases in the frequency, 
duration, and severity of drought across the Northwest.117,124 

Additionally, some insects in the Northwest that harm or kill conifers are native herbivores that are prone to 
outbreaks. For example, densities of native mountain pine beetles (Dendroctonus ponderosae) generally are 
low, but outbreaks can result in 60% stand-level mortality over vast forest areas.125 The Douglas-fir beetle 
(Dendroctonus pseudotsugae), another insect native to the Northwest, can damage both stressed and healthy 
Douglas firs (Pseudotsuga menziesii). The effects of outbreaks on trees generally are greatest during hot, dry 
summers when trees may be water-stressed.126 Additionally, warm winters may decrease beetle mortality, 
increasing the likelihood of an eruption.126,127

Aquatic Ecosystems 
Hydrological and thermal changes will prompt shifts in species composition of native and non-native fishes, 
especially where their habitats have been impaired by land use, including stream modifications and water 
withdrawals.128,129,130,131 For example, rising temperatures, disease spread, and competition threaten the native 
bull trout (Salvelinus confluentus) and cutthroat trout (Oncorhynchus clarkii).132 Non-native invasive species 
such as smallmouth bass (Micropterus dolomieu), which thrive in warmer waters, continue to expand in the 
Columbia River basin, competing with and consuming native salmonids.133,134 Increased intensity of precipita-
tion and occurrence of rain-on-snow events will increase flood severity and frequency, endangering salmon 
eggs and juveniles.135,136,137,138,139

Increases in wildfire size and intensity are expected to lead to local extinctions of resident fishes,140 warmer 
stream temperatures,141 and increased sediment transport, turbidity, and fine sediments in streambeds.142,143 
Habitat connectivity can ameliorate local extinctions following wildfire and postfire debris flows, although 
local extinction can be permanent if habitat patches are small and are isolated by temperature or 
road culverts.144
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Coastal and Marine Ecosystems
The 2014–2016 marine heatwave had numerous effects in the highly productive California Current marine 
ecosystem,145,146,147 including the first documented domoic acid poisoning of sea lions, with detectable levels 
of domoic acid in dolphins, whales, and seals off the Washington coast.148 These toxins are now detectable 
year-round in sea lions, not just during algal blooms.149 Changes in the ecosystem during the heatwave also 
caused mass mortality of seabirds, such as Cassin’s auklets (Ptychoramphus aleuticus)48 and common murres 
(Uria aalge)150 and led to extensive closures of crab and shellfish fisheries.54 Many salmon populations also 
contracted sharply after the heatwave.151 Preliminary evidence indicates that, following extreme heat in June 
2021, numerous shellfish species became thermally stressed or died.152 The frequency and intensity of marine 
heatwaves are expected to increase.153 These marine heatwaves are expected to have broad-ranging impacts 
on marine ecosystems154 and increase the incidence of human–wildlife conflict, such as entanglement of 
whales in fishing gear.155 While the impacts of future marine heatwaves on species will vary—some species 
will decline, others will increase, and others will shift their distributions—current regulations and practices 
may not adequately respond to these impacts, potentially leading to disruptions in fisheries (KM 27.3).145

Salmon abundance, age at maturation, and size at maturity are widely correlated with climate trends (Figure 
27.4).156,157,158,159 Idaho’s Snake River spring and summer Chinook and sockeye salmon are at particularly high 
risk across multiple future temperature scenarios (Box 27.1).160,161,162,163,164,165 Increasing temperatures are 
expected to increase the duration and spatial extent of enabling conditions for harmful algal blooms,166,167 
increasing threats to marine mammals, fish, and shellfish. Population instability increases volatility in 
fisheries and the extinction risk for species that are already at low abundance.168,169
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Interacting Stressors Affecting Salmon Resilience

Stressors stemming from interactions between human activities and natural systems affect freshwater and 
marine ecosystems and reduce salmon resilience to climate change.

Figure 27.4. Human activities and climate change alter the physical environment in concert, often amplifying their 
impacts through cumulative effects over the salmon life cycle. They also directly and indirectly alter freshwater 
and marine systems. Natural systems respond to changes in their environment through both evolutionary and 
ecological processes. The sum of these many different processes has led to declines in many populations of 
salmon over decades and reduced their ability to cope with future climate change. Figure credit: NOAA Fisheries.
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Box 27.1. Snake River Sockeye Salmon 

Snake River sockeye salmon, an important species for the region, is highly vulnerable to climate change.161,170,171,172 Appli-
cation of conservation genetics and interagency and Tribal cooperation173,174 have sustained this culturally and ecologically 
unique population. 

Over 150 years, a variety of human activities have affected Idaho sockeye. For example, overfishing, construction of dams 
that blocked migration for periods of time, and stocking of non-native fish populations altered aquatic ecological process-
es in complex ways.175 Numerous factors contributed to sockeye declines until almost no fish returned from the ocean in 
the 1990s. All 16 adults known to have returned during that decade were captured and taken into a breeding program.176,177 
Subsequently, a collaboration among federal, state, and Tribal biologists increased reproduction of the captive fish, 
allowing the release of smolts and some adults to the wild to spawn. In 2014, a peak of 1,579 sockeye salmon returned to 
Idaho’s Sawtooth Mountains.151

In July 2015, a record-breaking heatwave combined with low snowpack from the previous winter led to high water 
temperatures that killed nearly all naturally migrating adults, highlighting the vulnerability of this life stage in sockeye 
salmon.161,178,179 To protect genetic diversity in hot years and maximize reproductive capacity, adults have been collected 
at dams and transported upriver nearly 500 miles. By the 2040s, temperatures in the free-flowing Salmon River, which 
travels 425 miles in central and eastern Idaho, could rise several degrees more than larger rivers downstream under SRES 
A1B and B1 scenarios (similar to intermediate and high scenarios). The Salmon River could lose nearly half its stream-
flow during the adult migration window, threatening this endangered species.161 Extensive water withdrawals and habitat 
modifications in the Salmon River basin171,180,181 exacerbate these conditions. Nevertheless, the quality of juvenile rearing 
habitat182 and marine survival174 are relatively high in this population, and reintroduction programs are widely supported.183 
Additional actions to restore cool, clean water throughout the basin would support the population’s natural adaptation to 
climate change.181,184,185

Ability of Ecosystems and Species to Adapt to Climate Change 
Historic and contemporary land use interacts with climate change to affect species’ adaptive capacity—their 
genetic, physical, and behavioral ability to respond to environmental change.186,187 Many different strategies 
to adapt and build resilience within Northwest ecosystems include ecological protection and management, 
assisted migration, market-based mechanisms, and conservation of genetic diversity.188,189,190 

Protection and restoration of natural water bodies and processes that maintain water availability and quality 
can offset some effects of land use, including the growing demand for irrigation that reduces streamflow 
and freshwater habitat quality.16 Similarly, modification of natural or built flood-control structures can 
reduce adverse downstream effects of changes in hydrology, sedimentation, and shoreline erosion and 
improve water quality and capacity for groundwater drainage in agricultural systems.191 These efforts can 
lead to cascading benefits for habitats, supporting salmonids, other fishes, shellfish, and shorebirds.192,193

Restoration of floodplains that provide habitat for salmon194 also benefits humans by reducing the current 
and future exposure of agriculture and infrastructure to flooding from the combined effects of higher 
sea levels, storm surge, and stream runoff.195,196 As several dams and other barriers to historical spawning 
areas have been removed in recent decades, fishes have rapidly recolonized newly accessible habitat in 
some cases.197,198,199,200

Reintroduction of fire and thinning of non-fire-resistant vegetation reduce wildfire severity and risk in 
some Northwest forests and woodlands, especially dry forest types where vegetation has accumulated due 
to past fire exclusion policies.201,202 These forest management practices also have the potential to reduce 
drought-related mortality.203 Burning and forest thinning may not decrease wildfire severity and risks in wet 
or cold forest types204,205 but can increase plant and animal diversity.
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Wetlands offer some protection against extreme weather events.206 Wetland mitigation banks create or 
enhance wetlands in a given location as compensation for loss or degradation of other wetlands. The 
number of these banks has increased across the region,207 but long-term evaluations of created wetlands208 
or the effectiveness of wetland mitigation banks209 are uncommon. Market-based approaches, such as 
temporary water-right leases or permanent transfers, have the potential to support ecosystem functions, 
such as instream flow augmentation for fish health, with payments to users of competing resources.210 
However, market and political bottlenecks affect the efficacy of these approaches.211

The ability of species to adapt to climate change is varied, and the likelihood of adaptation depends in 
part on the amount of genetic variation in a population or species, which is often related to the number of 
individuals and their relatedness.188 Evolutionary responses to recent climate change have generally been 
less than what might be expected, and these constraints are not fully understood.212,213 The feasibility of 
quantifying abundance, relatedness, and genetic variation varies among populations and species, and these 
measures have not been estimated for many populations and species. 

Key Message 27.3  
Impacts to Regional Economies Have  
Cascading Effects on Livelihoods and Well-Being

Climate change impacts to the Northwest’s natural resource- and outdoor-dependent 
economies will be variable, given the diversity of industries, land cover, and climatic zones 
(very high confidence). Impacts to these industries will have cascading effects on community 
livelihoods and well-being (high confidence). While some industries and resource-dependent 
communities are resilient to climate-related stresses, economic responses to climate change 
can benefit affected industries, workers, and livelihoods (medium confidence). 

Agricultural Industries and Livelihoods 
The Northwest encompasses 138.8 million acres of public and private cropland, grassland, pasture, 
rangeland, and forests,214 and agricultural production totaled $6.28 billion in 2021 (in 2021 dollars).215 The 
agricultural economy includes farms and ranches that have been in operation for multiple generations and is 
dependent on a seasonal migrant workforce, mostly from Mexico and Central America (KM 27.1).

Climate change affects crop production quantity and quality, and multiple competing effects depend on 
crop and region, causing increases and decreases in projected yields (Box 27.2; KM 11.1).216 Chill accumu-
lation—exposure to cold temperatures during dormancy—is key for fruit set and fruit quality in perennial 
crops and is expected to decrease in the southern parts of the Northwest and increase in the northern 
parts.217 Increased exposure to extreme temperatures can induce cosmetic effects (e.g., sunburn in apples) 
that make crops increasingly unmarketable.218 Pest pressures are expected to increase due to climate 
change; however, preliminary research indicates that the efficacy of non-chemical control of pests can also 
increase, providing opportunities for reduced pesticide use and environmental benefits.217 Warmer autumns 
have been linked to potential increased risk of honeybee (Apis mellifera) colony failure in the following 
spring even in the absence of other stressors,219,220 thereby affecting the specialty crop industry that relies 
on managed honeybees. While increasing temperatures in some regions may present new economic oppor-
tunities, such as winegrape growing in Puget Sound,221 other climate-related impacts such as wildfire smoke 
may impede these emerging industries.222
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Drought conditions have also affected the region’s agricultural lands and rangelands. Across the region, the 
2021 drought resulted in reduced access to irrigation water and yield loss for several crops.223 Significant 
yield declines between 2020 and 2021 in winter wheat, spring wheat, and barley were also attributed to 
drought.224 Droughts have also decreased forage availability and productivity, affecting livestock operations 
and management of habitat for other species.225 Market approaches such as temporary leasing of water 
can alleviate drought impacts on agricultural productivity and the regional economy to a certain extent.226 
Similarly, grass banks, which allow landowners to lease forage space for ranchers in exchange for implemen-
tation of conservation projects by ranchers, can allow ranchers to better manage forage shortages caused by 
drought and are gaining popularity in the western United States.227,228

Increasing trends in crop insurance loss payments—an indicator associated with economic disruption of 
agricultural production due to extreme events and impacts—reflect the region’s warming temperatures and 
declining snowpack (Figure 27.5).229,230 Agricultural producer perceptions of climate risk affect the efficacy of 
place-based adaptation and resilience efforts, and operations that adapt to extreme weather and changing 
climate conditions may see improved productivity and resilience (KMs 6.1, 27.1).3,82,83,87,231 

Agricultural Losses Through Crop Insurance Indemnity Payments

Increasing trends in crop insurance loss payments reflect the economic disruption of agricultural production 
due to extreme events including droughts.

Figure 27.5. These county-level maps compare all crop insurance indemnity payments from the US Department of 
Agriculture Risk Management Agency (left) with those specifically due to drought, from 2006 through 2020 (right). 
All indemnity payments reflect both biophysical and socioeconomic impacts from weather- and climate-driven 
events, including major droughts, on important commodities such as wheat and potatoes. Figure credit: USDA. 
See figure metadata for additional contributors. 

Forest Industries and Livelihoods 
Northwest forests provide multiple ecosystem and economic services. Rising temperatures and 
increased frequency of ecological disturbances may affect forest structure and growth (KM 27.2),232 
leading to reductions in the quantity and quality of forest products and commercially important timber 
species.233,234,235,236 For example, these impacts could lead to the increase in density and distribution of 
ponderosa pine at higher elevations in the Blue Mountains ecoregion and the expansion of western Cascade 
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Range Douglas fir into higher elevations, affecting timber supply and carbon sequestration potential.234,237,238 
Dry coniferous forests and woodlands in lower to middle elevations—such as those on the east side of the 
Cascade Range, the Palouse Prairie–forest ecotone in Idaho, and drier areas of the Rocky Mountains—
will experience large increases in wildfire frequency, extent, and severity, threatening forest and timber 
management initiatives.117,239,240

Climate impacts to forest industries will affect the livelihoods of communities dependent on timber and 
non-timber forest products.234,237 While rural timber-based economies face additional economic risks from 
wildfires and drought, they also have local knowledge and insight to effectively reduce some of these risks 
(KM 27.1).241 Despite this, climate impacts to forest product industries can lead to economic depression 
within some communities, resulting in migration away from these communities (KM 27.6).241 However, 
localized species shifts could induce industries and private landowners to make new financially beneficial 
adaptation choices.235,242 Other emerging opportunities, such as cross-laminated timber, can support local 
timber economies while providing sustainable and less carbon-intensive alternatives for construction.243

Reforestation and afforestation are expected to benefit ecosystem functions, such as increasing water 
quality, long-term carbon storage capacity, and viability of some native species (KM 7.2).244 Tribal forest 
enterprises use harvest and conservation techniques reliant on Indigenous value systems to support 
improved forest management.245 For example, the Confederated Tribes of the Colville Reservation are 
employing innovative drone technologies to conduct forest inventories, enabling them to improve their 
forest and timber management efforts, air and water quality, wildlife habitat, preservation of cultural areas 
and practices, and carbon sequestration potential.246

Commercial Fisheries and Livelihoods
Climate change has affected fisheries in the Northwest (KMs 27.2, 10.2). Marine heatwaves and harmful algal 
blooms have led to climate-induced fishery losses on the West Coast, accounting for a $641.1 million (in 
2022 dollars) reduction in commercial fishing revenue.247 Climate change can also intensify stressors such 
as decreasing catch and landing rates and accelerating the graying of the fleet phenomenon—the increasing 
average age of commercial fishers.248,249 Fishery losses and closures can affect fishing-adjacent industries, 
such as hospitality, and the cultural identity of residents who directly or indirectly rely on fishing.250

Tribes account for over half of federal fishery loss requests.247 Further population declines, especially of 
Pacific salmon, will have additional consequences for Tribal communities reliant on fish for subsistence, 
ceremonies, and health.95,251 Ocean acidification, hypoxia events, and algal blooms are also hurting Tribal 
Dungeness crab fisheries.252 It is not always feasible for Tribes to secure loans and equipment and to thrive 
in competitive market systems. However, many Tribes are utilizing Indigenous approaches and Tribal–
federal partnerships to increase the resilience of their commercial and subsistence fisheries.253 

Tourism, Recreation, and Customer Service Industries
The outdoor tourism and recreation industry in the Northwest supports $51.9 billion (in 2022 dollars) in 
annual expenditures and employs more than 588,000 individuals.254 The economic impacts of climate 
change on the recreation industry will vary.79 The snow season is projected to decrease by nearly half 
by the end of the century in parts of the Cascade Range.255 Snow-based recreational industries such as 
skiing have already lost revenue due to the decrease in snow days, and future impacts to snowpack are 
expected to further harm snow-based recreational industries.256,257 In contrast, earlier spring snowmelt and 
increasing temperatures can increase access to hiking trails and campgrounds, thereby extending these 
seasons. However, a regional shift from a snow- to a rain-dominated system (KM 27.6)16,258 may present new 
operational and maintenance challenges from increased flooding and erosion.259 Recently burned areas 



Fifth National Climate Assessment

27-20 | Northwest

typically are closed as a safety precaution, and poor air quality from wildfire smoke can deter outdoor 
activities and recreation.79,260

Higher temperatures may increase the demand for water-based and warm-weather activities such as 
boating, cycling, and fishing (KM 27.6).79,261 For example, economic gains for cycling activities in Washington 
are expected to increase due to the declining numbers of cold days.262 However, climate change can 
reduce the quality and aesthetics of recreational sites, affecting user preference and leading to reduced 
visitation rates.79

Changes in recreation management may produce inequitable outcomes. Rising costs to access recreation 
sites and limited ability to travel to alternative destinations will disproportionately affect low-income 
visitors. Increased cost of living in high-amenity areas such as ski resort towns will also stress workers and 
adjacent communities (KM 27.6).263 Outdoor activities such as skiing and hiking can improve overall health 
and thereby reduce healthcare costs; however, decreased access to such activities can lead to increased risk 
of chronic diseases, mental health impacts, and loss of cultural heritage and connection to place (KM 27.6).264

Box 27.2. Tribal Agricultural Economies Are Adapting to Climate Change

Northwest Tribal economies are diverse, and many are affected by climate change. Tribes are utilizing innovative ap-
proaches that braid Indigenous and Western sciences together to respond to these challenges. 

Climate change is affecting Tribal agriculture.265 The Nez Perce Tribe is currently working with non-Tribal managers to pilot 
regenerative agricultural practices that integrate Traditional Ecological Knowledge to improve economic, ecological, and 
cultural resilience.266 The Yakama Nation is reacquiring agricultural lands to promote food sovereignty and to train the next 
generation’s Tribal members in sustainable and regenerative farming.267,268 

Just Transition and Community Livelihoods 
As local economies in the Northwest shift to low-carbon industries and climate-adaptive practices, histor-
ically overburdened workers will face higher exposure to climate-related hazards as well as risks of being 
excluded from economic shifts to a green economy (KM 27.1).76,97,269 Local governments, Tribes, labor unions, 
and community groups across the region are evaluating and adopting policies and programs that support 
a just transition (KM 20.3).97 Efforts toward a just transition in the Northwest region include investments 
in low-carbon sectors, local economic diversification plans, training and skills development for workers in 
resource-dependent and fossil fuel–dependent industries, financial assistance for impacted communities, 
and worker protections.270,271 Despite progress in specific sectors, efforts that account for historically 
overburdened workers can reduce potential livelihood disruptions caused by economic shifts associated 
with decarbonization.97,272
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Key Message 27.4  
Infrastructure Systems Are Stressed by Climate Change  
but Can Enable Mitigation and Adaptation

Recent extreme events have stressed water systems and housing, transportation, and energy 
infrastructure across the Northwest (very high confidence). Extreme precipitation, droughts, 
and heatwaves will intensify due to climate change and continue to threaten these interrelated 
systems (very high confidence). Given the complexity of and interdependencies among infra-
structure systems, an impact or a response within one sector can cascade to other sectors 
(very high confidence). Cross-sectoral planning, which can include redesigning aging infra-
structure and incorporating climate considerations into land-use decisions, can increase resil-
ience to future climate variability and extremes (high confidence).

Infrastructure systems are threatened by extreme events such as drought, wildfire, heatwaves, floods, and 
landslides (KM 12.2).273 Climate change has revealed vulnerabilities in infrastructure planning and design, 
which are typically based on historical conditions and do not account for recent increases in the frequency 
or severity of extreme events. Isolated communities and those without alternatives if infrastructure fails are 
among the most vulnerable. Designing resilient infrastructure requires accounting for interdependencies 
among the built environment’s physical and social elements.274,275,276

Water Infrastructure
Droughts in the last decade in the Northwest demonstrated water supply vulnerabilities, such as depletion 
of reservoirs across central and eastern Oregon and southern Idaho.277,278 Some water sources, infrastruc-
ture, and operations that treat and convey water were resilient during these droughts. However, some 
water providers were forced to access alternative sources, institute mandatory or voluntary conservation 
measures, or otherwise modify their operations. Small rural water providers are vulnerable because they 
usually depend on a single water source or sources with limited capacity and because operators generally 
have limited resources for planning, upgrades, and emergency response (KM 27.1). Wildfires in 2020 and 2021 
damaged physical elements of the water delivery and treatment systems, disrupted electricity systems, and 
increased the amount of sediment in waterways and reservoirs.142,279 These vulnerabilities will increase as 
droughts and wildfires become more frequent and severe.

About 30% of Northwest households use septic systems to treat their wastewater.280 Sea level rise, high 
temperatures, extreme precipitation, and high streamflows reduce the function of septic systems.281,282 For 
example, saturated soils impede wastewater treatment in drainfields.283 Failures of wastewater storage and 
treatment will negatively affect human health and increase nitrogen loads in waterways.284

Emerging data and technologies can make drinking water and stormwater systems more resilient to 
climate change. For example, projections of changes in storm duration, intensity, and frequency285 provide 
information needed to upgrade stormwater systems to reduce stresses from extreme precipitation.286,287 
Water utilities can reduce water losses during delivery and alleviate stress to the system during hotter 
summers and more severe droughts by upgrading distribution lines and minimizing water losses during 
treatment.288 Water-efficient appliances, sprinklers with soil moisture sensors, drought resilient plants, and 
conservation education and incentives can also reduce water demand.288
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Energy Infrastructure
Climate change impacts nearly every aspect of the energy system, with interdependencies and cascading 
effects in other critical sectors (KMs 5.1, 12.2, 31.1; Focus on Compound Events). For instance, less snow, 
earlier snowmelt, and more frequent and intense droughts will alter the seasonal capacity of hydropower, a 
primary source of regional energy, to meet electricity demand.278,289,290,291 Earlier snowmelt is also increasing 
the need for water storage in Idaho reservoirs.11 Removal of dams may support salmon recovery but can 
reduce resilience in the regional power system (Box 27.1).292 

Increasing temperatures and heatwaves are shifting the seasonal timing and spatial footprint of electricity 
demand.291,293 Cooling degree days, a metric associated with energy demand for cooling, are increasing 
across the Northwest, and the region’s population increases will also affect the electricity demand, 
potentially leading to energy shortfalls (Figure 27.6).294 Population growth and droughts are expected to 
amplify competing claims to the water supply by irrigators, Tribes, power plants, and other water rights 
holders,295,296 highlighting the interdependencies of energy, water, and agricultural systems. Strategies such 
as demand-side management (voluntarily shifts in power loads) and ongoing additions of solar power, such 
as that being pursued by the Nez Perce Tribe,297 can increase the resilience of energy infrastructure.

Annual Cooling Degree Days Relative to Annual Hydropower Generation 

Hydropower generation is currently meeting the number of cooling degree days but might not continue to do so 
as temperatures and heatwaves increase in the future.

Figure 27.6. Cooling degree days—the annual cumulative number of days on which the average temperature 
is greater than 65°F—are typically used to measure cooling energy demand. During 1990–2020, the annual 
number of cooling degree days (orange lines) increased, whereas annual hydropower generation (in millions of 
megawatt-hours, gray bars) decreased slightly. Hydropower generation may not meet projected future cooling 
demand, especially during summer. Figure credit: Boise State University and Cascadia Consulting Group.
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Electricity transmission and distribution grids are both a source of wildfire risk and are also at risk from 
wildfire, particularly in hot, dry, and windy conditions. Electric utilities and land management agencies 
are evaluating potential actions that they can take to reduce future wildfire risk and impacts on electricity 
systems (Box 27.3). Some Northwest electric utilities are exercising public safety power shutoffs or “fast 
trip” programs that trigger outages when faults are detected.298 Such shutoffs can reduce the likelihood 
of ignitions from the electric grid when complemented by other risk-mitigation measures but can also 
negatively affect local economies and human health (Focus on Western Wildfires). Risks to electric grid 
infrastructure from wildfires may also be higher in remote areas, as monitoring capacity is less robust.

Box 27.3. Washington State’s Electric Utility Wildland Fire Prevention Task Force

Many states, including those in the Northwest, are taking new action on climate-related challenges for critical energy infra-
structure. For example, in response to western wildfires in 2019 ignited by electricity transmission lines or that temporarily 
reduced electric services, the Washington State Legislature convened the Electric Utilities Wildland Fire Prevention Task 
Force299 with the intent of increasing electricity infrastructure resilience through improved coordination across agencies 
and information sources. The task force advised the Washington State Department of Natural Resources on vegetation 
management, communication protocols, and investigation protocols related to wildfire risk and electricity reliability. The 
three outcomes of the task force’s work were a model agreement for managing vegetation outside rights-of-way, protocols 
for coordinated investigation of wildfires that interact with utilities, and coordination of annual information exchanges 
among land managers, utility operators, and wildfire experts. 

Carbon emissions have been increasing on an absolute basis in the Northwest (Figure 27.7). The shift to 
low-carbon energy systems can be complex, and there are varied trade-offs and co-benefits between tech-
nological innovations that can enhance the viability of clean energy sources and increase the resilience of 
both infrastructure systems and the communities and industries dependent on them (KM 5.3).300,301 

Transitions to low-carbon energy may be perceived as requiring substantial time to accomplish, yet 
research has shown that considerable low-carbon transitions can occur in less than 15 years.302 Considering 
these conditions, states, local governments, and utilities have begun to develop low-carbon and decarbon-
ization plans and pathways. Oregon passed legislation to eliminate carbon emissions from the power grid 
by 2040, and Washington passed legislation to reduce carbon emissions by 95% from 1990 levels by 2050. 
In Idaho, cities such as Boise and utilities such as Idaho Power have carbon reduction plans.105,303 Agencies 
and utilities are utilizing diverse strategies including energy conservation and efficiency investments; design 
approaches such as buildings with southern-facing windows to reduce cooling needs; harnessing renewable 
gas from farms and municipal landfills; and exploring and utilizing alternative energy sources while investing 
in decarbonization technologies.300,304,305,306
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Carbon Dioxide Emissions from Fossil Fuels by State and Sector 

Carbon dioxide emissions from fossil fuel consumption vary widely by sector and state.

Figure 27.7. These graphs show carbon dioxide (CO2) emissions (in millions of metric tons) from fossil fuel con-
sumption by state (top) and sector (bottom). Carbon dioxide emissions from fossil fuel consumption are greatest 
in Washington, followed by Oregon and Idaho. Transportation emits more CO2 than other sectors across Idaho, 
Oregon, and Washington. Figure credit: Boise State University and Cascadia Consulting Group.

Transportation Infrastructure
Atmospheric rivers in 2021 illustrated existing understanding of how landslides and flooding can disrupt 
transportation routes.307,308 The disruption of transportation routes can lead to injury or death due to a 
lack of evacuation routes and cutoff from critical emergency services, healthcare, and other goods and 
services.29,309 In extreme cases, the loss of transportation routes and social services may displace households 
and reduce regional labor supply.310 Much of the Northwest’s transportation infrastructure, such as 
railroads, bridges, and highways, is aging and thereby increasing vulnerability to climate-related hazards. 
For example, the average age of all surveyed bridges in Oregon is 46 years old, and the typical design life is 
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75 years.311 Some state transportation agencies, such as Washington State Department of Transportation and 
Oregon Department of Transportation, have assessed climate risks to their routes and highways and various 
adaptation options (KM 13.1).312,313 

Transportation is the largest source of greenhouse gas emissions in the Northwest (Figure 27.7), and utilities 
and transportation agencies across the region are exploring electrification options to reduce emissions. 
However, efforts to electrify the transportation sector will increase electricity demand and place additional 
stress on the regional energy system (KM 13.1).314,315,316 Electric vehicles’ energy efficiency and electricity 
sources will affect the potential magnitude of reduction in transportation-related emissions (KM 13.4).314,316

Housing and Land Use
The majority of the land in urban areas is devoted to residential housing, which provides shelter to people 
during extreme events but can also exacerbate exposure to harmful impacts. The specific location of urban 
housing structures can directly affect the severity of local climate impacts. Urban areas are warmer than 
their surrounding landscapes, a phenomenon known as the urban heat island effect, and some urban neigh-
borhoods can experience temperatures upwards of 13°F warmer than other areas of the same city (KMs 
27.1, 12.2). Residential density in urban areas is increasing more in historically lower-income neighbor-
hoods, reducing the availability of green space and increasing the extent of impervious surfaces, thereby 
worsening heat island effects.68,100 Urban trees and other vegetation could provide shade, but there are 
trade-offs between mitigating heat islands and conserving water.317 Creating incentives or requirements 
for water-efficient landscaping (xeriscaping) while also providing shade and stormwater absorption could 
help reduce adverse impacts from extreme heat and storms.

Similarly, the location of housing beyond urban centers also interacts with the impacts from climate change. 
For example, housing in the wildland–urban interface (WUI)—or locations where wildland vegetation and 
houses meet—has increased over the past several decades and increases the risk of wildfire impacts on 
housing structures (KM 27.6).102,318

Furthermore, the quality of materials and types of amenities in both urban and rural housing design and 
construction affect exposure to some impacts, such as wildfire smoke. Households with access to HVAC and 
air filtration systems can improve indoor air quality and reduce wildfire smoke exposure;319,320 however, they 
may be insufficient to mitigate anticipated increases in the number of wildfire smoke days and associated 
high concentrations of fine particulate matter and other pollutants.321,322 

Climate change will also affect digital infrastructure, such as internet infrastructure systems. For example, 
fiber conduits and nodes in the greater Seattle area are at risk of inundation from sea level rise by the 
2030s,323 jeopardizing telecommuting strategies that some jurisdictions are using to reduce vehicle-miles 
traveled by employees and associated transportation-related emissions.

Because land-use laws determine how human activity is distributed in space and how infrastructure is built, 
they affect mitigation of and adaptation to climate change.324 While each state has a different set of land-use 
policies, state-level land-use planning guidelines can limit or expand opportunities for local land-use 
plans to respond to climate change (KMs 6.2, 12.3). Nevertheless, land-use laws and policies can facilitate 
adaptation in multiple ways, including protection (protecting existing structures from climate-related 
hazards via engineered structures), accommodation (continued use in hazardous locations, like flood zones, 
by improving design or development standards such as raising foundations or creating natural floodplains), 
or retreat (restricting new development in hazardous locations).324,325,326,327
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Key Message 27.5  
Climate Change Amplifies Health Inequities

The Northwest’s climate has historically been temperate and relatively mild, but shifting 
weather patterns associated with climate change are adversely affecting physical, mental, 
and community health (very high confidence). The incidence of illnesses and death during 
extreme heat events and wildfire smoke days is increasing, and climate change is stressing 
health systems (high confidence). Climate-related health risks disproportionately affect certain 
individuals and groups (very high confidence). Climate resilience efforts can be leveraged to 
improve health, especially among the most vulnerable populations (high confidence).

Multiple public health challenges have been associated with climate change. Those whose livelihoods are 
dependent on the weather—like outdoor day laborers and wildland firefighters—and people with preexisting 
health conditions and limited coping capacities face some of the gravest challenges (KM 15.1). COVID-19 has 
overextended the public health sector since 2020 and strained traditional approaches to reducing public 
health impacts from climate-induced disasters (such as cooling or warming shelters), because convening 
groups in large areas has been prohibited or limited (Focus on COVID-19 and Climate Change). 

Physical Health Impacts of Climate Change 
Climate change amplifies health risks, especially for those with underlying health conditions, and leads 
to physical health impacts such as premature mortality from heatwaves, compromised respiratory health 
due to wildfire smoke, infectious and vector-borne diseases, exposure to mold and environmental health 
hazards, diseases in some foods and natural resources such as shellfish toxins (KMs 27.2, 27.6), and exposure 
to toxicants (KM 15.1). Heatwaves and extreme heat, which are increasing in frequency and intensity, kill 
more people annually than any other natural hazard.328,329 Increasing frequency of wildfires will increase 
the number of poor air quality days.75 Together, heat and wildfire smoke have caused thousands of deaths 
in the Northwest since 2018. The greatest number of deaths occurred in summer 2021 (Figure 27.8)330 when 
almost a thousand people perished during an extraordinary heatwave that was partially attributed to climate 
change.331,332 Although it is unknown whether events such as the 2021 heat dome are an anomaly or will 
become increasingly frequent in the Northwest,333 future heat-related morbidity and mortality across the 
Northwest are expected to increase across all scenarios.69,334 Many of these deaths were preventable and 
happened because communities were maladapted to the level of heat, which disproportionately affected 
women, people of color, and people with chronic illnesses and placed additional strain on the Northwest’s 
healthcare system.69,330
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Heat-Related Emergency Room Visits for Health and Human Services (HHS) Region 10

Heatwaves, such as the heat dome event in the summer of 2021, place strains on healthcare systems.

Figure 27.8. The graph shows the number of heat-related emergency department visits for US Department of 
Health and Human Services (HHS) Region 10 (which includes Alaska, Oregon, Idaho, and Washington), relative to 
the rest of the country, from May 1–June 30 in 2019 and 2021. There was a sharp increase in emergency depart-
ment visits for heat-related illness during the 2021 heat dome event in HHS Region 10, relative to the heat-related 
emergency department visits for the region in 2019. HHS Region 10 also experienced relatively more heat-related 
emergency department visits during the 2021 heat dome event compared to the rest of the country over the same 
time period. Adapted from Schramm et al. 2021.335

Wildfire smoke can be severe in the region, particularly in highly populated areas, Idaho, and eastern 
Washington and Oregon.321,336 In the western US, smoke events from 2004 through 2009 were associated 
with a 7.2% increase in respiratory hospital admissions among adults over 65, compared to the previous 
decade. In Washington, smoke-related mortality increased during the 2020 wildfire season, when the 
ambient total particulate matter concentration changed from near zero to 100 micrograms per cubic 
meter (µg/m3) over the course of a summer.322 Increased particulate matter (PM2.5) due to wildfire smoke 
in the West has been associated with a predisposition to COVID-19 and higher COVID-19 case rates and 
mortality.337 Future wildfire seasons—and increases in PM2.5 associated with those wildfire seasons—is 
projected to increase excess asthma incidences by the 2050s under a very high scenario (RCP8.5; Figure 
27.9); Washington, Oregon, and Idaho are expected to see an increase of 25.7, 41.9, and 29.4 wildfire smoke–
related emergency department visits per 10,000 persons, respectively.336 The anticipated financial burden 
of healthcare costs associated with wildfire smoke exposure is expected to significantly increase across 
the Northwest.336,338,339
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Projected Asthma Burden per Wildfire Season in 2050

 
Excess asthma burden associated with wildfire smoke is expected to disproportionately affect the Northwest. 

Figure 27.9. Northern Idaho, coastal Oregon, and southwest Washington are expected to face some of the highest 
wildfire smoke–related asthma burden in the Northwest. Excess asthma incidences related to wildfire smoke are 
expected to increase across the Northwest. The figure shows the average expected total number of excess asth-
ma events per 10,000 people per wildfire season by the 2050s under a very high scenario (RCP8.5). Adapted from 
Stowell et al. 2022336 [CC BY 4.0].

Additional health-related impacts are associated with heatwaves and wildfire smoke.340 Lower birth weight 
and premature birth are attributed to these events,341,342 although empirical evidence from the Northwest is 
still emerging. Similarly, evidence of an association between repeated long-term exposure to wildfire smoke 
and cancer incidence is emerging.343 

People with access to air-conditioners or air purifiers, along with the financial capacity to operate these 
systems, will fare better than those whose homes are poorly insulated and allow for a greater concentration 
of ambient pollutants to enter indoor spaces. Young children and older adults are particularly vulnerable, as 
are those who live in trailer parks, recreational vehicles, or historically disinvested urban areas. Discrimina-
tory policies such as redlining also contribute to greater exposure to heat and other climate-induced events, 
such as urban flooding (KM 27.1). 

https://creativecommons.org/licenses/by/4.0/legalcode
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Mental Health Impacts and Climate Change
Each extreme event has its own set of observed mental health consequences, including some overlapping 
disorders such as post-traumatic stress, anxiety, depression, and suicide.344,345 Negative mental health 
outcomes have been observed before and after a climate-related extreme event.346 For example, wildfire 
smoke can limit outdoor activities, reducing individuals’ ability to exercise, recreate, and relieve stress, 
leading to additional mental health consequences (KM 27.6). Mental health consequences of climate change 
may resolve quickly; however, long-term impacts can be delayed and, in the case of post-traumatic stress, 
can even affect future generations.347,348

Idaho, Oregon, and Washington have a higher prevalence of mental illness relative to the rest of the 
country.349 The mental health impacts of climate change will continue to be uneven. Youth concerned about 
climate change, Tribal communities losing cultural resources at a rapid pace, and houseless individuals 
who experience increased exposures to climate change have a higher prevalence of climate-related mental 
illnesses compared to other populations.345,350,351,352 

Community Health and Well-Being Impacts
Climate change impacts community health and well-being in many ways. Increased temperatures are 
associated with an increase in violence and self-harm, including suicide.344,353 The magnitude and duration 
of droughts in the Northwest are projected to increase and potentially disrupt agricultural production 
and exacerbate food insecurity,354 which can cause psychological distress.355 Extreme events will continue 
to disrupt medical care and services, and injury and illness from such events are expected to exceed the 
capacity of the healthcare system. Strengthening community and social cohesion can improve community 
health outcomes and increase preparedness for disasters and extreme events.356,357

Tribal Well-Being Impacts
Climate change is disrupting Tribal communities’ access to traditional foods, compounding legacy effects 
of settler colonialism that have led to increased consumption of processed foods, which is associated 
with higher rates of diabetes, heart disease, and obesity for Tribal communities.358,359,360 Algal blooms have 
contaminated shellfish to the point that they cannot be consumed during traditional seasons (KM 27.2). 
Increasing temperatures have created more favorable conditions for transmission of parasitic and invasive 
species among food sources such as deer and fish.361,362 The continued effects of climate change on the 
phenology of important species and access to cultural resources are expected to disrupt multiple cultural 
and ceremonial activities, compounding mental, cultural, and physical well-being issues for Tribes.265,352,363 
Impacts to these cultural resources and sites disrupt intergenerational teachings, an important component 
of Indigenous health and a method to address intergenerational trauma (KM 27.6).364

Climate Action Can Benefit Human Health and Address Inequities
Historically, the intersection of climate change and health has been unclear, leading to insufficient capacity 
and resources for health agencies to properly respond and prioritize climate change actions.365 However, 
because of the health consequences of recent extreme events, public health responses to climate change 
have become an essential part of climate adaptation, and health resilience frameworks, such as the CDC’s 
Building Resilience Against Climate Effects (BRACE) or Oregon’s Climate Equity Blueprint, are becoming 
more common.366 Many strategies—such as setting universal climate and health goals and providing 
adequate resources to communities and populations to reach these goals—offer promise for avoiding 
negative public health outcomes due to climate change and can advance regional resilience (KM 27.1).367 For 
example, investments to increase electric vehicle adoption and active transportation (e.g., walking, biking) 
are expected to lead to greenhouse gas emissions reductions, improvements in air quality, and reductions 
in fatal traffic accidents.368 Investments in cooling options—such as shade coverage from trees, cross-ven-
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tilation in apartment units, and air-conditioning capacity—can support communities, particularly formerly 
redlined communities, in adapting to extreme heat events (KM 27.1).369

Key Message 27.6  
Climate Change Affects Heritage and Sense of Place

Climate change has disrupted sense of place in the Northwest, affecting noneconomic values 
such as proximity and access to nature and residents’ feelings of security and stability (high 
confidence). Place-based communities, including Tribes, face additional challenges from 
climate change because of cultural and economic relationships with their locale (very high 
confidence). Leveraging local or Indigenous Knowledge and value systems can spur climate 
action to ensure that local heritage and sense of place persist for future generations (medium 
confidence). 

The heritage of the Northwest is intertwined with the diversity of landscapes, economies, and quality of 
life (Figure 27.10). Climate change affects all these core characteristics of the Northwest, with impacts on 
the quality of life and sense of place—the attachment or relationship that people feel to their locations and 
environment—for all communities and the ability to share the familiar parts of where one lives with others 
and across generations.370 While there are differences among cultures’ relationships, there are deep com-
monalities. Supporting the continued emotional and cultural well-being of residents across the region will 
require a mutual appreciation from multiple perspectives across diverse communities. 

Sense of Stability and Security 
Climate change can negatively affect peoples’ sense of security and stability due to disruptions to supply 
chains and food systems, which underpin economies and communities (KM 18.2; Focus on Risks to Supply 
Chains).371,372 For example, a forest products industry requires regular inputs of timber and cannot thrive 
on supplies that increasingly come in pulses or waves due to drought, wildfires, and insect infesta-
tions.373 Climate change impacts to natural resource economies will affect residents’ financial security and 
livelihoods (KM 27.3) and will have cascading impacts across regional to international economic systems 
(KM 19.2).
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Heritage, Sense of Place, and Amenities at Risk

 
The heritage of the Northwest is intertwined with the diversity of landscapes, economies, and quality of life.

Figure 27.10. These photos illustrate different heritages, cultural traditions, and amenities at risk from climate 
change. (top left) Coastal change is threatening beaches and shellfish habitat for the Swinomish Tribe, threaten-
ing cultural activities like the Swinomish Clam Bake. (top right) Fire retardant drops protect vulnerable homes in 
the wildland–urban interface. (center left) Culturally important foods, such as camas, will be affected by climate 
change. (center right) Climate change is affecting salmon, potentially affecting the ability of some Tribes to roast 
and smoke salmon. (bottom left) Wildfire smoke days are increasing, affecting school recreation opportunities. 
(bottom right) Warmer winters, such as the winter of 2015, will lead to less winter snow, affecting ski resorts such 
as Mount Baker Ski Resort, Washington, which had no snow on February 15, 2015, during the height of ski season. 
Photo credits: (top left) ©Richard A. Walker; (top right) National Interagency Fire Center; (center left and bottom 
left) ©Charles Luce; (center right) ©Samantha Chisholm Hatfield; (bottom right) ©Duncan Howat.

Many in the Northwest have moved from city centers to an expanding wildland–urban interface (WUI) 
(Figure 27.11),102,103,104 increasing community exposure to wildfires and floods.374 Homes dependent on shallow 
wells are at risk from more frequent and intense drought conditions (KM 27.4).375 Increases in the frequency 
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of algal blooms or outbreaks of forest diseases and pests reduce the value of homes with water frontage 
or surrounded by forest (KM 19.3).376,377,378 The decline of home values, aggregated across communities, can 
lead to local economic and community instability by reducing the desire or ability to rebuild after fires and 
floods.379,380 Although insured households may be able to rebuild, climate risks can increase insurance costs 
and decrease insurance availability, affecting which residents and businesses thrive in the future.381 

Growth in Wildland–Urban Interface (1990–2020)

The growth of homes in the wildland–urban interface puts an increasing number of people at risk of wildfire and 
flooding.

Figure 27.11. The maps show growth in the wildland–urban interface (WUI; dark purple) areas, which are asso-
ciated with increased wildfire and flooding risks, between 1990 and 2020 near Bend, Oregon (a); Spokane, Wash-
ington (b); and Boise, Idaho (c). Bend and Spokane have experienced fast rates of development and population 
growth that have led to new areas being developed as WUI. Figure credit: USDA Forest Service, NOAA NCEI, and 
CISESS NC.

Environmental Amenities and Sense of Place
Northwest residents value the region for its environmental amenities like good air and water quality and 
proximity to recreational opportunities.263,382 Climate change has already started and will continue to 
disrupt many kinds of outdoor recreational activities.79,383 Multiple recreational seasons have simultaneously 
shortened and shifted. Skiing and snowmobiling seasons have started later and become shorter over much 
of the region, especially in the Cascades,13,384 affecting winter recreation businesses (KM 27.3). Loss of spring 
snowmelt will shift opportunities for rafting, kayaking, and canoeing into rainy winter months, when rapidly 
fluctuating flow conditions are less safe. Water-based recreation demand is expected to increase in spring 
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and summer months; however, reduced water quality and harmful algal blooms are expected to restrict 
these recreation opportunities.79 

Many previously forested trails and camping areas have already lost forest cover due to wildfires and 
drought.385 As the frequency of disturbances increases, so will the number of dead and downed trees,386 
closing roads, trails, and campgrounds and potentially causing injuries or death for recreationists.387 Greater 
flooding risk in winter months will pose risks to recreational facilities and users.388 More frequent smoke 
and extreme heat events will increase risks to outdoor summer recreationists, especially for high-exertion 
activities.389 State health agencies, such as the Idaho Department of Health and Welfare, have developed 
recreation guidelines for K–12 and adult fitness activities and sports in response to increasing wildfire 
smoke days and decreased air quality.390

Climate change will also affect recreational and subsistence hunting, gathering, and fishing activities. 
Although some game species may benefit from increased shrub cover and reduced winter mortality, 
increasing populations can lead to other challenges, affecting managed resources and increasing pathogen 
spread.391,392 Algal blooms and increased toxin levels will lead to shellfish harvest closures, sometimes lasting 
entire seasons. While these impacts will affect recreational hunters and fishers, impacts will be greater 
for households and communities that are nutritionally dependent on these resources, such as Tribal 
communities and households reliant on subsistence diets.393

Amenity migration, or movement of people to areas with higher environmental quality or increased access 
to amenities, will be affected by climate change in various ways.394,395 For example, people moving to the 
WUI to be closer to environmental amenities will experience increased risks of wildfires and, in some cases, 
landslides (Figure 27.11). Additionally, there are compounding challenges for communities that are receiving 
an influx of amenity migrants, especially rural and low-income communities where established residents 
provide the labor force but may become priced out by increasing costs of housing and other necessities.396,397 
Interacting stresses between socioeconomic and development impacts associated with migration and 
climate change will affect communities in high-amenity areas in the Northwest, such as ski communities in 
the Cascade Range or island communities in the San Juan Islands.398

Tribal Cultures and Connection to the Land
Climate change has affected Tribal harvesting, hunting, and ceremonial practices.399 Climate change will 
impact Pacific salmon (KM 27.2) and other cultural resources such as Pacific lamprey, deer, elk, bear, berries, 
eel, flounder, sturgeon, shellfish, and seaweeds.400 Plant die-offs and range shifts can disrupt and impede 
Tribal access to traditional foods, thereby affecting Tribes’ and Indigenous Peoples’ sense of place and 
connections (KM 27.5).363 Extreme weather events and extreme heat and cold can prevent Tribal members, 
especially elders, from participating in Tribal ceremonies. Access to ceremonial sites can also be disrupted 
or damaged by flooding, landslides, and wildfires, exacerbating degradation associated with other land-use 
decisions (KM 27.1). 

Indigenous Knowledges can be utilized to increase resilience to climate change for Tribes.251 Tribal 
landscape management is one method for maintaining connections to landscapes and preserving ceremonial 
sites, medicinal plants, and gravesite locations for future generations.401,402,403 However, federal, state, and 
local jurisdictions have prevented some Tribes from utilizing Indigenous management techniques such 
as prescribed burning, which can remove underbrush to reduce fire risk and establish wildlife corridors 
(KM 27.2), thereby limiting Tribes’ ability to exercise their sovereignty and to maintain a sense of place for 
future generations.404,405,406,407,408 Western adaptation options of replacement, fortification, or relocation 
(KM 27.4) may not be possible or appropriate, as some sites (e.g., gravesites and ceremonial sites) do not 
have one-to-one exchange equivalents. Despite these limitations, federal–Tribal partnerships can increase 
landscape resilience to future climate change risks.409,410
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Maintaining a Sense of Place and Heritage for the Northwest
Climate change poses an existential threat to the ability of Northwest communities to maintain their sense 
of place and heritage for future generations. Many cultures rely on nature-based experiences to transfer 
knowledge and form cultural identity. For example, the Swinomish Tribe holds cultural clam bakes, where 
community elders transfer Traditional Knowledges about the natural world that are vital to maintain their 
cultural well-being and heritage.399 However, recent shoreline changes and projected beach loss threaten 
access to these culturally important shellfish harvest areas, reducing opportunities to hold cultural clam 
bakes.411 

Communities across the Northwest pride themselves on their environmental values and actions, such as 
promoting conservation or voluntarily employing sustainable practices. Leveraging these community values 
can lead to innovative climate adaptation and mitigation policies at the local level,412,413 furthering regional 
climate mitigation and adaptation goals (KM 27.4) to ensure that the heritage and the communities of the 
Northwest persist for future generations. 
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Traceable Accounts
Process Description
The Northwest chapter focuses on advances in regional climate science and understanding of the social 
and economic impacts of climate change. Therefore, the author team reflects the breadth and depth of 
scholarship and experiences about climate science, impacts, and responses. The author team was recruited 
from a list of nominated authors, regional experts from past assessments and conferences, and recom-
mendations from authors or author candidates. The author team includes: 1) a diversity of expertise in the 
areas of physical climate science, social sciences, economics, public health, ecosystem services, adaptation, 
and mitigation; 2) a diversity of geographies and institutions that represent each state in the Northwest; 
3) a range of experiences and career stages that includes university researchers, practitioners, and state 
government employees; and 4) a diversity across multiple demographic characteristics, including gender, 
race, and ethnicity. 

Initial Key Message themes were developed via consensus, and these Key Messages were confirmed at the 
Northwest’s regional engagement workshop on February 1, 2022. Specific content within the Key Messages 
was further refined based on comments from the regional engagement workshop and public comments 
on the Zero Order Draft. Authors were assigned to Key Message–specific teams based on their expertise 
and were charged with developing the text, citations, Traceable Accounts, and Key Messages. Key Message 
narratives were developed to ensure that content built off prior National Climate Assessments (NCAs) and 
was not repetitive of previous NCAs (Table 27.2). Author meetings were generally held biweekly throughout 
development of the Fifth National Climate Assessment (NCA5) for discussions and deliberations and to 
ensure that deadlines were met. Additionally, the smaller Key Message teams met frequently to refine their 
Key Messages, text, figures, and Traceable Accounts. 
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Table 27.2. How NCA5 Northwest Chapter Built on Prior NCAs

NCA5 Key Message How NCA5 Built on NCA35 and NCA44

27.1 Frontline 
Communities

Since NCA4, much more research has been published on the distributional burden of climate 
change on various communities across the Northwest. NCA5 expands on the literature base to 
focus on the different dimensions of how climate change inequitably impacts various groups. 
Additionally, NCA5 focuses on some of the emerging information on how different frontline 
groups are advancing climate action within their communities and states. 

27.2 Ecosystem 
Changes

More research has been published since both NCA3 and NCA4 on the ecological impacts of 
climate change. NCA5 builds on this work by focusing on ecological responses across the 
Northwest to extreme events and the interaction between climate change and human activity 
(e.g., land use). Additionally, NCA5 builds on how different types of adaptation responses, such 
as restoration, can build ecological resilience.

27.3 Economics and 
Well-Being

Since NCA3 and NCA4, there has been more scholarship on the economic impacts of climate 
change. NCA5 dives deeper into some economic impacts previously discussed, including 
impacts to the natural resource economy. NCA5 also provides a synthesis of new research on 
the recreational impacts of climate change and economic opportunities in a low-carbon future. 

27.4 Infrastructure and 
Resilience

NCA5 builds on NCA3 and NCA4 by focusing on different types of infrastructure systems and 
their responses to climate change. NCA5 also highlights the trade-offs of climate action across 
systems, such as the trade-off between transportation electrification and energy resilience. 
Additionally, NCA5 focuses on how infrastructure systems and the built environment are the 
largest contributors of greenhouse gas emissions and provides a narrative on climate mitigation 
and decarbonization in the region.

27.5 Health Inequities

Since NCA4, more extreme events, such as large wildfires, more wildfire smoke days, and 
extreme heatwaves, have led to health consequences. NCA5 builds on NCA4, which delved 
into a variety of impacts, by focusing primarily on heat and smoke impacts to public health. 
Additionally, NCA5 adds emerging research on the mental and community health impacts of 
climate change. 

27.6 Heritage and 
Sense of Place

Since NCA4, there has been more research that establishes how regional sense of place is 
changing due to climate change. NCA5 provides more in-depth coverage on many of the topics 
covered in NCA4, such as sense of security from extreme events, how different amenities are 
changing, and how different iconic parts of the Northwest are being affected. Additionally, NCA5 
provides additional discussion of climate-related migration and how that affects a community’s 
identity and sense of place. 

Key Message 27.1  
Frontline Communities Are Overburdened,  
and Prioritizing Social Equity Advances Regional Resilience

Description of Evidence Base
Recent studies and reports have built on decades of research that have provided strong evidence 
that the prevalence of people of color in a community continues to be the most significant predictor 
for where environmental hazards are sited throughout the Northwest, due to racialized and racist 
policies.59,60,62,63,64,65,66,97 A wealth of evidence, including peer-reviewed research, gray literature, and 
government reports and resources, links racial and socioeconomic demographics across the Northwest 
with disproportionate exposure and vulnerability of frontline communities to a variety of climate 
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hazards and extreme events, including wildfire, wildfire smoke and impaired air quality, extreme heat, 
and flooding.59,61,62,67,68,70,71,74,75,76,77,89,92,93,95,414

Additionally, NCA5 listening sessions and community-led research provided evidence on the lived 
experiences of frontline communities with climate impacts and how these communities are implement-
ing community-informed climate resilience priorities. The literature supports the diversity of approaches 
that frontline communities are utilizing to increase their resilience to climate change, including for 
urban communities of color,59,97 rural and natural resource–dependent communities,79,80,81 and Tribal and 
Indigenous communities.93,265 Peer-reviewed literature and gray literature document that while frontline 
communities are inherently resilient to both climate change and other forms of oppression, policies 
and other structural barriers continue to prevent frontline communities from enacting community-led 
adaptation strategies.78,90,91,92,93 

Major Uncertainties and Research Gaps
While the priorities and needs of frontline communities are increasingly being considered in state and local 
government policies, plans, and budgets in the Northwest, such efforts are in early stages of implementa-
tion. While these efforts are resulting in some benefits to frontline communities in the near term, long-term 
outcomes are yet to be seen. Advancing climate justice and social equity in the region is dependent on insti-
tutions’ ability to transform and meet the needs of frontline communities. 

While community-led research and plans provide documentation of frontline communities’ priorities, 
it is critical to note that these sources probably do not represent the full range of perspectives, values, 
and experiences of the diverse communities in the Northwest. Assessment authors understand that 
communities are not monoliths and that many adaptation and resilience strategies are culturally, temporally, 
and geographically specific; therefore, the information in this assessment cannot be used to make blanket 
statements about all communities experiencing environmental and climate injustices in the region.

Description of Confidence and Likelihood
Based on the breadth of available research and literature, authors concluded that there is very high 
confidence that frontline communities are experiencing disproportionately high exposure to climate-related 
hazards, although there is variation across the types of frontline communities. 

Additionally, because of the wealth of community-led documentation, government reports, and preliminary 
peer-reviewed research, authors concluded that there is high confidence that frontline communities 
generally have fewer resources to adapt and respond to climate change but are leading efforts to increase 
resilience to climate change and extreme events. 

While there is a growing body of evidence suggesting that the priorities, values, and needs of frontline 
communities are increasingly being considered in state and local policies and plans, these efforts are still 
in early stages of implementation and long-term outcomes remain to be seen. In addition, existing efforts 
are not yet sufficient to meet the scale and speed of justice-centered climate action required to secure 
a safe and livable future for frontline communities. Therefore, authors of this Key Message have medium 
confidence that the extent of these efforts will deliver long-term resilience benefits and climate justice to 
the region. 
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Key Message 27.2  
Ecosystems Are Transitioning in Response to  
Extreme Events and Human Activity 

Description of Evidence Base 
Strong evidence supports the projection that ecosystems will change as climate changes. Numerous 
assessments project extensive changes in species distributions as climate changes. Additionally, extreme 
events (e.g., droughts, floods, and heatwaves), which are becoming more frequent and intense, may be 
equally relevant to the physical condition and population dynamics of species,107,109 especially those with 
short generation times.110 Multiple peer-reviewed publications and government reports document the 
extensive impacts of extreme events on Northwest ecosystems, especially in the past two decades. Given 
projections of future climate, it is expected that wildfire will continue to affect forest systems,113,114,115,116,117,118,119

,120,121,123 changes in hydrology and temperature will affect aquatic ecosystems,128,129,130,131,132,133,134,138,139 and ocean 
acidification and marine heatwaves will affect coastal and marine systems.42,48,54,145,146,147,148,149,150,151,152,154,155,159,415

In addition, robust peer-reviewed evidence documents how these ecosystem-level changes will have myriad 
effects on native species, including game species,391,392 trees,232,234,237,238,244 marine taxa,148,149,150 and the region’s 
iconic salmonids48,159,160,161,162,163,164,165,415

Extensive evidence within the peer-reviewed literature also demonstrates the widespread impact of human 
land uses on the extent to which species can adapt to environmental change, including climate change.104

,118,119,120,121,122,144 For example, fine-grained variation in land cover, including land cover types associated with 
human activities, affects the resilience of species or ecological processes to climate variability and change189 
and the extent to which land uses function as stressors. Historical and recent fragmentation of a species’ 
habitat and barriers to movement affect its capacity to adapt to both human-caused and natural forms of 
environmental change.129,130,144,186,187

There is extensive evidence that conservation of genetic diversity and ecological protection and restoration 
can benefit ecosystem processes and increase species’ adaptive capacity.120,121,122,192,193,194,195,196 For example, 
restoration via removal of impassable dams and structures across the Northwest has restored some natural 
ecological and hydrological processes that allow anadromous fishes to access historical habitat.194,197,198,199,200 
However, evidence of the effectiveness of other types of ecological management, such as vegetation removal 
to mitigate wildfire risk and market-based ecosystem management tools, is limited, especially in the 
long term.204,205,206,208,209

Major Uncertainties and Research Gaps 
Relations between climate and population dynamics of most species are complex, so there is uncertainty 
in projections even for well-studied species. Moreover, distributions, abundances, or other species-level 
metrics more closely reflect interactions among climate variables, and interactions among species, rather 
than single climate variables.111,112

Evolutionary responses to climate are also complex.212,213 The likelihood of adaptation depends in part on the 
amount of genetic variation in a population or species, which is often related to the number of individuals 
and their relatedness.188 The feasibility of quantifying abundance, relatedness, and genetic variation differs 
among populations and species, and these measures have not been estimated for a majority of populations 
and species. Furthermore, empirical estimates of opposing selection pressures in different environments 
are difficult to obtain. Similarly, phenotypic plasticity, its heritability, and potential response to selection 
have not been estimated in most taxa. Accordingly, the adaptive capacity of most taxa is highly uncertain. 
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Also, data on which biological and physical attributes affect viability most strongly are not available for most 
species. 

The extent to which restoration efforts can increase genetic variation and ecosystem function and pro-
ductivity is uncertain, especially given the extensive anthropogenic modification of ecosystem structure, 
composition, and function. Because ecosystems rarely can be restored to a historical state, restoration 
actions tend to focus on increasing ecosystems’ capacity to support diverse and valued functions and 
services and enhanced genetic and species variation. Information needs include improved understanding 
of habitat quality, stress tolerance, and adaptation capacity of diverse species. There are substantial gaps 
in understanding of the complex interactions within and among species, communities, and biogeochemical 
processes, all of which are being modified by climate change and land use. 

Description of Confidence and Likelihood
The enormous body of evidence on ecological sensitivity to climate yields very high confidence in projections 
of change, despite uncertainty in how individual and interacting ecological components will respond. 
Similarly, although adaptive capacity is difficult to quantify, there is very high confidence that such capacity 
has been reduced by decreases in abundance and genetic diversity of many native species. There is very high 
confidence that human activities and land uses interact with ecological responses to climate change, and in 
many cases exacerbate these effects.

Climate change impacts could be ameliorated by changes in human actions. However, restoration to 
previous ecological states often is unlikely. For example, certain non-native invasive species are unlikely to 
be eradicated, and land modifications rarely can be completely reversed. Furthermore, climate change will 
modify some species and ecosystem characteristics regardless of human actions. Although the scientific 
community has medium to low confidence that ecosystem restoration efforts can increase genetic variation 
in many native species, there is high to medium confidence that reconnecting and improving the quality of 
species’ habitats can increase the feasibility of species persistence. The likelihood of ecological recovery 
is location- and context-specific and depends on factors including the severity of ecological stressors; the 
location, timing, design, and scope of restoration actions; and the potential to restore abiotic and biotic 
processes, land cover, and flows of energy and genes. Thus, the authors have medium confidence that 
human-led adaptation efforts can reduce exposure to climate-related hazards.

Key Message 27.3  
Impacts to Regional Economies Have Cascading Effects  
on Livelihoods and Well-Being

Description of Evidence Base
Over the past several decades, multiple peer-reviewed studies have established how climate change affects 
diverse annual and perennial cropping systems,216,217,218,219,220,221,222,223 fishery systems,225,247,248,249,250,253 forestry 
systems,233,234,236,237,242,244 and the tourism industry.16,79,256,257,258,261

Despite these varying climate impacts, there is emerging science, including peer-reviewed sciences, that 
indicates that the Northwest continues to maintain economic resilience to climate change due to the 
region’s inherent diversification. For example, federal crop insurance for the Northwest shows multiple 
weather- and climate-related causes of crop loss (e.g., drought, heat, freeze, frost, excess moisture), demon-
strating the diversity of risks agricultural producers experience.230 However, new and emerging opportuni-
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ties in these important economic sectors are also beginning to be noted.82,83,87,231,243,244,245 The effectiveness and 
extent of these new adaptation and mitigation opportunities is still unclear.

Emerging case studies, gray literature, and frameworks, such as the just transition framework, are being 
implemented across the Northwest to transition to a low-carbon economy.97,246,303,416,417 There are frameworks 
and evidence that associate economic resilience with prioritizing worker protections and marginalized labor 
populations.270,272 However, such publications in the Northwest region are still relatively new and limited 
in extent.

Major Uncertainties and Research Gaps
Recent events such as the 2021 heat dome have highlighted the significant impacts of extreme weather. 
Regional industries are investing in research that can increase understanding of risk factors associated 
with extreme weather and assess whether the risks are high enough to warrant additional infrastructure 
investments and management alternatives to limit damage. Much of the existing literature on climate 
change impacts on the region is based on limited climate ensembles rather than large ensembles, which 
are key to understanding extreme weather probabilities and impacts. New efforts addressing this gap are 
starting to be initiated, especially those addressing the regional agricultural industry.

The potential for new adaptation and mitigation opportunities is still unclear. Additional region-specific 
information is necessary to obtain a better picture of the potential. The region is still in its early phases of 
implementing low-carbon economy transition plans and strategies. There are still many gaps associated 
with the efficacy of implementing these plans. Evaluation of the recently launched efforts should provide 
valuable information for future streamlining of these efforts.

Description of Confidence and Likelihood
Because of the wealth of peer-reviewed research published across multiple decades, we have very 
high confidence that climate change is affecting—oftentimes in negative ways—natural resource– and 
outdoor-dependent economies, although the ways they are affected will be variable depending on the 
location and industry or commodity. Based on robust peer-reviewed literature and a growing number 
of publications specific to the Northwest, there is high confidence that climate change effects on these 
industries will have cascading impacts on the livelihoods of resource-dependent communities. Because 
of an emerging evidence base in the peer-reviewed literature—and a nascent evidence base specific to 
the Northwest region—the authors have medium confidence that the region’s natural resource industries 
are effectively responding to climate change and that a transition to a low-carbon economy can 
impart economic resilience, especially for those disproportionately impacted, such as workers in fossil 
fuel–dependent industries and outdoor laborers. 

Key Message 27.4  
Infrastructure Systems Are Stressed by Climate Change  
but Can Enable Mitigation and Adaptation

Description of Evidence Base
There is considerable evidence that climate change and extreme events have negatively affected built infra-
structure, especially older infrastructure, in the Northwest.100,142,273,278,279,291,307,308,311,318,323 Evidence varies among 
sectors, and multiple studies document effects of drought on water infrastructure and supply,277 effects of 
wildfires on virtually all types of infrastructure,142,277,418 and effects of extreme precipitation and flooding on 
water and transportation infrastructure.29,281,282,283,323
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Multiple studies highlight the interdependencies of systems.274,275,276,291,294,310,314,315,316 Within the Northwest, 
infrastructure system dependencies can spark conflicts about trade-offs among uses and between 
adaptation to and mitigation of climate change. These trade-offs have been documented in peer-reviewed 
publications and government reports and plans.293,295,296,314,315,316,419 Furthermore, some studies suggest that 
climate adaptation and mitigation actions across infrastructure systems can lead to cascading consequences 
in other sectors, such as public health, water conservation, and land use (Focus on Western Wildfires).277,278 

Despite these conflicts and trade-offs, emerging case studies document approaches to manage trade-offs 
in use of water, transportation, and electricity infrastructure. There are examples of new technology and 
data products to support adaptation285,286,300,304,305,306 and case studies of collaborative efforts to address these 
complex systems and their responses to climate change.105,303,418

Major Uncertainties and Research Gaps 
Trade-offs among uses of infrastructure and efforts to increase infrastructure resilience create substantial 
uncertainties in the social and environmental effects of those actions. For example, electrification of mass 
transit and vehicles can reduce emissions of greenhouse gases but strain energy supplies, affecting adoption 
of electric vehicles across communities. Similarly, provision of air-conditioning and air filtration, especially 
in regions where they are currently rare, can alleviate the public health consequences of extreme heat but 
strain energy supplies. Potential consequences of decreasing wildfire exposure may come at the expense of 
those medically dependent on electricity.

Description of Confidence and Likelihood
The available research, peer-reviewed literature, and case studies indicate that there is very high confidence 
that climate change, climate hazards, and climate-related extreme events have stressed the Northwest’s 
built infrastructure, and that there is very high confidence that climate change will continue to stress these 
systems. Additionally, there is broad agreement that these infrastructure systems are complex and inter-
related and, therefore, that climate-related impacts or responses to extreme events will present trade-offs 
and lead to conflicts over use. Within the Northwest, documentation of these conflicts and trade-offs varies 
among sectors and locations. Nevertheless, the literature continues to highlight trade-offs among systems. 
Therefore, there is very high confidence that climate-related disruptions and efforts to adapt to and mitigate 
the effects of climate change on a given infrastructure system may stress other infrastructure systems. 
Multiple case studies highlighted how practitioners are managing these conflicts and trade-offs via collab-
orative planning, engineering, and design. Given the breadth of case studies across sectors, there is high 
confidence that cross-sectoral and multisystem planning will increase the resilience of built infrastructure 
systems to future climate change. 

Key Message 27.5  
Climate Change Amplifies Health Inequities

Description of Evidence Base
An extensive peer-reviewed literature base documents the physical and mental health impacts of extreme 
events and climate change,69,75,321,322,330,334,335,336,337,340,341,345 and a smaller but growing evidence base documents 
the community health impacts of climate change.344,353,355 The Northwest has experienced more extreme heat 
events, wildfires, and wildfire smoke days in the past decade, and research has documented mortality and 
morbidity directly associated with these hazards and impacts.69,328,329,330,334 The evidence connecting extreme 
heat, for example, to poor mental health outcomes such as anxiety, psychological fatigue, and suicide is still 
emerging, although researchers and clinicians are developing promising methodologies and approaches to 
address climate-related mental health needs.345
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Multiple lines of evidence document the inequitable distribution of climate-related health risks among 
Northwest communities.265,322,337,345,350,351,352,358,359,360,363,364 There are some gaps specific to the Northwest region 
on climate change impacts to community health (e.g., domestic violence). However, both national and 
international peer-reviewed articles document these associations. Multiple case studies and gray literature 
and an emerging peer-reviewed literature base document how health professionals and communities 
are responding to increasing public and community health challenges induced or exacerbated by 
climate change.356,357,364,367

Major Uncertainties and Research Gaps
Reports and published studies have focused on community impacts following extreme events, or other 
traumatic events felt at the community level, that may reduce social cohesion. More research is needed 
to better understand the regional extent of mental health challenges from climate change and to inform 
protocols to better prepare health professionals for climate-related community health impacts. There are 
also opportunities to decolonize public health methods and improve the integration of local and Indigenous 
knowledge systems and methodologies to better inform public health research. 

There is still uncertainty about the extent that climate change will place additional stress on healthcare 
services in the Northwest. Preliminary research based on previous extreme weather events highlighted 
medication and medical equipment supply chain challenges, yet the demand for healthcare is expected 
to increase due to extreme events. However, compounding stresses that lead to shortage of healthcare 
workers, other public health challenges (e.g., COVID-19), and acute climate-related extreme events are 
beginning to illuminate potential gaps in the healthcare system. 

There is still uncertainty in associating community health impacts, such as domestic violence, with climate 
change and its subsequent impacts on the healthcare system. 

Description of Confidence and Likelihood 
Given the breadth of literature documenting climate change impacts on physical, mental, and community 
health, the authors have very high confidence that climate change is adversely affecting public and 
community health outcomes in the Northwest. The authors have high confidence that mortality and illnesses 
related to extreme heat events and poor air quality is increasing and further stressing the public health 
sector. This confidence assignment is based on research that illuminates the association between morbidity 
and mortality during and after extreme heat events, such as the 2021 heat dome, and the increasing number 
of wildfire smoke days across the region. The authors also have very high confidence that climate change and 
extreme events worsen existing health disparities, unequally distributing the health burden on groups such 
as older adults, communities of color, Tribal communities, and low-income communities. On the basis of 
emerging research and case studies, the authors have high confidence that climate adaptation and mitigation 
efforts can lead to health co-benefits. 

Key Message 27.6  
Climate Change Affects Heritage and Sense of Place

Description of Evidence Base
In the Northwest, a growing evidence base of scientific literature, gray literature, and community 
knowledges continues to elucidate the interactions between climate change and the regional amenities 
and lifestyles that make the Northwest an attractive place to live, work, and visit. For example, multiple 
peer-reviewed publications document the ways in which climate impacts have disrupted key industries 
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that are critical to supply chains and economic and community stability249,371,372,373 and local infrastructure 
(KM 27.4).375 Additionally, multiple peer-reviewed publications document the interactions between climate 
change and land use, such as growth of the wildland–urban interface102,103,104 and the increasing community 
exposure to climate-related events such as wildfires and flooding.103,374,381 Multiple publications document 
these cumulative risks to safety, amenity access, and sense of place across the Northwest.376,377,378,379,380,388

The literature has documented how places with more or higher-quality environmental amenities (e.g., 
recreation, proximity to outdoors, good air and water quality, less traffic congestion) drives migration 
to more rural and exurban areas.263,382 A wealth of gray literature and some peer-reviewed research 
document how climate change affects amenities, including recreation across all seasons79,384 and envi-
ronmental quality.390 There are multiple peer-reviewed publications that document how impacts to 
these amenities can lead to regional emigration, migration, and displacement, especially as a result of 
climate-related extremes.394,395,396,397,398

There are multiple lines of research that detail climate-related impacts to place-based communities. For 
example, climate change will affect Tribes’ cultural and subsistence resources,92,251,265,363,364,399,400 which can 
have adverse impacts on Tribal sense of place and Tribal health and well-being (KM 27.5).93,95,363,393,401 Other 
communities that have generational ties to specific rural or exurban areas—such as industry-specific 
workers and communities of color—will experience indirect and cascading amenity impacts from climate 
change that can drive migration either from or into specific regions.394,396,398

There are multiple examples of how leveraging community knowledges can result in successful adaptation 
outcomes; however, the bulk of this research is specific to Tribal communities.251,399,402,403,404,408,409,411 There is 
emerging research that documents how other types of local knowledge and community values can drive 
climate action.412,413

Major Uncertainties and Research Gaps
Generally, the social science research within the Northwest is still developing and strengthening under-
standing of the connections between climate change and regional sense of place and heritage. Therefore, 
there are still many uncertainties and research gaps. This includes understanding social and economic 
responses to extreme events or repeated exposures to climate hazards, how these responses drive 
intra-regional migration, and how amenity migration can lead to cascading effects of displacement of other 
place-based communities (e.g., communities that strongly identify with specific industries, such as timber 
or fishing). There is also uncertainty in motivators for climate action by institutions. While some research is 
available on the social and political dimensions of climate action, including many case studies, the evidence 
base is nascent.

Description of Confidence and Likelihood
Research on climate change impacts to regional amenities, heritage, and sense of place varies by place, 
amenity, culture, and place. However, a common theme across the evidence base is that climate change is 
disrupting these regional values and cultures. Accordingly, the authors have high confidence that climate 
change is affecting regional amenities, heritage, and sense of place. Additionally, the authors have very high 
confidence that climate change is affecting place-based communities, such as Tribes and natural resource–
based communities, given the breadth of regional and national research on these disproportionate impacts. 
Extensive scholarship highlights how integrating local and Indigenous Knowledges can support community 
resilience to climate change. However, there is limited research on how local heritage and values, such as 
environmental or sustainability values, can lead to climate adaptation and mitigation actions. Therefore, 
the authors have medium confidence that regional heritage and values can spur climate action to ensure the 
persistence of heritages, cultures, and amenities across the Northwest. 
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Introduction
The Southwest encompasses diverse natural ecosystems, vibrant cultures, and productive economies. 
This vast region spans nearly 700,000 square miles, or 18% of the US land area.1 The Southwest is home to 
more than 60 million people and is among the fastest growing and most economically productive areas of 
the country. Southwest ecosystems provide society with food, energy, and water; regulate climate; protect 
against disasters and disturbances; and offer the settings and inspiration for meaningful social, cultural, 
recreational, and spiritual experiences (Figure 8.17).

Climate change is negatively impacting human health and well-being (KM 15.1), cultural heritage, property, 
built infrastructure, economic prosperity, natural capital, and ecosystem services across the Southwest 
(Figure 28.1). Impacts include rising air temperatures2 and sea surface temperatures, both attribut-
able in part to human activities;3 changes to the timing, form, and amount of precipitation;4,5,6 sea level 
rise and associated flooding events;7 increases in extreme heat events;8 summertime heat stress9,10 and 
heat-related mortality;11 surface and groundwater reductions;12,13,14,15,16 increased wildfire risks;17,18,19,20,21 
and changes to ocean chemistry. These impacts pose heightened risks to overburdened and frontline 
communities and to Indigenous Peoples (KMs 4.2, 15.2, 16.1).
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Climate Change Indicators, Impacts, and Responses in the Southwest

Indicators highlight important climate impacts and adaptation and mitigation efforts.

Figure 28.1. Indicators track the impacts of climate change on the atmosphere; ice, snow, and water; ocean and 
coast; and land and ecosystems, as well as adaptation and mitigation efforts. Monitoring these indicators helps 
us understand how impacts are experienced and how to adapt to risks. See Appendix 4 for more Indicators. Fig-
ure credit: Arizona State University. See figure metadata for additional contributors. 

Southwest ecosystems transition from deserts and grasslands in hotter and lower elevations to forests and 
alpine meadows in cooler, higher elevations. The region supports important terrestrial and marine biodiver-
sity and ecosystems, including the Sonoran Desert, the Sierra Nevada, and the Pacific Coast. The southern 
deserts commonly see temperatures between 105° and 115°F, and Phoenix has the hottest climate of all major 
US cities. The California coast stretches 3,400 miles (5,500 km), and its coastal wetlands provide critical 
habitat for fish and wildlife, protect water quality, and buffer against storms and floods.
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The region is heavily urbanized, with 9 out of 10 people living in cities such as Albuquerque, Denver, 
Las Vegas, Los Angeles, Phoenix, Salt Lake City, and San Francisco. The region is also a major hub for 
software innovation, information technology, and semiconductor manufacturing. California’s economy 
alone contributed more than $3.21 trillion (in 2022 dollars) to the US GDP in 2021, about 12% of the total 
US economy.22 The region also encompasses expansive rural areas with livelihoods centered on ranching, 
mining, agriculture, and tourism.

Indigenous Peoples and Tribal lands are essential to the social, cultural, and geographic identity of the 
region. The Southwest is home to 182 Federally Recognized Tribes,23 as well as numerous state-recognized 
Tribes and Tribes seeking state or federal recognition. California has the largest number of Federally 
Recognized Tribes (109) and the largest Indigenous population of any state.23 Arizona, New Mexico, 
Colorado, and Utah are home to seven of the most populous Tribes, ranging from 10,000 to more than 
300,000 members. Nine Tribes in the Southwest are considered “large land-holding Tribes,” five of which 
are among the ten largest reservations in the US, ranging in size from 600,000 to 16 million acres. The 
largest US federal Indian reservation—the 16-million-acre Navajo Nation Reservation—occupies portions of 
Arizona, New Mexico, and Utah.

The Federal Government manages nearly half of the total land area of the region through national 
parks, forests, fish and wildlife reserves, military installations, and public lands.24 In Nevada, the Federal 
Government is responsible for managing more than 80% of the total acreage of the state.24 Thus, the Federal 
Government is central to adaptation and mitigation in the Southwest.

Over the past five years, climate change impacts in the Southwest have become increasingly apparent and 
widespread.25 At the same time, understanding and modeling of how these impacts affect specific sectors 
and processes have improved. For instance, advances have been made in understanding and modeling of 
water,26,27,28 food and agriculture,29 wildfire,19 invasive species, biodiversity loss (KM 8.2), ecosystem trans-
formations, human health,30 and human migration across the Southwest.31,32 Furthermore, research has 
advanced understanding and modeling of interdependencies, feedbacks, and cascading risks for intercon-
nected systems (KM 18.1) such as the food–energy–water nexus (KM 18.3).33,34

To address these climate change impacts, governments, nongovernmental organizations, and private 
enterprises are increasingly responding with planning and actions to reduce current and future risks 
and increase adaptive capacity. Adaptation efforts that are effective, feasible, and just—including nature-
based solutions such as green infrastructure for flood mitigation—have been shown to reduce climate 
risk, increase resilience, and provide co-benefits to related societal goals (KM 8.3).35 There is an awareness 
of new approaches to equity and environmental justice for frontline communities, as well as Indigenous 
Peoples (KM 16.2) across the Southwest. These approaches recognize, protect, and apply diverse knowledge 
systems, including Indigenous Knowledges (KM 16.3). Social science has also improved our understanding of 
inclusive, participatory, and collaborative decision-making to solve problems in this region and beyond.36,37,38

While this chapter focuses on climate impacts, risks, and adaptation actions in the Southwest, it also 
recognizes efforts underway to mitigate greenhouse gas emissions (Figure 32.20) throughout the region at 
multiple scales. California, Colorado, and New Mexico are members of the US Climate Alliance, committed 
to reducing net greenhouse gas (GHG) emissions in line with the Paris Agreement (KM 32.5). California has 
committed to carbon neutrality by 204539,40 and released a detailed plan with targets to achieve this goal,41 
as well as augmenting funding across sectors.42 Both Colorado and New Mexico have statewide greenhouse 
gas reduction goals.43,44 At the local level, dozens of cities in all Southwest states are committed to emissions 
reductions in line with the Paris Agreement through the bipartisan Climate Mayors network (KM 32.5). For 
example, the Phoenix Climate Action Plan states that the city is on track to meet its goal of 50% reduction in 
GHG emissions (below its 2018 baseline) by 2030 and is committed to carbon neutrality by 2050.
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Key Message 28.1  
Drought and Increasing Aridity Threaten Water Resources

Climate change has reduced surface water and groundwater availability for people and nature 
in the Southwest (very high confidence), and there are inequities in how these impacts are 
experienced (high confidence). Higher temperatures have intensified drought and will lead to 
a more arid future (very likely, high confidence); without adaptation, these changes will exac-
erbate existing water supply–demand imbalances (likely, high confidence). At the same time, 
the region is experiencing more intense precipitation events, including atmospheric rivers, 
which contribute to increased flooding (high confidence). Flexible and adaptive approaches to 
water management have the potential to mitigate the impacts of these changes on people, the 
environment, and the economy (medium confidence).

Drought and Aridification
The Southwest region is historically arid and marked by episodes of intense drought and precipitation (KM 
4.1).45,46 Climate change is exacerbating these conditions, as increasing temperatures are leading to hotter 
extreme heat events, drier soils, greater atmospheric evaporative demand, and reduced flows in major river 
basins such as the Colorado and Rio Grande.14,47,48,49,50 For example, between 1913 and 2017, annual average 
discharge from the Colorado River decreased by 9.3% for each degree Celsius of warming (Box 28.1).49 Addi-
tionally, since 2000 the Southwest has experienced an exceptional “megadrought”—defined as an episode 
of intense aridity that persists for multiple decades—that is recognized as the driest 22-year period in 
1,200 years.51

Mountain snowpack is one of the most important sources of water in the Southwest, serving as a natural 
reservoir to supply water to drier, lower elevations for irrigated agricultural, municipal and industrial uses, 
and ecosystems (KM 4.1). Observed declines in western snowpack over the last century have been pre-
dominantly driven by warming trends,4 leading to smaller snowpack volumes, higher-elevation snow lines, 
and earlier snowmelt (KM 3.4).6,52 These processes are exacerbated by the deposition of dust and other 
light-absorbing particles on snowpack, which accelerates snowmelt.53 The resulting decrease in snow cover 
also reduces the albedo, or reflectivity, of the land surface, resulting in a positive feedback cycle that further 
increases solar radiation absorption, warming, and snowmelt.49,54,55 These changing snowpack dynamics are 
expected to have different influences on the timing and volume of snowmelt-driven streamflow in different 
basins,56 potentially disrupting the ability of existing water infrastructure, including hydropower, to meet 
the region’s needs5,49 and altering ecosystem dynamics. Persistent low-snow years are projected to occur in 
the next half century if climate change continues unabated (Figure 28.2).5
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Projected Changes in Soil Moisture, Snow Water Equivalent, and Runoff

 
Climate change is projected to reduce snow water equivalent and alter trends in soil moisture and annual runoff.

Figure 28.2. These maps show projected average mid-21st-century (2036–2065; top row) and late-21st-century 
(2070–2099; bottom row) differences in annual soil moisture, snow water equivalent (the amount of water con-
tained within the snowpack), and runoff over the Southwest region relative to the baseline period, 1991–2020. 
The data in these maps come from a land-surface hydrological model that simulates different parts of the water 
and energy balance. The model takes temperature and precipitation data from an ensemble of downscaled 
Coupled Model Intercomparison Project, Phase 5 (CMIP5) global climate models using an intermediate scenario 
(RCP4.5)57 to create future projections of soil moisture, snow water equivalent, and runoff.58 Warming tempera-
tures and precipitation variability are expected to reduce snow water equivalent and alter trends in soil moisture 
and annual runoff (KM 4.1). The historical record shows that the climatology of 1991–2020 was substantially 
warmer than the climatology of preceding 30-year periods. Thus, the areas of projected lower soil moisture, 
snow water equivalent, and runoff in this figure, especially at higher elevations, present marked deficits in 
comparison to 30-year periods in the 20th century. There are also areas of projected increases in soil moisture 
and runoff. Some CMIP5 global climate models project increased precipitation over parts of the Southwest, and 
when these are included in calculating average soil moisture or runoff, the result indicates wetter conditions in 
some locations, predominantly in Nevada, Utah, southwest Arizona, and southeast California. For more detail on 
variability, Figures 4.5, 4.6, and 4.7 show data from the same source that illustrate the wet to dry range of projec-
tions for the mid-21st century. Figure credit: New Mexico State University; Arizona State University; University of 
Nevada, Reno; NOAA NCEI; and CISESS NC.

In addition to extended periods of record-low precipitation, higher temperatures driven by climate change 
have increased evapotranspiration and reduced soil moisture, which can reduce the volume of runoff 
produced from a given amount of precipitation.16,47,50,59 These trends have negatively impacted natural 
resource management and agricultural production (KM 11.1) by increasing stress on vegetation.60 Coupled 
with increases in demand and subsequent water withdrawals, reduced streamflow has caused many 
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of the region’s lakes and reservoirs, such as the Great Salt Lake, to reach historically low water levels.61 
Furthermore, greater variability in streamflow threatens the region’s ability to consistently produce and use 
hydropower, impacting a typically reliable and low-carbon source of energy.62

Climate warming will also reduce groundwater recharge from rainfall, snowmelt, and runoff in some areas, 
thereby reducing groundwater storage.63,64 These effects are exacerbated by groundwater pumping to satisfy 
the needs of agricultural irrigation,65,66 which is the biggest consumer of fresh water in the region. The 
Central Valley aquifer of California is one of the most stressed aquifers in the world; during the 2012–2016 
drought, about two-thirds of the valley’s surface water deficit was due to groundwater pumping, which 
caused land subsidence (the gradual sinking of land) in some areas67 and declines in groundwater quality.

Flooding
Despite the region’s increasing aridity, flooding from extreme precipitation events (KM 3.5) and snowmelt 
conditions (KM 4.1) also poses a threat to life and property, as well as to freshwater ecosystems.68,69 Due to 
climate change, snowmelt-driven flooding is expected to occur earlier in the year due to earlier runoff.70 
Moreover, atmospheric rivers, which have driven much of historical flooding in the region, are expected to 
intensify under a warming climate.71,72 Flooding from sea level rise may also threaten water infrastructure 
and supplies in areas such as the Sacramento–San Joaquin Bay Delta region.73,74

Disproportionate Impacts
Critically, the impacts of these climate-driven changes are experienced disproportionately by certain 
communities in the region, including Indigenous communities (KM 16.1). A lack of clean water and sanitation 
services in Indigenous communities came to national light in 2020 due to COVID-19, which spread 3.5 times 
faster among Indigenous than non-Indigenous communities in the initial stage of the pandemic,75 due in 
part to the lack of access to potable water in some Indigenous communities. A major impediment to water 
access is the cost of water infrastructure, which averages $600 per acre-foot of water for non-Indigenous 
families with piped delivery, compared to $43,000 per acre-foot of water for Navajo families relying on 
hauled water (no dollar year available).76,77 Furthermore, many Tribes in the region continue to lack access to 
water because their water rights have not been adjudicated through settlements or other processes, which 
could further exacerbate water shortages for other users.78

Other examples of overburdened communities experiencing disproportionate water-related impacts of 
climate change include certain Black communities, which face disproportionately higher flood risk in Los 
Angeles,79 and Hispanic and low-wealth communities, which receive lower-quality drinking water80 and may 
be systematically excluded from water management processes (KM 4.3).81

Adaptation Pathways
In response to these interrelated climate challenges, people across the Southwest have implemented 
adaptive water governance and management approaches. Examples include California’s Sustainable 
Groundwater Management Act82 and various conservation and drought response measures in the Colorado 
River basin,37,38,83 which incentivize collaboration among diverse participants to develop innovative 
solutions (KM 12.4). Transitions toward more sustainable water management under climate change also 
include innovative infrastructure (e.g., enhanced aquifer storage, recharge, and recovery) and institutional 
practices (e.g., integrative land and water management practices, changes in rate structures, water sharing 
agreements, and reservoir operations).84,85,86,87 Social science studies in Southwest cities such as Denver, 
Phoenix, and Las Vegas indicate widespread support for innovative management strategies for urban water 
sustainability88 and opportunities for targeted educational interventions for demand management strategies 
based on residents’ attitudes toward climate change.89 The extent to which these adaptation actions 
mitigate changes in water availability depends on interacting climate and social dynamics (KM 3.4).
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Box 28.1. First Water Shortage Declaration on the Colorado River

In response to more than 22 years of historic drought exacerbated by climate change and a growing imbalance between 
water supply and demand in the Southwest, the US Bureau of Reclamation declared the first-ever water shortage on the 
Colorado River in August 2021 (Figure 4.18).90 The decision came after the agency projected that the water level in Lake 
Mead, the Nation’s largest reservoir, would fall to 1,066 feet above sea level, or just 36% of capacity, by the end of 2021, 
the lowest level since the reservoir was initially filled in the 1930s (Figure 28.3). In addition to impacting water supply reli-
ability for all users, low reservoir levels could disrupt hydropower generation, which provides electricity to several commu-
nities in the region. The initial round of water supply cuts implemented under the declaration, following previously negoti-
ated policies, affected Arizona, Nevada, and Mexico, with Arizona farmers taking the biggest cuts. Since then, deeper and 
more widespread cuts, as well as calls for additional conservation measures, have been made and are expected to expand 
as climate change impacts continue. In response, the federal governments of the United States and Mexico, the seven 
US Colorado River basin states, and Indigenous Peoples are developing a range of adaptation pathways and solutions to 
enhance long-standing collaboration on the Colorado River (KM 16.3), including modeling the impact of more extreme 
climate change scenarios on water resources in the basin. Multisector conservation and demand management is seen by 
many as a major solution. Farms can reduce agricultural consumption by increasing water-use efficiency using technol-
ogies such as drip irrigation and alternative crop choice. Urban and industrial water conservation, recycling, and reuse 
improvements could support “water-smart” and economically productive industries in the Southwest. Through a partner-
ship with Mexico on coastal water desalination, the region could free up Colorado River water for the United States while 
providing Mexico with a secure new supply.91 Desalination proposals, however, have raised concerns about carbon-inten-
sive energy demands, cost, brine management, and inequitable impacts on Mexico, including environmental impacts from 
brine disposal. Innovative, decentralized water treatment facilities could directly benefit communities in both countries, 
including those on Tribal lands. 

Satellite Images of Lake Mead

Lake Mead water levels have declined, with potential water supply implications for millions of people.

Figure 28.3. Lake Mead, the largest reservoir in the US, supplies water to tens of millions of people across the 
Southwest; irrigates millions of acres of agricultural land; supports biodiversity, cultural heritage, ecosystems, 
and ecosystem services; and provides recreational opportunities. From 2000 (a) to 2022 (b), the water levels 
in Lake Mead declined from 98% to just 27% of its capacity, as shown in these satellite images. Satellite 
images: NASA Earth Observatory.



Fifth National Climate Assessment

28-13 | Southwest

Key Message 28.2  
Adaptation Efforts Increase to Address  
Accelerating Impacts to the Region’s Coast and Ocean

Large-scale marine heatwaves and harmful algal blooms have caused profound and cascading 
impacts on marine coastal ecosystems and economies (high confidence). Without implemen-
tation of adaptation or emissions-reductions measures, human-caused warming will drive 
more frequent and longer marine heatwaves (very likely, very high confidence), amplifying 
negative coastal effects (medium confidence). Sea level rise, along with associated impacts 
such as flooding and saltwater intrusion, will have severe and disproportionate effects on 
infrastructure, communities, and natural resources (likely, very high confidence). The California 
State Government has applied climate science to planning and decision-making for sea level 
rise, and multiple regions are moving toward climate-informed and adaptive strategies for 
fisheries (high confidence). However, climate planning and adaptation solutions for aqua-
culture are less clear (high confidence).

The coastal region of the Southwest encompasses approximately 3,400 miles of coastline and nearly 70% 
of the state’s 39.4 million people. California’s 19 coastal counties employ more than 12 million people92 and 
in 2012 accounted for 80% of the state’s GDP ($57.25 billion in 2022 dollars).93 Furthermore, California is 
showing leadership through adaptation actions nationally.

Ocean Extremes and Adaptation
California coastal sea surface temperature has increased an average of 0.4°–0.6°F per decade since the 
1970s94 and is projected to increase into the future under climate change (Ch. 2).95,96 Human-caused warming 
also contributes to marine heatwaves (MHWs; Figure 28.4), or incidences of exceptionally warm ocean 
temperatures, which have already had significant impacts on human and natural systems (Box 10.1).97,98,99,100 
The change in average cumulative intensification of MHWs for the entire US coast is presented in Figure 
A4.11. As the ocean warms, including in California coastal waters, MHWs increasingly exceed thermal limits 
of ecosystems, amplifying impacts99 including shifts in marine species composition,101 lower abundance and 
nutritional quality of important small prey fishes,102,103 and a potential influence on mass seabird mortalities 
and reproduction.104,105 Similarly, Tribal/Indigenous Traditional Knowledge demonstrates significant 
declines in five coastal species of cultural significance for the Tolowa Dee-ni’ Nation, the Cher-Ae Heights 
Indian Community of the Trinidad Rancheria, the Wiyot Tribe, and the InterTribal Sinkyone Wilderness 
Council, a Tribal consortium of ten Tribal Nations.106 Such ecological changes disproportionately impact 
coastal communities and economies (KM 9.3),107,108,109 including cultural resources for Indigenous Peoples 
(KM 15.2).106,110 The 2014–2016 Northeast Pacific marine heatwave was followed by others in 2018111and 2019–
2020.112 These MHWs can coincide with and contribute to other climate-related extremes such as drought100 
and harmful algal blooms (HABs).113
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California Marine Heatwaves

Pacific marine heatwaves have had coast-wide impacts on ecosystems and fisheries. 

Figure 28.4. The 2014–2016 Pacific marine heatwave (MHW) was unusually long and resulted in a variety of 
impacts for the southwest California coast (a). This MHW was followed by less extensive events in 2018 and 
2019–2020 (b). While impacts like this can be expected to continue, they demonstrate the need and potential for 
adaptive management and mitigation through an integrated ecosystem approach to managing marine habitats 
and fisheries. EEZ refers to exclusive economic zone. Figure credit: University of California, Santa Barbara; Califor-
nia Department of Transportation; NOAA NCEI; and CISESS NC.

Commercial and recreational wild fisheries, as well as aquaculture (aquatic farming), will continue to be 
negatively affected by MHWs and HABs,107 resulting in severe economic ramifications.113,114,115,116 Extreme ocean 
warming events also have compound effects: an MHW contributed to the loss of more than 90% of Northern 
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California’s bull kelp, a foundational species for the ocean ecosystem, resulting in large economic losses in 
fisheries (Focus on Blue Carbon),117,118 including the red abalone, a species now listed as critically endangered 
by the International Union for Conservation of Nature. Further, extreme event–related delays and closures 
disproportionately impacted smaller-scale fishing operations.119

The widespread impacts of MHWs and HABs underscore the need for effective adaptive approaches to 
fisheries management. While fishers in California are coping with MHWs by fishing in different areas or 
for different species,108 it will be challenging to manage fisheries in the long term under extreme warming 
events.115 Marine protected areas (MPAs), which are considered a management strategy for climate-driven 
ocean changes, may not buffer widespread effects of MHWs on species in southern California kelp forests.120 
Adopting an ecosystem approach that considers multiple management options instead of one species in 
isolation121,122 appears to improve management under climate change.123 Applying a more coordinated disaster 
risk management approach to MHWs and extreme HAB events appears to correspond to better adaptive 
fisheries management, emphasizing the need for improving coordination and consistency across governing 
bodies, communities, and fishers on the frontlines (KM 10.3).124,125

Human-caused ocean warming coincides with increasing ocean acidification (OA) and declining oxygen 
levels (hypoxia) of the deeper, more nutrient-rich upwelled coastal waters. Under a very high scenario 
(RCP8.5), sardines, a commercially and ecologically important species, are predicted to move poleward, 
resulting in substantial shifts in catch.109,126 Under the same scenario, increased acidity due to the ocean’s 
chemical response to absorption of carbon dioxide is projected to increase the mortality of calcifying inver-
tebrates (such as oysters and other bivalves), which are important to aquaculture and the food web, and 
result in a loss of food sources for some fishes and invertebrates.127

Potential adaptation solutions include an ecosystem management approach to marine habitats and fisheries, 
as well as enforcing water and land-use regulations, which are expected to buffer some climate impacts.128 
Protection and restoration of foundational eelgrass and kelp forests in California waters provides essential 
habitat, and these ecosystems can also improve local pH and oxygen conditions.129,130 The Fishery Ecosystem 
Plan adopted by Pacific Fishery Management Council in 2013 includes guidance on OA and hypoxia,128 
but additional strategies—such as flexible permitting, better coordination with fishing communities, and 
adaptable control rules—may be needed to improve outcomes.131 Nature-based aquaculture solutions, such 
as conservation and restorative aquaculture, also have potential to mitigate local OA impacts132,133,134,135 but are 
just emerging in California.136

Sea Level Rise Impacts and Adaptation Planning
Sea level rise (SLR) poses risks to the California coast through an increase in flooding, impacts from 
storm surges, and loss of coastal habitats and beaches (Figure 28.5; KM 9.1). Seas are projected to rise, on 
average, 0.79–1.25 feet for the California coastline by 2050, 3.10–6.63 feet by 2100, and 6.11–11.90 feet by 
2150 (Intermediate to High scenario).7 California has more people living below 3.3 feet (1 m) of elevation 
than any other state except Louisiana;137 the population living in the mapped 100- and 500-year coastal 
floodplains increased approximately 10% from 2010 to 2020.137 SLR is also expected to exacerbate inequities 
in communities and result in compounding impacts, such as saltwater intrusion polluting groundwater.7,138,

139,140,141,142,143 Furthermore, coastal Tribes in California are observing rising sea levels, which, when combined 
with the loss of kelp forests, are increasing the risk of coastal erosion, destruction of cultural artifacts, and 
limited access to traditional shoreline sites.110 

By 2050, for all emissions pathways, SLR effects on tide and storm surge are expected to cause more 
frequent moderate to major high tide flood events, and coastal communities are already experiencing minor 
to moderate high tide flooding (KM 9.1).7
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Sea Level Rise Risks to Infrastructure and Communities

Flooding from sea level rise is expected to affect transportation infrastructure and communities along the Cali-
fornia coast, with disproportionate impacts on lower-income communities.

Figure 28.5. These maps show the projected flood risk from 3 feet of sea level rise (SLR), as well as risks to criti-
cal infrastructure and surrounding communities, for the San Francisco Bay Area (top row) and the coastline from 
Los Angeles to San Diego (bottom row). Panels in the left column show transportation infrastructure threatened 
by flooding with 3 feet of SLR, while those in the right column show the number of hazardous facilities (indicated 
by circles) and census tracts at risk of flooding, with purple shading indicating the fraction of population in each 
census tract with income below the poverty level. Flooding from SLR will impact major transportation infrastruc-
ture along the coast; given the locations of hazardous facilities and their overlap with lower-income communities, 
this flooding will have disproportionate impacts on these communities. Flood risk from SLR is consistent with 
an Intermediate scenario in the year 2100.7 Transportation infrastructure includes major airports, highways, and 
railways. Hazardous facility categories defined by EPA include manufacturing plants, power transmission plants 
and substations, natural gas pipelines, refineries and oil and gas wells, waste management facilities, landfills and 
incinerators, and animal operations. Figure credit: Eagle Rock Analytics.



Fifth National Climate Assessment

28-17 | Southwest

Coastal energy and transportation infrastructure is expected to be negatively impacted by flooding from 
SLR. The projected inundation of energy substations in low-lying areas during storm events and from 
extreme SLR under a very high scenario (RCP8.5) is expected to cause electricity service interruptions to 
thousands of customers and increase maintenance and repair costs.139 Analysis of California’s transporta-
tion fuel network found that docks, terminals, and refineries are most exposed to coastal flooding.143 The 
California Department of Transportation has begun adaptation planning efforts that consider a variety 
of strategies beyond hardening infrastructure, including nature-based strategies to limit the impacts of 
flooding (KM 8.3), as well as planning to avoid loss of coastal resources and access.144

Sea level rise and increased coastal flooding will disproportionately impact frontline communities (KM 
9.2).145 The Toxic Tides project found that under a very high scenario (RCP8.5), SLR in California146,147 would 
result in increased flooding to over 400 industrial facilities and contaminated sites, including power 
plants, refineries, and hazardous waste sites, with 440 projected to be at risk of at least one flood event 
per year by 2100.148 Any flooding of hazardous sites would increase risks of contamination in surrounding 
frontline communities.149

Residents of affordable housing, typically low-income communities, are especially vulnerable to SLR, with 
a greater percentage of affordable housing exposed to SLR than the general housing stock in some coastal 
states.140 California is in the top four states nationwide with the most units of affordable housing exposed 
at least four times per year to coastal flooding based on projected sea levels for the year 2050 under a very 
high scenario (RCP8.5).140 By 2050, California is also projected to see a 40% increase in the number of units 
at risk of flooding, compared to 2000.140 For affordable housing residents, flood risk is compounded by the 
threat of displacement due to rising property values and rents. Strategic city-level adaptation and resilience 
efforts, combined with community and infrastructure improvements, could protect these residents from 
potential displacement.140,150

Higher seas are raising the coastal groundwater table, exposing communities to flooding from water that 
emerges from underground (KMs 9.1, 9.2).138,141 Communities in low-lying areas such as San Francisco Bay 
are most at risk, and areas with shallow coastal water tables are projected to see widespread flooding 
from groundwater emergence.138,141 Subsidence exacerbates this threat; coastal residents residing in 
subsiding locations experience an average relative sea level rise of up to four times faster than the global 
rate.142,151 These risks have not been well addressed in adaptation planning. Furthermore, the impacts and 
adaptation needs are expected to be higher than reported if only overland flooding due to SLR—which 
does not include flooding from subsidence or groundwater intrusion—is considered in community and 
infrastructure planning.142

Adaptation planning for SLR as a field has advanced,152 as coastal managers have reported an increased 
concern regarding the threat of SLR and local, regional, and state governments in California apply climate 
science to decision-making (KM 9.3).153 California has instituted policies requiring consideration of climate 
change in state and local government decision-making and infrastructure planning.154,155,156,157 Specifically for 
the coast, there is guidance on how to apply SLR risk assessment and projections into planning, including 
specific guidance for critical infrastructure.158,159 This landscape of statewide policy and guidance is directly 
informing local coastal adaptation planning. Of 19 coastal counties, 18 have completed a vulnerability 
assessment, developed an adaptation policy, and/or updated the state-mandated safety elements of their 
general plans to include climate adaptation.160

While adaptation planning along the California coast has advanced significantly, many of these efforts have 
not yet been implemented.160 This is partly because of financing and implementation challenges, especially 
for local governments that lack resources and must overcome institutional and governance issues (KM 
31.5).152,161 Despite these challenges, California is ahead of many other parts of the US coast in employing 
adaptation strategies and appears to be well positioned for increased adaptation.152
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Key Message 28.3  
Increasing Challenges Confront Food and Fiber Production in the Southwest

Continuing drought and water scarcity will make it more difficult to raise food and fiber in the 
Southwest without major shifts to new strategies and technologies (high confidence). Extreme 
heat events will increase animal stress and reduce crop quality and yield, thereby resulting in 
widespread economic impacts (likely, high confidence). Because people in the Southwest have 
adapted to drought impacts for millennia, incorporating Indigenous Knowledge with techno-
logical innovation can offer solutions to protect food security and sovereignty (medium confi-
dence).

Across the Southwest, annual average minimum air temperatures, growing degree days, and average 
number of days above 86°F (the threshold used to define heat zones) are projected to increase due to 
climate change.162 By midcentury under intermediate (RCP4.5) and very high (RCP8.5) scenarios, projections 
show longer growing seasons, a northward shift in plant hardiness zones, and expanded areas of heat stress 
exposure to crops and livestock (KM 11.1).162 In California, increasing temperatures are expected to affect the 
timing of cool-season annual crops and the location of warm-season annual crops.163 Warmer winters would 
be detrimental to the chilling requirements for orchard crops.164 In California, fewer cold snaps are expected 
to reduce crop exposure to frost;165 however, “false springs” in the intermountain West are expected to 
increase vulnerability to late-season freeze events.166 During summer, a higher probability of heatwaves 
is expected (KM 2.2).167 The productivity of some economically important crops, such as upland cotton in 
Arizona, has already declined because of heat stress.168 While increased drought is the most prominent 
climate-driven risk to agriculture in the region, important farming areas such as California’s Central Valley 
also face damage from occasional large floods caused by atmospheric river events.169

Impacts to Farming
Farmers and ranchers are particularly at risk from prolonged, severe drought (Figures 28.6, 8.6). Future 
temperature increases are expected to drive higher rates of evapotranspiration, increasing demand for 
fresh water for irrigation.168 The producers most vulnerable to local precipitation deficits are dryland 
farmers growing rain-fed crops and producers raising livestock on rangelands. Community-based snow-fed 
irrigation systems in high-elevation watersheds of New Mexico and Colorado, known as acequias, are par-
ticularly exposed to the shortfalls in annual snowpack.170 Under increasing aridity, agricultural practices 
such as fallowing and grazing on rangelands will need careful management to avoid increased wind erosion 
and dust production from exposed soils.171 Rising summer temperatures also degrade protective desert 
soil crusts formed by communities of algae, bacteria, lichens, fungi, or mosses, adding to airborne dust 
loads.172 The impacts of increasing aridity on agriculture are therefore twofold because dust deposits 
on mountain snowpack drive faster melting, depleting the snowpack173 and resulting in reduced surface 
water for irrigation. While just 22 of the 216 counties in the region are classified as “farming-dependent” 
by the USDA,174 agriculture is an important contributor to state and local economies and US food supply. 
California leads the Nation in agricultural cash receipts,175 primarily from fruits, nuts, and vegetables; direct 
farm sales to consumers; and farm expenditures.176 Climate change poses risks to both productivity and 
quality of fruit and vegetable products, requiring adaptations on farms and throughout the supply chain, 
including changes in crop calendars, nutrient and pest management strategies, post-harvest handling, and 
preservation methods.177,178
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Agriculture and Climate Change in the Southwest US

 
Monitoring indicators of climate impacts on agriculture can improve understanding and help with adaptation 
efforts. 

Figure 28.6. Climate change impacts to the Southwest’s agriculture include longer growing seasons, a northward 
shift in plant hardiness zones, expanded areas of heat stress, and higher rates of evapotranspiration, increasing 
demand for fresh water for irrigation. Monitoring the indicators helps us understand how impacts are experienced 
and how to adapt to risks. Figure credit: New Mexico State University and Utah State University. See figure meta-
data for additional contributors.

Reduced crop production due to climate change will carry major economic costs. Drought events have 
brought significant economic impacts on regional agriculture (KM 19.1); for example, the 2021 drought cost 
California farming sectors an estimated $1.28 billion (in 2022 dollars) and led to the loss of 8,745 full- or 
part-time jobs (KM 11.3).179 Modeling studies indicate that warming temperatures are expected to have a 
detrimental impact on the yields of almonds,164 wine grapes,180 and other high-value crops.169 Localized 
adaptation strategies include crop- and locality-specific combinations of irrigation, site management 
(e.g., use of cover crops and increased fallowing), and cultivar selection.181 Fallowing as a response to water 
shortages can bring its own challenges, such as increased dust and weed production, but it can also enhance 
ecosystem services such as groundwater recharge and improved ecosystem health.182 

Climate warming is likely to lead to larger, more frequent, and more severe outbreaks of bark beetles, 
negatively affecting the quality and quantity of timber available to the region’s forestry and forest products 
industries.183 While wood products are minor economic contributors to the region’s inland states, costs 
could be considerable in California, where the industry has been estimated to contribute $44.8 billion (in 
2022 dollars) and 177,000 jobs (KM 7.2).184

Over time, agricultural income in the region has become more dependent on crops than livestock.185 
Because most Southwest croplands are irrigated, agriculture in the region had been thought to be less 
vulnerable to climate change than that in other parts of the country. However, future irrigation supply is 
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uncertain as it depends on dwindling ground and surface water supplies (KMs 28.1, 4.1). For example, Arizona 
allows up to 73% of its water to be used for crop production,186 but the promise of continued irrigation 
water is less clear given the state’s rapidly growing population and decreased flows in the Colorado River.187 
Crop irrigation, mainly of alfalfa, accounts for three-quarters of consumptive water use in the Great Salt 
Lake basin, where cuts to irrigation use are advocated as the state seeks to prevent total depletion of the 
lake and associated environmental and public health impacts.188 Strategies to reduce irrigation water use 
include switching from gravity flow and sprinklers to more efficient systems,186 but the costs of conversion 
can be difficult for farmers when climate change is already reducing yields.185 Federal insurance programs 
can assist farmers after climate-related crop or forage loss, providing short-term economic relief from 
effects of extreme events.189 However, some research suggests that federal insurance programs provide a 
disincentive for farmers to adapt to climate change impacts.189 Non-climate-related stressors can influence 
the capacity of agricultural communities to adapt to climate impacts.29 On the plains of Colorado and New 
Mexico, most rural counties are depopulating due to persistent out-migration of young adults, straining 
social services and reducing tax revenues.190 Yet the Southwest also has some of the fastest-growing areas in 
the US, including high-amenity rural areas and cities expanding into agricultural zones.191 Urban expansion 
can increase cropland loss while simultaneously increasing the number of small farms focusing on specialty 
crops rather than basic commodities,192,193 placing greater pressure on the region’s food supply as drought 
(KM 28.1)51 threatens agricultural production.194

Livestock production is the dominant use of agricultural land in large areas of the Southwest where crop 
production is unprofitable or infeasible. Animal agriculture accounts for about one-third of agricultural 
revenue, with about 70% from cattle.195 Climate change is expected to reduce the sustainability of cattle 
production that depends on rangeland ecosystems.195,196 Negative impacts are expected on the entire 
livestock food supply chain, affecting production and nutritional quality of forage, livestock health on 
rangelands and in transport due to heat stress and pest exposure, and shelf life of products during transport 
and storage.197,198 Forage from Bureau of Land Management rangelands is expected to decrease in Arizona 
and New Mexico, but it is less certain whether rangeland forage will hold steady in the central and northern 
portions of California, Colorado, Nevada, and Utah due to differences in moisture availability during the 
growing season.197,199

Cascading Impacts of Climate Change to Agriculture
The cascading impacts of climate change in combination with urban population increases and other social 
and cultural factors pose an increasing threat to agriculture in the region.29 Urban growth in the Southwest 
has led to competition for water between farms and cities, mirroring global trends.200 Water transfers from 
rural to urban areas have been a feature of the Southwest for decades, often with negative consequenc-
es for rural and low-income communities.201,202 To meet water demands for a growing metropolitan region 
while preserving irrigated croplands, Colorado is experimenting with water policy innovations designed to 
encourage rural-to-urban transfers while minimizing impacts in rural areas, but adoption has been slow 
due to distrust on the part of agricultural communities and uncertainty about trade-offs.202 Market forces 
in California have encouraged growers to shift to crops with a high economic value but also a large water 
footprint, such as tree nuts203,204 and legal cannabis.205

Frontline Communities and Food Insecurity
Frontline communities including Hispanic populations, women farmers, migrant farmworkers, and 
Indigenous Peoples face challenges to water access in their homes as well as food security and health (KM 
4.2).201,206,207 For example, the 2012–2016 drought in California’s San Joaquin Valley disrupted farmworkers’ 
employment and reduced food security, water security, and health.208 Mental health risks are also increasing 
as farmers and ranchers report moderate to severe levels of anxiety about climate change and the need 
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to adapt.209 First-generation and women ranchers are disproportionately vulnerable to climate impacts 
because of limited experience with drought and weaker connections to rancher networks.210

Low-income urban communities are expected to be among the first to suffer food insecurity as climate 
change reduces the region’s food production. Strategies have been proposed to produce more food in urban 
settings, but these foods often do not reach low-income consumers, who have less access to food distri-
bution systems and often cannot afford to pay the higher prices such foods often command.211 Indigenous 
Knowledge has been proposed as a significant resource for climate change adaptation (KM 16.3).212,213 Because 
people in the Southwest have adapted to drought impacts for millennia, employing Indigenous Knowledge 
can allow the region to serve as a “laboratory” for future climate-adapted food systems214 while enhancing 
food sovereignty.215

Adaptation for Agriculture
Adaptation solutions exist for ranching operations,196,216 but social and economic barriers, such as distrust 
of experts, the financial costs and time commitments of innovation, and adherence to tradition, have 
slowed information uptake.199 Climate change information is not routinely incorporated into ranchers’ 
risk management decisions217 and only recently has become a priority in federal agency rangeland 
management plans.197

People across the Southwest are exploring technological adaptations to climate impacts (KM 31.3). Adaptive 
conservation management approaches that focus on minimizing soil disturbance while maximizing soil 
cover, biodiversity, and the presence of living roots have been gaining traction with farmers through 
practices such as cover cropping and reduced-tillage and no-till farming (KM 11.1).218,219 Combined with 
reduced tillage, cover cropping improves soil structure, organic carbon content, and infiltration and 
water-holding capacity in irrigated cropland220 and positively impacts nutrient cycling, crop yield, and 
soil water conservation in limited-irrigation, semiarid cropping systems.221,222 However, some farmers 
and ranchers, such as those who operate on small acreages, often find it hard to access the resources to 
transition practices or may perceive the risks of change to be too great, including financial expense and the 
perceived need to learn new skills.223

Irrigation efficiency can reduce risks to farming and ranching operations due to increasing tempera-
tures, unreliable precipitation, and reduced water resources. However, access to these solutions can 
be complicated due to farm or ranch location, access to surface water and groundwater, water rights, 
current irrigation methods, and crop types.224 In the Verde Valley of Arizona, limited access to materials, 
equipment, and financial resources, especially for small-scale producers, inhibits their ability to 
respond to water-related challenges.224 Indigenous Peoples face barriers in accessing support from the 
Natural Resources Conservation Service (NRCS) related to land tenure, financial assistance, institution-
al mismatches, and complexities in incorporating Indigenous agricultural methods in applications for 
NRCS programs.225,226
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Key Message 28.4  
Climate Change Compromises Human Health and Reshapes Demographics

Increases in extreme heat, drought, flooding, and wildfire activity are negatively impacting 
the physical health of Southwest residents (high confidence). Climate change is also shaping 
the demographics of the region by spurring the migration of people from Central America to 
the Southwest (medium confidence). Individuals particularly vulnerable to increasing climate 
change impacts include older adults, outdoor workers, and people with low income (high confi-
dence). Local, state, and federal adaptation initiatives are working to respond to these impacts 
(high confidence).

Extreme Heat Impacts
Since 2018, 31 large climate- and weather-related disasters have affected the Southwest, resulting in more 
than 700 fatalities and estimated damages totaling $67.3 billion (in 2022 dollars).2 Strong evidence indicates 
that extreme heat disproportionately impacts the health of frontline and overburdened communities in the 
region (KM 15.2), including the unhoused,227,228,229 outdoor workers, and migrant farmworkers (Figure 28.7; 
KM 11.2),230,231,232,233 as well as those with low income8,234 and older adults.235 Between 2016 and 2020, 7,687 
hospitalizations in the Southwest were due to heat and heat-related illnesses, in comparison to 5,517 in the 
previous five years (2011 to 2015).236 Pre- and post-natal exposure to high heat and air pollution are shown to 
be particularly dangerous in the region.237,238,239,240

Extreme heat and high-ozone days in the region are expected to increase under climate change (KMs 2.3, 
3.5).241 These changes are expected to increase heat and air-pollution exposure, illness, and premature 
death.242 Intensified aridity from higher temperatures and drought is expected to lead to more dust storms243 
and more than double the number of deaths attributed to fine dust by 2080–2099 under a very high 
scenario (RCP8.5), relative to 1986–2005 (KM 6.1),244 with increasing exposures for outdoor workers during 
the warm season. The incidence of coccidioidomycosis (Valley fever) in the region has increased (Figure 
15.2)245 and is associated with higher air temperatures and drier soils,246,247 with greater risk to those whose 
job requires dirt disruption. The annual average cost to the US economy of Valley fever for the 2000–2015 
baseline was $4.8 billion per year (in 2022 dollars), which is projected to increase 390% by 2090 under a very 
high scenario (RCP8.5; Figure 15.2).248

Extreme heat exposure also affects the economy through decreased productivity and well-being in outdoor 
workers (Figure 28.7),249,250,251 especially among migrant agriculture workers in the region (KM 15.1).252,253 
Impact estimates to productivity provided in Figure 28.7 are projected to result in a loss of 25% of the 
workday on all days in the third quarter (July–September) under a very high scenario (SSP5-8.5) by the end 
of century and cause important losses to the economy (KM 19.1). Dehydration due to working outdoors in 
extreme heat in California is linked to acute kidney illness even after a single day of exposure.254 Research 
into the mechanisms of chronic kidney disease related to climate change is ongoing, yet occupational heat 
exposure is a causal factor.255
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Heat Impacts in the Southwest

With extreme heat events expected to increase in frequency and severity, the ability to perform work outside is 
projected to decline across parts of the Southwest.

Figure 28.7. The ability to perform work outside—as measured by physical work capacity (PWC)—will decline 
across large swaths of the Southwest due to heat exposure throughout the century, with the greatest declines ex-
pected in southwest Arizona, southeast California, and California’s Central Valley. These impacts on outdoor work 
will affect agricultural output, as well as earning ability for workers. PWC has a range of 100% (no loss of work 
capacity) to 0% (complete loss). The maps display the proportion of days in the third quarter (July to September) 
in which PWC is less than 75%. In historical conditions (a), a few locations in southern Arizona had PWC values 
less than 75% for half of the quarter. (d) Under a very high scenario (SSP5-8.5) by end of century, most of southern 
Arizona, southeast California, and some of California’s Central Valley are projected to have less than 75% work ca-
pacity for all days in the third quarter. This daily labor loss is calculated based on a given heat load (temperature, 
humidity, and solar radiation) compared to temperate conditions where there is no thermal effect on work output. 
To provide a full range of potential impacts, maps are based on representative years for (a) historical/early centu-
ry (1991–2010); (b) midcentury (2041–2060, SSP1-2.6 [low scenario]); (c) midcentury (2041–2060, SSP5-8.5 [very 
high scenario]); and (d) end of century (2081–2100, SSP5-8.5). Estimates are based on an individual performing 
moderate to heavy agricultural work outdoors over a daytime shift (about 7 hours). The PWC is an empirical 
estimate based on human physiological chamber studies quantifying how PWC changes with the environment 
heat load based on the wet-bulb globe temperature.256,257,258,259 Land areas in white had no crops in the early 21st 
century. Figure credit: University of Illinois–Urbana Champaign and Arizona State University.
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Air Quality and Health Impacts
While the annual average level of fine particulate matter (PM2.5) has seen decadal decline in the region due to 
strengthened air quality policies reducing emissions from controllable sources, disparities in PM2.5 exposure 
and related health concerns remain high in the region.260 Moreover, the frequency and severity of smoke 
events with PM2.5 exceedances of federal air quality standards have increased significantly due to wildfires 
(Figure 14.3). Since 2015 in Northern California, the annual average PM2.5 has increased because of wildfire 
events, which have taken over as the main source of PM2.5 exceedances.261 PM2.5 in wildfire smoke contributes 
to adverse health effects for firefighters262 and the public263,264 and can be more hazardous to health than 
similar levels of particulates from other sources.265 The costs of adverse respiratory and cardiovascular 
health outcomes can exceed the billions spent on wildfire suppression (KM 28.5).266 Chemicals in wildfire 
smoke also correlate with increased cancer risk.267 Direct exposure to the 2018 Camp Fire in California has 
been linked to mental health disorders such as depression and post-traumatic stress disorder.268 Wildfires 
can also cause other public health impacts, including water contamination when fires damage water dis-
tribution infrastructure,269 long-term loss of access to clean drinking water,270 and increased landslide risks 
(KM 28.5).

Flooding and Disease
Increases in flooding in the region are projected with continued warming.271,272 These changes increase risks 
of water-borne diseases and exposure to toxic hazards and place stress on food, energy, and water supplies, 
as well as farmworkers’ health (including interconnected sectors) and their socioeconomic insecurity.39 
Flooding exposures may increase as a greater proportion of the population across the region, on average, 
is living on 100-year floodplains (e.g., in California, between 1990 and 2020, 25,000 more people lived on 
100-year floodplains).137 Flooding can also interrupt vector-control programs, such as for West Nile virus.273 
The region is seeing challenges with West Nile virus, particularly in Arizona and California,274 with projected 
increases due to changes in the climate, human population, and mosquito distribution (KM 24.3).275,276

Impacts to Outdoor Workers
Limited occupational health and safety standards for farmworkers and other outdoor workers are of 
key concern, as intensifying wildfires and heat collide with harvest season each year, particularly for 
undocumented Latino/a and Indigenous migrants.231 The improvement of these standards at the state 
and national levels will be critical for health adaptation to climate impacts in the region. Moreover, the 
harm to farmworkers due to wildfire smoke is expected to be greater than previously thought, bolstering 
the argument for additional research and policies to help safeguard overburdened and stigmatized 
populations.277 Many Southwest cities experienced high rates of economic and population growth during 
the second half of the 20th century, particularly between 2015 and 2019.31 The region’s flourishing economy 
and proximity to the Mexican border result in a high influx of migrants.278,279 Migrants from Central America, 
spurred to migrate due to climate change in addition to poverty and violence (KM 17.2), are drawn by the 
Southwest’s strong economy and increase the number of vulnerable people and change the demographics 
in the region. Local, state, and federal efforts to both mitigate climate change and support essential human 
adaptation to increasing exposures will be vital in protecting the health of a growing and aging population 
and our most vulnerable communities (Figure 28.8; KM 15.1).280
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Community Resilience Estimates for the Southwest

Communities with higher socioeconomic risk factors are expected to be less resilient in the event of climate and 
weather disasters.

Figure 28.8. The map shows community resilience estimates (CREs) for the Southwest. Community resilience is 
the capacity of individuals and households to absorb, endure, and recover from the health, social, and economic 
impacts of a disaster. Individual and household characteristics from the 2019 American Community Survey were 
modeled, in combination with data from the Population Estimates Program, to create the CREs at the county level. 
Darker shading indicates a higher proportion of the population at risk. Adapted from US Census Bureau 2021.281

Demographic Shifts Related to Climate
The effects of climate change on other regions of the world—especially Central America—are changing 
the Southwest’s demographics. Decreasing agricultural productivity, increasing levels of food insecurity, 
and adverse climate effects are among the main reasons why people emigrate from the Northern Triangle 
(Guatemala, Honduras, and El Salvador) to the US (KM 17.2).32,279 In 2021, 42% of Central American immigrants 
to the US lived in the Southwest region,282 and about 43% of immigrants apprehended at the Southwest 
border in 2019 originated from the Northern Triangle.278 Many are poor, women, children, or Indigenous 
Peoples. Climate-related migration has been shown to affect people’s physical and mental health, resulting 
from exposure to weather extremes, disruption of social ties, and overcrowding of health systems in the 
host communities.283
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Adaptation Efforts for Health
Several programs have been developed to address the health impacts of climate change in the region, but 
financial constraints and political support affect their implementation.284 Since 2010, the CDC’s Building 
Resilience Against Climate Effects program in Arizona and California has developed and implemented 
strategies to protect communities from climate-sensitive hazards, including schools, healthcare facilities, 
and other at-risk populations.285 This program, currently in 10 cities across the country, has developed 
important resources and programs that can be scaled up for future climate resilience efforts. To protect the 
health and learning of school children, the Arizona Department of Health Services created new heat policy 
guidance, resulting in recommendations for school heat safety and adaptation strategies.286,287 In California, 
San Mateo County assessed asthma burden connected to local climate issues.288 Public health guidance 
in the region should focus on co-exposures to heat and wildfire smoke in adaptation efforts,289 particu-
larly given the projected increase in childhood asthma due to wildfires.290 While data on private sector 
investment is limited, the private sector has historically lacked incentives to invest in adaptation (KM 31.6). 
Globally, in 2017–2018 only 1.6% of all adaptation financing came from the private sector.291 In the Southwest, 
however, certain sectors, such as insurance, came under pressure from the local authorities to get involved 
in tackling climate change by divesting their fossil fuel–based investments.292

Key Message 28.5  
Changes in Wildfire Patterns Pose Challenges  
for Southwest Residents and Ecosystems

In recent years, the Southwest has experienced unprecedented wildfire events, driven in part 
by climate change (high confidence). Fires in the region have become larger and more severe 
(high confidence). High-severity wildfires are expected to continue in coming years, placing 
the people, economies, ecosystems, and water resources of the region at considerable risk 
(very likely, high confidence). Opportunities for adaptation include pre- and postfire actions 
that reduce wildfire risk and facilitate ecosystem restoration and include traditional land stew-
ardship practices (high confidence) and the application of Indigenous cultural fire (medium 
confidence).

Fire is a natural process in many ecosystems across the Southwest and is necessary for biodiversity, 
ecosystem services, and nature-based solutions (KM 8.2). Fire regimes associated with fire-dependent 
ecosystems are highly variable with elevation and across geographies.293 Long-standing policies and forest 
management—including fire suppression, widespread logging and livestock grazing, and elimination 
of Indigenous fire use—combined with the effects of a changing climate, have contributed to high tree 
densities, compromised ecosystem function, and the diversity, or heterogeneity, of forest attributes such 
as species, size classes, and geographic distributions.18,21,294,295,296 Consequently, many Southwest forests and 
fire-prone wildlands are susceptible to climate-mediated impacts including droughts, pests and disease 
(Box 7.1), and devastating wildfire.295,297 An abundance of scientific research strongly suggests that Southwest 
ecosystems, in the face of rapid climate change–induced transformation, will require active management 
interventions that increase forest heterogeneity and enhance ecosystem function and adaptive capacity 
(KM 7.3).298,299,300

Human-induced warming temperature trends, changes in precipitation patterns, and increases in vapor 
pressure deficit have driven the desiccation of fuels that influence wildfire patterns and behavior across 
the western US (KM 7.1).17,18,19,20,21,301 In the Southwest, fires have become larger, more frequent, and, in many 
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areas, more severe (KM 7.1), with clear evidence of climate change as a major cause.302,303 Seven of the ten 
largest US wildfires in 2020–2021 occurred in the region. Of the 50 largest US wildfires in 2020, 22 occurred 
in California, and the 7 largest wildfires recorded in California have occurred since 2018.304,305,306 The three 
largest wildfires recorded in Colorado occurred in 2020; the largest fires in Nevada history burned in 2018;307 
and the largest wildfires in Arizona, New Mexico, and Utah all occurred since 2007 (Figure 28.9; Focus on 
Western Wildfires). Large fires on non-forested western US rangelands also increased more than fivefold 
during the period 1984–2017.308 Much of this increase is driven by increases in invasive annual grass cover, 
caused partly by climate change and increased atmospheric carbon dioxide.309

Impacts on Ecosystems
Climate change causes cascading effects with other factors in Southwest ecosystems that are otherwise 
fire-adapted. For example, large areas of high-severity fire have driven ecosystem type conversions in many 
parts of the region.294,310 Semiarid to arid forest systems are particularly vulnerable to these effects and have 
experienced conversion to native grassland,311 shrubland, or non-native grassland (Figures 28.9, 8.6).294 The 
cumulative effects of fire-driven ecosystem changes continue to place ecosystems at high risk of vegetation 
type conversion (e.g., forests to shrublands), which can result in severe impacts on watersheds and aquatic 
resources.294 Effects include degradation of riparian systems; risks to riparian and riverine species, as well as 
to threatened and endangered species, from erosion caused by extreme precipitation events; and increased 
invasions by non-native species.312

Wildfire and Vegetation Change in the Southwest

Climate change is leading to larger and hotter fires and resulting in shifts in vegetation.

Figure 28.9. Data from the states of California, Arizona, Colorado, and New Mexico show that approximately 
half (about 50%) of vegetation type change (e.g., forests transiting to shrublands or grasslands) is a function of 
high-severity fire. Adapted from Guiterman et al. 2022294 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode
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Recent climate-induced aridification, including loss of snowpack, has also hindered postfire tree seedling 
and shrub establishment, limiting ecosystem recovery.313,314,315 This is particularly true of postfire conditions 
for water availability, quantity, and quality. Moreover, interactions between wildfire and natural drought 
variability are expected to increasingly exacerbate dry conditions that will further stress tree seedlings316 
and drive potential future shifts in species composition or vegetation type.314,317 Conversions of coastal 
shrublands driven by human development also have interacted with climate-induced drying of vegetative 
fuels to generate atypical fire conditions.318

Projections of future climate change suggest that wildfire activity will continue to affect ecosystems and 
their services.298,319,320,321,322 Specific ecosystem responses to climatic changes will depend on interactions 
among vegetation type, moisture stress, disturbance regimes (e.g., pests, pathogens, and high-severity fire), 
and human land-use changes (KM 6.2).295,297,319 For example, climate change is predicted to lead to a loss of 
sagebrush ecosystems in the southern and eastern Great Basin because those ecosystems are less able to 
recover after fires in a warmer, drier climate.323

However, future wildfire trends are less certain in rangelands than in forests because fire size (measured by 
annual area burned) and severity (a shift from low-intensity fires to stand-replacing crown fires) depend on 
production of aboveground vegetation that varies annually with climatic conditions.324 Growth of the grasses 
that typically fuel wildfires is expected to decrease in Arizona and New Mexico,199,325 whereas elsewhere 
in the region, precipitation is projected to increase early in the growing season, which, when followed by 
hotter summers, will generate conditions ideal for fire ignitions.324

Impacts on People and Communities
Climate-related increases in the frequency, severity, and extent of wildfires in the Southwest are 
endangering lives and property (Focus on Western Wildfires).17,18,19,20,21,326 Complete data across the region 
on wildfire-caused fatalities are sparse,327 but three of the five deadliest fires on record in California have 
occurred since 2017, costing 122 lives.304 Further, loss of life can be attributed to wildfire smoke, which has 
also been linked to increases in COVID-19 fatalities in Northern California328 and postfire debris flows that 
can leave slopes bare of vegetation and vulnerable to rapid erosion (Ch. 7; Focus on Western Wildfires).329 
The risk of postfire debris flows in coastal communities is expected to increase due to an increase in heavy 
precipitation typically delivered by atmospheric river events (KMs 28.1, 8.1).330

Property losses due to wildfire are greatest in the Southwest compared to other regions. In 2021, 3,363 
structures burned due to wildfires in California, the highest number lost in any state, while the December 
2021 Marshall Fire in Colorado, a fast-burning grassland fire, burned more than 1,000 homes in just a few 
hours.306 The 2022 Calf Canyon/Hermit’s Peak Fire that burned 341,735 acres is New Mexico’s largest fire. 
Secondary impacts of wildfire, such as postfire debris flows (Figures 3.13, 6.5) on recently burned slopes, 
impose additional hazards to property.329 The estimated cost of fighting the 10 largest California wildfires 
in 2021 exceeded $2.25 billion (in 2022 dollars),306 with suppression costs representing only a fraction of a 
total economic impact that also includes loss of structures and infrastructure, increased medical costs, crop 
losses, water quality contamination, and other factors (KM 19.1).

The increase in structures and infrastructure lost can be linked to population growth in the wildland–urban 
interface (WUI; Figure A4.14), where houses are built close to forests and other natural areas.331 The number 
of Americans living in the WUI doubled from 1990 to 2010, and the WUI population has risen fastest in areas 
such as the Southwest where wildfire risk is greatest.332,333 While migration to WUI counties shows modest 
reductions immediately after wildfire or extreme heat events,334 fires do not seem to drive current residents 
away; fewer than 6% of Sonoma County, California, residents who lost homes to wildfires in 2017 subse-
quently left the county.335
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Impacts of fire on community livelihoods depend on exposure to wildfire risk and capacity to adapt (KM 
7.3). Analysis of livelihood vulnerability in 14 fire-prone states found that New Mexico and Arizona residents 
were most vulnerable due to relatively high risk exposure and low to moderate access to resources needed 
to adapt to changing conditions.336 Low-income areas, communities of color, undocumented Indigenous 
migrants, sexual and gender minorities (KM 15.2),337 and unsheltered persons are most vulnerable to wildfire 
impacts,231,338 including water contamination from carcinogenic compounds.269 Populations with medical 
disabilities or limited mobility, older adults, and those who rely on medical equipment are also dispropor-
tionately at high risk during wildfires.339

Wildfires, moreover, often occur during farm harvest seasons, increasing health risks for workers.277 
Southwest industries especially vulnerable to wildfires include wineries,340 tourism,341,342 forest products,183 
and legal cannabis cultivation.343 For example, in the 2020 fires, the economic impact of smoke taint is 
estimated to have cost the California wine industry $4.2 billion (in 2022 dollars). Smoke taint occurs when 
smoke and ash permeate the skin of grapes and can affect the taste and smell of wine.344

Impacts of wildfire on natural environments can affect ecosystem services (KM 7.2) that people derive from 
those environments, including air quality (KM 28.4),266 water quality and availability,345 pollination,346 livestock 
forage and health,347 and outdoor recreation.348 Ecosystem service effects vary over time as short-term 
declines in services can be followed by improvement over a longer term as ecosystems recover.349 Wildfires 
in forested ecosystems chemically alter watersheds and can reduce drinking water quality,350 in some cases 
leading municipalities to issue drinking water advisories.351 Postfire hazards such as floods and debris flows 
further threaten water security (Focus on Western Wildfires).352 Smoke from the 2020 wildfires significantly 
reduced industrial solar energy production in Southern California.353

While high-severity wildfires (i.e., stand-replacing fire) generally have negative impacts, wildfires and 
prescribed fires that burn at low to moderate severities can have positive effects by reducing fuel loads, 
curtailing plant pests and diseases, and stimulating new vegetation growth.354 Prescribed burning, while an 
effective tool to reverse undesirable changes in forest vegetation structure due to fire suppression, can also 
reduce air quality in the short term.266

Ecosystem Management Challenges and Adaptation Solutions
Forest resilience may be enhanced by thinning trees, leveraging low- and moderate-severity wildfires with 
traditional forest management treatments that adjust fuels, and better incorporating managed wildfire.299 
Using prescribed fire in conjunction with mechanical forest treatments, such as thinning or pruning, also 
reduces tree densities and fuels.300 Prescribed fire can increase forest resilience during periods of cli-
mate-related stress, such as sustained drought,355 and can reduce the extent and intensity of the wildfire 
regime.356 Cultural fire use to meet Indigenous and Tribal objectives can be compatible with traditional fire 
application and help advance increased resilience to climate change.296,357

To decrease competition for water resources and increase forest resilience, reductions in tree density and 
fuels can lower the risk of high-severity wildfires and drought- and pest-induced mortality (KM 6.2).358,359 
Recent evidence suggests that increasing these approaches can help adapt to the rapidly increasing 
risks.299,360 However, the implementation of prescribed fire may be curtailed due to public concerns about 
smoke and fires that escape management prescription.361

Natural lands, including forests and associated woodlands, play a central role in mitigating climate change 
(KM 32.1).362,363 However, climate variability, drought- and pest-driven tree mortality, wildfire, and other 
disturbances suggest that the Southwest will see a continued decline in terrestrial carbon storage.362,364 As 
a result, securing or even increasing ecosystem carbon storage is often an objective for forest management 
investment.365 Forest management treatments differ in their short-term carbon losses relative to the 
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expected benefits of greater fire resistance, which leads to longer-term carbon stability (Box 7.2). In 
Southwest forests, reducing thinning area and increasing the area burned enhances the potential for a 
net carbon benefit when compared to no action.366 Reforesting areas where forest cover was lost due to 
mortality can help mitigate the effects of climate change,367 but planting additional trees that increase forest 
density would result in elevated fire risk and drought stress and therefore is not expected be an effective 
adaptation solution.300,368

Other adaptation solutions include power shutoff policies by utilities to reduce wildfire risk when 
extreme wind events are predicted to topple powerlines and telecommunications infrastructure.369,370,371 
Power shutoffs are more likely in autumn due to a climate-related increase in the number of days with 
extreme fire weather.18 Power shutoffs may also increase homeowners’ intention to adopt solar power372 
or fossil fuel–powered generators.373 Individuals who experienced shutoffs reported poorer physical and 
mental health immediately after the occurrence, yet they still supported the use of shutoffs as a wildfire 
risk-reduction strategy.374
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Traceable Accounts
Process Description
Following their selection in August 2021, the chapter lead author, federal coordinating lead author, and 
agency chapter lead author developed a comprehensive list of author candidates based on an analysis of 
prior National Climate Assessments, published scientific literature, science communication outlets, and 
policy-relevant reports. The final chapter authors were then selected based on their depth of knowledge, 
diversity of expertise, and experience in issues critical to the Southwest. Furthermore, authors were 
selected to represent diverse perspectives in terms of race, ethnicity, and gender identity. The Southwest 
chapter public engagement workshop was held virtually on February 4, 2022, with more than 90 partic-
ipants. The workshop included an overview, a series of breakout rooms where the participants provided 
feedback on key topics, and a final roundup discussion among all participants. The author team held a 
debriefing session on February 7, 2022, to reflect on the input provided during the workshop. The author 
team met weekly during the development of the chapter.

Based on discussions among the author team, input from stakeholders, and consideration of the Fourth 
National Climate Assessment, the authors developed five Key Messages representing the valued assets and 
unique characteristics of the region. These include water resources, the coast, food and agriculture, demo-
graphics and human health, and wildfire. The chapter details the observed and anticipated effects of climate 
change on human and natural systems across those topics and outcomes to be avoided in the absence of 
adaptation and mitigation. 

For the scientific assessment, the authors conducted a systematic evaluation of the body of scientific and 
technical knowledge to synthesize published studies, data, models, and assumptions while applying best 
professional judgment to assess uncertainties and conflicting findings. The chapter pays specific attention 
to factors that make specific systems and groups more vulnerable. The chapter identifies intersections 
between topics, cascading risks, and paths to resilience. The chapter also addresses cross-cutting themes 
including adaptation solutions and challenges, climate change equity and environmental justice, Indigenous 
Peoples and Knowledges, economics, infrastructure, and ecosystems and ecosystem services.

Key Message 28.1  
Drought and Increasing Aridity Threaten Water Resources

Description of Evidence Base
Instrumental data and paleoclimate data provide strong, abundant evidence that the early-21st-century 
drought in the Southwest is more severe than most, but not all, prior drought periods.28,45,46,375 Research 
has identified higher temperatures as being a major driver of drought severity through the mechanism of 
increased atmospheric demand.47 Recent research builds on an already-substantial evidence base demon-
strating the decline of southwestern snowpacks over the last century.5,6,49,50 Research has shown how 
drought-induced shortages in surface water have increased groundwater pumping in California’s Central 
Valley,67 which provides one example of how drought may reduce future water access, especially if aquifer 
recharge is also reduced.63

Major Uncertainties and Research Gaps
Historical data supply insight into the potential impact of precipitation deficits on surface water, and various 
research studies demonstrate how precipitation deficit and higher rates of evapotranspiration feed into 
reduced soil moisture and infiltration, both in contemporary and future warmer climates. However, there 
is remaining uncertainty over the precise contribution of temperature to these declines in 20th-century 
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Upper Colorado streamflow,375 the impact of changing snowpack dynamics on streamflow in and across 
different southwestern river basins,56 and the impacts of El Niño–Southern Oscillation on precipitation in 
the region.376,377

There are also research gaps on the impacts of climate change on the full hydrologic cycle of the Southwest. 
From the biophysical perspective, there’s a lack of information about aquifer recharge, specifically regarding 
temporal variability of recharge rates and locations.63 Another topic for further exploration is the rela-
tionship between drought, surface water supplies, and rates of groundwater pumping for agriculture in 
locations within the Southwest beyond California (e.g., Rio Grande and tributaries, Utah, Nevada). Further, 
there is limited research on climate change impacts on the dynamics of the North American Monsoon, 
including how to more effectively capture monsoon moisture to substitute for decreased winter precipita-
tion, as well as on other extreme precipitation events such as atmospheric rivers.

Additionally, there are multiple paths for water adaptation in the Southwest for industry, agriculture, and 
communities to build resilience to a more water-scarce future. However, there are research gaps around the 
feasibility and long-term effects of these adaptation solutions.378,379 Moreover, the ability of different sectors 
and communities—including rural, low-income, Indigenous, and other frontline communities—to adapt to 
climate-induced water scarcity is highly variable across the Southwest.380 There is a gap in research on best 
practices to support these communities in adapting to current and future water scarcity.

Currently, Indigenous Peoples’ water rights are under-utilized, while water access remains a challenge 
for many Indigenous Peoples. As more Indigenous Peoples gain access to and use their water rights, there 
is limited research on how this might impact other water users and broader water management actions, 
especially under Colorado River drought policies.381

Description of Confidence and Likelihood
Measurements of snowpack, streamflow, and groundwater over the last century support the observation, 
with very high confidence, that climate change has reduced surface water and groundwater availability for 
people and nature in the Southwest.4,14,56 Moreover, evidence from the peer-reviewed literature supports the 
assertion of high confidence that certain Indigenous and frontline communities, including agriculturalists, 
will experience disproportionate impacts from reduced water availability and that long-standing institution-
al frameworks drive these inequities.187,382,383,384

The high confidence that higher temperatures have intensified drought and will very likely lead to a more 
arid future is based on recent evidence that shows that since the early 20th century higher temperatures 
have increased the proportion of precipitation being lost to evapotranspiration relative to its contribution to 
Colorado River flow—a trend that is expected to continue as the region warms.28,51

Without extensive adaptation, which is challenging because human systems have developed under the 
historical water cycle patterns (KM 4.2), there is high confidence and it is likely that these dynamics will 
further stress existing water supply–demand imbalances. Water supply imbalances primarily refer to the 
over-allocation of surface water supplies in the region’s major rivers, such as the Colorado and Rio Grande, 
due to committing more water to what are legally known as “beneficial uses” than is currently available. 
Concurrently, longitudinal studies and climate models suggest that there is high confidence that increased 
flooding will occur due to more intense precipitation events, such as those caused by atmospheric rivers,71,72 
in the region’s future.

There is medium confidence that flexible and adaptive approaches to water management have the potential 
to address changing climate risks and mitigate the impacts on people, the environment, and the economy 
(KM 4.3). While there are abundant examples of such approaches from around the world and in multiple 
water-use sectors, assessments of the feasibility of these examples in the Southwest are lacking.
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Key Message 28.2  
Adaptation Efforts Increase to Address Accelerating 
Impacts to the Region’s Coast and Ocean

Description of Evidence Base
Recent research and observed events demonstrate that marine heatwave events will continue and increase 
in frequency alongside other stressors, impacting marine-resource dependent communities.35,95 Marine 
heatwaves and century-scale sea surface temperature warming trends near the coast of California have 
been attributed to human influence on climate.385 Adverse impacts to aquaculture and wild-capture fisheries 
have already been observed and are projected to worsen. Impacts are connected to the degradation of 
marine ecosystems from not only temperature effects but also ocean acidification, hypoxia, and harmful 
algal blooms. And while there is extensive literature on the California Current ecosystem and wild-capture 
fisheries, there are fewer studies on the long-term effects of extreme events and California aquaculture, and 
thus higher uncertainty.

Sea level rise impacts have been extensively modeled and compared with observed flooding. The most 
recent lines of evidence are synthesized with a large body of relevant literature included in the 2022 
Interagency Task Force report on sea level rise7 and the Intergovernmental Panel on Climate Change Sixth 
Assessment Report from Working Group I.95

The authors focused on findings on the impacts from sea level rise, which centered around new under-
standings of sea level rise impacts to groundwater and infrastructure and communities. Energy and trans-
portation infrastructure will continue to be impacted by increased flooding. Furthermore, recent studies 
have shown that climate impacts will disproportionately impact overburdened communities, but additional 
research specific to California is lacking.

Adaptation for infrastructure and communities has been accelerating in California through state and 
local governments, as seen through the release of laws, executive orders, and state guidance documents, 
as well as an increase in state, Tribal, local, and regional vulnerability assessments and adaptation plans. 
Government planning requirements and guidance for different sectors are increasing. The State of 
California also invests in downscaled climate science to inform state and local climate decision-making; 
the state’s climate change assessment has been codified in law. Less information on adaptive strategies for 
fisheries and aquaculture has been released.

Major Uncertainties and Research Gaps
Long-term, compound implications of greater extremes with other stressors and mitigation strategies 
are less certain. There is less research in California on combined, long-term impacts of marine heatwaves 
and multi-stressor effects on ecosystems, species, and aquaculture. However, multi-stressor research is 
advancing,386 including for the California Current,387 increasing our mechanistic understanding of climate 
change effects. Mitigation strategies of nature-based carbon dioxide removal are growing in interest 
and investment in the US (Ch. 32),388 including in California. While the emerging evidence suggests that 
ocean-based solutions, such as seaweed aquaculture carbon sequestration, are not a global “silver bullet” 
to mitigate carbon emissions, they may provide some local benefits.133 However, who benefits from such 
interventions and the impacts to surrounding ecosystems require further investigation to ensure positive 
outcomes for nature and people.389,390,391

There is a lack of research on the impacts of sea level rise on groundwater flooding, as well as the 
application of those findings to infrastructure and community analyses. These compounding threats 
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have not been included in most adaptation planning to date, which could result in less adaptive solutions 
being implemented.

As governments and communities begin building adaptation projects, uncertainties about their efficacy 
remain. There is limited research tracking adaptation implementation, including research identifying 
potential ramifications, such as displacement of overburdened communities, economic injustices in terms 
of resources available for adaptation, and methods to ensure communities are part of decision-making for 
eventual retreat or relocation. Additional work could help identify how existing funding tools can support 
adaptation and resilience efforts and how to develop a more robust understanding of adaptation costs 
and benefits.

Description of Confidence and Likelihood
There is high confidence that climate change will increase marine heatwaves and harmful algal blooms 
(HABs), resulting in impacts to coastal ecosystems and economies. There is very high confidence and it is 
very likely that marine heatwave frequency, intensity, and extent will increase. Laufkötter et al. (2020)385 
found that heatwaves have already increased twentyfold because of human-caused global warming and 
that the probability of occurrences increases in frequency under progressively warmer scenarios. Linkages 
between HABs and thermal conditions of the oceans have been demonstrated, but frequency and extent are 
linked to climate and non-climate (e.g., runoff) drivers.392 There is high agreement and evidence of negative 
impacts to marine ecosystems and resource-dependent communities in the literature, but under moderate 
to high climate mitigation scenarios, the severity of impacts will depend on adaptative interventions (e.g., 
nature-based solutions, adoption of ecosystem-based management).

Sea level rise will likely cause increased flooding on the Southwest coast, and there is very high confidence 
that those impacts will severely affect infrastructure and communities, with inequities in how these impacts 
are experienced. The latest climate models and sea level rise projections demonstrate increased confidence 
in relative sea level rise amounts by 2050. Sweet et al. (2022)7 state that relative sea level for the entire 
contiguous US coastline is expected to rise, on average, as much over the next 40 years (2020–2050) as 
it has over the last 100 years (1920–2020; 0.82–0.98 feet). Furthermore, by 2050 the expected relative sea 
level will impact tide and storm surge, leading to major and moderate high tide flood events occurring as 
frequently as minor high tide flood events occurred in 2022, which will impact infrastructure, communities, 
and ecosystems.7

Given the State of California’s progress and leadership on climate science and adaptation planning for sea 
level rise, there is high confidence that adaptation planning and implementation will continue. As evidence, 
the state’s fiscal year 2021–2022 budget included $4 billion (in 2022 dollars) for climate resilience programs, 
with other new climate resilience programs created in fiscal year 2022–2023. State agencies continue to 
release adaptation planning guidance (e.g., State Agency Sea Level Rise Action Plan 2022;393 Extreme Heat 
Action Plan 2022;394 State Adaptation Strategy 2021395) and new funding programs (e.g., Adaptation Planning 
Grant Program 2022;396 Transportation Climate Adaptation Planning Grants 2022;397 Local Transportation 
Infrastructure Climate Adaptation Project [LTCAP] Program 2022;398 Regional Resilience Planning and Imple-
mentation Grant Program 2022399). There is limited to no inclusion of aquaculture in California state climate 
planning (e.g., Lester et al. 2022400), and comparatively less coverage overall in the scientific literature 
compared to wild capture and agriculture,401 and thus there is high confidence that climate planning and 
adaptation solutions for aquaculture are less clear.
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Key Message 28.3  
Increasing Challenges Confront Food and Fiber Production in the Southwest

Description of Evidence Base
Temperature and precipitation data clearly show that this century has been warmer and drier than the 
last.50,381,402 This drying and warming trend is already resulting in measurable impacts on rangeland forage 
production,403 dryland agriculture,404 and irrigated crop yields. A substantial literature exists showing the 
impact of climate change on livestock production through changes in food quantity and quality, pests and 
disease, and animal health and well-being.405 Evidence shows that climate is already affecting the dis-
tribution of livestock agriculture in the east of region. The Southern Plains (in New Mexico) and Central 
Plains (in Colorado) saw large decreases in cow numbers in the 2011–2014 drought.406 Increasingly the 
Southwest’s agricultural economy relies on crop production, but research anticipates downward trends in 
the production of numerous high-value crops in California169 and reduced or less reliable supply of irrigation 
water that supports crop production throughout the region. Numerous examples of adaptation strategies 
exist, such as improved irrigation technologies, soil protection strategies, and shifts to Indigenous practices 
and crops, although there are barriers that inhibit widespread adoption of many of these practices.

Major Uncertainties and Research Gaps
Southwestern food and fiber production is diverse, spanning rangeland livestock systems, irrigated 
croplands and orchards, dryland, and Indigenous farming. Each of these systems is nested within local, 
regional, and international contexts that can exacerbate or alleviate vulnerability to climate change. This 
diversity, combined with factors other than climate change (e.g., global pandemics, inflation, supply chains, 
access to financial support) contribute to the complexity of assessing the impacts of climate change on 
southwestern agriculture. There are therefore research gaps and some uncertainty on how the adaptation 
options described in the agronomic and range management literature can be applied in the real world.

Research gaps remain in our understanding of not only the biophysical and socioeconomic capacity 
to support change in southwestern agrosystems but also the will of farmers and policymakers to 
change the type of crops that are grown. For livestock producers who rely on forage from public 
lands, there is uncertainty about how climate change will affect the number of animals the land 
can support and how possible reductions in stocking rate will affect the viability of ranches and 
ranching-dependent communities.

Description of Confidence and Likelihood
There is high confidence that continuing drought and water scarcity will make it more difficult to raise food 
and fiber in the Southwest without major shifts to new strategies and technologies. Climate models agree 
that the Southwest will continue to warm. This impacts the thermal tolerance and chilling requirements for 
economically important crops. There are multiple indicators that the Southwest is undergoing aridification; 
as a consequence, it is expected that there will be less available water for irrigated agriculture in the future.

Given substantive evidence in the literature, there is high confidence, and it is likely, that extreme heat 
events will continue to occur and are expected to worsen in intensity and increase in frequency in the 21st 
century.167 Extreme heat reduces crop quality and yield181,403 and affects livestock productivity (and in some 
cases survival), resulting in economic impacts.197,198,405 USDA Risk Management Agency indemnities data from 
1989 to 2021 show that heat events are already driving crop production losses across the region.

There is a growing literature that advocates for greater inclusion of Indigenous Knowledge for informing 
adaptation solutions in Southwest agriculture. There is medium confidence that Indigenous Knowledge, 
along with technological innovation, has the potential to inform sustainable agricultural practice 
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regionwide, as well as increasing Indigenous food sovereignty, because there are few studies to date 
that demonstrate how Indigenous Knowledge can be drawn on to adapt larger acreages or commercial 
operations to climate change. It is also evident in the literature that technical innovations (e.g., agrivoltaics, 
internet of things) have yet to become more widely adopted or applied to larger acreage operations.

Key Message 28.4  
Climate Change Compromises Human Health and Reshapes Demographics

Description of Evidence Base
Strong evidence and good agreement among multiple sources and lines of evidence show that extreme heat 
exposures already are leading to heat-associated deaths and illnesses across the region.228,233,407 Exposures to 
extreme heat for city dwellers are increasing, partly due to human-caused climate change and partly due to 
urban-induced warming.408,409 Regional-scale warming in the Southwest since 1901 exceeds what would be 
expected from natural variability and is partly attributable to human influence.3 Climate change has doubled 
the likelihood of an event capable of producing catastrophic flooding for California, and future increases to 
this risk are expected due to continued warming.271,272

Multiple lines of evidence indicate current and future increases in human exposures and adverse health 
outcomes to wildfire smoke in the region.277,410,411 Good agreement exists among models that the intensified 
arid conditions in the region will result in more dust storms243 and thus a higher incidence of respiratory 
ailments, including Valley fever.246,248

Evidence supports the need for increased investments in adaptative strategies that support social, physical, 
and health systems that enhance individual and community resilience to changes in climate, particularly 
extreme heat.288,412,413,414,415 Improving public health systems and community infrastructure in the region can 
reduce the health consequences of climate change.

Major Uncertainties and Research Gaps
Uncertainties exist in the attribution of changes in climate variables to specific health outcomes. The 
collection of and alignment of more environmental and health data will assist in understanding the 
long-term nature of how climate change affects specific health outcomes. Detecting direct relationships 
between climate change impacts and public health outcomes is also made more difficult due to confounding 
factors related to socioeconomics, vulnerability, exposure assessments, demographic shifts, migration, and 
community and individual characteristics. Detection and attribution studies are thus vital to the region for 
addressing multiple public health concerns (e.g., Ebi et al. 202030).

Related uncertainties in how regional changes in climate will affect public health exist due to variability 
in projections of extreme precipitation; uncertainties in the occurrence and intensity of climate-sensitive 
exposures that impact human health, including wildfire smoke exposures; and variability in local and 
regional ozone based on meteorological conditions and emissions-reduction targets achieved.

Uncertainties also exist in projecting climate-related changes to the abundance of vector-borne diseases 
and associated disruptions. While US rates of chikungunya and Zika dropped416 with widespread travel 
restrictions due to COVID-19, issues with West Nile virus (WNV) remain due to the endemic nature of the 
virus in the region. The most common WNV vector in the region (Culex quinquefasciatus) is abundant in 
urbans areas such as Los Angeles, Albuquerque, and Phoenix,417 and certain water management structures 
(e.g., catch basins, storm drains, and retention ponds) provide favorable environments for Cx. quinquefas-
ciatus reproduction.418 There is also uncertainty around how heavy precipitation, as compared to drought 
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conditions, impacts the abundance and distribution of vector-borne diseases connected to human activity 
and management of water. Transmission of WNV is also projected to shift northward,419 thus decreasing 
potential risks of transmission in parts of the Southwest.

Finally, considerable uncertainties exist in how individuals and communities will adapt to the effects of 
climate change in the region. Model projections of health impacts rarely account for adaptive capacity 
changes into the future. Improving adaptive capacity involves enhancing infrastructure, technologies, 
behavior, and the overall health of the population to cope with climate effects.

Description of Confidence and Likelihood
There is high confidence that increases in extreme heat, drought, flooding, and wildfire activity are 
negatively impacting the physical health of Southwest residents. Climate models agree that the Southwest is 
experiencing higher temperatures and more intense, longer, and more frequent heat events.3,8,375,420Extreme 
heat exposure causes mortality, morbidity, and lost productivity if dangerous exposures occur (KM 15.2).235,421 
Drier conditions lead to a greater risk of wildfires and particulate matter, which adversely affect human 
respiratory and cardiovascular health when exposed.265,290,422,423,424

Climate change is also shaping the demographics of the region by spurring the migration of people to the 
Southwest, primarily from Central America (medium confidence). In 2021, about 13 million people (repre-
senting 21.3% of total population) living in the Southwest were foreign born; 21.1% of those foreign born 
entered the United States in the last 10 years.425 Decreasing agricultural productivity, increasing levels of 
food insecurity, and adverse climate effects are among the main reasons why people emigrate from the 
Northern Triangle (Guatemala, Honduras, and El Salvador) to the US (KM 17.2).32,279 About 43% of immigrants 
apprehended at the Southwest border in 2019 originated from the Northern Triangle.278

Individuals particularly vulnerable to increasing climate change impacts include older adults, outdoor 
workers, and people with low income (high confidence). Wildfires and the related smoke are affecting 
a higher number of people, with strong evidence pointing to the most vulnerable populations being 
at greatest risk.426 Strong evidence further connects rising particulate matter levels to higher risk in 
already-vulnerable populations, including individuals with low income, Indigenous Peoples, pregnant 
people, children, and outdoor workers.427,428,429,430,431 It has been well documented that extreme heat dis-
proportionately impacts the health of the most vulnerable populations in the region, including the 
unhoused,227,228,229 outdoor workers, and migrant farmworkers,230,231,232,233 as well as people with low income,8,234 
older adults,235 and pregnant people and babies (particularly with air pollution co-exposures).237,238,239,240

There is high confidence that local, state, and federal initiatives can respond to these climatic and 
demographic changes by helping people and communities become healthier and more resilient. There is 
strong evidence that increasing adaptive capacity and resilience across communities, especially the most 
vulnerable, will reduce the human health impacts of climate change.432 The relative importance of various 
adaptive strategies will differ across spatial and temporal scales, climatology, and social and behavioral 
contexts. Improving public health systems, overall health, community infrastructure, and education can 
reduce health risks that are being exacerbated in the Southwest due to climate change, as well as many 
health risks in general.431
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Key Message 28.5  
Changes in Wildfire Patterns Pose Challenges 
for Southwest Residents and Ecosystems

Description of Evidence Base
Changing wildfire dynamics include increases in wildfire size and severity and changing and lengthening 
fire seasons.18,303,433,434 Extensive research has found that climate change is linked to increases in extreme 
fire weather,18 wildfire activity,20,303,326 wildfire severity,17,19,21,434 and acreage burned annually.302 Unprece-
dented high-severity fires have driven ecosystem conversions in many parts of the region.294,311 Recent 
climate-induced aridification, including loss of snowpack, has also reduced postfire tree seedling and shrub 
establishment, limiting ecosystem recovery.313,314,315

Projections suggest that future fire activity will continue to degrade ecosystems and alter their structure 
and function.294,298,319 Increased fire activity,320,321,322 further warming and drying that stress tree seedlings, 
and model projections of stand-replacing fires at the forest/non-forest boundary in the western US316 have 
raised the possibility of shifts in species composition or vegetation type.294,317 These projections suggest high 
variability in ecosystem responses depending on interactions between vegetation type, moisture stress, 
disturbance regimes, and human alterations.314,319,435,436,437,438

Increasing wildfire risk poses threats to lives and livelihoods in the region. Wildfire and accompany-
ing smoke have led to fatalities caused by the fires themselves,304,327 by smoke from wildfires,328 and by 
debris flows that occur when heavy rains fall on recently burned slopes.330 Even if not fatal, wildfires have 
been linked to declines in physical health265,328,439 and mental health.268 Frontline communities, including 
low-income groups and populations of color, are especially vulnerable to these impacts.231,338 Exposure 
of people in the Southwest to wildfire risk is also increasing due to population growth in wildland–urban 
interface areas near fire-prone forests, shrublands, and grasslands.331,332,333 Economic costs to individual 
households come from structures burned and increased insurance and healthcare costs.440,441 Further costs 
come from income lost due to fires that affect energy, agriculture, and tourism.340,341,342,353

Adaptation strategies include reduction in tree density and wildland fuels299,355,358,359 that can reduce the size 
and severity of fires when they occur. Integration of Indigenous burning practices with contemporary forest 
management can mitigate wildfire risk as well.296 Risk is expected to be reduced through public safety power 
shutoffs initiated by electric utilities when weather conditions suggest wildfire danger is especially high.370

Major Uncertainties and Research Gaps
The short-term likelihood of increasing wildfire risks and impacts is very high. What is less clear is the 
extent to which adaptation strategies such as increasing fuel-reduction treatments and adoption of cli-
mate-adapted silviculture will be able to mitigate those impacts. As yet, there has been no reliable way 
to quantify the degree to which increases in fire area and severity are due to climate change versus past 
management, non-native species invasions, urbanization, or other factors. To restore forest resilience (KM 
7.3), the rate of thinning and fuel reduction needs to be greatly increased, and it is not known whether 
resources will be available to achieve such intensified management. Fire ecologists point to the need for 
increasing use of prescribed burning to reduce fuel loads, but it is not certain how much this increase 
can be achieved, considering the increasing risk of fire escape and public unease about the use of fire as 
a management tool.361 Geographic factors, forest policies, and public attitudes toward forest management 
can constrain the rate at which risk-reduction actions can be implemented. Similarly, long-term attitudes 
toward public safety power shutoffs, restrictions on homebuilding in fire-prone landscapes, and other 
risk-reduction policies are uncertain. 
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Description of Confidence and Likelihood
There is high confidence that the Southwest region is experiencing unprecedented wildfire occurrence 
and that this change is linked to climate change. Contributing causes include land management policies 
that have led to high tree densities that increase fuel for fires,295,318 climate-mediated events such as insect 
and tree disease outbreaks (Box 7.1),319 and increased human population at the forest’s edge,331 all of which 
interact with climate change in ways that increase wildfire risk and occurrence.18,21

There is high confidence that fires in the region have become larger and more severe. Increased tempera-
tures and changes to precipitation have combined to produce an increase in vapor pressure deficit.333 
This, in conjunction with episodes of climatic extremes such as droughts and heatwaves, means it is very 
likely that these trends will continue in the region’s forests.319,320,321,322 However, there is less certainty about 
future trends in non-forested areas because of high year-to-year variability in production of the grasses 
that fuel wildfires,324 with model projections suggesting that climate impacts on plant growth will vary across 
the region.325 

There is high confidence that severe wildfires are placing people, economies, ecosystems, and water 
resources at risk, and it is very likely that severe wildfires will continue, partially because of climate change 
impacts. There is consensus among studies from climate models that the Southwest will continue to warm, 
and there are multiple indicators that the region is becoming more arid, increasing wildfire risk. There 
are many indicators of costs to human lives, health, and livelihoods due to wildfire, and as the risk of cata-
strophic wildfire increases, so do those costs. 

There is medium confidence that adaptation pathways will reduce wildfire risk and promote ecosystem 
restoration through forest management and other adaptations such as the application of Indigenous 
Knowledges. While the adaptation opportunities are known, it is less clear whether society will have the 
capacity to embrace those opportunities.
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Introduction
Alaska is warming two to three times faster than the global average.1,2 The physical and ecological effects of 
warming are evident around the state (Figures 29.1, 29.11). Glaciers are shrinking, permafrost is thawing, and 
sea ice is diminishing. The growing season is longer, and fish, mammals, birds, and insects have increased 
in numbers in some areas and dropped sharply in others. This combination of environmental effects has 
far-reaching consequences for people statewide. Following a brief description of distinctive characteristics 
of Alaska and an overview of recent climatology in this Introduction, the chapter emphasizes the societal 
implications of climate change for Alaska to a greater degree than in the corresponding chapters of previous 
National Climate Assessments (NCAs), with illustrative examples and recurring themes, such as salmon, 
governance, and adaptation. 

Recent Climate-Driven Extremes and Notable Events

 
Climate-driven extreme events continue throughout Alaska.

Figure 29.1. Climate-driven extremes and notable events have recently affected different regions of Alaska. These 
events have redefined expectations of regional extremes and challenged preparedness (Focus on Compound 
Events). March sea ice extent in 2018 was far below recent low averages (Figure A4.6).3 High concentrations 
of harmful algal bloom cysts were discovered in the Chukchi Sea (KM 29.1).4 A record wet summer occurred in 
northwest Alaska in 2021, and 2019 brought uncharacteristic precipitation and flooding on the North Slope. The 
effects of the 2014–2016 North Pacific marine heatwave (the “Blob”)5 have become clear (Figures 29.11, A4.11; 
Box 10.1). Ongoing ocean acidification in Arctic Alaska has contributed to fundamental changes in marine water 
quality (KM 3.4).6 In summer 2019, a record and persistent heatwave occurred in southern Alaska. A multiyear 
drought (2017–2019)7,8 in Southeast Alaska’s rainforest was followed by intense rain and destructive landslides.9 
Figure credit: USGS, NOAA Fisheries, and Ocean Conservancy.

Climatologically, Alaska is notable for frozen water in the forms of permafrost, sea ice, land ice, and snow. 
Culturally, Alaska is home to 21 distinct Indigenous Peoples, comprising about one-fifth of the population. 
Alaska’s lands and communities are governed by a complex system of federal, state, and local agencies 
and 229 Tribal governments, as well as Alaska Native regional and village corporations. More than 200 
communities are located off the road system. Most of these have year-round access by only small aircraft 
and summer access by ferry, cargo barge, or river vessel. Economically, Alaska is dominated by the public 
sector and by natural resource industries, with fisheries being the largest private-sector industry in terms 
of employment and oil and gas the largest in terms of revenue.10 These characteristics shape the ways that 
climate change affects society in Alaska (see also KM 29.2). 
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Responses to climate change in Alaska’s communities occur in the context of the governance systems 
divided among federal, state, regional, local, and Tribal agencies, with various and often overlapping respon-
sibilities. About two-thirds of Alaska’s land is under federal jurisdiction, with another quarter owned by the 
State of Alaska and a tenth owned by Alaska Native corporations. Tribal governments, with few exceptions, 
do not have geographical jurisdiction but are responsible for many programs affecting Tribal members. 
Because climate change affects society in many ways, fragmented governance can frustrate a coordinated 
response or the ability of communities to address climate change in a holistic fashion (Figure 29.16). Some 
precedents, such as the Denali Commission (an independent federal agency designed to provide Alaska 
with critical utilities, infrastructure, and economic support), demonstrate the potential for greater coordi-
nation of government support to better address community needs, if adequate resources and direction are 
provided. 

Since NCA4 was published in 2018, Alaska has continued to experience rapid, widespread, and extreme 
climate-related changes in the form of ocean warming, record low sea ice,3,11,12 the world’s highest rates of 
ocean acidification,6,13 an increasing frequency of extreme events such as marine heatwaves (KM 10.1),5,12,14,15 
and extreme snow and rain storms in winter (App. 4.2; Box 29.2).16,17 These changes have reduced biological 
productivity, shifted seasonal timing of productivity, altered food web dynamics, and caused steep declines 
in prey.18,19,20,21 In many freshwater environments, these changes result in a combination of reduced summer 
streamflows, increased summer water temperatures, hypoxia, and decreased prey abundance, which are 
lethal to many aquatic species.7,19,22,23 There is no indication that these trends will slow or reverse in the near 
future (KM 2.2).19,24,25,26,27,28,29

Climate change in Alaska is driven by global trends (KM 2.1), but regional impacts are evident. The state 
is experiencing warming air temperatures,1 record-breaking droughts,7 reduced snowpack,1 shrinking 
glaciers,30,31 continued permafrost thaw,32 relative sea level change,33 record numbers of pollen outbreaks, 
increasingly destructive wildfires,34 changing snowfall amounts and seasons,1 and changing patterns of 
windstorms.35 Although year-to-year variability is and will be a feature of Alaska’s climate,36 it is apparent 
that detectable warming trends started in the 1970s.1,2 Annual average temperatures have increased across 
the state since 1971, with increases ranging from 2.4°F in Southeast Alaska to 6.2°F in northern Alaska,1 
up to 2.6 times the rate of change in the Lower 48. Of the annual average Alaska warming for 1950–2017, 
75% is explained by greenhouse gas warming.37 Heatwaves are increasing in the Arctic.38 A 2019 summer 
heatwave brought record-high temperatures to southern and Interior Alaska,39 with daily high temperatures 
exceeding normal by more than 20°F. This event had important community impacts such as wildfire smoke 
and fish kills, as well as uncharacteristically severe and expensive disturbances such as the Swan Lake Fire 
on the Kenai Peninsula.40 Alaska’s statewide annual average surface air temperature is projected to increase 
by 8.1°F (4.5°C) by the end of the century under an intermediate scenario (SSP2-4.5) and 14.2°F (7.9°C) under 
a very high scenario (SSP5-8.5), for 2081–2100 relative to 1981–2010.41,42 This projection is 2.5°F (1.4°C) greater 
than comparable regional projections in NCA4.43 

Annual and seasonal precipitation totals are generally increasing, but the size and significance of the 
changes vary with dataset and location,1,44 with the most consistent increasing trends in northern Alaska, 
particularly on the North Slope (over 2.5% per decade).1 One- and five-day maximum precipitation is 
increasing in most Alaska climate divisions, but changes are statistically significant since 1957 on the North 
Slope (over 2% per decade) and in the southeastern part of the Interior (over 1.4% per decade). Recent 
unprecedented extreme rainfall and seasonal precipitation events have presented challenges in multiple 
parts of Alaska. For example, an atmospheric river (an atmospheric flow that causes extreme precipitation) 
in December 2020 broke all-time extreme 24-hour precipitation records in 11 Southeast Alaska communities 
and caused two fatalities and more than $33.5 million (in 2022 dollars) in public property damage due to 
rain-on-snow and storm runoff as well as wind and landslides. Alaska’s statewide average annual total 
precipitation is projected to increase by 20.6% by the end of the century under an intermediate scenario 
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(SSP2-4.5) and 35.8% by the end of the century under a very high scenario (SSP5-8.5), for 2081–2100 relative 
to 1981–2010.41,42

Some of the most direct impacts of rising temperatures are on the cryosphere—snow, ice, and permafrost 
(KM 3.4),45 with substantial, consequential impacts on hydrology, ecosystem function, infrastructure, and 
human health and livelihoods. Across the Arctic, temperature increases are driving a shortened snow cover 
season, melting glaciers, thawing permafrost, and less predictable sea ice extent (App. 4.3).1,45 Snowfall has 
decreased in autumn and spring but increased in parts of Alaska in the midwinter snow season.1 The Alaska 
snowfall season is projected to decrease across the state,46,47 and water entrained in snowpack is projected 
to decrease between 20% and 60% by the 2050s (2040–2069, moderate emissions) and between 40% and 
90% by the 2080s (2070–2099, higher emissions) in most of the southern and western parts of the state. 
The highest elevations and coldest parts of Alaska, however, could see no net loss or even increases up to 
35% (such as in the Brooks Range) in snowfall during the midwinter snow season.46 For March, historical-
ly the month of maximum sea ice extent, the Bering Sea ice extent has decreased by about 20,000 square 
miles per decade since 1957,1 and record minimums in 2018 and 2019 were associated with warm ocean 
temperatures.48 For September, historically the month of minimum sea ice extent, the Chukchi and Beaufort 
ice extents have decreased by about 27,000 square miles per decade and 31,000 square miles per decade, 
respectively.1 These sea ice losses accelerated in the mid-1990s. Permafrost degradation and thaw described 
in previous NCAs continues and may be accelerating due to recent warm winters and, for 2018, increased 
snow cover (e.g., Douglas et al. 202149), which insulates the surface from cold air above.50 Previously reported 
projections of permafrost degradation may underestimate permafrost thaw rates.51 

These extensive changes affect Alaska’s society in many ways—in the context of Alaska’s existing geography, 
governance, economics, demographics, cultures, and social services (Figure 29.2 provides two examples). 
By disrupting familiar patterns and conditions, climate change exacerbates existing tensions and conflicts 
across the state. As coastlines and riverbanks erode, and as fish and wildlife distributions shift, potential 
responses include relocating communities or using new areas for hunting, fishing, and other uses. However, 
current societal systems can constrain the options available for responding to change (KM 20.2). Land and 
resource management policies and practices, for example, may prevent or restrict the movements of people 
and their activities.52 At the same time, the strong ties that Alaska Native Peoples have to their lands and 
waters are a vital consideration in any equitable responses to change.
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The Context of Climate Change Response

The response to climate change depends on the desired societal outcome and is shaped by existing societal and 
environmental conditions. 

Figure 29.2. Two examples illustrate the interactions between climate change and societal and environmental 
factors for an activity important throughout much of the state and for a place that attracts many residents and 
visitors alike. Successful salmon fishing in rural Alaska villages is threatened by ecological changes affecting 
salmon spawning and survival (top; Boxes 29.3, 29.5). The $600 million annual tourism economy of Denali Na-
tional Park is threatened by a thawing rock glacier that has damaged the access road (bottom; Box 29.4). Figure 
credit: (top) Ocean Conservancy; (bottom) adapted from NPS. Photo credit: NPS
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Although Alaskans cannot stop global warming alone, they can choose to take actions that contribute to 
global efforts to limit climate change and be leaders in effective planning and adaptation (KM 31.3). From 
Alaska Native culture camps teaching climate and cultural resilience to courses on residential solar installa-
tion for homeowners and workers, Alaskans working together can accomplish a great deal. The effectiveness 
of cooperation, together with careful preparation and planning, was seen in the rapid and effective response 
to the November 2018 earthquake in Southcentral Alaska.53 If Alaska’s response to climate change remains 
fragmented, climate change will be intertwined with nearly all of the other persistent problems facing 
Alaska. If Alaska’s society pulls together, much can be done to create lasting benefits for today and for future 
generations, contributing to a prosperous and just society in the state (Table 29.1).

Table 29.1. The Intersection of Climate Change and Societal Context

Climate change exacerbates existing societal tensions, but responding effectively to climate change can yield many societal 
benefits, as shown in the examples here for each of the chapter’s Key Messages.

Key Message Examples of Challenges That Intersect 
with Climate Change

Examples of Opportunities for Climate 
Responses with Multiple Benefits

29.1 Our Health and Healthcare 
Are at Risk

Inequitable access to basic nutrition 
and physical and mental healthcare 
services

Strong public health services

29.2 Our Communities 
Are Navigating 
Compounding Stressors

Food insecurity Increasing community capacity and agency

29.3 Our Livelihoods 
Are Vulnerable 
Without Diversification

High prices and scarce jobs, especially 
in rural Alaska

Renewable energy and value-added 
industries

29.4 Our Built Environment Will 
Become More Costly

High needs, high costs, and barriers to 
implementation

Cross-community learning, priority setting 
by communities themselves

29.5 Our Natural Environment 
Is Transforming Rapidly

Allocation conflicts and cumulative 
effects of human activities

Ecosystem-based management and 
equitable participation

29.6 Our Security Faces 
Greater Threats

Conflict at many scales and 
competition for limited resources

Recognizing and supporting widespread 
contributions to security

29.7 Our Just and Prosperous 
Future Starts with Adaptation

The societal needs listed above 
present challenges to climate change 
adaptation

Cross-scale learning and cooperation to 
improve justice and equity
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Key Message 29.1  
Our Health and Healthcare Are at Risk

Health disparities in Alaska, including access to healthcare and health outcomes, are ex-
acerbated by climate change (high confidence). The well-being of Alaska residents will be 
further challenged by climate-driven threats and by emerging diseases (medium confidence). 
Improving health surveillance and healthcare access statewide can increase resilience to 
events that threaten public health (medium confidence).

Many Alaskans, particularly Alaska Native Peoples, have a distinct connection to and understanding of 
the natural environment (KM 29.5) and depend on the land, sea, and natural resources for their economic 
activities, food security, health, culture, and overall well-being. This close connection to local ecosystems, 
combined with the geographical isolation of many communities and their resulting distance from healthcare 
and other services, creates a population particularly vulnerable to health impacts from the local effects of a 
changing climate (Figure 29.3) yet also fosters self-reliance and resilience. 
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Climate, Health, and Well-Being in Communities

The impacts of climate change on health and well-being depend on many social and environmental factors.

Figure 29.3. Well-being includes physical, mental, and spiritual health outcomes, all of which are shaped by many 
contextual factors, including environmental change and governance, social and behavioral characteristics and 
systems, and the exposure pathways that connect the changing environment to human health. All of these con-
textual factors are affected by climate change and occur simultaneously. Adapted from Balbus et al. 2016.54

Climate change in Alaska highlights existing inequities confronting many racial and ethnic groups, including 
discrimination, lack of access to healthcare, lack of indoor plumbing, and poverty.55,56,57 In rural Alaska 
especially, underserved communities often face food and water insecurity, inadequate sanitation, over-
crowding in homes, limited transportation options, limited medical access, and significant geographical 
isolation.58,59,60 People living in such settings are disproportionately impacted by climate change (KMs 15.2, 
20.1),61 and have limited options to respond to additional disturbances. 
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The lack of basic household sanitation facilities (Figure 4.16) contributes to health disparities, especially in 
rural Alaska. The lack of indoor plumbing was a key factor contributing to the high incidence of COVID-19 
cases among Tribal communities (Focus on COVID-19 and Climate Change).62,63,64 More than 3,300 
households in more than 30 Alaska communities lack in-home piped water and sewer services.65,66 In Alaska, 
the lack of water and sewer services is associated with multiple adverse health outcomes.67,68,69 Environmen-
tal factors such as permafrost thaw, river erosion, and flooding exacerbate inequitable health-related infra-
structure, and climate change has created new challenges to building and supporting sanitation systems. 
The Portable Arctic Sanitation System, developed by the Alaska Native Tribal Health Consortium and tested 
in five communities to date, provides households with treated water for drinking and a handwashing sink, 
in addition to a waterless toilet system. These systems allow households to meet basic water and sanitation 
needs in situations such as damage to existing water and sewer infrastructure or community relocation.66 
While not a replacement for a piped water system, these systems are a successful example of responding to 
climate hazards in Alaska (KM 16.3). 

Climate change in Alaska is related to a range of environmental catastrophes, which can directly impact 
health in significant ways that may not be well known (KM 15.1). Flooding, for example, negatively impacts 
physical and mental well-being, with special and persistent implications for certain populations, such as 
pregnant people and children.70,71 In Alaska, these effects are compounded by preexisting disparities, such 
as limited access to healthcare (e.g., pregnant people in rural Alaska typically travel to urban areas for 
childbirth) and the lack of alternative housing options. In the aftermath of ex-Typhoon Merbok in September 
2022, which resulted in widespread flooding of a thousand miles of Alaska’s coastline, people experienced 
loss of air travel service, multiday power outages, and damaged housing (often resulting in a subsequent 
need to move to a different community).72

Environmental disruption due to climate change can lead to increased rates of suicidality, among other 
negative mental health effects (KM 15.1).73 These effects, including a profound loss of connection to a 
landscape altered by climate change, can increase instances of mental illness and spiritual grief in affected 
populations and subsequent generations.74,75,76 Forced displacement inland due to rising sea levels, coastal 
erosion, flooding, and permafrost thaw disrupt social networks and increase instances of homelessness.77,78,79 
Alaska Native populations already experience significantly elevated rates of suicide, especially among 
youth.80 Based on research with Inuit in Labrador, Canada, Alaska Native populations whose ways of life and 
culture depend on subsistence activities may be particularly vulnerable to negative mental health impacts 
related to climate change because of their deep connection to the land, exacerbated by existing disparities 
in mental health services (KM 16.1).81

Various health concerns connected to climate change have been raised by Alaska residents and public health 
officials (KM 15.1). For example, wildfire smoke exposure is associated with an increased risk of adverse 
health outcomes among Alaska Natives and rural residents.82 This increased risk is thought to be due, in 
part, to underlying differences in rates of chronic disease, as well as access to healthcare and resources 
for exposure reduction (e.g., air filters).82 Common exposure-reduction strategies may not be an option for 
many households. For example, few homes in Alaska have air-conditioning. During a wildfire smoke event 
that occurs at the same time as a heatwave, people must weigh the risks of opening a window to decrease 
the heat versus keeping windows closed to minimize smoke exposure. When developing adaptation 
strategies for climate hazards, it is critical to consider existing health disparities within communities, the 
relative capacity of individuals to adapt, and the potential to exacerbate existing inequities (KMs 15.3, 20.3). 

The expanding geographic ranges of tick species and the potential implications for human health are 
another concern (KM 8.2). The blacklegged tick and western blacklegged tick, carriers of the bacteria that 
cause Lyme disease, are not established in Alaska, although the western blacklegged tick has been found on 
humans and domestic animals that have not reported recent travel out of the state.83,84 Current conditions in 
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Southeast Alaska and some portions of Southcentral Alaska are suitable for the establishment of the western 
blacklegged tick, and models predict an increase in the suitability of tick habitat in many areas.84 While 
there have been no known locally acquired human cases of Lyme disease in Alaska, the risk of occurrence is 
expected to increase, especially for those who spend a lot of time outdoors.57 

Rabies is another disease that can be transmitted from animals to people, with potential connections to 
changing climate conditions due to shifting ranges of host species. In Alaska, rabies is found in populations 
of Arctic and red fox populations along the northern and western coasts. During the 2020/21 winter, there 
was a widespread outbreak of rabies in western Alaska, with more than 35 confirmed cases in animals, 
compared with an average of four to five cases each year. Changes in sea ice and prey availability may have 
played a role by increasing exposure of red foxes to rabid Arctic foxes and thus spreading rabies to inland 
areas as well as along the coast.85,86

Climate change is also affecting the ability to dry and store food in traditional ways87 and increasing the 
potential for adverse health effects from processing and consuming fish and wildlife.57 Wetter weather 
inhibits drying of fish and meat, and permafrost thaw and flooding damage ice cellars.88 Additionally, human, 
marine mammal, and seabird health are increasingly threatened by harmful algal blooms (HABs), which 
produce a toxin that can cause severe illness or death when consumed (KM 10.1).89,90,91,92 The largest bed of 
resting cysts of HAB species in the world has been discovered in the Chukchi Sea.4 Warming ocean tempera-
tures make these cysts more apt to hatch into massive and recurring toxic blooms.4

In general, there are limited conventional disease surveillance systems in Alaska for identifying, detecting, 
and monitoring climate-related hazards and conditions, as well as limited information on broader health 
impacts, such as the degree to which climate-related factors have impacted mental health. The development 
and sustainability of robust surveillance systems is hampered by many factors, including the state’s small 
population and large geographic scale, limited in-state locations with adequate laboratory and diagnostic 
testing, and other healthcare limitations, such as access to healthcare and disconnected health databases. 
To fill these gaps, several local and Tribal programs have been implemented, such the Local Environmen-
tal Observer Network, Southeast Alaska Tribal Ocean Research, and Indigenous Sentinels Network, which 
facilitate integration of community observations. 

In addition to limited health surveillance systems for climate-related risks, there are also large disparities 
in healthcare access and services in Alaska. The COVID-19 pandemic highlighted some of these gaps,93,94 
although some responses to the pandemic created or strengthened health partnerships and surveillance, 
which may support longer-term action to improve healthcare and health outcomes around the state. 
Because more immediate crises, such as a disease outbreak, can reduce the capacity for responding to 
longer-term healthcare challenges, such as those posed by climate change, continued investment in these 
types of improvements in the healthcare system statewide may increase resilience to climate-driven 
health impacts.



Fifth National Climate Assessment

29-14 | Alaska

Box 29.1. “I’ve Been Called to Pray”

Tragedies related to climate change, such as deaths associated with changing ice conditions, impact more than just those 
who are directly affected. Alaska Native communities, although often geographically spread out, remain intimately con-
nected via cultural and family ties, social media, and other networks, such as churches (KM 16.2).

Iñupiaq Elder Gladys I’yiiqpak Pungowiyi, of Kotzebue, a predominantly Inupiaq town in northwestern Alaska, states:

I’ve been called to pray. 

On Facebook, there are mothers, grandmothers requesting prayer for their lost loved ones who fall through the 
ice and their families who are going through a hard time. Especially when they’re not found. 

I’ve been called to pray for people that are affected mentally. What’s happened over the years is that a number of 
skilled hunters were lost when they went out hunting. Either they fall through the ice or just disappear. It seems 
like every springtime people start saying “Our men are going out hunting. Please pray for them.” It’s hard.95

Gladys I’yiiqpak Pungowiyi

Strong connections between individuals and communities are vital in rural Alaska.

Figure 29.4. Iñupiaq Elder Gladys I’yiiqpak Pungowiyi is shown here using a laptop computer in Kotzebue, 
Alaska, August 19, 2022. Photo credit: ©Cana Uluaq Itchuaqiyaq.
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Key Message 29.2  
Our Communities Are Navigating Compounding Stressors

Climate change amplifies the social and economic challenges facing Alaska communities 
(high confidence). Resource shifts, coastal and riverbank erosion, and disproportionate access 
to services will continue to threaten the physical and social integrity of these communities 
(high confidence). Increased adaptation capacity and equitable support have the potential to 
help rural and urban communities address Alaska’s regionally varied climate-driven threats 
(high confidence).

Climate change affects all Alaska communities but in regionally distinct ways for urban areas compared with 
rural, predominantly Alaska Native, places. Lacking road connections, Alaska’s rural areas are more remote 
than rural areas in the Lower 48. About 79% of Alaskans live in urban areas.96 This concentration creates 
challenges for the development and maintenance of infrastructure in rural areas where economies of scale 
do not exist (KM 12.2). For example, there are large disparities in exposure to the effects of climate change 
and inequities in access to resources and capacity for responding to those effects.97

The limited reach of broadband internet access in the state is testament to this challenge.98 As of 2023, 46% 
of Alaska communities remain unserved according to the National Telecommunications and Information 
Administration’s minimum broadband standards.99 An additional 3% are considered “underserved,” lacking 
internet that meets the new baseline for functional service. Many fewer communities have access to 
affordable internet, with some paying as much as $500 per month with usage caps. Lack of broadband and 
cell reception diminishes access to healthcare (via telemedicine), educational opportunities, emergency 
response capability, and resilience to shocks from environmental hazards and extreme weather events,100 
which are expected to increase with climate change. 

As another example, the frequency of wildfire seasons in which more than 1 million acres are burned is 
increasing throughout much of western and Interior Alaska (KM 7.1; Focus on Western Wildfires). In addition 
to health concerns (KMs 14.2, 29.1), smoke can limit visibility and interfere with air travel. This dispropor-
tionately affects rural areas accessible only by plane, leaving Alaska Native Elders, other older adults, and 
those with existing respiratory ailments without a means to escape environmental stressors.34

Both urban and rural communities face significant infrastructure and access challenges related to 
permafrost thaw and erosion (KM 29.4). Rural communities facing relocation are among the hardest hit, 
as are low-income populations in urban areas. In the Fairbanks North Star Borough (FNSB), a comparison 
shows that the average value of residential land101 with shallow permafrost soil102 is about 40% the average 
value of residential land borough-wide. Low-income populations in FNSB disproportionately reside in 
homes on or near permafrost-affected soils and are thus disproportionately impacted by damage resulting 
from permafrost thaw. 

Alaska’s population is gradually becoming more diverse (Figure 29.5). The percentage of White residents 
dropped 2% from 2010 to 2020.103 The Alaska Native population increased nearly 10%, and the Black 
population increased 2%, but the largest growth was among residents with Asian heritage, whose population 
increased 32%. Much of the non-White population growth occurred in urban areas where, as in other parts 
of the United States, BIPOC (Black, Indigenous, and People of Color) populations historically were subject to 
discrimination and exclusionary housing practices. Such discrimination continues to shape the character 
of Alaska’s urban neighborhoods today.104 More research could illuminate the disproportionate impacts 
of climate change experienced by BIPOC communities in urban Alaska, which, if consistent with national 
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trends, are expected to be substantial. Increased knowledge of the current and historic inequities in relation 
to climate change and other environmental factors would help inform adaptation and mitigation measures 
that protect and uplift vulnerable populations. 

Racial and Geographic Distribution of Alaska’s Population

The racial makeup and population density of Alaska’s communities vary greatly by region, creating the potential 
for varied exposures and disparate impacts across subpopulations

Figure 29.5. The total Alaska population estimate in 2021 was 734,323.105 Urban areas account for the majority 
of Alaska’s population. Racial and ethnic characteristics throughout the state vary greatly by region, as do the 
impacts of climate change. Alaska’s urban areas are particularly diverse, and given a legacy of historic discrimina-
tion, there is still much to learn about the unique ways racial and ethnic subpopulations are impacted by climate 
change in Alaska and how these vary around the state. Circle sizes are proportional to population for each region. 
Figure credit: Northern Social-Environmental Research, Ocean Conservancy, and University of Alaska Fairbanks.
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Food security is a major priority for the state of Alaska (Box 11.2).106 Food prices may be more than twice as 
high in rural versus urban communities, with considerably less variety.107 Alaska Supplemental Nutrition 
Assistance Program (SNAP) recipients receive the third-highest benefit per person in the United States, 
behind only Hawaiʻi and Guam. The number of households receiving SNAP benefits in Alaska increased 8% 
between 2019 and 2020.108 The vast majority of food Alaskans purchase is grown elsewhere, arriving via long 
supply chains (Focus on Supply Chains). COVID-19 highlighted the fragility of the state’s food supply and 
serves as an analog for the potential impacts of climate-related environmental shocks. During the pandemic, 
backlogged ports and restrictions on overland trucking through Canada made food and other essentials 
difficult to obtain. Remote regions of Alaska were among the hardest hit by supply chain disruptions after 
a primary air carrier in rural Alaska declared bankruptcy in April 2020 (Focus on COVID-19 and Climate 
Change). This left many rural off-road-system communities without a commercial airline to deliver mail and 
freight, including medications and food supplies.

Given the high cost of food and the vulnerability of rural transportation networks, subsistence activities 
(including hunting, fishing, and sharing) are critical in rural Alaska. This is especially true for Alaska Native 
communities, as well as for many non-Native and urban residents. About 45.4 million pounds of wild food 
were harvested in Alaska statewide in 2017, with an estimated replacement value of $262–$523 million (in 
2022 dollars),109 not counting their cultural and spiritual value. Yet the success of subsistence harvests is 
influenced by numerous external and climate-driven factors. These include shifting distribution, abundance, 
and migratory patterns of fish, birds, and mammals that affect availability to hunters and fishers; rising fuel 
costs that increase the cost of hunting, fishing, and gathering activities; and changing weather, flooding, and 
dangerous ice that increase risks to those engaged in these practices (KMs 8.1, 29.3).87,109

Climate change will have some positive impacts on Alaska food security, particularly in the agricultur-
al sector. A longer growing season, increased number of growing degree days, and increased yields are 
expected to enhance the share of locally grown foods consumed by Alaskans.110,111,112 On the other hand, pests, 
flooding, and ground collapse resulting from permafrost thaw will pose challenges.
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Box 29.2. “We Had to Dig In and Out of Our House”

Snow and cold are expected in Fairbanks and Interior Alaska in winter. Rain is not. More than an inch of rain fell on top of 
feet of snow during the 2021 holidays. The resulting ice made roads impassable, caused power outages, delayed emer-
gency services, damaged homes, and was linked to at least one highway fatality months later as roads remained danger-
ously icy into spring.113,114 State and federal disaster declarations were issued as well.115,116 More extreme weather events 
are expected in a warming Alaska.

Fairbanks resident and tax preparer Marjorie Casort recalls, “I shoveled my driveway seven times in five days. In April we 
are still feeling the effects, with an inch of ice stubbornly clinging to roads. Many of my elderly clients are housebound, 
unable to even cross the road to check their mailbox because of the dangerous ice conditions”.117

Social relationships are an essential component of resilience. Denali resident Erica Watson explained, “I trust my friends 
and neighbors to know what they need to do to stay warm, to check in on each other, to care for each other’s homes the 
way we would our own.”118

Cross-Section of Snowpack After the December 2021 Storm

A rain-on-snow event in December 2021 blocked roads and caused other damages.

Figure 29.6. Shown here is a 20-inch-high cross-section of the snowpack near Fairbanks, Alaska, taken on 
January 23, 2022. Red lines indicate ice layers from rain-on-snow events. The ice persisted through the winter, 
impeding travel for humans and moose. Photo credit: ©Bill Witte.
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Key Message 29.3  
Our Livelihoods Are Vulnerable Without Diversification

Livelihoods, especially those dependent on natural resources, are at risk around Alaska. While 
advancing climate change has contributed to the collapse of major fisheries and is under-
mining many existing jobs and ways of life (high confidence), it may also create some oppor-
tunities related to adaptation and response (medium confidence). Economic diversification, 
especially expansion of value-added industries, can help increase overall livelihood options 
(medium confidence). 

Many jobs in Alaska are affected directly or indirectly by climate change—through alterations in abundance 
and distribution of fish species, through changes in access to lands and waters dominated by permafrost 
and ice, and through the cascading effects of a changing economy (Figure 29.7). Sustaining healthy 
livelihoods and ways of life in Alaska involves more than wages and salaries. Traditional cultural practices 
outside the cash economy include the harvest and sharing of fish, wildlife, and berries. Climate-driv-
en changes to lands and waters, along with societal trends such as greater adoption of mainstream food 
practices, can reduce opportunities for subsistence harvests and thus affect cultural, nutritional, and 
spiritual well-being, especially for Alaska Native communities (KM 16.1). 
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Climate-Sensitive Employment in Alaska

Climate change is expected to have wide-ranging effects on key economic sectors in Alaska. 

Figure 29.7. The figure shows examples of key sectors of Alaska’s economy that are expected to be affected in 
various ways by climate change. Many, but not all, of the changes are negative. Data sources: Oil and Gas;96,119 
Agriculture;120 Tourism;121 Fishing;122 Subsistence.87,109 Figure credit: Northern Social-Environmental Research, Uni-
versity of Alaska Fairbanks, and Ocean Conservancy.
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Climate impacts have severe socioeconomic consequences for Indigenous Peoples, small rural communities, 
and industries throughout Alaska.123,124,125,126 For example, the Yukon River king salmon subsistence fishery 
has been closed river-wide since 2020, with no expected opening date in the foreseeable future. This is the 
first occurrence of a year-round Yukon River subsistence king salmon closure. King salmon contribute 64% 
of all protein to rural Yukon River communities. A multiyear closure of the subsistence king salmon fishery 
due to climate change (Box 29.5) and the overharvesting of ocean king salmon via bycatch is disastrous to 
Indigenous Peoples’ physical, mental, cultural, and spiritual well-being. 

Alaska’s commercial fisheries have also been impacted. Alaska’s seafood industry generates $6.1 billion 
(in 2022 dollars) in economic outputs,122 accounting for 60% of the volume and 31% of the value of the 
US fishery catch.127 A number of fisheries have been closed or dramatically reduced due to fewer fish 
(KM 10.2).128,129,130,131 In January 2022, the US Department of Commerce declared several fishery disasters 
because of the extreme economic impact of their decline.132 Climate change has had a large role in these 
fishery disasters.133

Climate change has negatively impacted the condition, growth, survival, reproduction, population biomass, 
and harvest of marine fishes,134,135,136 salmon,29,126,137,138,139,140 and crab.131,141 In addition, groundfish and crab 
distributions have shifted northward or offshore,142,143 following colder water, and the timing of groundfish 
spawning144 and salmon spawning migration145 has been altered (KM 8.1). Salmon are in double jeopardy 
because climate affects both their freshwater and marine habitats (Box 29.5). Changes in spawn timing 
will require changes in survey timing and stock assessments.146,147 Changes in fish and crab distribution will 
require adjusting survey locations and area-based management measures.148,149 Fishers will need to adjust 
the timing of harvest or switch to other harvest targets.150 Local economies can be resilient through income 
diversification such as participating in several different fisheries.151 Proactive adaptive management can 
help in the face of rapid climate change. One recent example is the management of Prince William Sound 
pink salmon during the extreme 2019 drought. After detecting high mortality early in the fishing season, 
managers limited harvest at critical times so that fish could successfully migrate and spawn.23

Warmer temperatures and changes in precipitation patterns also affect the distribution of and access to 
terrestrial and marine mammals (KM 8.3).152,153 Increasingly volatile storms and changing ice and water levels 
are of immediate concern because they threaten the availability of wild foods, as well as safe access to 
these subsistence resources by boat, snowmobile, or all-terrain vehicle.153,154 Shorter durations of suitable 
conditions for spring marine mammal subsistence hunting in the Arctic due to loss of sea ice will require 
adaptation of traditional hunting practices.155 On land, more frequent rain-on-snow events can increase 
stress and mortality for wildlife,156 reducing availability. Migratory patterns for caribou and other species are 
also changing,157 again affecting access for hunters.

Berries are of high nutritional and cultural importance to Indigenous and rural communities.158 A recent 
survey indicated that, statewide, berry harvests have become less reliable due to declining abundance or 
increased variability.159 Changes in precipitation and temperature are expected to continue to affect berry 
production,160 and they may also impact pollinators.159

The intersecting demands of the climate crisis and the high cost of living in Alaska have forced Alaskans to 
creatively address interrelated challenges related to energy and heat, crisis response, and food equity and 
access (KM 19.3). Union electricians and laborers, private contractors and installers, and utility inspectors 
are training a growing workforce in clean energy industries.161,162 Farmers and artisans are providing local 
goods, training aspiring agriculturalists, and creating new employment opportunities in mariculture.163,164 In 
Fairbanks, community members are working with local healthcare providers to create crisis response teams 
and centers that focus on harm reduction and community care, needs made greater by climate change.165
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Box 29.3. What It Means to Lose Salmon

Prior to the recent period of unusually warm water temperatures in the Gulf of Alaska, the Chignik fishery typically support-
ed returns of more than one million sockeye worth nearly $10.2 million (in 2022 dollars) a year to the fishermen. In 2021, 
in part due to the effects of ocean warming, returns were so poor that some residents chose not to subsistence fish out 
of fear of harming the fragile run.166 Resident George Anderson explained how that felt: “We had something that we took 
for granted—that the fish were just always going to be there for smoking, salting, freezer, whatever. And to have that not be 
there for you is just something we were never prepared for.”166

Some nonprofit and industry organizations have tried to help by donating fish. But for the predominantly Alutiiq communi-
ty, subsistence is not just about food, it is also a connection to place and family.

“It’s our lifeblood. Chignik’s going to go away if we can’t get this run back up to where it used to be,” said Al Anderson, 
another Chignik fisherman.166

Unloading Salmon Sent to Chignik in Response to the Fishery Disaster

Donations of salmon provided much-needed food to Chignik and other small communities.

Figure 29.8. Boxes of salmon are unloaded from a small plane in response to the fishery disaster in Chignik, 
Alaska, July 11, 2022. Photo credit: ©Miranda Lind.
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Key Message 29.4  
Our Built Environment Will Become More Costly

Much of Alaska’s infrastructure was built for a stable climate, and changes in permafrost, 
ocean conditions, sea ice, air temperature, and precipitation patterns place that infrastructure 
at risk (high confidence). Further warming is expected to lead to greater needs and costs for 
maintenance or replacement of buildings, roads, airports, and other facilities (high confidence). 
Planning for further change and greater attention to climate trends and changes in extremes 
can help improve infrastructure resilience around Alaska (high confidence). 

Power, water, and transportation infrastructure in Alaska varies from large-scale and modern in urban 
areas to small-scale and even rudimentary in some villages. Air transport depends on suitable weather for 
flying and adequate runways in the destination community. Transport by water, delivering fuel and other 
heavy goods to many communities, requires rivers or coastal waters deep enough for barges and adequate 
offloading sites or facilities. Most communities lack backup systems for water, sewer, and electricity, leaving 
them vulnerable to disruption. Emergency housing may be limited to the school gymnasium as the largest 
indoor space in the community. Many Alaskans, especially in rural areas, also depend on remote camps for 
hunting and fishing to produce food. These camps are vulnerable to climate-driven damage and disruption.

Buildings and other infrastructure throughout Alaska are at risk from flooding, erosion, and permafrost 
degradation (Table 13.1; Figure 29.9).167,168,169,170 More than half of Alaska’s communities are at the highest 
threatened level according to the most recent statewide report.171 For example, on Alaska’s northern and 
western coastlines, communities face between 1 and 72.8 feet of erosion per year (KM 9.2).172,173 Recent 
progress has been made to understand local flood and erosion vulnerability for Alaska communities by 
determining erosion rates 173 and historical flood heights (Figure 29.15); however, these reports are not 
available for all communities. Given that 80% of Alaska is underlain by permafrost (Figure 8.5),174,175 regional 
infrastructure damages are projected to be high.176 Modeling erosion’s dependence on permafrost integrity 
and persistence has been an emphasis of recent research.177 However, the widespread lack of permafrost 
presence assessments, and the degree to which local erosion depends on permafrost responses, is a key 
source of uncertainty in forecasts for specific Alaska communities.178 Extensive coastal and riverbank erosion 
has also exposed old gravesites in western Alaska,179,180 and permafrost is integral for cold storage in many 
Alaska Native communities and camps.
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Coastal Erosion Rates and Processes in Alaska

Coastal erosion is a major threat around Alaska.

Figure 29.9. The figure shows rates of coastal erosion in selected communities (top) and coastal erosion pro-
cesses in Alaska (bottom). Data are unavailable for many parts of Alaska’s extensive coastline, but erosion risk 
is high in much of the state (Figure 29.14). Coastal erosion processes are affected by many aspects of climate 
change (bottom), exacerbating the problem. (top) Adapted with permission from Overbeck et al. 2020;173 (bottom) 
adapted with permission from the University of Alaska Fairbanks, Alaska Arctic Observatory and Knowledge Hub.
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Alaska Native communities face an estimated $4.8 billion (in 2022 dollars) in costs to infrastructure from 
environmental threats over the next 50 years.181 These costs may be significantly underestimated due to 
limitations in current model-based approaches182, as well as to the omission of dispersed but culturally vital 
infrastructure such as fish camps. Various assessments have been completed to try to determine the cost 
of environmental changes to communities.178,181 The costs of responding to climate change are unevenly 
distributed, with rural areas facing greater costs and few benefits, in contrast to urban areas that will realize 
some benefits such as reduced heating expenses and where the costs of infrastructure maintenance will be 
spread over a much larger population base (KMs 11.3, 12.2).97 

Communities dealing with flooding, erosion, and permafrost degradation are responding immediately as 
well as planning long-term adaptations, which generally include a combination of protection of infrastruc-
ture in place, raising buildings out of the floodplain or moving them out of vulnerable areas, and entire 
community relocation (which has been the case for Newtok moving to the new site of Metarvik) (KM 9.3; 
Figure 9.5).183 As mentioned earlier, however, relocation options may be limited by the availability of land that 
is culturally, economically, politically, and environmentally suitable. An additional complication is that no 
single agency has financial responsibility for the costs of relocation.52

Box 29.4. The Cost of Thawing Ground for Alaska Industries

The oil development and production industry on Alaska’s North Slope also faces challenges from thawing permafrost. In-
tensive efforts are now required to keep the ground cold and solid to support roads, pipelines, and buildings (KM 5.3),184,185 
and these are short-term solutions. Thawing permafrost will drive up the costs of North Slope operations.184 Similar prob-
lems are expected with infrastructure elsewhere in the state, potentially reducing the viability of some industries. 

Thawing ground can damage infrastructure, affecting many economic sectors around Alaska. In 2021, a landslide from 
a thawing rock glacier in Denali National Park cut off a section of the 92-mile road that takes visitors deep into the park 
(Figure 29.2).186,187 The rate of ground slumping and damage to the road had accelerated by summer 2022.188 A bridge over 
the damaged section of the road is estimated by the National Park Service to cost $102 million (in 2022 dollars). Other 
sections of the road are also at risk. Access to the park, which generates some $680 million (in 2022 dollars) in tourist 
spending each year, will be hampered at least through the 2024 season.

Pretty Rocks Landslide, Denali Park Road

Thawing permafrost limited access to Denali National Park.

Figure 29.10. A slump in the Denali Park Road at the Pretty Rocks location was caused by movement of the 
rock glacier beneath the road, September 16, 2021. Photo credit: NPS.
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Key Message 29.5  
Our Natural Environment Is Transforming Rapidly

Alaska’s ecosystems are changing rapidly due to climate change (high confidence). Many of 
the ecosystem goods and services that Alaskans rely on are expected to be diminished by 
further change (medium confidence). Careful management of Alaska’s natural resources to 
avoid additional stresses on fish, wildlife, and habitats can help avoid compounding effects on 
our ecosystems (medium confidence).

Alaska enjoys large, unfragmented marine and terrestrial ecosystems. This abundance makes possible 
hunting and fishing for subsistence use, cultural well-being, recreation, and commercial activities. At the 
same time, there are conflicts over land use and the allocation of hunting and fishing opportunities due 
to different land management regimes or distribution of harvest opportunities, with competing claims 
from traditional, commercial, and recreational constituencies.189 Climate change is expected to exacerbate 
existing challenges by shifting the distribution and abundance of fish and wildlife and by increasing 
disturbance to lands and waters (Figure 29.11; KMs 8.1, 8.2). Climate-conscious management efforts can 
help individuals and communities adjust but cannot by themselves address the underlying changes that will 
continue to occur.
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Major Recent Ecological Changes

Climate change has caused or contributed to extensive ecological effects throughout Alaska in recent years.

Figure 29.11. Warming ocean waters, extreme heat events, and other changes, including the events shown in Fig-
ure 29.1, are affecting ecosystems across Alaska. Some species’ ranges are expanding, including chum salmon in 
Arctic rivers,190 moose191, and beaver192 in the Arctic (not shown), and white spruce in western Alaska (KM 8.2).193 
Migration timings or patterns are changing, for example trumpeter swans in Southeast Alaska194 and caribou in 
the eastern Arctic. Marine heatwaves and reduced sea ice cover are affecting seabird, fish, and seal populations: 
the North Pacific “Blob” (Figure 29.1) contributed to Pacific cod collapse, the 2019 Southcentral heatwave affect-
ed Prince William Sound king salmon survival,139 and low sea ice caused or contributed to the collapse of crab 
fisheries and unusual mortality events for seabirds and ice seals in the Bering Sea region (2018–2022) (KM 10.2; 
Figure 10.1). In 2022, Pacific walrus hauled out in record numbers in the Bering Strait area,195 suggesting that the 
minimum population estimate may be higher than previously thought, even if the range may be shrinking. Insect 
distributions and outbreaks have also changed.196,197 In Southeast Alaska, outbreaks of western blackheaded bud-
worm and hemlock sawfly have damaged forests in the wake of the 2017–2019 drought.198 The 2019 heatwave 
in Southcentral Alaska contributed to spruce beetle expansion in that region and extreme fire activity on the Kenai 
peninsula (KM 7.1; Box 7.1). Salmon runs responded variably: Yukon–Kuskokwim River king salmon runs have 
been decimated,139 while Bristol Bay has had record sockeye salmon returns. Figure credit: USGS, NOAA Fisheries, 
and Ocean Conservancy.

Climate change has negatively impacted nearly all aspects of the life history of commercial groundfish, 
salmon, and crab (KMs 10.2, 29.3). Arctic seabirds and marine mammals have also experienced reproduc-
tive failure, unprecedented mortality, and changes in migratory behavior. Extreme ocean warming and 
record low sea ice in the Chukchi Sea are affecting the entire food web199,200,201 and possibly transforming 
the ecosystem.143,202 For example, the lowest abundance of marine zooplankton in a decade was observed 
in recent warm years (2017 and 2019), combined with a decline in large, fatty Arctic species of zooplankton 
and an increase in smaller, less calorie-dense sub-Arctic species.203,204 In turn, fish such as Arctic cod and 
saffron cod, which feed on zooplankton, were not as robust.205 Subsequently, seabirds and marine mammals 
preying on these less nutritious fish experienced increasingly frequent reproductive failures and mortality. 
Emaciated seabird carcasses were found on beaches during extreme mortality events in the Bering and 
Chukchi Seas,201 and the body condition of ice seals has declined.206 In addition, the ranges of ice-dependent 
species such as polar bears207 and walrus208 are shrinking.
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Ocean acidification is harmful to some Arctic phytoplankton and zooplankton.209,210 Laboratory studies 
have shown that the early life stages of commercial fishes such as northern rock sole,211,212 walleye pollock, 
Pacific cod,213,214,215 and salmon140,216 are sensitive to more acidic waters and to resulting food web changes.135,211 
Laboratory experiments suggest that Alaska commercial crab species are also highly vulnerable.141,217,218,219,

220,221 Although no studies of the impacts of ocean acidification on crabs in Alaska have been conducted, a 
study of Dungeness crab off California showed that shell dissolution was observed in areas of high acidi-
fication, reducing growth.210 Finally, seals, walrus, and marine birds may be affected by the vulnerability of 
their prey.222

Climate changes and extreme events are also contributing to terrestrial changes, affecting species dis-
tributions, habitats, resource availability, and human access (KMs 2.2, 29.4; Focus on Compound Events). 
Moose and beaver are colonizing previously inhospitable Arctic areas,191,192 in part due to temperature-driven 
increases in shrubs, and there is evidence salmon are colonizing streams where they were previously rare 
or absent,190 presumably due to warmer waters. Ongoing warming is also associated with rapid changes 
in vegetation. Alaska residents are also noting unusual plants.223 Decreases in berry production have been 
noted by communities in Alaska, related to multiple climatic drivers (e.g., Herman-Mercer et al. 2020160). 
Exceptionally high midsummer tundra productivity (“greening”) has been observed on the North Slope of 
Alaska, but lower productivity (“browning”) has continued in Southwest Alaska due to drying.224 In 2019, the 
rapid expansion of a spruce beetle outbreak in the Susitna Valley (ongoing since 2016) caused extensive 
spruce mortality over 1.6 million acres (Box 7.1),198 due in part to warmer temperatures increasing beetle 
development rates. In Southeast Alaska, hemlock sawfly outbreaks caused defoliation and mortality on more 
than 500,000 acres of forest, and a developing western blackheaded budworm outbreak is affecting Sitka 
spruce.198 Both are plausibly225 related to the unprecedented 2017–2019 drought in the region. 

Landscape changes due to fires, permafrost, and their effects on other processes are climatically driven and 
increasing. Projected fire-driven transitions from conifer- to deciduous-dominated boreal forest226 appear 
to be manifesting at regional scales. Wildfires in 2019 (Southcentral Alaska)39 and 2022 (Southwest Alaska)227 
burned large areas in places where fire was rare or with atypical severity, as has been seen in other parts 
of the western US (Focus on Western Wildfires).40 Overwintering fires, or “zombie” fires, which occur when 
uncharacteristically severe burning in hot, dry summers results in burning the following fire season, may 
also be increasing in the Arctic228 and Alaska.40 Permafrost thaw, including thermokarst (ground slumps or 
cave-ins)229,230 and lake drainage,231,232,233,234 is accelerating due to warming (e.g., Douglas et al. 202149), par-
ticularly with recent wildfires235,236 and uncharacteristically warm precipitation events.237 These changes 
are projected to affect Arctic ecosystems and hydrology in important ways.238 Across central and northern 
Alaska, changes in disturbance, vegetation productivity, and permafrost will affect the region’s role in the 
global carbon cycle.239,240 Current evidence suggests that carbon emissions from thawing permafrost241 will 
exceed the carbon captured by increased vegetation productivity. 
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Box 29.5. A New Era for Pacific Salmon Research in Alaska

When aquatic ecologist Vanessa von Biela’s career started in 2007, it was still a “warmer is better” era for Alaska’s salmon 
in their cooler northern range extent. Over the last decade, however, she has been among a group of scientists and local 
people who have found that salmon are reaching climate-driven tipping points. Stressful conditions for salmon include 
warm years with poor marine feeding,21,242 heat stress or drought during freshwater spawning migrations,23,139 and heavy 
fall rains during egg incubation.243 Stressors are minimized in oceans and deep lakes where mixing maintains cooler 
waters, high nutrients, and productive feeding, as well as in places where glaciers and groundwater keep lakes and rivers 
cold.29,244 Positive changes include new salmon habitat with retreat of glaciers and sea ice,143,245 although Arctic winters 
still limit major northward shifts.246 Salmon may be able to tolerate and adapt to stressful habitats, or they could move 
to find a better habitat patch. These options have important implications for people who depend on salmon. Investment 
in research by Vanessa, her colleagues, and local residents concerning new and emerging stressors can help inform 
climate-responsive management strategies that aim to improve outcomes for people.

Chinook Salmon Research 

Research on the effects of heat on salmon can help scientists understand the effects of continued warming.

Figure 29.12. Shown here is a chinook (king) salmon caught for non-lethal research on heat stress in a fish 
wheel on the Yukon River, July 2017. Photo credit: Shannon Waters-Dynes, USGS.
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Key Message 29.6  
Our Security Faces Greater Threats

Rapid climate-driven change in Alaska undermines many of the assumptions of predictability 
on which community, state, and national security are based (high confidence). Further change, 
especially in the marine environment with loss of sea ice, will create new vulnerabilities and 
requirements for security from multiple perspectives and at multiple scales (high confidence). 
Greater capacity for identifying and responding to threats has the potential to help reduce 
security risks in the Alaska region (medium confidence).

Security entails a sense of well-being and safety that is protected from or resilient to disruption. It is a 
combination of many interests and perspectives and reflects values such as a nation’s sovereignty and 
integrity (KM 17.1) or a community’s reliance on livelihoods and food sources that enable its people to thrive 
(KM 29.3; Box 11.1). Different interests are prioritized at the national/homeland, state, and community 
levels. Security actors at the national, state, and community level may face increasing demands for security 
services while also confronting the additional costs of climate change on physical infrastructure and 
operations, creating a double burden and making decisions even more challenging.

The Department of Defense (DoD) and Department of Homeland Security are impacted by climate change.247 
For example, coastal erosion, degrading permafrost, wildfire, and other climate effects will continue to 
impact DoD installations in Alaska (Figure 29.13).248,249 At the state level, increasing wildfire risk and climate 
impacts to infrastructure increase management costs to the state.176 Coastal erosion and thawing permafrost 
are affecting many coastal villages, reducing community security (KMs 9.2, 16.1, 21.3, 22.1, 29.4). Beyond 
Alaska, national policy responses to climate change, such as reducing dependence on fossil fuels, may 
impact energy sources, prices, and industry in Alaska, with potential effects on employment, household 
budgets, and environment.
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Climate Change Risks to Military Installations

Climate change poses risks to military assets in Alaska.

Figure 29.13. (a) The bar charts display climate risk for selected Department of Defense (DoD) sites in Alaska, 
based on the higher emission scenario for 2035–2064 data from the DoD Climate Assessment Tool. The y-axis 
is the weighted order–weighted average (WOWA) score of each site’s exposure to aggregated climate hazards. 
For the Interior and Southcentral Alaska sites, drought and energy demand are the top climate hazards. At Fort 
Richardson, there is notably higher exposure to the riverine flooding climate hazard. In general, the scores are 
lower for the Southcentral region, indicating lower exposure to climate hazards. (b) Selected DoD sites in Alaska 
and projected reduction in frost days, illustrating the scale of the risk statewide (frost days are defined here as 
days with a minimum temperature at or below 32°F). The average annual number of frost days over the modeled 
baseline (1950–2005) ranges from 140–180 days in the Aleutian Islands to 260–290 days in the Brooks Range. In 
a higher greenhouse gas emissions scenario (RCP8.5), this will be reduced by about 20% in the Brooks Range and 
by over half in the Aleutians in 2070–2099. This will result in a longer ice-free season on the coast, leaving coast-
al communities vulnerable to storm surge more of the year. Portions of this figure include intellectual property 
of Esri and its licensors and are used under license. Copyright © 2020 Esri and its licensors. All rights reserved. 
Figure credit: USACE and DoD.

At the national level, DoD installations face a range of climate-associated hazards. For example, wildfire is 
a constant concern for military installations. Climate-driven drought, wind, and fire can affect operations, 
training, assets, and wildfire-suppression activities for DoD installations in a variety of ways.248 The Alaska 
Fire Service and the US Army have recently been partnering to conduct springtime prescribed burns on 
military training lands in Alaska to reduce fire danger around military training targets.250

Climate impacts also generate national security concerns by altering maritime traffic in Alaska. Reductions 
in sea ice in Alaska waters enable more maritime activity. Changing and difficult-to-predict ice conditions, 
however, may require search-and-rescue activities that affect US Coast Guard presence and missions, as 
well as DoD civil support and military missions. Increasing maritime traffic in the Arctic251 intersects with 
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the broader geopolitical context of competition with the People’s Republic of China (PRC) and tension with 
Russia. The Russian government has been building (and rebuilding) military capability and capacity across 
its northern border, including sites near Alaska such as Wrangel Island.252 The PRC has expressed interest in 
Arctic governance, resources, shipping lanes, and climate science.253 In Alaska, recent concerns include PRC 
and Russian naval operations in the US exclusive economic zone; illegal, unreported, and unregulated fishing 
especially in the Bering Sea; and marine debris.254

Rising concern about climate change and increased geopolitical competition in the Arctic are reflected in 
recent Arctic-specific military strategy documents (e.g., DHS 2019;255 DOD 2019;248 USAF 2020256). In Alaska, 
the DoD is developing new capabilities and capacities in response to these changes. For example, as of 
spring 2022, Eielson Air Force Base has 54 F-35 aircraft, the largest concentration of the most technological-
ly advanced airpower in the world.257

The state of Alaska faces direct and indirect climate change impacts to security with regard to crime, 
economic impacts (KMs 19.1, 19.3, 29.3), environmental impacts (KM 29.5), and state capacity to respond to 
such security challenges. Climate change is also increasing costs for the state, from firefighting to infra-
structure maintenance (KM 29.4), with potential adverse ramifications for the state’s ability to balance its 
budget and meet the needs of its citizens.170

At the community level, concerns center on food and environmental security (KM 29.2), as well as the safety 
of small boat operators and hunters navigating increasingly unpredictable and crowded marine and riverine 
environments (KM 15.1).87 Changing sea and river ice conditions are increasing the physical risks for hunters 
and travelers. Climate change may also drive intensification of human offshore activities, such as increased 
commercial shipping, that generate additional risks such as accidents or spills.258 Cultural practices are vital 
to well-being and security throughout Alaska (Box 29.3) but are often overlooked or minimized in fisheries 
management and in research on climate change and ecosystems.75
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Box 29.6. Tribal Perspectives on “Security”

For Tribes in Alaska, climate change is yet another reason to exercise leadership and sovereignty on their own behalf (KM 
16.3). In Bristol Bay, for example, the Native Village of Port Heiden has created Meshik Farm to improve food security and 
would like to build a fish processing facility too. Says Jaclyn Christensen, Brownfield Coordinator for the Tribe, “I worry 
about my husband making long trips in dangerous waters when he’s fishing, and we need an economic base for the com-
munity.”259

The Knik Tribe in Southcentral Alaska is deeply involved in land management. As Theo Garcia, the Tribe’s Environment 
and Natural Resources Director, explains, “We grow potatoes to provide food, we are cultivating native plants to support 
streambank restoration, and we are exploring ways to use waste heat to grow cheaper fodder for livestock.”260 

As conditions continue to change, being able to adjust is essential to security, through Tribes’ own efforts and in partner-
ship with others.

Canned Red Salmon in Port Heiden

Salmon is vital for food security in much of Alaska.

Figure 29.14. A locally processed jar of red salmon sits in the sunshine in Port Heiden, Alaska, July 28, 2022. 
Photo credit: ©Jaclyn Christensen.
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Key Message 29.7  
Our Just and Prosperous Future Starts with Adaptation

Local and regional efforts are underway around Alaska to prepare for and adapt to a changing 
climate (high confidence). The breadth of adaptation needed around the state will require sub-
stantial investment of financial resources and close coordination among agencies, including 
Tribal governments (high confidence). The effectiveness of adaptation planning and activities 
can be strengthened by addressing intersecting non-climate stressors, prioritizing the needs 
of the communities and populations experiencing the greatest impacts, building local capacity, 
and connecting adaptation efforts to economic and workforce development (medium confi-
dence).

In recent years, Alaska has emerged as a leader of climate adaptation initiatives in the Arctic,261 many of 
which have been implemented by regional entities and municipal, community, and Tribal governments.262,263 
Together, these efforts address climate change and intersecting societal challenges in ways that begin to 
lay a foundation for a just and prosperous Alaska. A wide variety of adaptation efforts has been undertaken 
statewide, from trainings and workshops to the implementation of hazard mitigation and climate action 
plans.262,263,264 Despite widespread impacts (Figure 29.15), support for climate adaptation varies among 
communities,263,265,266 and adaptation has not been a consistent priority for the state government (KM 
31.1).263,267,268 For many Alaskans, the ability to adapt to current and projected climate impacts is shaped by 
social and political factors such as food and water security, economic opportunity, and the capacity of 
governance systems (KM 31.4).45,269,270,271

Many of Alaska’s Tribes have completed or are currently engaged in efforts that increase their ability to 
adapt to a changing climate (KM 16.3). These include applying for federal funding for climate resilience,272 
conducting risk assessments,273 collaborating with researchers to bridge Western climate science and 
Indigenous Knowledge,274 and developing and implementing community- and regional-level adaptation 
plans.76,275,276 These activities are bolstered by the accumulated knowledge that has enabled Indigenous 
Peoples of Alaska and the Arctic to innovate and adapt to their changing environment for millennia.270,277,278 
The traditional values and practices of Alaska Native cultures focus on well-being, cultural continuity, and 
a holistic, integrated worldview (Figure 16.3).75,270,279 They are often tied to components of adaptive capacity, 
such as environmental stewardship, communal pooling of subsistence resources, and mobility.280,281,282,283,284 
It is important to emphasize, however, that Alaska Native Peoples’ ability to adapt does not mitigate the 
impacts of unprecedented environmental hazards or reduce the need to address the causes of climate 
change. 

To achieve widely needed climate adaptation, communities must navigate a complex system of siloed 
federal agencies (Figure 29.16).285,286,287 Overlapping local, borough, state, and federal jurisdictions can create 
confusing or conflicting policy directives and impede local adaptation efforts (KM 31.4).277,288 Complex 
governance and resource management systems, many of which are imposed on Tribes through coloni-
zation, create challenges to adaptation efforts, which are most effective if they are timely, equitable, and 
community led. Also, the high adaptive capacity and self-reliance of Indigenous Peoples continues to be 
eroded by the ongoing impacts of colonization, including barriers to social networks and the transfer of 
Indigenous Knowledge.277,279,289,290 Tribes are sovereign nations that require government-to-government 
consultation. Communities with strong collaboration among governing entities, including through copro-
duction of knowledge (research based on equitable and respectful partnerships), may be better able to 
respond to the adverse impacts of climate change through partnership and flexible management of natural 
resources.279,281,285 Targeted coordination among and between federal, state, and Tribal entities would help 
build resilience to environmental threats.286
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Climate Threats Across Alaska

Statewide assessments show extensive climate-related threats throughout Alaska. 

Figure 29.15. The map shows threats to Alaska Native villages from permafrost thaw, flooding, and erosion. Many 
communities face multiple threats, compounding the challenges they face. Adapted from GAO 2022.286
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Navigating Diverse Institutions to Meet Local and Regional Priorities

Adaptation is a complex process, requiring expertise and engagement with multiple entities. 

Figure 29.16. Climate adaptation typically requires a wide range of expertise as well as engagement of those who 
are affected together with other entities, including but not limited to those listed in this figure.286 Alaska Native 
corporations were created by the Alaska Native Claims Settlement Act of 1971.291 Local priorities are holistic, 
involving integrated environmental and social issues. However, institutions on multiple levels are often siloed with 
specific priorities, which can lead to duplication of efforts and hamper local efforts. Figure credit: University of 
Alaska Fairbanks and Ocean Conservancy. 

Although there are various sources of state and federal funding and technical assistance available to support 
municipal and Tribal climate adaptation in Alaska, the effectiveness of such efforts is hindered by institu-
tional barriers and limited capacity across various levels of government (KMs 31.4, 31.6).261,292 In both rural 
and non-rural communities, some residents have reported that climate adaptation has been impeded by a 
lack of local leadership or political will.265,266,293 Many communities and organizations have stepped up to lead 
mitigation efforts and address the inequities compounded by climate change in the absence of consistent 
municipal and state action. At least four municipalities (Anchorage, Homer, Sitka, and Juneau) have adopted 
climate action plans,264 with Fairbanks also currently at work on theirs. Seven Tribal governments from 
the Nome Eskimo Community to the Central Council of T’lingit and Haida have adopted climate action or 
adaptation plans.264

Community renewable energy initiatives like Thermalize Juneau and the Solarize initiatives in Anchorage, 
Fairbanks, Kenai, Mat-Su, and Palmer help residential and commercial property owners install solar 
capacity.294,295,296 Local utilities such as Golden Valley Electric Association, Alaska Energy Light and Power, 
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and Chugach Electric Association have worked on several renewable energy projects.297,298,299 Juneau Electric 
Vehicle Association specifically has worked to electrify public and personal transport in the region.300 
Many communities around the state are building local community-supported agriculture markets, shared 
gardens, and supply boxes to supplement neighborhoods farther away from urban grocery stores.301 Tribal 
governments in Interior and Southwest Alaska delivered salmon to residents impacted by the Yukon–
Kuskokwim salmon crash.302

Climate change can lead to divergent goals. While there are potential economic opportunities of a warming 
Arctic, such as increased marine traffic, growth in tourism, and resource extraction, considerations of 
relevant climate-related risks are not consistently incorporated into regulatory and planning processes.266,269 
For example, across coastal Alaska, communities are increasingly reliant on hard structures, such as seawalls 
and shoreline reinforcement. These structural adaptations can provide a sense of security, but they lack the 
flexibility, long-term sustainability, and cost effectiveness of regulatory and ecosystem-based approaches.303

Climate impacts are being experienced within the larger context of social, political, and economic change 
in the Arctic (KM 20.2).281 Non-climate stressors such as food insecurity (KMs 29.1, 29.3, 29.5), limited 
employment (KM 29.3), substandard housing (KM 29.1), aging infrastructure (KM 29.4), limited access to 
healthcare (KM 29.1), the high cost of living in remote areas (KM 29.2), and limited search-and-rescue 
capability (KM 29.6) can affect a community’s capacity and ability to pursue climate adaptation.269,304,305 
By identifying and addressing the intersections of climate risk and social and economic vulnerabil-
ity, decision-makers can develop and implement adaptation initiatives that are scalable, innovative, 
and/or transformational.266

The need to center adaptation actions around and support Indigenous and local values, knowledge, and 
priorities has been widely identified as a critical component of community-based adaptation (KM 16.2).45,269

,270,285,289,306,307,308 In addition to integrating multiple knowledge systems and building workforce development 
and Tribal capacity for climate resilience,309 climate adaptation efforts can be strengthened by fostering 
partnerships among diverse groups and supporting community-based leadership and monitoring.45,267,285 This 
need is recognized in White House guidance to federal agencies.310

Education for many audiences has long been an essential component of adaptation in Alaska. Numerous 
educational efforts in Alaska are bringing climate change information and understanding to K–12 students, 
undergraduate and graduate students, educators, and community members. The Global Learning and 
Observations to Benefit the Environment (GLOBE) program has engaged more than 1,400 rural and urban 
Alaska teachers and over 20,000 students in climate change learning and citizen science in a culturally 
sustaining way since 1996.311,312,313 Scientists have used Alaska students’ GLOBE data.314,315 The Arctic and 
Earth STEM Integrating GLOBE and NASA project braids Indigenous and Western science to engage formal 
and informal educators, community members, and youth in projects relevant to their communities316, in 
partnership with the Association of Interior Native Educators. Other community/citizen science projects 
related to climate change focus on Alaska berries, freshwater ice, snow depth, and coastal community 
observations and knowledge.317 Climate education efforts for adults include an online course exploring 
climate change in Arctic environments, community training in the Alaska Tribal Resilience Learning Network 
through the Alaska Climate Adaptation Science Center, and peer-to-peer learning and knowledge exchange 
in the community-led relocation, managed retreat, and protect-in-place coordinator cohort. The Scenarios 
Network for Alaska and Arctic Planning provides downscaled climate data, while the Alaska Center for 
Climate Assessment and Policy provides climate and weather webinars, graphics, and tools. New initiatives 
are also being developed.318
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Box 29.7. Tribal Adaptation to Climate Change

Threats to traditional foods are existential concerns for Tribal communities: 

We’re at a tipping point that people need to learn how to spell food sovereignty. — Dune Lankard, Eyak Athabascan, Copper 
River Delta (interview with Willow Hetrick, December 16, 2020).319

Food sovereignty includes the ability of communities to determine the quantity and quality of food that they consume 
by controlling how their food is produced and distributed. To meet this need, Chugach Regional Resources Commission 
(CRRC) and one of its divisions, the Alutiiq Pride Marine Institute (APMI), incorporate Indigenous Knowledge, Tribal per-
spectives, and Western scientific methods. To address health concerns, the harmful algal bloom program analyzes weekly 
water samples and warns Tribal governments of any health concerns. To bolster regionally important food sources, they 
place young clams on beaches with dwindling clam populations and are extending that effort to bidarkis (the local name 
for black leather chitons, Katharina tunicata). To help reduce the effects of carbon dioxide emissions, CRRC and APMI are 
developing kelp farming as a mitigator of ocean acidification effects, a carbon sink, and a potential source of income. 
These efforts show what can be accomplished with dedication and collaboration.

Harvesting Kelp in Prince William Sound

Kelp farming is an adaptation action that can reduce the impacts of ocean acidification, take up carbon diox-
ide, and provide income.

Figure 29.17. Kelp is being harvested on a boat in Prince William Sound, Alaska, May 15, 2022. Photo credit: 
©Emily Mailman. 
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Traceable Accounts
Process Description
The author team reviewed the Alaska chapters in previous National Climate Assessments (NCAs) and 
considered the guidance from NCA leadership to make NCA5 “people-centered.” The team recognized 
three broad topics: rapid biophysical change, compounding societal effects, and adaptation efforts. From 
these, the team developed seven areas for Key Messages and identified a number of themes to emphasize 
throughout the chapter, tying together the material in each Key Message. The team then reviewed the 
available information (as detailed below for each Key Message) to write the chapter. Where necessary, the 
team has cited reports and other non-peer-reviewed sources for specific information that is not available 
elsewhere. The author team agreed that the sources were credible and appropriate for the purposes for 
which they were cited. The team has not included likelihood statements (very likely, unlikely, etc.) because 
there was not a quantitative basis for doing so (Guide to the Report). 

Key Messages from previous NCAs, and the overall guidance from NCA leadership, helped identify major 
areas where expertise would be needed. Diversity of age, race, gender, discipline, and perspective were also 
considered in selecting the author team, along with the ability to think broadly about connections among 
aspects of climate change. The chapter lead author, federal coordinating lead author, and agency chapter 
lead authors compiled a list of candidates and asked other organizations to suggest names so as to broaden 
the search. Once several persons were recruited as chapter authors, they too were asked about gaps in 
the team’s collective expertise, and additional needs were identified along with candidates to address 
those needs.

The author team met twice monthly to discuss the chapter contents and the writing process. Through these 
meetings, the team achieved consensus on the approach to take and then on the contents as the team wrote 
and revised. The team held an online public engagement workshop on January 12, 2022, with approximately 
175 persons registered and a maximum of about 90 participants at any given time. The workshop had a wide 
range of participants, including Indigenous community leaders, academic researchers, government agency 
personnel, individuals in the private sector, and members of the public. The team also conducted other 
outreach meetings and workshops to reach specific audiences, such as through the Alaska Forum on the 
Environment and the Interagency Arctic Research Policy Committee. 

Key Message 29.1  
Our Health and Healthcare Are at Risk

Description of Evidence Base
A great deal of research has been done on health status, access to healthcare, and other aspects of health in 
Alaska (e.g., Hennessey et al. 2008;67 Thomas et al. 2015;60 Eichelberger 2010;59 Hahn et al. 202182). The context 
in which climate change affects health is thus generally well established (KM 15.1).61 Attention to mental 
health and community health has been growing in recent years, providing an increasingly firm foundation 
for this Key Message (KM 15.1).74,75,76 Research specifically on the implications of climate change for health 
and mental health has been more limited in Alaska. The findings of that research are generally consistent. 

Major Uncertainties and Research Gaps
Much of the literature about climate change and health in Alaska has focused on what is to be expected as 
the climate continues to warm. Evidence of the actual health effects that are occurring at present is less 
robust, although what does exist is consistent across studies. There is also a lack of studies documenting 



Fifth National Climate Assessment

29-40 | Alaska

health effects, especially mental and community health effects specifically tied to factors related to climate 
change, and determining effective public health responses. More work can be done to document Indigenous 
Knowledge with regard to health and mental health in Alaska.

Description of Confidence and Likelihood
Health disparities in Alaska are all too well documented (e.g., Cochran et al. 2013;55 Thomas et al. 2015;60 
Eichelberger 2010;59 Sohns et al. 202156). Further challenges to health and to access to healthcare will 
compound those disparities. This can be said with high confidence. There is some evidence for the expected 
effects of climate-driven hazards and emerging diseases (e.g., Witmer et al. 2022;84 Hahn et al. 2020,83 Yoder 
2018;57 Huntington et al. 202187), and the state’s experience with COVID-19 has amply illustrated what a new 
disease can do (e.g., Wong et al. 2022;64 Eichelberger et al. 202162). The course of climate change in regard to 
health, however, has many uncertainties, and thus the team has medium confidence in the second statement 
in the Key Message. Similarly, improved health surveillance and healthcare access can be expected to 
contribute to resilience statewide, but further experience and evidence are needed to show that this is the 
case. Thus, the team has medium confidence in the final statement of the Key Message.

Key Message 29.2  
Our Communities Are Navigating Compounding Stressors

Description of Evidence Base
Considerable work has been done to document many aspects of Alaska’s communities, including social, 
economic, cultural, physical, and other research.96,97,107,108,109 Some work has been done, especially in Alaska 
Native communities, to document observations of and effects from climate change. The findings are in 
broad agreement that much is changing rapidly, with far-reaching effects on communities. The details vary 
from place to place and study to study. There is little disagreement in the literature base. Far less work is 
available about other segments of the population in Alaska, making it difficult to determine whether there 
are racial and ethnic disparities in climate change exposure and effects among groups other than Alaska 
Natives. 

Major Uncertainties and Research Gaps
Little is known about the effectiveness of responses and adaptations to climate change among Alaska Native 
communities. For other demographic groups, and for Alaska Natives in urban environments, more research 
would be required overall to better assess how climate change is affecting and is expected to affect these 
communities. More work can be done to document Indigenous Knowledge with regard to community 
well-being in Alaska.

Description of Confidence and Likelihood
The detailed demographic and other evidence that is available concerning community well-being in Alaska 
is consistent and has been documented repeatedly in the scientific literature and in reports by Tribal and 
federal agencies, giving the team high confidence in the statements in the Key Message. Risks to infrastruc-
ture are well known and not in dispute. The benefits of adaptation are addressed in greater detail in Key 
Message 29.7 and have been established repeatedly around the state. 
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Key Message 29.3  
Our Livelihoods Are Vulnerable Without Diversification

Description of Evidence Base
The state and federal governments regularly collect relevant economic data, providing a firm foundation 
for understanding Alaska’s livelihoods and employment.96,120,121,122,123 Similarly, much work has been done to 
document subsistence harvests, providing reliable and consistent figures for production and participation 
in this vital sector of the economy of rural Alaska. The effects of climate change have been considered for 
many economic sectors, although to differing degrees. Not surprisingly, those sectors such as fishing that 
are perceived as being at highest risk from climate change have received the most attention. The findings to 
date are broadly consistent, allowing for differences in climate change exposure across different sectors.

Major Uncertainties and Research Gaps
Much of the work to date has focused on sectors perceived as vulnerable to climate change, including 
fishing and subsistence. Less has been done to examine areas of potential new opportunity (e.g., in 
agriculture), and more research could improve understanding of the effectiveness of various responses and 
adaptations to changing climate.

There is uncertainty about the economic consequences of climate-driven declines in commercial and 
subsistence harvest because the impacts of climate change can be moderated by economic dynamics and 
alternative harvest opportunities.125,126,143 

A major uncertainty regarding climate impacts on groundfish, salmon, and crab is the unknown influences 
of interacting processes and parameters, such as competition, predation, density dependence, food web 
structure, habitat availability, and harvest.18,131,142,144 Thus, future research on the impacts of climate on 
groundfish, salmon, and crab should be interdisciplinary. 

Another major topic that could benefit from future research is the mechanisms linking climate drivers to 
biological effects on salmon, groundfish, and crab.134,137,320 Elucidation of the details of these mechanisms 
could help improve predictions of ecosystem change in the context of future climate change. In addition, 
spatial variation in ecosystem response to climate change lends uncertainty to predicting local impacts.21,23

More work can be done to document Indigenous Knowledge with regard to livelihoods and the factors that 
affect them in Alaska.

Description of Confidence and Likelihood
Documentation of risks posed by climate change to resource-dependent livelihoods is extensive and 
consistent in the scientific literature and in government reports, giving the author team high confidence 
in the first statement of the Key Message. Looking to the future involves greater uncertainty, and thus the 
team has medium confidence in the second statement of the Key Message. The third statement is supported 
by the available literature, but there is not a great deal of it, giving the team medium confidence.
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Key Message 29.4  
Our Built Environment Will Become More Costly 

Description of Evidence Base
Many major assessments have been done concerning Alaska’s built environment, including economic studies 
of the costs associated with climate change and the risks from coastal and riverbank erosion around the 
state.170,171,173,174,181 The findings are consistent that costs will be high and that many communities face high 
risks. The timing of erosion and other damage is less certain, as is the effectiveness of various measures to 
slow or stop climate-driven effects. 

Major Uncertainties and Research Gaps
More work could improve understanding of the effectiveness of various responses to climate-driven damage 
to infrastructure. How response capacity can be created or provided, especially to remote communities, 
is an open question. The fact that models probably underestimate the actual costs and damages suggests 
another area for further work. These gaps contribute to uncertainty in estimates of the costs associated 
with infrastructure degradation, destruction, and collapse. More work can be done to document Indigenous 
Knowledge with regard to the built environment in Alaska. In addition to research gaps, knowledge frag-
mentation is a major hindrance to effective action. Reducing this fragmentation would require a greater 
effort to bring together scientists, community members and knowledge holders, and private businesses, 
especially engineering consulting firms that are already implementing practical solutions. 

Description of Confidence and Likelihood
There is little question about the damage being done to Alaska’s infrastructure due to climate change 
and little doubt that more damage will occur. Thus, based on well-documented experiences around the 
state (e.g., some of the major university and government reports cited in the Key Message text, which are 
consistent with one another), the author team has high confidence in the first two statements of the Key 
Message concerning what effects climate change is having on infrastructure and the further effects that 
are expected. The third sentence, about planning and adaptation, is of high confidence due to the evidence 
that planning can work. The team notes here that the question remains as to what is required to implement 
designs and ideas for protecting infrastructure to withstand the effects of climate change. 

Key Message 29.5  
Our Natural Environment Is Transforming Rapidly

Description of Evidence Base
Changes in Alaska’s marine, terrestrial and freshwater ecosystems, including effects of climate on species 
ranges, species viability, community structure, ecosystem structure and function, and landscapes and 
riverscapes are extensively documented in the scientific literature.1,39,143,192,198 

The strong climatic controls implicated in many, though not all, of these changes may negatively affect the 
abundance and/or quality of ecosystem goods and services, such as ice transportation or many ocean and 
anadromous fisheries, but projections of these impacts are easier for some goods and services than others. 
Confidence is higher for those impacts that are directly mediated by physical drivers (e.g., temperature 
effects on sea ice45 or snowpack46) than those with complex drivers (multiple climate drivers and ecological 
interactions, such as berry production.160
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The fact that some of the stressors are non-climatic and can respond to management choices or strategies 
indicates the possibility of avoiding some potential impacts through management. The literature on 
alternative strategies is limited; this is where synthetic and logical arguments can be made on the scientific 
information describing impacts and plausible future. But it is yet uncertain which management choices 
would be potentially effective, how they would be implemented, and whether they would be sufficient to 
decrease impacts.

Major Uncertainties and Research Gaps
As with many impacts of climatic change, attribution of the fraction of the response due directly to 
climatic change is challenging. Much of the work is correlative rather than deterministic, and in Alaska, the 
datasets that exist for attribution work are severely limited compared to places in the contiguous United 
States (CONUS) because of the scarcity of long-term observational datasets that can be used for training 
downscaling methods. Thus, datasets downscaled from CMIP6 models were not available for Alaska when 
they were available for CONUS. Downscaling methodology that would accelerate attribution research is 
also limited. However, even perfect historical and future climatologies would not eliminate uncertainty—
useful attribution and projections depend on strong impacts modeling and appropriate bridging to resource 
management, and understanding impacts on goods and services is not the same as direct modeling of 
species, community, landscape, and ocean impacts. A major research gap is adequate long-term physical 
and biological monitoring data needed to support and improve model forecasts. More work can be done 
to document Indigenous Knowledge with regard to the natural environment in Alaska, keeping in mind 
important questions of who is doing the documentation, how, and for what purpose. The considerations 
have implications for climate justice and Indigenous rights. Additionally, there is a need to better coordinate 
and improve accessibility of existing data to help identify data needs as well as make more effective use of 
what is already known.

Description of Confidence and Likelihood
A great deal of scientific research, as reported widely in the scholarly literature, has examined ecological 
change in detail around Alaska. The confidence in ecological change is high and not very high because other 
non-climatic factors (such as development and other changes in land use) also contribute to ecosystem 
change and/or documentation of climate-driven change has yet to emerge for some observed changes.

Confidence concerning ecosystem goods and services is medium because 1) although impacts modeling 
for many species and processes indicates this is probably true, impacts modeling for goods and services is 
limited compared to direct physical and ecological impacts; and 2) uncertainty in both climate futures and 
ecosystem responses is large enough that specific predictions are elusive. Although the reasoning is sound, 
there is a limited body of peer-reviewed published evidence. 

Confidence in the ability of careful management to help address climate concerns in the context of other 
needs and aims is medium because there is limited peer-reviewed literature documenting that climate-rele-
vant management practices would be adopted. However, examples exist.
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Key Message 29.6  
Our Security Faces Greater Threats

Description of Evidence Base
Some research and planning have been done by the branches of the armed services to assess the hazards 
from climate change in Alaska.248 Additionally, some work has been done to assess hazards to civilian forms 
of security, including food security.75,87,251,254 The literature is consistent in identifying multiple hazards 
and high uncertainties, which exacerbate risks to security by impeding the ability to plan effectively and 
efficiently. 

Major Uncertainties and Research Gaps
Obvious risks such as coastal erosion and damage from thawing permafrost are well documented. Some 
other risks, such as the potential for wildfires and associated smoke to disrupt airborne operations, have 
been recognized. The assessment of many other risks, however, remains speculative and would benefit from 
further study. Of note here is the unknown degree to which climate change will alter, rather than merely 
have a modest influence on, geopolitical concerns and national security threats. More work can be done to 
document Indigenous Knowledge with regard to the various aspects of security in Alaska.

Description of Confidence and Likelihood
Due to the extent and nature of climate change, as documented in numerous academic and government 
studies, there is high confidence that a changing climate has the potential to alter Alaska’s security at scales 
from local to national. Likewise, there is little question—and thus high confidence—that further change will 
continue to create this hazard. Exactly how the appraised risks will turn into actual effects is less certain 
in the available literature, giving medium confidence in the ability to develop and put in place effective 
response strategies.

Key Message 29.7  
Our Just and Prosperous Future Starts with Adaptation

Description of Evidence Base
Peer-reviewed academic research that analyzes or documents climate adaptation successes and challenges 
is less prevalent than other sources such as online portals, gray and white literature, published adaptation 
plans, and other reliable sources of information. However, the body of literature is growing, and all of these 
sources are relatively consistent in their content. Several non-climate stressors have been identified in 
peer-reviewed literature as factors that can affect a population’s ability to adapt to climate change.270,304,305,321 
Building local capacity and connecting adaptation efforts to economic and workforce development are 
emerging topics that have less evidence base in existing publications,322,323 but the authors felt it was 
important to include these issues based on observations and lived experience.

Major Uncertainties and Research Gaps
As noted above, existing research gaps related to climate adaptation and planning exist in the academic 
literature; however, there are several areas of agreement among white and gray literature and lived 
experience, as documented in other credible sources. Research focusing on community values, priorities, 
and needs, including workforce development, is just emerging. Very little research has been done 
evaluating the implementation of adaptation efforts, especially through Indigenous evaluation methodol-
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ogies.324 More work can be done to document Indigenous Knowledge with regard to resilience and climate 
response in Alaska. Additional work can also be done to learn from what is and is not working in ongoing 
adaptation activities.

Description of Confidence and Likelihood
There is strong evidence from many reports and studies (see citations in the Key Message text), and thus 
high confidence, that local and regional adaptation efforts are underway and that more have been funded. 
The new influx of federal funding opportunities is expected to provide much-needed support, building on 
previous investments in rural Alaska, which together give high confidence that the demand for investment is 
substantial. As of this writing, little work has been done, however, to establish locally acceptable metrics and 
evaluation plans to assess the actual impact of funding influx. Given that research focusing on community 
values, priorities and needs, including workforce development, is just emerging, the final sentence of the 
Key Message has been assigned medium confidence.



Fifth National Climate Assessment

29-46 | Alaska

References
1. Ballinger, T.J., U.S. Bhatt, P.A. Bieniek, B. Brettschneider, R.T. Lader, J.S. Littell, R.L. Thoman, C.F. Waigl, J.E. Walsh, 

and M.A. Webster, 2023: Alaska terrestrial and marine climate trends, 1957–2021. Journal of Climate, 36, 4375–4391. 
https://doi.org/10.1175/jcli-d-22-0434.1

2. Markon, C., S. Gray, M. Berman, L. Eerkes-Medrano, T. Hennessy, H. Huntington, J. Littell, M. McCammon, R. 
Thoman, and S. Trainor, 2018: Ch. 26. Alaska. In: Impacts, Risks, and Adaptation in the United States: Fourth National 
Climate Assessment, Volume II. Reidmiller, D.R., C.W. Avery, D. Easterling, K. Kunkel, K.L.M. Lewis, T.K. Maycock, and 
B.C. Stewart, Eds. U.S. Global Change Research Program, Washington, DC, USA, 1185–1241. https://doi.org/10.7930/
nca4.2018.ch26

3. Stabeno, P.J. and S.W. Bell, 2019: Extreme conditions in the Bering Sea (2017–2018): Record-breaking low sea-ice 
extent. Geophysical Research Letters, 46 (15), 8952–8959. https://doi.org/10.1029/2019gl083816

4. Anderson, D.M., E. Fensin, C.J. Gobler, A.E. Hoeglund, K.A. Hubbard, D.M. Kulis, J.H. Landsberg, K.A. Lefebvre, P. 
Provoost, M.L. Richlen, J.L. Smith, A.R. Solow, and V.L. Trainer, 2021: Marine harmful algal blooms (HABs) in the 
United States: History, current status and future trends. Harmful Algae, 102, 101975. https://doi.org/10.1016/j.
hal.2021.101975

5. Bond, N.A., M.F. Cronin, H. Freeland, and N. Mantua, 2015: Causes and impacts of the 2014 warm anomaly in the NE 
Pacific. Geophysical Research Letters, 42 (9), 3414–3420. https://doi.org/10.1002/2015gl063306

6. Qi, D., L. Chen, B. Chen, Z. Gao, W. Zhong, Richard A. Feely, Leif G. Anderson, H. Sun, J. Chen, M. Chen, L. Zhan, Y. 
Zhang, and W.-J. Cai, 2017: Increase in acidifying water in the western Arctic Ocean. Nature Climate Change, 7 (3), 
195–199. https://doi.org/10.1038/nclimate3228

7. Bathke, D.J., H.R. Prendeville, A. Jacobs, R. Heim, R. Thoman, and B. Fuchs, 2019: Defining drought in a temperate 
rainforest. Bulletin of the American Meteorological Society, 100 (12), 2665–2668. https://doi.org/10.1175/bams-
d-19-0223.1

8. NWS, n.d.: Historic Drought in a Rainforest: Southeast Alaska (2017–2019). National Oceanic and Atmospheric 
Administration, National Weather Service, Juneau, AK. https://noaa.maps.arcgis.com/apps/MapJournal/index.
html?appid=8ce2db39efde4e589ec66692be45f90a

9. Yates, S., 2020: Extreme Rain Brings Flurry of Landslides. LEO Network. https://www.leonetwork.org/en/posts/
show/09e0b101-1489-44e1-8fea-221308a9661a

10. Glomsrod, S., T. Wei, R. Macdonald, L. Lindholt, S. Goldsmith, and T. Matthiasson, 2021: Ch. 4. Arctic economies 
within the Arctic nations. In: The Economy of the North–ECONOR 2020. Glomsrød, S., G. Duhaime, and I. Aslaksen, 
Eds. Arctic Council Secretariat, Tromso, Norway, 51–100. http://hdl.handle.net/11374/2611

11. Danielson, S.L., O. Ahkinga, C. Ashjian, E. Basyuk, L.W. Cooper, L. Eisner, E. Farley, K.B. Iken, J.M. Grebmeier, L. 
Juranek, G. Khen, S.R. Jayne, T. Kikuchi, C. Ladd, K. Lu, R.M. McCabe, G.W.K. Moore, S. Nishino, F. Ozenna, R.S. 
Pickart, I. Polyakov, P.J. Stabeno, R. Thoman, W.J. Williams, K. Wood, and T.J. Weingartner, 2020: Manifestation and 
consequences of warming and altered heat fluxes over the Bering and Chukchi Sea continental shelves. Deep Sea 
Research Part II: Topical Studies in Oceanography, 177, 104781. https://doi.org/10.1016/j.dsr2.2020.104781

12. Walsh, J.E., R.L. Thoman, U.S. Bhatt, P.A. Bieniek, B. Brettschneider, M. Brubaker, S. Danielson, R. Lader, F. Fetterer, 
K. Holderied, K. Iken, A. Mahoney, M. McCammon, and J. Partain, 2018: The high latitude marine heat wave of 2016 
and its impacts on Alaska. Bulletin of the American Meteorological Society, 99 (1), S39–S43. https://doi.org/10.1175/
bams-d-17-0105.1

13. Pilcher, D.J., D.M. Naiman, J.N. Cross, A.J. Hermann, S.A. Siedlecki, G.A. Gibson, and J.T. Mathis, 2019: Modeled effect 
of coastal biogeochemical processes, climate variability, and ocean acidification on aragonite saturation state in the 
Bering Sea. Frontiers in Marine Science, 5, 508. https://doi.org/10.3389/fmars.2018.00508

14. Carvalho, K.S., T.E. Smith, and S. Wang, 2021: Bering Sea marine heatwaves: Patterns, trends and connections with 
the Arctic. Journal of Hydrology, 600, 126462. https://doi.org/10.1016/j.jhydrol.2021.126462

15. Cheung, W.W.L., T.L. Frölicher, V.W.Y. Lam, M.A. Oyinlola, G. Reygondeau, U. Rashid Sumaila, T.C. Tai, L.C.L. Teh, 
and C.C.C. Wabnitz, 2021: Marine high temperature extremes amplify the impacts of climate change on fish and 
fisheries. Science Advances, 7 (40), 1–16. https://doi.org/10.1126/sciadv.abh0895

https://doi.org/10.1175/jcli-d-22-0434.1
https://doi.org/10.7930/nca4.2018.ch26
https://doi.org/10.7930/nca4.2018.ch26
https://doi.org/10.1029/2019gl083816
https://doi.org/10.1016/j.hal.2021.101975
https://doi.org/10.1016/j.hal.2021.101975
https://doi.org/10.1002/2015gl063306
https://doi.org/10.1038/nclimate3228
https://doi.org/10.1175/bams-d-19-0223.1
https://doi.org/10.1175/bams-d-19-0223.1
https://noaa.maps.arcgis.com/apps/MapJournal/index.html?appid=8ce2db39efde4e589ec66692be45f90a
https://noaa.maps.arcgis.com/apps/MapJournal/index.html?appid=8ce2db39efde4e589ec66692be45f90a
https://www.leonetwork.org/en/posts/show/09e0b101-1489-44e1-8fea-221308a9661a
https://www.leonetwork.org/en/posts/show/09e0b101-1489-44e1-8fea-221308a9661a
http://hdl.handle.net/11374/2611
https://doi.org/10.1016/j.dsr2.2020.104781
https://doi.org/10.1175/bams-d-17-0105.1
https://doi.org/10.1175/bams-d-17-0105.1
https://doi.org/10.3389/fmars.2018.00508
https://doi.org/10.1016/j.jhydrol.2021.126462
https://doi.org/10.1126/sciadv.abh0895


Fifth National Climate Assessment

29-47 | Alaska

16. Bachand, C.L. and J.E. Walsh, 2022: Extreme precipitation events in Alaska: Historical trends and projected changes. 
Atmosphere, 13 (3), 388. https://doi.org/10.3390/atmos13030388

17. Lader, R., U.S. Bhatt, J.E. Walsh, and P.A. Bieniek, 2022: Projections of hydroclimatic extremes in southeast Alaska 
under the RCP8.5 scenario. Earth Interactions, 26 (1), 180–194. https://doi.org/10.1175/ei-d-21-0023.1

18. Hunt Jr., G.L., E.M. Yasumiishi, L.B. Eisner, P.J. Stabeno, and M.B. Decker, 2020: Climate warming and the loss of sea 
ice: The impact of sea-ice variability on the southeastern Bering Sea pelagic ecosystem. ICES Journal of Marine 
Science, 79 (3), 937–953. https://doi.org/10.1093/icesjms/fsaa206

19. SeaBank, 2020: SeaBank Annual Report 2020. Alaska Sustainable Fisheries Trust, Sitka, AK, 129 pp. https://
thealaskatrust.org/about-seabank

20. Siddon, E., 2021: Ecosystem Status Report 2021: Eastern Bering Sea, Stock Assessment and Fishery Evaluation 
Report. North Pacific Fishery Management Council, Anchorage, AK, 249 pp. https://apps-afsc.fisheries.noaa.gov/
refm/docs/2021/ebsecosys.pdf

21. Suryan, R.M., M.L. Arimitsu, H.A. Coletti, R.R. Hopcroft, M.R. Lindeberg, S.J. Barbeaux, S.D. Batten, W.J. Burt, M.A. 
Bishop, J.L. Bodkin, R. Brenner, R.W. Campbell, D.A. Cushing, S.L. Danielson, M.W. Dorn, B. Drummond, D. Esler, 
T. Gelatt, D.H. Hanselman, S.A. Hatch, S. Haught, K. Holderied, K. Iken, D.B. Irons, A.B. Kettle, D.G. Kimmel, B. 
Konar, K.J. Kuletz, B.J. Laurel, J.M. Maniscalco, C. Matkin, C.A.E. McKinstry, D.H. Monson, J.R. Moran, D. Olsen, 
W.A. Palsson, W.S. Pegau, J.F. Piatt, L.A. Rogers, N.A. Rojek, A. Schaefer, I.B. Spies, J.M. Straley, S.L. Strom, K.L. 
Sweeney, M. Szymkowiak, B.P. Weitzman, E.M. Yasumiishi, and S.G. Zador, 2021: Ecosystem response persists after 
a prolonged marine heatwave. Scientific Reports, 11 (1), 6235. https://doi.org/10.1038/s41598-021-83818-5

22. ACRC, 2020: 2019 Alaska Climate Review. Alaska Climate Research Center, 27 pp. https://akclimate.org/annual_
report/2019-annual-report/

23. von Biela, V.R., C.J. Sergeant, M.P. Carey, Z. Liller, C. Russell, S. Quinn-Davidson, P.S. Rand, P.A.H. Westley, and 
C.E. Zimmerman, 2022: Premature mortality observations among Alaska’s Pacific salmon during record heat and 
drought in 2019. Fisheries, 47 (4), 157–168. https://doi.org/10.1002/fsh.10705

24. AMAP, 2018: AMAP Assessment 2018: Arctic Ocean Acidification. Arctic Monitoring and Assessment Programme, 
Tromsø, Norway, 187 pp. https://www.amap.no/documents/doc/amap-assessment-2018-arctic-ocean-
acidification/1659

25. Cheng, W., A.J. Hermann, A.B. Hollowed, K.K. Holsman, K.A. Kearney, D.J. Pilcher, C.A. Stock, and K.Y. Aydin, 2021: 
Eastern Bering Sea shelf environmental and lower trophic level responses to climate forcing: Results of dynamical 
downscaling from CMIP6. Deep Sea Research Part II: Topical Studies in Oceanography, 193, 104975. https://doi.
org/10.1016/j.dsr2.2021.104975

26. Frölicher, T.L., E.M. Fischer, and N. Gruber, 2018: Marine heatwaves under global warming. Nature, 560 (7718), 
360–364. https://doi.org/10.1038/s41586-018-0383-9

27. Hermann, A.J., K. Kearney, W. Cheng, D. Pilcher, K. Aydin, K.K. Holsman, and A.B. Hollowed, 2021: Coupled modes of 
projected regional change in the Bering Sea from a dynamically downscaling model under CMIP6 forcing. Deep Sea 
Research Part II: Topical Studies in Oceanography, 194, 104974. https://doi.org/10.1016/j.dsr2.2021.104974

28. IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change. Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. 
Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. 
Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou, Eds. Cambridge University Press, Cambridge, 
UK and New York, NY, USA, 2391 pp. https://doi.org/10.1017/9781009157896

29. Shaftel, R., S. Mauger, J. Falke, D. Rinella, J. Davis, and L. Jones, 2020: Thermal diversity of salmon streams in the 
Matanuska-Susitna Basin, Alaska. Journal of the American Water Resources Association, 56 (4), 630–646. https://doi.
org/10.1111/1752-1688.12839

30. O’Neel, S., C. McNeil, L.C. Sass, C. Florentine, E.H. Baker, E. Peitzsch, D. McGrath, A.G. Fountain, and D. Fagre, 2019: 
Reanalysis of the US Geological Survey benchmark glaciers: Long-term insight into climate forcing of glacier mass 
balance. Journal of Glaciology, 65 (253), 850–866. https://doi.org/10.1017/jog.2019.66

31. Wolken, G.J., B. Wouters, M. Sharp, L.M. Andreassen, D. Burgess, J. Kohler, and B. Luks, 2020: NOAA Arctic Report 
Card 2020: Glaciers and Ice Caps Outside Greenland. National Oceanic and Atmospheric Administration, Office of 
Oceanic and Atmospheric Research, 8 pp. https://doi.org/10.25923/nwqq-8736

https://doi.org/10.3390/atmos13030388
https://doi.org/10.1175/ei-d-21-0023.1
https://doi.org/10.1093/icesjms/fsaa206
https://thealaskatrust.org/about-seabank
https://thealaskatrust.org/about-seabank
https://apps-afsc.fisheries.noaa.gov/refm/docs/2021/ebsecosys.pdf
https://apps-afsc.fisheries.noaa.gov/refm/docs/2021/ebsecosys.pdf
https://doi.org/10.1038/s41598-021-83818-5
https://akclimate.org/annual_report/2019-annual-report/
https://akclimate.org/annual_report/2019-annual-report/
https://doi.org/10.1002/fsh.10705
https://www.amap.no/documents/doc/amap-assessment-2018-arctic-ocean-acidification/1659
https://www.amap.no/documents/doc/amap-assessment-2018-arctic-ocean-acidification/1659
https://doi.org/10.1016/j.dsr2.2021.104975
https://doi.org/10.1016/j.dsr2.2021.104975
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1016/j.dsr2.2021.104974
https://doi.org/10.1017/9781009157896
https://doi.org/10.1111/1752-1688.12839
https://doi.org/10.1111/1752-1688.12839
https://doi.org/10.1017/jog.2019.66
https://doi.org/10.25923/nwqq-8736


Fifth National Climate Assessment

29-48 | Alaska

32. Romanovsky, V.E., S.L. Smith, K. Isaksen, K.E. Nyland, A.L. Kholodov, N.I. Shiklomanov, D.A. Streletskiy, L.M. 
Farquharson, D.S. Drozdov, G.V. Malkova, and H.H. Christiansen, 2020: [The Arctic] terrestrial permafrost [in “State 
of the Climate in 2019”]. Bulletin of the American Meteorological Society, 101 (8), S265–S271. https://doi.org/10.1175/
bams-d-20-0086.1

33. Sweet, W.V., B.D. Hamlington, R.E. Kopp, C.P. Weaver, P.L. Barnard, D. Bekaert, W. Brooks, M. Craghan, G. Dusek, T. 
Frederikse, G. Garner, A.S. Genz, J.P. Krasting, E. Larour, D. Marcy, J.J. Marra, J. Obeysekera, M. Osler, M. Pendleton, 
D. Roman, L. Schmied, W. Veatch, K.D. White, and C. Zuzak, 2022: Global and Regional Sea Level Rise Scenarios for 
the United States: Updated Mean Projections and Extreme Water Level Probabilities Along U.S. Coastlines. NOAA 
Technical Report NOS 01. National Oceanic and Atmospheric Administration, National Ocean Service, Silver Spring, 
MD, 111 pp. https://oceanservice.noaa.gov/hazards/sealevelrise/sealevelrise-tech-report-sections.html

34. Grabinski, Z. and H.R. McFarland, 2020: Alaska’s Changing Wildfire Environment [Outreach Booklet]. University 
of Alaska Fairbanks, International Arctic Research Center, Alaska Fire Science Consortium. https://www.frames.
gov/afsc/acwe

35. Redilla, K., S. Pearl, P. Bieniek, and J. Walsh, 2019: Wind climatology for Alaska: Historical and future. Atmospheric 
and Climate Sciences, 9, 683–702. https://doi.org/10.4236/acs.2019.94042

36. Hartmann, B. and G. Wendler, 2005: The significance of the 1976 Pacific climate shift in the climatology of Alaska. 
Journal of Climate, 18 (22), 4824–4839. https://doi.org/10.1175/jcli3532.1

37. Walsh, J.E. and B. Brettschneider, 2019: Attribution of recent warming in Alaska. Polar Science, 21, 101–109. https://
doi.org/10.1016/j.polar.2018.09.002

38. Dobricic, S., S. Russo, L. Pozzoli, J. Wilson, and E. Vignati, 2020: Increasing occurrence of heat waves in the 
terrestrial Arctic. Environmental Research Letters, 15 (2), 024022. https://doi.org/10.1088/1748-9326/ab6398

39. Bhatt, U.S., R.T. Lader, J.E. Walsh, P.A. Bieniek, R. Thoman, M. Berman, C. Borries-Strigle, K. Bulock, J. Chriest, M. 
Hahn, A.S. Hendricks, R. Jandt, J. Little, D. McEvoy, C. Moore, T.S. Rupp, J. Schmidt, E. Stevens, H. Strader, C. Waigl, 
J. White, A. York, and R. Ziel, 2021: Emerging anthropogenic influences on the Southcentral Alaska temperature and 
precipitation extremes and related fires in 2019. Land, 10 (1), 82. https://doi.org/10.3390/land10010082

40. Jandt, R. and A. York, 2021: Wildfire is transforming Alaska and amplifying climate change. Scientific American, 
325 (4), 42–49. https://www.scientificamerican.com/article/wildfire-is-transforming-alaska-and-amplifying-
climate-change/

41. Gutiérrez, J.M., R.G. Jones, G.T. Narisma, L.M. Alves, M. Amjad, I.V. Gorodetskaya, M. Grose, N.A.B. Klutse, S. 
Krakovska, J. Li, D. Martínez-Castro, L.O. Mearns, S.H. Mernild, T. Ngo-Duc, B. van den Hurk, and J.-H. Yoon, 2021: 
Atlas. In: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change. Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. 
Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. 
Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou, Eds. Cambridge University Press, Cambridge, UK and New 
York, NY, USA, 1927–2058. https://doi.org/10.1017/9781009157896.021

42. Iturbide, M., J. Fernández, J.M. Gutiérrez, J. Bedia, E. Cimadevilla, J. Díez-Sierra, R. Manzanas, A. Casanueva, J. Baño-
Medina, J. Milovac, S. Herrera, A.S. Cofiño, D. San Martín, M. García-Díez, M. Hauser, D. Huard, and Ö. Yelekci. 
2021: Repository Supporting the Implementation of Fair Principles in the IPCC WG1 Atlas. Zenodo. https://doi.
org/10.5281/zenodo.3691645

43. Parding, K.M., A. Dobler, C.F. McSweeney, O.A. Landgren, R. Benestad, H.B. Erlandsen, A. Mezghani, H. Gregow, O. 
Räty, E. Viktor, J. El Zohbi, O.B. Christensen, and H. Loukos, 2020: GCMeval—An interactive tool for evaluation and 
selection of climate model ensembles. Climate Services, 18, 100167. https://doi.org/10.1016/j.cliser.2020.100167

44. Bieniek, P.A., J.E. Walsh, R.L. Thoman, and U.S. Bhatt, 2014: Using climate divisions to analyze variations and 
trends in Alaska temperature and precipitation. Journal of Climate, 27 (8), 2800–2818. https://doi.org/10.1175/jcli-
d-13-00342.1

45. Meredith, M., M. Sommerkorn, S. Cassotta, C. Derksen, A. Ekaykin, A. Hollowed, G. Kofinas, A. Mackintosh, J. 
Melbourne-Thomas, M.M.C. Muelbert, H. Ottersen, H. Pritchard, and E.A.G. Schuur, 2022: Ch. 3. Polar Regions. In: 
IPCC Special Report on the Ocean and Cryosphere in a Changing Climate. Pörtner, H.O., D.C. Roberts, V. Masson-
Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegría, M. Nicolai, A. Okem, J. Petzold, B. Rama, 
and N.M. Weyer, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 203–320. https://doi.
org/10.1017/9781009157964.005

https://doi.org/10.1175/bams-d-20-0086.1
https://doi.org/10.1175/bams-d-20-0086.1
https://oceanservice.noaa.gov/hazards/sealevelrise/sealevelrise-tech-report-sections.html
https://www.frames.gov/afsc/acwe
https://www.frames.gov/afsc/acwe
https://doi.org/10.4236/acs.2019.94042
https://doi.org/10.1175/jcli3532.1
https://doi.org/10.1016/j.polar.2018.09.002
https://doi.org/10.1016/j.polar.2018.09.002
https://doi.org/10.1088/1748-9326/ab6398
https://doi.org/10.3390/land10010082
https://www.scientificamerican.com/article/wildfire-is-transforming-alaska-and-amplifying-climate-change/
https://www.scientificamerican.com/article/wildfire-is-transforming-alaska-and-amplifying-climate-change/
https://doi.org/10.1017/9781009157896.021
https://doi.org/10.5281/zenodo.3691645
https://doi.org/10.5281/zenodo.3691645
https://doi.org/10.1016/j.cliser.2020.100167
https://doi.org/10.1175/jcli-d-13-00342.1
https://doi.org/10.1175/jcli-d-13-00342.1
https://doi.org/10.1017/9781009157964.005
https://doi.org/10.1017/9781009157964.005


Fifth National Climate Assessment

29-49 | Alaska

46. Littell, J.S., S.A. McAfee, and G.D. Hayward, 2018: Alaska snowpack response to climate change: Statewide snowfall 
equivalent and snowpack water scenarios. Water, 10 (5), 668. https://doi.org/10.3390/w10050668

47. Mudryk, L., M. Santolaria-Otín, G. Krinner, M. Ménégoz, C. Derksen, C. Brutel-Vuilmet, M. Brady, and R. Essery, 
2020: Historical Northern Hemisphere snow cover trends and projected changes in the CMIP6 multi-model 
ensemble. Cryosphere, 14 (7), 2495–2514. https://doi.org/10.5194/tc-14-2495-2020

48. Thoman, R.L., U.S. Bhatt, P.A. Bieniek, B.R. Brettschneider, M. Brubaker, S.L. Danielson, Z. Labe, R. Lader, W.N. 
Meier, G. Sheffield, and J.E. Walsh, 2020: The record low Bering Sea ice extent in 2018: Context, impacts, and an 
assessment of the role of anthropogenic climate change. Bulletin of the American Meteorological Society, 101 (1), 
S53–S58. https://doi.org/10.1175/bams-d-19-0175.1

49. Douglas, T.A., C.A. Hiemstra, J.E. Anderson, R.A. Barbato, K.L. Bjella, E.J. Deeb, A.B. Gelvin, P.E. Nelsen, S.D. Newman, 
S.P. Saari, and A.M. Wagner, 2021: Recent degradation of interior Alaska permafrost mapped with ground surveys, 
geophysics, deep drilling, and repeat airborne lidar. Cryosphere, 15 (8), 3555–3575. https://doi.org/10.5194/
tc-15-3555-2021

50. Osterkamp, T.E., M.T. Jorgenson, E.A.G. Schuur, Y.L. Shur, M.Z. Kanevskiy, J.G. Vogel, and V.E. Tumskoy, 2009: 
Physical and ecological changes associated with warming permafrost and thermokarst in interior Alaska. 
Permafrost and Periglacial Processes, 20 (3), 235–256. https://doi.org/10.1002/ppp.656

51. Farquharson, L.M., V.E. Romanovsky, A. Kholodov, and D. Nicolsky, 2022: Sub-aerial talik formation observed across 
the discontinuous permafrost zone of Alaska. Nature Geoscience, 15 (6), 475–481. https://doi.org/10.1038/s41561-
022-00952-z

52. Marino, E., 2015: Fierce Climate, Sacred Ground: An Ethnography of Climate Change in Shishmaref, Alaska. 
University of Alaska Press, Fairbanks, AK, 122 pp. https://upcolorado.com/university-of-alaska-press/item/5674-
fierce-climate-sacred-ground

53. KTOO, 2018: Major earthquake damages buildings and roads in Anchorage. KTOO Public Media, November 30, 2018. 
https://www.ktoo.org/2018/11/30/6-7-magnitude-earthquake-rocks-buildings-in-anchorage/

54. Balbus, J., A. Crimmins, J.L. Gamble, D.R. Easterling, K.E. Kunkel, S. Saha, and M.C. Sarofim, 2016: Ch. 1. 
Introduction: Climate change and human health. In: The Impacts of Climate Change on Human Health in the 
United States: A Scientific Assessment. U.S. Global Change Research Program, Washington, DC, 25–42. https://doi.
org/10.7930/j0vx0dfw

55. Cochran, P., O.H. Huntington, C. Pungowiyi, S. Tom, F.S. Chapin, III, H.P. Huntington, N.G. Maynard, and S.F. 
Trainor, 2013: Indigenous frameworks for observing and responding to climate change in Alaska. Climatic Change, 
120 (3), 557–567. https://doi.org/10.1007/s10584-013-0735-2

56. Sohns, A., J.D. Ford, J. Adamowski, and B.E. Robinson, 2021: Participatory modeling of water vulnerability in remote 
Alaskan households using causal loop diagrams. Environmental Management, 67 (1), 26–42. https://doi.org/10.1007/
s00267-020-01387-1

57. Yoder, S., 2018: Assessment of the potential health impacts of climate change in Alaska. State of Alaska Epidemiology 
Bulletin, 20 (1). https://arctichealth.org/en/permalink/ahliterature287905

58. Driscoll, D.L., E. Mitchell, R. Barker, J.M. Johnston, and S. Renes, 2016: Assessing the health effects of climate 
change in Alaska with community-based surveillance. Climatic Change, 137 (3), 455–466. https://doi.org/10.1007/
s10584-016-1687-0

59. Eichelberger, L.P., 2010: Living in utility scarcity: Energy and water insecurity in northwest Alaska. American 
Journal of Public Health, 100 (6), 1010–1018. https://doi.org/10.2105/ajph.2009.160846

60. Thomas, T.K., T. Ritter, D. Bruden, M. Bruce, K. Byrd, R. Goldberger, J. Dobson, K. Hickel, J. Smith, and T. Hennessy, 
2015: Impact of providing in-home water service on the rates of infectious diseases: Results from four communities 
in Western Alaska. Journal of Water and Health, 14 (1), 132–141. https://doi.org/10.2166/wh.2015.110

61. OCCHE, 2022: Climate Change and Health Equity. U.S. Department of Health and Human Services, Office of 
Climate Change and Health Equity. https://www.hhs.gov/climate-change-health-equity-environmental-justice/
climate-change-health-equity/index.html

https://doi.org/10.3390/w10050668
https://doi.org/10.5194/tc-14-2495-2020
https://doi.org/10.1175/bams-d-19-0175.1
https://doi.org/10.5194/tc-15-3555-2021
https://doi.org/10.5194/tc-15-3555-2021
https://doi.org/10.1002/ppp.656
https://doi.org/10.1038/s41561-022-00952-z
https://doi.org/10.1038/s41561-022-00952-z
https://upcolorado.com/university-of-alaska-press/item/5674-fierce-climate-sacred-ground
https://upcolorado.com/university-of-alaska-press/item/5674-fierce-climate-sacred-ground
https://www.ktoo.org/2018/11/30/6-7-magnitude-earthquake-rocks-buildings-in-anchorage/
https://doi.org/10.7930/j0vx0dfw
https://doi.org/10.7930/j0vx0dfw
https://doi.org/10.1007/s10584-013-0735-2
https://doi.org/10.1007/s00267-020-01387-1
https://doi.org/10.1007/s00267-020-01387-1
https://arctichealth.org/en/permalink/ahliterature287905
https://doi.org/10.1007/s10584-016-1687-0
https://doi.org/10.1007/s10584-016-1687-0
https://doi.org/10.2105/ajph.2009.160846
https://doi.org/10.2166/wh.2015.110
https://www.hhs.gov/climate-change-health-equity-environmental-justice/climate-change-health-equity/index.html
https://www.hhs.gov/climate-change-health-equity-environmental-justice/climate-change-health-equity/index.html


Fifth National Climate Assessment

29-50 | Alaska

62. Eichelberger, L., S. Dev, T. Howe, D.L. Barnes, E. Bortz, B.R. Briggs, P. Cochran, A.D. Dotson, D.M. Drown, M.B. Hahn, 
K. Mattos, and S. Aggarwal, 2021: Implications of inadequate water and sanitation infrastructure for community 
spread of COVID-19 in remote Alaskan communities. Science of The Total Environment, 776, 145842. https://doi.
org/10.1016/j.scitotenv.2021.145842

63. Rodriguez-Lonebear, D., N.E. Barceló, R. Akee, and S.R. Carroll, 2020: American Indian reservations and COVID-19: 
Correlates of early infection rates in the pandemic. Journal of Public Health Management and Practice, 26 (4), 
371–377. https://doi.org/10.1097/phh.0000000000001206

64. Wong, M.S., D.M. Upchurch, W.N. Steers, T.P. Haderlein, A.T. Yuan, and D.L. Washington, 2022: The role of 
community-level factors on disparities in COVID-19 infection among American Indian/Alaska Native veterans. 
Journal of Racial and Ethnic Health Disparities, 9 (5), 1861–1872. https://doi.org/10.1007/s40615-021-01123-3

65. ADEC, 2013: Alaska Water and Sewer Challenge. Alaska Department of Environmental Conservation. http://
watersewerchallenge.alaska.gov/

66. ANTHC, 2019: Portable Alternative Sanitation System Connects In-Home Sanitation Systems Where It Was 
Impossible Before. Alaska Native Tribal Health Consortium. https://www.anthc.org/news/portable-alternative-
sanitation-system-connects-in-home-sanitation-systems-where-it-was-impossible-before/

67. Hennessy, T.W., T. Ritter, R.C. Holman, D.L. Bruden, K.L. Yorita, L. Bulkow, J.E. Cheek, R.J. Singleton, and J. Smith, 
2008: The relationship between in-home water service and the risk of respiratory tract, skin, and gastrointestinal 
tract infections among rural Alaska natives. American Journal of Public Health, 98 (11), 2072–2078. https://doi.
org/10.2105/ajph.2007.115618

68. Hicks, K.L., S.K. Robler, A. Platt, S.N. Morton, J.R. Egger, and S.D. Emmett, 2023: Environmental factors for hearing 
loss and middle ear disease in Alaska Native children and adolescents: A cross-sectional analysis from a cluster 
randomized trial. Ear and Hearing, 44 (1), 2–9. https://doi.org/10.1097/aud.0000000000001265

69. Mosites, E., B. Lefferts, S. Seeman, G. January, J. Dobson, D. Fuente, M. Bruce, T. Thomas, and T. Hennessy, 2020: 
Community water service and incidence of respiratory, skin, and gastrointestinal infections in rural Alaska, 
2013–2015. International Journal of Hygiene and Environmental Health, 225, 113475. https://doi.org/10.1016/j.
ijheh.2020.113475

70. Brock, R.L., M.W. O’Hara, K.J. Hart, J.E. McCabe-Beane, J.A. Williamson, A. Brunet, D.P. Laplante, C. Yu, and S. King, 
2015: Peritraumatic distress mediates the effect of severity of disaster exposure on perinatal depression: The Iowa 
flood study. Journal of Traumatic Stress, 28 (6), 515–522. https://doi.org/10.1002/jts.22056

71. Mallett, L.H. and R.A. Etzel, 2018: Flooding: What is the impact on pregnancy and child health? Disasters, 42 (3), 
432–458. https://doi.org/10.1111/disa.12256

72. Thoman, R., 2022: Typhoon Merbok, fueled by unusually warm Pacific Ocean, pounded Alaska’s vulnerable coastal 
communities at a critical time. The Conversation. https://theconversation.com/typhoon-merbok-fueled-by-
unusually-warm-pacific-ocean-pounded-alaskas-vulnerable-coastal-communities-at-a-critical-time-190898

73. Cunsolo, A. and N.R. Ellis, 2018: Ecological grief as a mental health response to climate change-related loss. Nature 
Climate Change, 8 (4), 275–281. https://doi.org/10.1038/s41558-018-0092-2

74. Cianconi, P., S. Betrò, and L. Janiri, 2020: The impact of climate change on mental health: A systematic descriptive 
review. Frontiers in Psychiatry, 11, 74. https://doi.org/10.3389/fpsyt.2020.00074

75. Donkersloot, R., J.C. Black, C. Carothers, D. Ringer, W. Justin, P.M. Clay, M.R. Poe, E.R. Gavenus, W. Voinot-Baron, C. 
Stevens, M. Williams, J. Raymond-Yakoubian, F. Christiansen, S.J. Breslow, S.J. Langdon, J.M. Coleman, and S.J. Clark, 
2020: Assessing the sustainability and equity of Alaska salmon fisheries through a well-being framework. Ecology 
and Society, 25 (2). https://doi.org/10.5751/es-11549-250218

76. Oscarville Traditional Village, 2019: Pektayiinata = We Are Resilient: Oscarville Tribal Climate Adaptation Plan. U.S. 
Department of Interior, Bureau of Indian Affairs, Tribal Resilience Program, Oscarville, AK. https://www.nna-co.
org/index.php/resource/oscarville-tribal-climate-adaptation-plan

77. Dannenberg, A.L., H. Frumkin, J.J. Hess, and K.L. Ebi, 2019: Managed retreat as a strategy for climate change 
adaptation in small communities: Public health implications. Climatic Change, 153 (1), 1–14. https://doi.org/10.1007/
s10584-019-02382-0

78. Knodel, M., 2014: Conceptualizing climate justice in Kivalina. Seattle University Law Review, 37 (4). https://
digitalcommons.law.seattleu.edu/sulr/vol37/iss4/4

https://doi.org/10.1016/j.scitotenv.2021.145842
https://doi.org/10.1016/j.scitotenv.2021.145842
https://doi.org/10.1097/phh.0000000000001206
https://doi.org/10.1007/s40615-021-01123-3
http://watersewerchallenge.alaska.gov/
http://watersewerchallenge.alaska.gov/
https://www.anthc.org/news/portable-alternative-sanitation-system-connects-in-home-sanitation-systems-where-it-was-impossible-before/
https://www.anthc.org/news/portable-alternative-sanitation-system-connects-in-home-sanitation-systems-where-it-was-impossible-before/
https://doi.org/10.2105/ajph.2007.115618
https://doi.org/10.2105/ajph.2007.115618
https://doi.org/10.1097/aud.0000000000001265
https://doi.org/10.1016/j.ijheh.2020.113475
https://doi.org/10.1016/j.ijheh.2020.113475
https://doi.org/10.1002/jts.22056
https://doi.org/10.1111/disa.12256
https://theconversation.com/typhoon-merbok-fueled-by-unusually-warm-pacific-ocean-pounded-alaskas-vulnerable-coastal-communities-at-a-critical-time-190898
https://theconversation.com/typhoon-merbok-fueled-by-unusually-warm-pacific-ocean-pounded-alaskas-vulnerable-coastal-communities-at-a-critical-time-190898
https://doi.org/10.1038/s41558-018-0092-2
https://doi.org/10.3389/fpsyt.2020.00074
https://doi.org/10.5751/es-11549-250218
https://www.nna-co.org/index.php/resource/oscarville-tribal-climate-adaptation-plan
https://www.nna-co.org/index.php/resource/oscarville-tribal-climate-adaptation-plan
https://doi.org/10.1007/s10584-019-02382-0
https://doi.org/10.1007/s10584-019-02382-0
https://digitalcommons.law.seattleu.edu/sulr/vol37/iss4/4
https://digitalcommons.law.seattleu.edu/sulr/vol37/iss4/4


Fifth National Climate Assessment

29-51 | Alaska

79. Trombley, J., S. Chalupka, and L. Anderko, 2017: Climate change and mental health. AJN The American Journal of 
Nursing, 117 (4), 44–52. https://doi.org/10.1097/01.naj.0000515232.51795.fa

80. Allen, J., L. Wexler, and S. Rasmus, 2022: Protective factors as a unifying framework for strength-based intervention 
and culturally responsive American Indian and Alaska Native suicide prevention. Prevention Science, 23 (1), 59–72. 
https://doi.org/10.1007/s11121-021-01265-0

81. Cunsolo Willox, A., E. Stephenson, J. Allen, F. Bourque, A. Drossos, S. Elgarøy, M.J. Kral, I. Mauro, J. Moses, T. Pearce, 
J.P. MacDonald, and L. Wexler, 2015: Examining relationships between climate change and mental health in the 
circumpolar North. Regional Environmental Change, 15 (1), 169–182. https://doi.org/10.1007/s10113-014-0630-z

82. Hahn, M.B., G. Kuiper, K. O’Dell, E.V. Fischer, and S. Magzamen, 2021: Wildfire smoke is associated with an increased 
risk of cardiorespiratory emergency department visits in Alaska. GeoHealth, 5 (5), e2020GH000349. https://doi.
org/10.1029/2020gh000349

83. Hahn, M.B., G. Disler, L.A. Durden, S. Coburn, F. Witmer, W. George, K. Beckmen, and R. Gerlach, 2020: Establishing 
a baseline for tick surveillance in Alaska: Tick collection records from 1909–2019. Ticks and Tick-borne Diseases, 11 
(5), 101495. https://doi.org/10.1016/j.ttbdis.2020.101495

84. Witmer, F.D.W., T.W. Nawrocki, and M. Hahn, 2022: Modeling geographic uncertainty in current and future habitat 
for potential populations of Ixodes pacificus (Acari: Ixodidae) in Alaska. Journal of Medical Entomology, 59 (3), 
976–986. https://doi.org/10.1093/jme/tjac001

85. Beckmen, K., 2021: Rabies outbreak in western Alaska sparks team response. Alaska Fish and Wildlife News, June 
2021. https://www.adfg.alaska.gov/index.cfm?adfg=wildlifenews.view_article&articles_id=993

86. Kim, B.I., J.D. Blanton, A. Gilbert, L. Castrodale, K. Hueffer, D. Slate, and C.E. Rupprecht, 2014: A conceptual model 
for the impact of climate change on fox rabies in Alaska, 1980–2010. Zoonoses and Public Health, 61 (1), 72–80. 
https://doi.org/10.1111/zph.12044

87. Huntington, H.P., J. Raymond-Yakoubian, G. Noongwook, N. Naylor, C. Harris, Q. Harcharek, and B. Adams, 2021: 
“We never get stuck:” A collaborative analysis of change and coastal community subsistence practices in the 
Northern Bering and Chukchi Seas, Alaska. Arctic, 74 (2), 113–126. https://doi.org/10.14430/arctic72446

88. Christie, K.S., T.E. Hollmen, H.P. Huntington, and J.R. Lovvorn, 2018: Structured decision analysis informed by 
traditional ecological knowledge as a tool to strengthen subsistence systems in a changing Arctic. Ecology and 
Society, 23 (4), 42. https://doi.org/10.5751/es-10596-230442

89. Hendrix, A.M., K.A. Lefebvre, L. Quakenbush, A. Bryan, R. Stimmelmayr, G. Sheffield, G. Wisswaesser, M.L. Willis, 
E.K. Bowers, P. Kendrick, E. Frame, T. Burbacher, and D.J. Marcinek, 2021: Ice seals as sentinels for algal toxin 
presence in the Pacific Arctic and subarctic marine ecosystems. Marine Mammal Science, 37 (4), 1292–1308. https://
doi.org/10.1111/mms.12822

90. Lefebvre, K.A., L. Quakenbush, E. Frame, K. Burek, G. Sheffield, R. Stimmelmayr, A. Bryan, P. Kendrick, H. Ziel, T. 
Goldstein, J.A. Snyder, T. Gelatt, F. Gulland, B. Dickerson, and V. Gill, 2016: Prevalence of algal toxins in Alaskan 
marine mammals foraging in a changing arctic and subarctic environment. Harmful Algae, 55, 13–24. https://doi.
org/10.1016/j.hal.2016.01.007

91. Van Hemert, C., J.D. Robert, M.S. Matthew, K. Robert, S. Gay, M.D. Lauren, J.K. Kathy, K. Susan, S.L. Julia, D.R. 
Hardison, R.W. Litaker, J. Timothy, K.B. Hillary, and K.P. Julia, 2021: Investigation of algal toxins in a multispecies 
seabird die-off in the Bering and Chukchi seas. Journal of Wildlife Diseases, 57 (2), 399–407. https://doi.
org/10.7589/jwd-d-20-00057

92. Van Hemert, C., S.K. Schoen, R.W. Litaker, M.M. Smith, M.L. Arimitsu, J.F. Piatt, W.C. Holland, D. Ransom Hardison, 
and J.M. Pearce, 2020: Algal toxins in Alaskan seabirds: Evaluating the role of saxitoxin and domoic acid in a 
large-scale die-off of common murres. Harmful Algae, 92, 101730. https://doi.org/10.1016/j.hal.2019.101730

93. Johnson-Agbakwu, C.E., N.S. Ali, C.M. Oxford, S. Wingo, E. Manin, and D.V. Coonrod, 2022: Racism, COVID-19, and 
health inequity in the USA: A call to action. Journal of Racial and Ethnic Health Disparities, 9 (1), 52–58. https://doi.
org/10.1007/s40615-020-00928-y

94. van Dorn, A., R.E. Cooney, and M.L. Sabin, 2020: COVID-19 exacerbating inequalities in the US. The Lancet, 395 
(10232), 1243–1244. https://doi.org/10.1016/s0140-6736(20)30893-x

95. Cana Uluaq Itchuaqiyaq (Author), May 13, 2022: Email communication with Gladys I’yiiqpak Pungowiyi (Iñupiaq), 
Kotzebue, Alaska.

https://doi.org/10.1097/01.naj.0000515232.51795.fa
https://doi.org/10.1007/s11121-021-01265-0
https://doi.org/10.1007/s10113-014-0630-z
https://doi.org/10.1029/2020gh000349
https://doi.org/10.1029/2020gh000349
https://doi.org/10.1016/j.ttbdis.2020.101495
https://doi.org/10.1093/jme/tjac001
https://www.adfg.alaska.gov/index.cfm?adfg=wildlifenews.view_article&articles_id=993
https://doi.org/10.1111/zph.12044
https://doi.org/10.14430/arctic72446
https://doi.org/10.5751/es-10596-230442
https://doi.org/10.1111/mms.12822
https://doi.org/10.1111/mms.12822
https://doi.org/10.1016/j.hal.2016.01.007
https://doi.org/10.1016/j.hal.2016.01.007
https://doi.org/10.7589/jwd-d-20-00057
https://doi.org/10.7589/jwd-d-20-00057
https://doi.org/10.1016/j.hal.2019.101730
https://doi.org/10.1007/s40615-020-00928-y
https://doi.org/10.1007/s40615-020-00928-y
https://doi.org/10.1016/s0140-6736(20)30893-x


Fifth National Climate Assessment

29-52 | Alaska

96. ADLWD, 2020: Alaska Population Overview: 2019 Estimates. Alaska Department of Labor and Workforce 
Development, Research and Analysis Section. https://live.laborstats.alaska.gov/pop/estimates/pub/19popover.pdf

97. Berman, M. and J.I. Schmidt, 2019: Economic effects of climate change in Alaska. Weather, Climate, and Society, 11 
(2), 245–258. https://doi.org/10.1175/wcas-d-18-0056.1

98. NTIA, 2020: Indicators of Broadband Need Map. U.S. Department of Commerce, National Telecommunications and 
Information Administration. https://broadbandusa.ntia.doc.gov/resources/data-and-mapping

99. Tracie Curry (Author), March 10, 2023: Telephone and email communication with Thomas Lochner, director of the 
Alaska broadband office, Alaska Department of Commerce, Community, and Economic Development.

100. Hudson, H.E., V. Hanna, A. Hill, K. Parker, S. Sharp, K. Spiers, and K. Wark, 2021: Toward Universal Broadband 
in Rural Alaska: Final Report. State of Alaska, Governor’s Task Force on Broadband. https://indd.adobe.com/
view/42ddcfe3-5ea9-4bcb-bd09-a71bcb63869a

101. FNSB, 2021: Geographic Information Services (GIS). Fairbanks North Star Borough. https://fnsb.gov/433/
geographic-information-services-gis

102. NRCS, 2019: Web Soil Survey. U.S. Department of Agriculture, Natural Resources Conservation Service. https://
websoilsurvey.nrcs.usda.gov/app/

103. U.S. Census Bureau, 2021: American Community Survey (ACS). U.S. Department of Commerce, U.S. Census Bureau. 
https://www.census.gov/programs-surveys/acs

104. Hartman, I.C., 2020: Black History in the Last Frontier. Johnson, K., Ed. National Park Service. https://www.nps.
gov/articles/upload/black-history-in-the-last-frontier_reader_compressed.pdf

105. ADLWD, 2021: 2021 Population Estimates by Borough, Census Area, and Economic Region. Alaska Department of 
Labor and Workforce Development, Juneau, AK. https://live.laborstats.alaska.gov/pop/index.cfm

106. State of Alaska, 2022: Administrative Order No. 331: Alaska Food Security and Independence Task Force. State of 
Alaska, Office of the Governor. https://gov.alaska.gov/admin-orders/administrative-order-no-331/

107. Fried, N., 2019: The Cost of Living: 2018 and Early 2019. State of Alaska, Department of Labor and Workforce 
Development. https://live.laborstats.alaska.gov/trends-articles/2019/07/the-cost-of-living-in-alaska

108. SNAP, 2022: State Activity Report: Fiscal Year 2020. Food and Nutrition Service, Supplemental Nutrition Assistance 
Program. https://www.fns.usda.gov/pd/snap-state-activity-reports

109. Fall, J.A., 2018: Subsistence in Alaska: A Year 2017 Update. Alaska Department of Fish and Game, Division of 
Subsistence, Anchorage, AK, 4 pp. http://www.adfg.alaska.gov/static/home/subsistence/pdfs/subsistence_
update_2017.pdf

110. Cheng, M., M. Zhang, R.M. Van Veldhuizen, and C.W. Knight, 2021: Growing season and phenological stages of small 
grain crops in response to climate change in Alaska. American Journal of Climate Change, 10 (4), 490–511. https://
doi.org/10.4236/ajcc.2021.104025

111. Fresco, N., A. Bennett, P. Bieniek, and C. Rosner, 2021: Climate change, farming, and gardening in Alaska: Cultivating 
opportunities. Sustainability, 13 (22), 12713. https://doi.org/10.3390/su132212713

112. Lader, R., J.E. Walsh, U.S. Bhatt, and P.A. Bieniek, 2018: Agro-climate projections for a warming Alaska. Earth 
Interactions, 22 (18), 1–24. https://doi.org/10.1175/ei-d-17-0036.1

113. Clifford, L., 2022: North Pole man killed in head-on collision on the Richardson Highway. Fairbanks Daily 
News-Miner, March 2, 2022. https://www.newsminer.com/news/alaska_news/north-pole-man-killed-in-head-
on-collision-on-the-richardson-highway/article_f25008e0-9a9b-11ec-bfef-6f7855147b3b.html

114. Williams, T., 2021: Interior Alaska storm wreaks havoc as highways temporarily close and thousands remain without 
power. Anchorage Daily News, December 27, 2021. https://www.adn.com/alaska-news/weather/2021/12/27/
interior-alaska-storm-wreaks-havoc-as-highways-temporarily-close-and-thousands-remain-without-power/

115. Kitchenman, A., 2022: Gov. Dunleavy issues disaster declaration for Interior Alaska and Mat-Su storms. KTOO 
Public Media, January 3, 2022. https://www.ktoo.org/2022/01/03/dunleavy-disaster-declaration-alaska-storms/

https://live.laborstats.alaska.gov/pop/estimates/pub/19popover.pdf
https://doi.org/10.1175/wcas-d-18-0056.1
https://broadbandusa.ntia.doc.gov/resources/data-and-mapping
https://indd.adobe.com/view/42ddcfe3-5ea9-4bcb-bd09-a71bcb63869a
https://indd.adobe.com/view/42ddcfe3-5ea9-4bcb-bd09-a71bcb63869a
https://fnsb.gov/433/geographic-information-services-gis
https://fnsb.gov/433/geographic-information-services-gis
https://websoilsurvey.nrcs.usda.gov/app/
https://websoilsurvey.nrcs.usda.gov/app/
https://www.census.gov/programs-surveys/acs
https://www.nps.gov/articles/upload/black-history-in-the-last-frontier_reader_compressed.pdf
https://www.nps.gov/articles/upload/black-history-in-the-last-frontier_reader_compressed.pdf
https://live.laborstats.alaska.gov/pop/index.cfm
https://gov.alaska.gov/admin-orders/administrative-order-no-331/
https://live.laborstats.alaska.gov/trends-articles/2019/07/the-cost-of-living-in-alaska
https://www.fns.usda.gov/pd/snap-state-activity-reports
http://www.adfg.alaska.gov/static/home/subsistence/pdfs/subsistence_update_2017.pdf
http://www.adfg.alaska.gov/static/home/subsistence/pdfs/subsistence_update_2017.pdf
https://doi.org/10.4236/ajcc.2021.104025
https://doi.org/10.4236/ajcc.2021.104025
https://doi.org/10.3390/su132212713
https://doi.org/10.1175/ei-d-17-0036.1
https://www.newsminer.com/news/alaska_news/north-pole-man-killed-in-head-on-collision-on-the-richardson-highway/article_f25008e0-9a9b-11ec-bfef-6f7855147b3b.html
https://www.newsminer.com/news/alaska_news/north-pole-man-killed-in-head-on-collision-on-the-richardson-highway/article_f25008e0-9a9b-11ec-bfef-6f7855147b3b.html
https://www.adn.com/alaska-news/weather/2021/12/27/interior-alaska-storm-wreaks-havoc-as-highways-temporarily-close-and-thousands-remain-without-power/
https://www.adn.com/alaska-news/weather/2021/12/27/interior-alaska-storm-wreaks-havoc-as-highways-temporarily-close-and-thousands-remain-without-power/
https://www.ktoo.org/2022/01/03/dunleavy-disaster-declaration-alaska-storms/


Fifth National Climate Assessment

29-53 | Alaska

116. The White House, 2022: President Joseph R. Biden, Jr. Approves Alaska Disaster Declaration. The White House. 
https://www.whitehouse.gov/briefing-room/statements-releases/2022/03/24/president-joseph-r-biden-jr-
approves-alaska-disaster-declaration-4/

117. Alyssa Quintyne (Author), May 4, 2022: Email communication with Marjorie Casort, Fairbanks, Alaska.

118. Watson, E., 2022: I hope people talk about this storm for a long time. Anchorage Daily News, January 4, 2022. 
https://www.adn.com/opinions/2022/01/04/i-hope-people-talk-about-this-storm-for-a-long-time/

119. AMAP, 2021: Arctic Climate Change Update 2021: Key Trends and Impacts. Arctic Monitoring and Assessment 
Programme, Tromsø, Norway. https://www.amap.no/documents/download/6759/inline

120. NASS, 2019: Census of Agriculture: 2017 State and Area Profiles—Alaska. U.S. Department of Agriculture, National 
Agricultural Statistics Service. https://www.nass.usda.gov/publications/agcensus/2017/online_resources/
county_profiles/alaska/index.php

121. McDowell Group, 2018: Economic Impact of Alaska’s Visitor Industry 2017. State of Alaska, Department of 
Commerce, Community, and Economic Development. https://www.mcdowellgroup.net/wp-content/
uploads/2018/11/visitor-impacts-2016-17-report.pdf

122. McKinley Research Group, 2022: The Economic Value of Alaska’s Seafood Industry. The Alaska Seafood Marketing 
Institute. https://www.alaskaseafood.org/wp-content/uploads/MRG_ASMI-Economic-Impacts-Report_final.pdf

123. Barbeaux, S.J., K. Holsman, and S. Zador, 2020: Marine heatwave stress test of ecosystem-based fisheries 
management in the Gulf of Alaska Pacific cod fishery. Frontiers in Marine Science, 7, 703. https://doi.org/10.3389/
fmars.2020.00703

124. Conrad, S. and D. Gray, 2018: Overview of the 2017 Southeast Alaska and Yakutat Commercial, Personal Use, and 
Subsistence Salmon Fisheries. Fishery Management Report No. 18-01. Alaska Department of Fish and Game, 
Division of Sport Fish, Research and Technical Services, Anchorage, AK. https://www.adfg.alaska.gov/fedaidpdfs/
fmr18-01.pdf

125. Garber-Yonts, B. and J. Lee, 2020: Stock Assessment and Fishery Evaluation Report for the King and Tanner Crab 
Fisheries of the Gulf of Alaska and Bering Sea/Aleutian Islands Area: Economic Status of the BSAI King and Tanner 
Crab Fisheries off Alaska, 2019. National Oceanic and Atmospheric Administration, National Marine Fisheries 
Service, Seattle, WA. https://repository.library.noaa.gov/view/noaa/23002

126. Oke, K.B., C.J. Cunningham, P.A.H. Westley, M.L. Baskett, S.M. Carlson, J. Clark, A.P. Hendry, V.A. Karatayev, N.W. 
Kendall, J. Kibele, H.K. Kindsvater, K.M. Kobayashi, B. Lewis, S. Munch, J.D. Reynolds, G.K. Vick, and E.P. Palkovacs, 
2020: Recent declines in salmon body size impact ecosystems and fisheries. Nature Communications, 11 (1), 1–13. 
https://doi.org/10.1038/s41467-020-17726-z

127. NMFS, 2022: Fisheries of the United States, 2020. NOAA Current Fishery Statistics No. 2020. National Oceanic 
and Atmospheric Administration, National Marine Fisheries Service. https://www.fisheries.noaa.gov/resource/
document/fisheries-united-states-2020

128. Alaska Department of Fish and Game, 2021: 2021 Upper Cook Inlet Commercial Salmon Fishery Season Summary. 
Alaska Department of Fish and Game, Division of Commercial Fisheries, 15 pp. https://www.adfg.alaska.gov/static/
applications/dcfnewsrelease/1346668657.pdf

129. Barbeaux, S., K. Aydin, B. Fissel, K. Holsman, W. Palsson, K. Shotwell, Q. Yang, and S. Zador, 2017: Assessment of the 
Pacific cod stock in the Gulf of Alaska. In: NPFMC Gulf of Alaska SAFE. North Pacific Fishery Management Council, 
183–326. https://repository.library.noaa.gov/view/noaa/17515

130. Dorn, M., K. Aydin, B. Fissel, W. Palsson, K. Spalinger, S. Stienessen, K. Williams, and S. Zador, 2018: Ch. 1. 
Assessment of the walleye pollock stock in the Gulf of Alaska. In: NPFMC Gulf of Alaska SAFE. North Pacific Fishery 
Management Council, 130. https://apps-afsc.fisheries.noaa.gov/refm/docs/2018/goa/goapollock.pdf

131. Szuwalski, C., W. Cheng, R. Foy, A.J. Hermann, A. Hollowed, K. Holsman, J. Lee, W. Stockhausen, and J. Zheng, 2021: 
Climate change and the future productivity and distribution of crab in the Bering Sea. ICES Journal of Marine 
Science, 78 (2), 502–515. https://doi.org/10.1093/icesjms/fsaa140

132. MacArthur, A.R., 2022: Federal disasters declared for 14 Alaska fisheries. Alaska Public Media, January 25, 2022. 
https://alaskapublic.org/2022/01/25/federal-disasters-declared-for-kuskokwim-and-yukon-salmon-fisheries/

https://www.whitehouse.gov/briefing-room/statements-releases/2022/03/24/president-joseph-r-biden-jr-approves-alaska-disaster-declaration-4/
https://www.whitehouse.gov/briefing-room/statements-releases/2022/03/24/president-joseph-r-biden-jr-approves-alaska-disaster-declaration-4/
https://www.adn.com/opinions/2022/01/04/i-hope-people-talk-about-this-storm-for-a-long-time/
https://www.amap.no/documents/download/6759/inline
https://www.nass.usda.gov/publications/agcensus/2017/online_resources/county_profiles/alaska/index.php
https://www.nass.usda.gov/publications/agcensus/2017/online_resources/county_profiles/alaska/index.php
https://www.mcdowellgroup.net/wp-content/uploads/2018/11/visitor-impacts-2016-17-report.pdf
https://www.mcdowellgroup.net/wp-content/uploads/2018/11/visitor-impacts-2016-17-report.pdf
https://www.alaskaseafood.org/wp-content/uploads/MRG_ASMI-Economic-Impacts-Report_final.pdf
https://doi.org/10.3389/fmars.2020.00703
https://doi.org/10.3389/fmars.2020.00703
https://www.adfg.alaska.gov/fedaidpdfs/fmr18-01.pdf
https://www.adfg.alaska.gov/fedaidpdfs/fmr18-01.pdf
https://repository.library.noaa.gov/view/noaa/23002
https://doi.org/10.1038/s41467-020-17726-z
https://www.fisheries.noaa.gov/resource/document/fisheries-united-states-2020
https://www.fisheries.noaa.gov/resource/document/fisheries-united-states-2020
https://www.adfg.alaska.gov/static/applications/dcfnewsrelease/1346668657.pdf
https://www.adfg.alaska.gov/static/applications/dcfnewsrelease/1346668657.pdf
https://repository.library.noaa.gov/view/noaa/17515
https://apps-afsc.fisheries.noaa.gov/refm/docs/2018/goa/goapollock.pdf
https://doi.org/10.1093/icesjms/fsaa140
https://alaskapublic.org/2022/01/25/federal-disasters-declared-for-kuskokwim-and-yukon-salmon-fisheries/


Fifth National Climate Assessment

29-54 | Alaska

133. NCEI, 2022: Climate at a Glance: Global Mapping. National Oceanic and Atmospheric Administration, National 
Environmental Satellite, Data, and Information Service, National Centers for Environmental Information. https://
www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global

134. Hunt, G.L., L. Eisner, and N.M. Call, 2021: How will diminishing sea ice impact commercial fishing in the Bering Sea? 
Arctic, Antarctic, and Alpine Research, 53 (1), 269–270. https://doi.org/10.1080/15230430.2021.1974668

135. Hurst, T.P., L.A. Copeman, S.A. Haines, S.D. Meredith, K. Daniels, and K.M. Hubbard, 2019: Elevated CO2 alters 
behavior, growth, and lipid composition of Pacific cod larvae. Marine Environmental Research, 145, 52–65. https://
doi.org/10.1016/j.marenvres.2019.02.004

136. Rogers, L.A., M.T. Wilson, J.T. Duffy-Anderson, D.G. Kimmel, and J.F. Lamb, 2021: Pollock and “the blob”: Impacts 
of a marine heatwave on walleye pollock early life stages. Fisheries Oceanography, 30 (2), 142–158. https://doi.
org/10.1111/fog.12508

137. Carey, M.P., V.R. von Biela, A. Dunker, K.D. Keith, M. Schelske, C. Lean, and C.E. Zimmerman, 2021: Egg retention 
of high-latitude sockeye salmon (Oncorhynchus nerka) in the Pilgrim River, Alaska, during the Pacific marine 
heatwave of 2014–2016. Polar Biology, 44 (8), 1643–1654. https://doi.org/10.1007/s00300-021-02902-8

138. Shanley, C.S., S. Pyare, M.I. Goldstein, P.B. Alaback, D.M. Albert, C.M. Beier, T.J. Brinkman, R.T. Edwards, E. Hood, 
A. MacKinnon, M.V. McPhee, T.M. Patterson, L.H. Suring, D.A. Tallmon, and M.S. Wipfli, 2015: Climate change 
implications in the northern coastal temperate rainforest of North America. Climatic Change, 130 (2), 155–170. 
https://doi.org/10.1007/s10584-015-1355-9

139. von Biela, V.R., L. Bowen, S.D. McCormick, M.P. Carey, D.S. Donnelly, S. Waters, A.M. Regish, S.M. Laske, R.J. Brown, 
S. Larson, S. Zuray, and C.E. Zimmerman, 2020: Evidence of prevalent heat stress in Yukon River Chinook salmon. 
Canadian Journal of Fisheries and Aquatic Sciences, 77 (12), 1878–1892. https://doi.org/10.1139/cjfas-2020-0209

140. Williams, C.R., A.H. Dittman, P. McElhany, D.S. Busch, M.T. Maher, T.K. Bammler, J.W. MacDonald, and E.P. 
Gallagher, 2019: Elevated CO2 impairs olfactory-mediated neural and behavioral responses and gene expression 
in ocean-phase coho salmon (Oncorhynchus kisutch). Global Change Biology, 25 (3), 963–977. https://doi.
org/10.1111/gcb.14532

141. Dickinson, G.H., S. Bejerano, T. Salvador, C. Makdisi, S. Patel, W.C. Long, K.M. Swiney, R.J. Foy, B.V. Steffel, K.E. 
Smith, and R.B. Aronson, 2021: Ocean acidification alters properties of the exoskeleton in adult Tanner crabs, 
Chionoecetes bairdi. Journal of Experimental Biology, 224 (3), 232819. https://doi.org/10.1242/jeb.232819

142. Alabia, I.D., J. García Molinos, S.I. Saitoh, T. Hirawake, T. Hirata, and F.J. Mueter, 2018: Distribution shifts of marine 
taxa in the Pacific Arctic under contemporary climate changes. Diversity and Distributions, 24 (11), 1583–1597. 
https://doi.org/10.1111/ddi.12788

143. Huntington, H.P., S.L. Danielson, F.K. Wiese, M. Baker, P. Boveng, J.J. Citta, A. De Robertis, D.M.S. Dickson, E. 
Farley, J.C. George, K. Iken, D.G. Kimmel, K. Kuletz, C. Ladd, R. Levine, L. Quakenbush, P. Stabeno, K.M. Stafford, 
D. Stockwell, and C. Wilson, 2020: Evidence suggests potential transformation of the Pacific Arctic ecosystem is 
underway. Nature Climate Change, 10 (4), 342–348. https://doi.org/10.1038/s41558-020-0695-2

144. Rogers, L.A. and A.B. Dougherty, 2019: Effects of climate and demography on reproductive phenology of a 
harvested marine fish population. Global Change Biology, 25 (2), 708–720. https://doi.org/10.1111/gcb.14483

145. Kovach, R.P., S.C. Ellison, S. Pyare, and D.A. Tallmon, 2015: Temporal patterns in adult salmon migration timing 
across southeast Alaska. Global Change Biology, 21 (5), 1821–1833. https://doi.org/10.1111/gcb.12829

146. Dorn, M.W., A.L. Deary, B.E. Fissel, D.T. Jones, M. Levine, A.L. McCarthy, W.A. Palsson, L.A. Rogers, S.K. Shotwell, K.A. 
Spalinger, K. Williams, and S.G. Zador, 2020: Ch. 1. Assessment of the walleye pollock stock in the Gulf of Alaska. In: 
NPFMC Gulf of Alaska SAFE. North Pacific Fishery Management Council, 135. https://apps-afsc.fisheries.noaa.gov/
refm/docs/2020/goapollock.pdf

147. Nichol, D.G., S. Kotwicki, T.K. Wilderbuer, R.R. Lauth, and J.N. Ianelli, 2019: Availability of yellowfin sole Limanda 
aspera to the eastern Bering Sea trawl survey and its effect on estimates of survey biomass. Fisheries Research, 211, 
319–330. https://doi.org/10.1016/j.fishres.2018.11.017

148. Logerwell, E.A., M. Wang, L.L. Jörgensen, and K. Rand, 2022: Winners and losers in a warming Arctic: Potential 
habitat gain and loss for epibenthic invertebrates of the Chukchi and Bering Seas, 2008–2100. Deep Sea Research 
Part II: Topical Studies in Oceanography, 206, 105210. https://doi.org/10.1016/j.dsr2.2022.105210

https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global
https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global
https://doi.org/10.1080/15230430.2021.1974668
https://doi.org/10.1016/j.marenvres.2019.02.004
https://doi.org/10.1016/j.marenvres.2019.02.004
https://doi.org/10.1111/fog.12508
https://doi.org/10.1111/fog.12508
https://doi.org/10.1007/s00300-021-02902-8
https://doi.org/10.1007/s10584-015-1355-9
https://doi.org/10.1139/cjfas-2020-0209
https://doi.org/10.1111/gcb.14532
https://doi.org/10.1111/gcb.14532
https://doi.org/10.1242/jeb.232819
https://doi.org/10.1111/ddi.12788
https://doi.org/10.1038/s41558-020-0695-2
https://doi.org/10.1111/gcb.14483
https://doi.org/10.1111/gcb.12829
https://apps-afsc.fisheries.noaa.gov/refm/docs/2020/goapollock.pdf
https://apps-afsc.fisheries.noaa.gov/refm/docs/2020/goapollock.pdf
https://doi.org/10.1016/j.fishres.2018.11.017
https://doi.org/10.1016/j.dsr2.2022.105210


Fifth National Climate Assessment

29-55 | Alaska

149. Rooper, C.N., I. Ortiz, A.J. Hermann, N. Laman, W. Cheng, K. Kearney, and K. Aydin, 2021: Predicted shifts of 
groundfish distribution in the eastern Bering Sea under climate change, with implications for fish populations and 
fisheries management. ICES Journal of Marine Science, 78 (1), 220–234. https://doi.org/10.1093/icesjms/fsaa215

150. Huntington, H.P., A. Begossi, S.F. Gearheard, B. Kersey, P.A. Loring, T. Mustonen, P.K. Paudel, R.A.M. Silvano, and R. 
Vave, 2017: How small communities respond to environmental change: Patterns from tropical to polar ecosystems. 
Ecology and Society, 22 (3), 9. https://doi.org/10.5751/es-09171-220309

151. Kasperski, S. and D.S. Holland, 2013: Income diversification and risk for fishermen. Proceedings of the National 
Academy of Sciences of the United States of America, 110 (6), 2076–2081. https://doi.org/10.1073/pnas.1212278110

152. Halofsky, J.E., J.S. Littell, D.L. Peterson, G.D. Hayward, and R. Gravenmier, 2019: Ch. 3. Managing effects of drought 
and other water resource challenges in Alaska and the Pacific Northwest. In: Effects of Drought on Forests and 
Rangelands in the United States: Translating Science Into Management Responses. Vose, J.M., D.L. Peterson, C.H. 
Luce, and T. Patel-Weynand, Eds. U.S. Department of Agriculture, Forest Service, Washington Office, Washington, 
DC, 41–69. https://www.fs.usda.gov/research/treesearch/59162

153. Hasbrouck, T.R., T.J. Brinkman, G. Stout, E. Trochim, and K. Kielland, 2020: Quantifying effects of environmental 
factors on moose harvest in Interior Alaska. Wildlife Biology, 2020 (2). https://doi.org/10.2981/wlb.00631

154. Green, K.M., A.H. Beaudreau, M.H. Lukin, and L.B. Crowder, 2021: Climate change stressors and social-ecological 
factors mediating access to subsistence resources in Arctic Alaska. Ecology and Society, 26 (4). https://doi.
org/10.5751/es-12783-260415

155. Huntington, H.P., L.T. Quakenbush, and M. Nelson, 2017: Evaluating the effects of climate change on indigenous 
marine mammal hunting in northern and western Alaska using traditional knowledge. Frontiers in Marine Science, 
4, 319. https://doi.org/10.3389/fmars.2017.00319

156. Bieniek, P.A., U.S. Bhatt, J.E. Walsh, R. Lader, B. Griffith, J.K. Roach, and R.L. Thoman, 2018: Assessment of Alaska 
rain-on-snow events using dynamical downscaling. Journal of Applied Meteorology and Climatology, 57 (8), 
1847–1863. https://doi.org/10.1175/jamc-d-17-0276.1

157. Joly, K., A. Gunn, S.D. Côté, M. Panzacchi, J. Adamczewski, M.J. Suitor, and E. Gurarie, 2021: Caribou and reindeer 
migrations in the changing Arctic. Animal Migration, 8 (1), 156–167. https://doi.org/10.1515/ami-2020-0110

158. Mulder, C.P.H., K.V. Spellman, and J. Shaw, 2021: Berries in winter: A natural history of fruit retention in four species 
across Alaska. Madroño, 68 (4), 487–510. https://doi.org/10.3120/0024-9637-68.4.487

159. Hupp, J., M. Brubaker, K. Wilkinson, and J. Williamson, 2015: How are your berries? Perspectives of Alaska’s 
environmental managers on trends in wild berry abundance. International Journal of Circumpolar Health, 74 (1), 
28704. https://doi.org/10.3402/ijch.v74.28704

160. Herman-Mercer, N.M., R.A. Loehman, R.C. Toohey, and C. Paniyak, 2020: Climate- and disturbance-driven changes 
in subsistence berries in coastal Alaska: Indigenous Knowledge to inform ecological inference. Human Ecology, 48 
(1), 85–99. https://doi.org/10.1007/s10745-020-00138-4

161. Alaska Native Renewable Industries, 2022: Alaska Native Renewable Industries [Webpage], accessed April 3, 2023. 
https://anr-industries.com/

162. Goddard, E., 2023: Solar Professionals Installation Training. University of Alaska Fairbanks, Bristol Bay Campus, 
accessed April 3, 2023. https://uaf.edu/bbc/academics/sustainable-energy/solarprofessionalstraining.php

163. Alutiiq Pride Marine Institute, 2021: Welcome to the Alutiiq Pride Marine Institute [Website], accessed April 3, 2023. 
https://www.alutiiqprideak.org/

164. Calypso Farm and Ecology Center, 2022: Calypso Farm & Ecology Center [Website]. https://calypsofarm.org/

165. City of Fairbanks, 2022: Mobile Crisis Team. City of Fairbanks, Alaska. https://www.fairbanksalaska.us/crisis/page/
mobile-crisis-team-call-911-access-mobile-crisis-team

166. Ross, I., 2021: As low Chignik salmon runs continue, people worry their communities will disappear. KTOO Public 
Media, September 13, 2021. https://www.ktoo.org/2021/09/13/as-low-chignik-salmon-runs-continue-people-
worry-their-communities-will-disappear/

167. Fang, Z., P.T. Freeman, C.B. Field, and K.J. Mach, 2018: Reduced sea ice protection period increases storm exposure 
in Kivalina, Alaska. Arctic Science, 4 (4), 525–537. https://doi.org/10.1139/as-2017-0024

https://doi.org/10.1093/icesjms/fsaa215
https://doi.org/10.5751/es-09171-220309
https://doi.org/10.1073/pnas.1212278110
https://www.fs.usda.gov/research/treesearch/59162
https://doi.org/10.2981/wlb.00631
https://doi.org/10.5751/es-12783-260415
https://doi.org/10.5751/es-12783-260415
https://doi.org/10.3389/fmars.2017.00319
https://doi.org/10.1175/jamc-d-17-0276.1
https://doi.org/10.1515/ami-2020-0110
https://doi.org/10.3120/0024-9637-68.4.487
https://doi.org/10.3402/ijch.v74.28704
https://doi.org/10.1007/s10745-020-00138-4
https://anr-industries.com/
https://uaf.edu/bbc/academics/sustainable-energy/solarprofessionalstraining.php
https://www.alutiiqprideak.org/
https://calypsofarm.org/
https://www.fairbanksalaska.us/crisis/page/mobile-crisis-team-call-911-access-mobile-crisis-team
https://www.fairbanksalaska.us/crisis/page/mobile-crisis-team-call-911-access-mobile-crisis-team
https://www.ktoo.org/2021/09/13/as-low-chignik-salmon-runs-continue-people-worry-their-communities-will-disappear/
https://www.ktoo.org/2021/09/13/as-low-chignik-salmon-runs-continue-people-worry-their-communities-will-disappear/
https://doi.org/10.1139/as-2017-0024


Fifth National Climate Assessment

29-56 | Alaska

168. Gibbs, A.E., A. Ohman. Karen, and B.M. Richmond, 2015: National Assessment of Shoreline Change: A GIS 
Compilation of Vector Shorelines and Associated Shoreline Change Data for the North Coast of Alaska, U.S.-
Canadian Border to Icy Cape. USGS Open-File Report 2015-1030. U.S. Geological Survey, Reston, VA. https://doi.
org/10.3133/ofr20151030

169. Irrgang, A.M., M. Bendixen, L.M. Farquharson, A.V. Baranskaya, L.H. Erikson, A.E. Gibbs, S.A. Ogorodov, P.P. 
Overduin, H. Lantuit, M.N. Grigoriev, and B.M. Jones, 2022: Drivers, dynamics and impacts of changing Arctic 
coasts. Nature Reviews Earth & Environment, 3 (1), 39–54. https://doi.org/10.1038/s43017-021-00232-1

170. Melvin, A.M., P. Larsen, B. Boehlert, J.E. Neumann, P. Chinowsky, X. Espinet, J. Martinich, M.S. Baumann, L. Rennels, 
A. Bothner, D.J. Nicolsky, and S.S. Marchenko, 2017: Climate change damages to Alaska public infrastructure and the 
economics of proactive adaptation. Proceedings of the National Academy of Sciences of the United States of America, 
114 (2), E122–E131. https://doi.org/10.1073/pnas.1611056113

171. UAFINE, 2019: Statewide Threat Assessment: Identification of Threats from Erosion, Flooding, and Thawing 
Permafrost in Remote Alaska Communities. Report #INE 19.03. University of Alaska Fairbanks, Institute of 
Northern Engineering. https://www.denali.gov/wp-content/uploads/2019/11/Statewide-Threat-Assessment-
Final-Report-20-November-2019.pdf

172. Gorokhovich, Y. and A. Leiserowiz, 2012: Historical and future coastal changes in Northwest Alaska. Journal of 
Coastal Research, 28 (1A), 174–186. https://doi.org/10.2112/jcoastres-d-11-00031.1

173. Overbeck, J.R., R.M. Buzard, M.M. Turner, K.Y. Miller, and R.J. Glenn, 2020: Shoreline Change at Alaska Coastal 
Communities. Report of Investigation 2020-10. Alaska Division of Geological and Geophysical Surveys, 29 pp. 
https://doi.org/10.14509/30552

174. Jorgenson, M.T., G.V. Frost, and D. Dissing, 2018: Drivers of landscape changes in coastal ecosystems on the Yukon-
Kuskokwim Delta, Alaska. Remote Sensing, 10 (8), 1280. https://doi.org/10.3390/rs10081280

175. Jorgenson, T., K. Yoshikawa, M. Kanevskiy, Y. Shur, V. Romanovsky, S. Marchenko, G. Grosse, J. Brown, and B. Jones, 
2008: Permafrost characteristics of Alaska. In: Proceedings of the Ninth International Conference on Permafrost. 
Kane, D.L. and K.M. Hinkel, Eds. Institute of Northern Engineering, University of Alaska Fairbanks, Fairbanks, 
AK. https://permafrost.gi.alaska.edu/sites/default/files/AlaskaPermafrostMap_Back_Jun2008_Jorgenson_
etal_2008.pdf

176. Streletskiy, D.A., S. Clemens, J.-P. Lanckman, and N.I. Shiklomanov, 2023: The costs of Arctic infrastructure 
damages due to permafrost degradation. Environmental Research Letters, 18 (1), 015006. https://doi.
org/10.1088/1748-9326/acab18

177. Bull, D.L., E.M. Bristol, E. Brown, R.C. Choens, C.T. Connolly, C. Flanary, J.M. Frederick, B.M. Jones, C.A. Jones, M. 
Ward Jones, J.W. McClelland, A. Mota, and I.K. Tezaur, 2020: Arctic Coastal Erosion: Modeling and Experimentation. 
U.S. Department of Energy, Office of Scientific and Technical Information. https://doi.org/10.2172/1670531

178. Buzard, R.M., M.M. Turner, K.Y. Miller, D.C. Antrobus, and J.R. Overbeck, 2021: Erosion Exposure Assessment of 
Infrastructure in Alaska Coastal Communities. DGGS RI 2021-3. Alaska Division of Geological and Geophysical 
Surveys, 29 pp. https://doi.org/10.14509/30672

179. Chiskok, D., 2019: Erosion of Russian Era Graves. LEO Network. https://www.leonetwork.org/en/posts/show/
db77d295-6d87-4741-9c93-d626c8a38108

180. Seetook, D., M. Brubaker, and M. Neale, 2019: Erosion Threatening Burial Site. LEO Network. https://www.
leonetwork.org/en/posts/show/0aaffcaf-13b0-4017-80b6-7e628d7ca21e

181. BIA, 2020: The Unmet Infrastructure Needs of Tribal Communities and Alaska Native Villages in Process of 
Relocating to Higher Ground as a Result of Climate Change. Department of Interior, Bureau of Indian Affairs, 
Albuquerque, NM. https://www.bia.gov/news/unmet-infrastructure-needs-tribal-communities-and-alaska-
native-villages-process-relocation

182. Schneider von Deimling, T., H. Lee, T. Ingeman-Nielsen, S. Westermann, V. Romanovsky, S. Lamoureux, D.A. Walker, 
S. Chadburn, E. Trochim, L. Cai, J. Nitzbon, S. Jacobi, and M. Langer, 2021: Consequences of permafrost degradation 
for Arctic infrastructure—Bridging the model gap between regional and engineering scales. Cryosphere, 15 (5), 
2451–2471. https://doi.org/10.5194/tc-15-2451-2021

https://doi.org/10.3133/ofr20151030
https://doi.org/10.3133/ofr20151030
https://doi.org/10.1038/s43017-021-00232-1
https://doi.org/10.1073/pnas.1611056113
https://www.denali.gov/wp-content/uploads/2019/11/Statewide-Threat-Assessment-Final-Report-20-November-2019.pdf
https://www.denali.gov/wp-content/uploads/2019/11/Statewide-Threat-Assessment-Final-Report-20-November-2019.pdf
https://doi.org/10.2112/jcoastres-d-11-00031.1
https://doi.org/10.14509/30552
https://doi.org/10.3390/rs10081280
https://permafrost.gi.alaska.edu/sites/default/files/AlaskaPermafrostMap_Back_Jun2008_Jorgenson_etal_2008.pdf
https://permafrost.gi.alaska.edu/sites/default/files/AlaskaPermafrostMap_Back_Jun2008_Jorgenson_etal_2008.pdf
https://doi.org/10.1088/1748-9326/acab18
https://doi.org/10.1088/1748-9326/acab18
https://doi.org/10.2172/1670531
https://doi.org/10.14509/30672
https://www.leonetwork.org/en/posts/show/db77d295-6d87-4741-9c93-d626c8a38108
https://www.leonetwork.org/en/posts/show/db77d295-6d87-4741-9c93-d626c8a38108
https://www.leonetwork.org/en/posts/show/0aaffcaf-13b0-4017-80b6-7e628d7ca21e
https://www.leonetwork.org/en/posts/show/0aaffcaf-13b0-4017-80b6-7e628d7ca21e
https://www.bia.gov/news/unmet-infrastructure-needs-tribal-communities-and-alaska-native-villages-process-relocation
https://www.bia.gov/news/unmet-infrastructure-needs-tribal-communities-and-alaska-native-villages-process-relocation
https://doi.org/10.5194/tc-15-2451-2021


Fifth National Climate Assessment

29-57 | Alaska

183. Albert, S., R. Bronen, N. Tooler, J. Leon, D. Yee, J. Ash, D. Boseto, and A. Grinham, 2018: Heading for the hills: 
Climate-driven community relocations in the Solomon Islands and Alaska provide insight for a 1.5 °C future. 
Regional Environmental Change, 18 (8), 2261–2272. https://doi.org/10.1007/s10113-017-1256-8

184. BLM, 2020: Appendix I.2 ConocoPhillips road optimization memorandum. In: Willow Master Development Plan. 
Bureau of Land Management, U.S. Department of the Interior, 9. https://eplanning.blm.gov/eplanning-ui/
project/109410/570

185. Herz, N., 2020: Big oil’s answer to melting Arctic: Cooling the ground so it can keep drilling. The Guardian, 
October 19, 2020. https://www.theguardian.com/environment/2020/oct/19/oil-alaska-arctic-global-heating-
local-cooling

186. Herz, N., 2021: At Denali National Park, climate change threatens the only road in and out. Anchorage Daily News, 
October 16, 2021. https://www.adn.com/alaska-news/2021/10/16/at-denali-national-park-in-alaska-climate-
change-threatens-the-only-road-in-and-out/

187. NPS, 2022: Pretty Rocks Landslide. U.S. Department of Interior, National Park Service. https://www.nps.gov/dena/
learn/nature/pretty-rocks.htm

188. Krakow, M., 2022: The Denali Park Road landslide made ‘shocking’ progress this winter, reinforcing the need for a 
fix. Anchorage Daily News, April 20, 2022. https://www.adn.com/outdoors-adventure/2022/04/20/the-denali-
park-road-landslide-made-shocking-progress-this-winter-reinforcing-the-need-for-a-fix/

189. Fullman, T.J., K. Joly, and A. Ackerman, 2017: Effects of environmental features and sport hunting on caribou 
migration in northwestern Alaska. Movement Ecology, 5 (1), 4. https://doi.org/10.1186/s40462-017-0095-z

190. Dunmall, K.M., D.G. McNicholl, C.E. Zimmerman, S.E. Gilk-Baumer, S. Burril, and V.R. von Biela, 2022: First juvenile 
chum salmon confirms successful reproduction for Pacific salmon in the North American Arctic. Canadian Journal 
of Fisheries and Aquatic Sciences, 79 (5), 703–707. https://doi.org/10.1139/cjfas-2022-0006

191. Tape, K.D., D.D. Gustine, R.W. Ruess, L.G. Adams, and J.A. Clark, 2016: Range expansion of Moose in Arctic Alaska 
linked to warming and increased shrub habitat. PLoS ONE, 11 (4), e0152636. https://doi.org/10.1371/journal.
pone.0152636

192. Tape, K.D., B.M. Jones, C.D. Arp, I. Nitze, and G. Grosse, 2018: Tundra be dammed: Beaver colonization of the Arctic. 
Global Change Biology, 24 (10), 4478–4488. https://doi.org/10.1111/gcb.14332

193. Juday, G.P., C. Alix, and T.A. Grant, 2015: Spatial coherence and change of opposite white spruce temperature 
sensitivities on floodplains in Alaska confirms early-stage boreal biome shift. Forest Ecology and Management, 350, 
46–61. https://doi.org/10.1016/j.foreco.2015.04.016

194. Cohen, J., 2019: Trumpeter Swan (Cygnus buccinator) Entering Breeding Grounds Early. LEO Network. https://
www.leonetwork.org/en/posts/show/eaed8cdb-8b11-4972-8ad3-6bf195ed8610

195. Fischbach, A.S. and D.C. Douglas, 2022: Pacific Walrus Coastal Haulout Occurrences Interpreted from Satellite 
Imagery (ver. 2.0, December 2022), Data Release. U.S. Geological Survey. https://doi.org/10.5066/p9csm0kn

196. Ahtuangaruak, R., 2019: Dragon Flies Reach the Colville Nigliq Channel. LEO Network. https://www.leonetwork.
org/en/posts/show/22ea9fc9-5540-4700-9de6-98f4f7599dca

197. White, R., 2019: Burying Beetle (Genus Nicrophorus) in Southwest Alaska. LEO Network. https://www.leonetwork.
org/en/posts/show/cf977f4d-1283-4754-b145-b214f10721b8

198. USFS, 2020: Forest Health Conditions in Alaska 2020. R10-PR-46. U.S. Department of Agriculture, Forest Service, 
Alaska Region, Anchorage, AK, 76 pp. https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/fseprd903361.pdf

199. Citta, J.J., L.T. Quakenbush, S.R. Okkonen, M.L. Druckenmiller, W. Maslowski, J. Clement-kinney, J.C. George, 
H. Brower, R.J. Small, C.J. Ashjian, L.A. Harwood, and M.P. Heide-Jørgensen, 2015: Ecological characteristics of 
core-use areas used by Bering–Chukchi–Beaufort (BCB) bowhead whales, 2006–2012. Progress in Oceanography, 
136, 201–222. https://doi.org/10.1016/j.pocean.2014.08.012

200. Quakenbush, L.T. and J.J. Citta, 2019: Satellite Tracking of Bowhead Whales: Habitat Use, Passive Acoustics and 
Environmental Monitoring. OCS Study BOEM 2019-076. U.S. Department of the Interior, Bureau of Ocean Energy 
Management, Alaska Outer Continental Shelf Region, Anchorage, AK. https://espis.boem.gov/final%20reports/
BOEM_2019-076.pdf

https://doi.org/10.1007/s10113-017-1256-8
https://eplanning.blm.gov/eplanning-ui/project/109410/570
https://eplanning.blm.gov/eplanning-ui/project/109410/570
https://www.theguardian.com/environment/2020/oct/19/oil-alaska-arctic-global-heating-local-cooling
https://www.theguardian.com/environment/2020/oct/19/oil-alaska-arctic-global-heating-local-cooling
https://www.adn.com/alaska-news/2021/10/16/at-denali-national-park-in-alaska-climate-change-threatens-the-only-road-in-and-out/
https://www.adn.com/alaska-news/2021/10/16/at-denali-national-park-in-alaska-climate-change-threatens-the-only-road-in-and-out/
https://www.nps.gov/dena/learn/nature/pretty-rocks.htm
https://www.nps.gov/dena/learn/nature/pretty-rocks.htm
https://www.adn.com/outdoors-adventure/2022/04/20/the-denali-park-road-landslide-made-shocking-progress-this-winter-reinforcing-the-need-for-a-fix/
https://www.adn.com/outdoors-adventure/2022/04/20/the-denali-park-road-landslide-made-shocking-progress-this-winter-reinforcing-the-need-for-a-fix/
https://doi.org/10.1186/s40462-017-0095-z
https://doi.org/10.1139/cjfas-2022-0006
https://doi.org/10.1371/journal.pone.0152636
https://doi.org/10.1371/journal.pone.0152636
https://doi.org/10.1111/gcb.14332
https://doi.org/10.1016/j.foreco.2015.04.016
https://www.leonetwork.org/en/posts/show/eaed8cdb-8b11-4972-8ad3-6bf195ed8610
https://www.leonetwork.org/en/posts/show/eaed8cdb-8b11-4972-8ad3-6bf195ed8610
https://doi.org/10.5066/p9csm0kn
https://www.leonetwork.org/en/posts/show/22ea9fc9-5540-4700-9de6-98f4f7599dca
https://www.leonetwork.org/en/posts/show/22ea9fc9-5540-4700-9de6-98f4f7599dca
https://www.leonetwork.org/en/posts/show/cf977f4d-1283-4754-b145-b214f10721b8
https://www.leonetwork.org/en/posts/show/cf977f4d-1283-4754-b145-b214f10721b8
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/fseprd903361.pdf
https://doi.org/10.1016/j.pocean.2014.08.012
https://espis.boem.gov/final%20reports/BOEM_2019-076.pdf
https://espis.boem.gov/final%20reports/BOEM_2019-076.pdf


Fifth National Climate Assessment

29-58 | Alaska

201. Romano, M.D., H.M. Renner, K.J. Kuletz, J.K. Parrish, T. Jones, H.K. Burgess, D.A. Cushing, and D. Causey, 2020: 
Die-offs, reproductive failure, and changing at-sea abundance of murres in the Bering and Chukchi Seas in 
2018. Deep Sea Research Part II: Topical Studies in Oceanography, 181–182, 104877. https://doi.org/10.1016/j.
dsr2.2020.104877

202. Wiese, F.K. and R.J. Nelson, 2022: Pathways between climate, fish, fisheries, and management: A conceptual 
integrated ecosystem management approach. Journal of Marine Science and Engineering, 10 (3), 338. https://doi.
org/10.3390/jmse10030338

203. Ershova, E.A., J.M. Questel, K. Kosobokova, and R.R. Hopcroft, 2017: Population structure and production of four 
sibling species of Pseudocalanus spp. in the Chukchi Sea. Journal of Plankton Research, 39 (1), 48–64. https://doi.
org/10.1093/plankt/fbw078

204. Mordy, C.W., K. Axler, L. Copeman, A. Deary, J.T. Duffy-Anderson, L. Eisner, E. Goldstein, H. Tabisola, J.W. Krause, 
D. Kimmel, C. Ladd, M.W. Lomas, R.M. McCabe, J.M. Nielsen, A. Schnetzer, A. Spear, and P. Stabeno, 2022: Arctic 
Integrated Ecosystem Research Program Final Report for Arctic Integrated Ecosystem Survey (IES) Phase II: 
Oceanography and Lower Trophic Level Productivity (A92) and Microzooplankton Biomass and Grazing Rates on 
the Arctic Program Cruises (A70). North Pacific Research Board, Arctic Program. https://nprb-public-website.
s3.us-west-2.amazonaws.com/arctic-program/A92_Arctic+IES+Oceanography+%26+Lower+Trophic+Levels.pdf

205. Copeman, L.A., C.D. Salant, M.A. Stowell, M.L. Spencer, D.G. Kimmel, A.I. Pinchuk, and B.J. Laurel, 2022: Annual 
and spatial variation in the condition and lipid storage of juvenile Chukchi Sea gadids during a recent period of 
environmental warming (2012 to 2019). Deep Sea Research Part II: Topical Studies in Oceanography, 205, 105180. 
https://doi.org/10.1016/j.dsr2.2022.105180

206. Boveng, P.L., H.L. Ziel, B.T. McClintock, and M.F. Cameron, 2020: Body condition of phocid seals during a period 
of rapid environmental change in the Bering Sea and Aleutian Islands, Alaska. Deep Sea Research Part II: Topical 
Studies in Oceanography, 181-182, 104904–104904. https://doi.org/10.1016/j.dsr2.2020.104904

207. Pagano, A.M., G.M. Durner, T.C. Atwood, and D.C. Douglas, 2021: Effects of sea ice decline and summer land use on 
polar bear home range size in the Beaufort Sea. Ecosphere, 12 (10), 03768. https://doi.org/10.1002/ecs2.3768

208. Taylor, P.C., W. Maslowski, J. Perlwitz, and D.J. Wuebbles, 2017: Ch. 11. Arctic changes and their effects on Alaska 
and the rest of the United States. In: Climate Science Special Report: Fourth National Climate Assessment, Volume 
I. Wuebbles, D.J., D.W. Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K. Maycock, Eds. U.S. Global Change 
Research Program, Washington, DC, USA, 303-332. https://doi.org/10.7930/j00863gk

209. Ardyna, M. and K.R. Arrigo, 2020: Phytoplankton dynamics in a changing Arctic Ocean. Nature Climate Change, 10 
(10), 892–903. https://doi.org/10.1038/s41558-020-0905-y

210. Bednaršek, N., K.A. Naish, R.A. Feely, C. Hauri, K. Kimoto, A.J. Hermann, C. Michel, A. Niemi, and D. Pilcher, 
2021: Integrated assessment of ocean acidification risks to pteropods in the northern high latitudes: Regional 
comparison of exposure, sensitivity and adaptive capacity. Frontiers in Marine Science, 8, 671497. https://doi.
org/10.3389/fmars.2021.671497

211. Hurst, T.P., B.J. Laurel, E. Hanneman, S.A. Haines, and M.L. Ottmar, 2017: Elevated CO2 does not exacerbate 
nutritional stress in larvae of a Pacific flatfish. Fisheries Oceanography, 26 (3), 336–349. https://doi.
org/10.1111/fog.12195

212. Hurst, T.P., B.J. Laurel, J.T. Mathis, and L.R. Tobosa, 2016: Effects of elevated CO2 levels on eggs and larvae of a North 
Pacific flatfish. ICES Journal of Marine Science, 73 (3), 981–990. https://doi.org/10.1093/icesjms/fsv050

213. Hurst, T.P., L.A. Copeman, J.F. Andrade, M.A. Stowell, C.E. Al-Samarrie, J.L. Sanders, and M.L. Kent, 2021: Expanding 
evaluation of ocean acidification responses in a marine gadid: Elevated CO2 impacts development, but not size of 
larval walleye pollock. Marine Biology, 168 (8), 119. https://doi.org/10.1007/s00227-021-03924-w

214. Hurst, T.P., E.R. Fernandez, and J.T. Mathis, 2013: Effects of ocean acidification on hatch size and larval growth of 
walleye pollock (Theragra chalcogramma). ICES Journal of Marine Science, 70 (4), 812–822. https://doi.org/10.1093/
icesjms/fst053

215. Hurst, T.P., E.R. Fernandez, J.T. Mathis, J.A. Miller, C.M. Stinson, and E.F. Ahgeak, 2012: Resiliency of juvenile walleye 
pollock to projected levels of ocean acidification. Aquatic Biology, 17 (3), 247–259. https://doi.org/10.3354/ab00483

https://doi.org/10.1016/j.dsr2.2020.104877
https://doi.org/10.1016/j.dsr2.2020.104877
https://doi.org/10.3390/jmse10030338
https://doi.org/10.3390/jmse10030338
https://doi.org/10.1093/plankt/fbw078
https://doi.org/10.1093/plankt/fbw078
https://nprb-public-website.s3.us-west-2.amazonaws.com/arctic-program/A92_Arctic+IES+Oceanography+%26+Lower+Trophic+Levels.pdf
https://nprb-public-website.s3.us-west-2.amazonaws.com/arctic-program/A92_Arctic+IES+Oceanography+%26+Lower+Trophic+Levels.pdf
https://doi.org/10.1016/j.dsr2.2022.105180
https://doi.org/10.1016/j.dsr2.2020.104904
https://doi.org/10.1002/ecs2.3768
https://doi.org/10.7930/j00863gk
https://doi.org/10.1038/s41558-020-0905-y
https://doi.org/10.3389/fmars.2021.671497
https://doi.org/10.3389/fmars.2021.671497
https://doi.org/10.1111/fog.12195
https://doi.org/10.1111/fog.12195
https://doi.org/10.1093/icesjms/fsv050
https://doi.org/10.1007/s00227-021-03924-w
https://doi.org/10.1093/icesjms/fst053
https://doi.org/10.1093/icesjms/fst053
https://doi.org/10.3354/ab00483


Fifth National Climate Assessment

29-59 | Alaska

216. Ou, M., T.J. Hamilton, J. Eom, E.M. Lyall, J. Gallup, A. Jiang, J. Lee, D.A. Close, S.-S. Yun, and C.J. Brauner, 2015: 
Responses of pink salmon to CO2-induced aquatic acidification. Nature Climate Change, 5 (10), 950–955. https://
doi.org/10.1038/nclimate2694

217. Long, W.C., S.B. Van Sant, K.M. Swiney, R.J. Foy, W.C. Long, V. Sant, S.B. Swiney, and K.M. Foy, 2017: Survival, growth, 
and morphology of blue king crabs: Effect of ocean acidification decreases with exposure time. ICES Journal of 
Marine Science, 74 (4), 1033–1041. https://doi.org/10.1093/icesjms/fsw197

218. Long, W.C., K.M. Swiney, and R.J. Foy, 2013: Effects of ocean acidification on the embryos and larvae of red 
king crab, Paralithodes camtschaticus. Marine Pollution Bulletin, 69 (1-2), 38–47. https://doi.org/10.1016/j.
marpolbul.2013.01.011

219. Long, W.C., K.M. Swiney, C. Harris, H.N. Page, and R.J. Foy, 2013: Effects of ocean acidification on juvenile red 
king crab (Paralithodes camtschaticus) and Tanner crab (Chionoecetes bairdi) growth, condition, calcification, and 
survival. PLoS ONE, 8 (4), e60959. https://doi.org/10.1371/journal.pone.0060959

220. Meseck, S.L., J.H. Alix, K.M. Swiney, W.C. Long, G.H. Wikfors, and R.J. Foy, 2016: Ocean acidification affects 
hemocyte physiology in the tanner crab (Chionoecetes bairdi). PLoS ONE, 11 (2), 0148477. https://doi.org/10.1371/
journal.pone.0148477

221. Swiney, K.M., W.C. Long, and R.J. Foy, 2016: Effects of high pCO2 on Tanner crab reproduction and early life 
history—Part I: Long-term exposure reduces hatching success and female calcification, and alters embryonic 
development. ICES Journal of Marine Science, 73 (3), 825–835. https://doi.org/10.1093/icesjms/fsv201

222. Tai, T.C., U.R. Sumaila, and W.W.L. Cheung, 2021: Ocean acidification amplifies multi-stressor impacts on global 
marine invertebrate fisheries. Frontiers in Marine Science, 8, 596644. https://doi.org/10.3389/fmars.2021.596644

223. Hoffman II, H., 2021: Strange Plant Found Below Oskawalik on the Kuskokwim River. LEO Network. https://www.
leonetwork.org/en/posts/show/d54b385c-ae44-45a7-82a4-550ced699500

224. Frost, G.V., M.J. Macander, U.S. Bhatt, L.T. Berner, J.W. Bjerke, H.E. Epstein, B.C. Forbes, S.J. Goetz, M.J. Lara, T. 
Park, G.K. Phoenix, S.P. Serbin, H. Tømmervik, D.A. Walker, and D. Yang, 2021: Arctic Report Card 2021: Tundra 
Greenness. NOAA Technical Report OAR ARC; 21-08. National Oceanic and Atmospheric Administration, Office of 
Oceanic and Atmospheric Research, 8 pp. https://doi.org/10.25923/8n78-wp73

225. Hard, J.S., 1976: Natural control of hemlock sawfly, Neodiprion tsugae (Hymenoptera: Diprionidae), populations in 
Southeast Alaska. The Canadian Entomologist, 108 (5), 485–498. https://doi.org/10.4039/ent108485-5

226. Mann, D.H., T.S. Rupp, M.A. Olson, and P.A. Duffy, 2012: Is Alaska’s boreal forest now crossing a major ecological 
threshold? Arctic, Antarctic, and Alpine Research, 44 (3), 319–331. https://doi.org/10.1657/1938-4246-44.3.319

227. Thoman, R., 2022: Alaska on fire: Thousands of lightning strikes and a warming climate put Alaska on pace 
for another historic fire season. The Conversation, July 6, 2022. https://theconversation.com/alaska-on-fire-
thousands-of-lightning-strikes-and-a-warming-climate-put-alaska-on-pace-for-another-historic-fire-
season-186453

228. Scholten, R.C., R. Jandt, E.A. Miller, B.M. Rogers, and S. Veraverbeke, 2021: Overwintering fires in boreal forests. 
Nature, 593 (7859), 399–404. https://doi.org/10.1038/s41586-021-03437-y

229. Chen, Y., M.J. Lara, B.M. Jones, G.V. Frost, and F.S. Hu, 2021: Thermokarst acceleration in Arctic tundra driven by 
climate change and fire disturbance. One Earth, 4 (12), 1718–1729. https://doi.org/10.1016/j.oneear.2021.11.011

230. Lara, M.J., H. Genet, A.D. McGuire, E.S. Euskirchen, Y. Zhang, D.R.N. Brown, M.T. Jorgenson, V. Romanovsky, A. 
Breen, and W.R. Bolton, 2016: Thermokarst rates intensify due to climate change and forest fragmentation in an 
Alaskan boreal forest lowland. Global Change Biology, 22 (2), 816–829. https://doi.org/10.1111/gcb.13124

231. Lara, M.J., Y. Chen, and B.M. Jones, 2021: Recent warming reverses forty-year decline in catastrophic lake drainage 
and hastens gradual lake drainage across northern Alaska. Environmental Research Letters, 16 (12). https://doi.
org/10.1088/1748-9326/ac3602

232. Lindgren, P.R., L.M. Farquharson, V.E. Romanovsky, and G. Grosse, 2021: Landsat-based lake distribution and 
changes in western Alaska permafrost regions between the 1970s and 2010s. Environmental Research Letters, 16 (2). 
https://doi.org/10.1088/1748-9326/abd270

https://doi.org/10.1038/nclimate2694
https://doi.org/10.1038/nclimate2694
https://doi.org/10.1093/icesjms/fsw197
https://doi.org/10.1016/j.marpolbul.2013.01.011
https://doi.org/10.1016/j.marpolbul.2013.01.011
https://doi.org/10.1371/journal.pone.0060959
https://doi.org/10.1371/journal.pone.0148477
https://doi.org/10.1371/journal.pone.0148477
https://doi.org/10.1093/icesjms/fsv201
https://doi.org/10.3389/fmars.2021.596644
https://www.leonetwork.org/en/posts/show/d54b385c-ae44-45a7-82a4-550ced699500
https://www.leonetwork.org/en/posts/show/d54b385c-ae44-45a7-82a4-550ced699500
https://doi.org/10.25923/8n78-wp73
https://doi.org/10.4039/ent108485-5
https://doi.org/10.1657/1938-4246-44.3.319
https://theconversation.com/alaska-on-fire-thousands-of-lightning-strikes-and-a-warming-climate-put-alaska-on-pace-for-another-historic-fire-season-186453
https://theconversation.com/alaska-on-fire-thousands-of-lightning-strikes-and-a-warming-climate-put-alaska-on-pace-for-another-historic-fire-season-186453
https://theconversation.com/alaska-on-fire-thousands-of-lightning-strikes-and-a-warming-climate-put-alaska-on-pace-for-another-historic-fire-season-186453
https://doi.org/10.1038/s41586-021-03437-y
https://doi.org/10.1016/j.oneear.2021.11.011
https://doi.org/10.1111/gcb.13124
https://doi.org/10.1088/1748-9326/ac3602
https://doi.org/10.1088/1748-9326/ac3602
https://doi.org/10.1088/1748-9326/abd270


Fifth National Climate Assessment

29-60 | Alaska

233. Nitze, I., S. W. Cooley, C. R. Duguay, B. M. Jones, and G. Grosse, 2020: The catastrophic thermokarst lake drainage 
events of 2018 in northwestern Alaska: Fast-forward into the future. Cryosphere, 14 (12), 4279–4297. https://doi.
org/10.5194/tc-14-4279-2020

234. Webb, E.E., A.K. Liljedahl, J.A. Cordeiro, M.M. Loranty, C. Witharana, and J.W. Lichstein, 2022: Permafrost thaw 
drives surface water decline across lake-rich regions of the Arctic. Nature Climate Change, 12 (9), 841–846. https://
doi.org/10.1038/s41558-022-01455-w

235. Chipman, M.L. and F.S. Hu, 2017: Linkages among climate, fire, and Thermoerosion in Alaskan tundra over 
the past three millennia. Journal of Geophysical Research: Biogeosciences, 122 (12), 3362–3377. https://doi.
org/10.1002/2017jg004027

236. Rey, D.M., M.A. Walvoord, B.J. Minsley, B.A. Ebel, C.I. Voss, and K. Singha, 2020: Wildfire-initiated talik development 
exceeds current thaw projections: Observations and models from Alaska’s continuous permafrost zone. Geophysical 
Research Letters, 47 (15). https://doi.org/10.1029/2020gl087565

237. Mekonnen, Z.A., W.J. Riley, R.F. Grant, and V.E. Romanovsky, 2021: Changes in precipitation and air temperature 
contribute comparably to permafrost degradation in a warmer climate. Environmental Research Letters, 16 (2). 
https://doi.org/10.1088/1748-9326/abc444

238. Jones, B.M., G. Grosse, L.M. Farquharson, P. Roy-Léveillée, A. Veremeeva, M.Z. Kanevskiy, B.V. Gaglioti, A.L. Breen, 
A.D. Parsekian, M. Ulrich, and K.M. Hinkel, 2022: Lake and drained lake basin systems in lowland permafrost 
regions. Nature Reviews Earth & Environment, 3 (1), 85–98. https://doi.org/10.1038/s43017-021-00238-9

239. McGuire, A.D., H. Genet, Z. Lyu, N. Pastick, S. Stackpoole, R. Birdsey, D. D’Amore, Y. He, T.S. Rupp, R. Striegl, 
B.K. Wylie, X. Zhou, Q. Zhuang, and Z. Zhu, 2018: Assessing historical and projected carbon balance of Alaska: A 
synthesis of results and policy/management implications. Ecological Applications, 28 (6), 1396–1412. https://doi.
org/10.1002/eap.1768

240. Miner, K.R., M.R. Turetsky, E. Malina, A. Bartsch, J. Tamminen, A.D. McGuire, A. Fix, C. Sweeney, C.D. Elder, and C.E. 
Miller, 2022: Permafrost carbon emissions in a changing Arctic. Nature Reviews Earth and Environment, 3 (1), 55–67. 
https://doi.org/10.1038/s43017-021-00230-3

241. Schuur, E.A.G., R. Bracho, G. Celis, E.F. Belshe, C. Ebert, J. Ledman, M. Mauritz, E.F. Pegoraro, C. Plaza, H. 
Rodenhizer, V. Romanovsky, C. Schädel, D. Schirokauer, M. Taylor, J.G. Vogel, and E.E. Webb, 2021: Tundra underlain 
by thawing permafrost persistently emits carbon to the atmosphere over 15 years of measurements. Journal of 
Geophysical Research: Biogeosciences, 126 (6), e2020JG006044. https://doi.org/10.1029/2020jg006044

242. Arimitsu, M.L., J.F. Piatt, S. Hatch, R.M. Suryan, S. Batten, M.A. Bishop, R.W. Campbell, H. Coletti, D. Cushing, K. 
Gorman, R.R. Hopcroft, K.J. Kuletz, C. Marsteller, C. McKinstry, D. McGowan, J. Moran, S. Pegau, A. Schaefer, S. 
Schoen, J. Straley, and V.R. von Biela, 2021: Heatwave-induced synchrony within forage fish portfolio disrupts 
energy flow to top pelagic predators. Global Change Biology, 27 (9), 1859–1878. https://doi.org/10.1111/gcb.15556

243. Jones, L.A., E.R. Schoen, R. Shaftel, C.J. Cunningham, S. Mauger, D.J. Rinella, and A. St. Saviour, 2020: Watershed-
scale climate influences productivity of Chinook salmon populations across southcentral Alaska. Global Change 
Biology, 26 (9), 4919–4936. https://doi.org/10.1111/gcb.15155

244. Armstrong, J.B., E.J. Ward, D.E. Schindler, and P.J. Lisi, 2016: Adaptive capacity at the northern front: Sockeye 
salmon behaviourally thermoregulate during novel exposure to warm temperatures. Conservation Physiology, 4 (1). 
https://doi.org/10.1093/conphys/cow039

245. Pitman, K.J., J.W. Moore, M. Huss, M.R. Sloat, D.C. Whited, T.J. Beechie, R. Brenner, E.W. Hood, A.M. Milner, G.R. 
Pess, G.H. Reeves, and D.E. Schindler, 2021: Glacier retreat creating new Pacific salmon habitat in western North 
America. Nature Communications, 12 (1), 6816. https://doi.org/10.1038/s41467-021-26897-2

246. Carey, M.P., V.R. von Biela, R.J. Brown, and C.E. Zimmerman, 2021: Migration strategies supporting salmonids 
in Arctic Rivers: A case study of Arctic Cisco and Dolly Varden. Animal Migration, 8 (1), 132–143. https://doi.
org/10.1515/ami-2020-0115

247. DOD, 2021: Department of Defense Climate Risk Analysis. Report Submitted to National Security Council. 
U.S. Department of Defense, Office of the Undersecretary for Policy, 18 pp. https://media.defense.gov/2021/
oct/21/2002877353/-1/-1/0/dod-climate-risk-analysis-final.pdf

https://doi.org/10.5194/tc-14-4279-2020
https://doi.org/10.5194/tc-14-4279-2020
https://doi.org/10.1038/s41558-022-01455-w
https://doi.org/10.1038/s41558-022-01455-w
https://doi.org/10.1002/2017jg004027
https://doi.org/10.1002/2017jg004027
https://doi.org/10.1029/2020gl087565
https://doi.org/10.1088/1748-9326/abc444
https://doi.org/10.1038/s43017-021-00238-9
https://doi.org/10.1002/eap.1768
https://doi.org/10.1002/eap.1768
https://doi.org/10.1038/s43017-021-00230-3
https://doi.org/10.1029/2020jg006044
https://doi.org/10.1111/gcb.15556
https://doi.org/10.1111/gcb.15155
https://doi.org/10.1093/conphys/cow039
https://doi.org/10.1038/s41467-021-26897-2
https://doi.org/10.1515/ami-2020-0115
https://doi.org/10.1515/ami-2020-0115
https://media.defense.gov/2021/oct/21/2002877353/-1/-1/0/dod-climate-risk-analysis-final.pdf
https://media.defense.gov/2021/oct/21/2002877353/-1/-1/0/dod-climate-risk-analysis-final.pdf


Fifth National Climate Assessment

29-61 | Alaska

248. DOD, 2019: Report to Congress on Military Structure in Permafrost Areas. U.S. Department of Defense, Office 
of The Under Secretary of Defense. https://www.acq.osd.mil/eie/downloads/fim/2019%20report%20to%20
congress%20on%20military%20structures%20in%20permafrost%20areas.pdf

249. Hjort, J., O. Karjalainen, J. Aalto, S. Westermann, V.E. Romanovsky, F.E. Nelson, B. Etzelmüller, and M. Luoto, 2018: 
Degrading permafrost puts Arctic infrastructure at risk by mid-century. Nature Communications, 9 (1), 5147. 
https://doi.org/10.1038/s41467-018-07557-4

250. BLM AFS, 2022: Prescribed Burn Operations Planned on Military Training Lands in the Fairbanks North Star 
Borough to Reduce Wildfire Threat. U.S. Department of Interior, Bureau of Land Managment, Alaska Fire Service, 
Fairbanks, AK. https://akfireinfo.files.wordpress.com/2022/05/afs_fwa-yta_2022newrelease.pdf

251. CMTS, 2019: A Ten-Year Projection of Maritime Activity in the U.S. Arctic Region, 2020–2030. U.S. Committee on 
the Marine Transportation System, Washington, DC, 118 pp. https://www.cmts.gov/assets/uploads/documents/
cmts_2019_arctic_vessel_projection_report.pdf

252. Boulègue, M., 2019: Russia’s Military Posture in the Arctic. Chatham House. https://www.chathamhouse.
org/2019/06/russias-military-posture-arctic

253. Pezard, S., S.J. Flanagan, S.W. Harold, I.A. Chindea, B.J. Sacks, A. Tingstad, T. Finazzo, and S. Kim, 2022: China’s 
Strategy and Activities in the Arctic: Implications for North American and Transatlantic Security. RAND 
Corporation, Santa Monica, CA. https://doi.org/10.7249/rra1282-1-v2

254. NOAA Marine Debris Program, 2021: Bering Strait Marine Debris Event Report. National Oceanic and Atmospheric 
Administration, National Ocean Service, Office of Response and Restoration, Marine Debris Program, Silver Spring, 
MD. https://marinedebris.noaa.gov/emergency-response/bering-strait-marine-debris-event-report

255. DHS, 2019: Strategic Approach for Arctic Homeland Security. U.S. Department of Homeland Security, Office of 
Strategy, Policy, and Plans, 25 pp. https://www.dhs.gov/sites/default/files/publications/21_0113_plcy_dhs-
arctic-strategy_0.pdf

256. USAF, 2020: The Department of the Air Force Arctic Strategy. U.S. Air Force. https://www.af.mil/portals/1/
documents/2020saf/july/arcticstrategy.pdf

257. Hudson, A., 2022: Eielson days away from achieving full complement of F-35s. Air & Space Forces Magazine. https://
www.airforcemag.com/eielson-days-away-from-achieving-full-complement-of-f-35s/

258. Bennett, M.M., S.R. Stephenson, K. Yang, M.T. Bravo, and B. De Jonghe, 2020: The opening of the Transpolar Sea 
Route: Logistical, geopolitical, environmental, and socioeconomic impacts. Marine Policy, 121, 104178. https://doi.
org/10.1016/j.marpol.2020.104178

259. Henry Huntington (Chapter Lead), October 19, 2022: Email communication with Jacqueline Christensen, Native 
Village of Port Heiden (Alaska).

260. Henry Huntington (Chapter Lead), August 29, 2022: Email communication with Theo Garcia, Knik Tribal 
Council (Alaska).

261. Canosa, I.V., J.D. Ford, G. McDowell, J. Jones, and T. Pearce, 2020: Progress in climate change adaptation in the 
Arctic. Environmental Research Letters, 15 (9), 093009. https://doi.org/10.1088/1748-9326/ab9be1

262. Adapt Alaska, 2022: Adapt Alaska: Resources. University of Alaska, Fairbanks. https://adaptalaska.org/resources/

263. Hahn, M.B., C. Kemp, C. Ward-Waller, S. Donovan, J.I. Schmidt, and S. Bauer, 2020: Collaborative climate mitigation 
and adaptation planning with university, community, and municipal partners: A case study in Anchorage, Alaska. 
Local Environment, 25 (9), 648–665. https://doi.org/10.1080/13549839.2020.1811655

264. Steffen, A., S.A. Greenlaw, M. Biermann, and A.L. Lovecraft, 2021: Alaska’s Climate Change Policy Development. 
University of Alaska, Center for Arctic Policy Studies, Fairbanks, AK, 59 pp. https://www.uaf.edu/caps/our-work/
CAPS-alaskas-climate-policy-development-March2021-corrected.pdf

265. Birchall, J.S. and N. Bonnett, 2020: Thinning sea ice and thawing permafrost: Climate change adaptation planning in 
Nome, Alaska. Environmental Hazards, 19 (2), 152–170. https://doi.org/10.1080/17477891.2019.1637331

266. Birchall, S.J. and N. Bonnett, 2019: Local-scale climate change stressors and policy response: The case of Homer, 
Alaska. Journal of Environmental Planning and Management, 62 (13), 2238–2254. https://doi.org/10.1080/09640568
.2018.1537975

https://www.acq.osd.mil/eie/downloads/fim/2019%20report%20to%20congress%20on%20military%20structures%20in%20permafrost%20areas.pdf
https://www.acq.osd.mil/eie/downloads/fim/2019%20report%20to%20congress%20on%20military%20structures%20in%20permafrost%20areas.pdf
https://doi.org/10.1038/s41467-018-07557-4
https://akfireinfo.files.wordpress.com/2022/05/afs_fwa-yta_2022newrelease.pdf
https://www.cmts.gov/assets/uploads/documents/cmts_2019_arctic_vessel_projection_report.pdf
https://www.cmts.gov/assets/uploads/documents/cmts_2019_arctic_vessel_projection_report.pdf
https://www.chathamhouse.org/2019/06/russias-military-posture-arctic
https://www.chathamhouse.org/2019/06/russias-military-posture-arctic
https://doi.org/10.7249/rra1282-1-v2
https://marinedebris.noaa.gov/emergency-response/bering-strait-marine-debris-event-report
https://www.dhs.gov/sites/default/files/publications/21_0113_plcy_dhs-arctic-strategy_0.pdf
https://www.dhs.gov/sites/default/files/publications/21_0113_plcy_dhs-arctic-strategy_0.pdf
https://www.af.mil/portals/1/documents/2020saf/july/arcticstrategy.pdf
https://www.af.mil/portals/1/documents/2020saf/july/arcticstrategy.pdf
https://www.airforcemag.com/eielson-days-away-from-achieving-full-complement-of-f-35s/
https://www.airforcemag.com/eielson-days-away-from-achieving-full-complement-of-f-35s/
https://doi.org/10.1016/j.marpol.2020.104178
https://doi.org/10.1016/j.marpol.2020.104178
https://doi.org/10.1088/1748-9326/ab9be1
https://adaptalaska.org/resources/
https://doi.org/10.1080/13549839.2020.1811655
https://www.uaf.edu/caps/our-work/CAPS-alaskas-climate-policy-development-March2021-corrected.pdf
https://www.uaf.edu/caps/our-work/CAPS-alaskas-climate-policy-development-March2021-corrected.pdf
https://doi.org/10.1080/17477891.2019.1637331
https://doi.org/10.1080/09640568.2018.1537975
https://doi.org/10.1080/09640568.2018.1537975


Fifth National Climate Assessment

29-62 | Alaska

267. Bronen, R., D. Pollock, J. Overbeck, D. Stevens, S. Natali, and C. Maio, 2020: Usteq: Integrating indigenous 
knowledge and social and physical sciences to coproduce knowledge and support community-based adaptation. 
Polar Geography, 43 (2-3), 188–205. https://doi.org/10.1080/1088937x.2019.1679271

268. DCRA, n.d.: Community Resilience and Climate Adaptation Programs. Alaska Department of Commerce, 
Community, and Economic Development, Division of Community and Regional Affairs. https://www.commerce.
alaska.gov/web/dcra/CommunityResilienceandClimateAdaptationPrograms.aspx

269. AMAP, 2017: Adaptation Actions for a Changing Arctic: Perspectives From the Beringchukchi-Beaufort Region. 
Arctic Monitoring and Assessment Programme, Oslo, Norway. https://www.amap.no/documents/download/2993

270. ICC Alaska, 2020: Food Sovereignty and Self-Governance: Inuit Role in Managing Arctic Marine Resources. Inuit 
Circumpolar Council Alaska, Anchorage, AK. https://www.inuitcircumpolar.com/project/food-sovereignty-and-
self-governance-inuit-role-in-managing-arctic-marine-resources/

271. Loring, P.A., S.C. Gerlach, and H.J. Penn, 2016: “Community work” in a climate of adaptation: Responding to change 
in rural Alaska. Human Ecology, 44 (1), 119–128. https://doi.org/10.1007/s10745-015-9800-y

272. BIA, n.d.: Tribal Climate Resilience Program Awards. Bureau of Indian Affairs. https://biamaps.doi.gov/portal/
apps/webappviewer/index.html?id=19ad66da24704639b09ae64a81154eb4

273. ANTHC, 2023: Assessment Reports Archive. Alaska Native Tribal Health Consortium. https://www.anthc.org/
what-we-do/community-environment-and-health/center-for-climate-and-health/climate-health-3/

274. Chase, M., K. Heeringa, J. Littell, R. Toohey, and M. Tankersley, 2020: Looking Forward, Looking Back: Building 
Resilience Today: Training Two Report. Aleutian Pribilof Islands Association, Fairbanks, AK, 26 pp. https://pubs.
er.usgs.gov/publication/70243265

275. Beck, C.A., H.L. Stewart, and I. Dutton, 2019: Adapt Y-K Delta: Climate Adaptation Strategies for the Yukon-
Kuskokwim (Y-K) Delta Region. Adapt Y-K Delta Steering Committee, Anchorage, AK. https://adaptalaska.org/
wp-content/uploads/2020/01/ADAPT-YK_Strategies_FINAL_sm.pdf

276. CCTHITA, 2019: Climate Change Adaptation Plan. Central Council of the Tlingit and Haida Indian Tribes of Alaska. 
http://www.ccthita.org/services/community/environmental/documents/t%26hclimatechangeadaptationplan.pdf

277. Blair, B. and G.P. Kofinas, 2020: Cross-scale risk perception: Differences between tribal leaders and resource 
managers in Arctic Alaska. Ecology and Society, 25 (4). https://doi.org/10.5751/es-11776-250409

278. Ellam Yua, J. Raymond-Yakoubian, R. Aluaq Daniel, and C. Behe, 2022: A framework for co-production of knowledge 
in the context of Arctic research. Ecology and Society, 27 (1), 34. https://doi.org/10.5751/es-12960-270134

279. Carlo, N., 2020: Arctic Observing: Indigenous Peoples’ History, Perspectives, and Approaches for Partnership. 
University of Alaska, Center for Arctic Policy Studies, Fairbanks, AK. https://www.uaf.edu/caps/our-work/Carlo_
Arctic-Observing_Indigenous-Peoples-History_CAPS_5MAR2020.pdf

280. ANKN, 2006: Alaska Native Values for the Curriculum. University of Alaska Fairbanks, Alaska Native Knowledge 
Network. http://www.ankn.uaf.edu/ancr/values/

281. Berman, M., J. Baztan, G. Kofinas, J.P. Vanderlinden, O. Chouinard, J.M. Huctin, A. Kane, C. Mazé, I. Nikulkina, 
and K. Thomson, 2020: Adaptation to climate change in coastal communities: Findings from seven sites on four 
continents. Climatic Change, 159 (1), 1–16. https://doi.org/10.1007/s10584-019-02571-x

282. CCTHITA, n.d.: Southeast Traditional Tribal Values. Central Council of the Tlingit and Haida Indian Tribes of Alaska. 
http://www.ccthita.org/about/values/index.html

283. Curry, T., C. Meek, and M. Berman, 2021: Informal institutions and adaptation: Patterns and pathways of influence 
in a remote Arctic community. Local Environment, 26 (9), 1070–1091. https://doi.org/10.1080/13549839.2021.196282
8

284. Fauchald, P., V.H. Hausner, J.I. Schmidt, and D.A. Clark, 2017: Transitions of social-ecological subsistence systems in 
the Arctic. International Journal of the Commons, 11 (1), 275–329. https://doi.org/10.18352/ijc.698/metrics/

285. Figus, E., B.K.Y. Jackson, and S.F. Trainor, 2022: The Kake Climate Partnership: Implementing a knowledge 
co-production framework to provide climate services in Southeast Alaska. Frontiers in Climate, 4, 885494. https://
doi.org/10.3389/fclim.2022.885494

https://doi.org/10.1080/1088937x.2019.1679271
https://www.commerce.alaska.gov/web/dcra/CommunityResilienceandClimateAdaptationPrograms.aspx
https://www.commerce.alaska.gov/web/dcra/CommunityResilienceandClimateAdaptationPrograms.aspx
https://www.amap.no/documents/download/2993
https://www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-inuit-role-in-managing-arctic-marine-resources/
https://www.inuitcircumpolar.com/project/food-sovereignty-and-self-governance-inuit-role-in-managing-arctic-marine-resources/
https://doi.org/10.1007/s10745-015-9800-y
https://biamaps.doi.gov/portal/apps/webappviewer/index.html?id=19ad66da24704639b09ae64a81154eb4
https://biamaps.doi.gov/portal/apps/webappviewer/index.html?id=19ad66da24704639b09ae64a81154eb4
https://www.anthc.org/what-we-do/community-environment-and-health/center-for-climate-and-health/climate-health-3/
https://www.anthc.org/what-we-do/community-environment-and-health/center-for-climate-and-health/climate-health-3/
https://pubs.er.usgs.gov/publication/70243265
https://pubs.er.usgs.gov/publication/70243265
https://adaptalaska.org/wp-content/uploads/2020/01/ADAPT-YK_Strategies_FINAL_sm.pdf
https://adaptalaska.org/wp-content/uploads/2020/01/ADAPT-YK_Strategies_FINAL_sm.pdf
http://www.ccthita.org/services/community/environmental/documents/t%26hclimatechangeadaptationplan.pdf
https://doi.org/10.5751/es-11776-250409
https://doi.org/10.5751/es-12960-270134
https://www.uaf.edu/caps/our-work/Carlo_Arctic-Observing_Indigenous-Peoples-History_CAPS_5MAR2020.pdf
https://www.uaf.edu/caps/our-work/Carlo_Arctic-Observing_Indigenous-Peoples-History_CAPS_5MAR2020.pdf
http://www.ankn.uaf.edu/ancr/values/
https://doi.org/10.1007/s10584-019-02571-x
http://www.ccthita.org/about/values/index.html
https://doi.org/10.1080/13549839.2021.1962828
https://doi.org/10.1080/13549839.2021.1962828
https://doi.org/10.18352/ijc.698/metrics/
https://doi.org/10.3389/fclim.2022.885494
https://doi.org/10.3389/fclim.2022.885494


Fifth National Climate Assessment

29-63 | Alaska

286. GAO, 2022: Alaska Native Issues: Federal Agencies Could Enhance Support for Native Village Efforts to Address 
Environmental Threats. GAO-22-104241. U.S. Government Accountability Office. https://www.gao.gov/assets/gao-
22-104241.pdf

287. Ristroph, E.B., 2022: How Alaska Native corporations can better support Alaska Native villages. American Indian 
Law Journal, 10 (1), 5. https://digitalcommons.law.seattleu.edu/ailj/vol10/iss1/5

288. Adaptation Advisory Group, 2010: Alaska’s Climate Change Strategy: Addressing Impacts in Alaska. Georgetown 
Climate Center. https://www.adaptationclearinghouse.org/resources/alaska-s-climate-change-strategy-
addressing-impacts-in-alaska.html

289. Nakashima, D.J., K. Galloway McLean, H.D. Thulstrup, A. Ramos Castillo, and J.T. Rubis, 2012: Weathering 
Uncertainty: Traditional Knowledge for Climate Change Assessment and Adaptation. UNESCO, Paris and Darwin, 
UNU, 120 pp. https://unesdoc.unesco.org/ark:/48223/pf0000216613

290. Naylor, A., J. Ford, T. Pearce, and J. Van Alstine, 2020: Conceptualizing climate vulnerability in complex adaptive 
systems. One Earth, 2 (5), 444–454. https://doi.org/10.1016/j.oneear.2020.04.011

291. Alaska Native Claims Settlement Act. Pub. L. No. 92–203, 85 Stat. 688, December 18, 1971. https://uscode.house.
gov/view.xhtml?path=/prelim@title43/chapter33&edition=prelim

292. Ristroph, E.B., 2021: Navigating climate change adaptation assistance for communities: A case study of Newtok 
Village, Alaska. Journal of Environmental Studies and Sciences, 11 (3), 329–340. https://doi.org/10.1007/s13412-
021-00711-3

293. Ristroph, E., 2019: Fulfilling climate justice and government obligations to Alaska Native villages: What is the 
government role? William & Mary Environmental Law and Policy Review, 43 (2). https://scholarship.law.wm.edu/
wmelpr/vol43/iss2/4

294. The Alaska Center, 2017: Solarize Your Community [Website], accessed April 4, 2023. https://akcenter.org/climate-
clean-energy/solarize/

295. Solarize the Kenai, 2021: Solarize the Kenai [Website], accessed April 4, 2023. https://www.solarizethekenai.org/

296. Alaska Heat Smart, n.d.: Thermalize Juneau [Webpage], accessed April 3, 2023. https://akheatsmart.org/programs/
thermalize-juneau/

297. AEL&P, 2016: Alternative Energy. Alaska Electric Light and Power, Juneau, AK, accessed April 4, 2023. https://www.
aelp.com/energy-conservation/alternative-energy

298. Chugach Electric Association, 2023: Energy Solutions: Net Metering and Buyback Generation [Webpage], accessed 
April 4, 2023. https://www.chugachelectric.com/energy-solutions/net-metering-and-buyback-generation

299. GVEA, 2018: GVEA’s Solar Farm. Golden Valley Electric Association, accessed April 3, 2023. https://www.gvea.com/
services/energy/sources-of-power/gveas-solar-farm/

300. Juneau Electric Vehicle Association, n.d.: Juneau EV [Website], accessed April 3, 2023. https://juneauev.org/

301. BuyAlaska, 2023: Community Supported Agriculture [Website], accessed April 5, 2023. https://buyalaska.com/csa/

302. Naiden, A., 2021: Donated salmon gets shipped to communities on the Yukon. Fairbanks Daily News-Miner, August 
6, 2021. https://www.newsminer.com/news/alaska_news/donated-salmon-gets-shipped-to-communities-on-
the-yukon/article_52d45244-f622-11eb-9bd2-7f6bc3fca171.html

303. Bonnett, N. and S.J. Birchall, 2020: Coastal communities in the Circumpolar North and the need for sustainable 
climate adaptation approaches. Marine Policy, 121, 104175. https://doi.org/10.1016/j.marpol.2020.104175

304. Ford, J.D., T. Pearce, I.V. Canosa, and S. Harper, 2021: The rapidly changing Arctic and its societal implications. Wiley 
Interdisciplinary Reviews: Climate Change, 12 (6), e735–e735. https://doi.org/10.1002/wcc.735

305. Huntington, H.P., M. Carey, C. Apok, B.C. Forbes, S. Fox, L.K. Holm, A. Ivanova, J. Jaypoody, G. Noongwook, and F. 
Stammler, 2019: Climate change in context: Putting people first in the Arctic. Regional Environmental Change, 19 
(4), 1217–1223. https://doi.org/10.1007/s10113-019-01478-8

https://www.gao.gov/assets/gao-22-104241.pdf
https://www.gao.gov/assets/gao-22-104241.pdf
https://digitalcommons.law.seattleu.edu/ailj/vol10/iss1/5
https://www.adaptationclearinghouse.org/resources/alaska-s-climate-change-strategy-addressing-impacts-in-alaska.html
https://www.adaptationclearinghouse.org/resources/alaska-s-climate-change-strategy-addressing-impacts-in-alaska.html
https://unesdoc.unesco.org/ark:/48223/pf0000216613
https://doi.org/10.1016/j.oneear.2020.04.011
https://uscode.house.gov/view.xhtml?path=/prelim@title43/chapter33&edition=prelim
https://uscode.house.gov/view.xhtml?path=/prelim@title43/chapter33&edition=prelim
https://doi.org/10.1007/s13412-021-00711-3
https://doi.org/10.1007/s13412-021-00711-3
https://scholarship.law.wm.edu/wmelpr/vol43/iss2/4
https://scholarship.law.wm.edu/wmelpr/vol43/iss2/4
https://akcenter.org/climate-clean-energy/solarize/
https://akcenter.org/climate-clean-energy/solarize/
https://www.solarizethekenai.org/
https://akheatsmart.org/programs/thermalize-juneau/
https://akheatsmart.org/programs/thermalize-juneau/
https://www.aelp.com/energy-conservation/alternative-energy
https://www.aelp.com/energy-conservation/alternative-energy
https://www.chugachelectric.com/energy-solutions/net-metering-and-buyback-generation
https://www.gvea.com/services/energy/sources-of-power/gveas-solar-farm/
https://www.gvea.com/services/energy/sources-of-power/gveas-solar-farm/
https://juneauev.org/
https://buyalaska.com/csa/
https://www.newsminer.com/news/alaska_news/donated-salmon-gets-shipped-to-communities-on-the-yukon/article_52d45244-f622-11eb-9bd2-7f6bc3fca171.html
https://www.newsminer.com/news/alaska_news/donated-salmon-gets-shipped-to-communities-on-the-yukon/article_52d45244-f622-11eb-9bd2-7f6bc3fca171.html
https://doi.org/10.1016/j.marpol.2020.104175
https://doi.org/10.1002/wcc.735
https://doi.org/10.1007/s10113-019-01478-8


Fifth National Climate Assessment

29-64 | Alaska

306. Adger, W.N., J.M. Pulhin, J. Barnett, G.D. Dabelko, G.K. Hovelsrud, M. Levy, S. Ú. Oswald, and C.H. Vogel, 2014: Ch. 12. 
Human security. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. 
Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel of Climate Change. 
Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, 
R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White, Eds. Cambridge 
University Press, Cambridge, UK and New York, NY, USA, 755-791. https://www.ipcc.ch/report/ar5/wg2/
human-security/

307. David-Chavez, D.M. and M.C. Gavin, 2018: A global assessment of Indigenous community engagement in climate 
research. Environmental Research Letters, 13 (12), 123005. https://doi.org/10.1088/1748-9326/aaf300

308. Roy, J., P. Tschakert, H. Waisman, S. Abdul Halim, P. Antwi-Agyei, P. Dasgupta, B. Hayward, M. Kanninen, D. 
Liverman, C. Okereke, P.F. Pinho, K. Riahi, and A.G. Suarez Rodriguez, 2018: Ch. 5. Sustainable development, 
poverty eradication and reducing inequalities. In: Global Warming of 1.5°C. an IPCC Special Report on the Impacts 
of Global Warming of 1.5°C Above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in 
the Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable Development, and 
Efforts To Eradicate Poverty. Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, 
W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. 
Maycock, M. Tignor, and T. Waterfield, Eds. Cambridge University Press, Cambridge, UK and New York, NY, USA, 
445–538. https://doi.org/10.1017/9781009157940.007

309. Morales, K., C. Avery, M. Chase, K. Cozzetto, P. Ezcurra, P. Hardison, A. Herrmann, H. Mullen, and K. Whyte, 2021: 
Ch. 12. Emerging topics. In: Status of Tribes and Climate Change Report. Marks-Marino, D., Ed. Institute for Tribal 
Environmental Professionals, 277–295. http://nau.edu/stacc2021

310. The White House, 2022: White House Releases First-of-a-Kind Indigenous Knowledge Guidance for Federal 
Agencies. The White House. https://www.whitehouse.gov/ceq/news-updates/2022/12/01/white-house-
releases-first-of-a-kind-indigenous-knowledge-guidance-for-federal-agencies/

311. Sparrow, E., C. Keill, C. Breest, T. Clucas, and T. Moran, 2017: Innovative experiences in STEM education. In: 
INTED2017 Proceedings: 11th International Technology, Education and Development Conference, Chova, L.G., A.L. 
Martínez, and I.C. Torres, Eds. Valencia, Spain, 6–8 March 2017, 7619–7628. https://doi.org/10.21125/inted.2017

312. Sparrow, E.B. and S. Yule, 2010: Seasons and biomes and the GLOBE Program: Monitoring seasons through global 
learning communities. In: Polar Science and Global Climate: An International Resource for Education & Outreach, 
Kaiser, B., Ed. London, UK. Pearson, 152–153. https://polareducator.org/resources/prb-2/

313. Yoshikawa, K., E. Sparrow, and J. Stanilovskaya, 2014: Engaging Alaska communities and students in cryospheric 
research. In: Geoscience Research and Outreach: Schools and Public Engagement. Tong, V.C.H., Ed. Springer, 
Dordrecht, Netherlands, 19–45. https://doi.org/10.1007/978-94-007-6943-4_3

314. Gazal, R., M.A. White, R. Gillies, E. Rodemaker, E. Sparrow, and L. Gordon, 2008: GLOBE students, teachers, and 
scientists demonstrate variable differences between urban and rural leaf phenology. Global Change Biology, 14 (7), 
1568–1580. https://doi.org/10.1111/j.1365-2486.2008.01602.x

315. Robin, J., R. Dubayah, E. Sparrow, and E. Levine, 2008: Monitoring start of season in Alaska with GLOBE, AVHRR, 
and MODIS data. Journal of Geophysical Research: Biogeosciences, 113 (G1). https://doi.org/10.1029/2007jg000407

316. Spellman, K.V., E.B. Sparrow, M.J. Chase, A. Larson, and K. Kealy, 2018: Connected climate change learning through 
citizen science: An assessment of priorities and needs of formal and informal educators and community members 
in Alaska. Connected Science Learning, 1 (6). https://www.nsta.org/connected-science-learning/connected-
science-learning-april-june-2018-0/connected-climate-change

317. Hauser, D.D.W., R.T. Glenn, E.D. Lindley, K.K. Pikok, K. Heeringa, J. Jones, B. Adams, J.M. Leavitt, G.N. Omnik, R. 
Schaeffer, C. SimsKayotuk, E.B. Sparrow, A.M. Ravelo, O. Lee, and H. Eicken, 2023: Nunaaqqit Savaqatigivlugich—
Working with communities: Evolving collaborations around an Alaska Arctic observatory and knowledge hub. Arctic 
Science, 9 (3), 635–656. https://doi.org/10.1139/as-2022-0044

318. Chase, M., F. Olin IV, and H. Stewart., 2021: Adaptation Planning Pathways Coordinated Pathways. Aleutian Pribilof 
Islands Association and Agnew, Anchorage, AK. [Print].

319. Willow Hetrick (Technical Contributor), December 16, 2020: Oral communication with Dune Lankard (Eyak 
Athabascan), Copper River Delta, Alaska.

https://www.ipcc.ch/report/ar5/wg2/human-security/
https://www.ipcc.ch/report/ar5/wg2/human-security/
https://doi.org/10.1088/1748-9326/aaf300
https://doi.org/10.1017/9781009157940.007
http://nau.edu/stacc2021
https://www.whitehouse.gov/ceq/news-updates/2022/12/01/white-house-releases-first-of-a-kind-indigenous-knowledge-guidance-for-federal-agencies/
https://www.whitehouse.gov/ceq/news-updates/2022/12/01/white-house-releases-first-of-a-kind-indigenous-knowledge-guidance-for-federal-agencies/
https://doi.org/10.21125/inted.2017
https://polareducator.org/resources/prb-2/
https://doi.org/10.1007/978-94-007-6943-4_3
https://doi.org/10.1111/j.1365-2486.2008.01602.x
https://doi.org/10.1029/2007jg000407
https://www.nsta.org/connected-science-learning/connected-science-learning-april-june-2018-0/connected-climate-change
https://www.nsta.org/connected-science-learning/connected-science-learning-april-june-2018-0/connected-climate-change
https://doi.org/10.1139/as-2022-0044


Fifth National Climate Assessment

29-65 | Alaska

320. Fedewa, E.J., T.M. Jackson, J.I. Richar, J.L. Gardner, and M.A. Litzow, 2020: Recent shifts in northern Bering Sea 
snow crab (Chionoecetes opilio) size structure and the potential role of climate-mediated range contraction. Deep 
Sea Research Part II: Topical Studies in Oceanography, 181–182, 104878. https://doi.org/10.1016/j.dsr2.2020.104878

321. Ford, J.D., G. McDowell, and T. Pearce, 2015: The adaptation challenge in the Arctic. Nature Climate Change, 5 (12), 
1046–1053. https://doi.org/10.1038/nclimate2723

322. Solving the Climate Crisis: Key Accomplishments, Additional Opportunities, and the Need for Continued Action, House 
Select Committee on the Climate Crisis, 2022: 117 Congress. https://www.congress.gov/event/117th-congress/
house-event/115211?s=1&r=70

323. The White House, 2021: Executive Order on Catalyzing Clean Energy Industries and Jobs Through Federal 
Sustainability. The White House. https://www.whitehouse.gov/briefing-room/presidential-actions/2021/12/08/
executive-order-on-catalyzing-clean-energy-industries-and-jobs-through-federal-sustainability/

324. LaFrance, J. and R. Nichols, 2008: Reframing evaluation: Defining an Indigenous evaluation framework. Canadian 
Journal of Program Evaluation, 23 (2), 13–31. https://psycnet.apa.org/record/2010-10284-001

https://doi.org/10.1016/j.dsr2.2020.104878
https://doi.org/10.1038/nclimate2723
https://www.congress.gov/event/117th-congress/house-event/115211?s=1&r=70
https://www.congress.gov/event/117th-congress/house-event/115211?s=1&r=70
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/12/08/executive-order-on-catalyzing-clean-energy-industries-and-jobs-through-federal-sustainability/
https://www.whitehouse.gov/briefing-room/presidential-actions/2021/12/08/executive-order-on-catalyzing-clean-energy-industries-and-jobs-through-federal-sustainability/
https://psycnet.apa.org/record/2010-10284-001


Fifth National Climate Assessment: Chapter 30  
Hawaiʻi and  
US-Affiliated Pacific Islands



Fifth National Climate Assessment

30-2 | Hawai‘i and US-Affiliated Pacific Islands

Chapter 30. Hawaiʻi and 
US-Affiliated Pacific Islands
Authors and Contributors

Federal Coordinating Lead Author
Mari-Vaughn V. Johnson, US Geological Survey, Pacific Islands Climate Adaptation Science Center

Chapter Lead Author
Abby G. Frazier, Clark University, Graduate School of Geography

Chapter Authors
Lucas Berio Fortini, US Geological Survey, Pacific Island Ecosystems Research Center
Christian P. Giardina, USDA Forest Service, Institute of Pacific Islands Forestry
Zena N. Grecni, Arizona State University, Pacific Research on Island Solutions for Adaptation (RISA)
Haunani H. Kane, Arizona State University
Victoria W. Keener, Arizona State University, Pacific Research on Island Solutions for Adaptation (RISA) 
Romina King, University of Guam, Pacific Islands Climate Adaptation Science Center
Richard A. MacKenzie, USDA Forest Service, Institute of Pacific Islands Forestry
Malia Nobrega-Olivera, University of Hawaiʻi at Mānoa, Hawaiʻinuiākea School of Hawaiian Knowledge
Kirsten L. L Oleson, University of Hawaiʻi at Mānoa, Department of Natural Resources and Environmental 
Management
Christopher K. Shuler, University of Hawaiʻi, Water Resources Research Center
Ann K. Singeo, Ebiil Society
Curt D. Storlazzi, US Geological Survey, Pacific Coastal and Marine Science Center
Richard J. Wallsgrove, University of Hawaiʻi at Mānoa, William S. Richardson School of Law
Phoebe A. Woodworth-Jefcoats, NOAA Fisheries, Pacific Islands Fisheries Science Center

Technical Contributors
Malia K. H. Akutagawa, University of Hawaiʻi at Mānoa, Hawaiʻinuiākea School of Hawaiian Knowledge
Rosanna A. Alegado, University of Hawaiʻi at Mānoa
Kristen C. Alkins, US Geological Survey, Pacific Coastal and Marine Science Center
Marie Auyong, NOAA Office for Coastal Management
John I. Borja, University of Guam, Pacific Islands Climate Adaptation Science Center
Laura Brewington, Arizona State University
Jeff Burgett, US Fish and Wildlife Service
Janice E. Castro, NOAA Office for Coastal Management
Sandra P. Chang, University of Hawaiʻi at Mānoa
Patrick L. Colin, Coral Reef Research Foundation
Catherine A. Courtney, Tetra Tech Inc.
Laxmikant Dhage, University of Hawai’i at Mānoa



Fifth National Climate Assessment

30-3 | Hawai‘i and US-Affiliated Pacific Islands

Diana Felton, Hawaiʻi Department of Health
Patricia Fifita, Oregon State University
L. Kealoha Fox, Institute for Climate and Peace
Kathleen S. Friday, USDA Forest Service
Scott J. Glenn, Hawaiʻi State Energy Office
Rodney L. Itaki, Pohnpei Department of Health & Social Services
L. Alex Kahl, NOAA Fisheries, Pacific Islands Regional Office
Heather Kerkering, US Geological Survey, Pacific Islands Climate Adaptation Science Center
Elizabeth Kiefer, University of Hawaiʻi, John A. Burns School of Medicine
Kelli A. Kokame, University of Hawaiʻi at Mānoa, John A. Burns School of Medicine
Natalie Kurashima, Kamehameha Schools
Dennis A. LaPointe, US Geological Survey, Pacific Island Ecosystems Research Center
Scott Laursen, Pacific Islands Climate Adaptation Science Center
Carlotta A. Leon Guerrero, Office of the Governor of Guam
Roseo Marquez, Micronesia Conservation Trust
Stephen E. Miller, US Fish and Wildlife Service, Pacific Islands Office
Tomoaki Miura, University of Hawaiʻi at Mānoa
Kanoe Morishige, NOAA Papahānaumokuākea Marine National Monument
Michael Parke, NOAA Pacific Islands Fisheries Science Center
Elliott W. Parsons, University of Hawaiʻi at Mānoa, Sea Grant College Program
Kalani Quiocho Jr., NOAA National Ocean Service, Office of National Marine Sanctuaries
Laurie J. Raymundo, University of Guam Marine Laboratory
Nicole Read, Duke University
Bradley M. Romine, University of Hawaiʻi at Mānoa, Pacific Islands Climate Adaptation Science Center
Clay Trauernicht, University of Hawaiʻi at Mānoa, Department of Natural Resources and Environmental 
Management
Yinphan Tsang, University of Hawaiʻi at Mānoa, Department of Natural Resources and Environmen-
tal Management
Colette C.C. Wabnitz, University of British Columbia, Institute for the Oceans and Fisheries
Matthew J. Widlansky, University of Hawaiʻi at Mānoa, School of Ocean and Earth Science and Technology
Myeong-Ho Chris Yeo, University of Guam, Water and Environmental Research Institute

Review Editor
Carolyn V. Balk, Federal Emergency Management Agency

Cover Art
James Keul

Recommended Citation

Frazier, A.G., M.-V.V. Johnson, L. Berio Fortini, C.P. Giardina, Z.N. Grecni, H.H. Kane, V.W. Keener, R. King, R.A. 
MacKenzie, M. Nobrega-Olivera, K.L.L. Oleson, C.K. Shuler, A.K. Singeo, C.D. Storlazzi, R.J. Wallsgrove, and 
P.A. Woodworth-Jefcoats, 2023: Ch. 30. Hawaiʻi and US-Affiliated Pacific Islands. In: Fifth National Climate 
Assessment. Crimmins, A.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, B.C. Stewart, and T.K. Maycock, Eds. 
U.S. Global Change Research Program, Washington, DC, USA. https://doi.org/10.7930/NCA5.2023.CH30

https://nca2023.globalchange.gov/art-climate/#art-James-Keul
https://doi.org/10.7930/NCA5.2023.CH30


Fifth National Climate Assessment

30-4 | Hawai‘i and US-Affiliated Pacific Islands

Table of Contents

Introduction .................................................................................................................6
Box 30.1. Historical Under-Resourcing Results in Continuing  
Data Inequities for the Pacific Islands Region and US Caribbean ............................................................... 6
Climate Variability and Change ..................................................................................................................... 9
Increasingly Severe Climate Impacts Are Causing Cascading Impacts for People ................................. 12
Mitigation and Adaptation Through Indigenous 
Knowledge Systems, Collective Action, and Planning ............................................................................... 16
Box 30.2. Sustainable Development Goals and Collective Action ............................................................ 16

Key Message 30.1  
Climate Change Impairs Access to Healthy Food and Water  ......................................17

Changing Climate Threatens Freshwater Resources ................................................................................. 17
Food Systems Disrupted .............................................................................................................................. 18
Box 30.3. Changing Fisheries: Local Knowledge from Palau .................................................................... 19
Box 30.4. Food Security and Traditional Knowledge .................................................................................. 20

Key Message 30.2  
Climate Change Undermines Human Health,  
but Community Strength Boosts Resilience ...............................................................21

The Health Impacts of Extreme Events ....................................................................................................... 21
Health-Associated Impacts from Migration ............................................................................................... 22
Mental Health Consequences and Climate Grief ....................................................................................... 23
Increase in Vector-Borne Disease ............................................................................................................... 23
High Temperatures and Heat-Related Illness and Death ........................................................................... 23
Social Adaptive Capacity and Community Resilience ................................................................................ 24

Key Message 30.3  
Rising Sea Levels Threaten Infrastructure and  
Local Economies and Exacerbate Existing Inequities  ................................................25

Built Environment ......................................................................................................................................... 25
Livelihoods and Economy  ........................................................................................................................... 27
Decarbonization, Sequestration, and Resilience ........................................................................................ 29

Key Message 30.4  
Responses to Rising Threats May Help  
Safeguard Tropical Ecosystems and Biodiversity  ......................................................30

Marine and Coastal Ecosystems ................................................................................................................. 30
Box 30.5. Blue Carbon Ecosystems ............................................................................................................ 31
High Island Ecosystems ............................................................................................................................... 32
Responding to Rising Threats ...................................................................................................................... 33



Fifth National Climate Assessment

30-5 | Hawai‘i and US-Affiliated Pacific Islands

Key Message 30.5  
Indigenous Knowledge Systems Strengthen Island Resilience  ..................................35

Reciprocal Relationships Between People and Place ................................................................................ 35
Box 30.6. Local Cultural Resilience to Climate Change ............................................................................. 36
Cultural and Historical Sites ........................................................................................................................ 36
Indigenous Knowledge Systems and Values of Ecosystem Services  ...................................................... 37

Traceable Accounts ...................................................................................................38
Process Description ..................................................................................................................................... 38
Key Message 30.1 ........................................................................................................................................ 38
Key Message 30.2 ........................................................................................................................................ 40
Key Message 30.3 ........................................................................................................................................ 42
Key Message 30.4 ........................................................................................................................................ 43
Key Message 30.5 ........................................................................................................................................ 45

References ................................................................................................................46



Fifth National Climate Assessment

30-6 | Hawai‘i and US-Affiliated Pacific Islands

Introduction
Moananuiākea, Hawaiian for the Pacific Ocean, connects a diverse group of island peoples who share 
reciprocal and spiritual relationships with the lands, waters, natural resources, and cultures of the region. 
Indigenous Knowledge systems derived from thousands of years of stewardship and underlying observa-
tions have sustained Pacific Islanders, as evidenced in the cultural practices of seafaring,1 canoe building, 
agroforestry (a farming system that includes trees),2,3,4,5 harvesting fish and other marine life,6,7,8 traditional 
medicine,9 and managing water.10

The Pacific Islands region is defined here as Hawaiʻi and the US-Affiliated Pacific Islands (USAPI). The USAPI 
comprises the Commonwealth of the Northern Mariana Islands (CNMI); the unincorporated territories of 
American Sāmoa, Guam, and the Pacific Remote Islands (PRI); and the Freely Associated States (FAS): the 
Federated States of Micronesia (FSM), the Republic of the Marshall Islands (RMI), and the Republic of Palau. 
The region spans a vast geography and encompasses over 2,000 islands, ranging from small low-lying 
atolls to large volcanic islands, with the highest peak rising to 13,803 feet (Figures 30.1, 30.2). Marine and 
terrestrial biodiversity and species endemism are exceptionally high. These islands (excluding FAS) total 
only 14,060 square miles in land area but define nearly half (47.2%) of the entire US exclusive economic zone 
(EEZ). The islands also support more than two dozen defense installations key to US security, including the 
headquarters for the US Indo-Pacific Command. As a consequence of colonization, the lands, waters, and 
peoples of the Pacific Islands were significantly involved in World War II,11 resulting in widespread environ-
mental devastation, displacement of Indigenous Peoples, and nuclear weapons testing.12,13,14

The 1.9 million people who call the region home are predominantly (more than 77%) Pacific Islanders, many 
of whom are Indigenous Peoples (CHamoru, Chuukese, Kosraean, Marshallese, Native Hawaiian, Palauan, 
Pohnpeian, Samoan, Yapese, and others)—who speak more than 20 Indigenous languages15—and members 
of diverse communities of Asian heritage. Population is declining on all islands (except Hawaiʻi) and is 
increasingly urban.16,17,18,19,20,21,22 Important economic sectors include tourism, agriculture, and fishing, with 
government assistance, foreign direct investment, and remittances as major sources of capital. Average 
per capita income ranges from a high of 124% above the US average in Hawaiʻi to 4%–20% in the FAS.22,23,24 
Governance arrangements across the islands vary, but all share histories of colonization that contribute to 
structural inequities and vulnerabilities that exacerbate the social and economic impacts of climate change 
(Box 30.1).14,25

Box 30.1. Historical Under-Resourcing Results in Continuing  
Data Inequities for the Pacific Islands Region and US Caribbean

The Pacific Islands region and the US Caribbean continue to face similar climate change–related challenges (Ch. 23; see 
Keener et al. 201826), including geographic isolation and reliance on imports, critical dependence on local natural resourc-
es (fresh water, fisheries), and vulnerabilities to drought, sea level rise (SLR), and natural disasters. Missing data in both 
regions is representative of ongoing exclusion in data collection efforts and perpetuates historical social injustices that 
are reinforced by colonial and postcolonial governance systems (KM 31.2). In the Pacific Islands, this has resulted in 
sparse and discontinuous climate data records, the absence of coastal flood hazard modeling and detailed SLR exposure 
mapping for most islands, a lack of downscaled future climate projections in most locations (App. 3), insufficient infor-
mation about groundwater and surface water resources, and limited data on ecosystem response.15,27,28,29,30 Similar gaps 
are apparent in socioeconomic and health data: for example, on migration and health outcomes, including morbidity and 
mortality related to extreme weather events; food supply chain vulnerabilities; and resource-dependent livelihoods.31,32,33,34 
Indigenous Knowledge systems and stewardship are foundational in responding to climate change, but generations of 
knowledge have been undervalued, suppressed, and ignored by Western science and were only recently recognized as val-
id knowledge sources at the federal level.35,36,37 This lack of climate-relevant data is evident throughout NCA5. Filling these 
data gaps could better enable data-driven decision-making and improve climate services in the region.
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Hawaiʻi and the US-Affiliated Pacific Islands

Hawaiʻi and the US-Affiliated Pacific Islands span a vast geography.

Figure 30.1. The map shows the geographic breadth of the state of Hawai’i and the US-Affiliated Pacific Islands 
(USAPI). The USAPI comprises the US territories of American Sāmoa, Guam, and the Pacific Remote Islands 
(Baker Island, Howland Island, Jarvis Island, Johnston Atoll, Kingman Reef, Palmyra Atoll, and Wake Island); the 
Commonwealth of the Northern Mariana Islands; and the Freely Associated States: the Federated States of Micro-
nesia, the Republic of the Marshall Islands, and the Republic of Palau. The exclusive economic zones around each 
jurisdiction are shown. Figure credit: University of Guam, Clark University, NOAA NCEI, and CISESS NC. Sources: 
Esri, Garmin, GEBCO, NOAA NGDC, and other contributors. Map image is the intellectual property of Esri and is 
used herein under license. Copyright © 2020 Esri and its licensors. All rights reserved.
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Detailed View of Hawaiʻi and the US-Affiliated Pacific Islands

The Pacific Islands region contains a diversity of high and low islands. 

Figure 30.2. These detailed maps show the inhabited Pacific Islands region with islands and capital cities la-
beled. Shown are American Sāmoa; the Commonwealth of the Northern Mariana Islands; the Federated States 
of Micronesia (with its four states labeled: Yap, Chuuk, Pohnpei, and Kosrae); Guam; Hawaiʻi; the Republic of the 
Marshall Islands; and the Republic of Palau. Figure credit: Clark University, Arizona State University, University 
of Guam, NOAA NCEI, and CISESS NC. Sources: Esri, Garmin, GEBCO, NOAA NGDC, and other contributors. Map 
image is the intellectual property of Esri and is used herein under license. Copyright © 2020 Esri and its licensors. 
All rights reserved.
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Climate Variability and Change
The El Niño–Southern Oscillation (ENSO) and Pacific Decadal Oscillation (KMs 2.1, 3.3) are dominant sources 
of climate variability in the Pacific Islands region, affecting rainfall, air and ocean temperature, sea surface 
height, and trade winds (Box 27.1 in Keener et al. 201838).30,39,40,41 ENSO and other sources of climate variability 
interact with climate change to reduce or amplify trends and their impacts on decadal and shorter 
timescales. Natural variability in sea level and tides, for example, affects tidal flooding experienced at various 
Pacific Island locations.42,43,44

Between 1951 and 2020, annual average air temperatures across the Pacific Islands region increased 2°F 
(1°C).45,46 End-of-century projections indicate up to 4.5°F (2.5°C) higher temperatures at high elevations 
(above 9,800 feet) for an intermediate scenario (RCP4.5) and up to 9°F (5°C) under a very high scenario 
(RCP8.5).47 Historical precipitation trends are variable across the region, with some islands seeing long-term 
drying and increases in drought frequency, severity, and duration (KM 4.1).48,49,50 The magnitude and 
direction of projected precipitation changes are currently highly uncertain (Figure 30.3); some areas are 
projected to experience drying (e.g., leeward [western] areas of Hawaiʻi;51 KM 2.1), while increases in precipi-
tation are expected for others (e.g., American Sāmoa).52 

Although the findings are uncertain and geographically diverse, current analyses indicate that the frequency 
of tropical cyclones is expected to decrease,53 but associated wind speeds, rainfall rates, and storm surge 
heights are projected to increase across the entire region (KM 2.2).53,54,55,56,57

The rate of increase in regional sea surface temperatures (SSTs) has exceeded global rates, while ocean 
acidification (declining ocean pH)58 in the region has reached levels not seen over the past 30 years.59 These 
region-wide changes are projected to continue over the remainder of this century,60 with dire consequences 
for coral reef ecosystems (KM 10.1).61,62 Relative sea level rise (SLR) rates vary across the Pacific region,63 with 
the highest SLR rates observed in the western Pacific.64 With warming above 3.6°F (2°C), SLR projections of 
3.5 to 7.5 feet by 2100 are increasingly possible (Figure 30.4; KM 9.1).65
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Projected Changes in Rainfall at 3°C (5.4°F) of Global Warming (Relative to 1985–2014)

 
Rainfall is projected to increase across most of the region with 3°C (5.4°F) of global warming.

Figure 30.3. The figure shows projected percent change in annual and seasonal rainfall by 2100 across the 
Pacific Islands region under a global warming level of 3°C (5.4°F) relative to 1985–2014. Large increases in 
future rainfall are seen for the Commonwealth of the Northern Mariana Islands (CNMI), the Federated States of 
Micronesia (FSM), Guam, and the Republic of the Marshall Islands (RMI), while almost no change is projected for 
American Sāmoa. Hawaiʻi and Palau are projected to see decreases in November–April rainfall and increases in 
May–October rainfall. Adapted from Dhage and Widlansky 202266 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode
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Regional Sea Level Rise Projections 

 
Future sea levels strongly depend on the scenario, and rates will vary across the region. 

Figure 30.4. Sea level rise (SLR) projections for different scenarios are as follows: Low (1 foot of global SLR by 
2100), Intermediate-Low (1.5 feet), Intermediate (3 feet), Intermediate-High (5 feet), and High (6.5 feet). (top four 
panels) Maps display regional variations in projected SLR by 2050 (top row) and 2100 (center row) in the Pacific 
under Intermediate (left) and High (right) scenarios. In general, sea levels are relatively higher in the northern 
and western Pacific than in the southern and eastern Pacific. Although patterns vary spatially due to various 
processes such as thermal expansion and subsidence, the greatest sources of variability are time and the sce-
nario. (bottom two panels) SLR scenarios are shown for 2020–2100 at Honolulu, Hawaiʻi (A), and Apra Harbor, 
Guam (B; locations noted in the upper-left panel). For information regarding the likelihood of these scenarios 
under possible future warming levels, see Appendix 3. Figure credit: US Geological Survey, University of Guam, 
Arizona State University, and NASA Jet Propulsion Laboratory.
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Increasingly Severe Climate Impacts Are Causing Cascading Impacts for People
All Pacific Island communities are experiencing climate change impacts and, in some cases, facing 
existential risks (Figure 30.5). Sea level rise is compromising critical infrastructure and threatens to displace 
populations on low-lying atolls, forcing migration and disrupting social relationships (KMs 9.1, 9.2, 9.3). 
The vast majority of ports, airports, primary roads, power plants, and water treatment plants are located 
a few feet above sea level. Ports bring in 80%–100% of all consumer goods (including food and medical 
supplies) and 100% of fuel,67 placing the islands at the end of long supply chains and making them extremely 
susceptible to disruptions (Ch. 23). Climate change increasingly affects the lands and waters of the region 
crucial for sustaining primary economic and cultural livelihoods, including tourism, agriculture, fishing, 
forestry, and artisan practices (KMs 10.2, 18.1, 19.1, 23.2). These effects exacerbate structural inequities (KMs 
20.1, 31.2).68,69 Climate change poses risks to the region’s rich biodiversity, including many threatened and 
endangered species, that supports functioning ecosystems and cultural practices (KMs 8.2, 16.1). Table 30.1 
illustrates examples of impacts across the region for each of the chapter’s Key Messages related to water 
and food, human health, the built environment, ecosystems, and cultural and historical resources.
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Climate Change Indicators and Impacts in the Pacific Islands

 
Monitoring key indicators of climate change is essential for understanding impacts and informing adaptation 
efforts. 

Figure 30.5. Changes in climate, as measured through key indicators (top panel), including sea surface tempera-
ture, sea level, and tropical cyclone intensity, result in impacts and risks (lower panel) for Pacific Island environ-
ments and communities, both on high volcanic islands and atolls. Improved monitoring of indicators is essential 
for tracking the pace and extent of climate change. Understanding of the connections between indicators and 
impacts is expanding, which supports adaptation efforts. Adapted from Keener et al. 2018,26 which was adapted 
from Keener et al. 2012.15
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Table 30.1. Illustrative Climate Change–Related Impacts Across the Pacific Islands Region 

Examples of historical, ongoing, and projected climate change impacts are given for each jurisdiction. Sea level rise is abbreviated as SLR.

Jurisdiction
 

KM 30.1: Water 
and Food

 
KM 30.2: 

Human Health

 
KM 30.3: 

Built Environment

 
KM 30.4:  

Ecosystems

 
KM 30.5:  

Cultural and 
Historical Resources

American 
Sāmoa 

Increased extreme 
precipitation events 
degrade drinking 
water quality by 
stressing the water 
systems’ filtration 
capacity (KM 4.2).70,71

Hot weather worsens 
chronic health 
conditions, including 
heart disease and 
diabetes, already at 
emergency levels (KM 
15.1).72

Climate change 
threatens fisheries 
and impacts 
economic 
infrastructure, 
including canneries.73

Climate change 
promotes invasive 
species spread in 
native rainforests, 
home to rare and 
culturally important 
plants.29

Coastal flooding 
affects villages 
that contain burials 
of relatives and 
ancestors.74 

Commonwealth 
of the Northern 
Mariana Islands 
(CNMI) 

Access to safe 
drinking water is 
threatened as climate 
change exacerbates 
ongoing challenges 
of disposal of military, 
industrial, and 
municipal waste.27

Super Typhoon Yutu 
in 2018 negatively 
impacted mental 
health and healthcare 
providers.75

Two successive 
typhoons (2015 and 
2018) damaged or 
destroyed significant 
portions of the built 
environment.27

Climate change aids 
species invasions, 
which threaten the 
high biodiversity in 
wetlands and forests, 
including endemic 
birds, threatened 
reptiles, and two 
species of bats.27,76

Coastal historical 
and cultural sites are 
exposed to SLR.27

Federated 
States of 
Micronesia 
(FSM) 

Warmer temperatures 
and saltwater 
intrusion are projected 
to increase disease 
in staple crops such 
as taro, bananas, and 
breadfruit.77

Changes to marine 
and coastal habitats 
threaten artisanal 
fisheries, a key protein 
source.78,79,80,81,82,83

In FSM, 59% of 
infrastructure (89% 
of population) is 
within 0.3 miles (0.6 
km) of the coast and 
vulnerable to coastal 
climate impacts.84,85

Highly valued 
mangrove forests 
in Pohnpei will be 
threatened by SLR.86

Coastal men’s 
houses (faluw) are 
exposed to SLR and 
can benefit from 
historical adaptation 
measures.87

Guam 

Northern Guam 
Lens Aquifer is at 
risk from hotter 
weather, drought, and 
possible increases in 
demand.28,88

In 2018–2019, 
compound extreme 
events (flash 
flooding followed by 
drought and wildfire) 
negatively impacted 
human health (safety, 
pathogens, and 
respiratory issues).28

Stronger tropical 
cyclones around 
Guam will increase 
the potential for 
severe damage to the 
built environment.53

Increased frequency 
of coral bleaching89 
and increased risk 
of wildfires are 
expected.28

Many cultural and 
historical resources 
located along 
the coast will be 
impacted by 3 feet of 
SLR.90

Hawaiʻi
Increasing drought 
is reducing available 
water supplies.49

Hot weather causes 
heat-related illness 
and increases 
hospitalizations (KM 
15.1).91

3.2 feet of SLR would 
cause $23.1 billion 
in economic loss (in 
2022 dollars).92

Warming at higher 
elevations will expand 
transmission of avian 
malaria, causing 
declines in endemic 
bird populations.93,94

Strong winds, large 
storm waves, SLR, 
and changes in 
groundwater impact 
fishponds throughout 
Hawaiʻi.95,96,97
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Jurisdiction
 

KM 30.1: Water 
and Food

 
KM 30.2: 

Human Health

 
KM 30.3: 

Built Environment

 
KM 30.4:  

Ecosystems

 
KM 30.5:  

Cultural and 
Historical Resources

Pacific Remote 
Islands (PRI)

Decreasing 
precipitation and 
salinization from 
SLR are reducing 
freshwater 
availability.98

The possibility of 
disappearing islands 
contributes to distress 
due to loss of identity 
and relationship with 
place (solastalgia).99

US military 
installations and 
low-lying islets are at 
risk from SLR, which 
may impact exclusive 
economic zones.98

The 2014–2016 El 
Niño bleached over 
90% of monitored 
reefs in Palmyra 
Atoll.100

Sea level rise 
threatens remote 
islands and 
megafauna 
connected to the 
Native Hawaiian 
culture and creation 
story.101,102

Republic of the 
Marshall Islands 
(RMI)

During the 2015–2016 
extreme El Niño 
drought, the northern 
atolls established 
freshwater “filling 
stations” for water 
access.103

Sea level rise 
threatens health 
infrastructure,104 and 
migration harms 
mental health.105

Highly urbanized 
atolls may not be able 
to adapt to future 
SLR, leading to land 
loss and potential 
uninhabitability. 
98,106,107,108

Tuna catch within the 
exclusive economic 
zone is projected to 
decline by 10%–40% 
by 2050 relative to 
the early 2000s under 
a very high scenario 
(RCP8.5).109

Graves in the Jenrōk 
neighborhood on 
Majuro were lost to 
coastal erosion.110

Republic of 
Palau 

Climate change 
affects the timing 
of when crops are 
traditionally planted, 
which impacts food 
security.111

Mental health 
challenges arise from 
degradation of places 
and ecosystems 
essential to ocean-
centered culture and 
livelihoods (Box 30.3; 
KM 15.1).112

Migration to and 
development in 
Koror’s coastal zone 
exposes more people 
to SLR; king tides 
already flood urban 
areas.113

The strong 
2015–2016 El Niño 
reduced the jellyfish 
population in Palau’s 
Jellyfish Lake.113

High tides and SLR 
submerged and 
damaged Kukau el 
Bad, a historic healing 
ritual site in Ollei, 
Ngarchelong.113
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Mitigation and Adaptation Through Indigenous Knowledge 
Systems, Collective Action, and Planning
Effective climate mitigation and adaptation measures for Pacific Islanders and Indigenous Peoples are 
grounded in local ecological knowledge, which promotes intergenerational and holistic stewardship 
approaches,114,115 and best available Western science (KM 18.3). Indigenous ways of knowing can revitalize 
resilient practices and confront environmental injustices (KMs 16.3, 31.2).14 Examples of Indigenous 
Knowledge–informed adaptation include agroforestry, wetland taro agriculture, fishponds, and fisheries 
rules such as rest periods.116,117,118,119 Mangrove and seagrass conservation and regenerative agriculture 
demonstrate high potential for carbon sequestration (KM 30.4).120,121,122

Collective action in the region is codified in pursuit of the Sustainable Development Goals (SDGs) through 
the Local2030 Islands Network and Micronesia Challenge (Box 30.2; KM 20.2). Climate literacy may help 
spur collective action and build social capacity to address climate-driven changes (KM 32.5). Climate 
change–focused education and outreach programming in the Pacific Islands region is diverse and extends 
across federal, state, and county levels, nongovernmental organizations, and Indigenous-serving organiza-
tions (e.g., Bolden et al. 2018;123 Frungillo et al. 2022;124 HWMO 2021;125 Longman et al. 2022;126 USGS 2021127). 
Native Hawaiian and Pacific Islander epistemologies are woven into many programs (KM 16.2).128,129

Box 30.2. Sustainable Development Goals and Collective Action

Many Pacific Island states have adopted the 17 United Nations Sustainable Development Goals (SDGs)130 as part of a 
place-based path toward climate resilience (KM 17.4). The Local2030 Islands Network is forming regional communities 
of practice around energy, data, tourism, and other topics of interest and is piloting SDG dashboards in Guam, Hawaiʻi, and 
Palau (KM 18.4). In Hawaiʻi, a scorecard provides annual progress summaries on SDGs for 2030.131 Across sectors, Ha-
waiʻi has progressed toward meeting 6 of 36 local SDG metrics as of 2021 and is actively measuring progress in 17 more. 
While strong progress was made in measuring relevant goals, additional data and efforts are needed to meet more SDGs. 
Hawaiʻi Green Growth and Guam Green Growth132 are diverse public–private partnerships formed to develop measurable 
economic, social, and environmental adaptations toward sustainability (Box 18.3). FSM’s more formal commitment to the 
SDGs is evident in their national Strategic Development Plan 2004–2023.133

The Micronesia Challenge is a commitment by the Commonwealth of the Northern Mariana Islands, the Federated States 
of Micronesia, Guam, Palau, and the Republic of the Marshall Islands to conserve at least 20% of their terrestrial resources 
and 30% of their nearshore marine resources. With a regional endowment fund of approximately $23.1 million (in 2022 
dollars)134 providing a sustainable funding stream, the Micronesia Challenge has established over 150 protected areas 
throughout Micronesia, conserving biodiversity, protecting the environment, securing livelihoods and cultural practices, 
and enabling these islands to become more resilient to climate change.
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Key Message 30.1  
Climate Change Impairs Access to Healthy Food and Water 

Access to clean, fresh water and healthy food is expected to be increasingly impaired by 
climate change (very high confidence). On low-lying atolls, sea level rise has caused saltwater 
contamination of fresh water (high confidence). Regionally, food and water availability will be 
further negatively impacted by increasing temperatures, altered rainfall patterns, increased 
flooding and pollution, and degradation of nearshore fisheries (very high confidence). Adap-
tation actions such as traditional farming, fishing, and land-management practices can help 
build more resilient water and food systems (very high confidence). 

Changing Climate Threatens Freshwater Resources
Dependable and safe freshwater resources and associated services in tropical islands are particular-
ly vulnerable to rising temperatures (KM 4.1), altered rainfall patterns (Figure 30.3), runoff intensity and 
flooding, reduced groundwater recharge, and SLR (Figure 30.4; KM 4.2). Depletion of island aquifers 
compounds the potential for saltwater intrusion from SLR.98,135,136 The availability of surface water for 
irrigation, drinking water, and hydropower is affected by increasing frequency and severity of flooding 
and by reductions in stream baseflow;137 water contamination through increased Staphylococcus sp., 
Leptospira (a waterborne pathogenic bacteria), fecal coliform bacteria, and suspended sediment (KM 
15.1);138,139,140,141 and extreme drought (KM 2.2).103 In response to these changes, adaptation-focused restoration 
techniques are being applied, including revegetating with native species, reducing impervious surfaces, and 
redundant water distribution systems. Climate-induced land-cover change can have significant control 
over groundwater recharge, indicating that land-use adaptation is viable for managing impacts on water 
resources (KM 6.1).142,143 Flood frequency is projected to increase across the region,70 while drought frequency 
is projected to vary across the region (KMs 2.2, 4.1).27,28,29,113 

Changes Undermine the Sustainability of Water Supplies
Pacific Islands potable water supplies depend heavily on accessing clean groundwater or rain catchments, 
while other needs, such as irrigation, are often met with surface water resources. Groundwater recharge 
is affected by annual or longer-scale climate processes, while surface water supplies are more sensitive 
to shorter-term climatic influences.144,145,146,147,148 Although few studies assess regional changes in drought, 
evidence is clear that Hawaiʻi has experienced a drying trend since the 1950s and in La Niña years.149,150 On 
atolls and low-lying islands, freshwater aquifers typically occur as very thin lenses and are highly sensitive 
to groundwater extraction and SLR-driven saltwater intrusion.135,136 Shifting rainfall patterns and runoff 
conditions are affecting the availability of surface water to meet growing demands.103 Climate change 
has elevated region-wide efforts to protect and conserve freshwater resources. Communities that rely 
heavily on rain-fed catchments and surface water are acutely susceptible to short-term and, in particular, 
long-term drought and the resulting reductions in streamflow.103 

Salinization and Pollutants Deteriorate Water Quality
Increased intensity of extreme rainfall events, coupled with SLR, is projected to exacerbate freshwater 
contamination risks.151 Past and ongoing disposal of military, industrial, agricultural, and municipal waste 
contaminates island water supplies.35,152 Although SLR-driven mobilization of subsurface contaminants has 
received little study in the Pacific Islands, evidence of diverse groundwater contaminants in the region153 
and their mobilization154,155 raises concerns for low-lying island aquifers (KM 4.2). Salt is a critical freshwater 
contaminant; wave-driven overwash135,136,156 and SLR-induced rise of the freshwater–saltwater transition 
zone157,158,159,160 cause salinization and saltwater intrusion. 
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Changes in the frequency, severity, and duration of drought, associated fires, and flooding all interact to 
exacerbate sediment loading to streams.103,161 Given the short ridge-to-reef distances in the region, sensitive 
nearshore coral ecosystems and fisheries are directly impacted by increased sediment and pollutant loads to 
streams,162 compromising biodiversity, subsistence practices, and economies (KM 9.2).162,163,164 

Food Systems Disrupted
Climate change will increasingly impact food production, transport, processing, packaging, storage, retail, 
consumption, and waste for Pacific Island communities (KMs 11.2, 13.1). The aforementioned challenges will 
disrupt imports reliant on fragile supply chains and reduce viability of local agriculture and fisheries, thus 
reducing access to nutritious foods.31,165,166,167,168,169 Fisheries are the principal protein sources for many Pacific 
Islanders, with locally grown staple food crops such as bananas, taro, breadfruit, and sweet potato supplying 
critical calories and nutrients.170,171,172 However, Pacific Island communities have increasingly relied on 
imported foods, which come with complex and sometimes hidden environmental, financial, social, cultural, 
and nutritional costs (KM 30.2).173,174 COVID-19 and previous disasters exposed the fragility of global supply 
chains (Focus on Risks to Supply Chains) and emphasized the need to bolster local food production capacity 
to increase resilience.166,167,175,176

Declining Fisheries
The global capacity of coral reefs to supply fish has declined by half since the 1950s, a change that climate 
stressors have exacerbated (KM 9.2)62,177,178,179,180 through coral bleaching, acidification, SLR (Figure 30.4), 
terrestrial sediment, and contaminants (Box 30.3).78,79,181,182 Small-scale coral reef fisheries supply Pacific 
Island communities with a substantial portion (in some cases 50% to 90%) of their dietary protein and 
important micronutrients.82,172,177,183,184,185,186 Warming waters, acidification, and deoxygenation redistrib-
ute open-ocean fish stocks, and fisheries catch within regional EEZs is projected to decline by up to 40% 
by 2050 relative to the early 2000s under a very high scenario (RCP8.5; KM 10.1).109 Fishing fleets are ill-
equipped to adapt to this deficit (KM 10.2).81,187 Warming, extreme events, acidification, and SLR may also 
compromise efforts to expand mariculture (marine farming), through damage to aquaculture systems,188 
decreased species richness,189 and decreased local access to nearshore and open-ocean species.190,191,192
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Box 30.3. Changing Fisheries: Local Knowledge from Palau

Indigenous practitioners are often the first to observe and respond to changes in the environment (KM 16.3). For hundreds 
of years, fishers in Palau have gathered at seagrass meadows on the sixth day after a new moon during late-afternoon 
low tide to catch rabbit fish using cast nets (Figure 30.6). Since 2021, fishers have been unable to participate in this age-
old tradition.193 The normal low tide no longer occurs, and ocean levels remain too high for rabbit fish aggregation. It is 
unclear whether these changes can be attributed to SLR, human impacts (e.g., overfishing), or natural variability. If this 
change persists, loss of this fishery would threaten the fishers’ livelihood and resilience as ocean people (KM 10.2). Inte-
grating place-based and complementary knowledge systems into assessments can help ensure sustainable management 
under future climate change.194,195

Traditional Cast Net Fishing

Species loss threatens the traditions, livelihoods, and resilience of Pacific Islanders.

Figure 30.6. Traditional Palauan cast net fishing remains important for local food security.  
Photo credit: © Reid Endress 

Agriculture
Crop production in the USAPI has generally kept up with population growth over the past 20 years.165,173 
Although local agriculture provides a fraction of nutritional needs in the region,165 it remains a critical 
food source, complementing imported foods, serving as an emergency food source, providing culturally 
important items, and supplementing household income and government revenue.196,197 

Climate change is projected to impact island food systems through a variety of different mechanisms 
(KMs 11.1, 23.3).77 Warmer nighttime temperatures and saltwater intrusion, especially in FSM and RMI, are 
projected to increase damage from disease on staple crops such as taro, bananas, and breadfruit.77,198 Cash 
crops are also likely to be affected, with higher temperatures and increased plant pathogens decreasing 
coffee yields, increased flooding depressing sugar yields, and higher winds damaging coconut palms, 
bananas, and breadfruit.191 In Hawaiʻi, droughts have become longer and more severe and are the principal 
cause of crop loss.49
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Adaptation Strategies to Improve Local Food System Resilience
Strategies are being developed and implemented across the region to revitalize healthier traditional food 
systems, resulting in more just access to food (KM 11.2).117,118,165,199 Subsistence-based food system practices 
such as agroforestry and fishing have sustained Pacific Island peoples for millennia and have aided in 
recoveries from natural disasters such as typhoons, earthquakes, volcanic eruptions, and tsunamis.119,171,200,201 
Restoring Indigenous agroecology practices can support conservation, food security, and broader sociocul-
tural objectives in the face of shifting precipitation and SLR (e.g., Bremer et al. 2018;202 Winter et al. 2020203). 
Community food-sharing networks that empowered the most overburdened to overcome economic and 
social hardship during the COVID-19 pandemic offer a model for resilient food systems in the face of climate 
change.175,204,205 Promising fisheries adaptations include establishing networks of marine protected areas 
to preserve coastal resources, safeguarding fish habitats from pollution runoff, and restoring traditional 
fishpond mariculture (KM 10.3; e.g., Bell et al. 2013;73 McLeod et al. 2019;119 Farmery et al. 2022116).

Box 30.4. Food Security and Traditional Knowledge

For thousands of years, Pacific Islanders have relied on traditional food systems that now face threats from climate 
change. Traditional agroforestry and aquaculture investments are critical to strengthen food security and reduce reliance 
on food imports.4,5,206 The Melai Mai Breadfruit Project was initiated in 2016 to increase food security in typhoon-devastat-
ed outer islands of Yap, FSM.207 Importing diverse breadfruit varieties to extend the harvest length increased food produc-
tion and sustainability. Other examples include programs working to identify saltwater-tolerant taro species (Figure 30.7) 
in Palau and distribute them to the community.111,208

Key Agricultural Plants: Giant Swamp Taro

Programs aimed at supporting traditional crops help strengthen food security.

Figure 30.7. Several varieties of giant swamp taro are salt tolerant, making them valuable for adapting to salt-
water intrusion. Photo credit: © Ann Singeo, Ebiil Society Inc.



Fifth National Climate Assessment

30-21 | Hawai‘i and US-Affiliated Pacific Islands

Key Message 30.2  
Climate Change Undermines Human Health,  
but Community Strength Boosts Resilience

Climate change undermines the place-based foundations of human health and well-being in 
the Pacific Islands (high confidence). Climate shocks and stressors compromise healthcare 
services (medium confidence) and worsen long-standing social and economic inequities in 
both mental and physical health (high confidence), and these negative impacts are expected 
to increase in the future (very high confidence). Adaptation efforts that build upon existing 
community strengths and center local and Indigenous Knowledge systems have great 
potential to boost resilience (high confidence).

Climate change can degrade societal foundations of health and well-being, including access to shelter, 
nutritious food, clean water, and cultural and social relationships (KM 15.1). Prominent international 
frameworks and Pacific Island Indigenous conceptualizations of health and well-being recognize that the 
health of people is closely connected to the health of nonhuman beings, to the shared environment, and to 
place (Figure 16.3).209,210,211,212

Indigenous communities of the Pacific Islands have actively responded to climate-related and other health 
risks, as well as external economic shocks (Box 30.3; KM 16.3).119,205 However, colonization and economic 
disparities have resulted in disproportionately high rates of morbidity and mortality for Native Hawaiian 
and Indigenous Pacific Island peoples (KM 15.2).213 Moreover, Pacific Island populations experienced severe 
economic shocks during the COVID-19 pandemic (KM 30.3),214 which interacted with existing societal and 
non-climate stressors that worsen health inequities (KM 18.2).

The Health Impacts of Extreme Events
Tropical cyclone intensity,53,215,216 drought frequency,150,217 and flood potential (KMs 30.3, 2.2)70,98,218,219 are 
expected to increase and continue to aggravate social and geographic inequities (KMs 2.2, 4.2, 10.1, 16.1, 
17.4).53,98 Extreme weather impacts health in ways that persist beyond the initial disaster,220,221 including 
increases in food- and waterborne pathogens, loss of access to medications and emergency services, loss of 
electricity needed for medical equipment and medical facilities, and disruptions to transportation networks, 
all of which increase illnesses and deaths (KM 15.1).222 Healthcare facilities in the Pacific Islands are located 
primarily on coastlines, making them especially susceptible to tropical cyclones and SLR-driven flooding 
(KM 9.2),104,223 with limited space and resources for relocation (KM 30.3). 

The built environment is especially affected by extreme weather because of high costs of building materials, 
supply shortages, delays in code updates, and physical isolation (Figure 30.8; KM 30.3).224 Given the limited 
emergency infrastructure and evacuation options, extreme weather events create high risks for the mental 
and physical health of island populations, with individuals with low-income, older adults, children, and 
persons with disabilities at disproportionately higher risk (Box 15.1).26,225,226,227 

Drought poses health challenges, particularly for rural island populations. A 2013 drought in the northern 
atolls of RMI caused crop failures and unsafe and insufficient water supplies, which led to nutritional deficits 
and increased prevalence of infectious diseases, especially in children.103,228 Severe wildfires, which occur 
primarily during droughts,229,230,231 directly threaten health and safety and can create respiratory hazards 
(KM 14.2).232
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Damage from Typhoon Yutu 

Extreme events acutely affect Pacific Island communities and their built environment.

Figure 30.8. In 2018 Super Typhoon Yutu struck the Commonwealth of the Northern Mariana Islands and dam-
aged or destroyed a significant portion of the islands’ buildings and critical infrastructure, leaving a sizable pop-
ulation temporarily unhoused. The experience underscored how events such as cyclones, flooding, and droughts 
combine with societal factors to acutely affect human health and safety. Images show US Naval personnel clear-
ing debris at a Tinian family’s home destroyed by Super Typhoon Yutu (top left); a satellite infrared image of Super 
Typhoon Yutu (top right); and a classroom in Hopwood Middle School on Saipan after the storm (bottom). Image 
credits: (top left) Matthew R. White, US Navy; (top right) NOAA/UWM-CIMSS, William Straka III; (bottom) Grace 
Simoneau, FEMA.

Health-Associated Impacts from Migration
Under a very high scenario (RCP8.5), human migration will increase due to SLR-driven inundation and sali-
nization, displacing people, even entire populations, from low-lying atolls and low-elevation areas of high 
islands, with enormous implications for health and well-being (KMs 15.1, 17.1, 20.3).98,105 Migrants often have 
difficulty navigating foreign healthcare systems233 and face other barriers to accessing healthcare, including 
ineligibility for federal programs.234 An improved understanding of the experiences and health outcomes of 
people who migrate, within or away from the USAPI, could inform better policy. 



Fifth National Climate Assessment

30-23 | Hawai‘i and US-Affiliated Pacific Islands

Mental Health Consequences and Climate Grief
Climate change directly and indirectly affects the mental health of Pacific Islanders.235,236,237 On some islands 
globally, local climate stressors (such as floods, droughts, and SLR) are linked with negative mental health 
outcomes such as sadness, distress, and anger (KM 15.1).238,239,240 Across the Pacific region, studies show that 
rural populations, socioeconomically disadvantaged groups, and people with disabilities experience more 
severe mental health consequences from various climate impacts (KM 15.2).105,239,240,241,242

Research is limited on the mental health impacts of climate-induced migration. Instability caused by 
voluntary and involuntary migration is expected to be a continuing source of anxiety,99 although evidence 
indicates that social cohesion and reducing disparities can counter negative impacts.105,243 Some data show 
that distress from thinking about climate stressors can be comparable to that from experiencing direct 
impacts.239 Additionally, because Indigenous People in the Pacific are strongly connected to place, and 
place is central to conceptions of cultural identity, sudden ecological devastation or gradual change to the 
environment can create considerable stress (KMs 10.1, 15.1, 15.2, 23.1, 29.1).99 

Mental health services related to climate change show effectiveness when they are designed to serve Pacific 
Islander populations in a culturally centered way and include diverse ways of knowing.235,243,244 Finally, the 
lack of studies on mental health and climate change in Hawaiʻi and the USAPI indicates that additional 
research may provide a more nuanced understanding of local implications.

Increase in Vector-Borne Disease
Outbreaks of mosquito-borne diseases such as dengue, chikungunya, and Zika are increasing in frequency, 
extent, and duration across the region.245,246 Changes in rainfall (Figure 30.3) and temperature, combined 
with environmental and demographic changes, are anticipated to exacerbate this trend.34,247 Resources for 
vector control and managing outbreaks are limited on small tropical islands, and outbreaks sometimes 
overwhelm health systems.245,247 Health officials in FSM, RMI, and Palau are developing predictive modeling 
to create a dengue early warning system.248 Similar to how chikungunya and Zika recently emerged and 
expanded in the Pacific, other vector-borne diseases may emerge in the future.249

High Temperatures and Heat-Related Illness and Death
As in much of the US (Figure 2.11), the number of hot days has increased across the Pacific Islands; 2020 was 
the region’s hottest year on record.27,28,29,45,113 A community heat assessment in Oʻahu, Hawaiʻi, in August 2019 
found many neighborhoods with record-high afternoon heat indices between 100°F (38°C) and 107°F (42°C) 
(Figure 30.9).250,251

Climate change–driven hot weather causes heat-related illness and increases hospitalizations and deaths; 
82% of heat-related deaths in Honolulu are already attributable to climate change (KM 15.1).252 Those more 
likely to experience heat-related illness include young children, older adults, outdoor workers, economically 
burdened and disadvantaged people with little access to cooling or healthcare (KM 15.1), military personnel 
whose duties require heavy gear and vigorous activity, and non-acclimated visitors.91 Shock events interact 
with heat: for example, after the 2009 tsunami in American Sāmoa, dehydration, heat stress illnesses, and 
barriers to receiving medical care increased.253

Imported low-quality foods have replaced local, nutritious, traditional diets (KM 30.1), resulting in some of 
world’s highest prevalence of noncommunicable diseases (NCDs).165,190,199,254,255 Heat worsens health outcomes 
for people with NCDs such as heart disease, cancer, stroke, and diabetes256 and creates challenges for the 
management of obesity and other diseases because exercise is more difficult to do safely. Overweight and 
obesity in young children are at a higher prevalence in American Sāmoa, CNMI, and Guam than globally.257



Fifth National Climate Assessment

30-24 | Hawai‘i and US-Affiliated Pacific Islands

Oʻahu Community Heat Assessment (August 31, 2019)

High temperatures are responsible for heat-related illnesses, hospitalizations, and death.

Figure 30.9. This community heat assessment map shows the afternoon heat index and “hotspots” for the island 
of Oʻahu, Hawaiʻi. The inset is urban Honolulu. Data were collected by community volunteers and the City and 
County of Honolulu on August 31, 2019. On this day, the high temperature tied the hottest-ever recorded for Hono-
lulu. Multiple neighborhoods on Oʻahu experienced afternoon heat indices above 100°F (38°C), with a maximum 
recorded heat index of 107.3°F (42°C). Climate change is increasing the frequency, intensity, and duration of heat 
extremes, putting individuals and communities at risk. Figure credit: Arizona State University, University of Hawaiʻi 
at Mānoa, NOAA NCEI, and CISESS NC.

Social Adaptive Capacity and Community Resilience
The ability of individuals, communities, and institutions to endure stress and adapt to change determines 
health impacts of climate change. Recent examples demonstrating the importance of social capital (such 
as community networks, equitable access to education [KM 15.3], sharing, and relationships) in disaster 
response include community initiatives addressing flooding on the island of Kauaʻi258 and drought in 
RMI.259 Traditional Knowledge and coping strategies can enhance adaptive capacity and disaster response 
in some contexts.260,261,262,263 The resilience of organizations, including health-related institutions and 
disaster response systems, depends on the ability of organizations to form relationships and communicate 
with one another, participation by traditional leaders and faith organizations, and effective planning by 
disaster management agencies (KMs 16.2, 20.2).227,264,265,266,267 Prioritizing social and mental health initiatives 
in the health sector would aid in responding to the psychological issues that emerge with disasters and 
climate change.268
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Key Message 30.3  
Rising Sea Levels Threaten Infrastructure and  
Local Economies and Exacerbate Existing Inequities 

Climate change, particularly sea level rise (SLR), will continue to negatively impact the built 
environment (very likely, high confidence) and will harm numerous sectors of the islands’ 
economies (very likely, high confidence). SLR intensifies loss of territory and exclusive 
economic zones, particularly in low islands (high confidence). Climate-driven changes will ex-
acerbate existing social challenges by disrupting livelihoods (likely, medium confidence). Adap-
tation to climate change and recovery from disasters is logistically challenging and dispropor-
tionately more expensive in the islands (high confidence). Government and community groups 
have developed innovative ways to reduce emissions and improve resilience by moving toward 
renewable energy and green infrastructure, nature-based urban planning, forward-looking 
building codes, and sustainable and equitable economic growth, guided by Western science 
and Traditional Knowledge. 

Built Environment
The built environment refers to all human-made structures, including buildings, transportation infrastruc-
ture (ports, airports, roads, and bridges), military installations, and distribution systems for food, water, 
wastewater, communications, and power (electrical, oil, and gas). For this region, it includes traditional 
structures such as burial grounds, fishponds, and taro terraces (KM 30.5). These structures are critical 
to connecting people and providing access to goods and services, yet their location within a few feet of 
sea level renders them particularly vulnerable to SLR (Figure 30.4) and natural disasters (KM 9.2). For 
example, 98% of RMI’s and 80% of Palau’s built infrastructure is located within approximately 1,600 feet of 
their coastlines.85

Impacts to Infrastructure
Sea level rise will increasingly impact coastal infrastructure through increased magnitude and duration of 
storm wave–induced flooding (KMs 2.2, 9.1),98,219,269 rising high tides,270 and increased coastal erosion (Figure 
30.10).271 In Hawaiʻi, 3.2 feet of SLR above 2000 levels, which could occur as soon as 2100 under the Inter-
mediate SLR scenario or 2070 under the High scenario (for information on the likelihood of these scenarios, 
see Appendix 3; Figure 30.4),65 would affect 550 cultural sites, 38 miles (6%) of major coastal roads, 6,500 
structures, and 25,800 acres of land, potentially displacing 20,000 residents and incurring $23.1 billion (in 
2022 dollars) in economic loss.92 Approximately 3 feet of SLR is projected to affect at least 58% of Guam’s 
built environment90 and most atolls in FSM and RMI.98 Highly urbanized atolls may not be able to adapt to 
future SLR (KMs 9.2, 12.2),106,107 leading to land loss and potential uninhabitability.98,108 Elevated SSTs can 
increase bleaching and degradation of coral reefs, which are some islands’ primary natural defenses (Figure 
30.11; KM 30.4) against coastal flooding.272 Lastly, increased flooding and erosion due to SLR and stronger 
future cyclones threaten US military bases in the region, potentially destabilizing regional security and the 
ability of the Department of Defense to respond to natural disasters (KM 17.1).53
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Coastal Flooding Events

Sea level rise is increasingly impacting infrastructure and communities.

Figure 30.10. Rising sea levels are increasing the frequency and magnitude of coastal flooding events. (top 
left) Cars travel through king tide flooding on Oʻahu, Hawaiʻi, in August 2019. (top right) High tide inundates a 
low-lying coastal area in Majuro, Marshall Islands, in February 2020. (bottom left) A residence on Oʻahu, Ha-
waiʻi, has collapsed due to coastal erosion during a large wave event in February 2022. (bottom right) American 
Sāmoa experienced flooding around homes in May 2021. Photo credits: (top left) Maya Walton via © Hawaiʻi 
Sea Grant King Tides Project, 2019 [CC BY 4.0]; (top right) Max Sudnovsky via © Hawaiʻi Sea Grant King Tides 
Project, 2020 [CC BY 4.0]; (bottom left) © Shellie Habel; (bottom right) Kelley Anderson Tagarino via © Hawaiʻi 
Sea Grant King Tides Project, 2021 [CC BY 4.0]. 

Adapting the Built Environment 
Protecting coastal infrastructure on small islands is costly and requires strong governance and thoughtful 
urban planning.273 Hawaiʻi has enacted forward-looking state and county policies, including increased 
minimum setbacks for coastal development,274,275,276 setbacks incorporating science-based erosion rates 
and long-planning horizons that account for future SLR,275,277,278,279 a first-in-the-Nation mandate to disclose 
SLR hazards prior to real estate transactions,280 a requirement for state agencies to assess and plan for SLR 
impacts,281 and a mandate that environmental impact assessments consider SLR and other climate factors.282 
While evaluating a balance between public and private property interests (KM 30.5), Hawaiʻi is also assessing 
the feasibility of relocating some coastal developments,283 prohibiting most coastal hardening,274 and helping 
to preserve public beach access.283

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode


Fifth National Climate Assessment

30-27 | Hawai‘i and US-Affiliated Pacific Islands

Nature-based solutions such as coral reef restoration284,285 have been proposed at the federal (DARPA 
Reefense Program),286 state (e.g., State of Hawaiʻi 2021287), and territorial288 levels. Such solutions are 
potentially cost effective for protecting coastal infrastructure289 and habitats, sustaining ecosystem services 
such as fisheries (KM 30.1), and supporting tourism and recreation.290

Annual Risk Reduction Benefits Provided by Coral Reefs

 
Coral reef degradation could affect thousands of people and cause millions of dollars in damages.

Figure 30.11. The maps show coastal flood protection that the top-most 3.28 feet (1 m) of coral reefs provide 
annually in American Sāmoa; Guam; Saipan and Tinian (Commonwealth of the Northern Mariana Islands); and Ha-
waiʻi. The maps display (a) the number of people per mile at risk and (b) the potential economic losses (in millions 
of dollars per mile) from direct building damages and indirect economic disruption from flooding. Adapted from 
Storlazzi et al. 2019.291

Livelihoods and Economy 

Demographics and Migration
Compared to Hawaiʻi, the USAPI have smaller populations and smaller land masses, as well as fewer financial 
resources, making adaptation more challenging. During 2010–2020, populations increased in Hawaiʻi and 
decreased in American Sāmoa, CNMI, Guam, and Palau.16,17,18,19,20,21 Pacific Islanders are moving from rural to 
more urban areas that sometimes lack resources and infrastructure to accommodate influxes of people.273,292 
Migration is a traditional strategy for coping with resource scarcity in Micronesia—for example, a family 
member often migrates to an urban area for employment, sending money home to support family needs.293 
In 2020, these external remittances accounted for 5.7% of FSM’s GDP, 0.08% of Palau’s GDP, and 12.7% of 
RMI’s GDP.294,295,296 As livelihoods in climate-sensitive sectors are impacted by climate change, the amount 
of money migrants send to relatives will be affected. Climate change may displace populations,297 but the 
extent to which climate change drives migration is not well established because migration is an inherent 
part of Pacific Island cultures.298 However, some evidence points to a strong correlation between climate 
impacts on ecosystem services (e.g., food and water provision, protection against floods and storms) and 
people’s propensity to migrate.299
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Economy
The costs of adapting to, mitigating, and suffering the consequences of climate change are projected to 
increase over time, amounting to between 3% and 13% (under the 450ppm and SRES [Special Report on 
Emission Scenarios] A1FI scenarios, respectively) of Pacific Island regional GDP by 2100 (KM 19.1).300 Relative 
to Hawaiʻi and larger countries, USAPI economies have smaller total GDPs and GDP-per-capita and higher 
dependence on fisheries and agriculture—climate-sensitive industries representing a large portion of GDP.301 
They also are more dependent on remittances, federal aid, and foreign aid (KM 17.1).302,303

Tourism is a major economic engine in the Pacific.304 Before COVID-19, tourism accounted for over 80% of 
total exports for Palau and less than 20% for RMI305 and approximately 25% of total GDP in Hawaiʻi. Climate 
change impacts tourism-based jobs and revenue. Damages to the built environment, especially coastal 
infrastructure, deterioration of natural assets, and expanding vector-borne disease occurrence could 
reduce tourism.300

Fishing is a critical economic sector in many Pacific Islands.178,306 Tuna license revenues represent a 
significant source of government income for the FAS but are expected to decline due to projected changes 
in fish availability in the EEZs (KMs 10.1, 10.2),79,80,81,83,306 with ramifications for local canneries in American 
Sāmoa and the FAS. Changing coastlines and potential land loss from SLR may result in changed maritime 
entitlements via changes in the size and shape of the respective EEZs,306 affecting not just fisheries but also 
marine mineral rights. Climate-related marine and coastal habitat impacts threaten artisanal fisheries, a 
critical source of food and income for many households (KMs 30.1, 10.1, 10.2).78,82,178,184

Estimated Economic Costs of Climate Change
The estimated economic impacts of climate change will vary by sector. Coastal hazards have a dispro-
portionately large impact on small islands’ GDPs.307 Specifically, the projected increased duration and 
magnitude of storm wave–induced flooding98,219,269 and increased coastal erosion271 can damage infrastruc-
ture underpinning the local economy. Degradation of coral reefs due to a rise in SSTs272 could incur coastal 
damages costing approximately $1.2 billion (in 2022 dollars) annually to the economies of Hawaiʻi and the US 
Pacific territories.218

In American Sāmoa and Guam, coastal flooding and erosion are projected to disproportionately harm 
at-risk individuals, including minority and low-income populations and those younger than 16 or older 
than 65 (groups defined by the 2010 US Census data).218 High-risk coastal properties (i.e., those located in 
hazard-erosion areas of updated FEMA Flood Insurance Rate Maps) will be difficult to insure.308 Increased 
coastal flooding events and drought are expected to negatively impact agricultural revenues (KM 30.1). 
For example, between 2008 and 2016, Hawaiʻi lost approximately $53.5 million (in 2022 dollars) in cattle 
production due to the most severe drought on record, and federal crop insurance programs paid $11.2 
million (in 2022 dollars) to farmers for drought losses during 1996–2018, mainly for macadamia nuts 
and coffee.49

Adapting Livelihoods and Economies
As a percentage of GDP, the costs of climate change adaptation are significantly higher for small islands 
than for larger countries.300,309 Islands’ geographic isolation, reliance on imported goods, and vulnerable 
infrastructure can increase adaptation and disaster recovery costs (see Figure 30.8).224 Hawaiʻi and the 
USAPI have adopted the United Nations Sustainable Development Goals (Box 30.2)130 to increase resilience 
by creating more equitable approaches to adaptation and mitigation. Financing costly climate adaptation 
is a shared international challenge for the FAS (KM 17.4).300,301 Unlike American Sāmoa, CNMI, Guam, and 
Hawaiʻi, the sovereign FAS are eligible for foreign direct investment and receive substantial funding from 
the Green Climate Fund,310 the Asian Development Bank,311,312 the US Government via the Compact of Free 
Association,310,313 and other nations (KMs 19.2, 19.3).314 Because credit agencies are increasingly considering 
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vulnerability to climate change as a factor in their ratings, however, Palau’s and RMI’s credit ratings may 
decrease, with negative impacts on their abilities to borrow external funds, attract foreign investment, or 
access below-market-rate financing to accelerate development.315

Decarbonization, Sequestration, and Resilience
Although many Pacific Islands emit minimal greenhouse gases, they are striving to reduce emissions 
and sequester carbon while addressing ecosystem resilience needs.119 For example, Guam and Hawaiʻi 
established 100% renewable portfolio standards for the electricity sector, to be achieved by no later than 
2045.316,317 Hawaiʻi established a net-negative emissions target by 2045 and created a sequestration task 
force282 charged with establishing baselines and benchmarks, recommending policies including mitigation, 
and developing strategies for sustainable agriculture. This work led to a carbon pricing evaluation.318 
Similarly, RMI pledged emissions reductions of 45% below 2010 levels by 2030 and carbon neutrality by 
2050.319 Palau recently committed to 100% energy generation from renewable sources by 2032.320 Opportu-
nities exist for ecosystem-based, place-based adaptation and mitigation informed by Indigenous Knowledge 
systems (KMs 30.1, 30.5).321,322,323

With limited land areas, each island in the region is carefully evaluating options for transitioning to 
renewable energy. In 2016, American Sāmoa’s island of Taʻū transitioned its energy supply from 100% diesel 
to 100% solar with battery backup.324 In Hawaiʻi, rapid growth of rooftop solar generation—combined with 
centralized solar, battery storage, wind power, and pumped hydropower storage—is enabling a transition 
away from an oil-predominant grid.325 The potential for success is high: Kauaʻi’s grid achieved a 69.5% 
renewable portfolio standard in 2021, and the island is occasionally 100% renewably powered during midday 
hours; it is projected to achieve a 90% renewable portfolio by 2026.326,327 Hawaiʻi’s Act 100328 required a com-
munity-based renewable energy program; power utilities and communities in the region are now developing 
mechanisms to enable shared ownership of renewable infrastructure.329
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Key Message 30.4  
Responses to Rising Threats May Help  
Safeguard Tropical Ecosystems and Biodiversity 

The structure and composition of Pacific Island coastal and marine ecological communities 
are directly threatened by rising ocean temperatures, ocean acidification, and sea level rise 
(very likely, high confidence). Increasingly severe droughts and warming are increasing fire risk 
(high confidence) and will have broad negative impacts on native plants and wildlife, including 
an increased risk of forest bird extinctions (very likely, high confidence). Adaptation strategies 
improve the resilience of ecosystems, including ecosystem protection, ecological restoration, 
invasive species prevention and control, and investments in fire prevention (medium confi-
dence).

Marine and Coastal Ecosystems
Pacific Island marine environments serve as the foundation for local food systems and cultures (Figure 
30.12). Rising ocean temperatures, declining dissolved oxygen concentrations, and marine heatwaves are 
projected to impact the structure and composition of marine ecosystems (Figure 30.5; Ch. 8; KM 10.1).330 
Global marine food web models project biomass declines of 10% to 40% across the region throughout this 
century, with greater declines projected for large predators.331 Finally, marine species within the region’s 
EEZs are projected to shift beyond historical ranges as early as 2030—sooner than much of the globe.83

Coastal and oceanic environments supply direct goods and services such as fish, recreation and tourism 
areas, regulating services such as coastal protection and carbon storage, and means for trade and transpor-
tation—collectively valued at over $3.1 trillion per year (in 2022 dollars; KM 23.2).332 Rising SSTs and marine 
heatwaves continue to be the most pressing climate change impacts facing Pacific reefs,333,334 leading to 
more frequent and severe bleaching events with less recovery time.61,62,335,336 Bleaching-induced mortality 
has reduced coral cover and decreased available habitat for reef-associated species.62,334 Increased SSTs 
will negatively affect some animal species distributions,337,338,339 and rising ocean and sand temperatures 
lead to a higher ratio of female sea turtles observed around the Pacific, threatening the viability of sea 
turtle populations.340 Increased air temperatures and reduced precipitation are likely to have negative 
effects on coastal vegetation341 and coastal pond communities,342 adversely affecting coral reefs, seagrasses, 
and mangroves via altered sediment and pollutant delivery to coasts.343 Increased ocean acidity344 and 
increased nutrient runoff from the land345 negatively impact corals, shellfish, and associated fisheries (KM 
30.1). Although these systems generally have limited capacity to adapt to large climatic changes, regional 
strategies are being developed to reduce impacts.337,338,346
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Box 30.5. Blue Carbon Ecosystems

USAPI mangroves and seagrasses are among the world’s most productive blue carbon ecosystems (BCEs—ocean and 
coastal ecosystems that capture carbon; Focus on Blue Carbon),347 storing over 30% of total island carbon despite their 
small area.120 Guam, the Republic of the Marshall Islands, the Federated States of Micronesia, and Palau plan to use BCE 
carbon to offset emissions while also protecting coastal infrastructure.285,348,349 BCEs also provide food, fiber, fuel, and 
income to Pacific Islanders.350 Mangroves are non-native to Hawaiʻi and threaten shorebird habitat, coastal access, and 
cultural sites and services.351 However, evidence suggests that these non-native species can provide some ecosystem 
benefits, for example, by significantly increasing coastal sediment accumulation352 and carbon capture rates.353 Mangrove 
loss in Micronesia is projected to start by 2080 under Intermediate SLR scenarios (Figure 30.4).86 The conservation and 
restoration of BCEs and their associated reef systems provide cost-effective solutions for protecting coastal communities 
and increasing other benefits (KM 8.3).289

Sea level rise will cause more frequent and extensive flooding of coastal ecosystems, impacting plants354,355 
and animals,356 especially on low-lying atolls such as those in the Northwestern Hawaiian Islands, PRI, 
RMI, and FSM. In some cases, flooding is likely to increase erosion rates, reducing the elevation of 
mangroves, vegetated dunes, and beaches. Development exacerbates these drivers by exposing soils, 
creating impervious surfaces, and impeding inland migration of coastal ecosystems, limiting their 
adaptive capacity.357

Characteristic Ecosystems of the Pacific Islands

 
Pacific Island marine environments provide the foundation for local food systems and cultures.

Figure 30.12. Pacific Islands offer a diversity of ecosystems that include mangroves (top left), limestone forests 
(bottom left), tropical alpine habitats (top center), dry forests (bottom center), coral reefs (top right), and cloud 
forests (bottom right). Photo credits: (top left) Richard Mackenzie, USDA Forest Service; (top center) © Paul Kru-
shelnycky, University of Hawaiʻi; (top right) © Underwater Earth / XL Catlin Seaview Survey / Christophe Bailhache; 
(bottom left) Christian Giardina, USDA Forest Service; (bottom center) Hawaiʻi Department of Land and Natural 
Resources; (bottom right) Lucas Fortini, USGS.
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High Island Ecosystems
Terrestrial ecosystems of high islands (i.e., islands characterized by volcanic origin and consequent-
ly more diverse topography) have evolved in isolation from continental areas, resulting in unique and 
diverse fauna and flora with a high proportion of native species naturally occurring only on these islands 
(Figure 30.12). However, the combination of invasive plants and animals and diseases; habitat destruction; 
and intensifying fire regimes and ecological drought has resulted in severe range contractions and native 
species extinctions.93,358,359,360,361,362,363

In Hawaiʻi, past droughts and rainfall variability had landscape-level impacts on vegetation364,365 and 
cascading ecological effects.366 Long-term climatic shifts are likely to accelerate range contraction and 
extinction rates,93,367 but responses will vary by species, including differences in drought tolerance across 
populations.368,369,370,371 

Rainfall changes (Figure 30.3) will affect island aquatic ecosystems. In Hawaiʻi, declines in dry-season 
streamflow will result in more intermittent streams137 and loss of habitat connectivity and conserva-
tion value.372 Decreased streamflow will also negatively impact stream organisms by reducing fitness and 
increasing disease and habitat for invasive fish and mosquitoes.373,374,375

Across the region, climatic shifts are expected to impact native ecosystems via interactions with fire (e.g., 
Trauernicht 2019;376 Nugent et al. 2020377). Wildland fires already burn a higher proportion of total land 
area in the Pacific Islands than in the continental US (Figure 30.13)229,378 and are strongly linked to El Niño 
events.49,103 While limited future climate projections indicate increasing fire probabilities,376 the future of fire 
in the region is highly sensitive to management and policy decisions, since ignitions are largely caused by 
humans (e.g., Dendy et al. 2022;229 Trauernicht et al. 2015378). Education and outreach will continue to play a 
critical role in wildfire mitigation (e.g., HWMO 2021125). 
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Wildfire Area Burned in the Pacific Islands Compared to the Western US

Wildfires burn large percentages of land in Pacific Islands compared to the western US. 

Figure 30.13. The annual percentage of total land area burned for seven Pacific Islands is equivalent to or greater 
than the percent area burned for western US states. Years examined are noted for each location. Figure credit: 
USDA Forest Service, USGS, NOAA NCEI, and CISESS NC.

Interactions between invasive species and climate change in isolated Pacific Islands are complex (KM 
8.2),379,380,381,382,383 with climate change most often exacerbating invasion.384,385,386,387 Invasive species may 
aggravate local water stress, for instance, by using more water resources than native plants148,380,388,389 or 
by causing less rainfall to reach the forest floor, as in the case of strawberry guava invasion.148,390 Similarly, 
fire-prone invasive vegetation is likely to further increase future climate-driven fire risk.376 With the steep 
increase in the number of naturalized species on Pacific Islands,391 these climate and invasion interactions 
will become increasingly important for managers to address.392 Critical region-wide investments are being 
made to prevent the introduction of potentially invasive species and diseases,393 given that climate change 
can alter pathways for species introductions.394,395,396 

Responding to Rising Threats
Regional efforts increasingly focus on restoration management that enhances climate resilience.397,398,399,400,401 
Besides boosting adaptive capacity,402 ecosystem restoration efforts may provide multiple benefits to islands, 
including hydrological (KM 8.3)140,148,161,401,403,404 and sociocultural benefits,404,405 as well as carbon seques-
tration406 and sediment retention.407 Hawaiʻi and the USAPI have established both marine and terrestrial 
protected areas (Box 30.2),119,134,408,409 which elsewhere have successfully supported ecosystem resilience 
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under climate change (e.g., Gaüzère et al. 2016;410 Lawler and Hepinstall-Cymerman 2010;411 Roberts et al 
2017;412 Virkkala et al. 2014413).

The urgency of conservation actions (Figure 30.14) is exemplified by the Hawaiian forest bird crisis. Forest 
bird populations are declining due to avian malaria spread driven by warming.414,415 Managers are exploring 
options for safeguarding species near extinction,416,417,418,419 including habitat restoration, avian malaria vector 
control,420 and translocation.421,422,423,424

In addressing these myriad challenges, conservation efforts increasingly involve broader partnerships with 
educators (e.g., Bolden et al. 2018123) and Indigenous Knowledge holders, who play a vital role in conservation 
planning and implementation (KM 30.5; Ch. 16).405,425,426,427,428

The Climate Urgency of Pacific Island Conservation 

Conservation efforts across the region help to restore ecosystem health and protect native species.

Figure 30.14. These images depict on-the-ground climate-related conservation actions across Pacific Island eco-
systems: wildfire management in Hawaiʻi Volcanoes National Park (top left); planting native species in Palau to re-
store watershed health (bottom left); installing protective fencing around native habitat in Hawaiʻi (bottom center); 
conservation of native snails using captive populations to prevent extinction of vulnerable populations (top right); 
seabird translocations in the Northwestern Hawaiian Islands to safeguard against sea level rise (center right); and 
climate-resilient coral reef restoration experiments in Hawaiʻi (bottom right). Photo credits: (top left) D. Benitiez, 
NPS; (top right) © Chris A. Johns; (center right) © Lindsay Young, Pacific Rim Conservation; (bottom left) © Ann 
Singeo, Ebiil Society Inc.; (bottom center) NPS; (bottom right) Hawaiʻi Department of Land and Natural Resources. 
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Key Message 30.5  
Indigenous Knowledge Systems Strengthen Island Resilience 

Indigenous Peoples and their knowledge systems are central to the resilience of island com-
munities amidst the changing climate (high confidence). Reciprocal and spiritual relation-
ships among the lands, territories, waters, resources, and peoples are being strengthened and 
sustained as communities adapt and manage their resources collectively (high confidence). 
Indigenous Peoples are identifying and quantifying the potential loss and migration of critical 
resources and expanding the cultivation of traditional food crops on high islands (high confi-
dence).

Reciprocal Relationships Between People and Place
Communities throughout Hawaiʻi and the USAPI demonstrate Indigenous cultural and community resilience 
grounded in Traditional Knowledge as they continue to adapt to global changes, just as their ancestors 
have for millennia (KM 18.3; Figure 16.3).87 These adaptations and the collective resilience of Indigenous 
communities are strengthened and sustained through reciprocal exchanges between the peoples and 
the lands, territories, waters, and resources to which they are genealogically connected (Figure 30.15). 
Resilient communities are vital to the overall health and well-being of island peoples. To effectively advance 
the science of sustainability and manage resources amidst the changing climate, spiritual rituals and 
engagements are central to biocultural well-being—the collective well-being of landscapes, seascapes, and 
Indigenous communities (Box 30.6).429 Through these rituals and engagements, island communities individ-
ually and collectively are able to connect to the place and all of its life-forms, cultivating reciprocal relations 
that enhance future resource abundance based on responsibility rather than ownership.430 

Restoring and Caring for Hawaiian Limu (Seaweed)

 
The resilience of Pacific Island communities is strengthened by their connection to place and all of its life-
forms.

Figure 30.15. Limu refers to ocean plants, including seaweed. The governor of Hawaiʻi designated 2022 as the 
Year of the Limu as a part of a statewide community effort to raise awareness about the importance of limu to 
Hawaiʻi’s cultural identity and the health of the nearshore marine environment. The KUA Limu Hui (a seaweed 
practitioners group) shares traditional knowledge and practices related to limu gathering, use, and restoration. 
Limu kala (Sargassum echinocarpum; left) is incorporated into various food dishes, is used as bait for reef fish, 
and is an important component in Hawaiian forgiveness ceremonies. Limu such as palahalaha (Ulva fasciata; 
right) also play a critical role in intertidal ecosystems as they provide food and shelter for invertebrates and herbi-
vores. Photo credits: © Haunani Kane.
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Box 30.6. Local Cultural Resilience to Climate Change

Communities across the region are working to build local cultural resilience to climate change. In Hawaiʻi, communi-
ty-based subsistence fishing431 and forest432 areas were established as place-based approaches to strengthen commu-
nities’ ability to formally manage their natural resources through traditional and customary skills, practices, and social 
networks. Communities are cultivating reciprocal relationships as a shared responsibility433 and including sacred relation-
ships and ritual approaches to land and sea stewardship.429 In Hawaiʻi, a common practice within the community is to ask 
for permission to physically and spiritually enter a sacred space, as this allows community members to introduce their 
genealogies to the lands and people, as well as express gratitude and respect for the land—the elder sibling—to sustain 
future generations.

Cultural and Historical Sites
Archaeological, cultural, and historical sites are representations of the living culture and ancestral 
knowledge of Indigenous and island peoples, and they serve as potential resources and models as 
communities seek to remediate increasing climate risks and impacts (Figure 30.16).87,118,119,434 Indigenous 
communities are identifying and protecting cultural and historical sites, assessing climate impacts on 
natural resources, and creating restoration plans (KM 16.3).435,436

Archaeological sites and oral history document the culturally grounded and traditional resilience of island 
peoples to historical coastal change that resulted from extreme events and higher sea levels. Approximately 
2,000–4,000 years ago across the equatorial Pacific, sea level was at least 3.3–6.6 feet higher than present, 
which directly influenced the timing of atoll formation and the initial migrations and settlement of island 
people.437 Initial settlers of Majuro atoll, RMI, arrived within 100 years of island formation, when sea level was 
3.3 feet higher than present, and they cultivated trees and shrubs into crop systems rather than waiting for 
natural vegetation succession.438 On Yap, FSM, coastal stone-built structures are expressions of innovation, 
cultural identity, and pride that allowed islanders to occupy coastal areas under elevated sea level, and 
modern structures such as the coastal men’s houses (faluw) and taro gardens document cultural resistance 
to rising waters.87 On Guam, traditional CHamoru houses were elevated on limestone pillars (latte) along the 
coast, protecting them from coastal inundation.439 Across higher islands like Sāmoa, settlement along narrow 
coastal plains occurred after nearly 1,000 years of sea level fall and subsequent natural development of 
habitable coastal environments.437 The oral histories, stories, myths, storyboards (Palau), and songs/chants 
of Indigenous Peoples record their observations of the changing environments and lifestyles. The proverb 
He pūkoʻa kani ʻāina describes the natural evolution of a coral reef into an island and is also interpreted by 
Native Hawaiians to describe the resilience of a person who begins in a small way and gains steadily until 
she becomes firmly established.440
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Climate Change Impacts on Cultural Sites

Cultural sites, representing the living culture and ancestral knowledge of Indigenous Peoples, are at increasing 
risk.

Figure 30.16. Sea level rise (SLR), strong winds, and large storm waves impact a fishpond in Kaloko-Honokōhau, 
Hawaiʻi (left). Kukau El Bad, a cultural site in Ngarchelong State, Palau, is inundated by salt water and continues 
to be threatened by SLR, storm surge, and erosion (right). Photo credits: (left) © Kimberly Crawford; (right) © Ann 
Singeo, Ebiil Society Inc.

Across the region, one approach to mediating climate impacts is to reinvigorate and restore food production 
across landscapes (KMs 11.1, 30.1; Box 30.4).441 This is being accomplished through several pathways. At a 
policy level, work is being done to amend law in Hawaiʻi to add a “Traditional Lands” zone under the state’s 
Land Use Commission that would streamline permit and building requirements194 for eco-village-type living 
with mixed-use housing and other sustainable infrastructure such as commercial kitchen and food-process-
ing facilities, as well as the use of traditional agriculture lands such as loʻi kalo (irrigated taro, agriculture), 
loko iʻa (fishponds), and large expanses used to traditionally farm staple crops such as ‘uala (sweet potato).442 
Communities and cultural practitioners are working with scientists to identify areas where food production 
could be expanded under future climate scenarios (KM 12.4). For example, taro cultivation was modeled 
under future SLR scenarios434 and sweet potato442 and breadfruit under increasing temperature and rainfall 
scenarios,118 showing the potential resilience of these traditional agricultural practices. 

Indigenous Knowledge Systems and Values of Ecosystem Services 
Indigenous island communities are also working to ensure that Traditional Knowledge is central to 
resilience strategies (KM 16.3). A growing body of Indigenous-led research describes how biocultural 
methods can successfully be incorporated into efforts focused on community-based subsistence,431,432 rela-
tionships to place,433 cultural–ecosystem service assessments,443 and the protection of historical and cultural 
resources.444 Biocultural approaches start with and build upon local cultural perspectives by encompassing 
values, knowledge, and needs and by recognizing reciprocal restoration between ecosystems and human 
well-being (KM 20.3).195,443 The act of restoring ecosystem services contributes to cultural revitalization433 by 
reaffirming connection to place, enhancing community relationships and social networks and the physical 
and mental well-being of Indigenous Peoples,405 increasing local food production,202 and diversifying the 
local economy427—all while distributing the abundance through reciprocal exchange.431 In return, the renewal 
of culture promotes the restoration of ecological integrity through the creation and expansion of habitat for 
native species434 and further supports recovery and resilience of ecosystems following future environmental 
disturbances (KM 8.3).445 Equitable outcomes from climate research and planning are predicated on properly 
citing Indigenous elders and knowledge keepers,446 enhancing Indigenous control of Indigenous data via 
data sovereignty, protecting intellectual property rights, and establishing free, prior, and informed consent 
(KMs 16.2, 20.2, 31.2).447,448 
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Traceable Accounts
Process Description
To build the author team, the federal coordinating lead author and the regional chapter lead author utilized 
the Fourth National Climate Assessment (NCA4) Key Messages and their assessment of new emerging 
issues to select key sectors of importance to the region. The lead authors compiled a comprehensive list of 
potential authors with expertise in those sectors. The regional chapter lead author then selected a total of 
14 authors to join the team, representing a wide range of geographical and technical expertise (including 
physical and social scientists as well as cultural practitioners) and a diversity of career stages, affiliations 
(federal, academic, and private), and previous assessment experience. 

The author team met weekly (virtually) to discuss chapter content and plan engagement activities. After 
brainstorming and agreeing on the five key topic areas for the chapter, authors identified which sections 
they would contribute to and met regularly in subgroups to discuss content. The team held a virtual public 
engagement workshop on January 24, 2022, to solicit public feedback on the chapter outline. In addition, the 
author team held five virtual technical meetings (one for each topic) where technical experts were invited 
to brainstorm and collect information to ensure the chapter covered the latest scientific results and most 
important topics in the region. The author team utilized interactive engagement tools to facilitate meetings, 
including collaborative writing exercises. Participants who contributed significantly to shaping chapter 
content were invited as technical contributors. Inputs from the workshop and technical meetings were 
synthesized by the author team and incorporated into the chapter draft. 

Throughout this chapter, future projections of the physical environment come from general circulation 
models and earth system models from the fifth and sixth Coupled Model Intercomparison Projects (CMIP5449 
and CMIP6450). 

Key Message 30.1  
Climate Change Impairs Access to Healthy Food and Water

Description of Evidence Base
Global assessments support findings that coastal land loss attributable to sea level rise (SLR), increased pre-
cipitation, wave impacts, and increased aridity drive food and water insecurity on small islands.89 Regional 
literature shows decreasing water quality and food production in both observed trends and modeled 
projections (KM 11.1).77,135,147 However, these climate change manifestations are highly variable across different 
islands and within islands. Limited studies (e.g., Denton et al. 2014;152 Felton 2021;151 Ghazal et al. 2019;144 Jarsjö 
et al. 2020;154 Kibria et al. 2021;155 Leta et al. 2017,145 2018;146 Mair et al. 2019;147 Strauch et al. 2014,140 2015,451 
2018141) have quantified these effects on water resources and water quality throughout the large and diverse 
region. Although available studies and their results may be applicable to other, understudied islands, given 
the high diversity among islands, additional site-specific assessments in the Pacific Islands region would 
improve understanding of the impacts of climate change on water. 

The importance of fisheries and agriculture for nutrition and livelihoods, and the nexus between food, 
trade, and malnutrition, come from a well-established evidence base,31,32,165,175,191,199,255,452,453 although localized 
assessments dissecting socioeconomic–ecological dynamics remain limited.166,199 Clear evidence shows that 
local agricultural and fisheries production is not keeping up with population, with outputs falling due to 
climate change.31,452,454 
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It is clear that fish, and particularly reef fish, are essential for regional nutrition and food security.82,177,183 
Evidence indicates that climate change is driving and will continue to drive changes to coral reefs and 
fisheries yields (along with pollution and overharvest).78,81,113

A broad literature base clearly establishes strong connections between drought and water security, 
sanitation, food productivity, and increased risk of wildfires.191,217 Although few studies assess regional 
changes in drought,49,50 Hawaiʻi has clearly experienced a drying trend,48 particularly since the 1950s in La 
Niña years.149,150

It is generally agreed that reinvigorating local agricultural and marine food systems will be necessary, 
but not sufficient, for food security116,175,190 and that investment in climate-resilient food supply chains 
is needed.166,167,176

Major Uncertainties and Research Gaps
Global and downscaled projections of rainfall exhibit large uncertainty in direction and magnitude of future 
change (e.g., Elison Timm et al. 2015;51 Xue et al. 2020;455 Zhang et al. 201657). Island-specific downscaled 
projections of hydrometeorological extremes (drought, flooding, heavy precipitation) are not currently 
available for Hawaiʻi or the US-Affiliated Pacific Islands (USAPI). Understanding of future groundwater avail-
ability is limited by the lack of island-specific groundwater models for islands outside of the main Hawaiian 
Islands, some atolls in the Federated States of Micronesia, and Guam (e.g., Bailey et al. 2008;456 Gingerich 
2013;457 Izuka et al. 2021458). Very little research exists regarding enhanced mobilization of subsurface con-
taminants from rising sea levels, despite the existence of many coastal contamination sites. Watershed 
management could be improved through better understanding of the current impacts of invasive plants (e.g., 
strawberry guava, Psidium cattleianum) on evapotranspiration and water cycling, and of how future climate 
change will modify such impacts.

Localized food supply chain vulnerability assessments are lacking (e.g., Dyer 201832). Salt tolerance in many 
key agricultural plants is still not well understood (e.g., Palanivel and Shah 2021198), nor are the interactions 
between climate change and invasive agricultural pests. Reliable fish consumption information is not disag-
gregated by socioeconomic demographics nor by fish type, precluding analysis of nutrition (and risk from 
contaminants) by group. Barriers to and opportunities for reinvigorating local food systems are localized and 
require further analysis.

Description of Confidence and Likelihood
There is very high confidence that climate change will impair future access to clean and fresh water 
and healthy food. Broad global and regional literature support the finding that future water access will 
be compromised by reduced water availability, compromised water quality (KMs 2.2, 4.1),26,103,138,139,140 
and saltwater contamination, which has already been exacerbated by SLR, especially on atolls (high 
confidence).98,135,136 The literature agrees that climate change will disrupt global food imports and supply 
chains through declines in nearshore and open-ocean fish stocks in the Pacific,31,81,109,165,166,167,168,169,177,178,179 
increased crop disease,77,191 and drought.49,103

There is very high confidence that food and water availability will be negatively impacted by increasing 
temperatures, altered rainfall, flooding, pollution, and fisheries degradation. This confidence assessment is 
demonstrated by numerous peer-reviewed studies, robust global climate projections, and observations of 
changes to crop yields, fisheries, and freshwater ecosystems (e.g., Frazier et al. 2019;103 Ghazal et al. 2019;144 
Leta et al. 2017,145 2018;146 Mair et al. 2019;147 Strauch et al. 2014,140 2015,451 2018141). Based on a broad evidence 
base including peer-reviewed literature and Indigenous Knowledge, there is very high confidence that 
adaptation actions such as traditional farming, fishing, and land management practices can help build more 
resilient water and food systems.73,116,119,175,194,195,202,203,204,205
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Key Message 30.2  
Climate Change Undermines Human Health, 
but Community Strength Boosts Resilience

Description of Evidence Base
Multiple assessments find an increasing trend in people affected or killed by climate-related disasters 
and extreme weather events worldwide.220,221 While health infrastructure exposure to climate risk is well 
documented globally, few vulnerability assessments for islands, territories, and states in the Pacific (e.g., 
Greene and Skeele 2014223) have examined health infrastructure vulnerability. Just one study of medical 
facility vulnerability was found; it included an analysis of medical facility locations in 14 Pacific Island 
countries, including in FSM, the Republic of the Marshall Islands, and Palau.104

There is significant evidence in the international Pacific Islands region that the current and future projected 
impacts of climate change are negatively affecting peoples’ mental health, although studies are lacking 
specifically in Hawaiʻi and the USAPI. Evidence also indicates that impacts are more severe for Indigenous 
Peoples because their central identity is tied to an ancestral place. Studies linking climate impacts directly 
to mental health outcomes point to strong differences in how mental health impacts are experienced 
among different populations.105,239,240,241,242 There is general agreement on the benefits of tailoring mental 
health services for Pacific Islanders to the specific needs of the population, including different services for 
migrants who have voluntarily or non-voluntarily migrated.237,243 

There is strong evidence of the high prevalence and impact on human health of vector-borne disease in 
the Pacific Islands. Recent data from 2014 to 2020 document 104 dengue, chikungunya, and Zika outbreaks 
across Pacific Island countries and areas.246 Literature agrees that the viruses had unexpected virulence and 
epidemic potential245,247 and that future climate-driven spread and emergence of vector-borne diseases the 
Pacific region is expected.247,249

Multiple lines of evidence demonstrate the impacts of high and extreme temperatures on human health.220,459 
Substantial and growing evidence supports the disproportionate and acute effects of heat on vulnerable 
populations.220 However, analysis of the burden of heat-related illness and death among specific populations 
in Hawaiʻi and the Pacific Islands is lacking.

Social and community adaptive capacity has a long history and broad disciplinary foundations, with many 
studies specific to Pacific Island countries and territories highlighting the importance of social capital, 
cultural norms, Traditional and Indigenous Knowledge, and women’s voices in successful adaptation and 
disaster response (e.g., Bryant-Tokolau 2018;260 Cinner and Barnes 2019;460 Cohen et al. 2016;461 McNamara et 
al. 2020;321 Nunn et al. 2020;462 Warrick et al. 2017463).

The literature on necessary adaptations for Pacific Island public health systems is relatively underdevel-
oped compared to the global literature on the topic. For example, a study of Organization for Economic 
Co-operation and Development countries’ national-level public health adaptation found a diverse array of 
adaptations related to cross-sectoral collaboration, vertical coordination, and national health adaptation 
planning.264 Two studies focus on needed adaptations in the Pacific Islands,227,265 while the World Health 
Organization267 produced national climate change and health vulnerability assessments to guide health 
system adaptation plans.

Major Uncertainties and Research Gaps
Trends and changes in climate extremes in the USAPI represent a current research gap. Studies that 
account for compound or cascading extremes can best inform planning. Extreme event attribution studies 
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for Pacific Islands and Hawaiʻi would improve confidence and understanding of the role of climate change 
in driving societal impacts from extreme weather and climate events. The region lacks site-specific vulner-
ability assessments for critical health infrastructure. Dynamic inundation models that include wave-driven 
flooding and future scenario planning tools for coral reef–protected shorelines can improve understanding 
of health infrastructure vulnerability. 

Few studies specifically investigate climate change impacts on mental health in Hawaiʻi and the USAPI, 
which, given the evidence that effective interventions must be culturally appropriate and tailored, indicates 
a strong need for additional research. Few studies in the region specifically address the mental health 
impacts of climate-induced migration on displaced populations. New research can point to ways to build 
personal resilience to climate change among frontline workers and climate adaptation practitioners, a topic 
preliminary research has examined.464

Changes in climate are expected to exacerbate the increasing risk of vector-borne disease transmission 
throughout the region, and various species of invasive mosquitoes are already linked to outbreaks of Zika, 
chikungunya, and dengue. The ways in which climate change will affect disease emergence are complex 
and yet to be fully explored. Place-based surveillance to assess the association between climate factors and 
infections, as well as climate early warning systems for vector-borne disease, would help better understand 
and prevent epidemics. 

Regional stakeholders have called for community-based approaches to research assessing climate change 
readiness. Such research may include assessments of community strengths and local knowledge, communi-
ty-led pilot initiatives, and identification of priorities for climate resilience planning.27 

Description of Confidence and Likelihood
There is high confidence that warming temperatures, impacts from tropical cyclones, food and freshwater 
insecurity, and flooding are already negatively impacting human health in the Pacific Islands region. 
This is based on agreement among multiple lines of evidence, including peer-reviewed publications and 
reports and national and regional government reports, that show increases in heat-related illness and 
vector-borne diseases, damage to critical infrastructure, and psychological stress. Documented impacts 
to critical electric, medical, and transit infrastructure provide evidence that healthcare services have been 
compromised, although formal assessments of regional healthcare infrastructure are lacking, resulting in 
an assignment of medium confidence. Data linking local climate impacts such as drought and flooding with 
negative direct and indirect health outcomes in different communities in the international Pacific Islands 
demonstrate that there is high confidence that these impacts have worsened existing health inequities in 
both physical and mental health across the region. Based on current scientific consensus, there is very high 
confidence that the drivers of the negative impacts of climate change, such as high temperatures and SLR, 
are expected to worsen in the future. Meta-studies show that examples of health and disaster adaptations 
and recovery that center Indigenous ways of knowing and social cohesion have had success in the region, 
and there is high confidence that expanding these activities will increase resilience.
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Key Message 30.3  
Rising Sea Levels Threaten Infrastructure and  
Local Economies and Exacerbate Existing Inequities

Description of Evidence Base
The finding that climate change, especially SLR, will continue to negatively impact buildings, infrastruc-
ture, and the built environment is based on future projections of SLR (App. 3) encompassed in a suite of 
scenarios that include physical and socioeconomic factors from Sweet et al. (2022).65 Available literature 
agrees that wave-driven flooding and high sea level events and associated inundation will continue to 
increase in frequency and severity.98,218,219,465 There is scientific consensus that tropical cyclone (TC) intensity 
is increasing globally with warming.70,216 One study of TC changes shows a likelihood of fewer but possibly 
stronger storms (increasing maximum intensities) in the northwestern Pacific.53

Mycoo et al. (2022)89 have extensively documented the impacts of SLR, heavy rain events, TCs, and storm 
surges on the coastal built environment and rural communities on small islands. The primary sources of 
economic data for Freely Associated States are the Asian Development Bank, the World Bank (2022b);22 
United Nations, and the CIA World Factbook economic impact (costs) studies. Population figures and trends 
for American Sāmoa, the Commonwealth of the Northern Mariana Islands, Guam, and Hawaiʻi are from the 
US Census.19,20,21

Major Uncertainties and Research Gaps
Wave run-up models incorporating Sweet et al. (2022)65 SLR scenarios are not yet available. Needed for the 
development of wave run-up models are high resolution elevation and water depth data (topobathymetric 
information), which are currently lacking for many Pacific Islands. 

The amount and timing of future SLR experienced across the region is a key area of remaining uncertainty. 
There is uncertainty in the physical processes—particularly marine ice sheet instability and marine ice cliff 
instability—that could lead to rapid ice mass loss over a period of several decades (KM 3.3).

There is uncertainty in the effectiveness of migration as a climate change adaptation strategy, as the 
outcomes are dependent on individual situations and there is limited evidence in the literature.69,89,466,467,468,46

9,470,471 Anthropological and population geography literature (e.g., Connell and Brown 2005293) for Micronesia 
establishes that past and present migration was an adaptation strategy associated with resource scarcity 
and that, historically, migrants traveled for economic and educational reasons.472 There is limited current 
empirical evidence of migration that includes historical records of disaster-driven displacement; projections 
of displacement are also not available. 

There is a gap in the literature examining the linkages between climate change, transport, and tourism, as 
well as the impacts of ecological change and heat on tourism demand. Future economic losses and impacts 
to livelihoods due to climate change–driven invasive species distribution shifts are understudied. For 
example, recent coconut rhinoceros beetle (CRB) invasions in Guam and Hawaiʻi and impacts on coconut 
palms have led to economic losses and declines in aesthetic value and have threatened food security.473 
Increased invasion of CRB following strong tropical cyclones is apparent,474,475 but the specific interactions 
between climate factors and invasions are not yet well studied. The invasive brown tree snake on Guam has 
caused billions of dollars in damage to infrastructure476 and causes up to 200 electrical blackouts per year,477 
adding stress to Guam’s electrical grid, which is already facing compound climate stressors; the economic 
costs of species invasions in a changing climate are likely underestimated. 
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More guidance is needed on how equity, inclusion, and justice can be embedded in decision-making across 
the diverse governance arrangements in the region.478

Research on nature-based solutions has improved considerably,322,479,480 although there is limited research 
evaluating the benefits, economic efficiency, and long-term effectiveness of these solutions.89,481,482 Recent 
literature has examined the effectiveness of protection services that mangroves provide, which has 
important implications for long-range adaptation planning on islands (e.g., Saintilan et al. 2020;355 Sasmito et 
al. 2016;483 Zeng et al. 2021484).

Description of Confidence and Likelihood
It is very likely and there is high confidence that SLR will continue to damage the coastal built environment 
in the Pacific Islands region. This is documented by multiple lines of evidence, including peer-reviewed 
literature, planning documents, models, and government reports analyzing flooding, erosion, and wave 
impacts on coastal infrastructure across the region. 

It is very likely and there is high confidence that climate impacts, including SLR, drought, and storms, will 
impact key economic sectors, such as tourism and fisheries. These likelihood and confidence assignments 
are based on peer-reviewed literature, strategic planning documents, development bank reports, and 
government reports detailing the projected impacts on and understanding of the behavioral, logistical, and 
biological features of these economic sectors. 

There is high confidence of the potential for loss of territory and maritime entitlements, particularly in low 
islands, based on models, reports from governments, international financial institutions, and international 
meetings. 

It is likely and there is medium confidence that climate-driven changes will exacerbate existing social 
challenges, thereby disrupting livelihoods. Evidence related to livelihoods disruptions under future 
scenarios remains sparse and will vary across contexts, thus the assignment of medium confidence. High 
confidence in the higher costs of adaptation and disaster recovery in islands is based on various factors that 
characterize islands, including geographic isolation (e.g., ASCE 2020224), reliance on imported materials and 
labor, vulnerable infrastructure, and sensitive ecosystems.

Key Message 30.4  
Responses to Rising Threats May Help Safeguard 
Tropical Ecosystems and Biodiversity

Description of Evidence Base
Based on consensus across the cited literature and the latest available climate projections, there is high 
confidence across all future scenarios that deteriorating climate conditions will continue to threaten 
regional ecosystems and biodiversity throughout the this century (e.g., Buffington et al. 2021;86 Eakin et al. 
2019;61 Fortini et al. 2015;93 Gove et al. 2022;62 Jacobi and Warshauer 2017;354 Kwiatkowski et al. 2020;60 Liao et 
al. 2015;94 Lotze et al. 2019;331 Reynolds et al. 2015;356 Palacios-Abrantes et al. 202283).

Projections of how physical changes will affect ecosystems come from a range of approaches: ecosystem 
and food web modeling, statistical modeling, and extrapolations from change already observed. Despite the 
data inequities present across the region (Box 30.1), there are multiple observations documenting past and 
ongoing changes in marine and terrestrial ecosystems and their physical environments (e.g., Dendy et al. 
2022;229 Judge et al. 2021;414 Raymundo et al. 2019334). 
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 Major Uncertainties and Research Gaps
The adaptive capacity of organisms and ecosystems in the face of climate change remains uncertain. 
For example, there is uncertainty about the plankton community’s response to climate change, which 
will influence the effect of climate change on higher-trophic-level organisms such as those targeted by 
subsistence, commercial, and recreational fisheries. Ecosystem response to simultaneous stressors and 
novel climate conditions is a complex subject area with high uncertainty. The effects of climate change on 
fish stocks outside the EEZs are underexplored.

While regional climate projections and historical climate analyses for Hawaiʻi have been developed, similar 
sets of studies for USAPI are much more limited, lowering our confidence in projected terrestrial impacts of 
climate in other US-affiliated jurisdictions (e.g., future wildfire probabilities).376 This gap in available climate 
data and projections is paralleled in the Caribbean region (KM 23.2), indicating a broad uncertainty for the 
future of our Nation’s island areas.

The impacts of extreme events on Pacific Island terrestrial ecosystems are still poorly studied given the 
limited data to characterize past and current events and project future shifts in intensity and frequency 
of such events. These uncertainties in extreme event impacts on island ecosystems are similar to those 
identified in the Caribbean chapter (see Traceable Account, KM 23.2), highlighting a common challenge 
faced by underserved island areas.

The societal response to regional climate impacts can have a large impact on surrounding ecosystems and is 
also a major area of uncertainty.

Description of Confidence and Likelihood
There is high confidence and it is very likely that the structure and composition of Pacific Island coastal 
and marine ecological communities are directly threatened by ocean changes. This assessment is based on 
similarities across climate scenarios through the mid-21st century, as well as on the degree to which climate 
conditions have already impacted regional ecosystems and biodiversity, and given species-specific climate 
and habitat tolerances. 

Fire is already a substantial challenge to Pacific Islands (Figure 30.13),229,378 with risks expected to rise under 
additional warming and drying (high confidence).376 A wide body of literature links increasing droughts and 
temperatures to increased fire risk (Chs. 7, 8). 

Regarding native plants, climatic shifts have already been shown to influence plant communities, from 
broad landscape shifts to individual species population trends (very likely, high confidence).364,365,366,370 
Future projections indicate continued and drastic effects.93,367 Regarding forest birds and other wildlife, the 
link between forest bird declines in Hawaiʻi and warming is clear,414,415 with underlying mechanisms well 
understood.485,486 These declining trends are consistently projected to continue under additional warming 
(very likely, high confidence).93,94

There is medium confidence in the ability of certain adaptation strategies to improve the resilience of Pacific 
Island ecosystems. Ecological restoration efforts and invasive species prevention, eradication, and control 
enhance regional climate resilience and provide multiple benefits to islands (e.g., KM 8.3; Barbosa and Asner 
2017;398 Bremer et al. 2018;202 Ferrario et al. 2014;289 Wada et al. 2017401), including helping to reduce water 
stress and fire risk (e.g., KM 8.2; Dudley et al. 2020;388 Fortini et al. 2021;380 Strauch et al. 2017;148 Trauernicht 
2019376). However, due to the uncertainties in regional projections and climate and invasive species interac-
tions, there is medium confidence in restoration and invasive species control efforts. The establishment and 
management of protected areas are also widely considered effective components of ecological adaptation 
strategies,119 but large climatic shifts may reduce their effectiveness over time,399 leading to medium 
confidence in their long-term effectiveness. Fire management strategies have been shown to be quite 
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effective across the Pacific Islands region.125 However, the effectiveness of these strategies under extreme 
fire conditions is expected to be reduced (e.g., atypically high wind and dry conditions), thus medium 
confidence. 

Key Message 30.5  
Indigenous Knowledge Systems Strengthen Island Resilience

Description of Evidence Base
There is no doubt that fostering reciprocal relationships between people, place, and cultural and historical 
sites across Hawaiʻi and the USAPI is central to the ongoing adaptation of island communities to the 
changing climate (e.g., Diver et al. 2019;430 Nunn et al. 201787). However, these types of relationships are 
usually documented in an oral rather than written format. For the most part, there is agreement that the 
culture of Indigenous Peoples influences their interpretation of the value of place and ecosystems and, 
subsequently, their resilience to climate change. The studies cited in this section use the Intergovernmental 
Panel on Climate Change (IPCC) Fifth Assessment Report CMIP5 results for temperature, rainfall, and SLR to 
assess impacts on traditional foods and cultural resources.118,434,442

Major Uncertainties and Research Gaps
Research that assesses the impacts of climate change (SLR, temperature, etc.) on cultural resources and 
historical sites is limited and largely focused on Hawaiʻi. Many of the studies that assess climate-related 
impacts to cultural resources were published prior to the release of the updated IPCC Sixth 
Assessment Report and NOAA’s updated SLR projections. There is limited information on how climate 
change–driven shifts in the distributions of invasive plants and animals may disrupt cultural services and 
familial relationships (e.g., Brewington et al. 2023359). 

Description of Confidence and Likelihood
Literature focused on community and place-based approaches to natural resource management supports 
that there is high confidence that Indigenous Peoples of the Pacific Islands, their knowledge systems, and 
their rituals are central to local climate resilience. Literature also supports that there is high confidence that 
reciprocal and spiritual relationships among people and place are being strengthened through adaptation 
and collective management of resources. 

There is high confidence that the application of future climate scenarios has enabled the collective efforts of 
Indigenous researchers, stakeholders, and scientists to begin to identify and quantify the potential loss and 
migration of critical resources and expand the cultivation of traditional food crops on high islands. However, 
such assessments are limited in scope across Hawaiʻi and the USAPI, and as a result the impacts of climate 
change on cultural resources are still identified as a major gap in knowledge.
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Introduction 
Changes in the climate have been observed and experienced across every region of the United States (Ch. 3). 
Chronic changes such as increasing temperatures, sea level rise, and changing precipitation patterns are 
affecting the frequency and intensity of diverse extreme weather events. These changes directly impact 
many millions of people and ecosystems (Ch. 2)1 and are projected to increase in the future. Adaptation is 
essential for human and ecological survival in this rapidly changing, complex, and interconnected world. 

Adaptation refers to actions taken to reduce risks from today’s changed climate conditions and to prepare 
for further impacts in the future. It includes diverse activities designed to reduce climate-related risks 
and increase capacity to prepare for climate impacts (Table 31.1). Actions taken to adapt to climate change 
often provide major opportunities to create a healthier and more resilient future for generations to come. 
Through these actions, billions of dollars can be saved by investing now and avoiding future losses, new 
jobs can be created, innovative solutions can be realized, and productivity and efficiencies can be increased 
across all sectors. Done well, adaptation can protect human lives, improve quality of life, enhance social 
equity, reduce healthcare costs, and safeguard and restore the natural ecosystems on which society 
depends for its very survival. 

The various risks driven by climate change are extensive, diverse, and intensifying, and they interact with 
complex social, geographic, economic, and political contexts to exacerbate underlying stresses in over-
burdened and frontline communities. These communities already experience disproportionate impacts of 
climate change, and these impacts will only increase over time if equitable adaptation actions are not taken 
now (KM 31.2). The loss of biodiversity and ecosystem services, the displacement of people due to rising sea 
levels and more frequent extreme weather events, the loss of natural resources, the increased demand on 
the aging energy grid and critical infrastructure, and many other challenges will only get worse if society 
does not transform the way it tackles climate change in the US today. 

The urgency for climate adaptation is clear and very well documented.1,2,3,4,5 The benefits of climate 
adaptation can be immense and felt by everyone if advanced and scaled sufficiently in relation to the pace 
of climate change (KM 31.1), if equity is centered from the start (KM 31.2), and if both transformative and 
incremental adaptation actions are taken now (KM 31.3). Transformative adaptation aims to reduce risks 
through fundamental shifts in systems, values, and practices. Equitable adaptation intentionally incorpo-
rates recognitional, procedural, contextual, and distributional principles of equity in design, planning, and 
execution. Equitable adaptation addresses the disproportionate effects of climate change for overburdened 
and frontline communities. It dismantles barriers, considers underlying stresses, creates opportunities, and 
enables learning through iterative evaluation and sustained engagement.6

Effective adaptation governance needs to empower all voices to navigate (e.g., discuss, weigh, and prioritize) 
competing goals in a collaborative manner (KM 31.4), and adaptation-related services need to go beyond the 
traditional offerings of science, data, and information to be more accessible and to meet the needs of over-
burdened and frontline communities (KM 31.5). Adaptation finance and investments will be needed to scale, 
support, and implement adaptation, and systems will need to be developed to adequately track and evaluate 
the effectiveness of these investments (KM 31.6). In brief, widespread and dedicated adaptation efforts will 
be essential for securing a sustainable and prosperous future for all.
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Table 31.1. Example Climate-Related Adaptation Actions 

This table provides examples of incremental and transformative actions being implemented at various scales across US 
regions and sectors and by various actors to adapt to a range of different climate hazards. See cross-references to other 
chapters for more detail on certain adaptation actions. The “action” categories in this table have been adapted from Biagini et 
al. 2014, Hicke et al. 2022, and GCC 2022.1,7,8

Action Description

Capacity 
Building

Community building (KM 23.5); interdisciplinary public education, literacy, and outreach at all age 
levels; trainings (KM 21.4) and workshops; knowledge and skill development; technical assistance; 
dissemination of decision-useful information; equitable partnerships (KM 24.5); sharing best and leading 
practices; local groups and coalitions to assist communities (KM 25.5)

Early Warning 
and Observing 
Systems 

Developing, testing, and deploying monitoring and observing systems; early warning systems (e.g., for 
heat, famine, drought, wildfire); strategic foresight; upgrading weather or hydrometeorological services

Financing 
Insurance (KM 21.5); microfinance; funding; investments; grants; contingency funds; environmental 
impact bonds (KM 21.4); land trusts (KM 21.5); equitable availability and accessibility of capital before 
and after disasters (KM 31.6); community-based public–private partnership (KM 24.4)

Physical 
Infrastructure 

Coastal accommodation; ecosystem-based adaptation; minimizing ecosystem stressors; restoration 
or creation of natural areas (KMs 23.5, 31.4); revegetation; afforestation woodland management; 
increased landscape cover; natural coastal embankments; floodable parks and parking structures; flood 
mitigation (Box 22.1; KM 24.4); urban flood management (KM 31.4); stormwater management (KM 21.4); 
retention and detention ponds; “living” roofs; rain gardens; green space (KM 21.3); building or retrofitting 
infrastructure to withstand future climate change (KM 31.5); water capture and storage; water supply 
and distribution; infrastructure for health services; improvements to water and sanitation infrastructure; 
adaptive buildings; reservoirs for water storage; irrigation systems (KM 31.3); canal infrastructure; 
seawalls; solar infrastructure for electrification; restoration of native species diversity; increase in 
structural diversity (e.g., variation in age structure; KM 24.2); air conditioners (KM 21.1); cooling centers 
(KM 31.2); sustainable development (KM 23.5)

Information 

Decision support tools (KM 21.1); data analytics; public reporting and disclosures; visualization tools; 
data acquisition efforts; digital databases; remote communication technologies; climate hazard, 
vulnerability, and probabilistic mapping tools (KM 21.1); collaboration and coproduction of data and 
information (KM 24.2); toolkits (KMs 21.1, 31.5)

Management 
and Planning 

Scenario-based planning (KM 25.5); spatial planning; incorporating climate change and adaptation 
into planning (e.g., hazard mitigation plans), design standards, management, and decisions (KM 21.1); 
collaborative adaptation planning at multiple scales (e.g., federal, regional, state, territorial, Tribal, local, 
organizational [public and private]); assessing underlying conditions and needs (KM 21.4), risks (KM 
23.5), adaptive capacity, and options; adaptive management; cooperative governance (KM 31.4); cultural 
adaptation; regional collaboratives (KM 31.4)

Policy 

Law and governance (KMs 21.3, 23.5); local climate policy (KMs 21.3, 23.5, 27.1); revised design 
parameters, adaptive building codes, and integration of future climate projections into codes and 
standards (KMs 12.3, 31.5); creation of new policies or revisions of policies or regulations to allow 
flexibility to adapt; mainstreaming adaptation into development policies; improvement of water resource 
governance

Practice and 
Behavior 

Institutional change; changes to diets and food waste; diversification of livelihoods and income 
sources; adaptive farm, fishery, or livestock practices (Box 29.5); improved crop varieties; food storage, 
distribution, and security; disaster risk reduction; permanent migration, planned retreat, or relocation 
(KMs 21.3, 24.4); seasonal or temporary mobility; social safety nets and cohesion; adaptive social 
protection; water use and demand; soil or land management techniques; post-harvest storage; rainwater 
collection; expanding integrated pest management; strategic coastal retreat (KM 9.3); land protection; 
changes in transportation habits; improved public health (KM 23.5)

Technology
Developing new or expanding existing technologies to enable and advance adaptation; water use or 
water access improvement technologies; solar energy capacity; wind power; energy storage; biogas; 
water purification; solar salt production; microgrids; artificial intelligence and machine learning
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Key Message 31.1  
Adaptation Is Occurring but Is Insufficient  
in Relation to the Pace of Climate Change

Diverse adaptation activities are occurring across the US (very high confidence). Adap-
tation activities are increasingly moving from awareness and assessment toward planning 
and implementation (medium confidence), with limited advancement toward monitoring 
and evaluation (high confidence). Numerous social, economic, physical, and psychological 
barriers are preventing more widespread adoption and implementation of adaptation (high 
confidence). Current adaptation efforts and investments are insufficient to reduce today’s 
climate-related risks (high confidence) and are unlikely to keep pace with future changes in 
the climate (medium confidence).

Actors, stakeholders, and rights-holders (hereafter actors)—from individuals and organizations to 
companies, communities, and government entities across all levels, regions, and sectors—are already 
investing in adaptation measures (Figure 31.1) to reduce the harms caused by climate change and leverage 
new opportunities to enhance their ability (or capacity) to adapt.9,10,11,12,13,14 The extent, type, and stage (Box 
31.1) of these activities vary regionally and across sectors (Figure 31.1; Chs. 4–16, 21–30). Adaptation has 
increasingly progressed from the awareness and assessment stages toward planning and implementation 
(Box 31.1). However, few adaptation activities advance monitoring or evaluation.

To date, adaptation across the US has been incremental in nature, and given the expected future pace of 
climate change, more action is needed at greater rates and larger scales, across more sectors, and in con-
text-specific ways.1,15,16,17,18 Historically, actions to adapt often have not centered equity (KM 31.2) and were 
not designed using a systems-oriented, regional, or collaborative approach for transformation (KM 31.3). 
Adaptation lacks the attention, investment, financing, and monitoring needed to prepare for both acute and 
chronic climate impacts (KM 31.6). 
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Number of Publicly Documented Adaptation Activities (2018–2022) 

The level of documented public- and private-sector adaptation activity varies widely across US states 
and territories. 

Figure 31.1. This figure illustrates the number of public- and private-sector adaptation activities—see exam-
ples offered in Table 31.1—publicly documented and/or updated since 2018. There are several states that have 
publicly documented numerous adaptation activities, while others have very few or have not documented the 
activities. Figure credit: WSP, University of Delaware, and University of California, Irvine. See figure metadata for 
additional contributors. 
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Box 31.1. Evidence of Adaptation Occurring Across the Five Adaptation Stages 

Adaptation actions are generally categorized into five stages, from raising awareness to implementation and evalua-
tion.4,19 Evidence of action exists along the five adaptation stages at varying scales and levels. 

Stage 1: Awareness and Engagement
American adults understand that climate change is happening (72%).20 However, they have low risk awareness (e.g., they 
underappreciate how severely climate change might affect themselves and society) and lack a clear understanding of 
adaptation and its importance (KM 31.2).

Stage 2: Assessment
Approximately 40% of US states have assessed their climate change risks.8 Of US-based companies disclosing through 
CDP (formerly the Carbon Disclosure Project), 88% have assessed their climate-related financial risks in alignment with 
the Task Force on Climate-related Financial Disclosures (KM 31.6)21 and, if material, disclosed such risks in their financial 
statements. Assessments of adaptive capacity (the potential of a system to adjust to climate change) and climate resil-
ience have progressed but lag assessments of climate risks, raising concerns that some actors, including local govern-
ments, may be ill-equipped to prepare for climate change. There is an increase in the number of publicly available datasets 
and tools to inform assessments, as well as use of Traditional Knowledge and climate storytelling.

Stage 3: Policy and Planning 
Many governments and organizations have individual sustainability, resilience, or adaptation plans (Figure 31.1). Eighteen 
states have climate adaptation plans, and another six states have plans underway. Thirty-two states lack a public adapta-
tion plan, a select few US-based companies have disclosed adaptation-related actions they are taking, and very few juris-
dictions have adaptation plans co-designed between the private- and public-sectors. Across jurisdictions, plans are devel-
oped for different reasons (e.g., climate impacts, investor requests, regulatory requirements) and rarely in a coordinated, 
collaborative, or regional manner.22,23 As required in Executive Orders 14008 and 14057, more than 20 federal agencies 
have prepared and updated climate adaptation plans.24 Funding and implementation of adaptation plans remains moder-
ate or low (KM 31.6).1,25 Climate adaptation–related congressional legislation is becoming more prevalent, but it is often 
embedded within other topics (e.g., infrastructure, disaster relief, water). Federally funded opportunities remain untapped 
and inaccessible to overburdened and frontline communities.26 

Stage 4: Implementation
Implementation of adaptation actions has made some progress. However, most actions have been incremental in nature; 
have focused on acute extreme weather events rather than systemic, chronic climate change; and/or involve small infra-
structure changes to business-as-usual activity, such as changing irrigation systems or expanding stormwater pipes to 
withstand increased flooding.1,15 Current levels and types of adaptation being implemented are insufficient to deal with 
future climate change.1,15,27,28 

Stage 5: Monitoring and Evaluation
Adaptation researchers and practitioners are starting to track the number of actions, assess the adaptation effectiveness 
of those that have occurred, and evaluate the long-term sufficiency of adaptation projects. However, frameworks, monitor-
ing, indicators, and evaluations that assess adaptation practices, co-benefits, equality, and implementation at appropriate 
levels of granularity are still under development.1,29,30,31,32,33,34,35 Research is focused on evaluating adaptation-enabling 
governance structures and barriers to adaptation.36,37
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Evidence of Adaptation Barriers 
Although adaptation is occurring across the US, barriers remain. These barriers can mostly be overcome 
with financial, cultural, technological, legislative, or institutional changes.38,39

There is growing divergence in the ways government, private industry, and civil society are planning 
for climate adaptation, with each focusing on a subset of climate vulnerability—disaster resilience, 
risk and liability, and equity and justice, respectively40—and individual climate hazards (e.g., sea level 
rise, flooding, heat), instead of compounding and complex events (Focus on Compound Events). This 
incoherence increases the potential for investments that may unintentionally exacerbate climate-related 
risks or overlook the need to target adaptations for frontline communities that experience a plethora of 
compounding issues (both chronic and acute), creating greater societal vulnerability to climate impacts 
(KM 31.3).41 It is also important to distinguish between planning for adaptation and actually adapting; there 
is still more of the former than the latter. The ability to adapt is uneven and inequitable: communities or 
businesses with means, wealth, or access to resources are more able to adapt, while those with fewer 
means or opportunities are less able to adapt. The gap between planning and action could also be due 
to the ease of tracking adaptation plans compared to tracking evidence of systems, people, or environ-
ments that are adapting, which can take years to show progress.1 With the lack of consistent tracking and 
evaluation of adaptive capacity and how effectively society and ecosystems are adapting to climate change, 
it is challenging to measure progress, continually improve, and understand the overall impact of adaptation 
actions and investments.42

Adaptation is routinely limited by a range of political, structural, psychological, and normative barriers.1 
Few regulatory requirements focus directly on adaptation.26 Existing environmental and disaster policies, 
frameworks, and governance systems are ill-suited to handle the long-term, widespread, transformative 
changes needed to adapt to climate change; tend to be reactive rather than proactive; and assume fixed 
rather than dynamic environments.43,44,45

Methodologies and tools to assess climate risks, adaptive capacity, and adaptation options are lacking 
in transparency or are nascent (KM 31.5). While there are many datasets and tools to inform adaptation, 
their usefulness for decision-making remains uncertain.46 Resources remain constrained and dispersed 
when it comes to assessing climate change and adaptation.43,44,47,48 There is a lack of clear pathways for 
sharing datasets and tools among multiple actors and jurisdictions (KM 31.4) and a lack of streamlined 
and transparent processes for integrating local and Traditional Knowledge. The inherent time lag in the 
scientific peer-review process of science and assessments does not allow for progress to be made swiftly. 

Competing values and goals held by diverse public entities and organizations and differentiated responsibil-
ities across levels of government or types of organizations create challenges in developing shared goals (KM 
31.4).44,45,48 The lack of coordination across government agencies at all scales and with diverse actors creates 
a fragmented and ineffective adaptation governance system.47,48,49,50,51 The continued reliance on fossil fuel 
economies discourages transition and economic diversification,52,53,54 limiting collaborative planning with 
these high-emitting industries.

Justice and equity are rarely centered in adaptation activities by all sectors and actors (public and private; 
KM 31.2).55 In many settings, there is not a widely accessible forum for local participation, particularly of 
Indigenous communities living in remote and vulnerable locations. Social hierarchies and structures can 
prevent overburdened groups from sharing their opinions, preventing achieving equitable adaptation. 
Frontline communities are hit first and worst by climate change, and oftentimes adapting to climate change 
may not be their immediate concern. Intentionally centering equity in adaptation solutions in partnership 
with frontline communities has the potential to improve some systemic issues such as inequality, discrimi-
nation, and limited access to essential resources and opportunities (KM 31.2).56
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Finally, there remains a minimal degree of investment and funding for adaptation. As for the funding that 
is available, communities with the highest climate vulnerability do not have adequate and equitable access 
to these funds (KM 31.6).43 Organizations often do not understand potential returns on investment in 
adaptation, so there is less appetite for expensive measures (KM 31.6).57

Key Message 31.2  
Effective Adaptation Requires Centering Equity

People and communities are affected by climate change in different ways (very high confi-
dence). How people and institutions adapt depends on social factors, including individual and 
community preferences, capacity, and access to resources (very high confidence). Adaptation 
processes, decisions (about whether, where, and how adaptation occurs), and actions that do 
not explicitly address the uneven distribution of climate harms, and the social processes and 
injustices underlying these disparities, can exacerbate social inequities and increase exposure 
to climate harms (high confidence). 

Climate adaptation that responds to people’s values, concerns, and priorities requires not only identifying 
disparities in how people are affected by climate change but also understanding the underlying causes and 
conditions of climate vulnerability. Vulnerability (predisposition to adverse impacts) is shaped by interac-
tions across physical, social, and ecological processes (Chs. 3, 20).58 The places most vulnerable to climate 
change share traits of high exposure to climate change and climate hazards (e.g., long-term water scarcity 
and extreme drought), high susceptibility to adverse impacts, and constraints on capacity to adapt.1 The 
specific mechanisms that produce vulnerability vary from place to place and over time; are shaped by 
historical racial, ethnic, gender, and socioeconomic inequalities (Chs. 16, 20);59 and are sensitive to climatic 
and demographic change in the future.60

Inequalities in social, economic, and political power and resources61 mean that populations marginalized 
by society and underserved by government or private-sector systems often face disproportionately worse 
effects of hazards. For example, higher proportions of Native American, Hispanic, Asian and Pacific Islander, 
and African American populations live in places prone to extreme wildfire, heat, floods, and permafrost 
thaw.62,63,64,65,66,67 Such differential exposure often results from historical injustices such as housing discrimi-
nation, forced displacement, social exclusion, lack of investment in hazard mitigation, and lack of provision 
of other social services by government or the private sector (e.g., insurance, mortgage lending). 

Uneven patterns of climate hazard exposure are well documented. Recent work is helping to untangle con-
text-specific processes through which the geographic distribution of climate hazards and social inequality 
interact to shape local experiences of vulnerability (Ch. 20). Examples include illuminating how disaster 
damage exacerbates long-term wealth inequality,68 how disaster assistance distribution policies and dif-
ferential access constrain recovery outcomes,69,70 and the influence of racial and economic privilege in 
flood buyout programs.71,72,73 Greater understanding of the complex human drivers of climate vulnerability 
can illustrate how and why transformative adaptations may be required (see KM 31.3) to address inter-
locking social processes and to remedy vulnerability at its roots (Ch. 20).40 This improved understanding 
reinforces why effective adaptation extends beyond cost efficiency and technocratic concerns to inten-
tionally incorporate equity and environmental justice principles.18,74 Effective adaptation that centers equity 
is needed to address disparities in the causes and effects of climate risks, dismantle barriers, and create 
opportunities for all people to thrive.
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Whether, when, and how people adapt to climate change depends on complex geographic, political, 
economic, social, and cultural contexts (Chs. 18, 20; Figure 31.2). The ability of individuals and institu-
tions to engage in adaptation is affected by their access to resources, which is unevenly distributed and 
mediated by factors such as income, race, ethnicity, and gender.72,75,76,77,78 Factors such as citizenship status 
and land ownership can create administrative hurdles.79,80 Federal or state resources for adaptation are often 
available to individuals, communities, and Tribes only if they navigate bureaucratic systems or succeed in 
competitions. Equity concerns arise when the system privileges those who already have resources—time, 
English-language skills, personnel, power, and/or funds to acquire adaptation resources.68,81,82 Rural or 
less populous towns, for example, may have fewer professionals to dedicate time to grant applications, 
fewer resources to meet federal cost-share requirements, or difficulty in proving that adaptation would 
be cost effective (Ch. 11; KMs 11.3, 31.6). Private-sector adaptation resources are similarly more available 
to some people than others, as when insurance companies cease to offer wildfire insurance in some 
risk-prone areas.83

Social factors—including place attachment, identity, social capital, and perceptions of what is fair and 
effective—influence the adaptation actions people are willing and able to pursue.84,85,86,87 Risk perceptions 
and risk tolerances are influenced by social factors such as experience, culture, and demographics, and 
increased risk awareness alone does not predict increased adaptation.88,89 For example, a survey of Puerto 
Rican farmers found that half did not engage in adaptation even though they perceived themselves to be at 
risk and to be capable of taking action.89 A survey of homeowners in North Carolina found that knowledge of 
climate change and its risks had no effect on the adaptation actions taken.88

Geographic, political, economic, social, and cultural contexts also influence how people adapt (Figure 31.2). 
Different types of adaptation actions reduce risk to different degrees and in different ways, cost different 
amounts, have different downsides, and benefit and harm different groups.90,91,92 Individual and community 
values, circumstances, and priorities shape which benefits are considered most important, which trade-offs 
people are willing to endure, and what opportunities they are willing to forego. For example, building 
seawalls can disconnect communities from the water, which may affect their place attachment, recreation-
al and economic amenities, sense of identity, local ecosystems, and long-term risk profile, while providing 
short-term gains in safety and property values.93,94 Culture, heritage, and traditional ties to the land 
influence adaptation preferences95,96 and can be important sources of motivation and guidance, especially 
for locally led adaptation efforts.97 People may disagree about the goals of adaptation and their preferences 
for trade-offs, values, or risk tolerance levels, and how these disagreements are handled within a community 
or institution further shapes adaptation practices. 

Participatory processes create space for people to discuss goals, values, social factors, and resources and 
are a necessary element of participatory justice, which holds that those affected by decisions should be 
involved in the decision-making process. Such processes benefit from practices that facilitate participation, 
such as convenient meeting times, language translation, and provision of transportation, food, and childcare. 
To more deeply embed equity, participatory processes designed to stunt power imbalances—such as those 
featuring transparency, information access, and opportunities for substantive influence—are most likely to 
represent the full range of people affected by a decision.
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Adaptation Actions Defined by Multiple Factors

Adaptation outcomes are the result of individual and group values and decision-making processes and con-
straints. 

Figure 31.2. The path from potential adaptation options to adaptation outcomes is filtered through culture and 
decision-making criteria, processes, and resources. Individual traits, circumstances, and preferences mean that 
adaptation outcomes are not identical for all members of a community. These social factors may create, perpet-
uate, or exacerbate existing social inequities in a systemic fashion, such that even passive actions can produce 
inequitable outcomes. Intentionally integrating equity into adaptation, which requires accounting for differences in 
access, capacity, and resources, can lead to more inclusive and sustainable outcomes. Figure credit: ICF, Universi-
ty of Delaware, and University of Iowa.

Failure to intentionally center equity—as in the distribution of resources, participatory processes, and 
recognition of local contexts—may unintentionally increase the vulnerability of people and places.98 This is 
a type of maladaptation, in which efforts to address a climate vulnerability unintentionally increases vul-
nerability.99,100 Maladaptation can occur, for example, if engineered infrastructure (e.g., levees) or disaster 
response programs create a false sense of security that incentivizes continued development in hazardous 
areas, which in turn produces higher losses in the event of system failure—a situation known as the safe 
development paradox.101,102,103 Adaptation tailored to a specific context can become maladaptive if subjected 
to a different hazard type or context, as when crowded spaces in community shelters or cooling centers 
contribute to the spread of a pandemic.104,105 Interventions advanced in the name of engineering adaptation 
may undermine ecological adaptation, and adaptation for some people (e.g., wealthy communities, 
homeowners) may lead to maladaptive outcomes for others (e.g., low- to moderate-income communities, 
renters). Given the potential for maladaptation to substantially redistribute or amplify risk, the topic would 
benefit from significant attention from practitioners and policymakers.106,107,108

Intentionally centering equity in the design, planning, and implementation stages of adaptation would 
require a paradigm shift. This shift would include asking a number of questions: For whom, with whom, 
and by whom would proposed adaptation actions be undertaken? Who would benefit and who would be 
burdened by these actions? Are steps being taken to lessen the burdens borne by underserved populations 
(Ch. 20; Figure 20.1)?109,110 This type of proactive engagement from disadvantaged and frontline communities 
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would be especially important in transformative adaptations that may cause substantial social upheaval (KM 
31.3). Accounting for intersecting identities and structural inequalities as organizing principles of adaptation 
planning could help produce adaptation actions that simultaneously mitigate the effects of climate change 
and address compounding social inequities.111,112 Other strategies for equity-centric adaptation include 
prioritizing adaptation actions and assessing adaptation effectiveness based on satisfying the needs and 
preferences of the most vulnerable.113 Adaptation equity and environmental justice involve multiple concepts, 
including recognition of how past injustices have contributed to current patterns of exposure and capacity, 
consideration of cultural values and norms, fair decision-making processes and distribution of resources, 
and efforts to redress past and current injustices.95,108,114,115,116 Adaptation efforts that center equity and justice 
are best positioned to avoid perpetuating social injustices.40,113,117

The Justice40 Initiative118 is an example of public policy that centers the redress of social inequity in 
adaptation. Justice40 defines investment focus areas of climate change, energy, health, transit, affordable 
housing, pollution reduction, water infrastructure, and workforce development. It calls for 40% of benefits 
from federal investments in these areas to occur in communities disadvantaged by historical marginal-
ization, pollution hazards, and long-standing underinvestment. To identify disadvantaged communities, 
the White House Council on Environmental Quality developed an online geospatial application called the 
Climate and Economic Justice Screening Tool (CEJST). CEJST is primarily designed to be used by federal 
agencies119 and could significantly shape the distribution of adaptation resources by the Department 
of Energy, Department of Housing and Urban Affairs (HUD), Federal Emergency Management Agency 
(FEMA), and other agencies. CEJST can also inform adaptation investment decisions by business and phil-
anthropic organizations and raise public awareness of the social factors that shape climate vulnerability 
and adaptation.

Key Message 31.3  
Transformative Adaptation Will Be Needed to  
Adequately Address Climate-Related Risks 

Climate adaptation actions undertaken in the United States to date have generally been small 
in scale and incremental in approach, involving minor changes to business as usual (very high 
confidence). Transformative adaptation, which involves more fundamental shifts in systems, 
values, and practices, will be necessary in many cases to adequately address the risks of 
current and future climate change (high confidence). New monitoring and evaluation methods 
will also be needed to assess the effectiveness and sufficiency of adaptation and to address 
equity (high confidence).

Most adaptation efforts across a wide range of sectors across the United States have involved incremental 
adaptation: minor shifts in usual practices that affect small geographic areas and that have been limited in 
their ability to affect multiple sectors or hazards by technical, social, and economic barriers.1,15,27,120 Although 
the performance of adaptation actions is difficult to assess, the available evidence suggests that many US 
adaptation practices are not sufficient to deal with either current or future climate change.27,121 Future 
adaptation may require not only more adaptation efforts (more actions, scaled up, across a wider range of 
actors, sectors, and systems) but also more transformative adaptation: actions that involve persistent, novel, 
in-depth changes that shift the fundamental traits of institutions, behaviors, values, or technologies across 
multiple scales and sectors.90,122,123 Transformative adaptation can involve changes to the built environment, 
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or it may involve fundamental changes in economic and governance paradigms to redress historical 
injustices and center equity and justice.40

Adaptation actions in the US more often involve using air-conditioning during heatwaves, increasing 
irrigation or temporarily reducing water consumption to address frequent droughts, using sandbags to 
resist coastal erosion, redefining fisheries boundaries in response to shifting habitats, or elevating homes 
above flood waters—rather than more transformative actions such as redesigning cities and buildings to 
address heat, shifting water-intensive industry to match new rainfall patterns, or directing new housing 
development to less flood-prone areas.1,15,27,120,124 A range of cognitive biases sometimes make people favor 
incremental change, such as status quo bias (an inclination to preserve the current state even if changes 
would bring greater benefits).73,125 However, preserving the status quo can perpetuate existing systems 
of inequality (KM 31.2).116,126 Incremental adaptation has also been favored in part due to the framing of 
adaptation as a type of disaster risk reduction rather than long-term planning (e.g., response to hurricanes 
rather than permanent inundation due to sea level rise).15,127,128,129 For instance, a national survey of metropol-
itan transit organizations found that most agencies rely on traditional emergency management approaches 
to address extreme weather during or after the event, rather than advance planning for such events and 
making changes to preemptively avoid harms.130 Disaster risk reduction provides an important set of tools 
and frameworks, but responding to and preparing for permanent changes in climatic conditions requires 
a different set of approaches than reactively responding to extreme events or sudden hazards. In the long 
term, an overemphasis on incremental adaptation can lead to maladaptation, where efforts to address 
climate risk unintentionally increase risk.99,100 A classic example is that using more air-conditioning to deal 
with rising temperatures and extreme heat events may increase fossil fuel consumption (if the electricity is 
generated from fossil fuels), contributing to more climate change and even higher temperatures. 

Other incremental adaptation actions may displace risk,131,132 such as when one home is elevated on a filled 
mound that pushes rain and floodwaters onto neighboring homes, or have unintended consequences, 
such as reducing motivation to engage in adaptation (KM 12.4). An emphasis on financially conservative 
“no regret” decision-making, which limits current costs and prioritizes adaptation options that would be 
justified under all plausible future climate scenarios, may lead to less expensive but less effective actions.15,90 
Local governments, individuals, communities, or businesses may have insufficient capital to cover the 
up-front costs of transformation even if those actions would produce long-term gains (KMs 31.5, 31.6). For 
example, in the short term, reducing agricultural water use through improved irrigation (an incremental 
change) is cheaper and easier than fundamentally reimagining how and where crops are produced, stored, 
and transported across the US (transformative change). However, improved irrigation may be insufficient to 
adapt to long-term effects of climate change and may be less cost-effective in the medium and long term 
than more transformative options.27,121 

Climate change will cause both chronic shifts in baseline conditions—such as rising temperatures, sea 
levels, and water insecurity—and acute risks through extreme events and increased variability (Chs. 2, 3), 
and these effects will interact with and compound multiple complex (Ch. 18) non-climate stressors such as 
public health concerns (e.g., pandemics, epidemics; Ch. 15), economic events (e.g., recession, depression), 
and social injustices (e.g., systemic racism; Ch. 18). Complex social, economic, ecological, and technologi-
cal systems can be challenging to adapt because elements within the systems reinforce and constrain one 
another.1,133,134,135 Transformative adaptation—spanning both social and physical systems—may be needed to 
address the increasingly intense and nonlinear effects of climate change and their complex interactions with 
multiple non-climate stressors (Ch. 18).28,40,136,137 Adaptation actions that consider co-benefits where possible 
(including contributing to climate mitigation but also biodiversity, pollution reduction, social justice, and 
others) are expected to provide the greatest social gains and long-term sustainability.
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Adaptation may increasingly require a systems approach to focus on how multiple systems (e.g., social, 
political, cultural, ecological, physical infrastructure, energy, water, food) interact with and shape one 
another and to identify adaptation actions that cut across or leverage multiple systems.6,138 Compared with 
transformative adaptation, most incremental adaptation requires less coordination across interested parties, 
making it appealing to actors working within a single sector of a larger system and where coordination is 
difficult to achieve. A systems approach, for example, would consider vulnerabilities across different modes 
within a system (e.g., highways and public transit) or across systems such as transportation, water, the 
electric grid, telecommunications, supply chains, stormwater management, and land-use or development 
patterns. A systems approach to adaptation might argue for adaptation efforts to occur in different 
government offices (e.g., in transportation planning and housing as well as in emergency management and 
environmental agencies), for coordination of public and private efforts, or for greater cooperation across 
silos to support transformative adaptations (KM 31.4). Adaptation actions that take a systems approach to 
assessing vulnerabilities and adaptation opportunities are expected to be more transformative insofar as 
they affect multiple systems at multiple scales.90

Transformative adaptation may also involve changes to systems and paradigms in ways that redress 
historical injustices and center equity.40 Transformative adaptation has the potential to perpetuate or 
exacerbate social injustices, but inequities are not inevitable.137,139,140 Addressing them requires express 
consideration of equity and justice along with direct engagement with disadvantaged and underserved 
communities (KM 31.2), and lessons can be learned from the “just transitions” literature and movements 
(Ch. 20; KM 20.6).108,141,142,143 For example, transforming car-centric transportation systems to emphasize 
public transportation and walkability could increase accessibility for underserved communities and people 
with limited mobility if the transformation intentionally includes user input to address accessibility and 
equity from the start. Transformations may also advance equity by reforming systems and institutions 
that perpetuate inequities. For example, the reliance of local governments on property tax revenue as a 
major source of funding has contributed to disaster risk reduction and adaptation governance systems that 
sometimes prioritize protection of property values rather than people or ecosystems.144,145 Transformations 
to these and similar underlying systems may be needed to address climate adaptation equitably.40 
Congressional efforts to reform to the National Flood Insurance Program, for example, have struggled to 
balance, on the one hand, the need to increase premiums and enrollment to accurately reflect risk and, 
on the other, the need to keep premiums affordable. Solutions to this problem may require broader trans-
formations in the way insurance and risk information are provided.146,147,148 Transformative actions are also 
expected to be necessary to address numerous systemic inequities such as colonialism, systemic racism, 
wealth inequality and distribution, and economies based on extractive industries. 

Adaptation actions are not divided distinctly between incremental or transformative actions (Figure 31.3). 
In some cases, incremental adaptation actions add up to transformative change if they are widespread 
enough; however, the place-based nature of adaptation can make this particularly difficult to achieve. In 
others, incremental adaptation can lead to a limited degree of change that may be insufficient in the face 
of future climate conditions. Similarly, transformative adaptation can take different forms (Figure 31.3). 
The exact blend of incremental and transformative actions that will be needed across the United States is 
not clear, but given the current predominance of incremental action, it is expected that future adaptation 
will need to include more transformation. The more and faster the climate continues to change (e.g., if 
global greenhouse gas emissions are not aggressively cut in the near term; Ch. 32), the more severe and 
spatially uneven climate change impacts will be and the more transformative adaptation will be needed at 
greater rates, scales, and extents. Transformation and even creative incremental adaptation may be able to 
overcome soft limits—challenges such as affordability that may be surmounted with additional research or 
investment—but if global emissions continue unabated, systems and communities will eventually encounter 
hard limits, points beyond which adaptation cannot avoid intolerable risks and impacts.149,150 
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The pros and cons of different types of adaptation are difficult to compare because adaptation, in general, is 
difficult to evaluate since it involves measuring harms that do not occur (e.g., avoided losses). Assessments 
of the effectiveness of adaptation actions have generally been limited to project-specific performance 
against a limited set of extreme events or climate conditions.32,151,152,153,154 Adaptation researchers and prac-
titioners have begun to track the number of actions that have occurred across the US and to evaluate 
adaptation projects in a limited manner (KM 31.1; Figure 31.1). However, efforts to assess trade-offs, effective-
ness, sufficiency, and long-term consequences of incremental and transformative adaptation actions are still 
largely theoretical and will need more work to implement and consistently track over time. Metrics will need 
to be granular enough to observe disparities among communities to reduce potential inequities.32,33 

Incremental and Transformative Adaptation Approaches

Incremental and transformative adaptation may take many forms, but incremental adaptation involves small 
changes while transformative adaptation involves profound shifts. 

Figure 31.3. (a) Adaptation actions can involve small changes to business as usual (incremental) or bold mea-
sures that break from past practices and create new systems (transformative). In some cases, incremental chang-
es may add up to a transformation of the overall system (Scenario A). In other cases, they may not (Scenario E), 
or they may even cause maladaptation (Scenario D). Transformative adaptation can also take different forms, 
including a series of small-scale transformations (Scenario B) or larger one-time shifts (Scenario C). Neither 
incremental nor transformative adaptation is always preferable, and both approaches may exacerbate injustices if 
equity is not centered (KM 31.2). The examples in panel (b) illustrate these conceptual approaches to incremental 
and transformative change; each could be equitable if it follows the principles of equitable adaptation. Current 
adaptation practices in the US are predominantly incremental and do not clearly add up to system-wide transfor-
mation. Adaptation in the future, therefore, is expected to require a greater degree of transformative adaptation in 
the overall portfolio. Figure credits: (a) adapted with permission from Fisher and Williams 2020;155 (b) University of 
Delaware and National Institute of Standards and Technology.
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Key Message 31.4  
Effective Adaptation Governance Empowers  
Multiple Voices to Navigate Competing Goals

Adaptation involves actors from government, private-sector, nongovernmental (e.g., nonprofit 
and for-profit institutions), and civil society organizations, which often have different prior-
ities and approaches (high confidence). Adaptation decision-makers must balance competing 
goals while also addressing uncertainties regarding future climate change and the ways that 
political, social, and technological systems will be transformed (high confidence). To minimize 
the potential for adaptation actions to benefit some at the expense of others, adaptation 
processes must emphasize collaboration, center equity and justice, and incorporate a wide 
range of values and knowledge sources (medium confidence). 

Governance refers to the structures and processes used by governments and other decision-makers to 
develop and implement policies, programs, and institutions.156 Compared to many policy fields, formal 
governance of adaptation is relatively underdeveloped, with weakly defined ambitions, responsibili-
ties, routines, and evaluation methods and no overarching federal policy framework for adaptation.157,158 
Nonetheless, numerous organizations are engaging in adaptation governance in a more bottom-up 
fashion.15,40 For example, urban flood management may be directed by local actors coordinating activities 
without a higher-level directive. 

Many different types of organizations make decisions about adaptation, including federal, state, territorial, 
Tribal, and local governments; businesses; nonprofits; households; and individuals—all with variably 
overlapping jurisdictions (Figure 31.4). While some adaptation decisions are made unilaterally, such decisions 
often involve multiple organizations; adaptation networks have become more complex in the last decade, 
involving more actors from more diverse organizational backgrounds.159 The actors involved often have 
distinct (and at times conflicting) views of the problem, risk tolerance levels, priorities, preferred solutions, 
and ideal futures.160,161,162,163,164
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Organizations and Actors in Adaptation Governance

Climate adaptation involves numerous actions by different actors at multiple jurisdictional scales. 

Figure 31.4. Climate adaptation governance occurs at multiple scales, with numerous government, private, and 
civil-society organizations supporting adaptation through funding, guidance, and other activities. While all actors 
can directly implement adaptation activities, activities implemented in a coordinated fashion and with technical 
assistance, funding, and monitoring provided by actors across sectors and scales have the potential to be more 
effective and transformative. Figure credit: University of California, Irvine, and National Institute of Standards and 
Technology.

When organizations have an explicit focus on adaptation, they tend to organize their governance activities 
in diverse ways. For instance, some cities, states, and utilities have created centralized offices focused 
on overall resilience and/or sustainability, while others have distributed climate adaptation tasks across 
critical functions, each focusing to varying degrees on hazards, social resilience, and/or environmental 
protection.165 At the federal level, legal frameworks for climate adaptation cover a broad range of agencies, 
and these agencies may differ from those mandated to conduct research on the efficacy of adaptation 
governance (e.g., Executive Order 14008, Section 203118).

Given this complexity, adaptation governance is often fragmented and uncoordinated, with the diverse 
actors operating independently and ignoring potential side effects or spillovers.48,49,50,51 This problem exists 
even in settings where actors recognize the need for more coordinated governance.166 Finally, while there is 
increasing recognition of cross-jurisdictional impacts, fragmented governance systems are not structured 
to handle impacts that cross geographic borders.

Leading practices in adaptation governance are based on credible science and involve ongoing open 
processes to support multiple voices across government, civil society, and expert advisors (Ch. 2).156,167,168 
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Linking adaptation policy and governance involves timely and salient communication across actors, 
involving media, lobbyists, and boundary organizations that help translate scientific information and 
co-develop technical support relevant to local communities.169,170,171

Effective and equitable adaptation governance also benefits from intentional engagement and coordination 
among all involved actor groups over a sustained period.1,51,165,172,173 For example, following multiple wildfires 
and postfire floods, Santa Clara Pueblo collaborated with multiple federal agencies, the state of New Mexico, 
and several other Tribes to restore their watershed and build resilience against future floods.174 Such collab-
oration is particularly effective when a single government agency leads coordination of an interorganiza-
tional group to oversee adaptation activities.175,176,177 Alternatively, coordinating hubs can help bridge activities 
of disparate actors;178 having well-defined roles and responsibilities can avoid duplicated efforts.165 However, 
federal agencies can face administrative barriers when engaging with community and nongovernmental 
actors, such as the Paperwork Reduction Act’s requirement of extensive documentation when collecting 
information from the public.

Well-functioning, multilevel governance helps in adaptation strategy development.179,180 For example, 
California, Florida, and other states have used informal regional collaborations (e.g., Southeast Florida 
Regional Climate Compact, Alliance of Regional Collaboratives for Climate Adaptation) to share resources 
and develop adaptation strategies that serve regional needs. The Coastal Zone Management Act,181 which 
requires federal, state, territorial, Tribal, and local coordination in a single review of newly developed laws 
beyond borders to protect and develop coasts, is a potential model for encouraging greater cross-scale 
actions. Vertical linkages between governance levels can help bridge the gap between community-based 
and national-level adaptation efforts179 and enhance horizontal linkages across public and private actors 
and institutions. Horizontal network linkages enable diffusion of information and resources across similar 
organizations; for example, horizontal connections between community groups facilitate selective adoption 
of context-specific adaptations and the scaling out of successful adaptation actions.182

In instances when adaptation governance brings together groups that traditionally have not worked 
together, guidance from conflict resolution and collaborative governance can help.183,184 Ensuring that 
decision-making processes regarding adaptation planning and implementation are inclusive is necessary 
to enable a just and equitable distribution of burdens and benefits (KM 31.2). Additionally, adaptation 
decision-making structures are most effective when they allow for innovation, learning, feedback, and 
continual improvement.165,173

At the federal level, much adaptation has been governed through disaster policies (e.g., through FEMA 
hazard mitigation planning and grants and HUD disaster recovery grants).185,186 These policies may not be 
adequate or appropriate for long-term and systemic adaptation because they are often framed in ways that 
may not address local adaptation needs and focus mostly on critical infrastructure and disaster response 
rather than institutional change.187 Either those systems will need to be transformed or new systems will 
need to be developed for the US to adequately adapt to future climate hazards. 

Another key issue in adaptation governance tends to be unfunded mandates or responsibilities assigned 
to regions or communities without dedicated increases in funding and capacity.1,188,189 Government-led 
adaptation planning would benefit from a greater focus on understanding community-driven adaptation 
before making significant resource-allocation decisions, given the inherently local nature of adaptation.190 
Development of enabling conditions and frameworks to support adaptation is best guided by recognizing 
local values, competence, interest, awareness, and analytical capacity.171,191

Most governance institutions were created when climate change was not recognized and the climate system 
was relatively stationary.123,192 New and revamped governance arrangements face tensions with structures 
of pre-existing institutions that are strongly embedded and may be protected by long-standing power 
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dynamics.123,193 Creating adaptive systems will require fundamental changes across multiple systems and 
sectors, such as infrastructure, agriculture, public health, and natural resource management (KM 31.3; Chs. 
6, 11, 12, 15, 18). Additionally, transformative adaptation benefits from aspirational vision and leadership, as 
transformative adaptation can upend existing norms and practices.194

Systemic change can be facilitated through changes in laws, codes, and standards; data collection (e.g., 
disaggregated demographic data); and regulations that shape decision-making for intentional and equitable 
adaptation. For example, laws requiring cost–benefit analyses prioritize infrastructure investments in neigh-
borhoods with high-value properties unless explicit practices to target specific beneficiaries are included 
and the disaggregated data to identify desired beneficiaries exist.195,196 Likewise, laws that prescribe the types 
of science used in decision-making may exclude local or Indigenous Knowledge, limiting both participation 
in decision-making and incorporation of multiple actors’ views and priorities (KM 16.2). 

The body of research to inform effective and equitable adaptation governance is growing, but knowledge 
gaps and a need for translating research findings into on-the-ground implementation action remain. 
Adaptation researchers can inadvertently create gaps, make translation more difficult, or duplicate efforts 
if they do not fully reference previous works or if the field becomes too fragmented across disciplinary 
or topical silos.197 Local governments can prioritize adaptation activities and avoid maladaptation and 
unintended side effects by effectively identifying and assessing synergies and trade-offs that are context 
specific.198,199 Building local capacity can also support more equitable adaptation governance.197 Research 
on adaptation governance may increasingly address a rise in climate litigation, with thousands of US cases 
identified in climate litigation databases.200 A key driver for litigation is compensation for the costs of 
adaptation. The dynamic sociopolitical and scientific context in which climate litigation takes place makes 
it challenging to assess its impact.201 Finally, identifying institutional and systemic shifts that may support 
more coordinated and transformative governance would require more research.

Key Message 31.5  
Adaptation Requires More Than Scientific Information and Understanding 

 Effective adaptation to a changing climate requires both decision-relevant climate information 
and evidence-based decision-making approaches (high confidence). Adaptation requires that 
researchers intentionally collaborate with communities to identify goals, assess vulnerability, 
improve capacity, and address contextual factors, such as values, culture, risk perception, and 
historic injustices (medium confidence). Climate services can be improved by ensuring access 
for historically disinvested communities and by attention to procedural and recognitional 
equity when scientists work with communities and decision-makers (medium confidence).

Climate data and information remain a limiting factor for adaptation. However, many people and orga-
nizations, especially those in historically disinvested communities, require more than scientific data and 
information to adapt. 

Cities and states use climate data, information, and decision-support tools in adaptation decisions (Table 
31.2) to, among other things, identify, assess, plan, and reduce risks. For example, the city of New York 
recently legislated Climate Resiliency Design Guidelines,202 which, among other things, determine the height 
of flood protection measures using climate projections from the New York City Panel on Climate Change. 
Tools like the US Climate Resilience Toolkit,203 Climate Mapping for Resilience and Adaptation,204 the Sea 
Level Projection Tool,205 and even the web-based format of the National Climate Assessment (NCA)206 provide 
broad access to climate information across the US. Several states have developed climate data portals to 
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provide communities with location- and sector-specific climate hazard data (e.g., Cal-Adapt in California,207 
the New York Climate Change Science Clearinghouse,208 and the New Mexico Climate Risk Map209). These 
tools are particularly useful for organizations with the technical and technological expertise to interpret and 
customize the data (e.g., insurance companies, larger cities and states, and other entities). However, many 
adaptation decisions are made without customized adaptation decision support,162,210 which may be due to 
the overwhelming number and complexity of tools that exist. 

A growing number of efforts provide science- and evidence-based support that extends beyond climate data 
and information. These efforts are referred to by many names, including climate services,47,211,212,213,214 technical 
assistance,215,216 decision support,217 sustained assessment,218 and boundary spanning.219,220 These terms are 
not synonymous in that they have distinct approaches related specifically to adaptation that go beyond 
technical support. These various efforts might 

• consider context and need in early stages of development to increase scientific adequacy and to 
respect processes of knowledge creation involving people with diverse values and lived experiences;211,

221,222,223,224,225 

• honor Traditional Knowledge systems226 and Indigenous self-determination (KM 16.2);

• address contextual factors such as risk perception, decision-making authority, and 
organizational agility;227,228,229

• customize data and information to fit the time frame and spatial scale of interest;222,229,230

• manage uncertainty about the extent and timing of climate change and its effects, as well as about 
potential social–economic–environmental futures;161,231,232,233,234 

• plan for and anticipate multiple possible futures to respond to changing conditions and unforeseen 
consequences;235,236,237,238 

• strengthen public participation and democracy by engaging multiple actors in negotiating goals, 
evaluating trade-offs, and making adaptation decisions (KM 31.3);10,84,227,239,240,241,242,243,244 and 

• develop evidence-based strategies for changing behaviors and systems and 
evaluating outcomes.151,245,246,247,248

There are several Federal programs that provide broader forms of climate decision support. For example, 
NOAA’s Climate Adaptation Partnerships Program, USDA’s Climate Hubs, USGS’s National and Regional 
Climate Adaptation Science Centers, National Park Service’s Climate Change Response Program, EPA’s 
Environmental Justice Thriving Communities Technical Assistance Centers, and Department of Energy’s 
national labs47,249 all provide climate services for a range of sectors and regions. Similarly, the Tribal Climate 
Adaptation Menu (Dibaginjigaadeg Anishinaabe Ezhitwaad),250 developed by numerous stakeholders in 
Minnesota, provides a framework to integrate Indigenous and Traditional Knowledge into the climate 
adaptation planning process. Despite these existing efforts, there are still limitations on awareness of and 
access to services, especially for historically disinvested communities. 

Access to broader forms of technical support varies, with underserved communities facing critical gaps 
(KMs 16.2, 29.4). Not all regions are covered. Some sectors are further along in climate adaptation planning 
than others. While there has been some research on gaps by region and sector,249 no comprehensive 
nationwide evaluation exists that assesses the availability of climate services, and most existing evaluations 
are largely based on geographic and sectoral coverage, not differential exposure and factors related to social 
vulnerability. Moreover, many emerging forms of support are not explicitly focused on climate services. 
Instead, they are providing climate-related technical assistance, which is unfamiliar to some environmental 
justice communities and Tribal Nations.215,216,251 Additionally, environmental justice communities and Tribal 
Nations face barriers to obtain federal funding for technical assistance because there is a high level of 
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technical skill required to apply and/or strict eligibility criteria.252 When, how, where, why, and for whom 
climate services and climate-related technical assistance are distributed can be tied to transformative and 
equitable adaptation (Table 31.2). 

Table 31.2 Climate Services Can Be Designed to Support Transformative and Equitable Adaptation 

Climate services can be aligned to the level of community engagement and the impact of adaptation efforts. Climate services 
are not about supporting decisions in a vacuum. They can be designed to avoid engagement fatigue and advance transforma-
tive adaptation. Climate services can assess vulnerability and adaptive capacity to support actions to reduce unjust, maladap-
tive choices. Engaging communities in the development of climate services related to adaptation can empower environmental 
justice communities and Tribal Nations. Data and information tools can help reduce engagement fatigue if the goals, out-
comes, and values have been established. If community engagement is needed to codevelop goals and values necessary to 
evaluate the consequences of transformative adaptation options, institutional partnerships can build and sustain the inclusive 
participation of diverse community voices.

Level of Community 
Engagement in 
Climate Services

Incremental Approach to Adaptation Transformative Approach to Adaptation

Low
Are services enabling maladaptation?
Consider services that assess vulnerability and 
adaptive capacity to account for injustices. 

Are services supporting equity?
Consider services that remove barriers to 
participation in climate adaptation, including 
knowledge generation.

High
Are services operationalized?
Consider services that provide decision tools to 
reduce engagement fatigue. 

Are services sustained and mainstreamed?
Consider institutional arrangements that 
maintain trust, credibility, and saliency and 
embed services into decision processes. 

Adaptation decisions range from smaller-scale, incremental decisions with clearer and limited participants 
to far-reaching, transformative changes with multiple decision points and decision-makers. Climate services 
can support adaptation and equity by encouraging discussion between historically disinvested communities 
and decision-makers regarding relevant climate risks and trade-offs between adaptation options.56,253,254,255 
In some cases, the trust and relationships built through an inclusive decision-support process lead to 
collective learning and adaptation over time, sometimes referred to as coproduction.

Coproduction encompasses a range of collaboration modes—from consultative to collegial—that structure 
science and decision support to advance societal goals.151,227,247,248,256,257,258 Coproduction involves iterative, 
multiway processes that can strengthen procedural equity through power sharing and collaborative 
knowledge creation. For example, Looking Forward, Looking Back: Building Resilience Today, a partnership 
between the Alaska Climate Adaptation Science Center and the Aleutian Pribilof Islands Association, 
involved five community teams with leaders from each spanning multiple governing bodies, including 
the Tribal Council, the city governments, and the village corporations.259 Training and workshops in each 
community were designed to support the development of climate adaptation plans. 

Coproduction needs to be structured in ways consistent with the need and potential adaptation impact 
(Table 31.2). Coproduction is time- and resource-intensive, which can be another burden on disinvested 
communities,260 especially given that language differences, remote locations, and other logistical challenges 
(e.g., lack of childcare) present barriers to participation and engagement. Additionally, there is a risk of 
unintentionally creating competing and unaligned goals across community members, technical experts, 
and government officials.227 There are also often mismatches between the urgency for climate action, the 
long-term development of scientific evidence, and governmental decision processes.

To improve adaptation practice, adaptation-needs assessments—not solely focused on science gaps but 
also on adaptation barriers—can identify how practitioners and communities are or are not supported by 
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the scientific community in their adaptation efforts and in what contexts different forms of support are 
preferred over others.261,262,263 

In particular, decision-makers can benefit from access to or the development of methods, metrics, and 
indicators (App. 4.7) that support trade-off analysis when making adaptation decisions.264 Additionally, to 
evaluate adaptation choices, decision-makers can

• use these tools to track progress on adaptation efforts and outcomes;33,153

• assess short-, medium-, and long-term adaptation effectiveness;151,152,265 and

• evaluate the advantages and disadvantages, including cost-effectiveness, of incremental and 
transformative adaptation.152,154

Although vulnerability indicators have been developed and thoughtfully used in planning efforts,266,267,268 and 
resilience indicators have gained traction recently to assess community impacts or resilience factors,269,270,271 
adaptation indicator development has lagged, because assessments of effectiveness and comparisons 
against baselines have been limited to evaluation of specific projects.32 Indicators need to consider context, 
audience, and use to be effective, including the multiple ways that adaptation affects communities and 
ecosystems. For example, building a seawall may reduce the likelihood of floodwaters reaching the homes 
behind the wall (risk outcome), but the wall may also increase erosion of neighboring properties (risk 
outcome to people outside the wall), narrow the beach and affect coastal species (environmental outcomes), 
and cut off access to the shore, changing the way people in the community interact with the coast 
(social outcomes).93,272

Key Message 31.6  
Adaptation Investments and Financing Are  
Difficult to Track and May Be Inadequate

Investments in adaptation are being made at the federal, state, territorial, Tribal, and local 
levels, as well as within the private sector, but they are not always evenly distributed, coordi-
nated, tracked, or reported (high confidence) and may be inadequate (medium confidence). 
Future adaptation investment needs are expected to be significant, although projected 
amounts vary due to uncertainty in future emissions trajectories, associated impacts, and the 
timing of implementation (high confidence). Proactive adaptation can reduce some of the most 
severe costs of future climate change, particularly under very high emissions scenarios in the 
late 21st century (medium confidence), although adaptation is still needed in the present for 
communities and infrastructure that may not be well adapted to face current climate condi-
tions (high confidence).

Estimates of the damages and associated costs of climate change without adaptation can reach into the 
hundreds of billions of dollars by the end of the century (Table 19.1).273,274 Although there are national-level 
estimates of the economic cost (total damage) of climate change (Ch. 19),273 there are no comprehensive 
national-level estimates of adaptation costs for the US. Across adaptation economics assessments, there 
is little consistency regarding which future emissions scenarios are considered in projecting impacts, the 
sectors evaluated, the types of damages considered (e.g., direct and/or indirect), the time horizon for cost 
estimates, and the costs of implementation.1,275 Despite these differences, studies in the US consistently 
project adaptation costs on the order of hundreds of millions to billions of dollars.273,274,276,277,278,279
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Determining how much and where to invest in adaptation involves decision-making under uncertainty, 
evaluation of trade-offs, and assessment of the risks associated with delaying action. Generally, this involves 
quantifying the projected economic impacts of climate change (KM 19.1), the projected costs of adaptation 
actions, and the expected benefits and/or avoided harms from those actions, all of which can be deeply 
uncertain. Other essential considerations include efforts to determine ideal levels of adaptation given 
resource constraints and how to efficiently and equitably allocate costs and benefits among stakeholders. 
Considerations that are implicit or explicit in adaptation-related economic analyses include questions of 
who pays for or benefits from adaptation, how to account for the nonmonetary or difficult-to-quanti-
fy costs of climate change (e.g., the emotional and physical toll of experiencing extreme weather events, 
displacement of community after an event, loss of traditional ways of living, and loss of sites of cultural 
significance; KM 19.1), and what stakeholder interests are reflected in the valuation (both cross-sectionally, 
in terms of different stakeholder groups, and temporally, as in the choice of discount rate). Some organi-
zations have generated benefit–cost ratios to reduce the impacts of climate hazards through adaptation 
planning. For example, the National Institute of Building Sciences suggests a 4:1 benefit–cost ratio for hazard 
mitigation work, with federal grants spent on resilience achieving a 6:1 benefit–cost ratio.280 However, even 
when adaptation implementation is favored, other factors such as finances, risk perceptions, inadequate 
incentives, community capacity, competing priorities, or social and political influences may lead individuals 
and communities to underinvest.279,281

Improvements have been made in the ability to quantify and monetize the physical impacts of climate 
change (KM 19.1), which are used to estimate both the costs and value of various adaptation actions,273 
although uncertainty and limitations in these estimates remain.150,282,283 Estimating the aggregated and dis-
aggregated (e.g., sectoral or regional) costs of adaptation, risks of inaction, and value of adaptation actions 
involves several methodological challenges:284 developing damage functions that represent impacts of 
climate change and account for adaptation;282 understanding the limits of adaptation options and capacity 
(e.g., effective options may not be presently known or adaptation limits may have been reached); analyzing 
the behavior of different cost estimation methodologies across climate scenarios and time horizons; incor-
porating the context specificity of adaptation choices and outcomes into analysis, especially at larger scales 
(KMs 31.2, 31.4);285 and evaluating the effectiveness and sufficiency of the actions taken to adapt to climate 
change. 

Both the Fifth and Sixth Assessment Reports of the Intergovernmental Panel on Climate Change state 
that the benefits of adaptation are expected to be larger than the costs.284,286 However, both reports note 
important limitations in estimating aggregate climate damages, costs of adaptation options, and avoided 
damages from adaptation implementation that create uncertainty and can make it difficult to compare 
across studies (Cross-Working Group Box Economic in O’Neill et al 2022150). Proactive adaptation (e.g., 
actions, which can be transformative or incremental, taken with the goal of preventing repair costs 
associated with future climate change) has been shown to reduce climate change damage–related costs 
for some sectors compared to reactive adaptation (e.g., repairs to damaged infrastructure that do not 
generally include consideration of future climate change but do consider current climate conditions; 
Figure 31.5)128,274,277,281 or no adaptation. In the context of electricity distribution infrastructure, for example, 
proactive adaptation might entail updating wooden pole designs to account for expected temperature 
and precipitation conditions over the full future life span of the asset.128 Reactive adaptation would entail 
replacing the poles with designs that are only reflective of current climate; no adaptation would entail using 
designs that do not account for any climate change that already may have occurred.128
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Despite the estimated value of proactive adaptation, real-world impediments to proactive adaptation, such 
as ill-timed revision of infrastructure codes and inadequate incentives, can inhibit feasibility of implementa-
tion,128,274 and findings may not be applicable in all sectors.273 In many studies, proactive adaptation becomes 
increasingly valuable with greater levels of warming (e.g., under higher emissions scenarios), with benefits 
accruing over time, particularly in the later decades of the 21st century.274,277 Where there is considerable 
current risk to infrastructure and assets from climate conditions (e.g., flood-related risk), it can be cost 
effective to implement adaptation now even if future benefits from proactive adaptation are small when 
discounted to the present.279

Estimated Annual Change in Costs Due to Climate Change

Future costs associated with climate change will depend on adaptation efforts and scenarios. 

Figure 31.5. In some sectors, proactive adaptation can help reduce projected damages from climate change. 
Estimates are shown for a 5-model ensemble for two sectors (roads [a] and rail [b]), two time periods (2050 
and 2090), and two scenarios—an intermediate scenario (RCP4.5) and a very high scenario (RCP8.5). The three 
adaptation scenarios reflect the nature in which adaptation has been implemented. Estimates include only costs 
incurred above historical climate conditions (e.g., climate conditions associated with historical climatology) and 
assume that adaptation can be readily implemented. Findings should be interpreted only for the sectors shown. 
Adapted from Neumann et al. 2021274 [CC BY 4.0].

The scale of the adaptation challenge requires multiple streams of investment (personal, private, and public) 
and multiple financing options for individuals and communities that may struggle to finance it on their own 
(KM 21.5). Investments in adaptation287 are being made at the federal, state, territorial, Tribal, and local levels, 
as well as within the private sector, but they are not always evenly distributed, coordinated,288 tracked, or 
reported. 

Adaptation finance relates to monetary investments that reduce the vulnerability or increase the resilience 
of human and ecological systems to negative climate change impacts.289 Funding for adaptation, which to 
date has traditionally originated within the public sector, lags financing for mitigation-related projects (e.g., 
renewable energy development, energy efficiencies).275,290,291,292 In addition, adaptation funding is tracked 
and reported more transparently at the international level than in the US, both in terms of total volume of 
investment and flows between countries.284,291 In 2019 and 2020, the annual average of global adaptation 
finance investments was approximately $55 billion, compared to $659 billion for mitigation projects (in 2022 
dollars).291 Funding is largely funneled through public lending institutions such as multilateral and national 
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development finance institutions but can also originate from other sources, including commercial finance 
institutions, governments, and corporations. Tracking of domestic public-sector and overall private-sector 
adaptation-related investment and financing is a known gap.284 However, given their cross-cutting nature 
and co-benefits, investments in adaptation are not always clearly demarcated or obviously identified, 
making it difficult to explicitly track them and ultimately evaluate their effectiveness. Funding for infrastruc-
ture hardening, home weatherization, or cooling centers, all of which can be considered adaptation-related 
investments (and more incremental), may come from diverse organizations, be dispersed across programs, 
or not be clearly tagged as adaptation-related expenditures. 

Federal and state budget and expenditure tracking does not always distinguish between mitigation- 
and adaptation-related activities (Box 12.1).25 Assessing the landscape and uptake of available financing 
instruments can illuminate where adaptation finance presently originates and is concentrated. Several 
toolkits, such as the Equitable Adaptation Legal and Policy Toolkit287 and Ready-to-Fund Resilience Toolkit,293 
provide an overview of different funding (e.g., government grants) and financing (e.g., debt or equity 
financing) options that are available and help communities design and finance adaptation projects. Services 
from network organizations such as the American Society of Adaptation Professionals facilitate exchange of 
leading practices and collaborative spaces for trusted partnerships to form and co-investments to occur for 
climate adaptation. Understanding how to utilize funding sources would also require understanding levels of 
vulnerability, hazard exposure, and adaptation and resilience requirements in a future climate context.

At the federal level, government entities such as the Department of Treasury and FEMA provide grants and 
manage national tax credit and similar financing programs. Other Federal Government entities such as the 
Department of Transportation, NOAA, and the Department of Energy fund projects to advance adaptation at 
various levels of government and sectors (KMs 5.3, 9.3, 13.1).

Private-sector investments in adaptation can include funding or financing options (e.g., grants from private 
and philanthropic organizations, impact investing from private and development finance institutions, 
incentives for adaptation measures from insurance companies [KM 21.5], and/or loans from green banks), 
as well as direct investments from private companies to implement adaptation measures to reduce physical 
climate risk. There has been increased activity in the private sector exploring adaptation to physical and 
transition risks. This activity has been driven partially by investors requesting increased transparency in 
climate-related and environmental, social, and governance impacts (e.g., the Task Force on Climate-related 
Financial Disclosures) and ranges from climate risk disclosure to organizational resilience and from capital 
stress testing to adaptive asset management. Private-sector organizations have also made independent 
and regulatory-required adaptation-related investments after natural disaster events (e.g., asset hardening 
after a severe storm). With limited information on corporate and other private-sector adaptation, it is hard 
to know the scale and sufficiency of actions implemented to date, but overall, adaptation planning and 
investments appear to lag significantly behind low-carbon transition planning. 

Data on corporate and other private-sector investments in adaptation are very limited, in part due to confi-
dentiality restrictions, uncertain causality, and lack of agreed-upon impact metrics.275,294 Lack of data makes 
it difficult to determine where private-sector investment is occurring and any gaps in sectoral, geographic, 
or community access to privately funded opportunities. Investments in adaptation by the private sector 
may face more hurdles due to greater challenges with quantifying return on investment compared to 
mitigation-related projects, uncertainty in policy and regulatory environments, mismatched investment 
time horizons, and challenges in mapping climate impacts to business-related activities.57 Increasing trans-
parency in climate-related disclosures that describe the actions corporations and other private-sector 
entities are taking to minimize the physical and transition risks to their organization, their value chain, 
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and the communities where they reside and operate may advance the ability to track action and progress 
toward adaptation where climate risks are extensive. Concerns remain, however, about the comprehensive-
ness, alignment, and quality of information included in disclosures, as well as the ability to compare across 
responses.295 Responses also overwhelmingly skew toward large corporations in specific sectors, in part due 
to the significant resources required to prepare disclosure responses.295

In practice, there are multiple examples of communities leveraging the diversity of investment instruments, 
risk finance mechanisms, and broader finance-relevant solutions to support adaptation. Examples include 
federal and state public funding (e.g., Louisiana’s Strategic Adaptations for Future Environments program296), 
municipal public–private funding (e.g., DC Water’s Environmental Impact Bond297), development institution 
investment (e.g., Coastal Enterprises Inc., a community development financial institution based in Maine298), 
and public–private risk transfer (e.g., a parametric insurance program for the Miami-Dade School District, 
developed by reinsurer Swiss Re). Financial instruments can serve multiple purposes—to finance activities 
that reduce direct exposure and vulnerability to physical climate change impacts and to transfer and/or 
reduce risk where physical climate impacts are difficult to eliminate through more direct measures (e.g., 
through insurance and other instruments). In late 2022, the 117th Congress passed the Community Disaster 
Resilience Zones (CDRZ) Act299, requiring FEMA to continue to maintain a natural hazard assessment 
program, designate community disaster resilience zones based on census tract hazard-risk ratings, and 
provide an increased federal cost share to those communities. The CDRZ Act is an amendment to the 1988 
Stafford Act,300 requiring the identification and improvement of the climate and natural hazard resilience of 
vulnerable communities. FEMA will engage with state, territorial, Tribal, and local emergency management 
partners to identify how the designation of the zones can benefit these government entities. 

Despite these and other actions, several gaps limit the efficacy and volume of adaptation finance in the US, 
including the following:

• Challenges in tracking and assessing adaptation finance flows: As previously stated, sparse data 
on public and private adaptation-related investments inhibit the ability to track finance flows and 
overall investment levels within the US. Work to establish a process for tracking these data would be 
an important first step in better understanding the sufficiency and efficacy of adaptation investments. 
Adaptation finance gaps are also generally assessed in terms of aggregated finance volume (e.g., a 
country or regional average of adaptation finance), which does not capture the efficacy of finance.301 
Impact metrics are crucial for a full accounting of adaptation finance. 

• Upfront or operational costs of adaptation are, or are perceived to be, high or are inhibited by other 
factors: Many interventions that could strengthen adaptation have, or are perceived to have, high 
up-front costs or uncertainty in total costs (especially if the costs or benefits are difficult to quantify) 
and may not be viewed as viable within many institutions’ or communities’ financial capacity. Local 
adaptation plan cost estimates sometimes exceed local governments’ entire municipal budgets,302 
leaving very little budget to implement the actions identified in the plan. 

• Private entities have historically lacked incentives to invest in adaptation, but this may be 
changing: Investments in adaptation can be perceived as public goods, limiting private-sector 
involvement.57,286 Many private financiers have faced difficulties incorporating the economic 
benefits from avoided losses into their investment decision-making.303 Emerging evidence points 
to increased investor, insurer, and credit rating agency attention to climate risk and the associated 
financial impacts or cost of capital for borrowers vulnerable to climate risk.304,305 More publicly traded 
companies are estimating and disclosing the financial impacts of climate change and the investments 
made to reduce climate-related risks and to maximize the opportunities.306 These evolutions may 
cause a shift in perspective by private investors if investment returns are perceived to be at risk from 
climate change.
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• Unsupportive legal and regulatory environment: Although there are examples of regulatory 
mandates for adaptation planning (e.g., California Public Utilities Commission Rulemaking R.18-04-
019307 and New York State Senate Bill 7802308), in many contexts, the legal and regulatory institu-
tions and infrastructure that support adaptation investment are insufficient, either because they are 
themselves underfunded (KM 31.3) or because political support is lacking (or both). Insufficient, weak, 
or nonexistent regulatory and policy frameworks (e.g., lack of or delayed adoption of forward-looking 
infrastructure codes and standards; KM 12.3) create barriers to action and investment. Such policy 
decisions limit incentives to address physical climate risk and reduce the likelihood of mobilization 
of finance.
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Traceable Accounts
Process Description
Adaptation to climate change has the potential to affect people from all walks of life, so the author team was 
selected to represent people from a diverse range of disciplines including social sciences and engineering, 
as well as professional practitioners focused on adaptation. Care was taken to ensure that the team 
included both early-career and senior professionals from across industry, academia, and government who 
come from varying geographic areas and personal backgrounds. The authors were selected from the list 
of individuals who responded to the Federal Register Notice or otherwise directly contacted the US Global 
Change Research Program to volunteer. Authors met virtually on a weekly or bi-weekly basis throughout 
the assessment to build consensus, incorporate feedback from stakeholders received during the public 
workshops and comment periods, and collaborate and cross-reference other Fifth National Climate 
Assessment chapters where relevant.

It is important to note that while the terms “adaptation” and “resilience” are complementary concepts, there 
are distinct and important differences between the meanings of these terms, and confusion arises since 
they are often used interchangeably in policy and academic discourse. “At its most basic, adaptation refers 
to a process or action that changes a living thing so that it is better able to survive in a new environment, 
whereas resilience describes the capacity or ability to anticipate and cope with shocks, and to recover 
from their impacts in a timely and efficient manner. However, in practice, the distinctions and relationships 
between resilience and adaptation are more complicated and less easily defined.”309

Historically, resilience was referenced as “bouncing back” and involved a return to baselines—such as a 
community recovering to its pre-disaster state after an acute climate-related event, such as an earthquake 
or hurricane.310 More recently, however, the disaster planning and adaptation communities have realized 
that “bouncing back” to the status quo can be harmful. Therefore, the term “resilience” has recently been 
discussed as “bouncing forward”—changing a system or community to be better prepared for future 
conditions, whether those are sudden shocks like hurricanes or long-term stressors like drought and sea 
level rise. Bouncing forward implies that there has been reflection, growth, and learning, which does not 
always occur and is not always captured and evaluated after shocks and stresses have occurred. There are 
also communities that are forced to be resilient and can either bounce forward or bounce back depending 
on their access to the resources and support that meet their specific needs in both the short and long term. 
This chapter focuses on actions that help communities “bounce forward” to prepare for and thrive under 
future conditions.

Key Message 31.1  
Adaptation Is Occurring but Is Insufficient 
in Relation to the Pace of Climate Change

Description of Evidence Base
The state of climate adaptation in the US has been somewhat well-documented through literature and orga-
nizations capturing publicly available adaptation actions to date at multiple scales, such as the Georgetown 
Climate Center, the Intergovernmental Panel on Climate change,150 the Global Adaptation Mapping 
Initiative,15 and this National Climate Assessment. In addition, there are numerous studies documenting 
diverse barriers to adaptation, including psychological, regulatory, financial, and political barriers.43,44,45,48 
The chapter authors, as adaptation practitioners and researchers, understand in depth the current state 
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of adaptation and progress—or lack thereof—being made across the US from the local to the national scale 
and wove that into the evidence base. The authors were able to capture evidence of progress and barriers 
along the various stages of the adaptation cycle from recent research and literature, public comments, 
and their professional experience. Although there is progress being made across the US, there are still 
significant barriers to overcome for Americans to adapt to climate change now and into the future. The 
chapter documents these barriers further in the Key Message narrative and highlights some on-the-ground 
examples to illustrate these barriers. 

Major Uncertainties and Research Gaps
Given the lack of research on evaluating the effectiveness and sufficiency of adaptation actions across 
multiple sectors, scales, and regions, the authors focused on evaluating the current status of and barriers to 
adaptation across the five stages of the adaptation cycle. Authors felt as though the previous graphics4,19 that 
illustrate progress along the adaptation cycle do not accurately reflect the varying levels of progress from 
the national to local scale. For example, a rural town in Kansas may be at the awareness stage, whereas the 
City of New York is in between the implementation and monitoring and evaluation stages of the cycle. Given 
this disparity in the level of progress along the cycle, authors included examples—captured from literature 
and author experience—of progress and barriers to each stage of the adaptation cycle. 

Description of Confidence and Likelihood
Very high confidence in the diversity of adaptation actions occurring across the US stems from widespread 
and well-documented academic and policy reports about adaptation. While there are few documented 
examples of fully implemented adaptations, a lack of systematic studies of adaptation implementation that 
enable a comparison over time and the difficulty of comparing across regions and sectors yield medium 
confidence that adaptation is moving from the planning to implementation phase. Available research 
agrees that few implemented adaptations are being evaluated (high confidence) and that organizations 
face numerous barriers to developing and implementing adaptations (high confidence). Most available 
sources agree that current adaptation efforts and investments are incremental in nature and are insuf-
ficient to address future climate risks (high confidence). However, projecting and evaluating actual levels 
of risk reduction remains difficult, which leads to our statement of medium confidence related to current 
adaptation efforts and investments being unlikely to keep pace with future changes in the climate.

There is no consistent or regularly updated and tracked source for adaptation actions across the US at 
multiple scales, regions, or sectors, and many actions that may be considered adaptation may not be 
publicly known or captured through sources currently available that do track adaptation actions (e.g., the 
Intergovernmental Panel on Climate Change [IPCC] and the Georgetown Climate Center [GCC]). Therefore, 
the chapter’s authors can provide confidence levels but not likelihood assessments. 

Key Message 31.2  
Effective Adaptation Requires Centering Equity

Description of Evidence Base
A substantial number of peer-reviewed papers, government data and reports, and accounts from extreme 
weather and climate events illustrate the uneven effects of climate change (Chs. 16, 18, 20).62,63,64,65,66 Spe-
cifically, there is mounting evidence of the ways climate change disproportionately impacts low-income 
communities with higher percentages of Black, Indigenous, and Latin people, women, and younger or older 
adult populations, among others. Research and government reports document numerous ways in which 
government and private-sector systems contribute to differential effects through discrimination, displace-
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ment, or underinvestment in hazard mitigation, other public infrastructure, or disaster response (e.g., Frank 
2020;69 Wilson et al. 2021;70 Howell and Elliott 201968). Some disparities are better documented than others, 
but the finding that climate change affects populations differently and that some of these differences are 
driven by government (in)actions and social systems is not disputed in the literature. 

There is a converging body of evidence that demonstrates that individual and social factors play a significant 
role in whether people have the resources to reduce or avoid climate impacts (e.g., adaptation), as is the case 
in other areas of society (e.g., access to education as a limiting factor to job security).84,85,86,87 The specific 
reasons why individuals and communities adapt the way they do remains an area for research, but there is 
robust evidence and high consensus that psychological, cultural, historical, geographical, and social factors 
play a role and that individual or community values are important drivers in the adaptation process.95,96,311,312

Maladaptation is a well-established concept in the adaptation literature, and cases of maladaptation have 
been well documented in numerous cases by a range of author teams,106,107 although the exact criteria used 
to determine when an action is maladaptive often differ according to context. A growing body of research 
documents the ways that centering equity in the design, planning, and implementation stages of adaptation 
leads to improved outcomes.40,113,117

Major Uncertainties and Research Gaps
A source of uncertainty is the lack of standardized methods to evaluate the social justice or equity impli-
cations of climate adaptation. Numerous studies have documented inequities and injustices in adaptation 
or hazard risk-reduction programs and actions (e.g., Frank 2020;69 Wilson et al. 2021;70 Howell and Elliott 
201968), but different author teams use different metrics and concepts, including participatory, distributive, 
or recognition justice. The different methods make comparative analyses challenging, although notably the 
many methods and teams reach similar conclusions about the desirability of centering equity and justice to 
both improve quality of life for affected communities and reduce climate-related risks.

Description of Confidence and Likelihood
There is strong evidence from a wide range of academic studies and government reports, with high levels 
of agreement across numerous research teams, that people are affected by climate change in different 
ways and to different degrees and that these differences are affected by historical and contemporary social 
systems. This statement therefore warranted very high confidence. Similarly, there is widespread, robust 
evidence with strong consensus that adaptation choices are influenced by preferences, capacity, and access 
to resources as well as personal and community values, so this statement was also considered to have very 
high confidence. The statement that adaptation actions that do not center equity and underlying causes of 
injustice can exacerbate inequity and increase climate risk is considered high confidence because there is 
widespread consensus about this claim, but the evidence is slightly less robust due to a lack of standard-
ized methods to assess the social justice of adaptation outcomes. Studies documenting maladaptation when 
equity is not centered also bolster this conclusion. 

Key Message 31.3  
Transformative Adaptation Will Be Needed to  
Adequately Address Climate-Related Risks 

Description of Evidence Base
There is a significant and robust literature documenting the occurrence and type of adaptation practices 
globally and in the United States.15 Technical contributors to this chapter reviewed adaptation actions as 
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documented in government reports and adaptation plans, as collected by the GCC Adaptation Clearing-
house and a systematic review. Researchers use several frameworks to assess transformative adaptation 
actions, but core principles relate to the depth or novelty of the change, the scale of the change (e.g., 
geographic or across multiple sectors), and the ability to address fundamental traits of systems or to 
challenge constraints of adaptation.40,90,122,123 The IPCC Sixth Assessment Report, Working Group 2, for 
example, reviewed the relative frequency of incremental and transformative adaptation in over 1,800 studies 
using a modified version of the Termeer et al. (2017)123 framework.150 

Determining whether transformative adaptation is necessary in a particular case or whether incremental 
adaptation is sufficient for a given location or sector requires evaluation of not only individual adaptation 
actions but also suites of actions. Adaptation actions are difficult to evaluate, as the goals of adaptation 
are often contested, and the effectiveness or sufficiency of actions may not become apparent for a long 
time16,313,314 (see discussion below in “Major Uncertainties and Research Gaps”). Nevertheless, a common 
finding within the literature is that most adaptation actions are incremental, small in scale, and limited 
by soft and hard constraints on adaptation.1,15 Studies that assess the sufficiency of adaptation actions to 
address future climate change impacts routinely find that current incremental actions may be insuffi-
cient,27,120 where sufficiency is determined based on projected climate change effects and limitations of 
adaptation actions (e.g., the ability of irrigation systems to handle future droughts). While the degree to 
which future actions will need to be transformative is uncertain (e.g., whether some, most, or all actions will 
need to be transformative), the literature supports high confidence that more actions will need to be trans-
formative in the future than is current practice. That is, the US adaptation portfolio will need to include 
more transformative adaptation to adequately address future climate risks. 

Major Uncertainties and Research Gaps
The major source of uncertainty is a lack of consistent, high-quality methods to evaluate the sufficiency of 
adaptation actions to address future climate-related risks. Methods are being developed (e.g., Parker et al. 
202027), but lack of consistency across the field makes comparative studies difficult and complicates efforts 
to pin down optimal adaptation portfolios. Methods for decision-making under uncertainty are growing for 
this reason, as are methods to identify actions and portfolios of actions that are robust under numerous 
climate futures. Efforts to evaluate both the effectiveness of adaptation actions and portfolios in addressing 
current climate-related risks and the sufficiency of actions and portfolios to address future climate risks are 
areas for continuing research. 

Description of Confidence and Likelihood
There is very high confidence that climate adaptation actions in the United States to date have been 
incremental, because numerous information sources reporting adaptation actions in academic and 
government literature document these results and generally agree on the incremental nature of the 
adaptation actions. Although there is evidence of a few examples of transformative action, the overall 
statement that actions are generally small in scale and incremental remains robustly supported with strong 
evidence and high consensus. The necessity of transformative adaptation is assigned high confidence 
because numerous author teams and government reports reach this conclusion, but there is less robust 
evidence to support the extent of transformation that will be necessary. Similarly, numerous research 
teams conclude that monitoring and evaluation of adaptation will need to improve, both in terms of the 
methods used and the data collection and processes, to better understand what adaptation actions are 
effective to deal with current risks or sufficient to address future climate risks. However, not all teams agree 
on the nature of these monitoring and evaluation methods, so the need for improvement is assigned high 
confidence. The finding that adaptation actions in the United States (both the type and extent of actions) 
are generally insufficient to deal with future climate risks is not controversial in the literature. Likelihood 
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statements were not provided because they represent probabilistic assessments of uncertainty that are 
inappropriate for this type of analysis.

Key Message 31.4  
Effective Adaptation Governance Empowers  
Multiple Voices to Navigate Competing Goals

Description of Evidence Base
Research on adaptation governance and how adaptation decisions are made is a less developed topic relative 
to research on mitigation policy and governance,156,158 especially for papers empirically focused on the US. 
Over the last five years, an increasing number of case studies have focused on adaptation governance in 
specific locations and sectors, such as sea level rise in San Francisco159 or flood risk in the Upper Mississippi 
basin.48 Existing case studies of adaptation governance display a high level of agreement with respect to 
its multi-actor, fragmented nature, wherein actors working in distinct organizations and sectors make 
independent decisions related to adaptation in an uncoordinated fashion.48,49,50,159,165,166 This literature also 
highlights that these organizations have distinct goals, values, risk perceptions, and capabilities that lead 
to inconsistent and sometimes conflicting adaptation choices.160,161,162,163,164 Both theoretical and empirical 
literature on adaptation governance also emphasize the benefits of increased coordination and collabora-
tion across organizations, sectors, and levels of government.1,51,165,172,173

Major Uncertainties and Research Gaps
The major source of uncertainty is a lack of systematic, cross-case research comparing adaptation 
governance approaches across multiple sectors, types of adaptation, or geographies. The majority of 
evidence stems from single case studies or comparisons of two or three city or community cases. The 
lack of larger comparative studies creates uncertainty about the specific contexts in which governance 
approaches work and more universal challenges in implementation. Comparative research has assessed the 
use of specific policy tools to promote adaptation315,316 but rarely focuses on broader governance arrange-
ments, such as who is involved in decision-making and the roles they play (an exception is Fastiggi et al. 
2021165). Likewise, there is minimal research evaluating the outcomes of governance approaches on adoption 
of adaptation actions, risk reduction, or equity. 

Description of Confidence and Likelihood
High confidence about the diversity of actors involved in adaptation governance and the challenge of 
balancing competing goals signals that these statements rely on many high-quality papers that show 
the same general trends. Medium confidence about the need for collaboration and diversity of values 
and knowledge signals that there is a lower overall number of papers showing empirically the value of 
these approaches.

Key Message 31.5  
Adaptation Requires More Than Scientific Information and Understanding 

Description of Evidence Base
Many integrated, science-based approaches are used to help manage decisions under uncertainty and 
decisions spanning future social–economic–environmental futures.162,163,210 Even though some future uncer-
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tainties cannot be reduced (Ch. 18) for particular strategies, many other strategies can take advantage 
of computing power and artificial intelligence to reduce future uncertainty, hedge against uncertainty 
by selecting actions that work across multiple possible futures, or approach adaptation decisions as a 
long-term process to be revisited over time.195,235,317,318,319,320,321,322,323,324,325,326,327,328,329,330,331,332,333,334,335 Tools include 
modifications to traditional approaches like cost–benefit analysis, scenario planning, and multicriteria 
decision analysis; more participatory versions such as participatory mapping and serious gaming;240,244 com-
putational methods such as robust decision-making, probabilistic decisions, and real-options analysis; less 
computationally intense options such as heuristics, a growing area of research; and flexible options such as 
dynamic adaptation policy pathways235 and adaptive management and governance systems. 

A wealth of peer-reviewed literature over at least the past two decades provides formal and informal 
evaluation of specific climate service efforts and examines the use of climate information for a variety of 
decision-making contexts and applications. Recent research in this body of literature made strides by illus-
trating that equally important to whether climate information is used is how climate information is used. 
Specifically, it is important to acknowledge that any one specific climate service effort need not change a 
specific policy or real-world condition to benefit progress toward those or other outcomes. 

Climate services can have numerous societal benefits and support diverse outcomes (see, for example, 
the Pacific Islands Regional Climate Assessment Evaluation336).246,248 Over the past two decades, social 
science has improved the development of climate services by evaluating the usability of services,337 pre-
scriptively improving public data products,338,339 and, more recently, expanding the degree to which 
various service efforts support adaptation and related societal benefits. Social science, including formal 
and informal evaluation of climate services, has improved our ability to generate usable and actionable 
climate information.151,228,247,337,340 Additionally, social and behavioral science illustrate that actionable climate 
information can be complemented with new models of participatory, adaptive decision-making geared 
toward long-term behavior change.162,231,232,234,337,341,342,343,344,345,346,347

While the aforementioned literature evaluating climate services speaks to trust, legitimacy, and other 
important indications that dimensions of equity (e.g., procedural) may or may not have been achieved 
in different climate service efforts, the body of research only recently has started to examine equity as 
a critical component of climate services, as an intentional or deliberate part of both the evaluation and 
the climate service effort itself. Furthermore, equity in adaptation is a relatively new area of literature, 
and efforts to link the two bodies of work may also be limited by ambiguity over the definition of what 
constitutes a climate service. Additionally, attribution remains a thorny problem for evaluation research 
and investigations into the use of climate information, as well as for equity in adaptation. More work will 
be needed to determine the relative influence of a climate service effort alone versus the combination of 
a climate service effort and preexisting community organizing efforts to make a difference in catalyzing 
equitable adaptation. Nevertheless, of the climate service efforts proven to have a range of societal impacts 
leading to positive social and environmental outcomes and/or adaptive decisions, many have drawn on 
foundational work by Cash et al. (2003),221 rooted in the concepts of legitimacy and saliency defined from a 
stakeholder perspective. 

Major Uncertainties and Research Gaps
Additional research would be beneficial to evaluate how well different models of climate service 1) align 
with different decision contexts, 2) contribute to societal benefits/impacts and outcomes, and 3) support 
dimensions of equity, particularly around racial and economic disparity. Spanning all three issues related to 
climate services, more research would be needed to more fully investigate the efficacy of various forms of 
engagement and collaborative decision-making and how they factor into coproduced climate services. More 
institutional research would also be needed to determine ways that for-profit services can generate value 
(e.g., empowerment, revenue) for lower-income communities.
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Description of Confidence and Likelihood
High confidence stems from a wealth of literature that climate services do provide a range of benefits and 
have met a range of needs. Medium confidence stems from less literature on equity in adaptation and climate 
services specifically, and, where that research exists, definitional ambiguity and problems with attribution of 
societal outcomes directly to climate services, as opposed to a combination of factors.

Key Message 31.6  
Adaptation Investments and Financing Are  
Difficult to Track and May Be Inadequate

Description of Evidence Base
The author team reviewed the literature by searching databases, inviting technical contributions from 
subject-matter experts, and soliciting feedback during public meetings.

Economic analysis of the costs and benefits of adaptation is a significant research field with numerous 
studies covering a range of sectors and geographies. Relevant studies include Melvin et al. (2017);277 Reguero 
et al. (2018);278 Martinich and Crimmins (2019);273 Fant et al (2020);128 Lorie et al. (2020);281 Neumann et al. 
(2021);274 Wobus et al. (2021);279 LeRoy et al. (2019);348 and Clavet et al. (2021).349

The peer-reviewed literature abounds with studies estimating the costs of adaptation, although 
these examples tend to coalesce around a subset of climate hazards, mostly flooding and other 
hydroclimate-related hazards (e.g., Clavet et al. 2021;349 Lorie et al. 2020;281 Melvin et al. 2017;277 Neumann 
et al. 2021;274 Reguero et al. 2018;278 Wobus et al. 2021279); around a subset of sectors, historically agriculture, 
energy, and water; and in specific geographies, although there are several recent studies that evaluate the 
economics of adaptation for the continental US.273,274,276,279 Time horizons for implementation of adaptation 
options vary across studies (e.g., next decades versus midcentury versus end of century), which can 
make it difficult to compare cost and benefit estimates. Recent studies (e.g., Neumann et al. 2021274) have 
attempted to incorporate estimation of the indirect costs of climate change on different sectors (e.g., 
train delays resulting from effects of temperature on rail lines) and these estimates’ effect on evaluation of 
adaptation options.

Since the publication of the Fourth National Climate Assessment, there has been increased research into 
the effects of different adaptation implementation scenarios (e.g., proactive, reactive, and no adaptation) on 
damages associated with climate change (e.g., Martinich and Crimmins 2019;273 Fant et al 2020;128 Neumann 
et al 2021274), with much of this work supported by the EPA’s Climate Change Impacts and Risk Analysis 
project. 

Many organizations have climate investment tracking initiatives and publish regular reports on investment 
levels and flows (e.g., Climate Policy Initiative, World Bank, United Nations Environment Programme). This 
tracking is most robust at the international level and at monitoring investment and finance flows between 
countries, specifically transfers from developed nations to developing nations or transfers to international 
adaptation funding mechanisms.284 Specific statistics on investment levels within countries, including the 
US, are more challenging to find. This is due in part to the fact that adaptation-related investments are not 
always labeled as such, especially when compared to climate change mitigation–related investments. Finally, 
tracking of public sector climate investment flows (e.g., from governments or multilateral institutions such 
as development banks) is also more robust than tracking of private-sector climate flows.
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Major Uncertainties and Research Gaps
Despite the multiple case studies of individual examples of adaptation, evidence is unclear about how 
coordinated or transformative these activities are. The lack of detailed information on adaptation-related 
investment does not indicate that it is not occurring but rather that it may be uneven, uncoordinated, or 
underreported. Thus, a major source of uncertainty in assessing the current state of adaptation is assessing 
the extent to which it is being adequately funded and financed in a coordinated way. Research gaps center 
on improved tracking of within-country and private-sector adaptation investments; identifying methods 
to track investment needs or levels when it is difficult to categorize adaptation-related investments; and 
developing improved metrics and methods for justifying adaptation-related investments.

More finance options have emerged to assist communities with covering the costs of adaptation. The 
chapter briefly cites four examples: the Louisiana’s Strategic Adaptations for Future Environments, a fund 
administered by the State of Louisiana to provide community-driven adaptation support to residents, 
targeting the housing, transportation, and energy sectors; the DC Water’s Environmental Impact Bond, an 
environmental impact bond to share with investors the financial performance risk associated with projects 
to respond to water stress facing the systems; investments from community development financial institu-
tions, such as Coastal Enterprises Inc. in Maine; and a parametric insurance program for the Miami–Dade 
School District, developed by reinsurer Swiss Re. More research, specifically in the US, investigating the 
rates of uptake and share of different financing types utilized compared to others would be valuable.

Description of Confidence and Likelihood
Multiple sources275,284,290,291,295 consistently call out the lack of data on private-sector investments in 
adaptation, especially when compared to data on public-sector investments and financing. New et al. 
(2022)284 note that progress has been made in tracking climate finance internationally but identify tracking 
of domestic public-sector and overall private-sector investments as critical gaps. For these reasons, there is 
high confidence that more investment in adaptation and improved tracking of domestic adaptation-related 
investments would be significantly beneficial.

Where adaptation may be occurring, the literature does cite evidence of underinvestment. Lorie et al. 
2020281 cite studies that reported that observed adaptation is lower than what would be expected from 
traditional cost–benefit analyses. There are many factors that influence the decision to adapt, including 
finances, lack of incentives, and technological unavailability, suggesting barriers to the decision to invest. 
Without a full picture of where adaptation investments are occurring and the nature of adaptation 
investments across sectors and communities, it is difficult to determine the adequacy of these investments. 
For these reasons, the authors decided to assign medium confidence to the statement that investments may 
be inadequate.

Studies that evaluate differences in aggregate costs of climate change across different scenarios consistent-
ly project higher economic costs under very high scenarios (e.g., RCP8.5) compared to intermediate (e.g., 
RCP4.5) or lower scenarios. Estimates of adaptation costs, which can translate into future investment needs, 
are consistently in the hundreds of millions to billions of dollars.273,274,276,277,278,279 As many of these estimates 
are for specific sectors (as opposed to a comprehensive national-level assessment) and do not evaluate all 
possible climate impact pathways (for example, Fant et al. 2020128 does not account for the impact of floods, 
hurricanes, and ice storms on transmission and distribution infrastructure), they may underestimate the 
total costs of climate change–related damages and total benefits of adaptation. For these reasons, there is 
high confidence that future investments needs will be significant but still substantial uncertainty as to what 
those figures will actually be. 

Proactive adaptation has been shown to reduce costs compared to reactive and no adaptation scenarios,128,274 
with most benefits accruing in the later decades of the 21st century as warming levels increase under 
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high scenarios. The choice of discount rate influences the additional cost reductions of proactive 
adaptation relative to reactive adaptation. Because of this and the fact that analyses of the effects of 
different adaptation scenarios are limited to select sectors, there is medium confidence in this part of the 
Key Message.

Multiple examples of events in recent decades that have caused significant economic damages and loss 
of life suggest that communities are not well adapted to face current climate conditions, including ways 
in which current climate conditions have changed with global warming. Events such as the Texas winter 
storm in February 2021, where cold temperatures were extreme but not unprecedented in the historical 
record, demonstrate that many communities are unprepared for current climate conditions. Similarly, 
Wobus et al. (2021)279 report that current flood-related risk is serious enough in many locations to justify 
adaptation-related investments now. For this reason, there is high confidence that adaptation is needed to 
address the risks posed by current climate conditions.
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Introduction
Mitigation refers to efforts to reduce emissions or to remove carbon from the atmosphere with the goal of 
avoiding or reducing the effects of climate change, which is different from adapting systems and activities to 
a changed climate (Ch. 31). To meet international climate goals, global carbon dioxide (CO2) emissions would 
need to reach net zero by around 2050 (KM 32.1).1 

Mitigation is the most cost-effective response to climate change, with potentially large benefits to 
economies (Ch. 19), social and economic equity (Ch. 12), human health (Chs. 13, 14, 15), food security (Ch. 
6), and ecosystems (Chs. 7, 8). Modeling studies agree that large near-term decreases in greenhouse gases 
(GHGs) in the United States are feasible by improving energy efficiency, electrifying end uses of energy, 
and generating electricity from non-emitting energy sources such as solar and wind (KM 32.2). However, 
the optimal mix of technologies to reach net-zero emissions is not yet clear, and further research and 
development is needed to determine the best options for long-duration energy storage, non-emitting 
and dispatchable (sometimes called firm) sources of electricity, and net-zero options for aviation and 
long-distance freight transport, as well as carbon dioxide removal (KM 32.3). Actions to immediately and 
substantially reduce emissions are available, and can be supported by individual choices and decisions by 
multiple stakeholders (KM 32.5). Further, racial, economic, demographic, and geographic inequities and 
injustices are embedded within existing infrastructure and social systems, and mitigation will both influence 
and be influenced by equity, environmental, and economic factors (KM 32.4).

Key Message 32.1  
Successful Mitigation Means Reaching Net-Zero Emissions

Greenhouse gas emissions in the United States decreased by 12% between 2005 and 2019, 
mostly due to replacing coal-fired electricity generation with natural gas–fired and renewable 
generation (very high confidence). However, US net greenhouse gas emissions remain sub-
stantial and would have to decline by more than 6% per year on average, reaching net zero 
around midcentury, to meet current national climate targets and international temperature 
goals (very high confidence).

Mitigation Goals
To achieve the Paris Agreement (an international treaty on climate change) goal of limiting global warming 
to well below 2°C above preindustrial levels and pursuing efforts to limit global warming to 1.5°C above 
preindustrial levels, global CO2 emissions need to reach net zero around 2050 and remain net zero or net 
negative afterward.2 Thus, US CO2 emissions reaching net zero around midcentury would be consistent 
with Paris goals, although a wide range of trajectories is possible based on considerations of international 
equity, burden-sharing, costs, and policy assumptions.3,4,5 This chapter addresses pathways and options for 
mitigation of US emissions from all sectors consistent with national and international climate goals.

As part of the Paris Agreement, countries communicate nationally determined contributions (NDCs)—
emissions-reduction targets that they intend to achieve. The latest NDC communicated by the United 
States to the United Nations Framework Convention on Climate Change (UNFCCC) Secretariat sets an 
economy-wide target of reducing all its net GHG emissions (not only CO2) by 50%–52% below 2005 
levels in 2030, or roughly –6% per year beginning in 2022, putting the country on a path to achieve the 
goal of reaching net-zero GHG emissions by no later than 2050 (Figure 32.1).6  In addition, 24 states and 
Washington, DC, have their own reduction targets (KM 32.5).
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US Greenhouse Gas Emissions by Sector with 2030 and 2050 Goals Added

US emissions will need to decrease rapidly to reach levels consistent with international climate targets.

Figure 32.1. Figure shows US annual greenhouse gas emissions and sinks from 2005 to 2019, as well as future 
targets for achieving the US nationally determined contribution under the Paris Agreement. US territories—includ-
ing American Sāmoa, Commonwealth of the Northern Mariana Islands, Federated States of Micronesia, Guam, Re-
public of the Marshall Islands, and Republic of Palau—contribute minor emissions (not visible) that are not broken 
down by sector. CO2-eq = carbon dioxide equivalent. Adapted from DOS and EOP 2021.6

Major Trends
Between 1990 and 2019, US CO2 and nitrous oxide (N2O) emissions increased by approximately 3% in each 
case. Emissions of fluorinated gases increased by 86%, and methane (CH4) emissions decreased by 15%.7 
Although the latest EPA inventory reports emissions through 2021,8 this chapter focuses on trends in 
emissions to 2019 because the COVID-19 pandemic caused substantial but largely temporary changes in 
energy-related emissions worldwide (see, e.g., Davis et al. 2022;9 Liu et al. 202010). The EPA estimates that 
US carbon dioxide equivalent (CO2-eq) GHG emissions were about 6.6 billion metric tons (or gigatons; Gt) in 
2019, 2% more than in 1990.7,11 The sources of these emissions are primarily electricity generation, transpor-
tation, and combustion of fuels in other sectors (i.e., commercial, residential, and industrial), with smaller 
contributions from agriculture, industrial processes, and waste (Figure 32.1). Major sinks were land-use 
change and especially forests, which resulted in net uptake of 0.7 Gt of CO2 in 2019. Net GHG emissions from 
all sources and sinks were thus 5.8 Gt of CO2-eq in 2019.7,8,11

Between 2005 and 2019, US GHG emissions decreased by 12%, mainly because of reductions in electricity 
generation emissions. Indeed, since 2017, the largest share of GHG emissions has come from the trans-
portation sector (Figure 32.1). Estimates include emissions occurring within all US territories, as annually 
reported to the UNFCCC Secretariat by the EPA. Independent estimates by other scientific bodies and 
researchers are similar but not identical.12,13,14,15 
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Sector-Specific Trends and Drivers
Between 1990 and 2019, economic and population growth have acted to increase US energy-related 
emissions but have been counterbalanced by reductions in both the energy used per dollar of GDP (or 
“energy intensity of economic activity”) and the CO2 emissions per unit of energy used (or “emissions 
intensity of energy”).16 In particular, decreases in energy emissions since 2007 were driven by a steady and 
substantial fall in CO2 emissions per unit of energy consumed from a maximum of 59 million metric tons 
(megatons; Mt) of CO2 per exajoule (1018 joules) of energy consumed in 2007 to 51 Mt per exajoule in 2019 
(Figure 32.2).

Changes in Drivers for Energy-Related Greenhouse Gas (GHG) Emissions

US greenhouse gas emissions have dropped even as population and economic activity (as measured by GDP) 
have climbed. 

Figure 32.2. Energy-related greenhouse gas (GHG) emissions in the United States have declined since 2007 (pink) 
despite rising population (blue) and economic activity measured by the GDP (orange). Behind the decreasing 
trend are gradual reductions in energy use per dollar of GDP (energy intensity, green) and large decreases in GHG 
emissions per unit of energy produced (emissions intensity, brown). Figure credit: Stanford University.

Electricity Sector Emissions
GHG emissions from the electricity sector in 2019 were 1,629 Mt of CO2-eq, or 30% of energy-related 
emissions.7 Decreases in US energy-related emissions since 2007 mostly reflect changes in the electricity 
sector, especially the retirement and reduced use of coal-fired power plants and corresponding increases 
in lower-cost electricity from natural gas–fired power plants (and to a lesser extent renewable technolo-
gies; Figure 32.3b). US emissions from electricity generation in 2019 were roughly 40% below 2005 levels 
(Figure 32.3a).
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Trends in Electricity Generation by Source and Related CO2 Emissions

 
Carbon dioxide (CO2) emissions from electricity generation decreased by almost 40% between 2005 and 2020. 

Figure 32.3. The decrease in electricity-related emissions between 2000 and 2020 (a) can be explained by the 
decline in high-emitting coal generation and the growth in generation from lower-emitting (natural gas) and 
non-emitting (wind and solar) sources (b). CO2-eq = carbon dioxide equivalent. Adapted from Scott Institute for 
Energy Innovation 201717 [CC BY-SA 4.0].

Transportation Sector Emissions
GHG emissions from the transportation sector in 2019 were 1,874 Mt of CO2-eq.7 Most transportation 
emissions are CO2 emissions from combustion of gasoline (59.6%, mostly for light trucks and cars), diesel 
(26.4%, mostly for heavy trucks, buses, and trains), and jet fuel (9.8%; Figure 32.4). In contrast to electricity 
sector emissions, transportation emissions increased by 23% between 1990 and 2018, largely reflecting 49% 
growth in demand for passenger vehicle transport over the period (measured in passenger-kilometers, or 
the distance traveled in km multiplied by the number of passengers), which was partially offset by a 22% 
decrease in energy required per passenger-kilometer. Over the same 1990–2018 time period, demand for 
heavy trucks (measured in vehicle-kilometer, or the total distance traveled by the truck fleet) more than 
doubled, and improvements in energy per vehicle-kilometer were more modest (an 8.6% decrease in energy 
required per vehicle-kilometer).

https://creativecommons.org/licenses/by-sa/4.0/legalcode
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Trends in Transportation Emissions and Underlying Drivers

Transportations emissions fell from 2007–2012 but have climbed since then. 

Figure 32.4. The figure shows US greenhouse gas emissions by transportation mode. Emissions from transporta-
tion decreased starting in 2007 (a), reflecting decreases in carbon dioxide (CO2) emissions from fuel combustion 
(b), but both have increased again since 2012. The trend was consistent across different types of vehicles, driven 
by a drop in demand during a period of recession and high fuel prices (c, d, e). Passenger vehicles include cars, 
light trucks, and buses. LPG refers to liquified petroleum gas or propane; CO2-eq = carbon dioxide equivalent. 
Figure credit: Stanford University.

Residential- and Commercial-Building Sector Emissions
Direct GHG emissions from residential and commercial buildings were 699 Mt CO2-eq in 2019. Since 
1990, direct emissions from US residential and commercial buildings (i.e., excluding electricity) have risen 
by roughly 14% (Figure 32.5a). The increase is primarily related to steady growth of fugitive emissions of 
fluorinated gases from building cooling systems.8 Over the same period, energy efficiency improvements 
and increasing electrification have kept flat direct CO2 emissions from onsite fuel combustion despite 50% 
increases in both residential and commercial building floor area (Figure 32.5b).18,19
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Trends in Residential- and Commercial-Building Emissions and Intensities

Overall greenhouse gas emissions from buildings have climbed despite small declines in CO2 emissions from 
onsite combustion of fossil fuels. 

Figure 32.5. Carbon dioxide (CO2) emissions from onsite fuel combustion in US buildings have decreased mod-
estly since 2005 (a), driven by decreasing fuel-related emissions per building floor area (b), but overall related 
greenhouse gas emissions from buildings have increased over the same period due to both growth in the size 
of floor area (lines in panel b) and increasing levels of fluorinated gases escaping from building cooling systems 
(gray area in panel a). CO2-eq = carbon dioxide equivalent. Figure credit: University of California, Santa Barbara.

Industrial Sector Emissions
GHG emissions from the industrial sector were 1,568 Mt of CO2-eq in 2019.8 Direct emissions from the 
industrial sector, including onsite fuel combustion as well as all process and fugitive GHG emissions (e.g., 
emissions from calcination of limestone in cement production and methane leakage from oil and gas 
infrastructure), decreased by 14% between 1990 and 2020, primarily due to decreases in total fossil fuel 
combustion, fluorinated gas production and use, and metals-related process emissions (Figure 32.6). The 
manufacturing sector (i.e., production of goods and materials) is the largest source of direct emissions 
within the overall industrial sector and accounts for substantial electricity sector emissions related 
to purchases of power and heat (Figure 32.6b). Six key manufacturing subsectors (petroleum refining, 
chemicals, cement, iron and steel, aluminum, and forest products) account for around 70% of all emissions 
attributable to the manufacturing sector (Figure 32.6b).

Between 1994 and 2018, electricity-related emissions from US manufacturing have decreased by about 32% 
due to improved process efficiencies, deployment of combined heat and power systems, and decarboniza-
tion of purchased electricity. However, direct emissions from onsite fossil fuel combustion have decreased 
by only 10% over the same period and now account for about three-quarters of direct manufacturing 
emissions (Figure 32.6b).
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Trends in Industry Emissions 

Greenhouse gas emissions from US industry, including manufacturing, have declined in recent decades. 

Figure 32.6. Greenhouse gas emissions from US industry have declined modestly since 2005 across all sources 
(a). Panel b shows the breakdown of industry emissions in 1994 and 2018 by key manufacturing subsectors such 
as chemicals, iron and steel, pulp and paper, and aluminum. Data on intensity of industry emissions over time are 
not available. CO2-eq = carbon dioxide equivalent. Figure credit: University of California, Santa Barbara.

Land-Related Emissions
Annual US GHG emissions related to land use in 2019 can be split into emissions of 615 Mt of CO2-eq from 
agriculture and uptake of 704 Mt of CO2-eq by other land use and land-use change (including forests; Figure 
32.7). Thus in 2019, there was a net land-related uptake (i.e., negative emissions) of 90 Mt CO2-eq. Forests 
take up carbon, but the amount of carbon sequestered by US forest land has decreased from 816 Mt CO2 
in 1990 to 638 Mt CO2 in 20198 due to a combination of drought, wildfire, and disturbances by insects and 
disease (Box 7.2; KM 6.1).20,21,22 Agricultural emissions (excluding fuel combustion) increased slightly from 
548 Mt CO2-eq in 1990 to 615 Mt CO2-eq in 2019. The net uptake of 90 Mt CO2-eq from US lands in 2019 
represents a 73% decrease from the uptake of 333 Mt CO2-eq in 1990.8
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Trends in Land-Use Greenhouse Gas Emissions and Underlying Drivers

US forests sequester more carbon than is emitted by agriculture, but the forest sink has weakened in recent 
decades. 

Figure 32.7. Net greenhouse gas emissions from US land use are negative, meaning the carbon taken up by 
forests is greater than agricultural emissions (a). However, this net sink has weakened since 2005, driven by 
increases in the emissions intensity of land use (light blue curve in panel b) and despite decreases in the land-use 
intensity of agricultural production (yellow curve in panel b). CO2-eq = carbon dioxide equivalent. Figure credit: 
University of California, Irvine.

Key Message 32.2  
We Know How to Drastically Reduce Emissions

A US energy system with net-zero emissions would rely on widespread improvements in energy 
efficiency, substantial electricity generation from solar and wind energy, and widespread elec-
trification of transportation and heating (high confidence). Low-carbon fuels would still be 
needed for some transport and industry applications that are difficult to electrify (high confi-
dence). Land-related emissions in the US could be reduced by increasing the efficiency of food 
systems and improving agricultural practices and by protecting and restoring natural lands 
(high confidence). Across all sectors, many of these options are economically feasible now 
(high confidence).

Established Opportunities to Reduce Energy-Related Emissions
In modeling studies, deeply decarbonized and net-zero-emissions energy systems share several common 
characteristics, but regional approaches may depend on differences in resources,23,24 industrial bases,25 
existing infrastructure,26,27 geography,28 governance and politics,29 public acceptance,30 and broader 
policy priorities.31

Improve Energy Efficiency
Improving energy efficiency means supplying the same level of end-use services or output while using 
less energy. Efficiency of buildings and appliances can be improved by design or retrofits (e.g., better 
insulation),32 as well as by optimizing control and management of devices (e.g., HVAC and lighting; KM 12.3; 
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Figure 5.5).33 Further efficiency gains are available in the transportation sector: urban design can reduce 
travel demands;34,35 public and active transportation modes can greatly reduce energy use per passen-
ger-mile;36,37 and advanced engines, electrification, reducing the weight of vehicles, and aerodynamic 
improvements can reduce energy use per passenger-mile (KM 13.3).38,39,40 In model scenarios of energy 
systems that successfully reach net-zero CO2 emissions, total US energy use often decreases relative to 
current levels, despite economic and population growth.41,42

One of the concerns with energy efficiency is whether it can induce rebound effects of different types. 
Studies have shown that the direct rebound effect (i.e., use of more of a good or service as it becomes more 
affordable) is low in the context of energy goods and services, but there is more uncertainty regarding 
indirect rebound effects (i.e., how an increase in energy efficiency of a good or service may lead to a change 
in the use of other goods and services or changes in the overall economy).43,44 

Decarbonize the Electricity Sector
Options for reducing electricity system emissions include variable renewables (e.g., solar and wind 
resources, which are not available on demand; KM 5.3), dispatchable or “firm” renewables (e.g., biomass, 
hydropower, and geothermal, which can be available on demand), and other low-emitting dispatchable 
resources (e.g., nuclear and carbon capture and storage [CCS]–equipped fossil-fired generators); energy 
storage technologies; improved transmission (both upgrading conductors and new rights-of-way); and 
demand management. The rate and scale at which these technologies may be deployed in the future depend 
on the uncertain trajectories of their costs and energy markets, as well as a host of non-economic factors 
(KM 32.4).45,46,47,48,49,50,51,52,53

However, given their plummeting costs (Figure 32.8a, b) and growing policy support (e.g., the Inflation 
Reduction Act of 202254), variable renewable-energy resources—especially wind and photovoltaic solar 
generation—are expected to play central roles in decarbonizing electricity systems across the United States. 
Energy system models project that the capacity of wind and solar would need to increase 2 to 10 times faster 
each year than maximum historical rates (Figure 32.9b) to reach the 2030 target of halving economy-wide 
GHG emissions and midcentury net-zero targets (Figure 32.1).41,42 In such scenarios, expansion of energy 
storage generally supports greater reliance on wind and solar (Figure 32.1).41,42



Fifth National Climate Assessment

32-15 | Mitigation

Historical Trends in Costs and Capacity of Low-Carbon Energy Technologies in the 
United States

 
Costs of renewable energy sources and electric vehicle batteries have declined as their cumulative deployment 
has increased.

Figure 32.8. Costs of onshore wind (a), solar photovoltaics (b), and electric vehicle (EV) batteries (c) have de-
creased sharply since 2000 (data shown here start in 2010), as the cumulative capacities of wind and solar 
generation (d, e) and the cumulative number of EVs sold (f) have increased. Figure credit: Electric Power Research 
Institute, National Renewable Energy Laboratory, NOAA NCEI, and CISESS NC. 
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Historical and Projected Net-Zero Annual Capacity Additions by Technology for the US Under 
Net-Zero Scenarios 

To reach net zero, the US will need to add more electricity-generating capacity in each of the next 30 years than 
we have added historically. 

Figure 32.9. Since 1950, increases in US electricity-generating capacity have exceeded 50 gigawatts (GW) in 
only one year, 2002 (a). In comparison, scenarios of net-zero-emissions energy systems produced by models 
project average increases in electricity-generating capacity of more than 50 GW per year every year between 
2020 and 2050 (b). CCS refers to carbon capture and storage. See Jacobson et al. 2015; Larson et al. 2020; and 
Williams et al. 2021.49,52,59 Adapted from Bistline 202160 with permission from Elsevier  
(https://www.sciencedirect.com/journal/joule). 

https://www.sciencedirect.com/journal/joule


Fifth National Climate Assessment

32-17 | Mitigation

The same model scenarios consistently project the rapid decline of coal-fired electricity generation in 
decarbonized systems to near zero by 2030 (Figure 32.10).41,42 In contrast, natural gas–fired electricity 
generation declines more slowly in most of these net-zero emissions scenarios, facilitating penetration of 
variable renewables but operating less frequently over time unless equipped with CCS.52,55,56

Projected Coal and Solar/Wind Electricity Generation

Models project a steep decline in coal-generated electricity and increases in renewables. 

Figure 32.10. Across net-zero scenarios produced by models, median US coal electricity generation (thick hori-
zontal lines) is expected to decrease sharply between 2020 and 2030 (a). Meanwhile, in the same scenarios, me-
dian solar and wind generation would increase steadily between 2020 and 2050 (b). Plots show individual scenar-
ios as points, the 25th–75th percentile ranges as rectangles, and the 10th–90th percentile ranges as thin vertical 
lines. The mean of each set of scenarios is represented by an X. Figure credit: University of California, Irvine, and 
Electric Power Research Institute.

Finally, net-zero CO2 emissions scenarios often maintain—but do not greatly expand—existing nuclear and 
hydropower capacity in the absence of significant cost declines (such as improved economics from small 
modular designs; KM 5.3) and/or constraints on the deployment of other technologies.41,42,57 In contrast, both 
transmission infrastructure (i.e., power lines) and international and interregional transfers of electricity 
often increase in decarbonization scenarios, although the scale of such increases varies.41,42,58

Electrify Energy End Uses
As electricity systems are decarbonized, energy model scenarios consistently project widespread elec-
trification of energy end uses such as on-road transportation and heat for buildings and industry (KM 
5.1).41,42,49,51,52,53,61 Electricity may also be used to produce low-carbon fuels, such as hydrogen and e-fuels 
(liquid fuels produced by combining carbon captured from the atmosphere with hydrogen produced 
by electrolysis), for difficult-to-electrify applications (Box 32.1).62 The share of US final energy demands 
(i.e., energy used) met by electricity in net-zero-emissions energy systems will depend on the costs of 
low-carbon alternatives such as biofuels and hydrogen, but estimates range from 30%–60% in 2050, up 
from about 20% today (Figure 32.11).41,42

In transportation, light-duty electric vehicles (EVs) have had policy support (e.g., tax refunds) at both the 
state and federal level for a long time, and new EV sales have increased in recent years (Figure 32.8).63,64,65,66 
The EV share of new light-duty vehicle sales in the US is expected to grow quickly,66,67 which is the case 
in model scenarios that reach net-zero emissions by midcentury.41,42 Many medium- and heavy-duty 
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vehicles can also be electrified,68 although some applications (e.g., long-distance trips) may present special 
challenges.69,70,71,72,73 Decarbonization of the most difficult-to-electrify transportation sectors (e.g., aviation, 
international shipping) may require liquid biofuels or fuels synthesized using electrolytic hydrogen and 
carbon captured from the atmosphere.74,75

Insofar as electricity is generated from non-emitting sources, electrification of space and water heating 
would drastically reduce direct emissions from residential and commercial buildings in the United States 
(where these end uses account for the bulk of natural gas and oil consumption).76,77,78 Similarly, most 
industrial energy demand could be electrified using existing technologies,79 although achieving net-zero 
emissions in some industries may present special challenges80,81,82,83—particularly related to the costs of 
supplying high-temperature heat with electricity84 and/or fundamental changes in processes such as 
switching to direct reduction of iron ore with electrolytic hydrogen or installing carbon capture and storage 
on thousands of cement kilns worldwide.85

Characteristics of US Energy Systems in Climate Mitigation Scenarios

Net-zero model scenarios show large increases in electrical energy, accompanied by decarbonization of elec-
tricity sources and modest decreases in overall energy use per person. 

Figure 32.11. Across net-zero model scenarios, between 2020 and 2050 the median share of all energy used 
(thick horizontal lines) by end consumers that is electricity increases (a), the median carbon intensity of electric-
ity decreases (b), and the median energy per capita decreases modestly (c). Plots show individual scenarios as 
points, the 25th–75th percentile ranges as rectangles, and the 10th–90th percentile ranges as thin vertical lines. 
The mean of each set of scenarios is represented by an X. CO2 = carbon dioxide. Figure credit: University of Cali-
fornia, Irvine; Electric Power Research Institute; and Evolved Energy Research.

Established Opportunities to Reduce Land-Related Emissions
Despite increasing demand for food and the headwinds of climate change impacts on agriculture, there are 
multiple options for decreasing land-use emissions and protecting and enhancing terrestrial carbon sinks 
(Ch. 11).

Use Most-Productive Land for Agriculture
Agriculture requires more land, by far, than any other human activity.86 One way to reduce the land required 
to grow food is to continue farming the most productive lands (those that grow more crops per land area). 
Removing the most productive areas from cultivation would lead to an increase in the overall land area 
required for agriculture.87 Loss of productive US farmland to sprawl or even restoration could thus lead to 
substantial land-use change and related GHG emissions elsewhere (e.g., if demanded agricultural goods 
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are imported from other regions).88,89 For these reasons, studies have suggested mitigation efforts should 
prioritize restoration of marginal (i.e., not the most productive) lands.90

Reduce Food Waste
More than a third of all food in the US is currently wasted, more than 40% of which is food discarded by 
retailers and consumers (Box 11.2; Figure 11.12).91,92 Multiyear campaigns (from 4 to 11 years long) in five other 
developed countries successfully reduced food waste per person by 8%–29% through public education and 
public and private initiatives.91 Assuming similar reductions could be achieved, US agricultural land and 
land-related GHG emissions could be reduced by 4%–13%.

Shift Diets
GHG emissions produced during food production, distribution, transportation, and sale at retail or 
restaurants vary across different foods, so that different diets will entail different levels of life-cycle GHG 
emissions.93,94,95,96 In particular, although meat is a good source of protein and micronutrients, it generally 
produces more emissions per calorie than plant-based foods because energy is lost at each trophic level.93 
Emissions related to meat production also vary: for example, ruminant animals usually produce much more 
GHG emissions per calorie of meat and per gram of protein than poultry (Figure 11.8).97 By reducing demand 
for emissions-intensive food, shifts to pescatarian, vegetarian, vegan, Mediterranean, or “flexitarian” (less 
meat consumption but not strictly vegetarian) diets can reduce land-related GHG emissions while providing 
direct health benefits (Figure 32.12),94,98,99,100 although analyses and models differ as to the level of future food 
demand related to such diets and other socioeconomic changes.101 Shifting diets and associated changes 
in agricultural practices have implications for land-use change as well as supply chains, air pollution, and 
human health.102 Consideration of energy and other inputs per unit of production and the resulting impacts 
on net GHG emissions is important for comparison of different dietary choices.

However, 10.4% of American households are food insecure (Box 11.1),103 so any approach to reduce the 
consumption of higher-emissions foods that results in higher food prices could disproportionately harm 
these households. Instead, policies might encourage less emissions-intensive diets while also reducing food 
costs and increasing consumer choice by making a diversity of plant-based and other lower-emissions, 
nutritious, and affordable options more widely available.
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Emissions Reductions and Related Health Benefits from Dietary Shifts 

 
Changes in American diets could decrease US land-use greenhouse gas emissions, increase carbon 
sequestration, and reduce air pollution.

Figure 32.12. Studies have estimated potential reductions in greenhouse gas (GHG) emissions (a) and air pol-
lution-related deaths (b) if the shares of foods in Americans’ current (average) diet were to shift. Although the 
specific changes in diet vary across studies, all would reduce GHG and pollution emissions as well as enhance 
carbon sequestration relative to the current diet. EAT-Lancet refers to a “flexitarian” diet that is mostly plant-based 
but includes modest amounts of fish, meat, and dairy foods. NDG refers to government-endorsed national dietary 
guidelines. PM2.5 refers to particulate matter 2.5 micrometers or smaller in diameter. CO2-eq = carbon dioxide 
equivalent. Figure credits: (a) University of Minnesota, NOAA NCEI, and CISESS NC; (b) adapted from Domingo et 
al. 2021102 [CC BY-NC-ND 4.0]. 

Improve Management of Croplands and Pasture
There are numerous opportunities to decrease the intensity of emissions (and/or increase sequestration; 
see Box 32.2) of croplands and pasture, including 1) improving soil health, 2) improving nitrogen fertilizer 
management, 3) increasing the number of trees and other perennials on the landscape (e.g., by agroforest-
ry; see Ch. 11),104,105,106 and 4) avoiding methane emissions. Soil health and carbon sequestration can also be 
improved by amendments (including biochar; Figure 11.5), cover crops, reduced tillage,107 and diversifica-
tion of crop rotations.108 Careful and sustained implementation of these practices can increase not only soil 
carbon but also yields, resilience, and profitability.

Better aligning the timing and amount of fertilization with plants’ needs can reduce fertilizer use109,110 and 
thereby also reduce both nitrous oxide (N2O) emissions from the soil and fossil fuel emissions from fertilizer 
production. Fertilizers with synthetic nitrification inhibitors can further reduce N2O emissions.111 Increased 
fertilizer efficiency and inhibition of nitrification processes in soil together can reduce N2O emissions by 
roughly 50%.112,113

There are also feasible options for reducing agricultural (livestock and rice) and waste (landfill and 
wastewater) sources of methane emissions.114 Methane is a relatively short-lived GHG that has contributed 

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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to at least 25% of climate warming to date.115,116 Consequently, technically feasible near-term methane 
emissions reductions could slow global decadal warming by 30%, avoiding a quarter degree Celsius of 
warming by midcentury.114 In addition to land-related sources of methane, there are large reductions possible 
from the oil and gas sector,117 primarily by repairing leaks at little or no net cost114 and ideally prioritizing dis-
proportionately large sources (i.e., super-emitters).118,119,120 

Avoid Conversion and Monitor Carbon Fluxes on Unmanaged Land
Between 50 and 150 Mt of annual CO2 emissions could be avoided by stopping conversions of unmanaged 
land in the United States (i.e., natural forests, grasslands, wetlands, or other ecosystems where there has 
been no substantial human influence or intervention).121 Strategies for stopping such conversions include 
densification of already-developed areas, zoning, and property tax incentives, as well as land protection such 
as conservation easements and public parks.122,123,124,125 Related to this opportunity, the recent decrease in 
carbon sequestration by US forests (KM 32.1) is a concern. Further weakening of this carbon sink would make 
reaching net zero proportionally that much more difficult. Improved monitoring of forest carbon fluxes and 
their drivers is therefore important, including those on unmanaged land and in boreal Alaska (KM 7.2).126,127,128

Key Message 32.3  
To Reach Net-Zero Emissions, Additional Mitigation Options Need to Be Explored

Although many mitigation options are currently available and cost-effective, the level and 
types of energy technologies and carbon management in net-zero-emissions energy systems 
depend on still-uncertain technological progress, public acceptance, consumer choice, 
and future developments in institutions, markets, and policies (high confidence). Attractive 
targets for further research, development, and demonstration include carbon capture, utili-
zation, and storage; long-duration energy storage; low-carbon fuels and feedstocks; demand 
management; next-generation electricity transmission; carbon dioxide removal; modern foods; 
and interventions to reduce industry and agricultural emissions (medium confidence). 

Potential Opportunities to Reduce Energy-Related Emissions
There are many uncertainties and outstanding questions related to mitigation of energy-related emissions. 
These uncertainties are reflected by the large differences in the scale and mix of energy sources and use as 
well as carbon management across modeled net-zero-emissions energy systems, which highlight potential 
mitigation opportunities.

The Mix of Electricity Sources in Net-Zero-Emissions Energy Systems
In recently modeled net-zero-emissions US energy systems, the share of electricity demand met by variable 
renewables—as opposed to firm sources—varied from 45%–89% depending on the availability of energy 
storage, transmission, and the mix of solar and wind.41,42 Although grid managers are gaining experience 
planning and operating electricity systems with large amounts of solar and wind generation, questions 
persist as to the maximum share of these resources that should be included in reliable and resilient decar-
bonized systems129 and the best approaches for dealing with their natural variability.130 Large shares of 
variable renewables can be incorporated in electricity grids through the use of 1) batteries, hydrogen, and 
other types of energy storage; 2) transmission and interregional transfers of electricity; 3) firm low-carbon 
electricity sources; and 4) greater demand-side responses. The costs and effectiveness of these approaches 
for managing variability differ and are related to the spatial and temporal variability of solar and wind 
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resources,24,75,131,132,133,134,135,136 in addition to a host of non-cost factors (KM 32.4). Moreover, energy sources 
and technologies will interact in complex ways to fulfill the different functions in electricity systems (e.g., 
providing energy, capacity, and ancillary services over different timescales), depending on their relative 
costs and system benefits, policy stringency and design, geophysical resources and infrastructure, envi-
ronmental co-benefits, and societal preferences.55,56,137 Further research, development, and demonstration 
of technologies and approaches are needed to resolve uncertainties, identify key sensitivities, and clarify 
the most attractive options for providing reliable, resilient, and affordable electricity in net-zero-emissions 
energy systems (Figure 5.6).

Alternative Fuels for Difficult-to-Electrify Sectors
As with electricity, there is considerable uncertainty about the scale and mix of other energy carriers (e.g., 
hydrogen, bioenergy, e-fuels) that may be needed by difficult-to-electrify sectors such as long-distance 
transportation of freight, long-haul aviation, high-temperature industrial heating, and space heating in very 
cold climates.75,84,138,139,140 Hydrogen, ammonia, alcohols, and carbon-based fuels (e.g., methane, petroleum, 
methanol) can all be produced with low and eventually net-zero CO2 emissions (Box 32.1). However, it is 
not clear whether producing and burning these fuels would be lower in cost and more sustainable than 
continuing to use fossil fuels and managing the related emissions through CCS or carbon dioxide removal 
(CDR; removal of CO2 from the atmosphere).62 Here again, further research, development, and demonstra-
tion of technologies will help reveal critical dependencies and trade-offs and clarify the most sustainable 
and cost-effective pathways to net-zero-emissions fuels.

Box 32.1. Hydrogen 

Hydrogen is an energy carrier that could link together multiple energy sectors (known as sector coupling) and facilitate 
high shares of variable wind and solar generation in electricity systems.141,142 Multiple processes can produce hydrogen—
including electrolysis, which uses electricity to split water into hydrogen gas (H2) and oxygen gas (O2). These processes 
represent potential links between the electricity sector, fuels for transportation and industry, and feedstock for chemical 
materials.

Some electrolyzers (e.g., proton exchange membrane) can also be ramped up and down in seconds143,144 to help manage 
electricity demand in energy systems with variable electricity sources.142,145 Other means of producing hydrogen with low 
or no CO2 emissions, such as methane or biomass pyrolosis and steam methane reforming (SMR) with carbon capture, 
utilization, and storage (CCUS),142,146,147 may also contribute to decarbonization if life-cycle GHG emissions can be kept 
low,148,149 but these will not facilitate sector coupling or act as flexible electricity demand.

Global hydrogen demand was 90 Mt in 2020 and was supplied almost exclusively by fossil fuel feedstocks: 59% by natural 
gas without CCUS, 19% by coal, 21% from by-product processes that often contain a mixture of other gases, and less 
than 1% each of natural gas with CCUS, oil, and electricity (Figure 32.13).150 Petrochemical processes were the largest 
sources of by-product hydrogen. Reflecting its fossil origin, hydrogen production in 2020 accounted for 900 Mt of CO2 
emissions.150 Of all hydrogen produced in 2020, 44% was used in refineries, 37% in ammonia production, 14% in methanol 
production, and 6% in the direct reduction of iron, with other demands accounting for less than 1%.150

As noted in the discussion of alternative fuels (KM 32.3), hydrogen may help to decarbonize difficult-to-electrify end uses 
such as long-distance transport of freight and aviation, for which energy density is critical.74,75 However, pressurizing or 
storing hydrogen in liquid phase for transport and storage adds additional costs and requires heavy storage tanks.75,142 
When used, hydrogen can either be oxidized in fuel cells or combusted in gas turbines151,152 to produce electricity (or 
thrust) in a power-to-gas-to-power loop. Although substantial energy is lost in this loop, it allows shifting electricity in time 
from when it is readily available to when it is needed most.131,134

A key challenge is the current high cost of producing hydrogen from zero- or low-emitting processes. Hydrogen produced 
from carbon-emitting SMR can cost in the range of $1–$2.50/kg H2, much lower than the more than $4/kg H2 achievable 
with current electrolysis technology and wind or solar power.153,154 The US Department of Energy’s Hydrogen Shot program 
has set a goal of achieving clean hydrogen production for $1/kg H2 within a decade by reducing both electrolyzer and 
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wind- and solar-electricity costs (KM 5.3).153 There are also challenges of leakage from and embrittlement of infrastructure 
not originally designed for hydrogen, such as natural gas pipelines, which create concerns about safety,142,155 the potential 
for increases in air pollutants such as nitrogen oxides if hydrogen is combusted,156,157 and the climate-warming influence 
of fugitive hydrogen.158,159 However, at low concentrations, hydrogen can be safely injected into natural gas pipelines and 
used in conventional home appliances.160,161,162,163,164

Hydrogen Production by Source and End Uses in 2021 and 2050

 
Energy model scenarios show that the magnitude, sources, and uses of hydrogen will change substantially 
by 2050.

Figure 32.13. Curves in the figure show how hydrogen is produced (left), lost to waste (middle) and used 
(right) currently (a) and in an illustrative 2050 scenario (b). The thickness of the curves represents the 
amount of hydrogen in each category. Today, most hydrogen is produced by steam reforming of natural gas 
(SMR) and used by the chemical industry (especially for making fertilizer). In the depicted net-zero emis-
sions scenario, by 2050 the largest source has become electricity, and fuel refining has become the largest 
use. BECCS-H2 refers to hydrogen produced from biomass feedstocks with carbon capture and storage; EJ 
= exajoule. Adapted with permission from Haley et al. 2022.165
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Carbon Management
Most model scenarios that reach net-zero emissions in the United States entail substantial use of CDR 
technologies, not as a replacement for emissions reductions but instead to offset continuing emissions from 
the most difficult-to-decarbonize sectors and processes, such as aviation and cement making (sources of 
emissions that may be much more expensive to eliminate), to offset non-energy GHG emissions, and to 
reduce GHG concentrations in the atmosphere. The degree and form of CDR deployment, including the 
balance between industrial carbon capture and intentional enhancement of natural carbon sinks, remain 
highly uncertain, however, and depend on technological readiness, economics, public acceptance, and insti-
tutional and political considerations (Box 32.2).

Box 32.2. Carbon Dioxide Removal

The most recent modeling studies of net-zero emissions scenarios for the United States consistently project that some 
quantity of carbon dioxide removal (CDR) from the atmosphere will be needed to offset any residual greenhouse gas 
(GHG) emissions.41,42 The scale of CDR called for in these scenarios ranges from 0.8–2.9 gigatons (Gt) of carbon dioxide 
(CO2; median is 1.6 Gt) in scenarios that reach net-zero CO2 emissions by 2050 (Figure 32.14).

CDR options fall into two categories according to whether they enhance uptake of atmospheric CO2 by biological pro-
cesses or by chemical processes, each of which can be further disaggregated depending on where the processes occur 
(e.g., on land, in the ocean, or in industrial facilities).166,167 Different approaches have different biophysical and economic 
limits to scale,168 as well as different concerns related to equity and environmental justice,169,170 environmental impacts,171 
permanence or durability of removal (i.e., the timescale of sequestration and its reversibility),172,173,174 and additionality (i.e., 
the removal would not have occurred without human intervention).166,175

Current energy models are relatively simplistic in their representation of CDR, typically including only 1) bioenergy with 
carbon capture and storage (BECCS), 2) afforestation/reforestation, and 3) industrial direct air capture (DAC). Among 
these methods, the on-land biological options (BECCS and afforestation/reforestation) are the most prevalent in net-zero 
emissions scenarios; BECCS dominates if underground carbon sequestration is allowed (Figure 32.14).

Most scenarios use DAC sparingly, owing to its cost and energy requirements (Figure 32.14), but recent studies have 
highlighted potential cost reductions.176 Evaluations of natural climate solutions meanwhile suggest that reforestation 
represents the largest opportunity for land-based mitigation.177 Up to 128 million acres of land in the US are reforestable 
and could sequester 200–500 million metric tons (Mt) of CO2 per year178,179 given substantial investments in the reforesta-
tion supply chain.180

However, a variety of other biological CDR options are being explored and could be cost-effective at carbon prices of 
$50–$100/Mt CO2: improved management of rangeland and pasture might sequester 0.05–0.74 Mt of CO2 per acre per 
year, or a total of 49–490 Mt of CO2 per year, given the roughly 655 million acres of US grazing land.121,181,182,183,184 Improved 
management of cropland soil (e.g., applying biochar, cover crops, or no-till) might sequester 150–250 Mt of CO2 in the 
United States each year.121,185,186,187,188 In forests, extending timber rotations, removing competing vegetation, and selective 
harvesting could remove 160–315 Mt CO2 per year.179,189,190,191,192,193,194,195,196 Finally, rewetting drained US wetlands197,198 and 
reconnecting salt marshes to the ocean (which reduces methane emissions)199 could remove 9 Mt of CO2 per year.121 
These options are discussed further in other chapters (KMs 6.3, 9.2, 11.1; Boxes 7.2, 30.5; Focus on Blue Carbon).

Although less mature, a growing body of research is also focusing on ocean-based CDR,200 including ocean fertilization,201 
artificial upwelling and downwelling, seaweed farming,202 marine restoration, ocean alkalinity enhancement,203 and electro-
chemical engineering approaches (see, e.g., KM 10.3).

Additional research could reduce the uncertainty related to these estimates; establish robust monitoring, reporting, and 
verification protocols; and help to prioritize types and locations for CDR based on co-benefits and trade-offs. A related 
area of research is the Earth system response to large-scale CDR (i.e., negative emissions); a growing body of literature 
has shown that emitting GHGs and then removing them from the atmosphere is not the same as not emitting the GHGs at 
all.204,205,206

Reducing sunlight reaching the Earth’s surface, or solar radiation modification (SRM), is sometimes discussed along-
side CDR because both are intentional interventions in the climate system.166,207 SRM is not mitigation as defined in this 



Fifth National Climate Assessment

32-25 | Mitigation

chapter; the effectiveness, costs, environmental trade-offs, and geopolitical implications of SRM are uncertain, and further 
research on these topics is either underway or may be merited (KM 17.2). Moreover, some scientists and policymakers 
emphasize that the risks of SRM should be considered in the context of the many risks of continued climate change.208

Scale and Type of Carbon Dioxide Removal in US Net-Zero Emissions Scenarios

 
Net-zero emissions scenarios project substantial carbon dioxide removal by 2050, although the type and 
quantities used in the scenarios vary considerably.

Figure 32.14. Annual carbon dioxide (CO2) removals increase between 2020 and 2050 in scenarios that reach 
net zero by 2050, including nature-based sequestration on land (c), bioenergy with carbon capture and storage 
(b), and—after 2040—direct air capture (a). Median sequestration (thick horizontal lines) by land use, land-use 
change, and forestry increases less dramatically in scenarios. Plots show individual scenarios as points, the 
25th–75th percentile ranges as rectangles, and the 10th–90th percentile ranges as thin vertical lines. The 
mean of each set of scenarios is represented by an X. Figure credit: University of California, Irvine.

Changes in Transportation Modes and Behavior
Uncertain changes in mobility and travel behavior could facilitate or hinder mitigation. For example, 
autonomous vehicles are rapidly evolving but still need to overcome challenges of consistent safety 
measures, standardization of technology liability, and security and privacy concerns.209,210 Studies have 
shown that autonomous vehicles could increase or decrease energy use and GHG emissions depending on 
the conditions of adoption and use.211,212,213 New mobility services (e.g., ride-hailing or transit services with 
a monthly subscription) are becoming widespread and have the potential to transform current patterns of 
travel behavior, but they still face challenges of cost-competitiveness and consumer acceptance.214,215,216 And 
as with automation, these mobility services may reduce emissions under a limited set of conditions (e.g., 
electrification and shared use cases).213,217,218,219

Sector Coupling
The integration of different parts of energy systems, sometimes referred to as sector coupling, involves 
coordinated planning, operations, and markets for electricity, fuels, and thermal resources to meet end-use 
service demands. Linking energy industries, processes, and geographies could lower costs, reduce environ-
mental impacts, and increase the reliability of low-carbon energy systems.75,220,221
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Potential Opportunities to Reduce Land-Related Emissions

Modern Foods
Recent innovations aim to increase food choices with plant-based and cultured meat222,223,224 and foods 
synthesized chemically without photosynthetic inputs225,226 that may be able to displace demand for 
foods with substantially higher emissions per calorie. However, the potential benefits will depend on the 
scalability and public demand for such products.

Interventions to Reduce Methane and Nitrous Oxide Emissions
There are a number of options for reducing non-CO2 GHG emissions from agriculture whose potential 
remains uncertain. Ruminant feed supplements may suppress methane emissions (although some such 
supplements have not yet been approved for use in the United States).227,228 Methane from manure lagoons 
can be captured and used for bioenergy or reduced through flaring.229 Seasonally flooded rice paddies can 
undergo temporary drainage to reduce emissions by about 40%.230 And crops may be bred to produce root 
exudates that inhibit nitrification and thereby reduce N2O emissions from croplands.231

Key Message 32.4  
Mitigation Can Be Sustainable, Healthy, and Fair

Large reductions in US greenhouse gas emissions could have substantial benefits for human 
health and well-being (high confidence). Mitigation is expected to affect pollution, the use of 
land and water resources, the labor force, and the affordability, reliability, and security of energy 
and food (high confidence). An equitable and sustainable transition to net-zero-emissions 
energy and food systems in the United States could help redress legacies of inequity, racism, 
and injustice while maximizing overall benefits to our economy and environment (high confi-
dence).

A number of important dimensions rarely represented in mitigation scenarios may nonetheless determine 
the pace, feasibility, likelihood, efficacy, and cost-effectiveness of mitigation opportunities.

Air Pollution
Air pollutants that impact human health are often co-emitted with greenhouse gases. Exposure to ambient 
fine particulate matter (PM2.5) and ozone, which are among the largest risk factors for disease, causes 
60,000–300,000 excess deaths per year in the United States (KM 14.5),232,233,234,235,236,237,238 with health effects 
observed at concentrations below the current national standard.239,240,241 Racial, ethnic, and socioeconomic 
disparities in air-pollution exposure are well documented234,242,243,244,245,246,247 and have persisted despite overall 
decreases in air pollution.234,240

Transitioning to a net-zero-emissions energy system has the potential to generate substantial air pollution 
benefits. Estimates of cumulative net benefits by 2050 range from roughly 200,000 to 2,000,000 avoided 
deaths,233,248,249,250 the monetized value (i.e., statistical value) of which could exceed the total expected costs 
of the transition to net zero.49,251 However, the distribution and magnitude of air pollution benefits over the 
transition period depend on the pace of electrification, technology selection, and siting decisions,49,252,253,254 
especially regarding retirement of fossil fuel power plants (Figure 32.15)254,255,256,257,258,259,260 and vehicle elec-
trification.261,262 Electrification of heating,256,263 reduction in fossil fuel production, electrification of the 
industrial sector, and shifting diets102 can also all generate meaningful air pollution benefits. Carbon 
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capture and hydrogen technologies may also reduce air pollutant emissions, although it is not yet clear by 
how much.

It is also possible that mitigation efforts could increase air pollution at local and regional scales, for example, 
due to increases in bioenergy, residential wood heating, and domestic manufacturing to meet demands for 
materials and products (e.g., Gallagher and Holloway 2020;252 Commane and Schiferl 2022264).

Health Co-benefits of Strategic Power Plant Retirements

 
Shutting down coal-fired power plants would produce both health and climate benefits.

Figure 32.15. Blue circles show the location and size of US coal-fired power plants in 2017 (a) and in two scenar-
ios: one in which the fewest plants are retired to reduce CO2 emissions by a fixed amount (b) and one in which 
plants are retired not only to achieve the same CO2 reduction but also to avoid health damages as much as 
possible (c). Not surprisingly, estimated health damages (red shading) are greatly reduced in the future scenario 
that prioritizes health. Annual generation from coal power plants (in terawatt-hours) and corresponding annual-
ized health damages (in millions of dollars) from each scenario are both summarized by county. Baseline shows 
results based on 2017 continuous emissions monitoring systems data, while optimization results shown repre-
sent the climate-only and climate-plus-health scenarios. Health damages are shown by the county in which those 
damages occur; legend breaks are based on quintiles of the data. Although this analysis included only the conti-
nental US, its conclusions are consistent with similar analyses in other regions: substantial health benefits would 
be expected from retiring coal electricity anywhere. Adapted with permission from Sergi et al. 2020.254
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Siting and Land Use
Net-zero-emissions energy systems may require large land areas, with land requirements in rough 
proportion to the share of wind and solar energy. Cumulative US land use for solar and wind energy in 
recent net-zero scenarios ranges from about 250,000 to more than 1 million square kilometers (including 
the entire area of solar and wind farms),41,42,52 with solar concentrated in the Northeast and Southeast and 
wind in the Midwest, Great Plains, and Texas (KM 6.3).49 Even at the low end of this range, the projected 
scale of land use is massive, and may face public opposition. For example, the visual impact and competition 
for land of such extensive systems would need to gain and maintain the support of many communities; 
this recently has been a challenge in the siting of solar and wind projects.265,266 Similar challenges may 
apply to siting and demonstration of other infrastructure regardless of its land footprint, such as new 
electricity transmission,265 CCS,267 and CDR.268 Others express concern over the potential environmental 
impacts of solar and wind farms, including land-cover change, loss of plant and animal habitats, barriers to 
migration and collision deaths of birds and bats,269,270,271 and competition for land between agriculture and 
renewables.272 Notably, competition with agriculture has also long been a concern about bioenergy, which 
may be alleviated if demand for corn ethanol decreases due to electrification of transport.273,274 Researchers 
have thus begun developing pathways that take some of these concerns and constraints into account,49,275 
as well as identifying changes in governance and administrative law that may help streamline siting 
processes;276 however, siting may prove a key obstacle for renewables-based net-zero-emissions systems.277 
Engagement with community groups and stakeholders early in the planning process has the potential to 
reduce project delays and cancellations.278

Water Use
The water requirements of net-zero-emissions energy systems could be lower than current consumption,279 
largely because wind and solar require little water (Figure 32.16; KM 5.1).280,281,282,283 However, some processes 
for energy conversion and carbon management, such as electrolysis for hydrogen production, chemical 
synthesis of hydrocarbons (e.g., by the Fischer-Tropsch process), and CCS, are water intensive and could 
offset water savings from fuel switching. Ultimately, water use (and related quality), temporal, and locational 
needs, depend heavily on the mix of resources and processes used to achieve net-zero emissions.284,285,286



Fifth National Climate Assessment

32-29 | Mitigation

Land and Water Requirements of Energy Sources

Different sources of energy entail more or less water and land use.

Figure 32.16. Bars depict water-consumption intensity (a) and land-use intensity of electricity (LUIE) for the US in 
2014 (b) related to different electricity sources. Wind and solar use less water than any of the other energy sourc-
es but more land area than nuclear, geothermal, or fossil sources. (a) Adapted with permission from Grubert and 
Sanders 2018;280 (b) adapted from Lovering et al. 2022287 [CC BY 4.0].

Labor
The productivity, supply, and disposition of labor, in addition to national discourse and community-level 
support and concern regarding labor, has the potential to accelerate or constrain mitigation efforts. Nearly 8 
million Americans were directly employed in energy-related jobs in 2021, comprising roughly 5% of the total 
labor force.288,289 Of those 8 million energy-related jobs, approximately 41% were in net-zero-emissions-
aligned areas in 2022.290 Energy-related jobs tend to be geographically concentrated in certain states and 

https://creativecommons.org/licenses/by/4.0/legalcode
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communities (Figure 32.17). More than 10% of the labor force in 150 counties (of 3,142) is directly employed in 
energy-related jobs288,291,292—often the production of coal, oil, and gas—but employment in mitigation-related 
activities is growing and is already high in many counties (e.g., energy efficiency in Vermont, wind installa-
tions in the Southern Great Plains; KM 26.2).

Reaching net-zero emissions in the United States by 2050 would generate jobs related to manufacturing and 
deployment of new infrastructure but reduce fossil fuel–related jobs.293 Many analyses find that employment 
and wage losses in fossil fuel sectors would be entirely offset (in aggregate) by increases in low-carbon 
resource industries.293,294,295,296,297 The number and local distribution of mitigation-related jobs will depend 
on the ultimate mix of energy sources, siting and investment decisions, labor supply constraints, the extent 
of domestic manufacturing, and political bargaining; however, decarbonization could lead to long-term 
expansion in the energy workforce in most states, even when accounting for increased worker produc-
tivity (which is often an underlying assumption in technology cost projections). Large-scale and sustained 
workforce development programs, high-road labor practices and policies, and corresponding federal 
support could accelerate a transition to net-zero emissions.293,298

However, there is already evidence of hiring difficulties in energy labor markets,291 portending labor supply 
bottlenecks in the absence of counteracting policies. Although there is public support for employment 
benefits related to climate mitigation,294 there is also evidence of mistrust associated with historical 
energy-related job creation narratives.299 Moreover, there are existing racial and gender disparities in the 
energy workforces.291

Meanwhile, despite policy and political discourse regarding just transitions for fossil fuel workers,294,300,301 
many fossil fuel–dependent communities have experienced large declines in employment.26,302,303 Moreover, 
former fossil fuel workers often relocate because their skills are not always transferable to other local 
industries, and nearby communities lose tax revenues that support public infrastructure and social services 
(KM 26.2).304,305 Going forward, domestic policies that consider when and where workforces in declining 
energy industries could fill new jobs in emerging energy sectors (e.g., natural gas and carbon capture supply 
chains; coal mining; and solar manufacturing) have the potential to moderate labor supply bottlenecks, 
concentrated unemployment, and low-carbon boom-and-bust cycles. Where there is flexibility in siting of 
infrastructure and allocation of funding, such funds might also be leveraged to build political support and 
more equitably distribute costs and benefits. For example, provisions in the Inflation Reduction Act of 2022 
offer enhanced tax credits to clean energy projects that pay prevailing wages to workers and use registered 
apprentices,290 that manufacture and source materials domestically,306 and/or that are located in “energy 
communities” defined by thresholds in the share of fossil fuel–related jobs.307
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Energy Employment from 2020 to 2050 for Alternative Net-Zero Pathways

 
A shift toward renewables is projected to increase the total number of jobs in the energy sector. 

Figure 32.17. Despite decreases in the number of fossil fuel–related jobs, the overall number of energy jobs 
(specifically those involved in the supply of energy) is generally projected to increase in net-zero-emissions energy 
scenarios between 2020 and 2050, although by much more in some scenarios than in others. These particu-
lar scenarios are from Larson et al. 202149 and span a range of energy futures in which nearly all buildings and 
transport are electrified but there are no constraints (a), renewables produce 100% of energy (b), or renewables 
produce much less energy and nuclear and fossil energy with carbon capture and storage are prevalent (c). CO2 = 
carbon dioxide. Adapted with permission from Jenkins et al. 2021.308

Energy Equity and Environmental Justice
Social inequities in the United States are rooted in systemic discriminatory practices, such as redlining, 
that marginalize communities based on race or socioeconomics. Social equity involves several energy- and 
climate-related aspects of recognition, procedural, and distributional justice (KMs 23.4, 27.3).309,310 In the 
context of energy and climate decision-making, recognition justice refers to an understanding that certain 
individuals and groups are presently bearing, and have historically borne, disparate burdens related to our 
collective energy systems and may therefore require extra resources or mitigation efforts. Procedural justice 
considers who is involved and has influence in energy and climate decision-making processes, with the goal 
of ensuring that those who want to be included in decision-making processes—and especially those who will 
be affected by the outcomes—are meaningfully engaged through fair and inclusive procedures (see, e.g., KM 
30.3 regarding mitigation informed by Indigenous Knowledge). Distributional justice refers to the allocation 
of benefits and burdens based on geography and sociodemographics, with the objective that no single 
population receives a disproportionate share of energy or climate harms (e.g., energy-related air pollution; 
KM 14.3) or benefits (e.g., access to low-carbon and efficient energy technologies or clean-tech jobs).

The disproportionate public health burdens of energy systems on communities of color and/or low-income 
communities, such as from vehicle emissions and power plants, have been extensively documented (Figure 
32.18).311,312,313,314 Energy insecurity (e.g., regularly struggling to pay energy bills) also disproportionately affects 
low-income households, communities of color, rural and Indigenous communities, families with children, 



Fifth National Climate Assessment

32-32 | Mitigation

and older adults (Ch. 16).313,315,316,317,318,319,320 This disproportionate burden of energy insecurity reflects that 
Black Americans, for example, are more likely to live in older homes that are less energy-efficient.317,318,321 
Moreover, redlined areas often lack trees and green spaces to mitigate the urban heat island effect and thus 
experience higher summer temperatures than surrounding urban areas,322,323,324 which in turn increases 
energy demands and burdens325 and makes residents more susceptible to the adverse health effects of 
extreme heat (KM 15.3).325,326 

Although environmental impacts and energy insecurity are not borne proportionately across social groups, 
it is possible to pursue mitigation options that also redress current and historical injustices. For example, 
low-income communities and communities of color could experience disproportionate improvements in 
air pollution.251,259 Energy equity considerations also include access to sufficient energy services,327,328 as 
well as reductions in energy burden or energy poverty,321,329,330 and the upfront costs of energy efficiency 
and low-carbon technologies.331 Mitigation efforts that increase the availability and affordability of energy 
services (including safe and comfortable temperatures) could improve energy equity outcomes. For 
example, improving thermal efficiency of buildings would both reduce energy costs and help to maintain 
safe indoor thermal temperatures in the absence of functional air-conditioning.332

Studies have found that low-carbon and efficient technologies (e.g., electric vehicles, solar panels, battery 
storage, and LED lightbulbs) tend to be disproportionately owned by—and the financial incentives for such 
are received by—higher-income, more educated, and White households.311,312,313,333 Job opportunities in clean 
energy have also tended to exclude women and people of color.334 Moreover, insofar as mitigation increases 
energy costs, more households will experience energy poverty, and energy inequities may get worse.335,336 In 
addition, changes in the type, timing, and cost of energy needed to provide safe and comfortable tempera-
tures under climate change and anticipated electrification patterns may exacerbate health risks, financial 
energy burdens, and other measures of energy equity.327,335
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Inequitable Air Quality Within Historically Redlined Neighborhoods

 
Communities redlined in the 1930s experience more air pollution today. 

Figure 32.18. The Home Owners’ Loan Corporation (HOLC) grades (A [“best”], B, C, and D [“hazardous,” i.e., 
redlined]) from the 1930s (which effectively denied Black and minority groups access to lending institutions) still 
corresponded to greater levels of air pollution in 2010. Panel (a) shows redlining maps of neighborhoods based 
on 1930s HOLC grade classifications for four US cities. Panel (b) shows the population-weighted distribution of 
nitrogen dioxide (NO2) levels (measured as concentration in parts per billion [ppb]) for 2010 across 202 census 
tracts in the contiguous US. Horizontal lines indicate medians, points indicate averages, and bars indicate 25th to 
75th percentiles. Adapted with permission from Lane et al. 2022.314

Supply Chains, Energy Security, and Geopolitics
Climate mitigation efforts may drastically increase domestic and global demand for products (e.g., solar 
photovoltaics, batteries, electric motors, wind turbines) and metal and mineral resources (e.g., lithium, 
nickel, cobalt, copper), which may have implications for supply security, markets, advanced manufactur-
ing (e.g., robotics and EVs), geopolitics, and mining (Focus on Risks to Supply Chains).337,338,339,340 Moreover, 
in the United States there are currently 50 listed critical minerals (up from 35 in 2018),341,342 defined as 
those essential to economic or national security and whose supply chains are vulnerable to disruption 
(Figure 32.19). With increased demand as the system decarbonizes, there could be near-term shortages 
in several minerals and metals. Note that a series of executive orders anticipates this challenge and calls 
for monitoring and reduction in US dependence on imported critical materials, for example, by increased 
recycling (e.g., Executive Order 13817, “A Federal Strategy to Ensure Secure and Reliable Supplies of Critical 
Minerals,”343 and Executive Order 13953, “Addressing the Threat to the Domestic Supply Chain from 
Reliance on Critical Minerals from Foreign Adversaries and Supporting the Domestic Mining and Processing 
Industries”344) and more resilient supply chains generally (Executive Order 14017, “America’s Supply 
Chains”;345 see also Focus on Risks to Supply Chains; KMs 17.2, 18.1).
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Increasing Reliance on Imported Nonfuel Minerals

The US has grown increasingly dependent on imported minerals. 

Figure 32.19. Panel (a) shows that the US has become increasingly dependent on imports of 39 nonfuel mineral 
commodities since 1979; commodities of which 75%–100% is imported (yellow bars) are increasing in number, 
and commodities of which less than 25% is imported (blue bars) are decreasing in number. Panel (b) shows the 
specific commodities and the degree of import reliance for each in 2019. Figure credits: (a) adapted from Fortier 
et al. 2015;346 (b) University of California, Irvine.
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Key Message 32.5  
Governments, Organizations, and Individuals Can Act to Reduce Emissions

Mitigation efforts can be supported by a range of actors and actions, from choices made by 
individuals to decisions made by businesses and local, Tribal, state, and national governments 
(high confidence). Actions with significant near-term potential include sector-based policies 
accelerating deployment of low-carbon technologies, city-level efforts to promote public trans-
portation and improve building efficiency, and individual behavioral changes to reduce energy 
demand and meat consumption (high confidence).

A wide range of actors across the US have been involved in efforts to accelerate clean energy transition and 
mitigate GHG emissions, including new legislation; rules, regulations, and executive orders; and voluntary 
actions. For example,

• the US has committed under the Paris Agreement to reduce GHG emissions by 50%–52% in 2030 
relative to 2005; 

• through the Bipartisan Infrastructure Law and the Inflation Reduction Act and relevant programs, 
there are federal subsidies to clean energy businesses and for household purchases of EVs and heat 
pumps;347 

• 25 states,348 675 cities, 300 universities, and hundreds of companies have announced net-zero- 
emissions targets; and

• bottom-up coalitions such as the America Is All In initiative have support from subnational leaders 
who represent a constituency of more than half the US population (see, e.g., KMs 21.4, 30.3). 

Since 2018, the total number of state-level mitigation activities has increased by 83%, and 169 more cities 
have introduced emissions reduction targets since then (Figure 32.20; see also Ch. 12).349
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Mitigation-Related Activities at the State and City Levels

Many states and cities have taken action to reduce greenhouse gas emissions.

Figure 32.20. Shading indicates the number of mitigation activities taken by each state, and orange circles indi-
cate cities with emissions-reduction targets (as of April 2023). Almost every region has taken some action, with 
hotspots of activity in the Northeast, Southwest, Colorado, Hawaiʻi, and along the West Coast. See Figure 32.21 
for examples of the types of actions taken. Figure credit: The Pennsylvania State University, NOAA NCEI, and 
CISESS NC.

The pathways toward achieving these goals often include a broad collection of measures and policies, 
including investments in infrastructure and clean technologies that will require substantial capital, financial 
backing, and resource allocation. The feasibility and impact of these measures are dependent on local and 
regional factors, which are often reflected in more granular sector- or economy-specific mitigation targets 
and actions (see Figure 32.21).350
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Adoption Rate of Various Forms of Policy Instruments and Climate Action

States and cities have adopted a range of climate actions and policies. 

Figure 32.21. Bars show the percentages of states (left) and cities (right) that have announced emissions targets 
(tracked by the United Nations Framework Convention on Climate Change Non-state Actor Zone for Climate Ac-
tion dataset) or adopted the selected clean energy policies (tracked in North Carolina State University’s Database 
of State Incentives for Renewables & Efficiency dataset) as of April 2023. The color of the bars indicates the type 
of policy, and hashing denotes that the policy action is also being adopted or announced by the Federal Govern-
ment. PACE stands for property assessed clean energy. Figure credit: The Pennsylvania State University, NOAA 
NCEI, and CISESS NC.
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To this end, nearly 40 states have introduced renewable portfolio standards or voluntary renewable 
energy goals, which further guide and codify decarbonization efforts within the energy sector and induce 
incremental shifts toward increased penetration of renewable electricity (KM 32.1). Similarly, more than 
30 local governments have enacted requirements for energy efficiency, ranging from building codes and 
benchmarking ordinances to establishing performance standards (see, e.g., KM 12.3). With federal corporate 
average fuel economy (CAFE) standards in place for vehicles, local transportation-sector efforts are often 
focused on behavioral mode-shift goals, such as promoting clean and public transport options and reducing 
vehicle-miles traveled. The proposed federal Agriculture Resilience Act is designed to address the adaptive 
needs of US farmers and consumers as a result of a changing climate, as well as to reduce the emissions 
associated with agricultural production.351 In addition, the Securities and Exchange Commission is in the 
process of finalizing new rules that would require public companies to disclose greenhouse gas emissions 
related to their operations and supply chains, as well as climate risks to their business.352 Such rules would 
build on the voluntary reporting and reduction efforts of corporations under the Carbon Disclosure Project; 
Science Based Targets initiative; and Environmental, Social, and Corporate Governance frameworks and will 
need to be supported by improved accounting protocols and focused scientific research.174,353,354,355,356

Beyond goal-setting and implementing regulatory measures, the enabling of financial mechanisms is often 
a core element of mitigation strategy. Regional cap-and-trade programs utilize a system of accountability 
and performance to incentivize emissions reductions at the electricity-generation level. Meanwhile, federal 
subsidies, such as those provided to clean energy businesses and tax credits for electric vehicle purchases, 
can bolster behavior change.54 By enabling access to financial capital—whether within the government, 
commercial, or residential sectors—investments in infrastructure and the built environment, as well as 
research and development, may further drive these advances.

Available mitigation strategies vary in terms of emissions-reduction potential and costs (Figure 32.22), as 
well as in environmental, technical, and social implications (Figure 32.23). However, with the advancement 
of measurement technologies and insights gained from the deployment of various actions taken in vastly 
different environments, there is now more empirical evidence to inform strategy design for a given 
community (see regional chapters for examples of state, city, community, and Tribal mitigation actions; e.g., 
Box 21.1; KM 30.3). Additionally, more jurisdictions are adopting community-driven and holistic approaches 
to climate action planning, incorporating practices that address equitable access to information (including 
considerations for languages used and internet access) and events (including transportation vouchers, food 
and childcare provisions, and payment for subject-matter expertise to community members with lived 
experience), with a goal of improving and increasing capacity and ability to influence decision-making and, 
ultimately, assisting elected leaders in making the best-informed and most-impactful decisions for their 
unique communities.357,358,359



Fifth National Climate Assessment

32-39 | Mitigation

Potential Emissions Reductions by Action, for the Year 2050

 
The size and cost of emissions reductions depend on available technologies and the source of related emis-
sions.

Figure 32.22. Energy system, land-sector, and non-CO2 (carbon dioxide) mitigation options for the year 2050 are 
shown along with estimated marginal costs, excluding the impact of policy incentives. The sum of the mitigation 
options shown results in net-negative CO2-eq (carbon dioxide equivalent) emissions in the United States, not 
only demonstrating the possibility of reaching net-zero emissions using a combination of these actions but also 
highlighting a large range of costs for such actions (costs as of 2021). Mitigation options from conservation and 
lifestyle change are not assessed due to the difficulty in assessing costs for these measures. H2 = hydrogen. 
Adapted with permission from Farbes et al. 2021360 and Figure SPM.7 in IPCC 2022.361 
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US Company-Level Mitigation Actions

 
A majority of US companies have made mitigation commitments, inventoried emissions, or participated in initia-
tives, but fewer are taking action.

Figure 32.23. As of April 2023, a majority of US companies across many sectors have committed to reducing 
emissions or conducted emissions inventories, and many have participated in mitigation initiatives (top). Percent-
ages are smaller in terms of actions taken (bottom). For example, many companies are involved in energy effi-
ciency improvements, efforts to reduce supply chain emissions, and public engagement efforts. But 20% or fewer 
across all sectors are reported as reducing process emissions or effecting company behavior changes. Figure 
credit: The Pennsylvania State University, NOAA NCEI, and CISESS NC.
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Box 32.3. Orlando Case Study: Mitigation in the Country’s Most Visited City

In the five decades since the opening of Walt Disney World, Orlando has become the most highly visited city in the United 
States. As a result, this community faces the unique challenge of managing the costs, demands, and emissions of more 
than 75 million annual visitors, or nearly 300 visitors for each individual resident.362,363 To address these impacts, local 
governments have adopted an ambitious, socially inclusive, and innovative climate strategy.

The prevalence of resort and multifamily developments, for example, has led to the adoption of energy efficiency require-
ments for commercial buildings and a community-wide commitment to 100% renewable energy to drive the decarboniza-
tion of the local building stock. Meanwhile, to address the needs of local residents, many of whom work in lower-wage 
jobs associated with the tourism industry, an energy-burden analysis was conducted to identify the neighborhoods most 
in need of assistance.

As the largest rental car market in the world, the region has served as a proving ground for enhanced electric and autono-
mous vehicle piloting,364,365 as well as the adoption of an electric vehicle readiness policy.366 Research efforts have focused 
on public safety when various modes of transportation, such as single-passenger vehicles (more likely to be utilized by 
visitors and more affluent residents), are active in the same vicinity as buses, cyclists, and pedestrians.

Enhanced waste-reduction efforts previously included an anaerobic digestion facility that utilizes the gray water and food 
scraps from the Disney parks and resorts to generate biogas, a renewable energy source that is used to power these same 
facilities. In tandem with this localized solution, waste avoidance and gleaning programs (e.g., improved collection of 
excess produce and perishables from farms, retailers, and restaurants)367 provide options for those who are food insecure.

Together, these mitigation strategies serve to protect the local environment, enhance the quality of life for local residents, 
and showcase a variety of solutions to the nearly 76 million guests who visit the region each year.
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Traceable Accounts
Process Description
Based on their own experience, nominations, and relevant recent literature, the chapter lead author and 
federal coordinating lead author discussed and selected a set of experts to invite as authors, seeking diverse 
representation of topical expertise, disciplinary perspectives, career stages, professional backgrounds, 
geographies, and demographics. Of 25 invitations, 16 were accepted, forming an author team with the 
requisite expertise to cover the chapter topics and provide a good balance of other characteristics. The 
author team began meeting regularly as a group and then divided into smaller working groups focused 
on different key topic areas, which also met regularly (all meetings were virtual, except for the in-person 
All-Author Meeting held in Washington, DC, in April 2023). During these meetings, the team worked 
together to develop key topic areas for the chapter, identify key literature and sources, and plan syntheses 
and figures for the chapter. The team also planned the public engagement workshop for the chapter and 
afterward discussed inputs and feedbacks from that workshop.

Key Message 32.1  
Successful Mitigation Means Reaching Net-Zero Emissions

Description of Evidence Base
The assessment and summary of the sources and trends of US greenhouse gas emissions relies primarily on 
inventories and estimates from the EPA,7,8 supplemented by socioeconomic, energy activity, and agricultur-
al production data from official sources such as the US Energy Information Administration (EIA)18,368,369,370,371 
and the World Bank.372,373 EPA estimates of energy-related emissions are primarily based on tracked masses 
and volumes of combusted fuels (and in some case continuous emissions monitoring at point sources) 
publicly reported to the EIA, EPA, or Bureau of Transportation Statistics. EPA estimates of land sector (i.e., 
land use, land-use change, and agricultural) emissions are primarily based on activity data (e.g., area of land 
converted, number and kinds of livestock, mass of fertilizer applied) and associated emissions factors that 
have been developed based on numerous case studies.11,374 Federal- and state-level greenhouse gases (GHG) 
targets were compiled from publicly available sources and are not uncertain. 

Major Uncertainties and Research Gaps
Although there is no uncertainty as to the current emissions targets and it is well-established that 
global warming will be proportional to cumulative carbon dioxide (CO2) emissions (e.g., Matthews et al. 
2009375), there is relatively little scientific literature and relatively few national and international goals that 
address long-term management of the climate after net-zero emissions have been achieved and into the 
22nd century.376

Estimates of agricultural and fugitive non-CO2 GHG emissions have greater uncertainty because they are 
spatially heterogenous “area” sources that are more challenging to measure directly,97,377 as evidenced by 
discrepancies between “top-down” estimates of global methane emissions based on measurements of the 
atmosphere and “bottom-up” estimates based on activity data such as number and kinds of livestock and 
extent of rice cultivation.378,379 For this reason, these are active areas of research, and analysts are bringing 
to bear a variety of different and innovative tools and methods to reduce the uncertainty and prioritize 
mitigation efforts (e.g., Liu et al. 2022;380 Norooz Oliaee et al. 2022;381 Conrad et al. 2023382).
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Description of Confidence and Likelihood
Based on the multiple sources of high-quality energy system data, the authors have very high confidence in 
both the overall magnitude of energy-related US GHG emissions from each major source and their relative 
changes over time. There is also broad agreement among dynamic vegetation models, bookkeeping models 
of land-use change, and atmospheric observations as to the magnitude of the US land sink in recent years,51 
but the sink has been decreasing22 and future uptake by US forests will depend on management and climate 
change impacts, both of which are uncertain.21,180,383,384 Given current emissions levels and stated goals, 
however, the required rate of decrease is not in question. For these reasons, we have very high confidence in 
the statements made in the Key Message.

Key Message 32.2  
We Know How to Drastically Reduce Emissions

Description of Evidence Base
The assessment of established options for reducing energy-related GHG emissions reflects a large body 
of literature and recent energy-system modeling,60,385 including a database of 40 US net-zero emissions 
scenarios.41,42 Although there are substantial differences in the cost-effective energy systems modeled in 
these scenarios depending on model design and key assumptions, the Key Message and text emphasize 
characteristics that are robust across most, if not all, of the scenarios.47,50,130,386,387,388

Major Uncertainties and Research Gaps
The assessment of established options for reducing land-related GHG emissions reflects a substantial 
literature, but there are few quantitative scenarios to support potential reductions.96,98,121,177,185,191,389,390,391  
Instead, potential reductions are often extrapolated from the localized studies that are available. Further 
research is warranted to test key sensitivities in energy model scenarios and to quantitatively assess factors 
beyond cost, such as social and political acceptance of (or opposition to) changes in use of land and water 
resources and adoption of energy technologies, and the associated distribution of benefits and impacts (as 
well as other non-cost factors discussed in KM 32.4).

Description of Confidence and Likelihood
Across 40 of the most recent and detailed energy system scenarios of net-zero US emissions, produced 
by 14 independent models and assuming a wide range of costs and constraints, the share of final energy 
met by electricity increases from about 20% today to 43%–57% by 2050 (the 25th–75th percentile range; 
Figure 32.11), and solar and wind are consistently major sources of energy, typically ranging from 57%–80% 
of primary energy by 2050 (the 25th–75th percentile range; Figure 32.10). Yet fuels continue to be used 
across those scenarios for some transportation and industry applications. The robustness of these numbers 
despite many methodological differences gives us high confidence in the energy-related statements in the 
Key Message.

A large literature also supports the opportunities for large reductions in land-related emissions, giving us 
high confidence in the land-related statement in the Key Message.96,98,121,177,185,191,389,390,391

Current costs of technologies such as solar, wind, and electric vehicles and the projected large-scale 
deployment of these technologies in cost-optimized energy system models,41,42,45,66,392 as well as many studies 
demonstrating the potential cost savings of energy efficiency improvements,393,394 optimization of agri-
cultural inputs,395 shifts in diet,96,98,396 and repair of leaky infrastructure, all give the authors similarly high 
confidence that many mitigation options are now cost-effective.
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Key Message 32.3  
To Reach Net-Zero Emissions, Additional  
Mitigation Options Need to Be Explored

Description of Evidence Base
The assessment of potential options for reducing energy-related GHG emissions reflects a large body 
of literature and recent energy system modeling, including a database of 40 US net-zero emissions 
scenarios,41,42 but this Key Message highlights that the scale and mix of energy technologies and mitigation 
options remain sensitive to assumed—and yet uncertain—costs and constraints. Similarly, the potential 
options for reducing land-related GHG emissions presented in this Key Message are not as well studied, and 
there is open debate about the efficacy and/or cost-effectiveness of, for example, different energy storage 
technologies,397,398 advanced nuclear technology,399,400 and carbon management options,52,168,401,402 as well as 
future agricultural productivity.403,404

Major Uncertainties and Research Gaps
We assign medium confidence to the list of attractive targets for further research, development, and demon-
stration because existing literature either disagrees as to the potential of these technologies or only a few 
studies have made the case that they have great potential. Where analyses disagree, it may be because their 
findings depend on assumptions regarding deeply uncertain aspects of economic development, human 
behavior, or technological innovation. In general, additional research is needed to quantitatively assess a 
greater number of emerging energy technologies and land management options, and especially work that 
incorporates the various non-cost factors discussed in Key Message 32.4.

Description of Confidence and Likelihood
We have high confidence that we do not yet know which net-zero-emissions energy system will be 
cost-optimal (or socially and politically acceptable) and that we do not know the ideal types or scales of 
carbon management to support net-zero emissions and sustainability more broadly.405,406 This is because 
there is substantial variation in the type and scale of energy and carbon management technologies deployed 
in model scenarios, long-term projections of technology costs span large ranges, and the social and political 
support for different mitigation efforts is unclear. Although the effectiveness and scalability of some of the 
approaches to reduce land-related non-CO2 emissions remain uncertain (e.g., soil amendments, livestock 
feed supplements), other options are becoming clear, such as managing manure, cover cropping, and 
decreasing nitrogen fertilizer applications. Thus, we have medium confidence as to the options for reducing 
these land-related non-CO2 emissions.

Key Message 32.4  
Mitigation Can Be Sustainable, Healthy, and Fair

Description of Evidence Base
The assessment of historical and future impacts of energy systems on, for example, water,279,280,283,284 air 
pollution,102,234,245,246,253,254 energy security,31,339 labor,233,247,293,298,305 and energy equity and environmental 
justice217,251,259,300,309,329 is based on a diverse and rapidly growing academic literature as cited in the chapter. 



Fifth National Climate Assessment

32-45 | Mitigation

Major Uncertainties and Research Gaps
As mentioned in regard to other Key Messages, there is a lack of specific qualitative and quantitative 
analyses and decision-making tools regarding how mitigation may affect and be affected by energy equity, 
environmental justice, land use, labor, water, air pollution, and energy security in different places, times, 
and social, demographic, and political contexts (Carley, Evans et al. 2018). There is also a lack of analyses and 
tools to reflect interacting technological, social, political, and environmental uncertainties and choices to 
inform multistakeholder decision-making.407

Description of Confidence and Likelihood
An extensive literature demonstrates the potential health benefits of climate mitigation, especially in regard 
to related decreases in air pollution. Fewer but still numerous studies have shown that the cost and resource 
savings or net social benefits of many mitigation options can accrue to specific populations. We therefore 
have high confidence in the potential benefits to human health and well-being, including specific environ-
mental and socioeconomic effects. However, the available research also gives us high confidence that the 
benefits of mitigation may be distributed unevenly in the absence of proactive efforts to ensure fairness.

Key Message 32.5 
 Governments, Organizations, and Individuals Can Act to Reduce Emissions

Description of Evidence Base
Our assessment of possible actors and mitigation actions is drawn from both the actions represented in 
models and studies by researchers,408,409,410,411,412 as well as reports and databases that have compiled lists of 
past actions taken (e.g., the Center for Climate and Energy Solutions State Climate Policy Maps,348 North 
Carolina State University Database of State Incentives for Renewables & Efficiency,413 CDP States and 
Regions Climate Tracker,414 and United Nations Framework Convention on Climate Change Non-state Actor 
Zone for Climate Action dataset415).

Major Uncertainties and Research Gaps
No jurisdiction has yet transitioned from a fossil-based economy to a deeply decarbonized or net- 
zero-emissions one. Moreover, actions to start down that road may be different from those that reach the 
end of it.416,417 Future research may productively explore the limits of actions by certain groups or jurisdic-
tions, and seek to assess where collaborations are necessary and most valuable to support mitigation.417,418

Description of Confidence and Likelihood
Public commitments made and actions already taken (as tracked by the sources cited in the evidence 
base above) give us high confidence that mitigation can be supported by a wide range of actors in a wide 
variety of ways. Historical progress in reducing emissions (e.g., US electricity emissions since 2007) and 
forward-looking modeling analyses give us similarly high confidence that substantial near-term potential in 
the US lies in actions to boost low-carbon technologies,50,255,387,419,420,421 moderate use of internal combustion 
vehicles,65,66,68 improved building efficiency,32,33 and diet shifts.96,98,396
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Focus on Compound Events
Climate change is increasing the chances of multiple climate hazards 
occurring simultaneously or consecutively across the US and its territories. 
Such interactions between multiple hazards across space or time, known 
as compound events, exacerbate the societal and ecosystem impacts of 
individual hazards and hinder the ability of communities, particularly frontline 
communities, to respond and cope. Therefore, infrastructure design, planning, 
governance, and disaster preparedness for compound events are critical for 
building resilient systems.

What Are Compound Events?
Compound events result from the occurrence of multiple climate drivers or hazards either in an individual 
location or across multiple locations that, when combined, have greater impacts than isolated hazards on 
ecosystems, water resources, public health, energy infrastructure, transportation, food systems, and inter-
connected societal networks, often straining disaster response.1,2,3 Compound events can also result from 
the intersection of climate hazards with other environmental hazards like pollution, non-climate hazards 
such as wars and pandemics, or socioeconomic stressors like poverty and lack of adequate housing that 
disproportionately impact overburdened communities, thereby deepening existing societal inequities (e.g., 
KMs 5.2, 18.2, 20.1, 23.1, 27.1, 29.2). Compound events are broadly categorized as:

• Multivariate: co-occurring hazards in a location, such as simultaneous precipitation deficits and 
extreme heat that contributed to the severe Pan-Caribbean 2013–2016 drought4

• Temporally compounding: successive hazards in a location, such as destructive wildfires in 2017 
followed by heavy rainfall on burned landscapes in January 2018 that resulted in mudslides and debris 
flows, damaging ecosystems and infrastructure (KMs 3.5, 5.2, 6.1, 27.2) 

• Spatially compounding: similar or disparate hazards occurring simultaneously or within a short 
time window in multiple locations that are connected by physical processes or complex human and 
natural systems, such as simultaneous megafires across multiple western states and record back-to-
back Atlantic hurricanes in 2020 that caused unprecedented demand on federal emergency response 
resources (Figure F1.1)5

• Preconditioned: extreme events superimposed on long-term trends, such as higher sea levels, heavier 
precipitation, and/or changing storm seasonality causing more frequent and severe coastal flooding 
(KMs 4.2, 9.1, 30.1),6,7 like during Hurricane Florence (2018) in the Southeast (KM 22.1),8 Typhoon Surigae 
(2021) in Palau, and Typhoon Merbok (2022) in Alaska (KM 29.1)9

• Complex events: non-climatic stressors that exacerbate climate hazards, such as COVID-19, which 
exacerbated climate-driven food, water, and livelihood insecurities facing Tribes, Indigenous Peoples, 
and other frontline communities (KMs 5.2, 16.1; Focus on COVID-19 and Climate Change)
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Recent Events
Compound events have resulted in multiple recent disasters across several US states. The following 
examples illustrate their cascading societal impacts (Figure F1.1):

• Heat, drought, and wildfires: A series of compound events between 2020 and 2021 stressed 
communities and ecosystems across the western US and caused economic damages exceeding $38.5 
billion (in 2022 dollars; KMs 27.2, 28.1, 28.2, 28.4).10 In 2020, co-occurring heat and drought caused 
concurrent destructive fires across California, Oregon, and Washington11 that resulted in infrastruc-
ture and property damage and human fatalities, threatened access to energy and water supplies, and 
strained firefighting resources.10 Millions of residents were exposed to harmful pollutants in wildfire 
smoke, affecting public health and worsening COVID-19 related mortality.12,13,14 Drought persisted 
into 2021 and amplified the record-breaking Northwest heatwave,15 killing over 229 people in the US. 
Co-occurring heat, drought, low streamflow, and low tides in 2021 triggered toxic algal blooms and 
mass die-offs of shellfish and low survival of salmon, species important to Indigenous communities 
and the West Coast economy (KM 27.2; Figure 10.2).16 West Coast crab fishery revenue losses were 
exacerbated by management actions implemented during earlier marine heatwaves.17

• Compound flooding: Back-to-back storms affected the Northeast in 2021, resulting in 55 deaths 
and more than $21.4 billion (in 2022 dollars) in damages (KM 21.1). On August 22, Hurricane Henri 
brought intense rainfall to the Northeast (7 inches in New York City, including 2 inches in one hour 
in Central Park) that caused $749 million (in 2022 dollars) in damages despite mild winds. On August 
29, Hurricane Ida, which made landfall as a Category 4 in Louisiana, moved northeast, and delivered 
record rainfall during September 1–2 to already-saturated Northeast soils, causing catastrophic 
flooding. This temporally compounding event was about 30 times more deadly and more damaging 
than Hurricane Henri alone, straining local governance and emergency management systems.18

Will Compound Events Increase with Climate Change? 
Compound events are expected to become more frequent with continued climate change (e.g., KMs 2.2, 
9.1). The increasing frequency and severity of climate hazards such as extreme heat, heavy precipitation, 
and severe storms are projected to increase the chances of 1) a sequence of hazards occurring within a 
short time span and 2) simultaneous independent events in a location or multiple locations. For instance, 
increasing swings from dry-to-wet extremes in western states and Pacific Islands will increase the chances 
of intense rains on parched or recently burned landscapes, increasing risks of postfire flash flooding, debris 
flow, and contaminated drinking water supplies (KMs 4.2, 30.1).19,20,21 Climate change is also expected to alter 
the physical drivers of compound events. For instance, more frequent extreme La Niñas22 would simultane-
ously elevate the risk of western US droughts and back-to-back severe Atlantic hurricanes, increasing the 
chances of compounding disasters similar to the 2020 season (Figure F1.1).23,24 Changes in weather patterns 
such as more frequent atmospheric high-pressure systems could increase the risk of co-occurring heat, 
drought, and marine heatwaves.25,26 

How Can We Adapt?
Low-income communities, communities of color, Tribes and Indigenous Peoples experience high exposure 
and vulnerability to climate hazards due to their proximity to hazard-prone areas, infrastructure deficits, 
limited disaster-management resources, and governance challenges, which are legacies of colonialism, 
redlining, and other discriminatory policies (KMs 4.2, 16.2, 18.2, 20.1).27 Consequently, these communities 
could face higher risks through complex event outcomes, which can magnify existing disproportion-
ate health risks (KM 15.2). Transformative, socially just adaptation approaches (KM 31.3), investment in 
emergency preparedness, and governance structures that account for the inequitable distribution of climate 
impacts can avoid further exacerbating such existing social disparities (KMs 12.4, 20.3, 31.2).28,29,30 Incorporat-
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ing compound event risks in infrastructure design standards and regulations, updating aging infrastructure, 
and planning at the community-level can improve climate resilience and protect against risks like displace-
ment and gentrification.28,31,32 Despite the availability of tools to evaluate infrastructure alternatives (e.g., 
Helgeson et al. 202033), communities with limited adaptation resources face significant challenges in making 
such investments. 

Resource allocation toward solutions that address multiple community resilience objectives can address 
some of these challenges.34,35 For example, blue-green infrastructure—use of green-areas and water bodies 
in urban planning—and tidal marsh restoration can sequester greenhouse gas emissions and protect against 
floods while also providing ecosystem services like reducing heat and air pollution, creating recreation-
al spaces, and advancing environmental justice in urban environments (KM 12.3).36 Enhanced monitoring 
of adaptation actions, scenario planning activities (e.g., Gerlak et al. 202137), and sharing best practices 
among stakeholders can alleviate planning challenges and improve management of the growing risk of 
compound events.
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Compound Events

 
Compound events have amplifying impacts on ecosystems and human communities and affect their  
capacity to respond.

Figure F1.1. (a) The timeline shows temporally compounding events in 2020–2021 on the West and East Coasts 
and their cascading impacts on communities and ecosystems. (b) The satellite image shows simultaneous 
disasters—multiple wildfires in the US West and Hurricane Sally in the Southeast. The orange and red colors show 
wildfire smoke traveling across the US. Figure credit: Washington State University Vancouver. See figure metadata 
for additional contributors. Satellite image credit: Joshua Stevens, NASA Earth Observatory, using GEOS-5 data 
courtesy of NASA GSFC and VIIRS data courtesy of NASA EOSDIS/LANCE and GIBS/Worldview and the Suomi 
National Polar-orbiting Partnership.
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Traceable Accounts
Description of Evidence Base and Research Gaps
There is broad agreement across the physical and social sciences and engineering communities that 
compound events are a growing threat to communities, sectors, emergency management, insurance 
companies, and interconnected societal systems. Recent studies have developed frameworks for studying 
compound events and quantified future changes in risks in several types of compound events such as hot 
and dry or hot and humid extremes, compound coastal and fluvial flooding, drought and marine heatwaves, 
marine heatwaves and ocean acidity extremes, and wildfires followed by heavy rainfall. Identification of 
various types of compound events has grown in recent years. Compound events are rare, and thus the short 
observational record for many climate variables limits the ability to quantify historical changes, characterize 
present-day probabilities, and evaluate the ability of climate models to simulate them. There are also gaps 
in the scientific understanding of the range of physical processes that lead to various types of compound 
events affecting many regions, communities, and sectors. Literature on their societal impacts is even more 
limited and challenging to quantify because compound events are still relatively rare and result from a 
complex set of factors. Together, these result in uncertainties and low confidence in estimates of projected 
changes in their risks.

Compound events span a wide variety of physical phenomena, societal impacts, and different research 
communities with different needs, requirements, and impacts. There is a diversity of definitions of 
compound events, and much of the literature consists of case studies. Compound events of multiple 
weather and climate variables are often treated by combining those variables into a single metric. For 
instance, the literature contains multiple formulations of the combined effect of high temperatures, 
humidity (or aridity), and winds (or stagnancy) on human health and fire risk. While such univariate formula-
tions are more amenable to standard analysis techniques, the richness of the multivariate space can be lost. 
Advanced multivariate extreme statistical analysis tools have not seen widespread adoption by the scientific 
community. The recent development of large climate model ensembles combined with event identification 
analysis tools offers the opportunity to increase our understanding of the physical processes that lead to 
compound events and to evaluate their historical and future risks under different warming levels. 
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Focus on Western Wildfires
Climate change is leading to larger and more severe wildfires in the western 
United States, bringing acute and chronic impacts both near and far from the 
flames. These wildfires have significant public health, socioeconomic, and 
ecological implications for the Nation.

Fire is a critical ecosystem process across the western US. In recent decades, wildfires in the western 
United States have become larger, hotter, and more destructive and deadly due to a suite of factors, 
including climate change. Prior to federal policy to suppress wildfires, natural wildfire and Indigenous 
burning ensured that landscapes benefited from regular fires for millennia (KM 28.5).1 Nineteenth- and 
early-20th-century land-use practices, followed by a policy of fire elimination, led to vegetation fuel buildup 
in low-elevation fire-adapted western forests, and livestock grazing promoted highly flammable annual 
grass dominance in rangelands (KMs 2.2, 7.1, 28.5).2,3,4 Development in the last 50 years has greatly expanded 
the wildland–urban interface (KMs 12.2, 28.5)5 and increased human-caused ignitions, jeopardizing people, 
property, and infrastructure.6,7 In recent years, climate change has contributed to very large and severe fires. 
While low- and moderate-severity fire with small patches of high severity can have important ecological 
benefits (Chs. 7, 28), large, high-severity fires often have profoundly negative long-term ecological, social, 
and economic consequences (Figure F2.1; KM 28.4).8,9



Fifth National Climate Assessment

F2-4 | Focus on Western Wildfires

Wildfire Impacts

 
Climate change has increased the area burned and severity of wildfires and impacts on the environment, human 
health, and society. 

Figure F2.1. Indicators and risks illustrate the drivers of, impacts from, and solutions to wildfire across a range of 
socioecological contexts within and beyond the western states. Considering these helps improve understanding 
of how impacts are experienced and how to adapt. Figure credit: USDA ARS, USDA Forest Service, University of 
Washington, and Montana Health Professionals for a Healthy Climate.
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Climate change has produced warmer and drier conditions with prolonged droughts that stress forest 
vegetation, facilitating pest outbreaks and tree death, leading to the accumulation of surface fuel.10,11 
Wildfires are moving up in elevation, due to warming temperatures, reduced snowpacks and summer 
precipitation, and overall drier conditions (KMs 2.2, 3.5, 7.1, 28.5). Climate change has also increased vapor 
pressure deficit that dries fuels, altering fire behavior that results in large, hotter, and more severe fires 
(KMs 7.1, 28.5).12,13,14,15 Consequently, the annual area burned and area burned by high-severity wildfires 
have increased in the West about eightfold since 1985 (Ch. 7).14,16 And while the annual area burned is on 
par with pre-European settlement, the very large, high-severity, and deadly and destructive wildfires 
result in significant socioecological and economic impacts. These trends are expected to continue at least 
to midcentury, when fuel availability is expected to become more limited in some western forests (KMs 
3.5, 28.5).17

In some non-forested regions, primarily arid shrublands and steppes, changes in the frequency and extent 
of wildfires are being driven primarily by invasive annual grasses that have benefited from climate change.2,18 
Intermountain West steppe rangelands are among the most threatened ecosystems in the US due to land 
use and wildfires, which have become larger and more frequent.19 In oak savanna and chaparral shrublands, 
historical increases in fire are linked to changes in human ignitions and land use.7,20

Further increases in area burned and wildfire severity are expected to alter the distribution and abundance 
of plants and animals and lead to biodiversity loss (KM 7.1). In some cases, forested areas that experienced 
repeated severe reburns have transitioned to shrublands or other vegetation types.21,22,23 Already, approx-
imately 75% of vegetation type conversion in the Southwest is due to high-severity fire.24 Continued 
warming, reductions in precipitation in some areas, and more frequent fire in forest and non-forest 
ecosystems can facilitate the establishment of invasive species, increase fuel flammability, reduce tree 
regeneration after wildfires,18,25,26 and alter vegetation types (KMs 7.5, 28.5).27 Potential reductions in 
forest and shrub cover due to climate-driven changes and wildfire reduce the potential for some western 
forestlands and steppe rangelands to function as carbon sinks (KM 7.2).

Although restored fire regimes can benefit forest hydrology in some cases,28 wildfires can put critical 
infrastructure at risk by altering soil conditions and water runoff (KM 6.1). Following fire, intense rain on 
water-repellent soils can cause debris flows, which cause human deaths, property damage, and costly road 
closures (KM 6.1).29 Chemical runoff can contaminate water supplies, and excess sediment runoff can reduce 
reservoir storage capacity.30,31,32 Soot from fire emissions also darkens the surface of snow and ice, altering 
snow retention and melt in potentially undesirable ways.33,34 

Human infrastructure can also affect wildfire risk. Although uncommon, fires caused by electrical trans-
mission lines have been large and deadly. The 2018 Camp Fire nearly destroyed the entire town of Paradise, 
California, displacing tens of thousands of residents,35 many of whom have not returned. To reduce such 
ignitions, electrical grid power shutoffs are used during windy weather.36 However, this approach can 
disrupt local economies (e.g., agriculture and healthcare) and livelihoods, with disproportionately high 
impacts on rural and overburdened communities.37

Wildfire smoke can be transported thousands of miles, causing significant environmental, public health, 
and socioeconomic impacts across the country (KMs 14.1, 19.1, 25.1).38,39 Smoke from burning vegetation and 
built structures contains fine particulate matter (PM2.5), ozone precursors, and other toxic components 
(KM 14.2).40 Although the annual average level of PM2.5 has declined over recent decades due to air quality 
policies, the frequency and severity of smoke events in the western US make wildfire the largest contributor 
to PM2.5 in this region, offsetting some of those improvements (KM 14.1). Exposure to wildfire smoke is 
associated with adverse cardiovascular and respiratory outcomes (KM 15.1), as well as increased risks of 
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COVID-19 mortality (Focus on COVID-19 and Climate Change).41,42 Wildfire smoke may also affect neonatal 
human health, such as lower birthweights or pregnancy loss.43,44 

Projected changes in wildfire are expected to result in a significant health burden, especially for at-risk 
populations.45 Susceptibility to wildfire smoke exposure can be exacerbated by age, preexisting health 
conditions, socioeconomic status, occupation, and housing status (e.g., people who are unhoused 
experience constant exposure). Wildland firefighters are at increased risk of lung cancer mortality and 
cardiovascular diseases.46 Where wildfires overlap with harvest seasons, farmworkers and other outdoor 
workers (frequently low-income workers from immigrant and Indigenous communities) are at risk (KMs 14.2, 
15.2, 16.1, 27.1, 28.4).

Enhancing ecosystem resilience and protecting communities from wildfires is achievable through 
investments in both ecosystems and social systems (KM 28.5). Proactive actions include strategically placing 
forest fuel treatments in high-fire-risk locations and accelerating vegetation management, including the 
use of fire at ecologically meaningful spatial scales. These actions often require surface and ladder fuel 
reductions through prescribed burning or mechanical removal47 and allowing low-intensity wildfires to 
burn in strategic locations (KMs 7.3, 28.5). In fire-adapted ecosystems, low- and moderate-severity wildfires 
reduce smaller trees, shrubs, and dead fuels, maintaining forests with fewer, more widely spaced trees (KMs 
7.3, 28.5), thus increasing resilience to future climate impacts. Burned area rehabilitation efforts can reduce 
sediment runoff and protect water supply and hydroelectrical infrastructure (KMs 5.1, 7.1).

Efforts to strategically reduce the number of human-caused ignitions and investments in home hardening 
are important adaptation measures in some areas.7,20 Fireproofing structures and other design and con-
struction efforts can reduce the likelihood of structure ignition, lessening wildfire risk to communities.48 
Land and community planning practices—including zoning, ordinances, and building codes—influence 
wildfire risks to homes in wildfire-prone regions.49 Additional measures for protecting communities involve 
improvements in data access and usability, emergency response planning, healthcare system prepared-
ness, and early-warning systems for evacuation and timely communication of health impacts to the public, 
especially for at-risk populations and outdoor workers (KMs 14.1, 19.3). 
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Traceable Accounts 
Description of Evidence Base and Research Gaps 
This focus box examines observed and projected wildfire trends for western North America and the impacts 
of wildfire nationally.3,38,50 This includes research that has used remotely sensed and modeled data, alongside 
field-based experimental and observational data, to demonstrate that the influence of climate change on 
current and future wildfire is through warming temperatures, which have reduced fuel moisture content 
and made the fuels more flammable.11,12,14,22 Research demonstrates that roughly half of the increase in area 
burned is due to increases in fuel flammability as a result of anthropogenic climate change (KMs 3.5, 7.1).12 
Warming, lowered humidity, and atmospheric drying (i.e., higher vapor pressure deficit) have facilitated 
increases in the frequency of fire-conducive weather as well as of annual area burned and the proportion 
burned at high severity by wildfire (KM 2.2).14,16 Similar methods have also been used to elucidate factors 
influencing wildfire smoke pollutant mixture and the effects on human health.38,39,42

There is strong and building evidence that reducing forest fuels and lowering the density of trees in forests 
lessens the impact of climate-mediated stress and disturbance.4 Greater resistance and resilience to wildfire 
can be achieved through mechanical vegetation treatments with the use of prescribed fire and managed 
wildfire (KMs 7.3, 28.5). An increased and refined understanding of appropriate adaptation strategies to 
safeguard ecosystems, communities, and people could enhance outcomes of future investments.4 There 
is evidence that planning, zoning, updating building codes, and fireproofing structures can mitigate risk 
and losses to infrastructure and property.48,49 Key areas of future investigation include, but are not limited 
to, the appropriate suite of land-based practices (i.e., thinning, prescribed fire) as well as the ecosystem 
specificity (e.g., forest or vegetation type) and the appropriate spatial scale needed to meaningfully reduce 
risk.15 Lastly, an increased understanding of the composition of rural populations in the western US, how 
different subsets of the population access information, and behavioral responses to wildfire-related alerts 
would allow for more targeted messaging and more informed allocation of resources during wildfire and 
smoke events.45
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Focus on COVID-19 and Climate Change
Climate change can increase the likelihood of pandemics like COVID-19 and 
worsen their impacts. Climate-driven changes in ecosystems increase the 
risk of emerging infectious diseases by altering interactions among humans, 
pathogens, and animals and changing social and biological susceptibility to 
infection. Climate change also amplifies the risk of infection among people at 
the front lines of exposure, especially those with fewer resources. Addressing 
the challenges of climate change and pandemics requires early collective 
action and systemic change.

The Impact of Climate on Infectious Diseases
Over half of known human pathogenic diseases are exacerbated by climate change,1 particularly zoonotic 
(originating in animals) and vector-borne diseases (KM 15.1; Table 8.1). Zoonotic diseases account for three 
out of every four newly emerging pathogens, including COVID-19.2 Changes in climate alter the distribution, 
diversity, and abundance of vectors and non-human hosts, as well as the host’s susceptibility to pathogens 
and pathogen replication. Climate changes can also speed the transmission of pathogens and promote the 
establishment of new diseases (KMs 8.2, 15.1). Coupled with global travel networks and dense urbaniza-
tion, novel pathogens can rapidly spread to areas far from their origins. Our understanding of COVID-19 is 
evolving, but the pandemic demonstrates the global threat of emerging infectious diseases and has raised 
awareness of linkages between climate change and zoonotic diseases.3,4 

Interactions Between COVID-19 and Climate Change Exacerbate 
Existing Inequities
Climate-related disasters have interacted with COVID-19 throughout the course of the pandemic in multiple 
ways (Table F3.1). Certain communities—including essential workers, older adults, low-wealth communities, 
and communities of color—are disproportionately impacted by these compounded exposures (KM 15.2).5
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Table F3.1. Interactions Between COVID-19 and Climate Change Exacerbate Existing Inequities

The table shows examples of disproportionate impacts related to COVID-19 and climate change.

Climate-Related Exposures Health Impact COVID-19 Interactions with Climate Change 

Hurricanes COVID-19  
transmission

After Hurricane Laura hit the Gulf Coast in 2020, the average 
number of COVID-19 hospitalizations increased, compared to 
before the storm, and was significantly higher in counties most 
affected by the storm.6

Drought COVID-19  
transmission

Many areas, including the Colorado River basin, experienced 
extreme drought—a climate-related hazard—and historic 
reductions in water supply during the pandemic. This highlighted 
the lack of access to clean water for health and hygiene for more 
than 2 million people living in the US, the majority of whom are 
people of color (KM 4.2). Tribal lands without reliable access to 
water had higher COVID-19 incidence.7

Wildfires, Hurricanes COVID-19  
transmission

Crowded housing and reduced hygiene increased disease spread 
during disaster-related evacuations.5,8 COVID-19 also reduced 
willingness to evacuate to shelters.9

Wildfires COVID-19  
disease severity

Wildfires exacerbate disease risk by worsening air quality (KMs 
7.2, 14.2). Breathing in tiny airborne particles magnifies a person’s 
vulnerability to COVID-19.10,11 Smoke from the massive 2020 
fires in the West was linked with increased COVID-19 cases and 
associated deaths.12

Extreme Heat, 
Drought, Wildfires Livelihoods

Farmworkers—of whom approximately 70% are born outside 
the US—are disproportionately vulnerable to climate change 
impacts that exacerbate COVID-19 risk.13,14 Extreme heat, drought, 
and wildfires, combined with the pandemic, negatively affected 
farmworker health, farm income, and the broader agricultural 
economy (Figure 11.1).13,15,16

Air pollution
COVID-19 disparities 
in transmission and 
severity

Exposure to particulate pollution can intensify COVID-19 morbidity 
and mortality (KM 15.2). Disparities in exposure to particulate 
pollution may partially explain why Indigenous, Alaska Native, 
Pacific Islander, Black, and Latinx Americans have experienced 
higher rates of COVID-19 cases, hospitalization, and death 
compared to White Americans.11,17

Climate Disasters and 
Long-Term Threat

Mental-health 
impacts

Climate change and the pandemic may significantly increase 
the mental health burden in the US,18 as current inequities in 
access lead to widening gaps in mental health outcomes.19,20,21 
Uncertainty, frustration, hopelessness, and helplessness, coupled 
with loss of livelihood, drastic lifestyle changes, and disruption 
of routines, are linked to COVID-19 and post-COVID conditions, 
as well as to acute and chronic mental health impacts of climate 
change (KM 15.1).22,23 
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Lessons from COVID-19 for Managing Climate Change
In 2020, COVID-19 lockdowns reduced transportation and electricity generation, decreasing annual US 
emissions of greenhouse gases (GHGs) by 11%.24 At the peak of COVID-19 restrictions (April 2020), emissions 
decreased by approximately 32%.25,26 While emissions reductions were not sustained and had little influence 
on global climate,27 they revealed the impact climate actions might have on air quality and the carbon 
cycle.25,28,29,30 The short-lived decrease in GHG emissions, despite dramatic lifestyle changes, as well as public 
resistance to restrictions, vaccines, and masks, suggests that voluntary lifestyle changes will not be enough 
to achieve GHG emissions-reduction targets. Reaching net-zero emissions is achievable and would require 
implementing known systemic changes (KM 32.2).

Early projections of COVID-19 costs to the US from lost economic output (i.e., income) and reduced health 
(i.e., premature death and long-term impairment) were calculated to be $17.9 trillion (in 2022 dollars)31—an 
underestimate given continued transmission and the high prevalence of post-COVID conditions.32 Climate 
change also involves significant and inequitable direct and indirect costs, which increase with delayed 
response (KM 19.1). Developing solutions would help avoid significant economic costs of future pandemics 
and climate change. 

COVID-19 and climate change have common underlying challenges and solutions.33,34 Shared solutions 
include the following: 

• Improved science communication that builds trust and minimizes disinformation impacts

• Collective action among nations to minimize threats 

• Bottom-up and top-down programming to build community resilience 

• Solutions to address stark socioeconomic, racial, and gender disparities that increase the vulnerability 
of those who are facing discrimination or have fewer resources 

• Investments in public health and medical infrastructure that can respond to acute increases in  
medical burden 

• Continued advancement in technology to prevent and respond to crises 

• Responsive and agile systems that detect and respond to early warning signals before the worst 
impacts are realized 

Quick action has major benefits. For COVID-19, deaths lag hospitalizations, hospitalizations lag infections, 
and infections lag exposures, providing time to prepare if adequate surveillance and public health systems 
are in place. Similarly, today’s GHG emissions will affect the climate for decades to come, and delayed 
action has significant consequences (KM 19.1).31 Early, preventive actions will slow or avoid the impacts 
of both pandemics and climate change, particularly the impacts felt by future generations. For climate 
change, preventive actions include achieving net-zero emissions (KM 32.1) and increasing adaptive capacity 
(KM 31.3). For pandemics, actions include addressing current health inequities, modernizing surveillance 
systems, enhancing targeted communication, mobilizing community-based prevention programs, and 
rapidly developing technical solutions such as vaccines. We can use the lessons learned from the COVID-19 
pandemic to build resilience and to better mitigate, respond to, and recover from both the next novel 
pathogen and climate change.
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Climate Change and Pandemic Risks

Climate change exacerbates infectious disease risk and increases health disparities. 

Figure F3.1. (top) Climate change is projected to alter the geographic range and seasonality of disease vectors 
and animal hosts due to habitat loss and changes in habitat suitability. Concurrent climate-driven changes to 
human social systems—such as migration and travel, growing urban centers, and food and water insecurity—in-
crease the potential for novel pathogens to spread quickly. (bottom) More frequent or severe extreme weather 
events can simultaneously interrupt supply chains, causing further economic disruption. Extreme weather events 
during a pandemic can reduce healthcare capacity, increase crowding in evacuation centers, and increase ex-
posure to extreme conditions, such as exposure to extreme heat if cooling centers are closed—all of which act 
together to increase health disparities. Figure credit: University of Arizona and USGCRP. See figure metadata for 
additional contributors.
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Traceable Accounts
Description of Evidence Base and Research Gaps
The author team reviewed the current science related to COVID-19 and climate change, focusing particu-
larly on the more measurable impacts of climate change–related disasters and their compounding impacts 
during the COVID-19 pandemic. There is a growing body of literature that examines the compounding 
health effects of COVID-19 and climate change–driven disasters and extremes.5 Primary research articles 
examine the links between air pollution, wildfires, and COVID-19 susceptibility, and several case studies 
examine hospital capacity in areas experiencing both COVID-19 and natural disasters. These include articles 
that demonstrate how extreme heat during the pandemic overlapped with COVID-19 to impact vulnerable 
populations;35 the COVID-19 pandemic’s influence on willingness to evacuate during hurricanes;9 the 
potential impact of hurricane evacuation on COVID-19 transmission;36 and the role of wildfires on suscepti-
bility to severe COVID-19 disease. Additional parallels between climate change and the COVID-19 pandemic 
have been drawn extensively within the academic literature.5 Most of these articles are reviews of the 
science of these two challenges that seek to identify how they interrelate. Many of the articles raise similar 
themes, indicating some degree of consensus among the experts who have examined these two issues. 

There remain significant gaps in understanding the role that climate change has played and will play 
regarding COVID-19 transmission. For example, it is unclear if, and to what extent, climate change was a 
driver of the emergence of the novel SARS-CoV-2 virus.37 There is no scientific consensus and low certainty 
of this relationship. Questions remain about the cited increase in bat species in the region, as well as 
about the methods for calculating vegetation change. This illustrates the challenges in directly linking the 
emergence of a novel pathogen with climate change, as pathogen emergence is a downstream consequence 
of both first-order (i.e., geophysical changes in the climate) and second-order (shifts in forests, grasslands, 
and oceans) impacts of increasing GHGs. There is evidence that supports higher transmission of COVID-19 
in drier and colder months, but longer time trends need to be established before there can be reliable 
projections of how climate change will impact transmission patterns. 

For disease systems with a longer history, the role of climate change in increasing the geographic range and 
incidence of disease is much clearer. Zoonotic and vector-borne disease systems are particularly subject 
to climate change impacts. Range expansion of disease vectors is already occurring.38,39 Changing ranges 
will also alter interactions among species, leading to projected increases in cross-species transmission.40 
Human movement from climate change–related disasters and loss of livelihoods are also anticipated to 
move pathogens around the globe41 and expose larger numbers of individuals when these pathogens are 
introduced into increasingly large urban populations.42
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Focus on Risks to Supply Chains
Damage to supply chain networks caused by climate change reverberates 
through people’s livelihoods and investments in ways that threaten quality of 
life and security, often in lasting and inequitable ways. Coordinated efforts 
can mediate impacts and help communities and companies adapt to these 
large, interconnected, and recurring risks. However, the pace, scale, and scope 
of efforts that have been undertaken to transform supply chains are not yet 
sufficient to meet either current or expected disruptions and costs.

A supply chain represents the entire flow of goods and services, from the sourcing of raw materials to the 
delivery of a product or service to the customer. Supply chains operate globally across complex and inter-
dependent networks of infrastructure, activities, and resources and include producers, manufacturers, and 
distributors. Upstream portions of supply chains encompass the range of activities needed to produce the 
product or service, while downstream portions encompass the range of activities needed to get the product 
or service to its final consumer. Supply chain management predominantly follows a linear model (take, make, 
and dispose), but a circular model is emerging that addresses sustainability by adding elements of recycling 
or refurbishing products.1 Supply chains depend on the physical transportation of goods and services, as 
well as on digital networks to provide logistical support, to track movement of goods and services or other 
important information (e.g., immutable ledgers on investment and financial transactions on blockchain 
networks), and to deliver goods and services (e.g., telemedicine or remote education). In addition to physical 
and digital infrastructure, supply chains depend on networks of people to manage and service them. 

Climate-driven disruptions to supply chains cascade and compound across multiple systems, underlining 
the need to understand and manage climate-related risks (KMs 17.1, 18.1, 19.2). These compounding 
risks include deepening of existing inequities in risk distribution and resource access for overburdened 
communities (KMs 16.1, 20.1),2 geopolitical instability and national security vulnerabilities (KM 17.2),3 and the 
inability to achieve emissions reductions due to the lack of capacity and provisioning for the electrification 
of products and services (KMs 5.2, 13.4, 17.3). Climate change also has complex interactions with non-climate 
global shocks such as the COVID-19 pandemic (see Focus on COVID-19 and Climate Change). Current supply 
chain vulnerabilities show the need to adapt to avoid future interruptions (KMs 7.1, 11.2, 15.3, 20.2, 31.3).4,5 
Climate-related risks to supply chains threaten the livelihoods of suppliers, distributors, and laborers, 
as well as infrastructure (KMs 7.2, 21.2, 22.1). In 2021, builders paid more for materials due to West Coast 
wildfires and an active US housing market.6 Extreme heat and flooding at ports and transportation hubs 
has impacted goods movement.7 Overlooking these risks prolongs economic consequences to suppliers and 
customers, prompting fundamental shifts in global supply chains, consumption patterns, and competition 
over constrained natural resources (KMs 8.3, 10.1, 18.1, 19.3, 20.1, 30.1).8 

As an example, each stage in the food supply chain, including production, storage, processing, distribu-
tion, retail, and household food security, is vulnerable to climate change—from gradual changes in average 
climate conditions (e.g., precipitation and temperature) to increases in the frequency and intensity of 
extreme events (e.g., floods, drought, wildfire) and smoke migration (Figure F4.1; KMs 9.1, 10.3, 3.2, 14.2, 28.5, 
29.3).9 Sudden shocks to the food supply chain can have local to global impacts on food security, justice, and 
human migration patterns (KMs 11.2, 28.3, 29.3).10,11 Extreme events in other countries raise domestic food 
prices and limit availability due to global supply chain interdependencies (KMs 6.1, 17.1, 9.1). 
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The transition to low-carbon energy sources to mitigate future climate change is accelerating demand for 
the upstream minerals, bulk electric supply goods (e.g., transformers, parts, chemicals), and materials for 
energy infrastructure and technologies.12,13,14 Global competition, geopolitical tensions, and supply chain 
disruptions, along with a national lack of trained workers and inflation-related constraints on investment 
capital, are shifting materials sourcing (KMs 18.1, 21.5).15 These disruptions will continue to hinder the global 
supply chains underpinning development and deployment of technologies for low-carbon and renewable 
energy generation and supply, as well as the related technologies for emissions mitigation, carbon capture, 
and electrification critical to achieving net-zero emissions (KM 32.1). Strategies are emerging to secure 
these critical energy development supplies. These include shifting to upstream sourcing from lower-risk 
countries near manufacturing sites, assisting countries to bolster mining and refining capacity, building 
redundant supply chains, and developing alternative materials or processes (Figure 17.2).3 However, meeting 
the demand for these inputs may disproportionately harm overburdened and Indigenous communities, 
fueling inequality, political unrest, and economic loss in US-based investment and interests (KMs 5.2, 16.2, 
18.2, 17.3). 

Climate adaptation and emissions mitigation will require major transformations of supply chain transpor-
tation infrastructure and technologies (Chs. 31, 32).16 The COVID-19 pandemic showed the sharp demand 
fluctuations, fragility, and chokepoints of an evolving, multimodal transportation system.17 This system 
underlies the supply chain yet increases environmental injustices by siting warehouses and freight ways 
in overburdened communities (KMs 12.2, 13.4, 15.1, 29.2).18 Adaptations in digitalization and related tech-
nologies (including e-commerce, electric-drive or automated vehicles, and related infrastructure), along 
with insufficiently localized supply chains, long-standing workforce challenges, and cybersecurity risks, 
all place demands on and pose risks to supply chain transportation systems. These challenges increase the 
importance of multisectoral and equity-centered planning and action for transportation (KMs 5.2, 13.2).

Integrated global supply chains will continue to be threatened by climate change and will in turn influence 
how the Nation responds to climate change. Markets often respond quickly if there are alternate materials 
or inputs available that are economically viable. Such shifts can present opportunities for disclosure of 
material risks, informed investment and improved livelihoods in local job creation, domestic economic 
activity, and innovation across sectors and technologies.19,20 To protect the quality and security of life for all 
would require a rapid acceleration of supply chain adaptation measures that increase flexibility and ensure 
equitable access to goods and services.
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Climate Change and Food Supply

Climate change poses challenges to the animal food products supply chain. 

Figure F4.1. The figure shows potential climate change vulnerabilities of the livestock food supply chain, includ-
ing impacts on feed and water resources; animal health and production; processing, storage, transport, retailing, 
and livelihoods; and human consumption. Blue lines indicate how climate change hazards can impact various 
sectors of the supply chain either directly or through cascading effects. Highlighted in orange is an example of the 
cascading effects of drought, where reduced water quantity decreases animal feed quantity, which in turn reduces 
animal production, resulting in increased food prices for consumers and an increased demand for deforesta-
tion-free agriculture and forest products. ENSO refers to El Niño–Southern Oscillation. Adapted from Godde et al. 
202121 [CC BY 4.0].

https://creativecommons.org/licenses/by/4.0/legalcode
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Traceable Accounts
Description of Evidence Base and Research Gaps
Extensive evidence and recent lived experience during the ongoing pandemic confirm how supply chains 
are a core factor in the quality of life and national security of the United States.5 Multiple examples from 
across this Assessment show that climate change burdens supply chains and challenges effective, efficient, 
and equitable provisioning of goods and services. These challenges play out differently depending on a 
supply chain’s sourcing, distribution networks, and many complex factors that are beyond the scope of 
this discussion.15 Supply chain climate vulnerabilities are distributed unevenly both globally and within the 
United States and are known but not well quantified. This uncertainty reflects disparities in the access to 
materials, technologies, and infrastructure (both physical and digital) that influence decision-making in 
supply chain management.

It is difficult to predict the expected changes of climate risks on supply chains, as well as human responses 
due to shocks and stressors. This uncertainty is due in part to the many complex factors that influence 
the size and composition of supply chains. The degree to which climate change will exacerbate challenges 
to existing supply chains also depends on the future frequency and intensity of extreme weather events. 
Finally, there is uncertainty in the choices that businesses and governments make in terms of policy to 
address risks, build resilience into supply chains, and ensure equitable distribution.20

Supply chains enable production of low-emitting energy technologies but are also sources of emissions 
themselves. Tracking emissions from activities across supply chains is of growing importance both to 
companies and to investors and disclosure organizations. Discussion of this topic is beyond the scope of this 
discussion. 
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Focus on Blue Carbon
Blue carbon refers to carbon captured by marine and coastal ecosystems, 
such as mangroves, coastal wetlands, and seagrasses. Coastal ecosystems 
sequester carbon at a much faster rate than terrestrial ecosystems, and the 
carbon stored belowground can remain in place for decades to millennia if 
undisturbed by humans or extreme events. Conservation and restoration of 
coastal ecosystems can play a role in reducing carbon dioxide accumulations 
in the atmosphere by increasing sequestration of blue carbon.

Why So Blue, Carbon?
Blue carbon is the marine analog of green carbon, which refers to carbon captured by terrestrial (i.e., 
land-based) plants.1 Marine ecosystems are aquatic environments with high salinity levels, including the 
open ocean, deep sea ocean, and coastal ecosystems. Marine and terrestrial plants capture and store carbon 
through photosynthesis and the accumulation of organic matter, such as roots, in the soil.1,2 Blue carbon 
ecosystems (BCEs) are coastal ecosystems such as mangroves, wetlands, and seagrasses that store most of 
their carbon belowground in ocean sediments. Acre for acre, BCEs are estimated to store about twice as 
much carbon belowground than terrestrial vegetation (Figure F5.1).3,4

The Carbon Benefits
BCEs’ ability to capture and store carbon has spawned numerous international efforts that support blue 
carbon as a natural climate mitigation option through enhanced stewardship, management, conservation, 
and restoration of these ecosystems and the ecosystem services and co-benefits they provide (KM 8.3).2,3,5 
This work includes creating and improving financing and policy mechanisms for coastal restoration  
that increases carbon sequestration,6,7,8 as well as developing methods to better quantify carbon  
sequestration.9,10,11 

The importance of estimating carbon emissions and sequestration in BCEs is recognized in internation-
al policies such as the Intergovernmental Panel on Climate Change (IPCC) guidelines for greenhouse gas 
inventories.12 The United States has included coastal wetlands within its annual national inventory of 
greenhouse gas emissions and sinks,13,14 and the government monitors sites across the US with the most blue 
carbon storage potential, such as the Florida Everglades, San Francisco Bay, and Chesapeake Bay. Globally, 
the US has one of the highest rates of BCE losses, largely due to hurricanes and coastal erosion.15

With conservation and restoration, BCEs could sequester enough carbon each year to offset about 3 percent 
of global emissions (based on 2019 and 2020 emissions).3 Other coastal and marine ecosystems or species, 
such as kelp forests, freshwater wetlands, phytoplankton, and the deep sea may also capture carbon; 
however, the carbon sequestration potential of these ecosystems and species is likely lower than BCEs 
(Figure 8.19).16,17 
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Blue Carbon Ecosystem Sequestration Potential

Coastal blue carbon ecosystems play an important role in carbon sequestration but are vulnerable to  
climate change. 

Figure F5.1. Blue carbon coastal ecosystems—mangroves (b), seagrasses (c), and coastal wetlands (d)—store 
more carbon belowground in soils and root systems (per hectare) than terrestrial vegetation, with mangroves stor-
ing the most carbon per hectare (a). They also provide other benefits such as reducing flood risk, supporting sub-
sistence livelihoods, and providing recreational opportunities. However, blue carbon ecosystems are vulnerable to 
sea level rise, hurricanes, and other extreme events. In (a), black bars indicate the 95% confidence interval (which 
was unavailable for seagrasses). Figure credit: (a) Pathways Climate Institute. Photo credits: (b) YinYang, iStock/
Getty Images Plus via Getty Images; (c) tswinner, iStock/Getty Images Plus via Getty Images; (d) Ken Wiedemann, 
iStock/Getty Images Plus via Getty Images. 
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Additional Benefits
BCEs are located at the interfaces among terrestrial, freshwater, and marine environments. They provide 
habitat for species, filter fresh water, recycle nutrients and other materials (KM 8.3), and help sustain human 
communities by providing other benefits, such as dissipating waves, reducing flood risk, and supporting 
coastal livelihoods, food security, cultural activities, and tourism (KMs 23.2, 30.4; Box 30.5).18,19 Coastal 
seagrasses and wetlands provide nursery habitat for young crustaceans and fishes of economic and cultural 
value20 and support the status and function of adjacent ecosystems. In addition, seagrasses may mitigate 
ocean acidification locally, thereby reducing some climate-driven stressors to shellfish and crustaceans.21,22 

Effects of Climate Change on Blue Carbon
Sea level rise (SLR) and extreme events are the greatest climate change threats to BCEs.23 In the past, many 
BCEs adapted to SLR through belowground root growth, sedimentation, and inland migration, which col-
lectively increased the elevation of BCEs. As SLR accelerates, the ability of BCEs to continue to adapt is 
uncertain.24,25 If BCEs cannot adapt to accelerating SLR, their geographical extent will decrease, and their 
species composition will change.26 Currently, 43%–48% of wetlands along the Atlantic and Gulf Coasts are 
vulnerable to SLR, with northern wetlands limited by inland migration capacity and southern wetlands 
limited by local subsidence, which increases the relative rate of local sea level rise (KM 9.2).27 

Growth of some plant species may increase in response to a warming climate and increased atmospheric 
carbon dioxide concentrations. This increased plant growth could locally offset accelerating SLR and allow 
some BCE species to continue to adapt. However, a 33-year coastal wetland experiment suggests that when 
SLR reaches a certain rate, plant growth will be hindered, thereby limiting these benefits.28 This suggests 
that enhanced plant growth alone may not enable all coastal wetland species to adapt to accelerating SLR. 

Human disturbance, SLR, and extreme events can erode and degrade BCEs, reducing carbon storage and 
potentially releasing previously stored carbon and methane.29,30,31 If conservation efforts are not undertaken, 
this release of stored carbon could result in harmful climate change feedbacks.32,33 For example, acceler-
ating sea level rise would further degrade blue carbon ecosystems, reducing carbon sequestration and 
releasing stored carbon, which would further increase the rate of ecosystem degradation. Protecting and 
minimizing degradation of coastal areas to support carbon sequestration can have cascading ecological and 
societal benefits.3

Emerging Research
Although BCE conservation and restoration have wide-ranging benefits, uncertainties remain 
regarding carbon sequestration rates across different ecosystems and regions.34 Research efforts are 
ongoing to improve methods, measurements, and modeling to fill knowledge gaps related to coastal 
carbon budgets.35,36,37

Seagrasses may mitigate local and/or regional ocean acidification rates by absorbing carbon dioxide and 
increasing the pH of seawater.22 However, oceanic conditions are changing rapidly, and additional research 
is needed to assess this mitigation potential under high ocean acidification rates and warming ocean tem-
peratures (KM 10.1).38 The effect of ocean acidification on marine ecosystems is expected to vary depending 
on the combined influence of multiple climate drivers and other factors.39

The most effective means of enhancing BCEs and carbon sequestration are increasing local sediment 
supplies; enabling wetland expansion, including inland migration capacity; and restoring natural tidal 
conditions.40 Mechanisms to support these enhancements are location-, ecosystem-, and stressor-de-
pendent, and their success will be affected by past actions such as damming rivers, deforestation, building 
seawalls and other structures, and encroaching development.41



Fifth National Climate Assessment

F5-6 | Focus on Blue Carbon

Traceable Accounts
Description of Evidence Base and Research Gaps
Although much is known about carbon cycling in coastal ecosystems, there are substantial challenges and 
uncertainties to quantifying carbon storage, carbon storage potential, and carbon sequestration rates across 
different ecosystems, vegetation types, and locations. Coastal systems are also stressed by natural coastal 
and climate variability (e.g., erosion, extreme storm events, sea level rise) and other historical and con-
temporary land uses that affect carbon cycling.3,26 The extent to which these stressors may impact carbon 
storage or emissions is uncertain but is important to quantify for improved sequestration assessments.

Finding consistent and comparable data to compare belowground and aboveground carbon storage 
across coastal and terrestrial ecosystems is challenging. Cooley et al. (2022)18 presented the most recent 
data compilation across several research efforts; however, these comparisons among ecosystems used 
different depths belowground for carbon stock measurements, and some measurements did not separate 
aboveground and belowground carbon storage or separate biomass carbon storage from soil carbon storage. 
Soil carbon storage, and the ratio of soil carbon to biomass storage, may indicate the potential of BCEs for 
carbon storage.
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A1.1. The US Global Change Research Program 
Founded by Presidential Initiative in 1989 and codified by the Global Change Research Act of 1990,1 the US 
Global Change Research Program (USGCRP) is charged with developing and coordinating “a comprehensive 
and integrated United States research program which will assist the Nation and the world to understand, 
assess, predict, and respond to human-induced and natural processes of global change.” 

USGCRP operates under the direction of the National Science and Technology Council as a confederation of 
14 federal departments and agencies and is overseen by the White House Office of Science and Technology 
Policy (OSTP). The Subcommittee on Global Change Research (SGCR) oversees USGCRP’s activities 
and coordinates interagency activities through the USGCRP National Coordination Office and informal 
interagency working groups. More information on USGCRP activities can be found at www.globalchange.gov 
and in the Decadal Strategic Plan.2

A1.2. Roles and Participants in NCA5
The Fifth National Climate Assessment (NCA5) followed a similar structure and governance model as the 
previous NCA, with roles and responsibilities described in Table A1.1.

Table A1.1. Descriptions of Roles for NCA5 Participants

Role Description

Federal Steering 
Committee (FSC)

The FSC consisted of one representative from each USGCRP member agency. In consultation 
with the SGCR, the FSC was responsible for selecting CLAs, CLs, and REs; determining scope 
and content; and overseeing development and production of NCA5, including ensuring that 
the process adhered to principles of engagement and transparency.

Federal Coordinating 
Lead Author (CLA) 
and Agency Chapter 
Lead (ACL)

CLAs served as the federal coordinating lead for each chapter. ACLs provided additional 
agency input to chapter teams. Both CLAs and ACLs were responsible for coordination 
across chapters to ensure consistency and accuracy throughout the report and to ensure that 
chapters adhered to author guidance. CLAs were responsible for recommending CLs to the 
FSC. The FSC was responsible for reviewing and approving CLs.

Chapter Lead 
Author (CL)

CLs were responsible for the ultimate delivery of their chapter for approval and publication. 
These responsibilities included selecting a diverse and qualified author team and overseeing 
all aspects of development, assessment, writing, and editing of their chapter.

Chapter Author (CA)
CAs contributed writing, developed figures, responded to comments, and revised chapter 
drafts under the direction of the CLs. Each chapter’s Key Messages represent the consensus 
of the CAs and CL.

Technical 
Contributor (TC)

TCs provided discrete, specific technical contributions on an as-needed basis, as identified by 
the CL. TCs did not participate in the consensus process of developing Key Messages.
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Role Description

Review Editor (RE)
REs, selected by the FSC from a public call for nominees, were responsible for ensuring 
that all substantive public and peer-review comments were appropriately addressed and 
documented by author teams. 

Staff Point of 
Contact (POC)

USGCRP National Coordination Office staff filled the roles of POCs, providing administrative 
support, chapter coordination, and guidance throughout report development. 

Technical Support 
Unit (TSU)

The NOAA TSU supported climate science data analysis; editing; figure development; data 
management and documentation; web design and development; and graphic design, layout, 
and other production activities.

A1.3. Creating the NCA5 Report
The NCA5 development process launched in February 2020 with the seating of the NCA5 Federal Steering 
Committee (FSC). The FSC decided to follow development, review, and publication processes similar to 
those used for NCA4, with some changes intended to increase the transparency, engagement, and usability 
of NCA5. Details on the NCA4 assessment development process were outlined in NCA4’s Process Appendix3 
and are not repeated here. Additional process changes for NCA5 are described below.

Broadened Participation 
More than 750 experts volunteered as chapter leads, authors, technical contributors, and review editors in 
NCA5 (Figure A1.1), a significant increase in participation compared to previous Assessments. In response to 
public comments calling for more diverse author teams and inclusion of a broader range of expertise, the 
number of all-federal author teams was reduced to three chapters. With few exceptions, contributors were 
limited to serving in a single role (Table A1.1) to ensure that as many people as possible could participate 
in NCA5.

Authors of NCA5

Hundreds of experts from all across the US came together to develop NCA5.

Figure A1.1. NCA5 was made possible by approximately 500 authors, 250 technical contributors, 41 review 
editors, 13 chapter coordinators, 14 Federal Steering Committee members, 18 peer reviewers, more than 40 staff 
members, thousands of participants in public engagement events, hundreds of public commenters and agency re-
viewers, and approximately 800 artists from every state and territory of the US. This picture is a subset of authors, 
coordinators, and review editors who attended the second all-authors meeting in Washington, DC, on April 4, 2023. 
Photo credit: Christopher Avery, USGCRP/ICF. 
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Chapter leads (CLs) were provided with multiple criteria to consider when selecting their author teams. All 
authors were required to have the scientific expertise needed to contribute meaningfully to the chapter. CLs 
were required to consider nominees submitted through a public call for author nominations but were not 
limited to selecting authors from those nominees. Additionally, CLs were required to build diverse teams by 
considering a range of disciplines (physical, social, biological sciences, Indigenous Knowledge, science com-
munication, etc.), a broad array of experience (practitioner, academic, etc.), and diverse lived experiences 
and perspectives, including geographic location, career stage, professional organization type, race, ethnicity, 
gender, and past assessment experience. Regional chapters were strongly encouraged to include authors 
from each state within the region. Authors and contributors to NCA5 included experts from all 50 states, 
Puerto Rico, the US Virgin Islands, Guam, and Palau. 

Increased Public Engagement Opportunities
Public engagement seeks to help authors understand the interests and concerns of NCA readers and 
ensures that the final report represents the priorities and needs of decision-makers across the country. 
In addition to taking public comment on the draft Assessment in the fall of 2022, NCA5 featured a new 
opportunity for public comment on the chapter’s initial annotated outlines, or Zero Order Drafts.4 A 
“how-to” video and step-by-step guide were developed to facilitate the public comment process. During 
this public comment period (January and February 2022), USGCRP also hosted 34 virtual public engagement 
workshops that were free and open to the public (Figure A1.2). During the workshops, authors spoke with 
members of the public about the draft chapter outlines and identified priority issues relevant to the chapter. 

In some cases, workshop participants challenged authors to reconsider the key topics covered in the 
report or shifted authors’ thinking about specific areas of emerging concern. In other cases, the workshops 
prompted authors to forge more connections across the report and with other chapter teams or identified 
where chapter teams had a gap in needed expertise.

NCA5 Zero Order Draft Public Engagement Workshops

Early public engagement helped inform the scope of NCA5.

Figure A1.2. The NCA5 Public Engagement Workshops attracted more than 7,000 registrations, with approxi-
mately 2,800 people participating via plenary discussions, breakout rooms, and interactive collaborative tools. 
The charts above show the self-identified organizational type (left) and region (right) of workshop registrants as 
the percentage of total registrants (not population weighted). For example, participants included more than 400 
people who self-identified as being affiliated with a Tribe. Figure credit: USGCRP/ICF.
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Updated Guidance to Better Incorporate Indigenous Knowledge
NCA5 leadership participated in three Tribal consultations and one Tribal listening session and took public 
input on the use of Indigenous Knowledge in federal decision-making.5 Based on feedback received during 
a public comment process for the federal guidance,6 the NCA guidance to authors on Information Quality 
was updated (see App. 2). Authors were also provided training on writing about Indigenous perspectives and 
using Indigenous Knowledge in author orientation and chapter leadership meetings.

Improved Diversity, Equity, Inclusion, Justice, and Accessibility
Beyond the steps listed above to ensure author diversity and widespread public engagement, NCA5 took 
several steps to improve the inclusive nature of the NCA development process, advance the conversation 
around equity and justice, and enhance accessibility of NCA5 products. 

• For the first time, a code of conduct was instituted for all NCA participants to help ensure that all par-
ticipants could engage in an inclusive, respectful, and safe environment.7

• Spanish translation was provided during the Caribbean public engagement workshop and of the draft 
Caribbean chapter released for public comment. For the first time, the entire Assessment report will 
be translated into Spanish. 

• Throughout the report development process, USGCRP encouraged discussions around equity and 
justice topics. Authors were asked to consider the justice implications of climate change so as to make 
the report more broadly representative and inclusive of historically underrepresented communities. 

• NCA5 represents the first time that the website for NCA is the report of record. As a result, this report 
was developed and designed to be delivered as a digital product. This website is designed to follow 
new standards of the US Web Design System8 under the 21st Century Integrated Digital Experience 
Act of 2018.9

• NCA5 built on the success of NCA4 in its compliance with Section 508 of the Rehabilitation Act of 1973 
to improve accessibility and usability by the broadest possible audience, including people with visual 
or physical limitations. For instance, guidance was provided to authors to avoid complex or nested 
tables and alternative text was developed for all images to support the use of screen readers. Graphics 
are also designed to be readable for users with color-perception challenges by using appropriate color 
schemes and visual presentations. 

Strengthened Documentation Processes
Based on laws (e.g., the Foundations for Evidence-Based Policymaking Act, or Evidence Act of 2018;10 see 
Appendix 2 for additional information) and transparency best practices that evolved since NCA4, processes 
for documenting multiple aspects of supporting materials were strengthened for NCA5. Authors were 
required to disclaim any intellectual property created in the process of producing this report to ensure that 
the report content could be released under the Creative Commons 1.0 Universal Public Domain Dedication 
(CC0 1.0). Additionally, NCA4’s gold-standard process for metadata tracking and verification was improved, 
with software updates and a user manual to aid authors in their documentation process. Additional details 
on this process can be found in Appendix 2.

Creative Communications
Science communication support throughout the writing process was provided by the Technical Support 
Unit (TSU). Early author orientation and trainings emphasized TSU’s data visualization and graphic design 
support for figure development, with the goal of including high-quality figures throughout NCA5 to convey 
important messages and supplement the text. The final report contains 388 figures. 

https://www.globalchange.gov/about-us/code-of-conduct
https://creativecommons.org/publicdomain/zero/1.0/deed.en
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USGCRP pursued several art–science collaborations throughout the NCA5 process. On October 11, 2022, 
USGCRP announced an open call for visual artwork. The call, which was open to youth and adults, invited 
works around the themes of NCA5 that depict climate change impacts and responses and that reflect the 
lived experience of people across the country. Five award winners and 92 finalists from the approximately 
800 submissions received are featured in the Art × Climate Gallery and throughout the report.11 Artwork that 
appears in chapters is denoted by a gray background and accompanied by the artist’s statement. In addition, 
USGCRP collaborated with the National Endowment for the Arts and the Library of Congress to include the 
bespoke poem “Startlement,” written for NCA5 by the 24th US Poet Laureate, Ada Limón.

Accessible Climate Data
An interactive online atlas (NCA5 Atlas) was developed to provide additional resources for climate impact 
and resilience planning, with a selection of climate variables curated for each US region. These variables 
were produced using the same methodology as the downscaled precipitation and temperature projections 
used throughout NCA5 (App. 3). The Atlas includes interactive maps, plain language descriptions, and links 
to subregional climate products such as the NOAA State Climate Summaries and the USGCRP Climate 
Indicators (App. 4). The NCA5 Atlas was created through a collaboration between NOAA and ESRI (Environ-
mental Systems Research Institute Inc.) that complemented other agency-supported planning initiatives, 
including the Climate Explorer, the Interagency Sea Level Rise Scenario Tool, and the Climate Mapping for 
Resilience and Adaptation portal.

https://www.globalchange.gov/notices/art-x-climate-project-fifth-national-climate-assessment
https://nca2023.globalchange.gov/art-climate/
https://nca2023.globalchange.gov/chapter/front-matter/
https://atlas.globalchange.gov/
https://crt-climate-explorer.nemac.org/
https://sealevel.nasa.gov/task-force-scenario-tool
https://resilience.climate.gov/
https://resilience.climate.gov/
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A.2.1. Introduction
The National Climate Assessment (NCA) is required by law to meet the highest information quality standards set 
by the Federal Government. Specific information quality requirements are set out by the Information Quality 
Act (IQA),1 the Office of Management and Budget (OMB) Final Information Quality Bulletin for Peer Review for 
highly influential scientific assessments (HISA),2 and the Foundations for Evidence-Based Policymaking Act 
(EBPA, or Evidence Act 2018).3 Because NOAA is the administrative agency for NCA5, its agency guidelines under 
these federal standards serve as the guiding principles for the Assessment. Information quality compliance is 
affirmed by the NCA Information Quality Officer, furnished by the administrative lead agency. 

The IQA ensures that the Assessment data and information are of a sufficient quality by meeting standards 
of objectivity, utility, and integrity. This includes the requirement for information in the Assessment to 
demonstrate a capability of being reasonably reproduced. For analytic data, reproducibility means that 
independent analysis of the original or supporting data using identical methods would generate similar 
analytic results to an acceptable degree of precision.

The OMB Final Information Quality Bulletin for Peer Review establishes guidance to enhance the practice 
of peer review of government science documents in order to increase the quality and credibility of scientific 
information generated across the Federal Government. The bulletin sets the minimum peer-review require-
ments for documents with the HISA designation, including the National Climate Assessment.

The Evidence Act expands on prior open government policy initiatives and public access to agency data 
assets. It requires that all federal data assets and supporting information be open by default, distributed 
under an open license, and published as machine-readable—subject to legal exemptions for privacy sensitiv-
ities and/or intellectual property rights.

A2.2. Source Materials
Sources (or source materials) broadly include all information used in the Assessment. Authors must consider 
information quality when deciding whether to use a given source in a chapter. Information quality standards 
must be met any time a source is associated with the Assessment, including incorporating the source into 
the chapter, citing the source, or linking to the source. 

Authors compiled information sources from peer-reviewed literature, other literature, Indigenous 
Knowledge, and other expert and local knowledge. Authors were provided with additional Federal guidance 
on use of Indigenous Knowledge.4 A fifth type of information that may be used in the NCA is climate data 
processed and prepared for authors by NOAA’s Technical Support Unit (TSU; see App. 3). Authors were 
advised to evaluate each source based on the following attributes:

• Applicability and Utility: The source is important, relevant, and useful for its intended audience (not 
only from the author’s perspective but also from the public’s).

• Transparency and Traceability: The source material, the methods supporting conclusions, and the 
evaluation of the source are documented and clear.

• Objectivity: The purpose, methods used to create the source material, presentation, substance, and 
interpretation of conclusions are clear, accurate, reliable, and unbiased.

• Integrity and Security: The source material will remain reasonably protected and intact over time, 
and both the information and the owners of the information are respected.

• Reproducibility: Procedures surrounding source materials are documented such that they can be 
reproduced, with checks for robustness on non-reproducible data.

https://www.noaa.gov/organization/information-technology/policy-oversight/information-quality/information-quality-guidelines
https://www.noaa.gov/organization/information-technology/policy-oversight/information-quality/information-quality-guidelines
https://www.whitehouse.gov/wp-content/uploads/legacy_drupal_files/omb/memoranda/2005/m05-03.pdf
https://www.congress.gov/bill/115th-congress/house-bill/4174/text
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While development of an NCA chapter often involves a comprehensive literature review, not every source 
evaluated in the report development process will be cited in the NCA chapters. An important responsibility 
of the authors is to determine which sources are most useful to include in the Assessment. References cited 
in the Assessment are those that are highly relevant and critical to the understanding of the intended users 
or audience of the Assessment. 

To assist in source evaluation, authors were provided Information Quality Decision Pathways to determine 
whether a source met these standards and could be cited in the NCA. Additional source information came 
from previous Assessments and technical input reports; feedback from 34 public engagement workshops 
(see App. 1) and other engagement events; expert awareness of the literature from authors; chapter-spe-
cific submissions of technical resources and relevant literature to author teams; and a public request for 
scientific and technical inputs. Information submissions were requested via a Federal Register Notice 
published by NASA on behalf of the US Global Change Research Program in 2020.5 This notice called for 
the public to submit “relevant scientific and/or technical research studies—including observed, modeled, 
and/or projected global change and climate science information, as well as societal drivers, vulnerability, 
impacts, and responses.” The public call specifically encouraged submissions of regional information and 
information for cross-cutting or new topics since NCA4. This public call for information was open from 
October 15, 2020, through January 31, 2023. 

The final report cites approximately 8,300 sources meeting the IQA requirements.

A2.3. Data and Metadata Standards
In addition to being evaluated on the attributes listed in the Source Materials section above, information 
based on data (including figures) must adhere to the standards of reproducibility and openness. To meet 
these requirements, NCA5 collected figure and data sources; dataset, analysis, and visualization methods; 
and hardware and software metadata (details about the underlying data and information), adhering to 
NOAA’s implementation of ISO-19115 documentation standards.6 All metadata is made openly accessible as a 
component of the final report and demonstrates NCA5 compliance with information quality standards.

https://nca2023.globalchange.gov/downloads/NCA5_IQ_Guidance.pdf
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A3.1. Scenarios and Climate Model Output
Scenarios are descriptions of how conditions may develop over time based on clear and consistent 
assumptions about key drivers of change.1 For example, scenarios can describe future emissions, population, 
energy, and land use to answer questions such as How much more greenhouse gases will humans emit? How 
will populations grow or move? How will we use land for agriculture, forestry, or cities? 

Climate models use scenarios to describe the plausible evolution of human and natural factors that affect 
the future of Earth’s climate system. Climate model output is neither a forecast nor prediction but is 
referred to as a projection. Climate projections are conditional: when or if we reach a particular outcome 
is dependent on both human choices and the complex ways in which the climate system responds to those 
choices. Scenarios and climate model projections allow us to explore how we answer questions about the 
future and the potential implications of choices made over time. These tools have evolved and improved 
over time, but they are limited by the current state of knowledge and the necessary simplifications models 
make in representing Earth’s complex climate system.

The state of the science represented in the National Climate Assessment (NCA) is always evolving, often at 
different paces in different fields. No one set of models, scenarios, or climate projections was implemented 
across NCA5. Authors could assess and reference any climate scenarios that met legally required evidence 
quality standards (App. 2). These included, but were not limited to, the Representative Concentration 
Pathways (RCPs), which were used in Phase 5 of the Coupled Model Intercomparison Project (CMIP5), and 
a more recent set of scenarios that integrated Shared Socioeconomic Pathways (SSPs).2,3,4 A set of SSP-RCP 
combinations was used in CMIP Phase 6 (CMIP6) international model experiments.3,4,5 In NCA5, Chapter 
3 provides a description of SSPs along with a graphic representation of scenario development (Figure 
3.4), and the Guide to the Report provides a list of descriptive terms for the RCP and SSP scenarios that 
are commonly referenced in the report text (Table 3). For certain topics or impact studies, scenarios that 
preceded the RCPs may be relevant, such as those from the Special Report on Emissions Scenarios (SRES).6 
Similar to the RCPs and SSPs, the SRES scenarios include a set of consistent assumptions that translate 
into a range of carbon emissions and carbon dioxide concentrations; however, the SRES do not include 
a net-negative emissions scenario (Figure 33.19 in Walsh et al. 20147). For a more in-depth discussion of 
emissions scenarios, RCPs, and SSPs, see Chapter 4 of Volume I of the Fourth National Climate Assessment.8

Overall, CMIP6 models show some specific improvements over CMIP5 in their representation of Earth 
system processes—mainly due to the fact that more models include biological and chemical interactions 
as well as higher resolution (Figure TS.2, Section TS.1.2.2 in Arias et al. 20219).10 Importantly, projections 
can vary based on the particular climate models and scenarios used, assumptions or parameters employed 
within those models and scenarios, and methods used to analyze or interpret model outputs. For instance, 
some CMIP6 models show a particularly large global temperature response to increasing atmospheric 
carbon dioxide concentrations—a response that is not considered to be realistic (KM 3.1; e.g., Meehl et al. 
2020;11 Nijsse et al. 202012). Scientists can use different methods to account for potential model biases in 
the temperature response and other climate system changes.13,14 When comparing projections across NCA5 
or with another assessment, it is critical to understand how the methodologies underlying the findings 
may differ. Supporting information for NCA5 findings can be found in the chapter text, cited references, 
Traceable Accounts, or figure captions and metadata—all available via the report website. 
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Box A3.1. Projecting Climate Impacts Beyond 100 Years Into the Future

Climate change will not end in 2100. However, there is currently a limited number of climate studies with projections that 
extend past the year 2100. The lack of scenarios for emissions or land use that extend past 2100 constrains the NCA5 au-
thors’ ability to present or assess projections 100 years in the future as mandated by the Global Change Research Act of 
1990.15,16 One notable exception is the sea level rise (SLR) scenarios described in this appendix and in Chapter 9, which do 
extend past 2100 for the contiguous United States. To understand impacts at the century scale and beyond, authors could 
evaluate potential climate system changes based on applied laws of physics, Earth system dynamics, and extrapolation of 
climate system change indicators. Additionally, very high climate scenarios, such as RCP8.5 and SSP5-8.5, can be useful 
tools when considering a range of plausible greenhouse gas concentrations past 2100.17,18

A3.2. Projected Climate Variables 
The NOAA Technical Support Unit (TSU) provided authors with projected climate variable information from 
43 CMIP6 models using a set of five SSP-RCP scenarios, which were described in a reference guide provided 
to authors to ensure consistent terminology throughout NCA5 (see Guide to the Report). Depending on 
author team requests and variable availability, in some circumstances the TSU selected a smaller number of 
CMIP6 models and scenarios from the larger ensemble (global climate models box in Figure A3.1). 

To provide higher-resolution projections at national or subnational scales, 16 global CMIP6 models were 
downscaled using historically trained computer algorithms (statistical downscaling) and model weighting 
based on equilibrium climate sensitivity (Figure A3.1). Two datasets that employed different statistical 
downscaling methods were used to develop gridded temperature and precipitation datasets for NCA5: the 
Localized Constructed Analogs Version 2 (LOCA2)19 and Seasonal Trends and Analysis of Residuals, Empir-
ical-Statistical Downscaling Model (STAR-ESDM)20,21 (regional downscaling box in Figure A3.1). A collection 
(ensemble) of models is often used to show an uncertainty range. LOCA2 and STAR-ESDM were applied 
to 16 CMIP6 models, and downscaled outputs were weighted based on CMIP6 climate sensitivity through 
Bayesian model averaging.22,23,24,25 Projections of changes in average and extreme temperature and precip-
itation were made available to NCA5 authors for national and subnational scales spanning the entire 21st 
century (NCA5 box in Figure A3.1).

Development of NCA5 overlapped with CMIP6 data releases, limiting the availability of downscaled CMIP6 
climate projections. While STAR-ESDM also provided downscaled data for selected individual weather 
stations, there remains an overall gap in climate projections for geographies outside the contiguous United 
States, including the regions covered by the Alaska, US Caribbean, and Hawai‘i and the US-affiliated Pacific 
Islands chapters. Authors were also provided guidance on how to access regional datasets or dynamically 
downscaled data from the CMIP5 Coordinated Regional Climate Downscaling Experiment to include data for 
these regions where available.26,27



Fifth National Climate Assessment

A3-5 | Scenarios and Datasets

Downscaling Global Climate Model Data for NCA5

Global model data were downscaled and weighted to generate higher-resolution climate projections.

Figure A3.1. This flowchart shows the steps taken to downscale low-resolution global data from Phase 6 of the 
Coupled Model Intercomparison Project (CMIP6; left side of the diagram) to bias-adjusted high-resolution NCA5 
products (right side of the diagram). Two downscaling algorithms (center of the diagram)—the Localized Con-
structed Analogs Version 2 (LOCA2) and Seasonal Trends and Analysis of Residuals, Empirical-Statistical Down-
scaling Model (STAR-ESDM)—were developed for each of the 16 selected global climate models (shown in dark 
blue) by training with two observational datasets (Livneh for LOCA2 and nClimGrid for STAR; shown in green). 
The resulting algorithms produce high-resolution bias-adjusted datasets of daily temperature and precipitation 
for the training dataset observational period. These model-specific algorithms are applied to global projections to 
produce high-resolution projections of temperature and precipitation in the United States for each model (shown 
in light blue). The individual model projections are averaged with model weights based on climate sensitivity 
to produce the final NCA5 datasets and graphics. LOCA2 and STAR provide gridded data for the 48 contiguous 
states. STAR additionally includes downscaled data for individual stations in Alaska, Hawai‘i, and Puerto Rico. 
Figure credit: USGCRP/ICF, USGCRP, and North Carolina State University.
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A3.3. Sea Level Rise
NCA5 authors were provided with sea level rise scenarios produced by an Interagency Task Force for the 
2022 Sea Level Rise Technical Report.28 The technical report uses five SLR scenarios covering the time 
period from 2020 to 2150, constructed using the sea level projections from the Intergovernmental Panel 
on Climate Change Sixth Assessment Report (IPCC AR6)29 and defined by global mean SLR target values in 
2100 as follows: Low (0.3 m [1 foot]), Intermediate-Low (0.5 m [1.5 feet]), Intermediate (1 m [3 feet]), Inter-
mediate-High (1.5 m [5 feet]), and High (2 m [6.5 feet]). Specifically, the AR6 projections across all possible 
warming levels and emissions are filtered to find ones that describe pathways that meet these five target 
values of global mean sea level rise. Near-term SLR estimates are derived from an extrapolation of observed 
rates and acceleration through 2050.

These five SLR scenarios are related to, but distinct from, the CMIP6 temperature and precipita-
tion projections described above in Sections A3.1 and A3.2. Describing these five scenarios reduces the 
complexity of sea level projections that are conditional on future emissions and difficult-to-quantify 
physical processes. This supports decision-making in a number of ways, including providing a risk-based 
framing and allowing planners to compare the performance of different management strategies over time 
under different SLR scenarios. Chapter 2 introduces these five scenarios; Chapter 9 uses these scenarios 
and the IPCC projections to provide details about sea level rise dynamics and regional sea level rise.

While it is not possible to directly assign probabilities to each of the scenarios, additional assumptions about 
the future (e.g., global warming level above preindustrial conditions; see the Guide to the Report) allow for 
the assignment of a probability of exceeding a particular sea level scenario in that assumed future (Table 
A3.1). Although generated using global mean SLR, these exceedance probabilities are applicable to the US 
due to the construction of the sea level projections. At 2100 and beyond, the primary driver of the upper 
end of the SLR scenarios is the potential for rapid ice sheet loss; to account for this possibility, the far-right 
column of Table A3.1 represents a future with very high emissions, high warming, and significant contribu-
tions to SLR from these ice loss processes.
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Table A3.1. Sea Level Rise Exceedance Probabilities

The table shows the probabilities of exceeding the amounts of sea level rise (SLR) projected for the five scenarios (Low, Inter-
mediate-Low, Intermediate, Intermediate-High, and High) provided in the 2022 Sea Level Rise Technical Report. Probabilities 
are shown for the end of the century (2100) for five global warming levels (calculated as global mean surface temperature 
increases above preindustrial levels for the period 2081–2100) as well as for a possible future with very high emissions and 
rapid ice sheet loss processes, which are currently understood with only low confidence. The probabilities are based on IPCC 
projections. Adapted from Sweet et al. 2022.28

Probability of exceeding the 
SLR scenario described below 
in 2100 at the global warming 
level described to the right

1.5°C  
(2.7°F)

2.0°C  
(3.6°F)

3.0°C  
(5.4°F)

4.0°C
(7.2°F)

5.0°C 
(9°F)

Low Confidence ice 
sheet loss processes, 
very high emissions

Low (0.3 m) 92% 98% >99% >99% >99% >99%

Intermediate-Low (0.5 m) 37% 50% 82% 97% >99% 96%

Intermediate (1.0 m) <1% 2% 5% 10% 23% 49%

Intermediate-High (1.5 m) <1% <1% <1% 1% 2% 20%

High (2.0 m) <1% <1% <1% <1% <1% 8%

A3.4. Tools and Applications
In addition to projections, the TSU developed historical climate information for NCA5 authors. Historical 
analyses are based on NOAA’s nClimGrid and GHCN-Daily datasets,30 and access was provided via an 
interactive visualization tool. Historical and projected climate variables from the TSU analysis include 
average annual and seasonal temperature and precipitation, extreme maximum and minimum quantities, 
threshold exceedances, and derived variables such as mean summer soil moisture and minimum annual 
temperature. The full suite of historical and future climate data and metadata records developed for NCA5 
will be made publicly available via the NCA5 Atlas and through the Global Change Information System.  
The NCA5 Indicators Appendix provides more detail on observed trends for commonly used climate  
metrics (App. 4).
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A4.1. The Importance of Indicators
To evaluate the impacts of climate change, it is essential to first understand the many ways in which our 
climate is changing. Indicators characterize how environmental conditions are changing over time to 
help communicate climate impacts, risks, and vulnerabilities. Indicators provide foundational science in 
support of the US Global Change Research Program’s (USGCRP) sustained assessment process, including 
the National Climate Assessment (NCA). In the NCA, indicators are defined as data (presented as charts or 
maps) based on historical observations and measurements that are used to track conditions, trends, and 
impacts related to our changing climate. Indicators show changes in physical, ecological, or societal systems 
and can represent data at varying scales, from global to local (Figure A4.1). Indicators are of most value when 
maintained and updated on a regular basis so that users and stakeholders can make informed decisions 
based on the most up-to-date information. Taken individually, each indicator depicts a specific change over 
time, while a broad set of indicators helps to show interconnections among the many components of global 
change and a warming world (Box A4.1).1 While each indicator has an important relationship to climate,2 it is 
beyond the scope of this appendix to explore these connections in detail. Attribution and causation related 
to a changing climate are discussed in other chapters throughout NCA5 (e.g., Chs., 2, 3, 15). 
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Changes in Temperature at Multiple Scales

Presenting indicators at different scales allows stakeholders to obtain information relevant to their needs. 

Figure A4.1. Many people use climate-related indicators for resource and management decisions, from small-
scale farmers to global policymakers. Different indicators are relevant at different geographic scales, depending 
on who uses the information and for what purpose. In this figure, temperature indicators are shown at four scales, 
with each map depicting spatial patterns in the amount of observed change: (top left) global annual average 
temperature for the period 1993–2022, relative to 1901–1960; (top right) national (contiguous US and Alaska) 
summer nighttime minimum temperature for 1993–2022, relative to 1901–1960 (relative to 1926–1960 for Alas-
ka; data are not available for the US Caribbean, Hawai‘i, or the US-Affiliated Pacific Islands); (bottom left) regional 
(Southwest region) cooling degree days for 1993–2022, relative to 1951–1980; and (bottom right) local (Mar-
icopa County, Arizona) number of days with maximum temperatures of 110°F or higher for 1993–2022, relative 
to 1951–1980. Data used for the regional and local indicators are available only from 1951 onwards. In general, 
increases in each metric have occurred since the start of their respective records, with important variations that 
are relevant to decision-makers at each scale (see Section A4.2 for additional explanation). Figure credit: North 
Carolina State University and NOAA NCEI.
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Indicators are needed to support decision-making and describe and monitor impacts on people. Combined 
with other data, such as demographic and socioeconomic information (e.g., Figures A4.4, A4.14, 11.13), their 
utility is ever-growing, with many advancements being made in recent years (e.g., Di Napoli et al. 2022;3 
Kenney et al. 2020;4 Walsh et al. 20205). Indicators are being developed by USGCRP agencies (Box A4.1), 
their partners, academic institutions, and state, local, and Indigenous communities. The form, complexity, 
breadth, and design of indicators vary based on their intended uses, but effective indicators clearly convey 
information to advance understanding related to changes in key aspects of climate and the impacts on 
people and ecosystems. Measuring the health and societal effects of climate change is challenging because 
of the complex, often indirect relationships among climate drivers, environmental and social factors, and 
health outcomes.6,7 Increasingly, physical, ecological, and socioeconomic data are being linked together to 
better track impacts on human systems, allowing communities to assess risks and make informed response 
and adaptation decisions. In the context of human health, identifying sets of indicators along exposure 
pathways can help track the related nature of exposures and the prevalence of health outcomes.7,8 This 
holistic approach can provide insights into the extent to which changes in climate affect people and help 
identify opportunities for public health actions to reduce or prevent exposures and adverse health effects.
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Box A4.1. Federal Indicator Resources

The US Global Change Research Program (USGCRP) coordinates efforts to highlight climate-relevant indicators from 
across federal agencies. The USGCRP Indicators Interagency Working Group guides this effort through advancing the 
research, development, and integration of indicators into USGCRP activities and products and highlights a subset of these 
on the USGCRP Indicators Platform (Figure A4.2).9 Indicators hosted on the platform consist of peer-reviewed observa-
tional data and methods from federal entities and are routinely updated. They meet the standards set forth by the Informa-
tion Quality Act regarding data quality, transparency, and traceability (App. 2).

USGCRP Indicators Platform

The USGCRP Indicators Platform leverages agency-supported science and data to understand how environ-
mental, health, and societal conditions are changing.

Figure A4.2. Screenshot from the USGCRP Indicators Platform: https://www.globalchange.gov/indicators/. 
Figure credit: USGCRP 2023.9 

https://www.globalchange.gov/indicators/
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Other federal climate-related indicators efforts include: 

• CDC’s National Environmental Public Health Tracking Climate Change Indicators10

• EPA’s Climate Change Indicators in the United States2

• EPA’s Climate Indicator Map Viewer11

• NASA’s Vital Signs of the Planet12

• NOAA’s National Marine Ecosystems Indicators13

• NOAA’s State Climate Summaries14

• USDA’s Climate Indicators for Agriculture5

Indicators appear in every NCA, with each report offering new ways to evaluate observed changes. This 
appendix marks the first time a section of the NCA has been established to present and discuss nationally 
relevant indicators. It highlights the important role of indicators and supports the NCA with scientific 
evidence, using a representative set of indicators relevant to multiple chapters. Observed changes relevant 
to each regional chapter can be represented with indicators, as shown in Table A4.1. Indicators in this 
appendix are grouped into six categories (Atmosphere; Ice, Snow and Water; Ocean and Coastal; Land and 
Ecosystems; Health; Adaptation and Mitigation), building on NCA4’s Indicators of Change figure (Figure 1.2 in 
Jay et al. 20181). Examples for each category were selected to cover a diverse range of regions, highlight both 
existing and newly developed indicators, and focus on topics relevant to urban and rural populations as well 
as the natural environment. These and many other indicators in NCA5 demonstrate that climate change is 
happening now (Table A4.1; KM 2.1; Figures 28.1, 30.5).

https://www.cdc.gov/nceh/tracking/topics/ClimateChange.htm
https://www.epa.gov/climate-indicators
https://experience.arcgis.com/experience/bdd9567a847a4b52abd20253539143df
https://climate.nasa.gov/
https://ecowatch.noaa.gov/
https://statesummaries.ncics.org/
https://www.usda.gov/oce/energy-and-environment/climate/assessments
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Table A4.1. Observed Regional Changes

This table shows observed changes pertinent to each NCA region, along with supporting evidence from associated NCA5 Key 
Messages and example indicators. The observed changes are only selected examples and do not necessarily convey which 
climate-related risks are most significant in each area. See the regional chapters for more detail on these observed changes 
and related climate impacts.

Region Observed Change Key Message Example Indicator(s)

Northeast
Increasing frequency and intensity 
of precipitation KM 21.2 Figure 2.8, Figure 21.1

Northeast Increasing ocean temperatures KM 21.2 Figure A4.11, Figure 21.4

Northeast Rising sea levels KM 21.2 Figure A4.10, Figure 2.5

Southeast
Increasing frequency, intensity, and 
duration of heatwaves KM 22.2  

Southeast Increasing wildfire risk KM 22.2 Figure A4.14

Southeast Rising sea levels KM 21.4 Figure 2.5

US Caribbean Increasing air temperatures Ch. 23, Intro Figure 1.5

US Caribbean Increasing ocean temperatures Ch. 23, Intro Figure A4.11

USCaribbean Increasing air pollution KM 23.1  

Midwest Increasingly variable precipitation KM 24.1 Figure 2.4, Figure 2.8

Midwest Lengthening growing season KM 24.1 Figure 24.3

Midwest
Changing Great Lakes water 
quantity, quality, and temperature KM 24.5 Figure 24.13

Northern  

Great Plains
Increasing winter temperatures KM 25.1 Figure 2.4

Northern  
Great Plains

Increasing wildfire risk KM 25.1 Figure A4.14

Northern  

Great Plains

Increasing frequency of spring 
flood events KM 25.1  
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Region Observed Change Key Message Example Indicator(s)

Southern  

Great Plains

Increasing frequency and intensity 
of precipitation Ch. 26, Intro Figure 2.8, Figure 26.1

Southern  
Great Plains

Increasing ocean temperatures KM 26.3 Figure A4.11

Southern  

Great Plains
Rising sea levels KM 26.5 Figure 2.5

Northwest Declining snowpack Ch. 27, Intro Figure A4.7

Northwest Melting glaciers Ch. 27, Intro  

Northwest Rising sea levels Ch. 27, Intro Figure 2.5

Southwest Declining flows in major rivers KM 28.1 Figure 4.18, Figure 7.9 

Southwest Increasing wildfire risk KM 28.5 Figure A4.14

Southwest
Increasing number of marine 
heatwaves KM 28.2 Figure A4.11, Figure 28.4

Alaska Thawing permafrost Ch. 29, Intro  

Alaska Increasing ocean temperatures Ch. 29, Intro Figure A4.11

Alaska Declining sea ice Ch. 29, Intro Figure A4.6, Figure 2.3

Hawaiʻi  

and the US-Affiliated Pacific Islands

Increasing drought frequency, 
severity, and duration Ch. 30, Intro  

Hawaiʻi  
and the US-Affiliated 
Pacific Islands

Increasing tropical cyclone activity KM 30.2  

Hawaiʻi  

and the US-Affiliated Pacific Islands
Rising sea levels KM 30.3 Figure 2.5
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A4.2. Atmospheric Indicators
Both globally and across the US, temperatures are rising as a result of increasing greenhouse gases (GHGs) 
in our atmosphere (Figures 1.5, 2.4), primarily caused by human activities (Figures 2.1, 3.1; KMs 2.1, 3.1). 
Extreme events such as heatwaves, heavy downpours, and severe flooding are also increasing in frequency 
and intensity (KM 2.2; Figures 2.8, 21.1, A4.8). Atmospheric indicators are used to inform decision-making 
across a wide variety of scales (Figure A4.1) and often form the basis for assessing trends, impacts, and key 
risks15 among all sectors.

Greenhouse Gases
Greenhouse gas emissions are the primary driver of climate change (KMs 2.1, 3.1), so tracking emissions 
is fundamental to understanding and responding to climate change. Figure 2.1 depicts the continual 
increase in carbon dioxide (CO2) emissions by the greatest contributing countries and regions. The Annual 
Greenhouse Gas Index indicator (Figure A4.3) accounts for global emissions of CO2 and the other major 
long-lived greenhouse gases from 1979 to 2022 and shows how the cumulative warming effects of these 
GHGs have been increasing over time.

Annual Greenhouse Gas Index

The warming effects of greenhouse gases are increasing over time.

Figure A4.3. Radiative forcing (left vertical axis) is the change, either positive or negative, in the amount of 
energy from the sun that is trapped by Earth’s atmosphere. Increases in the amount of radiative forcing will lead 
to warming. The Annual Greenhouse Gas Index (AGGI; right vertical axis) compares the total radiative forcing for 
each year from 1979 to 2022 to the year 1990 (represented by a red dot). The year 1990 was selected as the year 
for comparison because that is the year the Montreal Protocol16 was signed, so its AGGI value is designated here 
as 1.0. The 2022 AGGI (also represented by a red dot) was 1.49, indicating that the average warming influence of 
long-lived greenhouse gases in the atmosphere has increased by a total of 49% since 1990. The increased radia-
tive forcing leads to increasing temperatures, both in the oceans and over land. Indicators of these changes and 
impacts are found in this appendix and throughout the report. CFCs = chlorofluorocarbons, HFCs = hydrofluoro-
carbons, HCFCs = hydrochlorofluorocarbons. Adapted from USGCRP 2023.17
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Temperature and Extreme Heat
Long-term observations show that warming due to climate change is unambiguous but is not occurring 
equally or in all areas (Figures A4.1, 2.4, 2.7). Figure A4.1 shows four different temperature indicators valuable 
to decision-makers at multiple scales. Globally, annual average temperatures have increased almost 
everywhere, with the greatest increases seen across North America and the Arctic (Figure A4.1, top left). 
On the national scale, nights have been warming faster than days (KM 2.2), with the greatest increases in 
summer nighttime minimum temperatures seen across large areas of Alaska, Florida, and the western and 
northeastern United States (Figure A4.1, top right). On the regional scale, cooling degree days (a proxy for 
energy demand used to cool buildings) have increased throughout the Southwest, with California expe-
riencing the greatest changes (Figure A4.1, bottom left). And on a local level, the number of days per year 
with temperatures reaching 110°F or more have increased throughout Maricopa County, Arizona, with 
the Phoenix area experiencing notable increases in these extremely hot days (Figure A4.1, bottom right). 
Additionally, in the United States, the rate at which temperatures increase differs seasonally (Figure 2.4).18 
Changes in seasonal temperatures have led to shifts in the seasonality of certain events (Figure A4.13). In 
some areas, the combination of high humidity and high temperatures is contributing to the emergence of 
heat index values too severe for human tolerance (KM 2.3).19,20 As temperatures increase, people’s exposure 
to extreme heat becomes greater (KMs 3.12, 15.1).

These increasing temperatures directly and indirectly impact human health and societal outcomes (KM 
2.2; Ch. 15). Populations directly exposed to more heatwaves experience increased heat-related illness and 
death.21,22 Since the 1960s, the frequency of heatwaves and the duration of heatwave seasons have steadily 
increased in certain areas (KM 2.2).23 Urban areas experience higher temperatures than surrounding 
landscapes because many structures such as roads and buildings absorb and radiate heat, exacerbating the 
effects of increasing temperatures (Figure A4.4; KM 12.1). Additionally, changes in land use in and around 
urban areas have contributed to temperature hotspots (Figure 6.3).
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Urban Heat Island (UHI) Intensity

Urban heat island intensity is increasing in many US cities due to the combination of urbanization and rising 
temperatures. 

Figure A4.4. Urban heat island (UHI) intensity is defined as the annual difference in average temperature between 
areas that are urban versus nonurban (within a 5 km, or approximately 3.1-mile, buffer zone of the city boundary). 
Indicators and maps of UHI intensity can help inform heat-mitigation strategies such as implementing urban 
vegetation cover.24 Top row: Maps for the year 2020 are presented for (a) Atlanta, (b) Houston, and (c) Minneap-
olis, showing temperature differences used to determine UHI intensity for that year. Both hotspots and areas of 
lower temperatures are evident. Bottom row: Trends in average UHI intensity from 1985 to 2020 are presented 
for (d) Atlanta, (e) Houston, and (f) Minneapolis. Solid lines show observed data, while dashed lines represent the 
estimated trend for the period of record. Companion figures depicting the relationship between temperature and 
socioeconomic factors for these same cities can be seen in Figure 12.6. Figure credits: (a, c, d, f) adapted from 
Xian et al. 2022;24 (b, e) USGS and NIEHS / Kelly Government Solutions.

Precipitation
As temperatures rise, US precipitation patterns are changing, with long-term trends in average precipitation 
differing considerably by region and by season (Figure 2.4).14 Indicators can show how changes in these patterns 
may affect different sectors. For example, too much or too little precipitation can impact both crop (KM 4.1) and 
hydropower (KM 5.1) production. Seasonal activities of sensitive plant and animal species may shift as precipi-
tation amounts and timing change (Figure 8.11). Indicators can also be used to observe how heavy precipitation 
events are evolving in intensity (e.g., Figure 2.8), frequency (e.g., Kunkel et al. 202214), and duration (e.g., Kunkel 
et al. 202025). For example, evidence suggests that in recent years, extreme single-day precipitation events are 
increasing in the United States.26 Heavy precipitation will become increasingly important to local engineering 
and community planning as the risk of flooding increases in a warmer world;25 as a result, regional- and 
local-scale indicators are most valuable for informing adaptive actions to protect public health and safety.
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Extreme Events
Climate change is increasing the frequency and severity of many extreme weather and climate events 
(Figure 1.7; KM 2.2), including heatwaves,23 heavy precipitation (Figure 2.8; KMs 4.1, 21.1; KM 22.1), drought 
(Section A4.3), flooding (Section A4.3; KM 4.1), wildfire (Section A4.5; KM 7.1; Focus on Western Wildfires), and 
tropical cyclones (KM 2.2).27 Other events, such as cold snaps, are becoming less frequent (KM 2.2). Extreme-
event indicators allow communities to evaluate changes in risk, as major weather and climate disasters can 
threaten lives, damage property, and affect daily activities. One example is the number of disasters in the US 
each year that cause at least $1 billion in damages (Figures A4.5, 1.7, 2.6, 22.3). More frequent and compound 
extreme events (Focus on Compound Events) disproportionately impact already-overburdened groups (KM 
18.2; Box 18.2), leaving communities with less time and fewer resources to respond to each disaster.

Billion-Dollar Disasters

The number of weather- and climate-related disasters exceeding $1 billion has substantially increased  
since 1980. 

Figure A4.5. This indicator provides insight into the frequency of events exceeding $1 billion in damages (adjust-
ed for inflation) from 1980 to 2022 across seven disaster types, each represented by its own color. The severe 
storm category includes events such as tornadoes, hail, and damaging winds but not tropical cyclones or winter 
storms. The only year with no billion-dollar events was 1987. Since then, the number of events each year has 
generally increased, with 2020 and 2021 having the two highest number of events on record. The number and cost 
of these disasters are due to several complex factors. Climate change is leading to increases in the frequency and 
intensity of extreme events, and, at the same time, there have been continual increases in the numbers of build-
ings, infrastructure, and people in climate-sensitive areas where these events may occur.28 Economic factors can 
also play a role. For example, there is potential for property values to increase at rates higher than the Consumer 
Price Index, which can lead to higher damage assessments compared to previous years. An interactive version of 
this indicator, including the total annual cost and a breakdown by state and region, can be found at https://www.
ncei.noaa.gov/access/billions/time-series/.29 Adapted from USGCRP 2023.30

https://www.ncei.noaa.gov/access/billions/time-series/
https://www.ncei.noaa.gov/access/billions/time-series/
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A4.3. Ice, Snow, and Water Indicators
Many parts of the US are experiencing intensified droughts or reduced snowpack, which are caused or 
exacerbated by rising temperatures (KMs 2.2, 4.1). These changes, combined with increasing water demand 
from growing populations, can reduce the reliability of water supplies,31,32 and water-related indicators can 
help communities prepare for impacts. Also useful are indicators used to track changes in the cryosphere 
(the frozen parts of Earth’s surface), as melting sea and land ice (e.g., ice sheets and glaciers) and thawing 
permafrost can contribute to sea level rise (KM 9.1; Figures 2.5, 9.1), affect water supply (KM 4.1), and have 
other negative impacts on humans and ecosystems (KM 8.2; Ch. 29).

Sea Ice
Changes in Arctic sea ice are some of the most visible and well-known indicators of a changing climate.33,34,35 
The steep decline of average Arctic sea ice extent in September, when the ice shrinks to its smallest area 
each year, is shown in Figure 2.3. Figure A4.6 illustrates how the total area of September sea ice has declined 
and how the overall length of the melt season is increasing over time. Melt location and timing is important, 
because as sea ice melts, it changes ocean and atmospheric circulation patterns, which can impact marine 
life and coastal economies (KM 10.1). Additionally, loss of sea ice is leading to increases in commercial 
shipping; exploration of oil, gas, and minerals; and geopolitical and global security issues (Ch. 17; KM 29.6).36

Changes in Arctic Sea Ice

Arctic sea ice is shrinking as the melt season grows longer. 

Figure A4.6. An increasingly later end to the melt season is the primary contributor to both the longer season and 
the declining ice extent. (a) This indicator compares the annual minimum sea ice extent—the smallest area of sea 
ice—measured in the Arctic in 1979 (the beginning of the record) and 2022 (the most recent year of observation). 
The pink line on each map represents the median ice edge for 1981 to 2010. (b) This indicator shows the annual 
length of the Arctic sea ice melt season from 1979 to 2021. The blue shaded area represents the amount of time 
between the date when ice begins to melt consistently (light blue line) and the date when it begins to refreeze 
(dark blue line). (a) Adapted from NSIDC 2023;37 imagery from the Special Sensor Microwave Imager/Sounder 
(SSMIS) instrument, courtesy of NASA and NSIDC; (b) adapted from EPA 2023.33
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Snowpack and Snow Cover
As US winters and springs warm, the amount and seasonality of snow is changing (KM 2.2). Higher tem-
peratures cause snow to melt earlier, which affects timing and availability of water (KM 2.2).38 A variety of 
indicators can be used to track changes in snowpack and snow cover (Figure A4.7). These indicators focus 
on the western US, where millions of people depend on the melting of mountain snowpack for drinking 
water, crop irrigation, and hydropower (Ch. 4; KM 28.1). Changes in snowpack and snow cover affect winter 
recreation, tourism, plants, and wildlife.38

Snowpack Changes in the West

Western snowpack is declining, peak snowpack is occurring earlier, and the snowpack season is shortening in 
length. 

Figure A4.7. The overall amount of snow has been declining across the western United States, as shown in three 
indicators: (a) trends in snowpack on April 1 (percent change) from 1955 to 2022 (red and blue circles represent a 
decrease and increase, respectively); (b) change in the annual date when snowpack reaches its maximum amount 
(days) from 1982 to 2021 (red and blue circles represent a shift to earlier and later timing, respectively); and (c) 
change in snowpack season length (days) from 1982 to 2021 (red and blue circles represent a shortening and 
lengthening of the snowpack season, respectively). Adapted from EPA 2023.38
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Flooding
Indicators can be used to quantify trends in large floods, which is imperative for floodplain management 
and infrastructure design to maximize safety and resilience (KMs 4.2, 6.1, 12.4). For example, west of the 
Mississippi River, nearly 30% of monitored areas are experiencing increases in large flood frequency and/
or magnitude (Figure A4.8). In contrast, other areas have recently experienced decreasing trends due to 
prevailing climate patterns such as the Southwest megadrought (KM 28.1).39 Flood indicators are also used to 
track economic damage related to flooding (Figure 4.12) and monitor flood trends of individual streams.40 

Flood Frequency and Magnitude West of the Mississippi River

Trends in flood magnitude and frequency vary widely across the western US. 

Figure A4.8. Flood magnitudes are increasing along the Oregon coastline, throughout large portions of the 
central Rockies and southern Great Plains, and in parts of the Gulf Coast, whereas flood frequencies are increas-
ing across a large area east of the Rocky Mountain Front.41 This indicator shows trends in (a) magnitude and 
(b) frequency of large floods in the western US within 117 flood potential zones. Shading in warm colors (reds) 
represents increasing trends, and shading in cool colors (blues) represents decreasing trends. Darker shades 
indicate where trends are statistically significant. (a) Percent change in annual flood magnitudes is indicated by 
black numbering. Trends in magnitudes vary by the available record length (most commonly from the early 1900s 
through 2020), while (b) trends in frequency are for 1945 to about 2020. Data are not yet available for the US 
Caribbean, Alaska, or Hawai‘i and US-Affiliated Pacific Islands regions, as well as the contiguous US east of the 
Mississippi River. Additional information related to trends in large floods is provided in the Flood Potential Portal 
at https://floodpotential.erams.com/. Figure credit: USDA Forest Service.

Drought
The effects of drought can be far-reaching and long-lasting, posing risks to people and ecosystems and 
often contributing to other extreme events, such as drought-induced wildfire (KM 4.2; Focus on Western 
Wildfires). Several hydrologic measures exist for drought, and for certain applications, climate reanalyses 
can also be valuable in evaluating historical trends related to climate including drought metrics (e.g., Jasinski 
et al. 201942). Some drought indicators consider water availability, measured by variables such as precipita-

https://floodpotential.erams.com/
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tion (Figure 4.10), streamflow, groundwater and reservoir levels, or soil moisture (Figure 28.2). Other drought 
indicators take into account different climatic factors, such as temperature, potential evapotranspiration, 
and solar radiation (Figure 3.12). For example, the Standardized Precipitation Evapotranspiration Index 
(SPEI; Figure A4.9) measures the combination of precipitation and evapotranspiration to determine whether 
a certain area is experiencing extreme drought, extreme moisture, or conditions in between.43 SPEI is a 
valuable indicator when considering how droughts might affect activities that depend on a balance between 
water supply and demand, particularly those related to agriculture and ecosystems.44

Change in Drought Conditions, 1900–2022

Long-term records show conditions are becoming drier in many portions of the West and wetter elsewhere, 
particularly the East.

Figure A4.9. Since the early 20th century, the eastern US has generally experienced wetter conditions, while por-
tions of the West—especially the Southwest—have experienced drier conditions. This map shows the total change 
in drought conditions across the contiguous United States, based on the long-term average rate of change in the 
five-year Standardized Precipitation Evapotranspiration Index (SPEI) from 1900 to 2022. Data are displayed for 
small regions called climate divisions, as defined by NOAA.45 Teal-shaded areas represent wetter conditions, and 
brown areas represent drier conditions. Data are not available for the US Caribbean, Alaska, or Hawai‘i and US-Af-
filiated Pacific Islands regions. Adapted from EPA 2023.44

A4.4. Ocean and Coastal Indicators
Climate-driven changes to US oceans and coasts endanger marine ecosystems and coastal communities 
(Figures 10.1, 21.5) and threaten infrastructure and energy production (KMs 9.2, 10.1). Indicators can be used 
to track physical ocean conditions (e.g., sea surface temperatures, ocean acidification), ecological impacts 
(e.g., marine species shifts), and coastal impacts (e.g., high tide flooding). This information is used to evaluate 
risk, promote resilience, and increase the value of coastal and marine resources as ocean conditions change.



Fifth National Climate Assessment

A4-20 | Indicators

Sea Level Rise and Coastal Flooding
Global sea level is rising as warming ocean waters expand and glaciers and ice sheets melt. Along some US 
coastal areas, sea levels are rising faster than the global average, with the highest rates occurring along parts of 
the Atlantic coast and the Gulf of Mexico (Figures A4.10a, 2.5; KMs 21.2, 22.1, 26.1).46 The increase in relative sea 
level is driving increases in physical and societal impacts such as high tide flooding (Figure A4.10b–d; KM 9.1).

Sea Level and Coastal Flooding in the Northeast

The combination of rising sea levels and the increased frequency of coastal flooding events exacerbates risk for 
coastal communities. 

Figure A4.10. (a) The line chart shows the observed changes in relative sea level from 1960 to 2020 (compared 
to the 1991–2009 average), which is a combination of sea level changes and local uplift or subsidence of land, 
averaged along the Atlantic coast of the northeastern US. The bar graphs depict the frequency of (b) minor (dis-
ruptive), (c) moderate (damaging), and (d) major (destructive) high tide flooding events at 30-year intervals (1960, 
1990, and 2020), also for the northeastern US (see Figure 9.3 for definitions of high tide flooding thresholds). 
The frequency of occurrence is expressed as the number of events per year, where a value of 0.1 is equivalent to 
a 10% annual chance of experiencing that type of flood event. See Chapter 9 for contiguous US data, including 
future projections. Figure credits: (a) adapted from Sweet et al. 2022;47 (b, c, d) NOAA NCEI and NOAA.

Marine Heatwaves
Sea surface temperatures in oceans surrounding the US have risen steadily over time, as they have in most 
of the world’s oceans (Figure 2.3).48 Rising temperatures in these areas contribute to increases in marine 
heatwave frequency (KMs 10.1, 21.2), intensity (Figure A4.11), size, and duration.49 These changes have 
detrimental impacts on surrounding ecosystems and economies, including shifts in the distributions of 
marine life (Figure A4.12; KMs 8.2, 10.1).
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Marine Heatwaves

Extreme ocean temperatures are more common as ocean temperatures rise.

Figure A4.11. (a) The maps show the change in annual cumulative intensity of marine heatwaves (anomalously warm 
temperatures lasting five or more days) within large marine ecosystems surrounding the United States from 1982 to 
2022. Cumulative intensity, or degree days, is determined by heatwave intensity multiplied by duration, compared to the 
1982–2011 average. Areas with increases in cumulative intensity are shown in red, with darker colors indicating greater 
change. Areas in blue represent a decrease in cumulative intensity over time. (b) Charts show the heatwave strength in 
total degree days each year from 1982 to 2022 for select large marine ecosystems highlighted in the above maps. Figure 
credit: NOAA NCEI, University of Miami, DOE, and Eastern Research Group Inc.
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Marine Species
Warming oceans have contributed to shifts in the geographic distribution of marine species (KM 10.1), which 
are extensively studied and tracked using indicators.50 It is important to track climate-driven changes in the 
distribution, timing, and productivity of fishery-related species that can put marine fisheries and fishing 
communities at risk.51 Many marine species are sensitive to environmental cues such as temperature ranges 
and track well with local climate velocities (the speed and direction at which species move in order to 
experience similar climate conditions).52 However, several other factors can influence the abundance and 
geographic distribution of species, such as large-scale fishing practices, ocean currents, changes in habitats, 
and species’ ability to adapt. Figure A4.12 depicts how multiple species adjacent to the Alaska, northeastern 
US, and southeastern US coasts have been shifting northward and, in some regions deeper, to cooler waters.
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Marine Species Distribution

Marine species along US coasts are generally shifting northward to cooler waters. 

Figure A4.12. (left) Maps show annual centers of biomass for three species in three regions: (a) the eastern Ber-
ing Sea (1982–2019) and the (b) northeastern (1974–2019) and (c) southeastern (1989–2019) US coasts. Spe-
cies were chosen because they represent a variety of habitats and species types and are relatively abundant. Dots 
are shaded to show how species’ locations have changed over time, with light shading representing earlier years 
and darker shading representing more recent years. (right) Charts show the annual change in latitude (orange 
lines; movement in miles) and depth (blue lines; change in feet) of several marine species in (d) the eastern Bering 
Sea (top; 64 species) and (e) the northeastern (middle; 53 species) and (f) southeastern (bottom; 63 species) US 
coasts, relative to 1989. Black dashed lines represent no overall change. Data were not available for 1975 or 2014 
for the Northeast region. Adapted from EPA 2023.50
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A4.5. Land and Ecosystems Indicators
Earth’s land, food, and climate systems are inextricably intertwined (Figure 11.9). Climate and weather shape 
demand for and distribution of food, fish, and forest products. In turn, commodity production influences 
the climate via greenhouse gas exchange and land conservation or degradation. These feedbacks are driving 
the coupled climate–land system toward a host of outcomes for people and society, some undesirable.53 
Indicators can help land managers and policymakers identify optimal planning and solutions in the context 
of changing conditions.

Seasonal Change
Seasonality refers to recurring seasonal events or processes, such as the blooming of wildflowers in 
spring.54 The timing, duration, and variability of many seasonal events are changing in response to changing 
temperature and moisture patterns (Chs. 2, 8; Figure 24.3). Indicators of seasonal change (Figure A4.13) are 
valuable for understanding relationships between climate and ecosystems and subsequent risks to envi-
ronmental and social systems.55 Knowledge of these changes is often generated by local and Indigenous 
populations, who have deep connections to local ecosystems because of their cultural and subsistence 
practices (Ch. 16).
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Changes in Seasonality 

Observed evidence of changes in seasonality reflect a warming climate.

Figure A4.13. Many indicators show shifts in timing and duration of seasonal events or processes that are correlated 
with seasons. The length of the blue lines represents the approximate time of year when these events typically occur, 
and the direction of the arrows denotes earlier (←) and later (→) shifts in the season. Red line segments portray the ob-
served change for illustrative purposes, whereas the actual observed values are provided as text above each line. Some 
of these indicators are limited to specific geographic regions. Adapted from EPA 2021.54

Wildland Fire and the Wildland–Urban Interface
Wildland fires affect carbon dynamics, ecosystems, biodiversity, and human health (Ch. 7; KMs 6.1, 14.2; 
Figures F2.1, 28.9). The wildland–urban interface (WUI) is the area where buildings and other develop-
ments meet or mix with undeveloped natural areas, including fire-prone vegetation. Over the past several 
decades, the WUI has grown rapidly,56 expanding in both total area and number of homes. In addition, the 
annual average acreage burned by wildfires has increased since the mid-1980s.57 Together, these changes 
have increased risks of loss of life and property damage in many areas across the United States (Figure 
A4.14). Other important wildfire-related indicators include greenhouse gas emissions resulting from 
wildfires and prescribed fires (Figure 7.2) and related socioeconomic indicators such as federal spending on 
wildfire suppression.58
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Wildfires and Wildland–Urban Interface (WUI) Growth

Area burned by wildfires is increasing and the wildland–urban interface is expanding in the contiguous US. 

Figure A4.14. (a) The chart shows the number of acres burned between 1984 and 2020 for the contiguous US. 
The different shades within each bar indicate the proportional contribution of different fire size classes to the total 
for that year. (b) The two charts depict wildland–urban interface (WUI) growth in terms of area and number of 
housing units from 1990 to 2020 for the contiguous US. (c) The map portrays US counties where WUI growth and 
wildfires are most prevalent. Counties are categorized by their level of WUI growth between 1990 and 2020 and 
area burned between 1984 and 2020. Counties are not categorized where wildfires do not meet the minimum size 
requirements for Monitoring Trends in Burn Severity (MTBS) mapping57 or where percent growth in WUI area is 
less than zero. WUI data are not available for the US Caribbean, Alaska, or Hawai‘i and US-Affiliated Pacific Islands 
regions. In Alaska, wildfires burned over 34 million acres between 1984 and 2020; during this period, eight of the 
nine wildfire seasons when more than one million acres burned have occurred since 2000. Twenty-one wildfires in 
Hawai‘i (more than 103,000 total acres) and four wildfires in Puerto Rico (about 6,300 total acres) were mapped 
between 1984 and 2020. MTBS wildfire data are not available for other parts of the US Caribbean and US-Affiliated 
Pacific Islands regions (wildfire data from another source for the US-Affiliated Pacific Islands region is presented 
in Figure 30.13). Figure credits: (a, c) USDA Forest Service; (b) adapted from Radeloff et al. 2018.56
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Agriculture and Food Systems
The climate–agriculture–food system is complex (Figure 11.9). Agricultural production and natural resources 
face challenges from increasing climate variability and change. Optimized management and policy decisions 
require an integrated indicator system that communicates climate-driven production impacts; trends in 
the social-ecological systems underpinning agriculture (e.g., heat-related mortality of workers; Figure 11.1); 
crop insurance payments (KM 11.2);5 how management performs in relation to desired social-ecological 
conditions;59 degree of adaptation (KM 11.1); and the relationships among climate change, consumption, and 
production.60 Currently, the most developed agriculture-related indicators are production-oriented (Ch. 11), 
such as range or crop yield, crop pathogens, animal heat stress, migration of plant hardiness zones (Figure 
11.3), timing of budbreak in fruit trees, and ratios of outputs to inputs (total factor productivity).5 The pro-
ductivity of rangeland vegetation provides many valued ecosystem services,61 but it has severely declined in 
some areas of the US in recent decades (Figure A4.15),62 with a strong correlation to regional-scale climate 
change exposure.63
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Rangeland Production

Rangeland vegetation production has severely declined in some areas and increased in others. 

Figure A4.15. Rangeland annual net primary production (ANPP) measures the annual production of rangeland 
vegetation, which provides key ecosystem services supporting soil, air, and water quality and billions of dollars in 
commerce. This figure illustrates ANPP in pounds per acre on rangelands by ecological subsection (see Cleland 
et al. 200764) during the periods (a) 1984–1999 and (b) 2000–2021. Positive values indicate areas where ANPP 
has increased over time, and negative values show where it has decreased. Areas in white are not classified as 
rangeland ecosystems. (c) The time series shows annual values of ANPP from 1984 to 2021 for a select location 
in the Mojave Desert (indicated by the circle on the maps). ANPP increased in this area over the first half of the 
time period but has since seen a steady decline. Data are not available for the US Caribbean, Alaska, or Hawai‘i 
and US-Affiliated Pacific Islands regions. Adapted with permission from Reeves et al. 202162 [CC BY-NC-ND 4.0]. 

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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A4.6. Health Indicators
Climate change increases risks and impacts to human health and well-being by exacerbating existing health 
threats and creating new challenges based on multiple factors and pathways. A variety of health outcomes 
are affected by climate change, including mental health challenges as well as physical health issues such as 
cardiorespiratory conditions from poor air quality, injuries and mortality from extreme weather events, and 
malnutrition from changing climate and environmental factors.15

It is important that health indicators include more than just measures of health outcomes to understand 
how climate impacts and exposures influence health burdens. A broader approach is helpful because of the 
complex, often indirect relationships among climate drivers, environmental and social factors, and health 
outcomes, and because of challenges with collecting and reporting health data including lag times in avail-
ability. Some widely utilized health indicators include heat-related illnesses and deaths,21,22,65 described 
in part in NCA4, which also details the impacts of a changing climate on vector-, water-, and foodborne 
diseases but without quantitative context.66 To build upon this body of knowledge and to highlight robust 
examples of infectious disease metrics with 1) strong science supporting the linkages among climate, 
environment, and human risk factors; 2) national coverage; and 3) ample temporal extent, this appendix 
presents indicators for three nationally notifiable infectious diseases routinely reported to the CDC (Figure 
A4.16). 

Changes in temperature, precipitation patterns, and extreme events can alter the seasonality, distribution, 
and prevalence of vector-, water-, and foodborne diseases (KM 15.1).7 West Nile virus (WNV) neuroinva-
sive disease and Lyme disease are impacted by climate change through complex shifts in land use, vector 
ecology, and human behavior (Chs. 8, 15). Vibriosis, linked to warming marine and coastal waters, is an illness 
contracted through exposure to Vibrio bacterial species from contaminated seafood or from open skin 
wounds exposed to contaminated water.7
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Infectious Diseases Impacted by Climate Change 

Climate, environmental, and social factors influence infectious disease rates. 

Figure A4.16. Indicators of diseases widely recognized as being affected by climate change can provide a general 
gauge of the disease burden and help guide resources and public health actions. Incidence rates of (a) West Nile virus 
(WNV) neuroinvasive disease, (b) Lyme disease, and (c) vibriosis are presented for the years 2002–2021, 1991–2020, 
and 2007–2018, respectively. For WNV neuroinvasive disease, the pattern of incidence rates is variable, ranging from 1 
per 100,000 people in 2002, when it became a nationally notifiable condition, to 0.6 per 100,000 people in 2021. Lyme 
disease incidence rates have trended upward from 4 cases per 100,000 people in 1991 to 7 cases per 100,000 in 2018. 
Similarly, trends in vibriosis have risen since 2007. Confirmed and probable cases are collected by state and local health 
departments and reported to the National Notifiable Diseases Surveillance System or the COVIS (Cholera and Other 
Vibrio Illness Surveillance) system. Annual counts and rates for each state are compiled by the CDC. Surveillance data 
for Lyme disease in 2019 and 2020 were markedly affected by the COVID-19 pandemic (light purple bars). Case defini-
tions are occasionally revised, but because the vibriosis case definition changed significantly in 2017, trends before (dark 
blue bars) and after (light blue bars) are not comparable. (a) Adapted from EPA 2023;67 (b) adapted from EPA 2023;68 (c) 
adapted from Sheahan et al. 2022.69
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A4.7. Adaptation and Mitigation Indicators
Adaptation to promote climate resilience of populations, ecosystems, and infrastructure as well as 
mitigation to reduce emissions are critical, particularly for protecting human well-being and the 
environment (Chs. 31, 32). Indicators of adaptation and mitigation are important tools that help track and 
assess progress70,71,72, as well as evaluate adaptation decisions and improve resilience (KM 31.5). This can be 
done, for example, by aggregating the number of documented adaptation activities by state over a certain 
time period (Figures 1.3, 31.1, 32.20). Although valuable for decision-making and evaluating effectiveness, 
indicators of resilience, adaptation responses, and adaptive capacity remain relatively limited.72,73,74 Figure 
A4.17 is an example of a mitigation indicator showing how US energy production from renewables has 
increased in recent years (KM 32.1; Figures 26.6, 32.3).

Energy Production by Source

US energy production from renewables is increasing. 

Figure A4.17. The figure shows annual time series of US energy production for (a) total primary energy (which 
includes both fossil fuels and renewable energy) and (b) categories of renewable energy (biomass, wind, hydro-
electric, solar, and geothermal) for 1949–2022. US energy production from renewable sources (dark green line) 
has increased since the 1960s, reaching a record high in 2022, primarily due to increases in wind (brown line) and 
biomass (light blue line) energy. Energy production from fossil fuels (purple line) also increased during this same 
time period, although with increased use of cleaner fossil fuels (KM 5.3). Adapted from EIA 2023.75

Climate change disproportionately impacts certain communities and populations (Ch. 20). Social, environ-
mental, and economic factors76,77,78 contribute to disparities experienced by groups at greater risk of climate 
change stressors (KM 15.2). Indices that combine multiple variables have been developed to capture complex 
issues affecting communities that are overburdened (e.g., Figures 15.5, 22.12). Furthermore, indicators that 
couple human and social dimensions with climate data (e.g., Figures 11.13, 12.6, 22.18) are necessary to better 
assess who is at highest risk from impacts and to prioritize and evaluate response decisions.
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A4.8. Knowledge Gaps and New Approaches
It is vital to recognize data specific to Indigenous communities to adequately address the disproportionate 
impacts of climate change (Ch. 16).79 Indicators drawing from Indigenous Knowledge (KM 16.3)80 and focusing 
on the concept of cultural keystone indicator species81 may better represent the perspectives of Indigenous 
Peoples affected by climate change than the indicators featured in this appendix. 

Indicators are used to evaluate community response and preparedness,82 as well as the capacity for socio-
ecological systems to build resilience.83 However, it is difficult to incorporate consistent indicators of 
resilience and adaptation (e.g., Brooks 2014;84 Keenan and Maxwell 202185). Distilling best practices at the 
community scale remains a challenge.86 The emerging understanding of compound events and their impacts 
(Ch. 18) will likely inform new indicator development. Confidence in attributing outcomes to climate change 
varies among physical climate indicators, especially for societal and ecosystem indicators (e.g., IPCC 202215).

Data sharing and transparency standards arising from the Information Quality Act (IQA; App. 2), are well 
established for geophysical information and are reliably compiled in several recurring volumes,2,9,87 whereas 
biological and health information is typically built on local and less-federated data. For health, limitations 
in sharing data, due to privacy concerns or cost, hinder the creation of nationally consistent indicators.8 
Advances in applying IQA standards to nonphysical data will increase the availability and credibility of 
this information.

Newer observing systems and sensors and community-led (“citizen”) science bring additional data options. 
In recent years, broader public participation in data collection and curation has played an increasing-
ly important role in contributing to existing or potential indicators. Such efforts include improvements 
in documenting physical climate variables at finer scales,88 capturing the impacts on or responses of 
ecosystems, and recording climate-related influences on human health.89

While indicators provide valuable information on past changes, it is important that they be well positioned 
to provide information on how these changes may continue in the future, to assist with planning, 
adaptation, and strategic policy decisions. For example, national surveillance systems, such as the National 
Notifiable Diseases Surveillance System,90 could integrate indicators into existing data collection and 
analysis processes to advance interpretation of observed data, trends, and impacts. New indicators that 
track how compound events are changing over time would potentially help communities become more 
climate resilient (see Focus on Compound Events).

Looking ahead, indicator systems that reflect the coupled nature of climate systems and management 
systems will be needed for optimal planning and policymaking. This will require integration across 
disciplines, stakeholder groups, government agencies, and nations.91
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About the Glossary of Terms
Authors of the Fifth National Climate Assessment (NCA5) were encouraged to briefly define important terms 
within their chapters. Some terms, however, require more detailed or nuanced definitions. This Glossary 
was developed to help readers understand key terms and ensure consistency of usage across the report. 

Most of the definitions presented here have been adapted from authoritative sources, including other US 
Global Change Research Program (USGCRP) reports, Intergovernmental Panel on Climate Change (IPCC) 
assessments, and academic and scientific societies and organizations (e.g., American Meteorological 
Society). These external sources are indicated with citations. Where definitions have been developed from 
multiple sources, the Fifth National Climate Assessment1 is cited. 

Where a term is used in a chapter in a manner that is inconsistent with the glossary definition, the intended 
definition is provided within the chapter text. 

Terms and subterms (e.g., “Flash drought” as a subterm of “Drought”) are bolded, and references to other 
terms defined in the glossary are underlined and hyperlinked. Related terms of particular importance are 
noted and linked at the end of the definition.

Note on Glossary Development Process
Terms selected for inclusion in the Glossary of Terms are those that are used in multiple chapters of the 
Assessment and required a definition that went beyond what would be provided in a simple dictionary 
definition. 

The editorial team followed a prioritized selection process for definitions. The team sought existing 
definitions from the following sources: the Second State of the Carbon Cycle Report (SOCCR2, 20182); the 
Climate Science Special Report (Volume I of the Fourth National Climate Assessment [NCA4]; CSSR, 20173); 
Impacts, Risks, and Adaptation in the United States (Volume II of NCA4; USGCRP, 20184); Impacts of Climate 
change on Human Health in the United States: A Scientific Assessment (USGCRP, 20165); and the Contributions 
of Working Groups I, II, and III to the IPCC Sixth Assessment Report (IPCC WGI, 20216 IPCC WGII, 20227 
and IPCC WGIII, 20228). If these sources did not offer adequate definitions, the editorial team searched for 
definitions from scientific and academic society glossaries, reports, and websites (e.g., American Meteo-
rological Society, American Psychological Association, World Health Organization) and federal and state 
agency reports and websites. In the rare cases for which adequate definitions were not available from these 
sources, the editorial team collaborated with USGCRP leadership to develop definitions based on the text of 
the Assessment (or of NCA4) or the underlying Assessment literature.

As the editorial team examined sources, draft definitions were selected if they fit the proper context in 
which the term was used in the Assessment and were relatively succinct and understandable while also 
providing enough information for the reader to understand how the term was used. The team removed any 
policy-prescriptive terminology, assessment descriptions, or specific language referring to scenarios during 
editing, unless required to define the term.

The draft glossary was reviewed by Assessment author teams to ensure that all necessary terms were 
included and that the definitions were technically and scientifically accurate. The editorial team conducted 
an initial review for new term inclusion, as well as a science, technical, and stylistic edit of definitions, and 
these decisions were reviewed by the Assessment Director.

Finally, the Glossary of Terms was reviewed by the Federal Steering Committee prior to final copyediting 
and formatting. 

https://carbon2018.globalchange.gov/chapter/appendix-g/
https://science2017.globalchange.gov/chapter/appendix-e/
https://nca2018.globalchange.gov/
https://health2016.globalchange.gov/glossary-and-acronyms
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_AnnexVII.pdf
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_Annex-II.pdf
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_Annex-I.pdf
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Glossary
Note: Underlined text indicates a term that is defined in the glossary.

Term Definition

Acidification, ocean

The process by which the pH measurement of ocean water moves toward more acidic 
levels due to the absorption of carbon dioxide, which interacts with ocean water to form 
carbonic acid, thereby lowering the pH. Increased acidity reduces the ability of plankton and 
shelled animals to form and maintain carbonate-containing body parts such as shells.3

Adaptation

Climate adaptation: In human systems, the process of adjustment to actual or expected 
climate and its effects to moderate harm or exploit beneficial opportunities. In natural 
systems, the process of adjustment to actual climate and its effects. Human intervention 
may facilitate adjustment to expected climate and its effects.7 Related terms: Adaptive 
capacity, Maladaptation, Climate Resilience.

Equitable adaptation: Adaptation that intentionally incorporates recognitional, procedural, 
and distributional principles of equity in design, planning, and execution.1,9

Incremental adaptation: Adaptation that maintains the essence and integrity of a system 
or process at a given scale. In some cases, incremental adaptation can accrue to result in 
transformative adaptation. Incremental adaptations to change in climate are understood 
as extensions of actions and behaviors already known to reduce the losses or enhance the 
benefits of natural variations in extreme weather/climate events.7

Transformative adaptation: Adaptation that changes the fundamental attributes of a 
social–ecological system, often involving persistent, novel, and significant changes to 
institutions, behaviors, values, and/or technology in anticipation of climate change and its 
impacts.1,8,10,11 

Adaptive capacity The ability of systems, institutions, humans, and other organisms to adjust to potential 
damage, to take advantage of opportunities, or to respond to consequences.7

Adaptive management 

A process of iteratively planning, implementing, and modifying strategies for managing 
resources in the face of uncertainty and change. Adaptive management involves adjusting 
management approaches in response to observations of their effect on, and changes in, the 
system brought on by resulting feedback effects and other variables.7

Aeroallergens Various airborne substances, such as pollen or spores, that can cause an allergic response.5

Aerosols (atmospheric)

A suspension of airborne solid or liquid particles, with typical particle size in the range of 
a few nanometers to several tens of micrometers. Aerosols have both natural and human-
caused sources. Overall, they tend to produce cooling by scattering incoming radiation and 
by affecting cloud cover, although some aerosols can cause warming directly by absorbing 
radiation and indirectly through their interactions with clouds.2,6 Related term: Particulate 
matter.

Afforestation The process of establishing trees on land that has lacked forest cover for a very long time 
or land that has never been forested.2 Related terms: Deforestation, Reforestation. 

Agricultural intensification The process of increasing the use of capital, labor, and inputs (e.g., fertilizers, pesticides, 
machinery) relative to land area to increase agriculture productivity.12

Agrivoltaics
The use of land for both agriculture and solar photovoltaic energy generation. Agrivoltaics is 
also sometimes referred to as agrisolar, dual-use solar, or low-impact solar. Solar grazing is 
a variation where livestock graze in and around solar panels.13
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Agroecology

The science and practice of applying ecological concepts, principles, and knowledge to the 
study, design, and management of sustainable agricultural ecosystems. It includes the roles 
of human beings as a central organism by way of social and economic processes in farming 
systems. Agroecology examines the roles and interactions among all relevant biophysical, 
technical, and socioeconomic components of farming systems and their surrounding 
landscapes.12 For NCA5, agroecology considers farming practices and management 
approaches that are developed through a systems science lens, taking into account local 
conditions and history. Agroecology might include subsistence and organic farming but 
might also include prudent use of resources through technological interventions (Ch. 11).1 

Agroforestry

Collective name for land-use systems and technologies where woody perennials (trees, 
shrubs, palms, bamboos, etc.) are deliberately used on the same land-management units 
as agricultural crops and/or animals in some form of spatial arrangement or temporal 
sequence. In agroforestry systems, there are both ecological and economic interactions 
between the different components. Agroforestry can also be defined as a dynamic, ecolog-
ically based, natural resource management system that, through the integration of trees 
on farms and in the agricultural landscape, diversifies and sustains production to increase 
social, economic, and environmental benefits for land users.7

Air pollution

Degradation of air quality with negative effects on human health or the natural or built 
environment due to the introduction, by natural processes or human activity, into the 
atmosphere of substances that have a direct (primary pollutants) or indirect (secondary 
pollutants) harmful effect.6 Related terms: Ozone, Particulate matter, Carbon monoxide, 
Volatile organic compounds.

Albedo

The fraction of solar radiation reflected by a surface or object, often expressed as a 
percentage. Snow-covered surfaces have a high albedo (highly reflective). Soil albedos 
range from high to low, and vegetation-covered surfaces and the ocean have a low albedo 
(low reflectivity). Earth’s planetary albedo varies mainly through changes in cloudiness, 
snow, ice, leaf area, and land cover.2

Altimetry A technique for measuring the height of Earth’s surface with respect to the center of Earth’s 
mass within a defined terrestrial reference frame.3

Anthropogenic Caused or influenced by humans; human-induced.2

Anthropogenic emissions

Emissions of greenhouse gases (GHGs), precursors of GHGs, and aerosols caused by 
human activities. These activities include the burning of fossil fuels, deforestation, land-use 
and land-cover change, livestock production, fertilization, waste management, and industrial 
processes.8 [This definition is in reference to human-caused emissions that drive changes 
in radiative forcing; for information on other emissions, see Air pollution.] Related terms: Air 
pollution, Emissions.

Aquaculture The production of aquatic organisms under controlled conditions throughout part or all their 
life cycle.14 Related term: Mariculture.

Aquifer A layer of saturated geologic materials that could yield water to springs or wells.15

Aridification Aridification is a transition of the climate and hydrology of a region toward drier 
conditions.16 

Assisted 
migration (ecological)

Human-assisted movement of populations or species to a new location within the historical 
range, expansion of their historical range, or migration beyond locations accessible by 
natural dispersal to mitigate potential impacts of climate change.17
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Atlantic meridional 
overturning 
circulation (AMOC)

The main current system in the South and North Atlantic Oceans. AMOC transports warm 
upper-ocean water northward and cold deep-ocean water southward, as part of the global 
ocean circulation system.3 Changes in the strength of AMOC can affect other components 
of the climate system.6

Atmospheric river (AR)

A long, narrow, and transient corridor of strong horizontal water vapor transport that is 
typically associated with a low-level jet stream ahead of the cold front of an extratropi-
cal cyclone. The water vapor in ARs is supplied by tropical and/or extratropical moisture 
sources. ARs frequently lead to heavy precipitation where they are forced upward, 
for example, by mountains or by ascent in a warm conveyor belt. Horizontal water 
vapor transport in the midlatitudes occurs primarily in ARs and is focused in the lower 
troposphere.3

Attribution The process of evaluating the relative contributions of multiple causal factors to a change 
or event with an assessment of confidence.8

Biochar

Relatively stable, carbon-rich material produced by heating biomass in an oxygen-limited 
environment. Biochar is distinguished from charcoal by its application: biochar is used as a 
soil amendment with the intention to improve soil functions and to reduce greenhouse gas 
emissions from biomass that would otherwise decompose rapidly.8

Biodiversity The variety of life, including the number of plant and animal species, other life forms, 
genetic types, habitats, and biomes in an ecosystem.2

Bioenergy A form of renewable energy produced from plant and animal biomass.2

Biofuel Fuel produced from plant or animal matter.2

Biogeochemical cycles
Fluxes or flows of chemical elements between Earth’s different carbon reservoirs, such as 
from living to nonliving, from atmosphere to land or ocean, from plants to dead organic 
matter in soils, and from decomposition of organic matter into carbon-containing gases.2

Biomass The mass of living organisms or the material derived from organisms.2

Biosphere Parts of Earth’s surface in which living organisms reside.2

Black carbon 
Black carbon is a solid form of mostly pure carbon that absorbs solar radiation (light) at 
all wavelengths. Black carbon is the most effective form of particulate matter, by mass, at 
absorbing solar energy and is produced by incomplete combustion of carbon-based fuels.18 

Bleaching, coral Loss of coral pigmentation through the loss of intracellular symbiotic algae (known as zoo-
xanthellae) and/or loss of their pigments.6

Blocking (atmospheric)

Associated with persistent, slow-moving high-pressure systems that obstruct the prevailing 
westerly winds in the middle and high latitudes and the normal eastward progress of extra-
tropical transient storm systems. It is an important component of intra-seasonal climate 
variability in the extratropics and can cause long-lived weather conditions such as cold 
spells in winter and heatwaves in summer.3

Blue carbon Carbon captured and stored by marine and coastal ecosystems such as mangroves, coastal 
wetlands, and seagrasses (Focus on Blue Carbon).1 

Boreal (zone)

A biogeographical zone or region characterized by a northern type of fauna or flora. The 
zone has a definite winter with snow and a short, generally hot summer. It includes a large 
part of North America between the Arctic zone and about 40°N, extending to 35°N into the 
interior.15
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Built environment The human-made or modified landscapes, structures, and infrastructure facilities that 
provide spaces for people to live, work, and recreate (Ch. 12).1,19

Buyout A type of property acquisition program in which an entity, usually a government, purchases 
properties in high-risk areas with an intent to remove structures and create open space.20

Carbon capture and 
storage (CCS)

The process of capturing carbon dioxide and injecting it into geological formations 
underground or in the deep ocean for long-term storage.2 Related term:  
Carbon sequestration. 

Carbon cycle

The series of processes by which carbon compounds flow among reservoirs in the 
environment, such as the incorporation of carbon dioxide into living tissue by photosynthe-
sis and its return to the atmosphere through respiration, the decay of dead organisms, and 
the burning of fossil fuels. In the carbon cycle, carbon flow or output from one reservoir 
transfers carbon to other reservoir(s).2

Carbon dioxide (CO2)

A naturally occurring gas, as well as a by-product of burning fossil fuels from fossil carbon 
deposits, burning biomass, land-use changes, and industrial processes (e.g., cement 
production). CO2 is the principal anthropogenic greenhouse gas that affects Earth’s radiative 
balance. As the reference gas against which the radiative forcing of other greenhouse 
gases are measured, it has a global warming potential of 1.2 Related terms: Global warming 
potential, carbon dioxide equivalent. 

Carbon dioxide 
equivalent (CO2-eq)

The amount of carbon dioxide emissions that would produce the same effect as another 
greenhouse gas (e.g., methane, nitrous oxide) on the radiative balance of Earth’s climate 
system over a specified time horizon. CO2-eq emissions are commonly used to compare 
emissions of different greenhouse gases but should not be taken to imply that these 
emissions have an equivalent effect across all measures of climate change.2,8 Related 
terms: Carbon dioxide, Global warming potential. 

Carbon dioxide 
removal (CDR)

A set of techniques that aim to remove and/or sequester carbon dioxide (CO2) directly from 
the atmosphere by either increasing natural carbon sinks or using chemical engineering to 
remove the CO2.3

Carbon flux The direction and rate of transfer, or flows, of carbon between pools of carbon.2 Related 
terms: Carbon cycle, Carbon sink, Carbon source.

Carbon intensity / 
Emissions intensity

A measure of the greenhouse gas or carbon dioxide emissions or removals per unit of 
activity or other defined variable, such as GDP, output energy use, or transport. For example, 
emissions intensity of energy generation sources is defined as the amount of greenhouse 
gases emitted per unit of energy produced (Ch. 30).1,8

Carbon monoxide (CO) A colorless, odorless, poisonous gas produced by incomplete combustion. CO is oxidized to 
carbon dioxide and plays a part in local and regional air quality.5,15

Carbon sequestration

The storage of carbon through natural, deliberate, or technological processes in which 
carbon dioxide is diverted from emissions sources or removed from the atmosphere and 
stored biologically in the ocean and terrestrial environments (e.g., vegetation, soils, and 
sediment), underground, or in geological formations.2

Carbon sink

Any process, activity, or mechanism that removes carbon from the atmosphere. A carbon 
sink may also refer to a physical location, defined area, or geological or biological element 
of Earth’s system (e.g., the ocean, a country, biomass) that stores acquired carbon from 
the atmosphere for a specified period of time.1,2,3 Related terms: Carbon cycle, Carbon flux, 
Carbon source.
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Carbon source

Any process, activity, or mechanism that releases carbon into the atmosphere. A carbon 
source may also refer to a physical location, defined area, or geological or biological 
element (e.g., the ocean, a country, biomass) from which carbon is released to the 
atmosphere, either through natural or technological processes.1,2,3 Related terms: Carbon 
cycle, Carbon flux, Carbon sink.

Cascading impact

Cascading impacts from extreme climate and weather occur when an extreme hazard (or 
cascading hazards) generates a sequence of secondary events (i.e., cascading events) in 
natural and human systems that result in physical, natural, social, or economic disruption 
(i.e., cascading effects), whereby the resulting impact is significantly larger than the initial 
impact. Cascading impacts are complex and multidimensional and are associated more 
with the magnitude of vulnerability than with the magnitude of the hazard.7 Related term: 
Compound event.

Climate

Climate, in a narrow sense, is usually defined as the average weather or, more rigorously, as 
the statistical description in terms of the average and variability of defining factors over a 
period of time ranging from months to thousands or millions of years. The classical period 
for averaging these variables is 30 years, as defined by the World Meteorological Organiza-
tion. The relevant quantities are most often surface variables such as temperature, precipi-
tation, and wind. Climate, in a wider sense, is the state, including a statistical description, of 
the climate system.2 Related term: Weather.

Climate change

Changes in average weather conditions that persist over multiple decades or longer. 
Climate change encompasses both increases and decreases in temperature, as well as 
shifts in precipitation, changes in frequency and location of severe weather events, and 
changes to other features of the climate system.2 Related term: Global warming. 

Climate feedback

An interaction in which a perturbation in one climate quantity causes a change in a second, 
and the change in the second quantity ultimately leads to an additional change in the first. 
A negative feedback is one in which the initial perturbation is weakened by the changes it 
causes; a positive feedback is one in which the initial perturbation is enhanced. The initial 
perturbation can either be externally forced or arise as part of internal variability.6

Climate model

A numerical representation of the climate system based on the physical, chemical, and 
biological properties of its components, their interactions, and feedback processes and 
accounting for some of its known properties. The climate system can be represented 
by models of varying complexity; that is, for any one component or combination of 
components, a spectrum or hierarchy of models can be identified, differing in such aspects 
as the number of spatial dimensions; the extent to which physical, chemical, or biological 
processes are explicitly represented; or the level at which empirical parameterizations are 
involved. Climate models are applied as a research tool to study and simulate long-term 
climate projections (decadal or longer) and operationally used to create shorter climate 
predictions (seasonal, annual, interannual).1,2 Related term: Earth system model.

Climate projection

The simulated response of the climate system to a scenario of future emissions or concen-
trations of greenhouse gases and aerosols, generally derived using climate models. Climate 
projections depend on the emissions, concentration, or radiative forcing scenario used, 
which, in turn, is based on assumptions concerning, for example, future socioeconomic 
and technological developments that may or may not be realized.2 Related terms: Climate, 
Climate model. 

Climate sensitivity The change in the surface temperature in response to a change in the atmospheric carbon 
dioxide concentration or other radiative forcing.8

Climate services

Climate services are scientifically based usable information and products that assist in 
decision-making and actions relevant to climate change risks, impacts, and responses. 
Climate services include appropriate engagement from users and providers, have effective 
access mechanisms, and respond to user needs.1,6,21
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Climate-smart 
agriculture (CSA)

An agricultural approach that helps guide actions needed to transform and reorient agricul-
tural systems to effectively support development and ensure food security in a changing 
climate. CSA addresses three main objectives: sustainably increasing agricultural produc-
tivity and incomes, adapting and building resilience to climate change, and reducing and/or 
removing greenhouse gas emissions where possible.7

Climate variability

Deviations of climate variables from a given average state, including the occurrence of 
extremes, at all spatial and temporal scales beyond that of individual weather events. 
Variability may be intrinsic, due to fluctuations of processes internal to the climate system 
(i.e., internal variability), or extrinsic, due to variations in natural or anthropogenic external 
forcing (i.e., forced variability).8 Related term: Natural variability, climate.

Coastal zone The area extending from the ocean inland across the region directly influenced by marine 
processes.22  Related term: Exclusive economic zone.

Co-benefits

The positive effects that a policy or measure aimed at one objective might have on other 
objectives, irrespective of the net effect on overall social welfare. Co-benefits are often 
subject to uncertainty and depend on local circumstances and implementation practices, 
among other factors. Co-benefits are also referred to as ancillary benefits.2

Colonialism

A form of domination in which at least one society exerts power to exploit one or more 
other societies in order to gain some set of goods it perceives as valuable to the fulfillment 
of its economic, social, and cultural development.1,23

Settler Colonialism: A type of domination in which a colonizing society seeks to obtain 
valuable goods by permanently inhabiting the territories that one or more other societies 
(e.g., Indigenous Peoples) already inhabit. Many settler colonial processes involve attempts 
by the colonizing society to erase the presence and history of the Indigenous Peoples.1,23

Community health

Community health encompasses approaches to promote health, well-being, and equity at 
the population level by addressing social, behavioral, environmental, economic, medical, 
and spiritual determinants of health.24 Related terms: Health system / Healthcare system, 
Well-being.

Community science / 
Citizen science Also known as participatory science, a participation by the public in advancing scientific 

knowledge by formulating research questions, collecting data, and interpreting results.25  

Compound event

An event that consists of two or more extreme events occurring simultaneously or succes-
sively, combinations of extreme events with underlying conditions that amplify the impact 
of the events, or combinations of events that are not themselves extremes but lead to 
an extreme event or impact when combined. The contributing events can be of similar or 
different types.3

Contaminant
Any physical, chemical, biological, or radiological substance or matter found in any medium 
where it does not belong, particularly at concentrations that may pose a threat to human 
health or the environment.5

Continental shelf The submerged margins of the continental plates, operationally defined as regions with 
water depths shallower than 656 feet (200 m).2
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Coproduction (of knowledge) The integration of different knowledge systems and methodologies to systematically 
understand phenomena, systems, and processes.26

Coupled Model  
Intercomparison Project 
(CMIP) 

A climate modeling activity from the World Climate Research Programme, which 
coordinates and archives climate model simulations based on shared model inputs by 
modeling groups from around the world. The CMIP Phase 3 (CMIP3) multimodel dataset 
includes projections using Intergovernmental Panel on Climate Change Special Report on 
Emissions Scenarios (SRES). The CMIP Phase 5 (CMIP5) dataset includes projections using 
the Representative Concentration Pathways (RCPs). The CMIP Phase 6 (CMIP6) involves 
a suite of common model experiments as well as an ensemble of CMIP-endorsed Model 
Intercomparison Projects (MIPs).8 Related terms: Representative Concentrated Pathways, 
Shared Socioeconomic Pathways.

Cryosphere
All regions on and beneath the surface of the Earth and ocean where water is in solid form, 
including sea ice, lake ice, river ice, snow cover, glaciers, ice sheets, and frozen ground (e.g., 
permafrost).2

Cultural burning
The purposeful use of fire by a cultural group (e.g., family unit, Tribe, clan/moiety, society) 
for a variety of purposes and outcomes. Also called Indigenous prescribed burning.27 
Related terms: Prescribed fire, Wildfire.

Debris flow

Fast-moving landslides that generally occur during periods of intense rainfall or rapid 
snowmelt and usually start on hillsides or mountains. They can travel at speeds up to 
and exceeding 35 mph and can carry large items such as boulders, trees, and cars. Areas 
recently burned by a high-severity wildfire are especially susceptible to debris flows, 
including the areas downslope and outside of the burned area.28 Related term: Landslide.

Decarbonization Human actions to reduce carbon dioxide emissions from human activities.7

Deforestation The process of removing or clearing trees from forested land with lasting conversion of that 
land to non-forest.2 Related terms: Afforestation, Reforestation. 

Degree days, cooling (CDD) / 
Degree days, heating (HDD)

A measure of the departure of the average daily temperature from a given standard: one 
degree day for each degree of departure above or below the standard for one day. Degree 
days can be accumulated over a “season” such that the total can be used as an index of 
the effect of past temperature on some quantity, such as plant growth, fuel consumption, 
or power output. CDDs are used to estimate energy requirements when the average daily 
temperature is higher than a given standard, while HDDs are used when the average daily 
temperature is lower than the standard. For example, if a standard/threshold of 65°F is used 
and a location has an average daily temperature of 75°F, then there were 10 CDDs for that 
day.15,29

Deoxygenation (aquatic) See Hypoxia.

Detection (climate)

Detection (of change) is the process of demonstrating that climate or a system affected by 
climate has changed in some defined statistical sense, without providing a reason for that 
change. An identified change is detected in observations if its likelihood of occurrence by 
chance due to internal variability alone is determined to be small, for example, less  
than 10%.6

Disadvantaged community See Overburdened community.
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Disaster risk management 

Processes for designing, implementing, and evaluating strategies, policies, and measures to 
improve the understanding of current and future disaster risk, foster disaster risk reduction 
and transfer, and promote continuous improvement in disaster preparedness, prevention 
and protection, and response and recovery practices, with the explicit purpose of increasing 
human security, well-being, quality of life, and sustainable development.7

Discount rate (economics)

Discounting is a mathematical operation that uses a discount rate to make monetary (or 
other) amounts received or expended at different times (years) comparable across time. 
If the discount rate is positive, future values are given less weight than those today. The 
choice of discount rate(s) is debated as it is a judgment based on hidden and/or explicit 
values.7

Discrimination
The differential treatment of an individual or group of people on the basis of, for example, 
their race, color, national origin, religion, sex (including pregnancy and gender identity), age, 
marital and parental status, disability, sexual orientation, or genetic information.30

Dissolved oxygen
A measure of how much oxygen is dissolved in the water. Dissolved oxygen in surface 
water is used by all forms of aquatic life; therefore, this constituent typically is measured to 
assess the “health” of lakes and streams.31 Related term: Hypoxia.

Disturbance 
regime (ecological)

The temporal and spatial characteristics of a disturbance agent and the impact of that 
agent on the landscape. More specifically, the cumulative effects of multiple disturbance 
events over space and time.32

Domoic acid (poisoning)

A harmful algal bloom toxin, domoic acid is a potent neurotoxin naturally produced by 
several species of the algal diatom genus Pseudo-nitzschia. Domoic acid usually transfers 
to higher-trophic-level animals via filter feeding bivalves or fish, exposing many vertebrate 
species including marine mammals, birds, and even humans. The clinical signs of acute 
domoic acid toxicity, well defined as amnesic shellfish poisoning, results in severe illness 
and sometimes death.33

Downscaling

A method that derives local- to regional-scale information from larger-scale models or 
data analyses. Two main methods exist: dynamical downscaling and empirical/statistical 
downscaling. The dynamical method uses the output of regional climate models, global 
models with variable spatial resolution, or high-resolution global models. The empirical/
statistical methods are based on observations and develop statistical relationships that link 
the large-scale atmospheric variables with local/regional climate variables. In all cases, the 
quality of the driving model remains an important limitation on quality of the downscaled 
information. The two methods can be combined, for example, applying empirical/
statistical downscaling to the output of a regional climate model consisting of a dynamical 
downscaling of a global climate model.6 Related term: Climate model.
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Drought

An exceptional period of water shortage for existing ecosystems and the human population 
(due to low rainfall, high temperature and/or wind).34

Agricultural drought: A period with abnormal soil moisture deficit that impinges on crop 
production, which results from a combined shortage of precipitation and excess evapo-
transpiration, generally during the growing season.6,34,35

Ecological drought: Depending on the affected biome, an episodic deficit in water availabil-
ity that drives ecosystems beyond thresholds of vulnerability, impacts ecosystem services, 
and triggers feedbacks in natural and/or human systems.34

Flash drought: The rapid onset or intensification of drought. It is set in motion by low-
er-than-normal rates of precipitation, usually accompanied by abnormally high tempera-
tures, winds, and incoming solar radiation.6,34

Hydrological drought: A period with large runoff and water deficits in rivers, lakes, and 
reservoirs.6,34

Megadrought: A very lengthy and pervasive drought, lasting much longer than normal, 
usually a decade or more.6,34

Meteorological drought: A period with an abnormal precipitation deficit.6,34

Earth system
Earth functions as a system of interdependent parts. These parts include the physical, 
chemical, and biological processes that all interact to shape our planet and the organisms 
on it.36 Related term: Earth system model. 

Earth system model (ESM)

A coupled atmosphere–ocean general circulation model in which a representation of the 
carbon cycle is included, allowing for interactive calculation of atmospheric carbon dioxide 
or compatible emissions. Additional components (e.g., atmospheric chemistry, ice sheets, 
dynamic vegetation, nitrogen cycle, and urban or crop models) may be included.6 Related 
term: Climate model.

Eco-anxiety Also known as climate anxiety, a chronic fear of environmental doom.37

Ecosystem

A functional unit consisting of living organisms, their nonliving environment, and the inter-
actions within and between them. The components included in a given ecosystem and its 
spatial boundaries depend on the purpose for which the ecosystem is defined. In some 
cases, ecosystem boundaries are relatively sharp, while in others they are diffuse, and they 
can change over time. Ecosystems are nested within other ecosystems, and their scale can 
range from very small to the entire biosphere. In the current era, most ecosystems either 
contain people as key organisms, or they are influenced by the effects of human activities in 
their environment.2 Related term: Ecosystem services. 

Ecosystem-based  
adaptation

The use of ecosystem management activities to increase the resilience and reduce the vul-
nerability of people and ecosystems to climate change.7 Related term: Adaptation, climate.

Ecosystem services

Ecological processes or functions that have monetary or nonmonetary value to individuals 
or society at large. These are frequently classified as supporting services such as produc-
tivity or biodiversity maintenance, provisioning services such as food or fiber, regulating 
services such as climate regulation or carbon sequestration, and cultural services such as 
tourism or spiritual and aesthetic appreciation.7 Related term: Ecosystem.
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El Niño–Southern 
Oscillation (ENSO)

A natural interaction between surface air pressure and surface water temperature in 
the tropical Pacific Ocean. ENSO has two phases: the warm oceanic phase, El Niño, 
accompanies high surface air pressure in the western Pacific, while the cold phase, La Niña, 
accompanies low surface air pressure in the western Pacific. Each phase generally lasts 6 
to 18 months. ENSO events occur irregularly, about every 3 to 7 years. The extremes of this 
climate oscillation cause extreme events (such as floods and droughts) in many regions of 
the world.2

Emissions

The release of climate-altering gases and aerosols into the atmosphere from human 
and natural sources.5 [This definition is in reference to greenhouse gas emissions. For 
information on other emissions, see Air pollution.] Related terms: Air pollution, Anthropo-
genic emissions.

Emissions scenarios

Quantitative illustrations of how the release of different amounts of climate-altering gases 
and aerosols into the atmosphere from human and natural sources will produce different 
future climate conditions. Scenarios are developed using a wide range of assumptions 
about population growth, economic and technological development, and other factors.5 
Related term: Scenario. 

Endemic (disease) The constant or usual presence of a disease or infectious agent within a geographic area or 
population.5

Energy end use Energy used for services such as transportation, cooking, indoor thermal comfort, refrigera-
tion, and illumination.2

Energy supply
The processes for extracting energy resources and converting them into more desirable and 
suitable forms of secondary energy and for delivering energy to places where  
demand exists.2

Energy systems Comprises all components related to the production, conversion, delivery, and use  
of energy.7

Ensemble (modeling)

A collection of comparable datasets that reflect variations within the bounds of one or more 
sources of uncertainty and that, when averaged, can provide a more robust estimate of 
underlying model behavior. Ensemble techniques are used by the observational, reanalysis, 
and modeling communities.6

Environmental injustice

Environmental actions, behaviors, laws, and policies that have not been fair, that have 
limited meaningful involvement in environmental decision-making, or have unjustly 
allocated the risks and benefits of environmental action across communities, most often 
based on race, color, national origin, income, and gender identity, among others.1,38 Related 
terms: Environmental justice, Justice, Just transition.

Epidemiology The study of the distribution and determinants of health conditions, states, or events in 
specified populations.5
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Equity

Climate equity: The principle of being fair and impartial and a basis for understanding how 
the impacts and responses to climate change, including costs and benefits, are distributed 
in and by society in more or less equal ways. Often aligned with ideas of equality, fairness, 
and justice and applied with respect to equity in the responsibility for, and distribution of, 
climate impacts and policies across society, generations, and gender, and in the sense of 
who participates and controls the processes of decision-making.7

Health equity: The attainment of the highest level of health for all people, where everyone 
has a fair and just opportunity to attain their optimal health regardless of race, ethnicity, 
disability, sexual orientation, gender identity, socioeconomic status, geography, preferred 
language, or other factors that affect access to care and health outcomes.39

Social equity: The consistent and systematic fair, just, and impartial treatment of 
all individuals—including individuals who belong to underserved communities and 
communities of color, people who belong to communities that may face discrimination, and 
people who live in rural areas—who have been systematically denied a full opportunity to 
participate in aspects of economic, social, and civic life.40

Evaporative demand
Evaporative demand quantifies the potential loss of water from the surface as driven by 
atmospheric factors including temperature, wind speed, humidity, and cloud cover. Periods 
of high evaporative demand are connected to droughts and increased fire danger.41

Evapotranspiration
The combined processes through which water is transferred to the atmosphere from open 
water and ice surfaces, bare soil, and vegetation that make up the Earth’s surface.8 Related 
term: Transpiration.

Exclusive economic zone
An area of the ocean, generally extending 200 nautical miles (230 miles) beyond a nation’s 
territorial sea, within which a coastal nation has jurisdiction over both living and nonliving 
resources.42

Exposure
The presence of people; livelihoods; species or ecosystems; environmental functions, 
services, and resources; infrastructure; or economic, social, or cultural assets in places and 
settings that could be adversely affected by climate change.8 Related terms: Hazard, Risk.

Extratropical cyclone
A large-scale (on the order of 600+ miles) storm in the middle or high latitudes having low 
central pressure and fronts with strong horizontal gradients in temperature and humidity. A 
major cause of extreme wind speeds and heavy precipitation, especially in wintertime.3

Extreme events

A weather event that is rare at a particular place and time of year, including, for example, 
heatwaves, cold waves, heavy rains, periods of drought and flooding, and severe storms. 
Definitions of “rare” vary, but an extreme weather event would normally be as rare as or rarer 
than the 10% or 90% probability density function estimated from observations. By definition, 
the characteristics of what is called extreme weather may vary from place to place in an 
absolute sense.2

Extreme heat
Temperatures that are much hotter and/or humid than average. Because some places are 
hotter than others, this depends on what is considered average for a particular location at 
that time of year.43 Related term: Heatwave.

Extreme precipitation

An extreme/heavy precipitation event is an event that is of very high magnitude with a very 
rare occurrence at a particular place. Types of extreme precipitation may vary depending on 
duration (hourly, daily, or multiday [e.g., 5 days]), although all of them qualitatively represent 
high magnitude.6
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Federally Recognized Tribes

An American Indian or Alaska Native tribal entity that is recognized as having a govern-
ment-to-government relationship with the United States—with the responsibilities, powers, 
limitations, and obligations attached to that designation—and is eligible for funding and 
services from the Bureau of Indian Affairs.44

Fenceline community
Communities located adjacent to hazardous industrial facilities, which are disproportion-
ately BIPOC (Black, Indigenous, and People of Color) and low-wealth communities (Ch. 15).1 
Related terms: Frontline community, Overburdened community, Vulnerable community.

Flood

The overflowing of the normal confines of a stream or other water body or the accumulation 
of water over areas that are not normally submerged.6

Flash flood: A flood caused by heavy or excessive rainfall in a short period of time, generally 
less than six hours. Flash floods can occur within minutes or a few hours of excessive 
rainfall. They can also occur even if no rain has fallen, for instance, after a levee or dam has 
failed or after a sudden release of water by a debris or ice jam.45

High tide flooding: Occurs when sea level rise combines with local factors to push water 
levels above the normal high tide mark. Changes in prevailing winds, shifts in ocean 
currents, and strong tidal forces (which occur during full or new moons) can all cause high 
tide flooding, inundating streets and other infrastructure even on sunny days.46

Food security When all people at all times have both physical and economic access to enough food for an 
active, healthy life.2,47 Related terms: Food sovereignty, Subsistence.

Food sovereignty The ability for nations, Tribes, and communities to feed their own people on their own 
terms.48 Related term: Subsistence.

Foodborne illness Illness or disease caused by foods or drinks contaminated with biological or chemical 
toxins or pathogens, including disease-causing microbes or toxic chemicals.5

Forcing A change or impact to a factor that affects Earth’s climate.2 Related term: Radiative forcing.

Fossil fuels Carbon-based fuels from fossil hydrocarbon deposits, including coal, oil, and natural gas.6

Fractionated 
(land ownership)

As a result of the General Allotment Act of 1887, reservation land was divided up and 
allotted to individual Tribal members. After the death of the original allottee owner, title 
ownership was divided up among the heirs. As the land passed through each generation, 
the number of owners grew exponentially, resulting in the highly fractionated ownership of 
much Tribal land today.49

Fragmentation (habitat, land)
Occurs when a large, fairly continuous tract of vegetation is converted to other land cover 
or vegetation types such that only scattered fragments of the original type remain.50 Related 
term: Land cover.

Frontline community

A community that includes people who are both highly exposed to climate risks (because of 
the places they live and the projected changes expected to occur in those places) and have 
fewer resources, capacity, social or economic safety nets, or political power to respond to 
those risks. Frontline communities are those that experience the “first and worst” con-
sequences of climate change. These are often, but not limited to, communities of color 
and low-income communities.1,9 Related terms: Overburdened community, Vulnerable 
community.
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Glacier

A perennial mass of ice, and possibly firn and snow, originating on the land surface by accu-
mulation and compaction of snow and showing evidence of past or present flow. A glacier 
typically gains mass by accumulation of snow and loses mass by ablation. Land ice masses 
of continental size are referred to as ice sheets.6 Related term: Ice sheet.

Global climate model (GCM) See Climate model.

Global mean sea 
level (GMSL)

The average of relative sea level or of sea surface height across the ocean.3

Global warming

The increase in global surface temperature relative to a baseline reference period, averaging 
over a period sufficient to remove interannual variations (e.g., 20 or 30 years). A common 
choice for the baseline is 1850–1900 (the earliest period of reliable observations with 
sufficient geographic coverage), with more modern baselines used depending on the 
application.6

Global warming 
potential (GWP)

An index measuring the radiative forcing following an emission of a unit mass of a given 
substance, accumulated over a chosen time horizon, relative to that of the reference 
substance, carbon dioxide. The GWP thus represents the combined effect of the differing 
times these substances remain in the atmosphere and their effectiveness in causing 
radiative forcing.6 Related term: Carbon dioxide equivalent. 

Governance
The processes and structures that steer society and the multiplicity of actors who are 
involved. Institutional arrangements of governance comprise the sets of rules, norms, and 
shared practices that underlie decision-making.2

Green infrastructure

The strategically planned, interconnected set of natural and constructed ecological 
systems, green spaces, and other landscape features that can provide functions and 
services, including air and water purification, temperature management, floodwater 
management, and coastal defense, often with benefits for people and biodiversity. Green 
infrastructure includes planted and remnant native vegetation, soils, wetlands, parks, and 
green open spaces, as well as building and street-level design interventions that incorporate 
vegetation.8 Related term: Nature-based solutions.

Greenhouse gas (GHG)

Gaseous constituents of the atmosphere, both natural and anthropogenic, that absorb and 
emit radiation at specific wavelengths within the spectrum of radiation emitted by Earth’s 
surface, by the atmosphere itself, and by clouds. This property causes the greenhouse 
effect. Water vapor, carbon dioxide, nitrous oxide, methane, and ozone are the primary 
GHGs in Earth’s atmosphere. Other GHGs include sulfur hexafluoride, hydrofluorocarbons, 
chlorofluorocarbons, and perfluorocarbons; several of these are also ozone-depleting (and 
are regulated under the Montreal Protocol).6 Related term: Anthropogenic emissions.

Greenhouse gas mitigation See Climate mitigation.

Groundwater recharge
The process by which external water is added to the zone of saturation of an aquifer, 
either directly into a geologic formation that traps the water or indirectly by way of another 
formation.7 Related term: Aquifer.

Growing degree days

A heat index that relates the development of plants, insects, and disease organisms to 
environmental air temperature. Growing degree days are calculated by subtracting a 
base temperature from the daily average temperature, and growing degree day values 
less than zero are set to zero. The reference temperature (base temperature) below 
which development either slows or stops is species dependent. For example, the base 
temperature for cool-season plants (canning pea, spring wheat, etc.) is 40°F (5°C); for 
warm-season plants (sweet corn, green beans, etc.), 50°F (10°C); and for very-warm-season 
plants (cotton, okra, etc.), 60°F (15°C).15
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Harden (infrastructure)
Hardening infrastructure means making infrastructure more resilient in the face of extreme 
events (such as hurricanes, tornadoes, and earthquakes) and other disasters, both natural 
and human-made.1,51 Related terms: Built environment, Infrastructure.

Hardiness zones 
(plants, agriculture)

10°F geographic bands based on the annual lowest winter temperature in a particular 
location, averaged over a period of years. They serve as a standard by which gardeners and 
growers can determine which plants are most likely to thrive at a location.52,53

Harmful algal bloom (HAB)
A sudden, rapid growth of algae in lakes, estuaries, and ocean waters caused by various 
factors including warmer surface waters, increased nutrient levels, or increased light levels. 
Some HABs may be toxic or harmful to humans and ecosystems.2

Hazard

The potential occurrence of a natural or human-induced physical event or trend that may 
cause loss of life, injury, or other health impacts, as well as damage and loss to property, 
infrastructure, livelihoods, service provision, ecosystems, and environmental resources.7 
Related terms: Impact, Risk.

Health system / 
Healthcare system

All organizations, people, and actions whose primary intent is to promote, restore, or 
maintain health. This may include infrastructure or systems of medical care services such 
as hospitals, clinics, home care, long-term care facilities, assisted living, physicians, health 
plans, and other community services.1,54,55

Heatwave
A period of abnormally hot weather, often defined with reference to a relative temperature 
threshold, lasting from two days to months. Heatwaves and warm spells have various and, 
in some cases, overlapping definitions.7 Related term: Marine heatwave.

Homelessness See Unhoused and Unsheltered.

Hydrocarbon A compound composed of hydrogen and carbon (e.g., petroleum products and fossil fuels).2

Hypoxia (aquatic)

Deficiency of oxygen in water bodies, defined as oxygen concentrations less than 2 
milligrams per liter. Hypoxia can be a symptom of eutrophication (nutrient overloading). 
Deoxygenation (the process of removing oxygen) leads to hypoxia and the expansion of 
oxygen minimum zones.2 Related term: Dissolved oxygen.

Ice sheet
An ice body originating on land that covers an area of continental size, generally defined as 
covering >19,000 square miles (>50,000 km2) and that has formed over thousands of years 
through accumulation and compaction of snow.6 Related term: Glacier.

Impact (climate)

The consequences of realized risks on natural and human systems, where risks result from 
the interactions of climate-related hazards (including extreme weather/climate events), 
exposure, and vulnerability. Impacts generally refer to effects on lives, livelihoods, health, 
and well-being; ecosystems and species; economic, social, and cultural assets; services 
(including ecosystem services); and infrastructure.7 Related terms: Adaptation, Exposure, 
Hazard, Vulnerability, Risk.

Indicator, climate
An observation or calculation that allows scientists, analysts, decision-makers, and others 
to track environmental trends, understand key factors that influence the environment, and 
identify effects on ecosystems and society.2
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Indigenous communities / 
Indigenous Peoples

Unless otherwise noted, this term is used in NCA5 to refer to culturally and politically 
self-determining groups whose right to self-determination in North America, Hawai‘i, the 
US-Affiliated Pacific Islands, Puerto Rico, and the US Virgin Islands began before the estab-
lishment of the United States.1

Indigenous Knowledges  

Bodies of dynamic and experiential knowledges gained over time by Indigenous Peoples, 
often associated with a specific place. Indigenous Knowledge includes observations, 
oral and written knowledge, innovations, practices, rituals, and beliefs; some Indigenous 
Knowledge is considered sacred and secret to a group or individuals. Indigenous Knowledge 
is inherently heterogeneous due to the cultural and geographic contexts from which it is 
derived. Also known as Native Science, Traditional Knowledges, Traditional Ecological 
Knowledges, or Indigenous Ways of Knowing.1

Industrial era
The multicentury period from the onset of large-scale industrial activity around 1750 to the 
present day. The reference period c. 1850–1900 is used to approximate preindustrial global 
average surface temperature.6 Related term: Industrial Revolution.

Industrial Revolution

A period of rapid industrial growth with far-reaching social and economic consequences, 
beginning in Britain during the second half of the 18th century and spreading to Europe and 
later to other countries, including the United States. The invention of the steam engine was 
an important trigger of this development. The Industrial Revolution marks the beginning 
of a strong increase in the use of fossil fuels, initially coal, and hence emissions of carbon 
dioxide.6 Related terms: Industrial era.

Inequity
An unfair or unjust difference in the distribution, allocation, management, or use of a 
resource, benefit, or burden between groups of people.1,56,57 Related terms: Equity, Injustice, 
Justice.

Infrastructure
The physical structures, services, and institutions (i.e., roads, electric utilities, legal systems) 
needed by a community, organization, or country.5 Related terms: Green infrastructure, Built 
environment. 

Injustice Occurs when some benefit to which a person is entitled is denied without good reason or 
when some burden is imposed unduly.58 Related terms: Equity, Inequity, Justice. 

Integrated assessment 
model (IAM)

Models that integrate knowledge from two or more domains into a single framework. They 
are one of the main tools for undertaking integrated assessments. One class of IAM used in 
respect to climate change mitigation may include representations of multiple sectors of the 
economy, such as energy, land use, and land-use change; interactions between sectors; the 
economy as a whole; associated greenhouse gas emissions and sinks; and reduced repre-
sentations of the climate system. This class of model is used to assess linkages between 
economic, social and technological development, and the evolution of the climate system. 
Another class of IAM additionally includes representations of the costs associated with 
climate change impacts but includes less detailed representations of economic systems. 
These can be used to assess impacts and mitigation in a cost–benefit framework and have 
been used to estimate the social cost of carbon.6,8

Internal (climate) variability See Climate variability.

Inundation (hydrology)

The total water level that occurs on normally dry ground as a result of flooding. Along the 
coast, there are a few common sources of inundation, including abnormally high tides, 
storm surge, persistent onshore winds, and waves. In rivers and tidal estuaries, runoff from 
excessive rainfall can provide another source of inundation.59

Invasive species
A species that is not native to a specific location or nearby, lacks natural controls, and tends 
to rapidly increase in abundance, displacing native species. Invasive species may also 
damage the human economy or human health.7
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Irreversible (climate changes) Changes in components of the climate system that either cannot be reversed or can only be 
reversed on timescales much longer than the timescale of interest.3

Just transition

A set of principles, processes and practices that aim to ensure that no people, workers, 
places, sectors, countries, or regions are left behind in the transition from a high-carbon 
to a low-carbon economy. It stresses the need for targeted and proactive measures from 
governments, agencies, and authorities to ensure that any negative social, environmen-
tal, or economic impacts of economy-wide transitions are minimized, while benefits are 
maximized for those disproportionately affected. Key principles of just transitions include 
respect and dignity for vulnerable groups, fairness in energy access and use, social dialogue 
and democratic consultation with relevant stakeholders, the creation of decent jobs, social 
protection, and rights at work. Just transitions could include fairness in energy, land use, 
and climate planning and decision-making processes; economic diversification based on 
low-carbon investments; realistic training/retraining programs that lead to decent work; 
gender-specific policies that promote equitable outcomes; the fostering of international 
cooperation and coordinated multilateral actions; and the eradication of poverty. Lastly, just 
transitions may embody the redressing of past harms and perceived injustices.8 Related 
term: Climate justice.

Justice

The moral or legal principles of fairness and equity in the way people are treated, often 
based on the ethics and values of society.7 Related term: Equity.

Climate justice: Justice that links development and human rights to achieve a human- 
centered approach to addressing climate change, safeguarding the rights of the most 
vulnerable people, and sharing the burdens and benefits of climate change and its impacts 
equitably and fairly.7 Related term: Just transition.

Distributional justice: Allocating resources and opportunities, including access to 
information, so that no single group or set of individuals receives disproportionate benefits 
or burdens (Chs. 1, 20).1 

Environmental justice: The just treatment and meaningful involvement of all people 
regardless of income, race, color, national origin, Tribal affiliation, or disability with respect 
to the development, implementation, and enforcement of environmental decision-making, 
laws, regulations, policies, and other related activities.1,2,60 Related term: Environmental 
injustice.

Procedural justice: Ensuring that the people interested in and affected by outcomes of deci-
sion-making processes are fairly and meaningfully engaged and included (Chs. 1, 20).1

Recognitional justice: Acknowledging that certain people have borne disparate burdens 
related to current and historical social injustices and thus may have different needs  
(Chs. 1, 20).1

Social justice: Just or fair relations within society that seek to address the distribution of 
wealth, access to resources, opportunity, and support according to principles of justice and 
fairness.7

La Niña See El Niño–Southern Oscillation.

Land cover The physical characteristics of the land surface such as crops, trees, or concrete.2 Related 
term: Land use. 

Land use

Describes the human use of land. It represents the economic and cultural activities (e.g., 
agricultural, residential, industrial, mining, and recreational uses) that are practiced at a 
given place. Land use differs from land cover in that some uses are not always physically 
obvious.61 Related term: Land cover. 

Landslide The movement of a mass of rock, debris, or earth down a slope.62 Related term: Debris flow.
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Leakage

Can refer to leakage of methane or other gases during drilling and storage and during 
transfers through pipelines. Leakage also can refer to the situation in which a carbon 
sequestration activity (e.g., tree planting or avoided deforestation) on one piece of land 
inadvertently, directly, or indirectly triggers an activity that in whole or in part counteracts the 
carbon effects of the initial activity.2

Maladaptation (climate)

Occurs when actions are taken that may lead to increased risk of adverse climate-related 
outcomes, including via increased greenhouse gas emissions, increased or shifted vulner-
ability to climate change, more inequitable outcomes, or diminished welfare, now or in the 
future. Most often, maladaptation is an unintended consequence.7

Managed retreat See Planned relocation.

Marginalized population / 
Marginalized community

Community excluded from mainstream social, economic, educational, and/or cultural life. 
Examples of marginalized populations include, but are not limited to, groups excluded 
due to race, gender identity, sexual orientation, age, physical ability, language, and/
or immigration status.1,63 Related terms: Overburdened community, Underrepresented 
community.

Mariculture 

Generally, aquaculture is the production of aquatic organisms under controlled conditions 
throughout part or all their life cycle. Mariculture (short for marine aquaculture) refers spe-
cifically to the culturing of oceanic species (as opposed to freshwater species).14,64 Related 
term: Aquaculture.

Marine heatwave 

A period during which water temperature is abnormally warm for the time of the year 
relative to historical temperatures, with that extreme warmth persisting for days to months. 
The phenomenon can manifest in any place in the ocean and at scales of up to thousands 
of kilometers.8

Meteorological Referring to the atmosphere and its phenomena, particularly weather and weather 
forecasting.5

Methane (CH4)

A greenhouse gas that is the major component of natural gas and is associated with all 
hydrocarbon fuels. Significant anthropogenic emissions of CH4 also occur as a result of 
animal husbandry and paddy rice production. CH4 is also produced naturally where organic 
matter decays under anaerobic conditions, such as in wetlands.8 

Microgrid

A group of interconnected energy-consuming devices and equipment (e.g., homes, 
businesses, or industrial facilities) and distributed energy resources within clearly defined 
electrical boundaries that act as a single controllable entity with respect to the utility grid. 
These microgrids generally operate while connected to the utility grid but can disconnect 
from the conventional utility grid and operate autonomously to meet anticipated or potential 
utility outages. A microgrid typically consists of a smart distribution network limited to 
a well-defined boundary, a load management system, distributed energy resources, and 
storage solutions. Distributed energy resources generate power in the form of solar panels, 
wind turbines, engine generators, or other power generation sources.65

Migration (human)

Movement of a person or a group of persons either across an international border or within 
a nation. It is a population movement encompassing any kind of movement of people, 
whatever its length, composition, and causes; it includes migration of refugees, displaced 
persons, economic migrants, and persons moving for other purposes, including family 
reunification.7
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Mitigation

Climate mitigation: Measures to reduce the amount and rate of future climate change 
by reducing emissions of heat-trapping gases or removing carbon dioxide from the 
atmosphere.2

Hazard mitigation: Any sustained action taken to reduce or eliminate the long-term risk to 
human life and property from hazards.66

Monsoon

A shift in winds that often causes a very rainy season or a very dry season. Although 
monsoons are usually associated with parts of Asia, they can happen in many tropical and 
subtropical regions—including several locations in the United States.67

North American Monsoon: A regional-scale atmospheric circulation system with increases 
in summer precipitation over northwestern Mexico and the southwestern United States. The 
monsoonal characteristics of the region include a pronounced annual maximum of pre-
cipitation in boreal summer (June–July–August) accompanied by a surface low-pressure 
system and an upper-level anticyclone, although seasonal reversal of the surface winds is 
primarily limited to the northern Gulf of California.6

Morbidity A disease or condition that reduces health and quality of life.5

Natural variability (climate)

Climatic fluctuations that occur without any human influence; that is, internal variability 
combined with the response to external natural factors such as volcanic eruptions, changes 
in solar activity, and, on longer timescales, orbital effects and plate tectonics.6 Related term: 
Climate variability.

Nature-based 
solutions (NBSs)

Actions to protect, sustainably manage, and restore natural or modified ecosystems that 
address societal challenges effectively and adaptively, simultaneously providing human 
well-being and biodiversity benefits.8 Related term: Green infrastructure.

Negative feedbacks See Climate feedback.

Net-zero CO2 emissions Condition in which anthropogenic carbon dioxide (CO2) emissions are balanced by anthro-
pogenic CO2 removals over a specified period.6

Net-zero greenhouse 
gas emissions

Condition in which metric-weighted anthropogenic greenhouse gas (GHG) emissions are 
balanced by metric-weighted anthropogenic GHG removals over a specified period. The 
quantification of net-zero GHG emissions depends on the GHG emissions metric chosen to 
compare emissions and removals of different gases, as well as the time horizon chosen for 
that metric.6

Nitrous oxide 
(N2O)

The main anthropogenic source of N2O, a greenhouse gas, is agriculture (soil and animal 
manure management), but important contributions also come from sewage treatment, 
fossil fuel combustion, and chemical industrial processes. N2O is also produced naturally 
from a wide variety of biological sources in soil and water, particularly microbial action in 
wet tropical forests.6

North Atlantic 
Oscillation (NAO)

The leading mode of large-scale atmospheric variability in the North Atlantic basin char-
acterized by alternating (see-saw) variations in sea level pressure or geopotential height 
between the Azores High in the subtropics and the Icelandic Low in the mid- to high 
latitudes, with some northward extension deep into the Arctic.8

Nutrients (ecological)
Chemicals such as nitrogen and phosphorous that plants and animals need to live and 
grow. At high concentrations, particularly in water, nutrients can become pollutants.2,5 
Related term: Harmful algal bloom.
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Overburdened community

Population or geographic location in the United States that experiences disproportionate 
environmental and climatic harms and risks. This disproportionality can be a result of 
greater vulnerability to environmental hazards, lack of opportunity for public participation, 
or other factors. Increased vulnerability may be attributable to an accumulation of negative 
or lack of positive environmental, health, economic, or social conditions within these 
populations or places. The term describes situations where multiple factors, including both 
environmental and socioeconomic stressors, may act cumulatively to affect health and the 
environment and contribute to persistent environmental health disparities.9,68 Related terms: 
Marginalized community, Underrepresented community, Underserved community.

Ozone (O3)

The triatomic form of oxygen and a gaseous atmospheric constituent. In the troposphere, 
O3 is created both naturally and by photochemical reactions involving gases resulting from 
human activities. Tropospheric O3 acts as a greenhouse gas. O3 in the upper atmosphere 
protects Earth from harmful levels of ultraviolet radiation from the sun. In near-surface air, 
O3 is an air pollutant with harmful effects on human health.2,6

Pacific Decadal 
Oscillation (PDO)

A long-term ocean fluctuation of the Pacific Ocean. The PDO waxes and wanes approx-
imately every 20 to 30 years. From ocean surface topography data, together with other 
ocean and atmospheric data, scientists can determine whether we are in a “cool” phase 
or a “warm” phase. The cool phase is characterized by a cool wedge of lower-than-normal 
sea surface heights and ocean temperatures in the eastern equatorial Pacific and a warm 
horseshoe pattern of higher-than-normal sea surface heights connecting the north, west 
and southern Pacific. In the warm, or “positive,” phase, the west Pacific Ocean becomes 
cool, and the wedge in the east warms.69

Paleoclimate Climate during periods prior to the development of measuring instruments, including 
historic and geologic time, for which only proxy climate records are available.6

Paris Agreement

An international climate agreement adopted in 2015 with the central aim to hold global 
temperature rise in this century to well below 2°C above preindustrial levels and to pursue 
efforts to limit the temperature increase even further to 1.5°C. Under this agreement, all 
parties agreed to put forward emissions-reduction targets and to strengthen those efforts 
in the years ahead, as the agreement is assessed every five years. Each country’s proposed 
mitigation target (the “intended nationally determined contribution”) becomes an official 
“nationally determined contribution” when the country ratifies the agreement. Parties also 
agreed to adaptation efforts and finance mechanisms to support low greenhouse gas 
emissions and climate-resilient development.3,70

Particulate matter (e.g., PM2.5 
and PM10)

A term for atmospheric aerosols often used when discussing surface air quality. Of 
greatest concern for health are particles of aerodynamic diameter less than or equal to 10 
micrometers, usually designated as PM10, and less than or equal to 2.5 micrometers, usually 
designated as PM2.5.8 Related term: Aerosols.

Pathogen Microorganisms (e.g., bacteria) or viruses that cause disease.2

Peatlands
Peatlands are wetland ecosystems where soils are dominated by peat. In peatlands, net 
primary production exceeds organic matter decomposition as a result of waterlogged 
conditions, which leads to the accumulation of peat.7 Related term: Soil organic matter.

Permafrost Ground (soil or rock and included ice and organic material) that remains at or below 32°F 
(0°C) for at least two consecutive years.7

pH

A dimensionless measure of the acidity of water (or any solution) given by its concentra-
tion of hydrogen ions (H+). pH is measured on a logarithmic scale where pH = –log10(H+), 
where the concentration of hydrogen ions is measured in units of moles per liter. Thus, a pH 
decrease of 1 unit corresponds to a 10-fold increase in the concentration of H+, or acidity; a 
decrease of units corresponds to alkalinity; and 7 is a neutral reference point.2
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Phenology The pattern of seasonal life-cycle events in plants and animals, such as timing of blooming, 
hibernation, and migration.2

Photosynthesis

The process by which green plants, algae, and other organisms use sunlight to synthesize 
energy from carbon dioxide and water. Photosynthesis in plants generally involves the 
green pigment chlorophyll, consumes carbon dioxide and water, and generates oxygen as a 
by-product.2

Photovoltaic (PV; solar)
A system that converts sunlight directly into electricity using cells made of silicon or other 
conductive materials. When sunlight hits the cells, a chemical reaction occurs, resulting in 
the release of electricity.71 Related term: Renewable energy.

Phytoplankton Microscopic algae or other microorganisms that live in saltwater and freshwater environ-
ments.2

Planned relocation

In human systems, a form of mobility in response to direct climate impacts and/or indirect 
economic costs of estimated and projected climate impacts. Planned relocation, also 
referred to as managed retreat, is typically initiated, supervised, and/or implemented by 
public, private, and civic stakeholders and involves small communities and individual assets 
but may also involve large populations.1,8

Positive feedbacks See Climate feedback.

Post-traumatic stress 
disorder (PTSD)

A mental health problem that can occur after war, assault, accident, natural disaster, or 
other trauma.5 Related term: Trauma.

Potential 
evapotranspiration (PET)

The potential rate of water loss from wet soils and from plant surfaces, without any limits 
imposed by the water supply.6 Related term: Evapotranspiration.

Precursor 
emissions (biogeochemistry)

As it refers to climate change, emissions of atmospheric compounds that are not 
greenhouse gases (GHGs) or aerosols but that have an effect on GHG or aerosol concen-
trations by taking part in physical or chemical processes regulating their production or 
destruction rates.6 Related term: Air pollution.

Premature death Death that occurs earlier than a specified age, often the average life expectancy at birth.5

Prescribed fire
The controlled application of fire by a team of fire experts under specified weather 
conditions to meet management objectives. Sometimes called a controlled burn or 
prescribed burn.72,73 Related terms: Cultural burning, Wildfire.

Primary productivity 

The synthesis of organic compounds by plants and microbes, on land or in the ocean, 
primarily by photosynthesis using light and carbon dioxide as sources of energy and carbon, 
respectively. It can also occur through chemosynthesis, using chemical energy, for example, 
in deep sea vents.6

Proxy (data) Indirect measurement of climate aspects. Examples of proxy data are biological or physical 
records from ice cores, tree rings, and soil boreholes.2
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Radiative forcing

The change in the net (downward minus upward) radiative flux (expressed in watts per 
square meter) at the tropopause or at the top of atmosphere due to a change in an external 
driver of climate change, such as a change in the concentration of carbon dioxide or in the 
output of the sun. Sometimes, internal drivers are still treated as forcings even though they 
result from the alteration in climate, for example, aerosol or greenhouse gas changes in 
paleoclimates. The traditional radiative forcing is computed with all tropospheric properties 
held fixed at their unperturbed values and after allowing for stratospheric temperatures, if 
perturbed, to readjust to radiative-dynamical equilibrium. Radiative forcing is instantaneous 
if no change in stratospheric temperature is accounted for. The radiative forcing once rapid 
adjustments are accounted for is the effective radiative forcing.3

Redlining
A practice in which lenders avoid providing services to individuals living in communities of 
color because of the race or national origin of the people who live in those communities. 
Redlining is now prohibited by the Fair Housing Act and the Equal Credit Opportunity Act.74

Reforestation The process of establishing a new forest by planting or seeding trees in an area where trees 
have previously been removed.2 Related terms: Afforestation, Deforestation.

Relative humidity The ratio of actual water vapor pressure to that at saturation with respect to liquid water or 
ice at the same temperature.6

Relative sea level
The height of the sea surface, measured with respect to the height of the land at a particular 
location. Relative sea level changes in response to both changes in the height of the sea 
surface and changes in the height of the underlying land.3,75

Remote sensing
The process of detecting and monitoring the physical characteristics of an area by 
measuring its reflected and emitted radiation at a distance (typically from satellite or 
aircraft).76

Remotely sensed data Data obtained via remote sensing.

Renewable energy Any form of energy that is replenished by natural processes at a rate that equals or exceeds 
its rate of use.8

Representative  
Concentration 
Pathways (RCPs)

Scenarios that include time series of emissions and concentrations of the full suite of 
greenhouse gases and aerosols and chemically active gases, as well as land use and 
land cover. The word “representative” signifies that each RCP provides only one of many 
possible scenarios that would lead to the specific radiative forcing characteristics. The term 
“pathway” emphasizes that not only the long-term concentration levels are of interest but 
also the trajectory taken over time to reach that outcome. RCPs usually refer to the portion 
of the concentration pathway extending up to 2100, for which integrated assessment 
models produced corresponding emissions scenarios. Extended concentration pathways 
describe extensions of the RCPs from 2100 to 2300 that were calculated using simple rules 
generated by stakeholder consultations and do not represent fully consistent scenarios.6 
Related terms: Radiative forcing, Scenario.
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Resilience

The ability to prepare for threats and hazards, adapt to changing conditions, and withstand 
and recover rapidly from adverse conditions and disruptions.1

Climate resilience: The capacity of interconnected social, economic, and ecological 
systems to cope with a climate change event, trend, or disturbance, responding or reor-
ganizing in ways that maintain their essential function, identity, and structure. Climate 
resilience is a subset of resilience against climate-induced or climate-related impacts.1,7 
Related terms: Hazard, Risk, Vulnerability.

Community resilience: The ability of communities to withstand and recover and learn from 
past cumulative or compounding disasters to strengthen future response and recovery 
efforts. This can include, but is not limited to, physical and psychological health of the 
population, social and economic equity and well-being of the community, effective risk com-
munication, integration of organizations (governmental and nongovernmental) in planning, 
response, and recovery.77

Ecological resilience: The capacity of natural systems subject to instability to absorb distur-
bances without shifting to a fundamentally different ecosystem domain.1,78,79

Respiration  
(biogeochemistry)

Metabolic pathways that break down complex molecules to release chemically stored 
energy for maintenance, growth, and reproduction, resulting in the release of waste 
products such as carbon dioxide, nitrous oxide, or methane.2

Riparian Riparian zones, or areas, are lands that occur along the edges of rivers, streams, lakes, and 
other water bodies. Examples include streambanks, riverbanks, and floodplains.80

Risk

Threats to life, health, and safety, the environment, economic well-being, and other things 
of value. Risks are evaluated in terms of how likely they are to occur (probability) and the 
damages that would result if they did happen (consequences).2,5

Transition risk: A risk associated with uncertain impacts, including financial and economic, 
that could result from a transition to a net-zero emissions economy.81 Related term: 
Net-zero CO2 emissions

Risk assessment Studies that estimate the likelihood of specific sets of events occurring and their potential 
positive or negative consequences.5

Risk perception The psychological and emotional factors that affect people’s behavior and beliefs about 
potential negative hazards or consequences.5

Riverine
Includes all wetlands and deepwater habitats contained within a channel—except for 
wetlands dominated by trees, shrubs, persistent emergents, emergent mosses, or lichens, or 
habitats with water containing ocean-derived salts of 0.5 parts per trillion or greater.82

Runoff
The flow of water over the surface or through the subsurface, which typically originates 
from the part of liquid precipitation and/or snow/ice melt that does not evaporate, transpire, 
or refreeze and returns to water bodies.7

Saltwater intrusion

Displacement of fresh surface water or groundwater by the advance of salt water due to 
its greater density. This usually occurs in coastal and estuarine areas due to decreasing 
land-based influence (e.g., from reduced runoff or groundwater recharge or from excessive 
water withdrawals from aquifers) or increasing marine influence (e.g., relative sea level 
rise).7
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Scenario

A plausible description of how the future may develop based on a coherent and internally 
consistent set of assumptions about key driving forces (e.g., rate of technological change, 
prices) and relationships. Note that scenarios are neither predictions nor forecasts but are 
used to provide a view of the implications of developments and actions.6 Related terms: 
Representative Concentration Pathways, Shared Socioeconomic Pathways.

Sea level change See Sea level rise.

Sea level rise

Increase to the height of sea level, both globally and locally (relative sea level change) due 
to a change in ocean volume as a result of a change in the mass of water in the ocean (e.g., 
due to melt of glaciers and ice sheets), changes in ocean volume as a result of changes in 
ocean water density (e.g., expansion under warmer conditions), changes in the shape of 
the ocean basins, and changes in Earth’s gravitational and rotational fields, as well as local 
subsidence or uplift of the land. Sea level change refers to sea level rise or sea level fall.7

Sexual and gender 
minority (SGM)

SGM populations include, but are not limited to, individuals who identify as lesbian, gay, 
bisexual, asexual, transgender, Two-Spirit, queer, and/or intersex (i.e., LGBTQI+). It is an 
umbrella term that refers to all people who are minorities based on their sexual orientation, 
gender identity and/or expression, and/or sex characteristics. LGBTQI+ people are 
SGM: lesbian, gay, and bisexual people are minorities based on their sexual orientation; 
transgender people are minorities based on their gender identity and/or expression; and 
intersex people are minorities based on their sex characteristics.83,84

Shared Socioeconomic 
Pathways (SSPs)

A basis for emissions and socioeconomic scenarios, an SSP is one of a collection of 
pathways that describe alternative futures of socioeconomic development in the absence 
of climate policy intervention. The combination of SSP-based socioeconomic scenarios 
and Representative Concentration Pathway–based climate projections can provide a useful 
integrative frame for climate impact and policy analysis.3 Related term: Scenario.

Sink
Any process, activity, or mechanism that removes a greenhouse gas, an aerosol, or a 
precursor of a greenhouse gas from the atmosphere.8 Related terms: Carbon sequestration, 
Carbon sink. 

Snow water equivalent (SWE) The depth of liquid water that would result if a mass of snow melted completely.3 Related 
term: Snowpack.

Snowpack Snow that accumulates over winter and slowly melts to release water in spring and 
summer.2 Related term: Snow water equivalent.

Social determinants of health

The conditions in the environments where people are born, live, learn, work, play, worship, 
and age that affect a wide range of health, functioning, and quality-of-life outcomes and 
risks. Social determinants of health can be grouped into five domains: economic stability, 
education access and quality, healthcare access and quality, neighborhood and built 
environment, and social and community context.85

Socioeconomic Referring to a combination of social and economic factors, such as the education, income, 
and work status of individuals or communities.5

Soil carbon The carbon content of soils, which can be from organic or inorganic sources. Related terms: 
Soil organic carbon, Soil organic matter.1

Soil organic carbon

The organic carbon content of soil organic matter. Soil organic matter and soil organic 
carbon in soil result from an imbalance between the supply of raw materials, such as 
plant, microbial, and animal parts and the decay of those materials by the soil microbial 
community and other biogeochemical processes.2 Related term: Soil organic matter. 
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Soil organic matter

Organic material (e.g., carbon and other elements such as nitrogen) in soils. Soil organic 
matter results from an imbalance between the supply of raw materials such as plant, 
microbial, and animal parts and the decay of those materials by the soil microbial 
community. Soil organic matter forms the basis of life on Earth, enabling persistence and 
growth of the entire biosphere and can be considered in terms of its carbon content (e.g., 
soil organic carbon).2 Related term: Soil organic carbon.

Special Report on Emissions 
Scenarios (SRES)

A set of emissions scenarios from the Intergovernmental Panel on Climate Change Special 
Report on Emissions Scenarios, released in 2000, that describe a wide range of potential 
future socioeconomic conditions and resulting emissions.5 Related term: Scenario. 

Stakeholder An individual or group that is directly or indirectly affected by or interested in the outcomes 
of decisions.2

Statistical downscaling See Downscaling.

Storm surge

The temporary increase, at a particular locality, in the height of the sea due to extreme mete-
orological conditions (low atmospheric pressure and/or strong winds). The storm surge is 
defined as being the excess above the level expected from the tidal variation alone at that 
time and place.2

Stressor
A factor that negatively affects people and natural, managed, and socioeconomic systems. 
Multiple stressors can have compounded effects, such as when economic or market stress 
combines with drought to negatively impact farmers.2

Subsidence

Sinking of the ground because of underground material movement. Subsidence is most 
often caused by the removal of water, oil, natural gas, or mineral resources out of the 
ground by pumping, fracking, or mining activities. Subsidence can also be caused by 
natural events such as earthquakes, soil compaction, glacial isostatic adjustment, erosion, 
sinkhole formation, and the addition of water to fine soils deposited by wind.86 Related term: 
Permafrost.

Subsistence

Taken broadly, refers to any human system that seeks to secure survival and flourish within 
particular ecosystems. In some legal and policy contexts, the term may be used more 
narrowly to refer to the provision of food that is a necessary part of a household’s or a 
community’s regular diet or to legal entitlements to harvesting rights in particular situations. 
In some contexts, subsistence means the harvest or use of naturally produced renewable 
resources for direct personal or family consumption, such as food, shelter, fuel, clothing, 
tools, or transportation, or for production of handicrafts for customary and traditional trade, 
barter, or sharing.23 Related term: Food sovereignty.

Surveillance (health) The collection, analysis, interpretation, and dissemination of health data.5 Related term: 
Health system / Healthcare system.

Sustainable development
Development that meets the needs of the present without compromising the ability of future 
generations to meet their own needs and that balances social, economic, and environmen-
tal concerns.7

Thermokarst Characteristic landforms that result from the thawing of ice-rich permafrost or the melting 
of massive ground ice.2

Threshold 

The value of a parameter summarizing a system, or a process affecting a system, at which 
a qualitatively different system behavior emerges. Beyond this value, the system may not 
conform to statistical relationships that described it previously. For example, beyond a 
threshold level of ocean acidification, wide-scale collapse of coral ecosystems may occur.2 
Related term: Tipping point.
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Tipping point 
The point at which a change in the climate triggers a significant environmental event, which 
may be permanent, such as widespread bleaching of corals or the melting of very large ice 
sheets.2 Related term: Threshold.

Transpiration  
(biogeochemistry)

The evaporation of water through plant leaves.2

Trauma An adverse physical or psychological state caused by physical injury or mental stress.5

Tundra A type of biome common to extreme northern and southern latitudes where tree growth is 
inhibited by low temperatures and short growing seasons.2

Turbidity (hydrology)
A measure of the level of particles such as sediment, plankton, or organic by-products in a 
body of water. As the turbidity of water increases, it becomes denser and less clear due to a 
higher concentration of these light-blocking particles.87

Uncertainty (statistical)

An expression of the degree to which a quantity or process is unknown. In statistics, a 
term used to describe the range of possible values around a best estimate, sometimes 
expressed in terms of probability or likelihood. Uncertainty about the future climate arises 
from the complexity of the climate system and the ability of models to represent it, as well 
as the inability to predict the decisions that society will make. There also is uncertainty 
about how climate change, in combination with other stressors, will affect people and 
natural systems.2

Underrepresented  
community

A community that has limited or no access to resources, is not well represented or 
meaningly involved in decision-making, or is otherwise disenfranchised. These communities 
may include people who are socioeconomically disadvantaged, people with limited English 
proficiency, geographically isolated or educationally disenfranchised people, people of 
color as well as ethnic and national-origin minorities, women and children, individuals with 
disabilities and others with access and functional needs, and seniors.1,88 Related term: 
Underserved community.

Under-resourced  
community

See Underserved community.

Underserved community

A community that, due to continuous systemic discrimination, under- or disinvestments, and 
limited access to efficient, healthy, and affordable services and infrastructure, experiences 
disproportionate environmental and climatic harms and risks and lacks access to adequate 
resources to mitigate, respond to, and recover from impacts. Increased vulnerability may be 
attributable to harmful environmental, health, economic, or social conditions—or to a lack 
of support for positive conditions—within these populations or places. The term describes 
situations where disproportionate vulnerability is often due to discrimination based on 
geography; access to authority or representation in governance; or social identities, 
including race, ethnicity, gender, culture, economic status, or ability.1,89,90

Unhoused

US Code defines a person or persons experiencing homelessness (i.e., an unhoused person 
or people) as an individual or family who lack(s) a fixed, regular, and adequate nighttime 
residence, such as those living in emergency shelters, transitional housing, or places not 
meant for habitation.91 Related term: Unsheltered.

United Nations Framework 
Convention on Climate 
Change (UNFCCC)

An international environmental treaty adopted on May 9, 1992, and ratified on March 21, 
1994. The objective of the UNFCCC is to stabilize greenhouse gas concentrations in the 
atmosphere at a level that would prevent dangerous anthropogenic interference with the 
climate system.2
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Unsheltered

An unsheltered unhoused person (i.e., a person experiencing homelessness) resides in 
a place not meant for human habitation, such as cars, parks, sidewalks, or abandoned 
buildings. A sheltered unhoused person resides in an emergency shelter or in transitional 
housing or supportive housing for unhoused persons who originally came from a place not 
meant for human habitation or emergency shelters.92 Related term: Unhoused.

Urban heat island effect
The tendency for higher air temperatures to persist in urban areas because of heat 
absorbed and emitted by buildings and asphalt, tending to make cities warmer than the 
surrounding countryside.2

Urban infrastructure See Infrastructure and Built environment.

Vapor pressure deficit (VPD)
The difference between how much moisture is in the air and the amount of moisture in  
the air at saturation (i.e., at 100% relative humidity) (Ch. 21 of NCA4).4 Related term:  
Water vapor.

Vector (disease)
An organism, such as an insect, that transmits disease-causing microorganisms such as 
viruses or bacteria. Vector-borne diseases include, for example, malaria, Lyme disease, Zika, 
and chikungunya.1,2 Related term: Zoonotic disease.

Volatile organic 
compounds (VOCs)

An important class of organic chemical air pollutants that evaporate readily at ambient air 
conditions. Other terms used to represent VOCs are hydrocarbons, reactive organic gases, 
and non-methane volatile organic compounds (NMVOCs). NMVOCs are major contribu-
tors—together with nitrogen oxides and carbon monoxide—to the formation of photochemi-
cal oxidants such as ozone.6 Related terms: Precursor emissions, Air pollution.

Vulnerability (climate) The degree to which physical, biological, and socioeconomic systems are susceptible to 
and unable to cope with adverse impacts of climate change.2

Vulnerable community

Communities of people who face disproportionate and unequal risks from projected and 
realized climate change impacts and who are least able to anticipate, cope with, and recover 
from these adverse impacts. Socioeconomic factors may include, but are not limited to, 
income, educational attainment, race and ethnicity, and age.1,89 Related terms: Frontline 
community, Overburdened community. 

Water cycle

The cycle in which water evaporates from the ocean and the land surface, is carried over 
the Earth in atmospheric circulation as water vapor, condenses to form clouds, precipitates 
over the ocean and land as rain or snow—which on land can be intercepted by trees and 
vegetation, potentially accumulating as snow or ice—provides runoff on the land surface, 
infiltrates into soils, recharges groundwater, discharges into streams, and ultimately 
flows into the oceans as rivers, polar glaciers, and ice sheets, from which it will eventually 
evaporate again. The various systems involved in the water cycle are usually referred to as 
hydrological systems.6

Water quality
Water quality can be thought of as a measure of the suitability of water for a particular use, 
such as for drinking water or supporting aquatic organisms and ecosystems, based on 
selected physical, chemical, and biological characteristics.93,94

Water stress Water stress occurs when demand for water by people and ecosystems exceeds available 
supply.2

Water vapor Water in the atmosphere in its vapor (gaseous) form. This gas absorbs and emits infrared 
radiation, which traps heat energy near Earth’s surface.95

Watershed An area of land that drains water to a particular stream, river, lake, bay, or ocean.5
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Weather

The state of the atmosphere, mainly with respect to its effects on life and human activities. 
As distinguished from climate, weather consists of short-term (minutes to days) variations 
in the atmosphere. Popularly, weather is thought of in terms of temperature, humidity, pre-
cipitation, cloudiness, visibility, and wind.15 Related term: Climate.

Well-being (human)
A state of existence that fulfills various human needs, including material living conditions 
and quality of life, as well as the ability to pursue one’s goals, to thrive, and to feel satisfied 
with one’s life.7

Wetlands

Soils that are inundated or saturated by water at a frequency and duration sufficient to 
support—and that do support under normal circumstances—a prevalence of vegetation 
typically adapted for life in saturated conditions. Tidal wetlands are influenced by ocean 
tides and may be saturated with salt water or fresh water. Terrestrial wetlands are nontidal 
and are saturated with fresh water.2

Wildfire
A wildland fire originating from an unplanned ignition, such as lightning, volcanos, unautho-
rized and accidental human-caused fires, and prescribed fires that are declared wildfires.96 
Related terms: Wildfire intensity, Wildfire severity.

Wildfire intensity
The product of the available heat of combustion per unit of ground and the rate of spread of 
the fire, interpreted as the heat released per unit of time for each unit length of fire edge.96 
Related terms: Wildfire, Wildfire severity.

Wildfire severity The effect that wildfire has on vegetation, soils, buildings, watersheds, and similar physical 
features of the landscape.97 Related terms: Wildfire, Wildfire intensity.

Wildland–urban 
interface (WUI)

The line, area, or zone where structures and other human development meet or intermingle 
with undeveloped wildland or vegetation.96

Woody encroachment 
(woody plants and shrubs)

Refers to woody plants increasing in abundance or dominance in grasslands or other 
non-forested ecosystems.2

Zoonotic disease
A disease that can spread to people from other vertebrate animals. Examples of zoonotic 
diseases include Lyme disease, West Nile virus infection, Rocky Mountain spotted fever, and 
rabies.5 Related term: Vector. 
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