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In August 2018, temperatures soared across the northwestern United States. The heat, combined

with dry conditions, contributed to wildfire activity in several states and Canada. The cover shows
the Howe Ridge Fire from across Lake McDonald in Montana’s Glacier National Park on the night of
August 12, roughly 24 hours after it was ignited by lightning. The fire spread rapidly, fueled by re-
cord-high temperatures and high winds, leading to evacuations and closures of parts of the park. The
satellite image on the back cover, acquired on August 15, shows plumes of smoke from wildfires on the
northwestern edge of Lake McDonald.

Wildfires impact communities throughout the United States each year. In addition to threatening in-
dividual safety and property, wildfire can worsen air quality locally and, in many cases, throughout the
surrounding region, with substantial public health impacts including increased incidence of respira-
tory illness (Ch. 13: Air Quality, KM 2; Ch. 14: Human Health, KM 1; Ch. 26: Alaska, KM 3). As the climate
warms, projected increases in wildfire frequency and area burned are expected to drive up costs
associated with health effects, loss of homes and infrastructure, and fire suppression (Ch. 6: Forests,
KM 1; Ch. 17: Complex Systems, Box 17.4). Increased wildfire activity is also expected to reduce the op-
portunity for and enjoyment of outdoor recreation activities, affecting quality of life as well as tourist
economies (Ch. 7: Ecosystems, KM 3; Ch. 13: Air Quality, KM 2; Ch. 15 Tribes, KM 1; Ch. 19: Southeast,
KM 3; Ch. 24: Northwest, KM 4).

Human-caused climate change, land use, and forest management influence wildfires in complex ways
(Ch. 17: Complex Systems, KM 2). Over the last century, fire exclusion policies have resulted in higher
fuel availability in most U.S. forests (CSSR, Ch. 8.3, KF 6). Warmer and drier conditions have contribut-
ed to an increase in the incidence of large forest fires in the western United States and Interior Alaska
since the early 1980s, a trend that is expected to continue as the climate warms and the fire season
lengthens (Ch. 1: Overview, Figure 1.2k; CSSR, Ch. 8.3, KF 6). The expansion of human activity into for-
ests and other wildland areas has also increased over the past few decades. As the footprint of human
settlement expands, fire risk exposure to people and property is expected to increase further (Ch. 5:
Land Changes, KM 2).
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About This Report

The National Climate Assessment

The Global Change Research Act of 1990 man-
dates that the U.S. Global Change Research
Program (USGCRP) deliver a report to Congress
and the President no less than every four years
that “1) integrates, evaluates, and interprets

the findings of the Program . . .; 2) analyzes the
effects of global change on the natural environ-
ment, agriculture, energy production and use,
land and water resources, transportation, hu-
man health and welfare, human social systems,
and biological diversity; and 3) analyzes current
trends in global change, both human-induced
and natural, and projects major trends for the
subsequent 25 to 100 years.”

The Fourth National Climate Assessment
(NCA4) fulfills that mandate in two volumes.
This report, Volume II, draws on the founda-
tional science described in Volume I, the Cli-
mate Science Special Report (CSSR).? Volume

II focuses on the human welfare, societal, and
environmental elements of climate change and
variability for 10 regions and 18 national top-
ics, with particular attention paid to observed
and projected risks, impacts, consideration

of risk reduction, and implications under dif-
ferent mitigation pathways. Where possible,
NCA4 Volume II provides examples of actions
underway in communities across the United
States to reduce the risks associated with cli-
mate change, increase resilience, and improve
livelihoods.

This assessment was written to help inform
decision-makers, utility and natural resource
managers, public health officials, emergency
planners, and other stakeholders by providing a
thorough examination of the effects of climate
change on the United States.

U.S. Global Change Research Program
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Climate Science Special Report:

NCA4 Volume |

The Climate Science Special Report (CSSR),
published in 2017, serves as the first volume of
NCAA4. It provides a detailed analysis of how cli-
mate change is affecting the physical earth sys-
tem across the United States and provides the
foundational physical science upon which much
of the assessment of impacts in this report is
based. The CSSR integrates and evaluates cur-
rent findings on climate science and discusses
the uncertainties associated with these find-
ings. It analyzes trends in climate change, both
human-induced and natural, and projects major
trends to the end of this century. Projected
changes in temperature, precipitation patterns,
sea level rise, and other climate outcomes are
based on a range of scenarios widely used in
the climate research community, referred to as
Representative Concentration Pathways (RCPs).
As an assessment and analysis of the physical
science, the CSSR provides important input to
the development of other parts of NCA4 and
their primary focus on the human welfare, so-
cietal, economic, and environmental elements
of climate change. A summary of the CSSR is
provided in Chapter 2 (Our Changing Climate)
of this report; the full report can be accessed at
science2017.globalchange.gov.
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Report Development, Review,

and Approval Process

The National Oceanic and Atmospheric Admin-
istration (NOAA) served as the administrative
lead agency for the preparation of this report. A
Federal Steering Committee, composed of rep-
resentatives from USGCRP agencies, oversaw
the report’s development.

A team of more than 300 federal and non-
federal experts—including individuals from
federal, state, and local governments, tribes and
Indigenous communities, national laboratories,
universities, and the private sector—volun-
teered their time to produce the assessment,
with input from external stakeholders at each
stage of the process. A series of regional en-
gagement workshops reached more than 1,000
individuals in over 40 cities, while listening ses-
sions, webinars, and public comment periods
provided valuable input to the authors. Partici-
pants included decision-makers from the public
and private sectors, resource and environmen-
tal managers, scientists, educators, represen-
tatives from businesses and nongovernmental
organizations, and the interested public.

NCA4 Volume II was thoroughly reviewed by
external experts and the general public, as well
as the Federal Government (that is, the NCA4
Federal Steering Committee and several rounds
of technical and policy review by the 13 federal
agencies of the USGCRP). An expert external
peer review of the whole report was performed
by an ad hoc committee of the National Acad-
emies of Sciences, Engineering, and Medicine
(NASEM).? Additional information on the de-
velopment of this assessment can be found in
Appendix 1: Report Development Process.

U.S. Global Change Research Program
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Sources Used in This Report

The findings in this report are based on an as-
sessment of the peer-reviewed scientific liter-
ature, complemented by other sources (such as
gray literature) where appropriate. In addition,
authors used well-established and carefully
evaluated observational and modeling datasets,
technical input reports, USGCRP’s sustained
assessment products, and a suite of scenario
products. Each source was determined to meet
the standards of the Information Quality Act
(see Appendix 2: Information in the Fourth Na-
tional Climate Assessment).

Sustained Assessment Products

The USGCRP’s sustained assessment process
facilitates and draws upon the ongoing partic-
ipation of scientists and stakeholders, enabling
the assessment of new information and insights
as they emerge. The USGCRP led the devel-
opment of two major sustained assessment
products as inputs to NCA4: The Impacts of
Climate Change on Human Health in the United
States: A Scientific Assessment* and the Second
State of the Carbon Cycle Report.® In addition,
USGCRP agencies contributed products that
improve the thoroughness of this assessment,
including the U.S. Department of Agriculture’s
scientific assessment Climate Change, Global
Food Security, and the U.S. Food System;® NOAA’s
Climate Resilience Tool Kit, Climate Explorer,
and State Climate Summaries; the U.S. Environ-
mental Protection Agency’s updated economic
impacts of climate change report;’ and a variety
of USGCRP indicators and scenario products
that support the evaluation of climate-related
risks (see Appendix 3: Data Tools and Scenario
Products).
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USGCRP Scenario Products

As part of the sustained assessment process,
federal interagency groups developed a suite
of high-resolution scenario products that span
a range of plausible future changes (through at
least 2100) in key environmental parameters.
This new generation of USGCRP scenario prod-
ucts (hosted at https: //scenarios.globalchange.
gov) includes

* changes in average and extreme statistics
of key climate variables (for example,
temperature and precipitation),

* changes in local sea level rise along the
entire U.S. coastline,

* changes in population as a function of
demographic shifts and migration, and

* changes in land use driven by
population changes.

USGCRP scenario products help ensure con-

sistency in underlying assumptions across the
report and therefore improve the ability to

U.S. Global Change Research Program
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compare and synthesize results across chap-
ters. Where possible, authors have used the
range of these scenario products to frame
uncertainty in future climate and associated
effects as it relates to the risks that are the
focus of their chapters. As discussed briefly
elsewhere in this Front Matter and in more
detail in Appendix 3 (Data Tools and Scenario
Products), future scenarios referred to as RCPs
provide the global framing for NCA4 Volumes

I and II. RCPs focus on outputs (such as emis-
sions and concentrations of greenhouse gases
and particulate matter) that are in turn fed into
climate models. As such, a wide range of fu-
ture socioeconomic assumptions, at the global
and national scale (such as population growth,
technological innovation, and carbon intensity
of energy mix), could be consistent with the
RCPs used throughout NCA4. For this reason,
further guidance on U.S. population and land-
use assumptions was provided to authors. See
Appendix 3: Data Tools and Scenario Products,
including Table A3.1, for additional detail on
these scenario products.

Fourth National Climate Assessment
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Guide to the Report

Summary Findings

The 12 Summary Findings represent a very
high-level synthesis of the material in the un-
derlying report. They consolidate Key Messages
and supporting evidence from 16 underlying
national-level topic chapters, 10 regional chap-
ters, and 2 response chapters.

Overview

The Overview presents the major findings
alongside selected highlights from NCA4 Vol-
ume II, providing a synthesis of material from
the underlying report chapters.

Chapter Text

Key Messages and Traceable Accounts

Chapters are centered around Key Messages,
which are based on the authors’ expert judg-
ment of the synthesis of the assessed literature.
With a view to presenting technical information
in a manner more accessible to a broad audi-
ence, this report aims to present findings in the
context of risks to natural and /or human sys-
tems. Assessing the risks to the Nation posed by
climate change and the measures that can be
taken to minimize those risks helps users weigh
the consequences of complex decisions.

Since risk can most meaningfully be defined

in relation to objectives or societal values, Key
Messages in each chapter of this report aim to
provide answers to specific questions about
what is at risk in a particular region or sector
and in what way. The text supporting each Key
Message provides evidence, discusses implica-
tions, identifies intersections between systems
or cascading hazards, and points out paths to
greater resilience. Where a Key Message focus-
es on managing risk, authors considered the
following questions:

¢  What do we value? What is at risk?

U.S. Global Change Research Program

Guide to the Report

¢  What outcomes do we wish to avoid with re-
spect to these valued things?

*  What do we expect to happen in the absence
of adaptive action and /or mitigation?

* How bad could things plausibly get? Are
there important thresholds or tipping points
in the unique context of a given region, sec-
tor, and so on?

These considerations are encapsulated in a
single question: What keeps you up at night?
Importantly, climate is only one of many drivers
of change and risk. Where possible, chapters
provide information about the dominant sourc-
es of uncertainty (such as scientific uncertainty
or socioeconomic factors), as well as infor-
mation regarding other relevant non-climate
stressors.

Each Key Message is accompanied by a Trace-
able Account that restates the Key Message
found in the chapter text with calibrated con-
fidence and likelihood language (see Table 1).
These Traceable Accounts also document the
supporting evidence and rationale the authors
used in reaching their conclusions, while also
providing information on sources of uncertain-
ty. More information on Traceable Accounts is
provided below.

Our Changing Climate

USGCRP oversaw the production of the Climate
Science Special Report (CSSR): NCA4 Volume

I,> which assesses the current state of science
relating to climate change and its physical
impacts. The CSSR is a detailed analysis of

how climate change affects the physical earth
system across the United States. It presents
foundational information and projections for
climate change that improve consistency across

Fourth National Climate Assessment



analyses in NCA4 Volume II. The CSSR is the
basis for the physical climate science summary
presented in Chapter 2 (Our Changing Climate)
of this report.

National Topic Chapters

The national topic chapters summarize current
and future climate change related risks and
what can be done to reduce those risks. These
national chapters also synthesize relevant con-
tent from the regional chapters. New national
topic chapters for NCA4 include Chapter 13:
Air Quality; Chapter 16: Climate Effects on U.S.
International Interests; and Chapter 17: Sector
Interactions, Multiple Stressors, and Com-
plex Systems.

Guide to the Report

Regional Chapters

Responding to public demand for more local-
ized information—and because impacts and
adaptation tend to be realized at a more local
level -NCA4 provides greater detail in the re-
gional chapters compared to the national topic
chapters. The regional chapters assess current
and future risks posed by climate change to
each of NCA4’s 10 regions (see Figure 1) and
what can be done to minimize risk. Challenges,
opportunities, and success stories for managing
risk are illustrated through case studies.

National Climate Assessment Regions

Northwest

Northern

Great]Plains

Southwest

Hawai‘i and
U.S.-Affiliated
Pacific Islands

9 & ©
CL\/:‘\( T

Figure 1: Map of the ten regions used throughout NCA4.
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The regions defined in NCA4 are similar to
those used in the Third National Climate As-
sessment (NCA3),® with these exceptions: the
Great Plains region, formerly stretching from
the border of Canada to the border of Mexico,
is now divided into the Northern Great Plains
and Southern Great Plains along the Nebraska-
Kansas border; and content related to the U.S.
Caribbean islands is now found in its own chap-
ter, distinct from the Southeast region.

Response Chapters

The response chapters assess the science of
adaptation and mitigation, including benefits,
tradeoffs, and best practices of ongoing adap-
tation measures and quantification of econom-
ic damages that can be avoided by reducing
greenhouse gas emissions. The National Cli-
mate Assessment does not evaluate or recom-
mend specific policies.

Economic Estimates

To the extent possible, economic estimates in
this report have been converted to 2015 dollars
using the U.S. Bureau of Economic Affairs’ Im-
plicit Price Deflators for Gross Domestic Prod-
uct, Table 1.1.9. For more information, please
visit: https: //bea.gov/national /index.htm.
Where documented in the underlying litera-
ture, discount rates in specific estimates in this
assessment are noted next to those projections.

Use of Scenarios

Climate modeling experts develop climate pro-
jections for a range of plausible futures. These
projections capture variables such as the rela-
tionship between human choices, greenhouse
gas (GHG) and particulate matter emissions,
GHG concentrations in our atmosphere, and
the resulting impacts, including temperature
change and sea level rise. Some projections are
consistent with continued dependence on fossil
fuels, while others are achieved by reducing

U.S. Global Change Research Program
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GHG emissions. The resulting range of pro-
jections reflects, in part, the uncertainty that
comes with quantifying future human activities
and their influence on climate.

The most recent set of climate projections
developed by the international scientific com-
munity is classified under four Represen-
tative Concentration Pathways, or RCPs.? A
wide range of future socioeconomic assump-
tions could be consistent with the RCPs used
throughout NCA4.

NCA4 focuses on RCP8.5 as a “higher” scenario,
associated with more warming, and RCP4.5 as a
“lower” scenario with less warming. Other RCP
scenarios (e.g., RCP2.6, a “very low” scenario)
are used where instructive, such as in analyses
of mitigation science issues. To promote un-
derstanding while capturing the context of the
RCPs, authors use the phrases “a higher sce-
nario (RCP8.5)” and “a lower scenario (RCP4.5)”
RCP8.5 is generally associated with higher
population growth, less technological innova-
tion, and higher carbon intensity of the global
energy mix. RCP4.5 is generally associated with
lower population growth, more technological
innovation, and lower carbon intensity of the
global energy mix. NCA4 does not evaluate the
feasibility of the socioeconomic assumptions
within the RCPs. Future socioeconomic con-
ditions—and especially the relationship be-
tween economic growth, population growth,
and innovation—will have a significant impact
on which climate change scenario is realized.
The use of RCP8.5 and RCP4.5 as core scenari-
os is broadly consistent with the range used in
NCA3.2 For additional detail on these scenarios
and what they represent, please see Appen-
dix 3 (Data Tools and Scenario Products), as
well as Chapter 4 of the Climate Science Spe-
cial Report.1°
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Treatment of Uncertainties: Risk Framing,
Confidence, and Likelihood

Risk Framing

In March 2016, NASEM convened a work-

shop, Characterizing Risk in Climate Change
Assessments, to assist NCA4 authors in their
analyses of climate-related risks across the
United States." To help ensure consistency and
readability across chapters, USGCRP devel-
oped guidance on communicating the risks and
opportunities that climate change presents,
including the treatment of scientific uncertain-
ties. Where supported by the underlying litera-
ture, authors were encouraged to

* describe the full scope of potential climate
change impacts, both negative and positive,
including more extreme impacts that are less
likely but would have severe consequences,
and communicate the range of potential im-
pacts and their probabilities of occurrence;

* describe the likelihood of the consequences
associated with the range of potential im-
pacts, the character and quality of the con-
sequences, both negative and positive, and
the strength of available evidence;

e communicate cascading effects among and
within complex systems; and

e quantify risks that could be avoided by tak-
ing action.

Additional detail on how risk is defined for this
report, as well as how risk-based framing was
used, is available in Chapter 1: Overview (see
Box 1.2: Evaluating Risks to Inform Decisions).

U.S. Global Change Research Program
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Traceable Accounts: Confidence and Likelihood
Throughout NCA4’s assessment of climate-
related risks and impacts, authors evaluated the
range of information in the scientific literature
to the fullest extent possible, arriving at a series
of Key Messages for each chapter. Drawing on
guidance developed by the Intergovernmen-

tal Panel on Climate Change (IPCC),” chapter
authors further described the overall reliability
in their conclusions using these metrics in their
chapter’s Traceable Accounts:

* Confidence in the validity of a finding based
on the type, amount, quality, strength, and
consistency of evidence (such as mechanistic
understanding, theory, data, models, and ex-
pert judgment); the skill, range, and consis-
tency of model projections; and the degree
of agreement within the body of literature.

e Likelihood, which is based on measures of
uncertainty expressed probabilistically (in
other words, based on statistical analysis of
observations or model results or on the au-
thors’ expert judgment).

The author team’s expert assessment of confi-
dence for each Key Message is presented in the
chapter’s Traceable Accounts. Where the au-
thors consider it is scientifically justified to re-
port the likelihood of a particular impact within
the range of possible outcomes, Key Messages
in the Traceable Accounts also include a likeli-
hood designation. Traceable Accounts describe
the process and rationale the authors used

in reaching their conclusions, as well as their
confidence in these conclusions. They provide
additional information about the quality of
information used and allow traceability to data
and resources.
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Confidence Level

Very High

Strong evidence (established theory, multiple sources, confident results, well-documented 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, models incomplete, 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

Likelihood

Very Likely Likely As Likely as Not Unlikely Very Unlikely

>9in 10 >2in3 =1in?2 <1in3 <1in10

Table 1: This table describes the meaning of the various categories of confidence level and likelihood assessment used in
NCAA4. The levels of confidence are the same as they appear in the CSSR (NCA4 Volume I). And while the likelihood scale is
consistent with the CSSR, there are fewer categories, as that report relies more heavily on quantitative methods and statistics.
This “binning” of likelihood is consistent with other USGCRP sustained assessment products, such as the Climate and Health
Assessment* and NCA3.2

Glossary of Terms

NCA4 uses the glossary available on the USGCRP  assessments, including The Impacts of Climate
website (http: //www.globalchange.gov/ Change on Human Health in the United States
climate-change /glossary). It was developed for  (https: //health2016.globalchange.gov/

NCA3 and largely draws from the IPCC glossary  glossary-and-acronyms) and the Climate

of terms. Over time, it has been updated with Science Special Report (https: //science2017.
selected new terms from more recent USGCRP  globalchange.gov/chapter/appendix-e /).
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NCA4 Summary Findings

Summary Findings

These Summary Findings represent a high-level synthesis of the material in the underlying
report. The findings consolidate Key Messages and supporting evidence from 16 national-level
topic chapters, 10 regional chapters, and 2 chapters that focus on societal response strategies
(mitigation and adaptation). Unless otherwise noted, qualitative statements regarding future
conditions in these Summary Findings are broadly applicable across the range of different
levels of future climate change and associated impacts considered in this report.

Climate change creates new risks and exacerbates existing vulnerabilities in communities across
the United States, presenting growing challenges to human health and safety, quality of life, and
the rate of economic growth.

The impacts of climate change are already
being felt in communities across the country.
More frequent and intense extreme weather
and climate-related events, as well as changes
in average climate conditions, are expected to
continue to damage infrastructure, ecosystems,
and social systems that provide essential ben-
efits to communities. Future climate change
is expected to further disrupt many areas of
life, exacerbating existing challenges to pros-
perity posed by aging and deteriorating infra-
structure, stressed ecosystems, and economic
inequality. Impacts within and across regions

will not be distributed equally. People who are
already vulnerable, including lower-income and
other marginalized communities, have lower
capacity to prepare for and cope with extreme
weather and climate-related events and are ex-
pected to experience greater impacts. Prioritiz-
ing adaptation actions for the most vulnerable
populations would contribute to a more equi-
table future within and across communities.
Global action to significantly cut greenhouse
gas emissions can substantially reduce cli-
mate-related risks and increase opportunities
for these populations in the longer term.

Without substantial and sustained global mitigation and regional adaptation efforts, climate
change is expected to cause growing losses to American infrastructure and property and impede
the rate of economic growth over this century.

In the absence of significant global mitigation
action and regional adaptation efforts, rising
temperatures, sea level rise, and changes in
extreme events are expected to increasingly
disrupt and damage critical infrastructure and
property, labor productivity, and the vitality
of our communities. Regional economies and
industries that depend on natural resourc-

es and favorable climate conditions, such as
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agriculture, tourism, and fisheries, are vulner-
able to the growing impacts of climate change.
Rising temperatures are projected to reduce
the efficiency of power generation while in-
creasing energy demands, resulting in higher
electricity costs. The impacts of climate change
beyond our borders are expected to increas-
ingly affect our trade and economy, including
import and export prices and U.S. businesses
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with overseas operations and supply chains.
Some aspects of our economy may see slight
near-term improvements in a modestly warmer
world. However, the continued warming that

is projected to occur without substantial and
sustained reductions in global greenhouse gas
emissions is expected to cause substantial net
damage to the U.S. economy throughout this

3. Interconnected Impacts

Summary Findings

century, especially in the absence of increased
adaptation efforts. With continued growth in
emissions at historic rates, annual losses in
some economic sectors are projected to reach
hundreds of billions of dollars by the end of the
century—more than the current gross domestic
product (GDP) of many U.S. states.

Climate change affects the natural, built, and social systems we rely on individually and through
their connections to one another. These interconnected systems are increasingly vulnerable to
cascading impacts that are often difficult to predict, threatening essential services within and

beyond the Nation’s borders.

Climate change presents added risks to inter-
connected systems that are already exposed
to a range of stressors such as aging and de-
teriorating infrastructure, land-use changes,
and population growth. Extreme weather and
climate-related impacts on one system can re-
sult in increased risks or failures in other crit-
ical systems, including water resources, food
production and distribution, energy and trans-
portation, public health, international trade,
and national security. The full extent of climate
change risks to interconnected systems, many

4. Actions to Reduce Risks

of which span regional and national boundaries,
is often greater than the sum of risks to individ-
ual sectors. Failure to anticipate interconnected
impacts can lead to missed opportunities for
effectively managing the risks of climate change
and can also lead to management responses
that increase risks to other sectors and regions.
Joint planning with stakeholders across sec-
tors, regions, and jurisdictions can help identify
critical risks arising from interaction among
systems ahead of time.

Future risks from climate change depend
primarily on decisions made today. The inte-
gration of climate risk into decision-making
and the implementation of adaptation activities
have significantly increased since the Third
National Climate Assessment in 2014, including

U.S. Global Change Research Program

Communities, governments, and businesses are working to reduce risks from and costs asso-
ciated with climate change by taking action to lower greenhouse gas emissions and implement
adaptation strategies. While mitigation and adaptation efforts have expanded substantially in
the last four years, they do not yet approach the scale considered necessary to avoid substantial
damages to the economy, environment, and human health over the coming decades.

in areas of financial risk reporting, capital in-
vestment planning, development of engineering
standards, military planning, and disaster risk
management. Transformations in the ener-

gy sector—including the displacement of coal
by natural gas and increased deployment of
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renewable energy—along with policy actions

at the national, regional, state, and local lev-

els are reducing greenhouse gas emissions in
the United States. While these adaptation and
mitigation measures can help reduce damages
in a number of sectors, this assessment shows
that more immediate and substantial global
greenhouse gas emissions reductions, as well as
regional adaptation efforts, would be needed to

Summary Findings

avoid the most severe consequences in the long
term. Mitigation and adaptation actions also
present opportunities for additional benefits
that are often more immediate and localized,
such as improving local air quality and econ-
omies through investments in infrastructure.
Some benefits, such as restoring ecosystems
and increasing community vitality, may be
harder to quantify.

The quality and quantity of water available for use by people and ecosystems across the country
are being affected by climate change, increasing risks and costs to agriculture, energy production,
industry, recreation, and the environment.

Rising air and water temperatures and chang-
es in precipitation are intensifying droughts,
increasing heavy downpours, reducing snow-
pack, and causing declines in surface water
quality, with varying impacts across regions.
Future warming will add to the stress on water
supplies and adversely impact the availability
of water in parts of the United States. Changes
in the relative amounts and timing of snow and
rainfall are leading to mismatches between wa-
ter availability and needs in some regions, pos-
ing threats to, for example, the future reliability
of hydropower production in the Southwest
and the Northwest. Groundwater depletion is
exacerbating drought risk in many parts of the
United States, particularly in the Southwest and

Southern Great Plains. Dependable and safe
water supplies for U.S. Caribbean, Hawai'‘i, and
U.S.-Affiliated Pacific Island communities are
threatened by drought, flooding, and saltwater
contamination due to sea level rise. Most U.S.
power plants rely on a steady supply of water
for cooling, and operations are expected to be
affected by changes in water availability and
temperature increases. Aging and deteriorating
water infrastructure, typically designed for past
environmental conditions, compounds the cli-
mate risk faced by society. Water management
strategies that account for changing climate
conditions can help reduce present and future
risks to water security, but implementation of
such practices remains limited.

Impacts from climate change on extreme weather and climate-related events, air quality, and the
transmission of disease through insects and pests, food, and water increasingly threaten the
health and well-being of the American people, particularly populations that are already vulnerable.

Changes in temperature and precipitation are
increasing air quality and health risks from
wildfire and ground-level ozone pollution.
Rising air and water temperatures and more
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intense extreme events are expected to in-
crease exposure to waterborne and foodborne
diseases, affecting food and water safety. With
continued warming, cold-related deaths are
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projected to decrease and heat-related deaths
are projected to increase; in most regions,
increases in heat-related deaths are expected
to outpace reductions in cold-related deaths.
The frequency and severity of allergic ill-
nesses, including asthma and hay fever, are
expected to increase as a result of a changing
climate. Climate change is also projected to
alter the geographic range and distribution of
disease-carrying insects and pests, exposing
more people to ticks that carry Lyme disease
and mosquitoes that transmit viruses such

as Zika, West Nile, and dengue, with varying
impacts across regions. Communities in the
Southeast, for example, are particularly vul-
nerable to the combined health impacts from

7. Indigenous Peoples

Summary Findings

vector-borne disease, heat, and flooding. Ex-
treme weather and climate-related events can
have lasting mental health consequences in af-
fected communities, particularly if they result
in degradation of livelihoods or community
relocation. Populations including older adults,
children, low-income communities, and some
communities of color are often dispropor-
tionately affected by, and less resilient to, the
health impacts of climate change. Adaptation
and mitigation policies and programs that help
individuals, communities, and states prepare
for the risks of a changing climate reduce the
number of injuries, illnesses, and deaths from
climate-related health outcomes.

Climate change increasingly threatens Indigenous communities’ livelihoods, economies, health,
and cultural identities by disrupting interconnected social, physical, and ecological systems.

Many Indigenous peoples are reliant on nat-
ural resources for their economic, cultural,

and physical well-being and are often unique-
ly affected by climate change. The impacts of
climate change on water, land, coastal areas,
and other natural resources, as well as infra-
structure and related services, are expected to
increasingly disrupt Indigenous peoples’ liveli-
hoods and economies, including agriculture and
agroforestry, fishing, recreation, and tourism.
Adverse impacts on subsistence activities have
already been observed. As climate changes con-
tinue, adverse impacts on culturally significant
species and resources are expected to result

in negative physical and mental health effects.
Throughout the United States, climate-related
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impacts are causing some Indigenous peoples
to consider or actively pursue community re-
location as an adaptation strategy, presenting
challenges associated with maintaining cultural
and community continuity. While economic,
political, and infrastructure limitations may
affect these communities’ ability to adapt,
tightly knit social and cultural networks present
opportunities to build community capacity and
increase resilience. Many Indigenous peoples
are taking steps to adapt to climate change
impacts structured around self-determination
and traditional knowledge, and some tribes are
pursuing mitigation actions through develop-
ment of renewable energy on tribal lands.
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8. Ecosystems and Ecosystem Services

Summary Findings

Ecosystems and the benefits they provide to society are being altered by climate change, and
these impacts are projected to continue. Without substantial and sustained reductions in global
greenhouse gas emissions, transformative impacts on some ecosystems will occur; some coral
reef and sea ice ecosystems are already experiencing such transformational changes.

Many benefits provided by ecosystems and the
environment, such as clean air and water, pro-
tection from coastal flooding, wood and fiber,
crop pollination, hunting and fishing, tourism,
cultural identities, and more will continue to
be degraded by the impacts of climate change.
Increasing wildfire frequency, changes in insect
and disease outbreaks, and other stressors are
expected to decrease the ability of U.S. for-
ests to support economic activity, recreation,
and subsistence activities. Climate change has
already had observable impacts on biodiversity,
ecosystems, and the benefits they provide to
society. These impacts include the migration
of native species to new areas and the spread
of invasive species. Such changes are project-
ed to continue, and without substantial and
sustained reductions in global greenhouse

gas emissions, extinctions and transformative

impacts on some ecosystems cannot be avoid-
ed in the long term. Valued aspects of regional
heritage and quality of life tied to ecosystems,
wildlife, and outdoor recreation will change
with the climate, and as a result, future gener-
ations can expect to experience and interact
with the natural environment in ways that are
different from today. Adaptation strategies,
including prescribed burning to reduce fuel for
wildfire, creation of safe havens for important
species, and control of invasive species, are
being implemented to address emerging im-
pacts of climate change. While some targeted
response actions are underway, many impacts,
including losses of unique coral reef and sea ice
ecosystems, can only be avoided by significant-
ly reducing global emissions of carbon dioxide
and other greenhouse gases.

9. Agriculture and Food

price stability.

Climate change presents numerous challenges
to sustaining and enhancing crop productivity,
livestock health, and the economic vitality of
rural communities. While some regions (such
as the Northern Great Plains) may see con-
ditions conducive to expanded or alternative
crop productivity over the next few decades,
overall, yields from major U.S. crops are expect-
ed to decline as a consequence of increases in

U.S. Global Change Research Program

Rising temperatures, extreme heat, drought, wildfire on rangelands, and heavy downpours are
expected to increasingly disrupt agricultural productivity in the United States. Expected increas-
es in challenges to livestock health, declines in crop yields and quality, and changes in extreme
events in the United States and abroad threaten rural livelihoods, sustainable food security, and

temperatures and possibly changes in water
availability, soil erosion, and disease and pest
outbreaks. Increases in temperatures during
the growing season in the Midwest are pro-
jected to be the largest contributing factor to
declines in the productivity of U.S. agriculture.
Projected increases in extreme heat conditions
are expected to lead to further heat stress for
livestock, which can result in large economic
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losses for producers. Climate change is also ex-
pected to lead to large-scale shifts in the avail-
ability and prices of many agricultural products
across the world, with corresponding impacts
on U.S. agricultural producers and the U.S.
economy. These changes threaten future gains
in commodity crop production and put rural
livelihoods at risk. Numerous adaptation strate-
gies are available to cope with adverse impacts

Summary Findings

of climate variability and change on agricultural
production. These include altering what is pro-
duced, modifying the inputs used for produc-
tion, adopting new technologies, and adjusting
management strategies. However, these strat-
egies have limits under severe climate change
impacts and would require sufficient long- and
short-term investment in changing practices.

10. Infrastructure

Our Nation’s aging and deteriorating infrastructure is further stressed by increases in heavy pre-
cipitation events, coastal flooding, heat, wildfires, and other extreme events, as well as changes
to average precipitation and temperature. Without adaptation, climate change will continue to de-
grade infrastructure performance over the rest of the century, with the potential for cascading im-
pacts that threaten our economy, national security, essential services, and health and well-being.

Climate change and extreme weather events
are expected to increasingly disrupt our Na-
tion’s energy and transportation systems,
threatening more frequent and longer-lasting
power outages, fuel shortages, and service
disruptions, with cascading impacts on oth-
er critical sectors. Infrastructure currently
designed for historical climate conditions is
more vulnerable to future weather extremes
and climate change. The continued increase in
the frequency and extent of high-tide flooding
due to sea level rise threatens America’s tril-
lion-dollar coastal property market and public
infrastructure, with cascading impacts to the
larger economy. In Alaska, rising temperatures
and erosion are causing damage to buildings
and coastal infrastructure that will be costly
to repair or replace, particularly in rural areas;
these impacts are expected to grow without

U.S. Global Change Research Program

adaptation. Expected increases in the severity
and frequency of heavy precipitation events
will affect inland infrastructure in every region,
including access to roads, the viability of bridg-
es, and the safety of pipelines. Flooding from
heavy rainfall, storm surge, and rising high tides
is expected to compound existing issues with
aging infrastructure in the Northeast. Increased
drought risk will threaten oil and gas drilling
and refining, as well as electricity generation
from power plants that rely on surface water
for cooling. Forward-looking infrastructure
design, planning, and operational measures and
standards can reduce exposure and vulnerabil-
ity to the impacts of climate change and reduce
energy use while providing additional near-
term benefits, including reductions in green-
house gas emissions.
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11. Oceans and Coasts

Rising water temperatures, ocean acidification,
retreating arctic sea ice, sea level rise, high-tide
flooding, coastal erosion, higher storm surge,
and heavier precipitation events threaten our
oceans and coasts. These effects are projected
to continue, putting ocean and marine species
at risk, decreasing the productivity of certain
fisheries, and threatening communities that
rely on marine ecosystems for livelihoods and
recreation, with particular impacts on fishing
communities in Hawai'‘i and the U.S.-Affiliated
Pacific Islands, the U.S. Caribbean, and the Gulf
of Mexico. Lasting damage to coastal property
and infrastructure driven by sea level rise and
storm surge is expected to lead to financial
losses for individuals, businesses, and commu-
nities, with the Atlantic and Gulf Coasts facing
above-average risks. Impacts on coastal energy
and transportation infrastructure driven by sea
level rise and storm surge have the potential

12. Tourism and Recreation

Coastal communities and the ecosystems that support them are increasingly threatened by the
impacts of climate change. Without significant reductions in global greenhouse gas emissions
and regional adaptation measures, many coastal regions will be transformed by the latter part of
this century, with impacts affecting other regions and sectors. Even in a future with lower green-
house gas emissions, many communities are expected to suffer financial impacts as chronic
high-tide flooding leads to higher costs and lower property values.

for cascading costs and disruptions across the
country. Even if significant emissions reduc-
tions occur, many of the effects from sea level
rise over this century—and particularly through
mid-century—are already locked in due to his-
torical emissions, and many communities are
already dealing with the consequences. Actions
to plan for and adapt to more frequent, wide-
spread, and severe coastal flooding, such as
shoreline protection and conservation of coast-
al ecosystems, would decrease direct losses and
cascading impacts on other sectors and parts
of the country. More than half of the damages
to coastal property are estimated to be avoid-
able through well-timed adaptation measures.
Substantial and sustained reductions in global
greenhouse gas emissions would also signifi-
cantly reduce projected risks to fisheries and
communities that rely on them.

Outdoor recreation, tourist economies, and quality of life are reliant on benefits provided by our
natural environment that will be degraded by the impacts of climate change in many ways.

Climate change poses risks to seasonal and
outdoor economies in communities across the
United States, including impacts on economies
centered around coral reef-based recreation,
winter recreation, and inland water-based
recreation. In turn, this affects the well-being
of the people who make their living supporting
these economies, including rural, coastal, and
Indigenous communities. Projected increases

U.S. Global Change Research Program

in wildfire smoke events are expected to impair
outdoor recreational activities and visibility

in wilderness areas. Declines in snow and ice
cover caused by warmer winter temperatures
are expected to negatively impact the winter
recreation industry in the Northwest, North-
ern Great Plains, and the Northeast. Some

fish, birds, and mammals are expected to shift
where they live as a result of climate change,
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with implications for hunting, fishing, and other
wildlife-related activities. These and other cli-
mate-related impacts are expected to result in
decreased tourism revenue in some places and,
for some communities, loss of identity. While
some new opportunities may emerge from
these ecosystem changes, cultural identities
and economic and recreational opportunities

U.S. Global Change Research Program 32

Summary Findings

based around historical use of and interaction
with species or natural resources in many areas
are at risk. Proactive management strategies,
such as the use of projected stream tempera-
tures to set priorities for fish conservation, can
help reduce disruptions to tourist economies
and recreation.
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Howe Ridge Fire in Montana’s Glacier National Park on August 12, 2018. Photo credit: National Park Service.
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Introduction

Earth's climate is now changing fast-
er than at any point in the history of
modern civilization, primarily as a result
of human activities. The impacts of
global climate change are already being
felt in the United States and are pro-
jected to intensify in the future—but the
severity of future impacts will depend
largely on actions taken to reduce green-
house gas emissions and to adapt to
the changes that will occur. Americans
increasingly recognize the risks climate
change poses to their everyday lives

and livelihoods and are beginning to
respond (Figure 1.1). Water managers in
the Colorado River Basin have mobilized
users to conserve water in response to
ongoing drought intensified by higher
temperatures, and an extension program
in Nebraska is helping ranchers reduce
drought and heat risks to their opera-
tions. The state of Hawai'i is developing
management options to promote coral
reef recovery from widespread bleaching
events caused by warmer waters that
threaten tourism, fisheries, and coastal
protection from wind and waves. To ad-
dress higher risks of flooding from heavy
rainfall, local governments in southern
Louisiana are pooling hazard reduction
funds, and cities and states in the North-
east are investing in more resilient water,
energy, and transportation infrastruc-
ture. In Alaska, a tribal health organiza-
tion is developing adaptation strategies

34

1| Overview

to address physical and mental health
challenges driven by climate change and
other environmental changes. As Mid-
western farmers adopt new management
strategies to reduce erosion and nutrient
losses caused by heavier rains, forest
managers in the Northwest are developing
adaptation strategies in response to wild-
fire increases that affect human health,
water resources, timber production, fish
and wildlife, and recreation. After exten-
sive hurricane damage fueled in part by a
warmer atmosphere and warmer, higher
seas, communities in Texas are consid-
ering ways to rebuild more resilient infra-
structure. In the U.S. Caribbean, govern-
ments are developing new frameworks for
storm recovery based on lessons learned
from the 2017 hurricane season.

Climate-related risks will continue to

grow without additional action. Decisions
made today determine risk exposure for
current and future generations and will
either broaden or limit options to reduce
the negative consequences of climate
change. While Americans are responding
in ways that can bolster resilience and im-
prove livelihoods, neither global efforts to
mitigate the causes of climate change nor
regional efforts to adapt to the impacts
currently approach the scales needed to
avoid substantial damages to the U.S.
economy, environment, and human health
and well-being over the coming decades.
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Americans Respond to the Impacts of Climate Change

Northwest

Impact

Wildfire increases and
associated smoke are
affecting human health,
water resources, timber
production, fish and
wildlife, and recreation.

Action

Federal forests have
developed adaptation
strategies for climate
change that include
methods to address
increasing wildfire
risks.

Southwest

Alaska | Impact

The physical and mental
health of rural Alaskans is
increasingly challenged by
unpredictable weather and

other environmental changes.

Action

The Alaska Native Tribal Health Consortium's
Center for Climate and Health is using novel
adaptation strategies to reduce climate-related
risks including difficulty in harvesting local foods
and more hazardous travel conditions.

extreme heat illustrate ~ Mitigation Center is
sustainability challenges helping ranchers plan
for ranching operations, to reduce drought and
with emergent impacts  heat risks to their

on rural prosperity and  operations.

mental health.

Northern Great Plains Midwest
Impact Action Impact Action
Flash droughts and The National Drought Increasing heavy lowa State developed

rains are leading  a program for using

Northeast

to more soil prairie strips in farm
erosion and fields to reduce soil
nutrientloss on  and nutrient loss while
Midwestern increasing biodiversity.
cropland.

Impact

Drought in the Colorado
River basin reduced
Lake Mead by over half
since 2000, increasing
risk of water shortages
for cities, farms, and
ecosystems.

Action
Seven U.S. state
governments and U.S.
and Mexico federal
governments mobilized

Southern Great Plains

Impact

Water, energy,
and transportation
infrastructure are
affected by snow
storms, drought,
heat waves, and
flooding.

Action

Cities and states
throughout the region
are assessing their
vulnerability to climate
change and making
investments to
increase infrastructure
resilience.

Flooding in
Louisiana is

users to conserve water,
keeping the lake above a
critical level.

Impact
Hurricane

on the Texas

one of the

Harvey’s landfall
coast in 2017 was

costliest natural
disasters in U.S.

Action

The Governor's
Commission to
Rebuild Texas was
created to support the
€conomic recovery
and rebuilding of
infrastructure in

increasing from
extreme rainfall.

The Acadiana
Planning Commission
in Louisiana is pooling
hazard reduction
funds to address
increasing flood risk.

{%

| %
Hawai‘i and U.S.-Affiliated Pacific Islands

Action

A state working group
generated management
options to promote
recovery and reduce
threats to coral reefs.

Impact

The 2015 coral bleaching
event resulted in an
average mortality of 50%
of the coral cover in
western Hawai'i alone.

hurricanes have been
compounded by the slow
recovery of energy,
communications, and
transportation systems,
impacting all social and
economic sectors.

history. affected Texas
communities.
U.S. Caribbean
Impact Action
Damages from the 2017 The U.S. Virgin Islands

Governor’s Office led a

workshop aimed at gathering

lessons from the initial
hurricane response and

establishing a framework for

recovery and resilience.

Figure 1.1: This map shows climate-related impacts that have occurred in each region since the Third National Climate
Assessment in 2014 and response actions that are helping the region address related risks and costs. These examples are
illustrative; they are not indicative of which impact is most significant in each region or which response action might be most

effective. Source: NCA4 Regional Chapters.
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Climate shapes where and how we live and the
environment around us. Natural ecosystems,
agricultural systems, water resources, and the
benefits they provide to society are adapted
to past climate conditions and their natural
range of variability. A water manager may use
past or current streamflow records to design
a dam, a city could issue permits for coastal
development based on current flood maps,
and an electric utility or a farmer may invest
in equipment suited to the current climate, all
with the expectation that their investments and
management practices will meet future needs.

However, the assumption that current and
future climate conditions will resemble the
recent past is no longer valid (Ch. 28: Adapta-
tion, KM 2). Observations collected around the
world provide significant, clear, and compelling
evidence that global average temperature is
much higher, and is rising more rapidly, than
anything modern civilization has experienced,
with widespread and growing impacts (Figure
1.2) (CSSR, Ch. 1.9). The warming trend observed
over the past century can only be explained

by the effects that human activities, especially
emissions of greenhouse gases, have had on the
climate (Ch. 2: Climate, KM 1 and Figure 2.1).

Climate change is transforming where and how
we live and presents growing challenges to
human health and quality of life, the economy,
and the natural systems that support us. Risks
posed by climate variability and change vary by
region and sector and by the vulnerability of
people experiencing impacts. Social, economic,
and geographic factors shape the exposure of
people and communities to climate-related
impacts and their capacity to respond. Risks are

U.S. Global Change Research Program
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often highest for those that are already vulner-
able, including low-income communities, some
communities of color, children, and the elderly
(Ch. 14: Human Health, KM 2; Ch. 15: Tribes, KM
1-3; Ch. 28: Adaptation, Introduction). Climate
change threatens to exacerbate existing social
and economic inequalities that result in higher
exposure and sensitivity to extreme weather
and climate-related events and other changes
(Ch. 11: Urban, KM 1). Marginalized populations
may also be affected disproportionately by
actions to address the underlying causes and
impacts of climate change, if they are not
implemented under policies that consider
existing inequalities (Ch. 11: Urban, KM 4; Ch.
28: Adaptation, KM 4).

This report draws a direct connection between
the warming atmosphere and the resulting
changes that affect Americans’ lives, commu-
nities, and livelihoods, now and in the future. It
documents vulnerabilities, risks, and impacts
associated with natural climate variability and
human-caused climate change across the Unit-
ed States and provides examples of response
actions underway in many communities. It
concludes that the evidence of human-caused
climate change is overwhelming and continues
to strengthen, that the impacts of climate change
are intensifying across the country, and that
climate-related threats to Americans’ physical,
social, and economic well-being are rising.
These impacts are projected to intensify—but
how much they intensify will depend on
actions taken to reduce global greenhouse

gas emissions and to adapt to the risks from
climate change now and in the coming decades
(Ch. 28: Adaptation, Introduction; Ch. 29:
Mitigation, KM 3 and 4).
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Our Changing Climate: Seas are warming, rising, and becoming more
Observations, Causes, and acidic, and marine species are moving to new
Future Change locations toward cooler waters. Flooding is
becoming more frequent along the U.S. coast-
Observed Change line. Growing seasons are lengthening, and
Observations from around the world show the wildfires are increasing. These and many other
widespread effects of increasing greenhouse changes are clear signs of a warming world
gas concentrations on Earth’s climate. High (Figure 1.2) (Ch. 2: Climate, Box 2.2; App. 3: Data
temperature extremes and heavy precipitation & Scenarios, see also the USGCRP Indicators
events are increasing. Glaciers and snow and EPA Indicators websites).

cover are shrinking, and sea ice is retreating.

2

California Drought Affects Mountain Snowpack

California’s recent multiyear drought left Tioga Pass in the Sierra Nevada mountain range nearly snowless at the height of winter
in January 2015. Photo credit: Bartshé Miller.
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Figure 1.2: Long-term observations demonstrate the warming trend in the climate system and the effects of increasing
atmospheric greenhouse gas concentrations (Ch. 2: Climate, Box 2.2). This figure shows climate-relevant indicators of change
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based on data collected across the United States. Upward-pointing arrows indicate an increasing trend; downward-pointing

arrows indicate a decreasing trend. Bidirectional arrows (e.g., for drought conditions) indicate a lack of a definitive national
trend.

(Figure caption continued on next page)
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Atmosphere (a—c): (a) Annual average temperatures have increased by 1.8°F across the contiguous United States since the
beginning of the 20th century; this figure shows observed change for 1986-2016 (relative to 1901-1960 for the contiguous
United States and 1925-1960 for Alaska, Hawai'‘i, Puerto Rico, and the U.S. Virgin Islands). Alaska is warming faster than any
other state and has warmed twice as fast as the global average since the mid-20th century (Ch. 2: Climate, KM 5; Ch. 26: Alaska,
Background). (b) The season length of heat waves in many U.S. cities has increased by over 40 days since the 1960s. Hatched
bars indicate partially complete decadal data. (c¢) The relative amount of annual rainfall that comes from large, single-day
precipitation events has changed over the past century; since 1910, a larger percentage of land area in the contiguous United
States receives precipitation in the form of these intense single-day events.

Ice, snow, and water (d—f): (d) Large declines in snowpack in the western United States occurred from 1955 to 2016. (e) While
there are a number of ways to measure drought, there is currently no detectable change in long-term U.S. drought statistics
using the Palmer Drought Severity Index. (f) Since the early 1980s, the annual minimum sea ice extent (observed in September
each year) in the Arctic Ocean has decreased at a rate of 11%—16% per decade (Ch. 2: Climate, KM 7).

Oceans and coasts (g—i): (g) Annual median sea level along the U.S. coast (with land motion removed) has increased by about
9 inches since the early 20th century as oceans have warmed and land ice has melted (Ch. 2: Climate, KM 4). (h) Fish, shellfish,
and other marine species along the Northeast coast and in the eastern Bering Sea have, on average, moved northward and to
greater depths toward cooler waters since the early 1980s (records start in 1982). (i) Oceans are also currently absorbing more
than a quarter of the carbon dioxide emitted to the atmosphere annually by human activities, increasing their acidity (measured
by lower pH values; Ch. 2: Climate, KM 3).

Land and ecosystems (j—l): (j) The average length of the growing season has increased across the contiguous United States
since the early 20th century, meaning that, on average, the last spring frost occurs earlier and the first fall frost arrives later;
this map shows changes in growing season length at the state level from 1895 to 2016. (k) Warmer and drier conditions have
contributed to an increase in large forest fires in the western United States and Interior Alaska over the past several decades
( ). (I) Degree days are defined as the number of degrees by which the average daily temperature is higher than
65°F (cooling degree days) or lower than 65°F (heating degree days) and are used as a proxy for energy demands for cooling
or heating buildings. Changes in temperatures indicate that heating needs have decreased and cooling needs have increased
in the contiguous United States over the past century.

Sources: (a) adapted from Vose et al. 2017, (b) EPA, (c—f and h-I) adapted from EPA 2016, (g and center infographic) EPA
and NOAA.

Causes of Change

Scientists have understood the fundamental

physics of climate change for almost 200 years.

In the 1850s, researchers demonstrated that
carbon dioxide and other naturally occurring
greenhouse gases in the atmosphere prevent
some of the heat radiating from Earth’s surface
from escaping to space: this is known as the
greenhouse effect. This natural greenhouse
effect warms the planet’s surface about 60°F
above what it would be otherwise, creating

a habitat suitable for life. Since the late 19th
century, however, humans have released an
increasing amount of greenhouse gases into
the atmosphere through burning fossil fuels
and, to a lesser extent, deforestation and
land-use change. As a result, the atmospheric
concentration of carbon dioxide, the largest
contributor to human-caused warming, has

U.S. Global Change Research Program

increased by about 40% over the industrial

era. This change has intensified the natural
greenhouse effect, driving an increase in global
surface temperatures and other widespread
changes in Earth’s climate that are unprece-
dented in the history of modern civilization.

Global climate is also influenced by natural
factors that determine how much of the sun’s
energy enters and leaves Earth’s atmosphere
and by natural climate cycles that affect
temperatures and weather patterns in the
short term, especially regionally (see Ch. 2:
Climate, Box 2.1). However, the unambiguous
long-term warming trend in global average
temperature over the last century cannot be
explained by natural factors alone. Greenhouse
gas emissions from human activities are the
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only factors that can account for the observed
warming over the last century; there are no
credible alternative human or natural explana-
tions supported by the observational evidence.
Without human activities, the influence of
natural factors alone would actually have had a
slight cooling effect on global climate over the
last 50 years (Ch. 2: Climate, KM 1, Figure 2.1).

Future Change

Greenhouse gas emissions from human
activities will continue to affect Earth’s climate
for decades and even centuries. Humans are
adding carbon dioxide to the atmosphere at a
rate far greater than it is removed by natural
processes, creating a long-lived reservoir of
the gas in the atmosphere and oceans that is
driving the climate to a warmer and warmer
state. Some of the other greenhouse gases
released by human activities, such as methane,
are removed from the atmosphere by natural
processes more quickly than carbon dioxide; as
a result, efforts to cut emissions of these gases
could help reduce the rate of global tempera-
ture increases over the next few decades.
However, longer-term changes in climate

will largely be determined by emissions and
atmospheric concentrations of carbon dioxide

and other longer-lived greenhouse gases (Ch. 2:

Climate, KM 2).

Climate models representing our understand-
ing of historical and current climate conditions
are often used to project how our world will
change under future conditions (see Ch. 2: Cli-
mate, Box 2.7). “Climate” is defined as weather
conditions over multiple decades, and climate
model projections are generally not designed
to capture annual or even decadal variation

in climate conditions. Instead, projections are
typically used to capture long-term changes,
such as how the climate system will respond

U.S. Global Change Research Program
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to changes in greenhouse gas levels over this
century. Scientists test climate models by
comparing them to current observations and
historical changes. Confidence in these models
is based, in part, on how well they reproduce
these observed changes. Climate models have
proven remarkably accurate in simulating the
climate change we have experienced to date,
particularly in the past 60 years or so when
we have greater confidence in observations
(see CSSR, Ch. 4.3.1). The observed signals of a
changing climate continue to become stron-
ger and clearer over time, giving scientists
increased confidence in their findings even
since the Third National Climate Assessment

was released in 2014.

Today, the largest uncertainty in projecting
future climate conditions is the level of
greenhouse gas emissions going forward.
Future global greenhouse gas emissions levels
and resulting impacts depend on economic,
political, and demographic factors that can be
difficult to predict with confidence far into
the future. Like previous climate assessments,
NCA4 relies on a suite of possible scenarios to
evaluate the implications of different climate
outcomes and associated impacts throughout
the 21st century. These “Representative Con-
centration Pathways” (RCPs) capture a range of
potential greenhouse gas emissions pathways
and associated atmospheric concentration
levels through 2100.

RCPs drive climate model projections for
temperature, precipitation, sea level, and other
variables under futures that have either lower
or higher greenhouse gas emissions. RCPs are
numbered according to changes in radiative
forcing by 2100 relative to preindustrial condi-
tions: +2.6, +4.5, +6.0, or +8.5 watts per square
meter (W/m?). Each RCP leads to a different
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Box 1.1: Confidence and Uncertainty in Climate Science

Many of the decisions we make every day are based on less-than-perfect knowledge. For example, while
GPS-based applications on smartphones can provide a travel-time estimate for our daily drive to work, an
unexpected factor like a sudden downpour or fender bender might mean a ride originally estimated to be 20
minutes could actually take longer. Fortunately, even with this uncertainty we are confident that our trip is
unlikely to take less than 20 minutes or more than half an hour—and we know where we are headed. We have

enough information to plan our commute.

Uncertainty is also a part of science. A key goal of scientific research is to increase our confidence and
reduce the uncertainty in our understanding of the world around us. Even so, there is no expectation that
uncertainty can be fully eliminated, just as we do not expect a perfectly accurate estimate for our drive time
each day. Studying Earth’s climate system is particularly challenging because it integrates many aspects of

a complex natural system as well as many human-made systems. Climate scientists find varying ranges of
uncertainty in many areas, including observations of climate variables, the analysis and interpretation of those
measurements, the development of new observational instruments, and the use of computer-based models of
the processes governing Earth’s climate system. While there is inherent uncertainty in climate science, there
is high confidence in our understanding of the greenhouse effect and the knowledge that human activities are
changing the climate in unprecedented ways. There is enough information to make decisions based on that

understanding.

Where important uncertainties do exist, efforts to quantify and report those uncertainties can help decision-
makers plan for a range of possible future outcomes. These efforts also help scientists advance under-
standing and ultimately increase confidence in and the usefulness of model projections. Assessments

like this one explicitly address scientific uncertainty associated with findings and use specific language to
express it to improve relevance to risk analysis and decision-making (see Front Matter and Box 1.2).

level of projected global temperature change;
higher numbers indicate greater projected
temperature change and associated impacts.
The higher scenario (RCP8.5) represents a
future where annual greenhouse gas emissions
increase significantly throughout the 21st
century before leveling off by 2100, whereas
the other RCPs represent more rapid and
substantial mitigation by mid-century, with
greater reductions thereafter. Current trends
in annual greenhouse gas emissions, globally,
are consistent with RCP8.5.

Of the two RCPs predominantly referenced
throughout this report, the lower sce-
nario (RCP4.5) envisions about 85% lower
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greenhouse gas emissions than the higher
scenario (RCP8.5) by the end of the 21st
century (see Ch. 2: Climate, Figure 2.2). In
some cases, throughout this report, a very low
scenario (RCP2.6) that represents more imme-
diate, substantial, and sustained emissions
reductions is considered. Each RCP could be
consistent with a range of underlying socio-
economic conditions or policy choices. See the
Scenario Products section of Appendix 3 in this
report, as well as CSSR Chapters 4.2.1 and 10.2.1
for more detail.

The effects of different future greenhouse gas
emissions levels on global climate become
most evident around 2050, when temperature
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Projected Changes in U.S. Annual Average Temperatures

Mid-21st Century
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Figure 1.3: Annual average temperatures across the United States are projected to increase over this century, with greater
changes at higher latitudes as compared to lower latitudes, and under a higher scenario (RCP8.5; right) than under a lower one
(RCP4.5; left). This figure shows projected differences in annual average temperatures for mid-century (2036—2065; top) and
end of century (2071-2100; bottom) relative to the near present (1986—2015). From Figure 2.4, Ch. 2: Climate (Source: adapted

from Vose et al. 2017).

(Figure 1.3) (Ch. 2: Climate, Figure 2.2), pre-
cipitation, and sea level rise (Figure 1.4) (Ch.

2: Climate, Figure 2.3) projections based on
each scenario begin to diverge significantly.
With substantial and sustained reductions in
greenhouse gas emissions (e.g., consistent with
the very low scenario [RCP2.6]), the increase

in global annual average temperature relative
to preindustrial times could be limited to less
than 3.6°F (2°C) (Ch. 2: Climate, Box 2.4; CSSR
Ch. 4.2.1). Without significant greenhouse gas
mitigation, the increase in global annual aver-
age temperature could reach 9°F or more by
the end of this century (Ch. 2: Climate, KM 2).
For some aspects of Earth’s climate system that
take longer to respond to changes in atmo-
spheric greenhouse gas concentrations, such

U.S. Global Change Research Program

as global sea level, some degree of long-term
change will be locked in for centuries to come,
regardless of the future scenario (see CSSR, Ch.
12.5.3). Early greenhouse gas emissions mitiga-
tion can reduce climate impacts in the nearer

term (such as reducing the loss of arctic sea ice
and the effects on species that use it) and in
the longer term by avoiding critical thresholds
(such as marine ice sheet instability and the
resulting consequences for global sea level

and coastal development; Ch. 29: Mitigation,
Timing and Magnitude of Action).

Annual average temperatures in the United
States are projected to continue to increase
in the coming decades. Regardless of future
scenario, additional increases in temperatures
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Projected Relative Sea Level Change in the United States by 2100
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Figure 1.4: The maps show projections of change in relative sea level along the U.S. coast by 2100 (as compared to 2000)
under the lower (RCP4.5) and higher (RCP8.5) scenarios (see CSSR, Ch. 12.5). Globally, sea levels will continue to rise from
thermal expansion of the ocean and melting of land-based ice masses (such as Greenland, Antarctica, and mountain glaciers).
Regionally, however, the amount of sea level rise will not be the same everywhere. Where land is sinking (as along the Gulf of
Mexico coastline), relative sea level rise will be higher, and where land is rising (as in parts of Alaska), relative sea level rise will
be lower. Changes in ocean circulation (such as the Gulf Stream) and gravity effects due to ice melt will also alter the heights
of the ocean regionally. Sea levels are expected to continue to rise along almost all U.S. coastlines, and by 2100, under the
higher scenario, coastal flood heights that today cause major damages to infrastructure would become common during high tides
nationwide (Ch. 8: Coastal; Scenario Products section in Appendix 3). Source: adapted from CSSR, Figure 12.4.

across the contiguous United States of at least
2.3°F relative to 1986-2015 are expected by

the middle of this century. As a result, recent
record-setting hot years are expected to
become common in the near future. By late this
century, increases of 2.3°-6.7°F are expected
under a lower scenario (RCP4.5) and 5.4°-11.0°F
under a higher scenario (RCP8.5) relative to
1986-2015 (Figure 1.3) (Ch. 2: Climate, KM 5,
Figure 2.4). Alaska has warmed twice as fast as
the global average since the mid-20th century;
this trend is expected to continue (Ch. 26:
Alaska, Background).

High temperature extremes, heavy precipitation
events, high tide flooding events along the U.S.
coastline, ocean acidification and warming, and

U.S. Global Change Research Program
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forest fires in the western United States and
Alaska are all projected to continue to increase,
while land and sea ice cover, snowpack, and
surface soil moisture are expected to continue
to decline in the coming decades. These and
other changes are expected to increasingly
impact water resources, air quality, human
health, agriculture, natural ecosystems, energy
and transportation infrastructure, and many
other natural and human systems that support
communities across the country. The severity
of these projected impacts, and the risks they
present to society, is greater under futures with
higher greenhouse gas emissions, especially

if limited or no adaptation occurs (Ch. 29:
Mitigation, KM 2).
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Box 1.2: Evaluating Risks to Inform Decisions

In this report, risks are often defined in a qualitative sense as threats to life, health and safety, the environ-
ment, economic well-being, and other things of value to society (Ch. 28: Adaptation, Introduction). In some
cases, risks are described in quantitative terms: estimates of how likely a given threat is to occur (probability)
and the damages that would result if it did happen (consequences). Climate change is a risk management
challenge for society; it presents uncertain—and potentially severe—consequences for natural and human
systems across generations. It is characterized by multiple intersecting and uncertain future hazards and,
therefore, acts as a risk multiplier that interacts with other stressors to create new risks or to alter existing

ones (see Ch. 17: Complex Systems, KM 1).

Current and future greenhouse gas emissions, and thus mitigation actions to reduce emissions, will largely
determine future climate change impacts and risks to society. Mitigation and adaptation activities can be
considered complementary strategies—mitigation efforts can reduce future risks, while adaptation can min-
imize the consequences of changes that are already happening as a result of past and present greenhouse
gas emissions. Adaptation entails proactive decision-making and investments by individuals, businesses, and
governments to counter specific risks from climate change that vary from place to place. Climate risk man-
agement includes some familiar attributes and tactics for most businesses and local governments, which
often manage or design for a variety of weather-related risks, including coastal and inland storms, heat waves,

threats to water availability, droughts, and floods.

Measuring risk encompasses both likelihoods and consequences of specific outcomes and involves judg-
ments about what is of value, ranking of priorities, and cost—benefit analyses that incorporate the tradeoffs
among climate and non-climate related options. This report characterizes specific risks across regions and
sectors in an effort to help people assess the risks they face, create and implement a response plan, and
monitor and evaluate the efficacy of a given action (see Ch. 28: Adaptation, KM 1, Figure 28.1).

Climate Change in the United
States: Current and Future Risks

Some climate-related impacts, such as
increasing health risks from extreme heat, are
common to many regions of the United States
(Ch. 14: Human Health, KM 1). Others represent
more localized risks, such as infrastructure
damage caused by thawing of permafrost
(long-frozen ground) in Alaska or threats to
coral reef ecosystems from warmer and more
acidic seas in the U.S. Caribbean, as well as
Hawai'‘i and the U.S.-Affiliated Pacific Islands
(Ch. 26: Alaska, KM 2; Ch. 20: U.S. Caribbean,
KM 2; Ch. 27: Hawai'i & Pacific Islands, KM 4).
Risks vary by both a community’s exposure to
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physical climate impacts and by factors that
influence its ability to respond to changing
conditions and to recover from adverse weath-
er and climate-related events such as extreme
storms or wildfires (Ch. 14: Human Health, KM
2: Ch. 15: Tribes, State of the Sector, KM 1 and
2; Ch. 28: Adaptation, KM 4).

Many places are subject to more than one
climate-related impact, such as extreme rain-
fall combined with coastal flooding, or drought
coupled with extreme heat, wildfire, and
flooding. The compounding effects of these
impacts result in increased risks to people,
infrastructure, and interconnected economic
sectors (Ch. 11: Urban, KM 1). Impacts affecting



interconnected systems can cascade across
sectors and regions, creating complex risks and
management challenges. For example, changes
in the frequency, intensity, extent, and duration
of wildfires can result in a higher instance of
landslides that disrupt transportation systems
and the flow of goods and services within

or across regions (Box 1.3). Many observed
impacts reveal vulnerabilities in these inter-
connected systems that are expected to be
exacerbated as climate-related risks intensify.
Under a higher scenario (RCP8.5), it is very
likely that some impacts, such as the effects of
ice sheet disintegration on sea level rise and
coastal development, will be irreversible for
many thousands of years, and others, such as
species extinction, will be permanent (Ch. 7:
Ecosystems, KM 1; Ch. 9: Oceans, KM 1; Ch. 29:
Mitigation, KM 2).

1| Overview

Economy and Infrastructure

Without more significant global greenhouse
gas mitigation and regional adaptation efforts,
climate change is expected to cause substan-
tial losses to infrastructure and property and
impede the rate of economic growth over this
century (Ch. 4: Energy, KM 1; Ch. 8: Coastal,
KM 1; Ch. 11: Urban, KM 2; Ch. 12: Transporta-
tion, KM 1; Regional Chapters 18-27). Regional
economies and industries that depend on
natural resources and favorable climate
conditions, such as agriculture, tourism,

and fisheries, are increasingly vulnerable

to impacts driven by climate change (Ch. 7:
Ecosystems, KM 3; Ch. 10: Agriculture, KM

1). Reliable and affordable energy supplies,
which underpin virtually every sector of the
economy, are increasingly at risk from climate
change and weather extremes (Ch. 4: Energy,

Box 1.3: Interconnected Impacts of Climate Change

The impacts of climate change and extreme weather on natural and built systems are often considered from
the perspective of individual sectors: how does a changing climate impact water resources, the electric grid,

or the food system? None of these sectors, however, exists in isolation. The natural, built, and social systems
we rely on are all interconnected, and impacts and management choices within one sector may have cascad-
ing effects on the others (Ch. 17: Complex Systems, KM 1).

For example, wildfire trends in the western United States are influenced by rising temperatures and changing
precipitation patterns, pest populations, and land management practices. As humans have moved closer to
forestlands, increased fire suppression practices have reduced natural fires and led to denser vegetation,
resulting in fires that are larger and more damaging when they do occur (Figures 1.5 and 1.2k) (Ch. 6: Forests,
KM 1). Warmer winters have led to increased pest outbreaks and significant tree kills, with varying feedbacks
on wildfire. Increased wildfire driven by climate change is projected to increase costs associated with health
effects, loss of homes and other property, wildfire response, and fuel management. Failure to anticipate these
interconnected impacts can lead to missed opportunities for effectively managing risks within a single sector
and may actually increase risks to other sectors. Planning around wildfire risk and other risks affected by
climate change entails the challenge of accounting for all of these influences and how they interact with one

another (see Ch. 17: Complex Systems, Box 17.4).

U.S. Global Change Research Program
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Box 1.3: Interconnected Impacts of Climate Change, continued

New to this edition of the NCA, Chapter 17 (Complex Systems) highlights several examples of interconnect-
ed impacts and documents how a multisector perspective and joint management of systems can enhance
resilience to a changing climate. It is often difficult or impossible to quantify and predict how all relevant pro-
cesses and interactions in interconnected systems will respond to climate change. Non-climate influences,
such as population changes, add to the challenges of projecting future outcomes (Ch. 17: Complex Systems,
KM 2). Despite these challenges, there are opportunities to learn from experience to guide future risk man-
agement decisions. Valuable lessons can be learned retrospectively: after Superstorm Sandy in 2012, for
example, the mayor of New York City initiated a Climate Change Adaptation Task Force that brought together
stakeholders from several sectors such as water, transportation, energy, and communications to address the
interdependencies among them (Ch. 17: Complex Systems, Box 17.1, KM 3).
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Figure 1.5: Wildfires are increasingly encroaching on American communities, posing threats to lives, critical infrastructure,
and property. In October 2017, more than a dozen fires burned through northern California, killing dozens of people and
leaving thousands more homeless. Communities distant from the fires were affected by poor air quality as smoke plumes
darkened skies and caused the cancellation of school and other activities across the region. (left) A NASA satellite image
shows active fires on October 9, 2017. (right) The Tubbs Fire, which burned parts of Napa, Sonoma, and Lake counties,
was the most destructive in California’s history. It caused an estimated $1.2 billion in damages and destroyed over 5,000
structures, including 5% of the housing stock in the city of Santa Rosa. Image credits: (left) NASA; (right) Master Sgt.
David Loeffler, U.S. Air National Guard.

KM 1). The impacts of climate change beyond is expected to cause substantial net damage to
our borders are expected to increasingly affect ~ the U.S. economy, especially in the absence of
our trade and economy, including import and increased adaptation efforts. The potential for
export prices and U.S. businesses with overseas  losses in some sectors could reach hundreds
operation and supply chains (Box 1.4) (Ch. 16: of billions of dollars per year by the end of this
International, KM 1; Ch. 17: Complex Systems, century (Ch. 29: Mitigation, KM 2).

KM 1). Some aspects of our economy may see

slight improvements in a modestly warmer Existing water, transportation, and energy
world. However, the continued warming infrastructure already face challenges from
that is projected to occur without significant heavy rainfall, inland and coastal flooding,
reductions in global greenhouse gas emissions landslides, drought, wildfire, heat waves, and

U.S. Global Change Research Program 46 Fourth National Climate Assessment



other weather and climate events (Figures
1.5-1.9) (Ch. 11: Urban, KM 2; Ch. 12: Trans-
portation, KM 1). Many extreme weather and
climate-related events are expected to become
more frequent and more intense in a warmer
world, creating greater risks of infrastructure
disruption and failure that can cascade across
economic sectors (Ch. 3: Water, KM 2; Ch.

4: Energy, KM 1; Ch. 11: Urban, KM 3; Ch. 12:
Transportation, KM 2). For example, more
frequent and severe heat waves and other
extreme events in many parts of the United
States are expected to increase stresses on
the energy system, amplifying the risk of more
frequent and longer-lasting power outages and
fuel shortages that could affect other critical
sectors and systems, such as access to medical
care (Ch. 17: Complex Systems, Box 17.5; Ch.

4: Energy, KM 1; Ch. 8: Coastal, KM 1; Ch. 11
Urban, KM 3; Ch. 12: Transportation, KM 3).
Current infrastructure is typically designed for
historical climate conditions (Ch. 12: Transpor-
tation, KM 1) and development patterns—for
instance, coastal land use—generally do not
account for a changing climate (Ch. 5: Land
Changes, State of the Sector), resulting in
increasing vulnerability to future risks from
weather extremes and climate change (Ch. 11:
Urban, KM 2). Infrastructure age and dete-
rioration make failure or interrupted service
from extreme weather even more likely (Ch. 11:
Urban, KM 2). Climate change is expected to
increase the costs of maintaining, repairing,
and replacing infrastructure, with differences
across regions (Ch. 12: Transportation,
Regional Summary).

Recent extreme events demonstrate the
vulnerabilities of interconnected economic
sectors to increasing risks from climate change
(see Box 1.3). In 2017, Hurricane Harvey dumped
an unprecedented amount of rainfall over the

U.S. Global Change Research Program
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greater Houston area, some of which has been
attributed to human-induced climate change
(Ch. 2: Climate, Box 2.5). Resulting power
outages had cascading effects on critical infra-
structure facilities such as hospitals and water
and wastewater treatment plants. Reduced oil
production and refining capacity in the Gulf
of Mexico caused price spikes regionally and
nationally from actual and anticipated gasoline
shortages (Figure 1.6) (Ch. 17: Complex Systems,
KM 1). In the U.S. Caribbean, Hurricanes Irma
and Maria caused catastrophic damage to
infrastructure, including the complete failure
of Puerto Rico’s power grid and the loss of
power throughout the U.S. Virgin Islands, as
well as extensive damage to the region’s agri-
cultural industry. The death toll in Puerto Rico
grew in the three months following Maria’s
landfall on the island due in part to the lack of
electricity and potable water as well as access
to medical facilities and medical care (Ch. 20:
U.S. Caribbean, Box 20.1, KM 5).

Climate-related risks to infrastructure, prop-
erty, and the economy vary across regions.
Along the U.S. coastline, public infrastructure
and $1 trillion in national wealth held in coastal
real estate are threatened by rising sea levels,
higher storm surges, and the ongoing increase
in high tide flooding (Figures 1.4 and 1.8) (Ch. 8:
Coastal, KM 1). Coastal infrastructure provides
critical lifelines to the rest of the country,
including energy supplies and access to goods
and services from overseas trade; increased
damage to coastal facilities is expected to
result in cascading costs and national impacts
(Ch. 8: Coastal, KM 1; Ch. 4: Energy, State of the
Sector, KM 1). High tide flooding is projected
to become more disruptive and costlier as

its frequency, depth, and inland extent grow

in the coming decades. Without significant
adaptation measures, many coastal cities in the
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Widespread Impacts from Hurricane Harvey
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Figure 1.6: Hurricane Harvey led to widespread flooding and knocked out power to 300,000 customers in Texas in 2017, with
cascading effects on critical infrastructure facilities such as hospitals, water and wastewater treatment plants, and refineries. The
photo shows Port Arthur, Texas, on August 31, 2017—six days after Hurricane Harvey made landfall along the Gulf Coast. From
Figure 17.2, Ch. 17: Complex Systems (Photo credit: Staff Sgt. Daniel J. Martinez, U.S. Air National Guard).

Flooding at Fort Calhoun Nuclear Power Plant

Figure 1.7: Floodwaters from the Missouri River surround the
Omaha Public Power District’s Fort Calhoun Station, a nuclear
power plant just north of Omaha, Nebraska, on June 20, 2011.
The flooding was the result of runoff from near-record snowfall
totals and record-setting rains in late May and early June. A
protective berm holding back the floodwaters from the plant
failed, which prompted plant operators to transfer offsite power
to onsite emergency diesel generators. Cooling for the reactor
temporarily shut down, but spent fuel pools were unaffected.
From Figure 22.5, Ch. 22: N. Great Plains (Photo credit: Harry
Weddington, U.S. Army Corps of Engineers).

U.S. Global Change Research Program

Norfolk Naval Base at Risk from Rising Seas

Figure 1.8: Low-lying Norfolk, Virginia, houses the world’s
largest naval base, which supports multiple aircraft carrier
groups and is the duty station for thousands of employees.
Most of the area around the base lies less than 10 feet above
sea level, and local relative sea level is projected to rise
between about 2.5 and 11.5 feet by the year 2100 under the
Lower and Upper Bound USGCRP sea level rise scenarios,
respectively (see Scenario Products section of Appendix 3 for
more details on these sea level rise scenarios; see also Ch.
8: Coastal, Case Study “Key Messages in Action—Norfolk,
Virginia”). Photo credit: Mass Communication Specialist 1st
Class Christopher B. Stoltz, U.S. Navy.
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Southeast are expected to experience daily high Southeast, KM 2). Oil, natural gas, and electrical

tide flooding by the end of the century (Ch. 8: infrastructure located along the coasts of
Coastal, KM 1; Ch. 19: Southeast, KM 2). Higher the Atlantic Ocean and Gulf of Mexico are at
sea levels will also cause storm surge from increased risk of damage from rising sea levels
tropical storms to travel farther inland than in and stronger hurricanes; regional disruptions
the past, impacting more coastal properties are expected to have national implications

and infrastructure (Ch. 8: Coastal: KM 1, Ch.19:  (Ch. 4: Energy, State of the Sector, KM 1; Ch.

Weather and Climate-Related Impacts on
U.S. Military Assets

Alaska

~A—

Guam

B
8

Defense Assets with Multiple

Climate-Related Vulnerabilities Puerto Rico

and the U.S. Virgin Islands

Figure 1.9: The Department of Defense (DoD) has significant experience in planning for and managing risk and
uncertainty. The effects of climate and extreme weather represent additional risks to incorporate into the Department’s
various planning and risk management processes. To identify DoD installations with vulnerabilities to climate-related
impacts, a preliminary Screening Level Vulnerability Assessment Survey (SLVAS) of DoD sites worldwide was conducted
in 2015. The SLVAS responses (shown for the United States; orange dots) yielded a wide range of qualitative information.
The highest number of reported effects resulted from drought (782), followed closely by wind (763) and non-storm surge
related flooding (706). About 10% of sites indicated being affected by extreme temperatures (351), while flooding
due to storm surge (225) and wildfire (210) affected about 6% of the sites reporting. The survey responses provide a
preliminary qualitative picture of DoD assets currently affected by severe weather events as well as an indication of
assets that may be affected by sea level rise in the future. Source: adapted from Department of Defense 2018 (http.//www.
oea.qgov/resource/2018-climate-related-risk-dod-infrastructure-initial-vulnerability-assessment-survey-sivas).
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18: Northeast, KM 3; Ch. 19: Southeast, KM 2).
Hawai'‘i and the U.S.-Affiliated Pacific Islands
and the U.S. Caribbean also face high risks to
critical infrastructure from coastal flooding,
erosion, and storm surge (Ch. 4: Energy, State
of the Sector; Ch. 20: U.S. Caribbean, KM 3; Ch.
27: Hawai'i & Pacific Islands, KM 3).

In the western United States, increasing wildfire
is damaging ranches and rangelands as well

as property in cities near the wildland-urban
interface. Drier conditions are projected to
increase the risk of wildfires and damage to
property and infrastructure, including energy
production and generation assets and the power
grid (Ch. 4: Energy, KM 1; Ch. 11: Urban, Regional
Summary; Ch. 24: Northwest, KM 3). In Alaska,
thawing of permafrost is responsible for severe
damage to roads, buildings, and pipelines that
will be costly to replace, especially in remote
parts of Alaska. Alaska oil and gas operations are
vulnerable to thawing permafrost, sea level rise,
and increased coastal exposure due to declining
sea ice; however, a longer ice-free season may
enhance offshore energy operations and trans-
port (Ch. 4: Energy, State of the Sector; Ch. 26:
Alaska, KM 2 and 5). These impacts are expected
to grow with continued warming.

U.S. agriculture and the communities it sup-
ports are threatened by increases in tempera-
tures, drought, heavy precipitation events, and
wildfire on rangelands (Figure 1.10) (Ch. 10: Ag
& Rural, KM 1 and 2, Case Study “Groundwater
Depletion in the Ogallala Aquifer Region”;

Ch. 23: S. Great Plains, KM 1, Case Study “The
Edwards Aquifer”). Yields of major U.S. crops
(such as corn, soybeans, wheat, rice, sorghum,
and cotton) are expected to decline over this
century as a consequence of increases in
temperatures and possibly changes in water
availability and disease and pest outbreaks (Ch.

U.S. Global Change Research Program
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Conservation Practices Reduce Impact of
Heavy Rains

Figure 1.10: Increasing heavy rains are leading to more soll
erosion and nutrient loss on midwestern cropland. Integrating
strips of native prairie vegetation into row crops has been
shown to reduce soil and nutrient loss while improving
biodiversity. The inset shows a close-up example of a prairie
vegetation strip. From Figure 21.2, Ch. 21: Midwest (Photo
credits: [main photo] Lynn Betts; [inset] Farnaz Kordbacheh).

10: Ag & Rural, KM 1). Increases in growing sea-
son temperatures in the Midwest are projected
to be the largest contributing factor to declines
in U.S. agricultural productivity (Ch. 21: Mid-
west, KM 1). Climate change is also expected to
lead to large-scale shifts in the availability and
prices of many agricultural products across

the world, with corresponding impacts on U.S.
agricultural producers and the U.S. economy
(Ch. 16: International, KM 1).

Extreme heat poses a significant risk to human
health and labor productivity in the agricul-
tural, construction, and other outdoor sectors
(Ch. 10: Ag & Rural, KM 3). Under a higher
scenario (RCP8.5), almost two billion labor
hours are projected to be lost annually by 2090
from the impacts of temperature extremes,
costing an estimated $160 billion in lost wages
(Ch. 14: Human Health, KM 4). States within the
Southeast (Ch. 19: Southeast, KM 4) and South-
ern Great Plains (Ch. 23: S. Great Plains, KM 4)
regions are projected to experience some of
the greatest impacts (see Figure 1.21).
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Natural Environment and

Ecosystem Services

Climate change threatens many benefits that
the natural environment provides to society:
safe and reliable water supplies, clean air,
protection from flooding and erosion, and

the use of natural resources for economic,
recreational, and subsistence activities. Valued
aspects of regional heritage and quality of

life tied to the natural environment, wildlife,
and outdoor recreation will change with the
climate, and as a result, future generations can
expect to experience and interact with natural
systems in ways that are much different

than today. Without significant reductions in
greenhouse gas emissions, extinctions and
transformative impacts on some ecosystems
cannot be avoided, with varying impacts on
the economic, recreational, and subsistence
activities they support.

Changes affecting the quality, quantity, and
availability of water resources, driven in part by
climate change, impact people and the envi-
ronment (Ch. 3: Water, KM 1). Dependable and
safe water supplies for U.S. Caribbean, Hawai'i,
and U.S.-Affiliated Pacific Island communities
and ecosystems are threatened by rising tem-
peratures, sea level rise, saltwater intrusion,
and increased risks of drought and flooding
(Ch. 3: Water, Regional Summary; Ch. 20: U.S.
Caribbean, KM 1; Ch. 27: Hawai'i & Pacific
Islands, KM 1). In the Midwest, the occurrence
of conditions that contribute to harmful algal
blooms, which can result in restrictions to
water usage for drinking and recreation, is
expected to i