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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). 

http://nca2018.globalchange.gov/
https://science2017.globalchange.gov/chapter/8#section-3
https://science2017.globalchange.gov/chapter/8#section-3
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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.”1 

 
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).2  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. 

 

 
Climate Science Special Report: 
NCA4 Volume I 
The Climate Science Special Report (CSSR), 
published in 2017, serves as the first volume of 
NCA4. 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. 

https://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).3 Additional information on the de- 
velopment of this assessment can be found in 
Appendix 1: Report Development Process. 

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 Assessment4 and the Second 
State of the Carbon Cycle Report.5 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;6 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;7 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). 

https://toolkit.climate.gov/
https://toolkit.climate.gov/
https://climate-explorer.nemac.org/?tp=g_a
http://stateclimatesummaries.globalchange.gov/
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095
https://www.globalchange.gov/explore/indicators
https://scenarios.globalchange.gov/
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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 

 
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 
V 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. 

https://scenarios.globalchange.gov/
https://scenarios.globalchange.gov/
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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? 

 
 
 

• 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,2 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 
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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. 

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 
 

 
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),8 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 

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.9 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 
NCA3.8 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.10 

https://bea.gov/national/index.htm
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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.11 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; 

 
• communicate cascading effects among and 

within complex systems; and 
 

• 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). 

 
 

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),12 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. 

 
• 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. 

https://www.ipcc.ch/pdf/supporting-material/uncertainty-guidance-note.pdf


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

Guide to the Report 
 

 

 

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

accepted methods, etc.), high consensus 

 
Moderate evidence (several sources, some consistency, methods vary and/or documentation 

limited, etc.), medium consensus 

 
Suggestive evidence (a few sources, limited consistency, models incomplete, methods emerging, 

etc.), competing schools of thought 

 
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 

≥ 9 in 10 ≥ 2 in 3 = 1 in 2 ≤ 1 in 3 ≤ 1 in 10 
 

Table 1: This table describes the meaning of the various categories of confidence level and likelihood assessment used in 
NCA4. 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 
Assessment4 and NCA3.8 

 
 
 
 

Glossary of Terms 
NCA4 uses the glossary available on the USGCRP 
website (http://www.globalchange.gov/ 
climate-change/glossary). It was developed for 
NCA3 and largely draws from the IPCC glossary 
of terms. Over time, it has been updated with 
selected new terms from more recent USGCRP 

 
assessments, including The Impacts of Climate 
Change on Human Health in the United States 
(https://health2016.globalchange.gov/ 
glossary-and-acronyms) and the Climate 
Science Special Report (https://science2017. 
globalchange.gov/chapter/appendix-e/). 

Low 

Medium 

High 

Very High 

Confidence Level 

http://www.globalchange.gov/climate-change/glossary
http://www.globalchange.gov/climate-change/glossary
https://health2016.globalchange.gov/glossary-and-acronyms
https://health2016.globalchange.gov/glossary-and-acronyms
https://science2017.globalchange.gov/chapter/appendix-e/
https://science2017.globalchange.gov/chapter/appendix-e/
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Introduction 
 

arth’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 

 
 
 

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 
 

 
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 

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). 

https://science2017.globalchange.gov/chapter/1#section-9
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Our Changing Climate: 
Observations, Causes, and 
Future Change 
Observed Change 
Observations from around the world show the 
widespread effects of increasing greenhouse 
gas concentrations on Earth’s climate. High 
temperature extremes and heavy precipitation 
events are increasing. Glaciers and snow  
cover are shrinking, and sea ice is retreating. 

Seas are warming, rising, and becoming more 
acidic, and marine species are moving to new 
locations toward cooler waters. Flooding is 
becoming more frequent along the U.S. coast- 
line. Growing seasons are lengthening, and 
wildfires are increasing. These and many other 
changes are clear signs of a warming world 
(Figure 1.2) (Ch. 2: Climate, Box 2.2; App. 3: Data 
& Scenarios, see also the USGCRP Indicators 
and EPA Indicators websites). 

 
 
 
 
 
 
 
 

 
 

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. 

https://www.globalchange.gov/browse/indicators
https://www.epa.gov/climate-indicators
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Climate Change Indicators 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 

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 
(CSSR, Ch. 8.3). (l) 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–l) 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 

 
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 

https://science2017.globalchange.gov/chapter/8/#section-3
https://science2017.globalchange.gov/chapter/6/
https://www.epa.gov/sites/production/files/2016-08/documents/climate_indicators_2016.pdf
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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 

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/m2). Each RCP leads to a different 

https://science2017.globalchange.gov/chapter/4#section-3
https://www.globalchange.gov/climate-change/glossary#letter_r
https://www.globalchange.gov/climate-change/glossary#letter_r
https://www.globalchange.gov/climate-change/glossary#letter_r
https://www.globalchange.gov/climate-change/glossary#letter_r
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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 

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 

https://science2017.globalchange.gov/chapter/4#section-2
https://science2017.globalchange.gov/chapter/10#section-2
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Projected Changes in U.S. Annual Average Temperatures 
 

 
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 

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 

https://science2017.globalchange.gov/chapter/6/
https://science2017.globalchange.gov/chapter/4#section-2
https://science2017.globalchange.gov/chapter/4#section-2
https://science2017.globalchange.gov/chapter/12#section-5
https://science2017.globalchange.gov/chapter/12#section-5
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Projected Relative Sea Level Change in the United States by 2100 
 

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 

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). 

https://science2017.globalchange.gov/chapter/12/#section-5
https://science2017.globalchange.gov/chapter/12/#section-5
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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 

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 
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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). 

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). 
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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). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wildfire at the Wildland–Urban Interface 
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 
our borders are expected to increasingly affect 
our trade and economy, including import and 
export prices and U.S. businesses with overseas 
operation and supply chains (Box 1.4) (Ch. 16: 
International, KM 1; Ch. 17: Complex Systems, 
KM 1). Some aspects of our economy may see 
slight improvements in a modestly warmer 
world. However, the continued warming 
that is projected to occur without significant 
reductions in global greenhouse gas emissions 

is expected to cause substantial net damage to 
the U.S. economy, especially in the absence of 
increased adaptation efforts. The potential for 
losses in some sectors could reach hundreds 
of billions of dollars per year by the end of this 
century (Ch. 29: Mitigation, KM 2). 

 
Existing water, transportation, and energy 
infrastructure already face challenges from 
heavy rainfall, inland and coastal flooding, 
landslides, drought, wildfire, heat waves, and 
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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 

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 
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). 

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 
tide flooding by the end of the century (Ch. 8: 
Coastal, KM 1; Ch. 19: Southeast, KM 2). Higher 
sea levels will also cause storm surge from 
tropical storms to travel farther inland than in 
the past, impacting more coastal properties 
and infrastructure (Ch. 8: Coastal: KM 1; Ch. 19: 

Southeast, KM 2). Oil, natural gas, and electrical 
infrastructure located along the coasts of 
the Atlantic Ocean and Gulf of Mexico are at 
increased risk of damage from rising sea levels 
and stronger hurricanes; regional disruptions 
are expected to have national implications 
(Ch. 4: Energy, State of the Sector, KM 1; Ch. 

 

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

 

 
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.gov/resource/2018-climate-related-risk-dod-infrastructure-initial-vulnerability-assessment-survey-slvas). 

http://www.oea.gov/resource/2018-climate-related-risk-dod-infrastructure-initial-vulnerability-assessment-survey-slvas
http://www.oea.gov/resource/2018-climate-related-risk-dod-infrastructure-initial-vulnerability-assessment-survey-slvas
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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. 

 

 
Conservation Practices Reduce Impact of 
Heavy Rains 
Figure 1.10: Increasing heavy rains are leading to more soil 
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 increase (Ch. 3: Water, Regional 
Summary; Ch. 21: Midwest, KM 3). In the 
Southwest, water supplies for people and 
nature are decreasing during droughts due in 
part to climate change. Intensifying droughts, 
heavier downpours, and reduced snowpack 

are combining with other stressors such as 
groundwater depletion to reduce the future 
reliability of water supplies in the region, with 
cascading impacts on energy production and 
other water-dependent sectors (Ch. 3: Water, 
Regional Summary; Ch. 4: Energy, State of the 
Sector; Ch. 25: Southwest, KM 5). In the South- 
ern Great Plains, current  drought  and  project- 
ed increases in drought length and severity 
threaten the availability of water for agriculture 
(Figures 1.11 and 1.12) (Ch. 23: S. Great Plains, KM 
1). Reductions in mountain snowpack and shifts 
in snowmelt timing are expected to reduce 
hydropower production in the Southwest  and 
the Northwest (Ch. 24: Northwest, KM 3; Ch. 
25: Southwest, KM 5). Drought is expected to 
threaten oil and gas drilling and refining as 
well as thermoelectric power plants that rely 
on a steady supply of water for cooling (Ch. 
4: Energy, State of the Sector, KM 1; Ch. 22: N. 
Great Plains, KM 4; Ch. 23: S. Great Plains, KM 
2; Ch. 25: Southwest, KM 5). 

 
Tourism, outdoor recreation, and subsis- 
tence activities are threatened by reduced 
snowpack, increases in wildfire activity, and 

 

Impacts of Drought on Texas Agriculture 
Figure 1.11: Soybeans in Texas experience the effects of 
drought in August 2013. During 2010–2015, a multiyear 
regional drought severely affected agriculture in the Southern 
Great Plains. One prominent impact was the reduction of 
irrigation water released for farmers on the Texas coastal 
plains. Photo credit: Bob Nichols, USDA. 
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Desalination Plants Can Reduce Impacts from Drought in Texas 
 

Figure 1.12: Desalination activities in Texas are an important contributor to the state’s efforts to meet current and projected water 
needs for communities, industry, and agriculture. The state’s 2017 Water Plan recommended an expansion of desalination to 
help reduce longer-term risks to water supplies from drought, higher temperatures, and other stressors. There are currently 44 
public water supply desalination plants in Texas. From Figure 23.8, Ch. 23: S. Great Plains (Source: adapted from Texas Water 
Development Board 2017). 

 

other stressors affecting ecosystems and 
natural resources (Figures 1.2d, 1.2k, and 1.13) 
(Ch. 7: Ecosystems, KM 3). Increasing wildfire 
frequency (Ch. 19: Southeast, Case Study 
“Prescribed Fire”), pest and disease outbreaks 
(Ch. 21: Midwest, Case Study “Adaptation in 
Forestry”), and other stressors are projected 
to reduce the ability of U.S. forests to support 
recreation as well as economic and subsistence 
activities (Ch. 6: Forests, KM 1 and 2; Ch. 19: 
Southeast, KM 3; Ch. 21: Midwest, KM 2). 
Increases in wildfire smoke events driven by 
climate change are expected to reduce the 
amount and quality of time spent in outdoor 

activities (Ch. 13: Air Quality, KM 2; Ch. 24: 
Northwest, KM 4). Projected declines in snow- 
pack in the western United States and shifts  
to more precipitation falling as rain than snow 
in the cold season in many parts of the central 
and eastern United States are expected to 
adversely impact the winter recreation indus- 
try (Ch. 18: Northeast, KM 1; Ch. 22: N. Great 
Plains, KM 3; Ch. 24: Northwest, KM 1, Box 24.7). 
In the Northeast, activities that rely on natural 
snow and ice cover may not be economically 
viable by the end of the century without 
significant reductions in global greenhouse gas 
emissions (Ch. 18: Northeast, KM 1). Diminished 
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Razor Clamming on the Washington Coast 
Figure 1.13: Razor clamming draws crowds on the coast of 
Washington State. This popular recreation activity is expected 
to decline due to ocean acidification, harmful algal blooms, 
warmer temperatures, and habitat degradation. From Figure 
24.7, Ch. 24: Northwest (Photo courtesy of Vera Trainer, 
NOAA). 

snowpack, increased wildfire, pervasive 
drought, flooding, ocean acidification, and 
sea level rise directly threaten the viability of 
agriculture, fisheries, and forestry enterprises 
on tribal lands across the United States and 
impact tribal tourism and recreation sectors 
(Ch. 15: Tribes, KM 1). 

 
Climate change has already had observable 
impacts on biodiversity and ecosystems 
throughout the United States that are expected 
to continue. Many species are shifting their 
ranges (Figure 1.2h), and changes in the 
timing of important biological events (such as 
migration and reproduction) are occurring in 
response to climate change (Ch. 7: Ecosystems, 
KM 1). Climate change is also aiding the spread 
of invasive species (Ch. 21: Midwest, Case 
Study “Adaptation in Forestry”; Ch. 22: N. 
Great Plains, Case Study “Crow Nation and the 
Spread of Invasive Species”), recognized as a 
major driver of biodiversity loss and substantial 
ecological and economic costs globally (Ch. 
7: Ecosystems, Invasive Species). As environ- 
mental conditions change further, mismatches 
between species and the availability of the 

resources they need to survive are expected 
to occur (Ch. 7: Ecosystems, KM 2). Without 
significant reductions in global greenhouse 
gas emissions, extinctions and transforma- 
tive impacts on some ecosystems cannot 
be avoided in the long term (Ch. 9: Oceans, 
KM 1). While some new opportunities may 
emerge from ecosystem changes, economic 
and recreational opportunities and cultural 
heritage based around historical use of species 
or natural resources in many areas are at risk 
(Ch. 7: Ecosystems, KM 3; Ch. 18: Northeast, KM 
1 and 2, Box 18.6). 

 
Ocean warming and acidification pose high 
and growing risks for many marine organ- 
isms, and the impacts of climate change on 
ocean ecosystems are expected to lead to 
reductions in important ecosystem services 
such as aquaculture, fishery productivity, and 
recreational opportunities (Ch 9: Oceans, KM 
2). While climate change impacts on ocean 
ecosystems are widespread, the scope of 
ecosystem impacts occurring in tropical and 
polar areas is greater than anywhere else in 
the world. Ocean warming is already leading to 
reductions in vulnerable coral reef and sea ice 
habitats that support the livelihoods of many 
communities (Ch. 9: Oceans, KM 1). Decreasing 
sea ice extent in the Arctic represents a direct 
loss of important habitat for marine mammals, 
causing declines in their populations (Figure 
1.2f) (Ch. 26: Alaska, Box 26.1). Changes in spring 
ice melt have affected the ability of coastal 
communities in Alaska to meet their walrus 
harvest needs in recent years (Ch. 26: Alaska, 
KM 1). These changes are expected to continue 
as sea ice declines further (Ch. 2: Climate, KM 
7). In the tropics, ocean warming has already 
led to widespread coral reef bleaching and/or 
outbreaks of coral diseases off the coastlines of 
Puerto Rico, the U.S. Virgin Islands, Florida, and 
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Severe Coral Bleaching Projected for Hawai‘i and 
the U.S.-Affiliated Pacific Islands 

 

Figure 1.14: The figure shows the years when severe coral bleaching is projected to occur annually in the Hawaiʻi and U.S.- 
Affiliated Pacific Islands region under a higher scenario (RCP8.5). Darker colors indicate earlier projected onset of coral 
bleaching. Under projected warming of approximately 0.5°F per decade, all nearshore coral reefs in the region will experience 
annual bleaching before 2050. From Figure 27.10, Ch. 27: Hawai‘i & Pacific Islands (Source: NOAA). 

 

Hawai‘i and the U.S.-Affiliated Pacific Islands 
(Ch. 20: U.S. Caribbean, KM 2; Ch. 27: Hawai‘i & 
Pacific Islands, KM 4). By mid-century, wide- 
spread coral bleaching is projected to occur 
annually in Hawai‘i and the U.S.-Affiliated 

Pacific Islands (Figure 1.14). Bleaching and 
ocean acidification are expected to result in 
loss of reef structure, leading to lower fisheries 
yields and loss of coastal protection and hab- 
itat, with impacts on tourism and livelihoods 
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in both regions (Ch. 20: U.S. Caribbean, KM 2; 
Ch. 27: Hawai‘i & Pacific Islands, KM 4). While 
some targeted response actions are underway 
(Figure 1.15), many impacts, including losses of 
unique coral reef and sea ice ecosystems, can 
only be avoided by significantly reducing global 
greenhouse gas emissions, particularly carbon 
dioxide (Ch. 9: Oceans, KM 1). 

 
Human Health and Well-Being 
Higher temperatures, increasing air quality 
risks, more frequent and intense extreme 
weather and climate-related events, increases 
in coastal flooding, disruption of ecosystem 
services, and other changes increasingly 

threaten the health and well-being of the 
American people, particularly populations that 
are already vulnerable. Future climate change 
is expected to further disrupt many areas 
of life, exacerbating existing challenges and 
revealing new risks to health and prosperity. 

 
Rising temperatures pose a number of threats 
to human health and quality of life (Figure 1.16). 
High temperatures in the summer are linked 
directly to an increased risk of illness and 
death, particularly among older adults, preg- 
nant women, and children (Ch. 18: Northeast, 
Box 18.3). With continued warming, cold-re- 
lated deaths are projected to decrease and 

 

 
 

Promoting Coral Reef Recovery 
Figure 1.15: Examples of coral farming in the U.S. Caribbean and Florida demonstrate different types of structures used for 
growing fragments from branching corals. Coral farming is a strategy meant to improve the reef community and ecosystem 
function, including for fish species. The U.S. Caribbean Islands, Florida, Hawai‘i, and the U.S.-Affiliated Pacific Islands face 
similar threats from coral bleaching and mortality due to warming ocean surface waters and ocean acidification. Degradation of 
coral reefs is expected to negatively affect fisheries and the economies that depend on them as habitat is lost in both regions. 
While coral farming may provide some targeted recovery, current knowledge and efforts are not nearly advanced enough to 
compensate for projected losses from bleaching and acidification. From Figure 20.11, Ch. 20: U.S. Caribbean (Photo credits: 
[top left] Carlos Pacheco, U.S. Fish and Wildlife Service; [bottom left] NOAA; [right] Florida Fish and Wildlife). 
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Projected Change in Very Hot Days by 2100 in Phoenix, Arizona 
 

Figure 1.16: (left) The chart shows the average annual number of days above 100°F in Phoenix, Arizona, for 1976–2005, and 
projections of the average number of days per year above 100°F through the end of the 21st century (2070–2099) under the 
lower (RCP4.5) and higher (RCP8.5) scenarios. Dashed lines represent the 5th–95th percentile range of annual observed 
values. Solid lines represent the 5th–95th percentile range of projected model values. (right) The map shows hydration stations 
and cooling refuges (cooled indoor locations that provide water and refuge from the heat during the day) in Phoenix in August 
2017. Such response measures for high heat events are expected to be needed at greater scales in the coming years if the 
adverse health effects of more frequent and severe heat waves are to be minimized. Sources: (left) NOAA NCEI, CICS-NC, and 
LMI; (right) adapted from Southwest Cities Heat Refuges (a project by Arizona State University’s Resilient Infrastructure Lab), 
available at http://www.coolme.today/#phoenix. Data provided by Andrew Fraser and Mikhail Chester, Arizona State University. 

 

heat-related deaths are projected to increase. 
In most regions, the increases in heat-related 
deaths are expected to outpace the reductions 
in cold-related deaths (Ch. 14: Human Health, 
KM 1). Rising temperatures are expected 
to reduce electricity generation capacity 
while increasing energy demands and costs, 
which can in turn lead to power outages and 
blackouts (Ch. 4: Energy, KM 1; Ch. 11: Urban, 
Regional Summary, Figure 11.2). These changes 
strain household budgets, increase people’s 
exposure to heat, and limit delivery of medical 
and social services. Risks from heat stress are 
higher for people without access to housing 
with sufficient insulation or air conditioning 
(Ch. 11: Urban, KM 1). 

 
Changes in temperature and precipitation can 
increase air quality risks from wildfire and 
ground-level ozone (smog). Projected increases 
in wildfire activity due to climate change 

would further degrade air quality, resulting in 
increased health risks and impacts on quality 
of life (Ch. 13: Air Quality, KM 2; Ch. 14: Human 
Health, KM 1). Unless counteracting efforts to 
improve air quality are implemented, climate 
change is expected to worsen ozone pollution 
across much of the country, with adverse 
impacts on human health (Figure 1.21) (Ch. 13: 
Air Quality, KM 1). Earlier spring arrival, warm- 
er temperatures, changes in precipitation, and 
higher carbon dioxide concentrations can also 
increase exposure to airborne pollen allergens. 
The frequency and severity of allergic illnesses, 
including asthma and hay fever, are expected 
to increase as a result of a changing climate 
(Ch. 13: Air Quality, KM 3). 

 
Rising air and water temperatures and changes 
in extreme weather and climate-related 
events are expected to increase exposure to 
waterborne and foodborne diseases, affecting 

http://www.coolme.today/#phoenix
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food and water safety. The geographic range 
and distribution of disease-carrying insects 
and pests are projected to shift as climate 
changes, which could expose more people in 
North America to ticks that carry Lyme disease 
and mosquitoes that transmit viruses such 
as West Nile, chikungunya, dengue, and Zika 
(Ch. 14: Human Health, KM 1; Ch. 16: Inter- 
national, KM 4). 

 
Mental health consequences can result from 
exposure to climate- or extreme weather- 
related events, some of which are projected 
to intensify as warming continues (Ch. 14: 
Human Health, KM 1). Coastal city flooding 
as a result of sea level rise and hurricanes, 
for example, can result in forced evacuation, 
with adverse effects on family and commu- 
nity stability as well as mental and physical 
health (Ch. 11: Urban, KM 1). In urban areas, 
disruptions in food supply or safety related to 
extreme weather or climate-related events are 
expected to disproportionately impact those 
who already experience food insecurity (Ch. 
11: Urban, KM 3). 

Indigenous peoples have historical and cultural 
relationships with ancestral lands, ecosystems, 
and culturally important species that are 
threatened by climate change (Ch. 15: Tribes, 
KM 1; Ch. 19: Southeast, KM 4, Case Study 
“Mountain Ramps”; Ch. 24: Northwest, KM 
5). Climate change is expected to compound 
existing physical health issues in Indigenous 
communities, in part due to the loss of tradi- 
tional foods and practices, and in some cases, 
the mental stress from permanent community 
displacement (Ch. 14: Human Health, KM 2; 
Ch. 15: Tribes, KM 2). Throughout the United 
States, Indigenous peoples are considering or 
actively pursuing relocation as an adaptation 
strategy in response to climate-related 
disasters, more frequent flooding, loss of land 
due to erosion, or as livelihoods are compro- 
mised by ecosystem shifts linked to climate 
change (Ch. 15: Tribes, KM 3). In Louisiana, 
a federal grant is being used to relocate the 
tribal community of Isle de Jean Charles in 
response to severe land loss, sea level rise, and 
coastal flooding (Figure 1.17) (Ch. 19: Southeast, 
KM 2, Case Study “A Lesson Learned for 
Community Resettlement”). In Alaska, coastal 

 

 
 

Community Relocation—Isle de Jean Charles, Louisiana 
Figure 1.17: (left) A federal grant is being used to relocate the tribal community of Isle de Jean Charles, Louisiana, in response 
to severe land loss, sea level rise, and coastal flooding. From Figure 15.3, Ch. 15: Tribes (Photo credit: Ronald Stine). (right) As 
part of the resettlement of the tribal community of Isle de Jean Charles, residents are working with the Lowlander Center and the 
State of Louisiana to finalize a plan that reflects the desires of the community. From Figure 15.4, Ch. 15: Tribes (Photo provided 
by Louisiana Office of Community Development). 
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Adaptation Measures in Kivalina, Alaska 
Figure 1.18: A rock revetment was installed in the Alaska Native Village of Kivalina in 2010 to reduce increasing risks from 
erosion. A new rock revetment wall has a projected lifespan of 15 to 20 years. From Figure 15.3, Ch. 15: Tribes (Photo credit: 
ShoreZone. Creative Commons License CC BY 3.0: https://creativecommons.org/licenses/by/3.0/legalcode). The inset shows a 
close-up of the rock wall in 2011. Photo credit: U.S. Army Corps of Engineers–Alaska District. 

 

Native communities are already experiencing 
heightened erosion driven by declining sea ice, 
rising sea levels, and warmer waters (Figure 
1.18). Coastal and river erosion and flooding in 
some cases will require parts of communities, 
or even entire communities, to relocate to  
safer terrain (Ch. 26: Alaska, KM 2). Combined 
with other stressors, sea level rise, coastal 
storms, and the deterioration of coral reef 
and mangrove ecosystems put the long-term 
habitability of coral atolls in the Hawai‘i and 
U.S.-Affiliated Pacific Islands region at risk, 
introducing issues of sovereignty, human and 
national security, and equity (Ch. 27: Hawai‘i & 
Pacific Islands, KM 6). 

Reducing the Risks of 
Climate Change 
Climate change is projected to significantly 
affect human health, the economy, and the 
environment in the United States, particularly 
in futures with high greenhouse gas emissions 
and limited or no adaptation. Recent findings 
reinforce the fact that without substantial and 
sustained reductions in greenhouse gas emis- 
sions and regional adaptation efforts, there will 
be substantial and far-reaching changes over 
the course of the 21st century with negative 
consequences for a large majority of sectors, 
particularly towards the end of the century. 

 
The impacts and costs of climate change are 
already being felt in the United States, and 
changes in the likelihood or severity of some 
recent extreme weather events can now be 

https://creativecommons.org/licenses/by/3.0/legalcode
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Box 1.4: How Climate Change Around the World Affects the United States 
 

The impacts of changing weather and climate patterns beyond U.S. international borders affect those living 
in the United States, often in complex ways that can generate both challenges and opportunities. The Inter- 
national chapter (Ch. 16), new to this edition of the NCA, assesses our current understanding of how global 
climate change, natural variability, and associated extremes are expected to impact—and in some cases are 
already impacting—U.S. interests both within and outside of our borders. 

Current and projected climate-related impacts on our economy include increased risks to overseas operations 
of U.S. businesses, disruption of international supply chains, and shifts in the availability and prices of com- 
modities. For example, severe flooding in Thailand in 2011 disrupted the supply chains for U.S. electronics 
manufacturers (Ch. 16: International, Figure 16.1). U.S. firms are increasingly responding to climate-related 
risks, including through their financial disclosures and partnerships with environmental groups (Ch. 16: Inter- 
national, KM 1). 

Impacts from climate-related events can also undermine U.S. investments in international development by 
slowing or reversing social and economic progress in developing countries, weakening foreign markets for 
U.S. exports, and increasing the need for humanitarian assistance and disaster relief efforts. Predictive tools 
can help vulnerable countries anticipate natural disasters, such as drought, and manage their impacts. For 
example, the United States and international partners created the Famine Early Warning Systems Network 
(FEWS NET), which helped avoid severe food shortages in Ethiopia during a historic drought in 2015 (Ch. 16: 
International, KM 2). 

Natural variability and changes in climate increase risks to our national security by affecting factors that can 
exacerbate conflict and displacement outside of U.S. borders, such as food and water insecurity and com- 
modity price shocks. More directly, our national security is impacted by damage to U.S. military assets such 
as roads, runways, and waterfront infrastructure from extreme weather and climate-related events (Figures 
1.8 and 1.9). The U.S. military is working to both fully understand these threats and incorporate projected 
climate changes into long-term planning. For example, the Department of Defense has performed a com- 
prehensive scenario-driven examination of climate risks from sea level rise to all of its coastal military sites, 
including atolls in the Pacific Ocean (Ch. 16: International, KM 3). 

Finally, the impacts of climate change are already affecting the ecosystems that span our Nation’s borders 
and the communities that rely on them. International frameworks for the management of our shared resourc- 
es continue to be restructured to incorporate risks from these impacts. For example, a joint commission that 
implements water treaties between the United States and Mexico is exploring adaptive water management 
strategies that account for the effects of climate change and natural variability on Colorado River water (Ch. 
16: International, KM 4). 

 
 

attributed with increasingly higher confidence 
to human-caused warming (see CSSR, Ch. 3). 
Impacts associated with human health, such 
as premature deaths due to extreme tempera- 
tures and poor air quality, are some of the most 
substantial (Ch. 13: Air Quality, KM 1; Ch. 14: 

 
Human Health, KM 1 and 4; Ch 29: Mitigation, 
KM 2). While many sectors face large economic 
risks from climate change, other impacts can 
have significant implications for societal or 
cultural resources. Further, some impacts will 
very likely be irreversible for thousands of 

http://fews.net/
https://science2017.globalchange.gov/chapter/3/
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years, including those to species, such as corals 
(Ch. 9: Oceans, KM 1; Ch. 27: Hawai‘i & Pacific 
Islands, KM 4), or that involve the crossing of 
thresholds, such as the effects of ice sheet 
disintegration on accelerated sea level rise, 
leading to widespread effects on coastal 
development lasting thousands of years (Ch. 29: 
Mitigation, KM 2). 

 
Future impacts and risks from climate 
change are directly tied to decisions made 
in the present, both in terms of mitigation  
to reduce emissions of greenhouse gases (or 
remove carbon dioxide from the atmosphere) 
and adaptation to reduce risks from today’s 
changed climate conditions and prepare for 
future impacts. Mitigation and adaptation 
activities can be considered complementary 
strategies—mitigation efforts can reduce future 
risks, while adaptation actions can minimize 
the consequences of changes that are already 
happening as a result of past and present 
greenhouse gas emissions. 

 
Many climate change impacts and economic 
damages in the United States can be substan- 
tially reduced through global-scale reductions 
in greenhouse gas emissions complemented 
by regional and local adaptation efforts (Ch 
29: Mitigation, KM 4). Our understanding of 
the magnitude and timing of risks that can be 
avoided varies by sector, region, and assump- 
tions about how adaptation measures change 
the exposure and vulnerability of people, live- 
lihoods, ecosystems, and infrastructure. Acting 
sooner rather than later generally results in 
lower costs overall for both adaptation and 
mitigation efforts and can offer other benefits 
in the near term (Ch. 29: Mitigation, KM 3). 

 
Since the Third National Climate Assessment 
(NCA3) in 2014, a growing number of states, 

cities, and businesses have pursued or 
expanded upon initiatives aimed at reducing 
greenhouse gas emissions, and the scale of 
adaptation implementation across the country 
has increased. However, these efforts do not 
yet approach the scale needed to avoid sub- 
stantial damages to the economy, environment, 
and human health expected over the coming 
decades (Ch. 28: Adaptation, KM 1; Ch. 29: 
Mitigation, KM 1 and 2). 

 
Mitigation 
Many activities within the public and private 
sectors aim for or have the effect of reducing 
greenhouse gas emissions, such as the increas- 
ing use of natural gas in place of coal or the 
expansion of wind and solar energy to generate 
electricity. Fossil fuel combustion accounts for 
approximately 85% of total U.S. greenhouse gas 
emissions, with agriculture, land-cover change, 
industrial processes, and methane from fossil 
fuel extraction and processing as well as from 
waste (including landfills, wastewater treat- 
ment, and composting) accounting for most of 
the remainder. A number of efforts exist at the 
federal level to promote low-carbon energy 
technologies and to increase soil and forest 
carbon storage. 

 
State, local, and tribal government approaches 
to mitigating greenhouse gas emissions include 
comprehensive emissions reduction strategies 
as well as sector- and technology-specific 
policies (see Figure 1.19). Since NCA3, private 
companies have increasingly reported their 
greenhouse gas emissions, announced 
emissions reductions targets, implemented 
actions to achieve those targets, and, in some 
cases, even put an internal price on carbon. 
Individuals and other organizations are also 
making choices every day to reduce their 
carbon footprints. 
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Mitigation-Related Activities at State and Local Levels 
 

 
Figure 1.19: (a) The map shows the number of mitigation-related activities at the state level (out of 30 illustrative activities) as 
well as cities supporting emissions reductions; (b) the chart depicts the type and number of activities by state. Several territories 
also have a variety of mitigation-related activities, including American Sāmoa, the Federated States of Micronesia, Guam, 
Northern Mariana Islands, Puerto Rico, and the U.S. Virgin Islands. From Figure 29.1, Ch. 29: Mitigation (Sources: [a] EPA and 
ERT, Inc. [b] adapted from America’s Pledge 2017). 
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Market forces and technological change, 
particularly within the electric power sector, 
have contributed to a decline in U.S. green- 
house gas emissions over the past decade. 
In 2016, U.S. emissions were at their lowest 
levels since 1994. Power sector emissions 
were 25% below 2005 levels in 2016, the 
largest emissions reduction for a sector of the 
American economy over this time. This decline 
was in large part due to increases in natural 
gas and renewable energy generation, as well 
as enhanced energy efficiency standards and 
programs (Ch. 4: Energy, KM 2). Given these 
advances in electricity generation, trans- 
mission, and distribution, the largest annual 
sectoral emissions in the United States now 
come from transportation. As of the writing of 
this report, business-as-usual (as in, no new 
policies) projections of U.S. carbon dioxide 
and other greenhouse gas emissions show flat 
or declining trajectories over the next decade 
with a central estimate of about 15% to 20% 
reduction below 2005 levels by 2025 (Ch. 29: 
Mitigation, KM 1). 

 
Recent studies suggest that some of the indi- 
rect effects of mitigation actions could signifi- 
cantly reduce—or possibly even completely off- 
set—the potential costs associated with cutting 
greenhouse gas emissions. Beyond reduction 
of climate pollutants, there are many benefits, 
often immediate, associated with greenhouse 
gas emissions reductions, such as improving 
air quality and public health, reducing crop 
damages from ozone, and increasing energy 
independence and security through increased 
reliance on domestic sources of energy (Ch. 13: 
Air Quality, KM 4; Ch. 29: Mitigation, KM 4). 

 
Adaptation 
Many types of adaptation actions exist, includ- 
ing changes to business operations, hardening 

infrastructure against extreme weather, and 
adjustments to natural resource management 
strategies. Achieving the benefits of adaptation 
can require upfront investments to achieve 
longer-term savings, engaging with different 
stakeholder interests and values, and planning 
under uncertainty. In many sectors, adaptation 
can reduce the cost of climate impacts by more 
than half (Ch. 28: Adaptation, KM 4; Ch. 29: 
Mitigation, KM 4). 

 
At the time of NCA3’s release in 2014, its 
authors found that risk assessment and plan- 
ning were underway throughout the United 
States but that on-the-ground implementation 
was limited. Since then, the scale and scope 
of adaptation implementation has increased, 
including by federal, state, tribal, and local 
agencies as well as business, academic, and 
nonprofit organizations (Figure 1.20). While the 
level of implementation is now higher, it is not 
yet common nor uniform across the United 
States, and the scale of implementation for 
some effects and locations is often considered 
inadequate to deal with the projected scale of 
climate change risks. Communities have gener- 
ally focused on actions that address risks from 
current climate variability and recent extreme 
events, such as making buildings and other 
assets incrementally less sensitive to climate 
impacts. Fewer communities have focused 
on actions to address the anticipated scale of 
future change and emergent threats, such as 
reducing exposure by preventing building in 
high-risk locations or retreating from at-risk 
coastal areas (Ch. 28: Adaptation, KM 1). 

 
Many adaptation initiatives can generate 
economic and social benefits in excess of their 
costs in both the near and long term (Ch. 28: 
Adaptation, KM 4). Damages to infrastructure, 
such as road and rail networks, are particularly 
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Five Adaptation Stages and Progress 
 

Figure 1.20: Adaptation entails a continuing risk management process. With this approach, individuals and organizations 
become aware of and assess risks and vulnerabilities from climate and other drivers of change, take actions to reduce those 
risks, and learn over time. The gray arced lines compare the current status of implementing this process with the status reported 
by the Third National Climate Assessment in 2014; darker color indicates more activity. From Figure 28.1, Ch. 28: Adaptation 
(Source: adapted from National Research Council, 2010. Used with permission from the National Academies Press, © 2010, 
National Academy of Sciences. Image credits, clockwise from top: National Weather Service; USGS; Armando Rodriguez, 
Miami-Dade County; Dr. Neil Berg, MARISA; Bill Ingalls, NASA). 

 
sensitive to adaptation assumptions, with 
proactive measures that account for future 
climate risks estimated to be capable of 
reducing damages by large fractions. More 
than half of damages to coastal property are 
estimated to be avoidable through adaptation 
measures such as shoreline protection and 
beach replenishment (Ch. 29: Mitigation, 
KM 4). Considerable guidance is available on 
actions whose benefits exceed their costs in 
some sectors (such as adaptation responses 
to storms and rising seas in coastal zones, to 

riverine and extreme precipitation flooding, 
and for agriculture at the farm level), but less 
so on other actions (such as those aimed at 
addressing risks to health, biodiversity, and 
ecosystems services) that may provide signif- 
icant benefits but are not as well understood 
(Ch. 28: Adaptation, KM 4). 

 
Effective adaptation can also enhance social 
welfare in many ways that can be difficult 
to quantify, including improving economic 
opportunity, health, equity, national security, 
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education, social connectivity, and sense of 
place, while safeguarding cultural resources 
and enhancing environmental quality. Aggre- 
gating these benefits into a single monetary 
value is not always the best approach, and 
more fundamentally, communities may value 
benefits differently. Considering various 
outcomes separately in risk management 
processes can facilitate participatory planning 
processes and allow for a specific focus on 
equity. Prioritizing adaptation actions for 
populations that face higher risks from climate 
change, including low-income and marginal- 
ized communities, may prove more equitable 
and lead, for instance, to improved infrastruc- 
ture in their communities and increased focus 
on efforts to promote community resilience 
that can improve their capacity to prepare for, 
respond to, and recover from disasters (Ch. 28: 
Adaptation, KM 4). 

 
A significant portion of climate risk can be 
addressed by integrating climate adaptation 
into existing investments, policies, and practic- 
es. Integration of climate adaptation into deci- 
sion processes has begun in many areas includ- 
ing financial risk reporting, capital investment 
planning, engineering standards, military 
planning, and disaster risk management. A 
growing number of jurisdictions address cli- 
mate risk in their land-use, hazard mitigation, 
capital improvement, and transportation plans, 
and a small number of cities explicitly link 
their coastal and hazard mitigation plans using 
analysis of future climate risks. However, over 
the course of this century and especially under 
a higher scenario (RCP8.5), reducing the risks 
of climate change may require more significant 
changes to policy and regulations at all scales, 
community planning, economic and financial 
systems, technology applications, and ecosys- 
tems (Ch. 28: Adaptation, KM 5). 

Some sectors are already taking actions that  
go beyond integrating climate risk into current 
practices. Faced with substantial climate- 
induced changes in the future, including new 
invasive species and shifting ranges for native 
species, ecosystem managers have already 
begun to adopt new approaches such as 
assisted migration and development of wildlife 
corridors (Ch. 7: Ecosystems, KM 2). Many mil- 
lions of Americans live in coastal areas threat- 
ened by sea level rise; in all but the very lowest 
sea level rise projections, retreat will become 
an unavoidable option in some areas along 
the U.S. coastline (Ch. 8: Coastal, KM 1). The 
Federal Government has granted funds for the 
relocation of some communities, including the 
Biloxi-Chitimacha-Choctaw Tribe from Isle de 
Jean Charles in Louisiana (Figure 1.17). However, 
the potential need for millions of people and 
billions of dollars of coastal infrastructure to  
be relocated in the future creates challenging 
legal, financial, and equity issues that have not 
yet been addressed (Ch. 28: Adaptation, KM 5). 

 
In some areas, lack of historical or current data 
to inform policy decisions can be a limitation to 
assessments of vulnerabilities and/or effective 
adaptation planning. For this National Climate 
Assessment, this was particularly the case for 
some aspects of the Alaska, U.S. Caribbean, 
and Hawai‘i and U.S.-Affiliated Pacific Islands 
regions. In many instances, relying on Indig- 
enous knowledges is among the only current 
means of reconstructing what has happened 
in the past. To help communities across the 
United States learn from one another in  
their efforts to build resilience to a changing 
climate, this report highlights common 
climate-related risks and possible response 
actions across all regions and sectors. 
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Our understanding of and experience with climate 
science, impacts, risks, and adaptation in the United 
States have grown significantly since the Third National 
Climate Assessment (NCA3), advancing our knowledge 
of key processes in the earth system, how human and 
natural forces are changing them, what the implications 
are for society, and how we can respond. 

 
 

Key Scientific Advances 
 

Detection and Attribution: Significant advances have 
been made in the attribution of the human influence for 
individual climate and weather extreme events (see CSSR, Chs. 3, 6, 7, and 8). 

 
Extreme Events and Atmospheric Circulation: How climate change may affect specific 
types of extreme events in the United States and the extent to which atmospheric circula- 
tion in the midlatitudes is changing or is projected to change, possibly in ways not captured 
by current climate models, are important areas of research where scientific understanding 
has advanced (see CSSR, Chs. 5, 6, 7, and 9). 

 
Localized Information: As computing resources have grown, projections of future climate 
from global models are now being conducted at finer scales (with resolution on the order 
of 15 miles), providing more realistic characterization of intense weather systems, including 
hurricanes. For the first time in the NCA process, sea level rise projections incorporate 
geographic variation based on factors such as local land subsidence, ocean currents, and 
changes in Earth’s gravitational field (see CSSR, Chs. 9 and 12). 

 
Ocean and Coastal Waters: Ocean acidification, warming, and oxygen loss are all increas- 
ing, and scientific understanding of the severity of their impacts is growing. Both oxygen 
loss and acidification may be magnified in some U.S. coastal waters relative to the global 
average, raising the risk of serious ecological and economic consequences (see CSSR,  
Chs. 2 and 13). 

 
Rapid Changes for Ice on Earth: New observations from many different sources confirm 
that ice loss across the globe is continuing and, in many cases, accelerating. Since NCA3, 
Antarctica and Greenland have continued to lose ice mass, with mounting evidence 
that mass loss is accelerating. Observations continue to show declines in the volume of 

What Has Happened Since the Last National Climate Assessment? 

https://science2017.globalchange.gov/
https://science2017.globalchange.gov/
https://science2017.globalchange.gov/
https://science2017.globalchange.gov/
https://science2017.globalchange.gov/
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mountain glaciers around the world. Annual September minimum sea ice extent in the 
Arctic Ocean has decreased at a rate of 11%–16% per decade since the early 1980s, with 
accelerating ice loss since 2000. The annual sea ice extent minimum for 2016 was the 
second lowest on record; the sea ice minimums in 2014 and 2015 were also among the 
lowest on record (see CSSR, Chs. 1, 11, and 12). 

 
Potential Surprises: Both large-scale shifts in the climate system (sometimes called “tip- 
ping points”) and compound extremes have the potential to generate outcomes that are 
difficult to anticipate and may have high consequences. The more the climate changes, the 
greater the potential for these surprises (see CSSR, Ch. 15). 

 

Extreme Events 
 

Climate change is altering the characteristics of many extreme weather and climate-related 
events. Some extreme events have already become more frequent, intense, widespread, or 
of longer duration, and many are expected to continue to increase or worsen, presenting 
substantial challenges for built, agricultural, and natural systems. Some storm types such as 
hurricanes, tornadoes, and winter storms are also exhibiting changes that have been linked 
to climate change, although the current state of the science does not yet permit detailed 
understanding (see CSSR, Executive Summary). Individual extreme weather and climate- 
related events—even those that have not been clearly attributed to climate change by 
scientific analyses—reveal risks to society and vulnerabilities that mirror those we expect in 
a warmer world. Non-climate stressors (such as land-use changes and shifting demograph- 
ics) can also amplify the damages associated with extreme events. The National Oceanic 
and Atmospheric Administration estimates that the United States has experienced 44 
billion-dollar weather and climate disasters since 2015 (through April 6, 2018), incurring 
costs of nearly $400 billion (https://www.ncdc.noaa.gov/billions/). 

 
Hurricanes: The 2017 Atlantic Hurricane season alone is estimated to have caused 
more than $250 billion in damages and over 250 deaths throughout the U.S. Caribbean, 
Southeast, and Southern Great Plains. More than 30 inches of rain fell during Hurricane 
Harvey, affecting 6.9 million people. Hurricane Maria’s high winds caused widespread 
devastation to Puerto Rico’s transportation, agriculture, communication, and energy infra- 
structure. Extreme rainfall of up to 37 inches caused widespread flooding and mudslides 
across the island. The interruption to commerce and standard living conditions will be 
sustained for a long period while much of Puerto Rico’s infrastructure is rebuilt. Hurricane 
Irma destroyed 25% of buildings in the Florida Keys. 

https://science2017.globalchange.gov/
https://science2017.globalchange.gov/chapter/15/
https://science2017.globalchange.gov/chapter/executive-summary/
https://www.ncdc.noaa.gov/billions/
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Damage from Hurricane Maria in San Juan, Puerto Rico 
Photo taken during a reconnaissance flight of the island on September 23, 2017. Photo credit: Sgt. Jose Ahiram Diaz- 
Ramos, Puerto Rico National Guard. 

 

Floods: In August 2016, a historic flood resulting from 20 to 30 inches of rainfall over sev- 
eral days devastated a large area of southern Louisiana, causing over $10 billion in damages 
and 13 deaths. More than 30,000 people were rescued from floodwaters that damaged 
or destroyed more than 50,000 homes, 100,000 vehicles, and 20,000 businesses. In June 
2016, torrential rainfall caused destructive flooding throughout many West Virginia towns, 
damaging thousands of homes and businesses and causing considerable loss of life. More 
than 1,500 roads and bridges were damaged or destroyed. The 2015–2016 El Niño poured 11 
days of record-setting rainfall on Hawai‘i, causing severe urban flooding. 

 
Drought: In 2015, drought conditions caused about $5 billion in damages across the South- 
west and Northwest, as well as parts of the Northern Great Plains. California experienced 
the most severe drought conditions. Hundreds of thousands of acres of farmland remained 
fallow, and excess groundwater pumping was required to irrigate existing agricultural 
interests. Two years later, in 2017, extreme drought caused $2.5 billion in agricultural 
damages across the Northern Great Plains. Field crops, including wheat, were severely 
damaged, and the lack of feed for cattle forced ranchers to sell off livestock. 

 
Wildfires: During the summer of 2015, over 10.1 million  acres—an  area  larger  than  the 
entire state of Maryland—burned across the United States, surpassing 2006 for the highest 
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The Deadly Carr Fire 
The Carr Fire (as seen over Shasta County, California, on August 4, 2018) damaged or destroyed more than 1,500 
structures and resulted in several fatalities. Photo credit: Sgt. Lani O. Pascual, U.S. Army National Guard. 

 
annual total of U.S. acreage burned since record keeping began in 1960. These wildfire 
conditions were exacerbated by the preceding drought conditions in several states. The 
most extensive wildfires occurred in Alaska, where 5 million acres burned within the state. 
In Montana, wildfires burned in excess of 1 million acres. The costliest wildfires occurred in 
California, where more than 2,500 structures were destroyed by the Valley and Butte Fires; 
insured losses alone exceeded $1 billion. In October 2017, a historic firestorm damaged or 
destroyed more than 15,000 homes, businesses, and other structures across California (see 
Figure 1.5). The Tubbs, Atlas, Nuns, and Redwood Valley Fires caused a total of 44 deaths, 
and their combined destruction represents the costliest wildfire event on record. 

 
Tornadoes: In March 2017, a severe tornado outbreak caused damage across much of the 
Midwest and into the Northeast. Nearly 1 million customers lost power in Michigan alone 
due to sustained high winds, which affected several states from Illinois to New York. 

 
Heat Waves: Honolulu experienced 24 days of record-setting heat during the 2015–2016 El 
Niño event. As a result, the local energy utility issued emergency public service announce- 
ments to curtail escalating air conditioning use that threatened the electrical grid. 
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New Aspects of This Report 
 

Hundreds of states, counties, cities, businesses, universities, and other entities are 
implementing actions that build resilience to climate-related impacts and risks, while also 
aiming to reduce greenhouse gas emissions. Many of these actions have been informed  
by new climate-related tools and products developed through the U.S. Global Change 
Research Program (USGCRP) since NCA3 (see Appendix 3: Scenario Products and Data 
Tools); we briefly highlight a few of them here. In addition, several structural changes have 
been introduced to the report and new methods used in response to stakeholder needs for 
more localized information and to address key gaps identified in NCA3. The Third National 
Climate Assessment remains a valuable and relevant resource—this report expands upon 
our knowledge and experience as presented four years ago. 

 
Climate Science Special Report: Early in the development of NCA4, experts and Adminis- 
tration officials recognized that conducting a comprehensive physical science assessment 
(Volume I) in advance of an impacts assessment (Volume II) would allow one to inform 
the other. The Climate Science Special Report, released in 
November 2017, is Volume I of NCA4 and represents the 
most thorough and up-to-date assessment of climate 
science in the United States and underpins the findings  
of this report; its findings are summarized in Chapter 2 
(Our Changing Climate). See the “Key Scientific Advances” 
section in this box and Box 2.3 in Chapter 2 for more detail. 

 
Scenario Products: As described in more detail in Appen- 
dix 3 (Data Tools & Scenario Products), federal interagency 
groups developed a suite of high-resolution scenario 
products that span a range of plausible future changes in 
key environmental variables through at least 2100. These 
USGCRP scenario products help ensure consistency across 
the report and improve the ability to synthesize across chapters. Where possible, authors 
have used these scenario products to frame uncertainty in future climate as it relates to 
the risks that are the focus of their chapters. In addition, the Indicators Interagency Work- 
ing Group has developed an Indicators platform that uses observations or calculations to 
monitor conditions or trends in the earth system, just as businesses might use the unem- 
ployment index as an indicator of economic conditions (see Figure 1.2 and https://www. 
globalchange.gov/browse/indicators). 

https://science2017.globalchange.gov/
https://www.globalchange.gov/browse/indicators
https://www.globalchange.gov/browse/indicators
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Localized Information: With the increased focus on local and regional information in 
NCA4, USGCRP agencies developed two additional products that not only inform this 
assessment but can serve as valuable decision-support tools. The first are the State Cli- 
mate Summaries—a peer-reviewed collection of climate change information covering all 
ten NCA4 regions at the state level. In addition to standard data on observed and projected 
climate change, each State Climate Summary contains state-specific changes and their 
related impacts as well as a suite of complementary graphics (stateclimatesummaries. 
globalchange.gov). The second product is the U.S. Climate Resilience Toolkit (https:// 
toolkit.climate.gov/), which offers data-driven tools, information, and subject-matter 
expertise from across the Federal Government in one easy-to-use location, so Americans 
are better able to understand the climate-related risks and opportunities impacting their 
communities and can make more informed decisions on how to respond. In particular, the 
case studies showcase examples of climate change impacts and accompanying response 
actions that complement those presented in Figure 1.1 and allow communities to learn how 
to build resilience from one another. 

 
New Chapters: In response to public feedback on NCA3 and input solicited in the early 
stages of this assessment, a number of significant structural changes have been made. 
Most fundamentally, the balance of the report’s focus has shifted from national-level 
chapters to regional chapters in response to a growing desire for more localized infor- 
mation on impacts. Building on this theme, the Great Plains chapter has been split into 
Northern and Southern chapters (Chapters 22 and 23) along the Kansas–Nebraska border. 
In addition, the U.S. Caribbean is now featured as a separate region in this report (Chapter 
20), focusing on the unique impacts, risks, and response capabilities in Puerto Rico and the 
U.S. Virgin Islands. 

 
Public input also requested greater international context in the report, which has been 
addressed through two new additions. A new chapter focuses on topics including the 
effects of climate change on U.S. trade and businesses, national security, and U.S. humani- 
tarian assistance and disaster relief (Chapter 16). A new international appendix (Appendix 4) 
presents a number of illustrative examples of how other countries have conducted national 
climate assessments, putting our own effort into a global context. 

 
Given recent scientific advances, some emerging topics warranted a more visible platform 
in NCA4. A new chapter on Air Quality (Chapter 13) examines how traditional air pollutants 
are affected by climate change. A new chapter on Sector Interactions, Multiple Stressors, 
and Complex Systems (Chapter 17) evaluates climate-related risks to interconnected 
human and natural systems that are increasingly vulnerable to cascading impacts and 
highlights advances in analyzing how these systems will interact with and respond to a 
changing environment (see Box 1.3). 

http://stateclimatesummaries.globalchange.gov/
http://stateclimatesummaries.globalchange.gov/
https://toolkit.climate.gov/
https://toolkit.climate.gov/
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Integrating Economics: This report, to a much greater degree than previous National 
Climate Assessments, includes broader and more systematic quantification of climate 
change impacts in economic terms. While this is an emerging body of literature that is not 
yet reflected in each of the 10 NCA regions, it represents a valuable advancement in our 
understanding of the financial costs and benefits of climate change impacts. Figure 1.21 
provides an illustration of the type of economic information that is integrated throughout 
this report. It shows the financial damages avoided under a lower scenario (RCP4.5) versus 
a higher scenario (RCP8.5). 

 
 
 
 

New Economic Impact Studies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.21: Annual economic impact estimates are shown for labor and air quality. The bar graph on the left shows 
national annual damages in 2090 (in billions of 2015 dollars) for a higher scenario (RCP8.5) and lower scenario (RCP4.5); 
the difference between the height of the RCP8.5 and RCP4.5 bars for a given category represents an estimate of the 
economic benefit to the United States from global mitigation action. For these two categories, damage estimates do not 
consider costs or benefits of new adaptation actions to reduce impacts, and they do not include Alaska, Hawaiʻi and 
U.S.-Affiliated Pacific Islands, or the U.S. Caribbean. The maps on the right show regional variation in annual impacts 
projected under the higher scenario (RCP8.5) in 2090. The map on the top shows the percent change in hours worked 
in high-risk industries as compared to the period 2003–2007. The hours lost result in economic damages: for example, 
$28 billion per year in the Southern Great Plains. The map on the bottom is the change in summer-average maximum 
daily 8-hour ozone concentrations (ppb) at ground-level as compared to the period 1995–2005. These changes in 
ozone concentrations result in premature deaths: for example, an additional 910 premature deaths each year in the 
Midwest. Source: EPA, 2017. Multi-Model Framework for Quantitative Sectoral Impacts Analysis: A Technical Report for 
the Fourth National Climate Assessment. U.S. Environmental Protection Agency, EPA 430-R-17-001. 
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An atmospheric river pours moisture into the western United States in February 2017. 

 
Key Message 1 

Global climate is changing rapidly compared to the pace of natural variations in climate that have occurred 
throughout Earth’s history. Global average temperature has increased by about 1.8°F from 1901 to 2016, and 
observational evidence does not support any credible natural explanations for this amount of warming; instead, 
the evidence consistently points to human activities, especially emissions of greenhouse or heat-trapping 
gases, as the dominant cause. 

 
Key Message 2 

 

Earth’s climate will continue to change over this century and beyond. Past mid-century, how much the climate 
changes will depend primarily on global emissions of greenhouse gases and on the response of Earth’s climate 
system to human-induced warming. With significant reductions in emissions, global temperature increase 
could be limited to 3.6°F (2°C) or less compared to preindustrial temperatures. Without significant reductions, 
annual average global temperatures could increase by 9°F (5°C) or more by the end of this century compared to 
preindustrial temperatures. 

 
Key Message 3 

 

The world’s oceans have absorbed 93% of the excess heat from human-induced warming since the mid-20th cen- 
tury and are currently absorbing more than a quarter of the carbon dioxide emitted to the atmosphere annually 
from human activities, making the oceans warmer and more acidic. Increasing sea surface temperatures, rising 
sea levels, and changing patterns of precipitation, winds, nutrients, and ocean circulation are contributing to 
overall declining oxygen concentrations in many locations. 
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Global average sea level has risen by about 7–8 inches (about 16–21 cm) since 1900, with almost half this 
rise occurring since 1993 as oceans have warmed and land-based ice has melted. Relative to the year 2000, 
sea level is very likely to rise 1 to 4 feet (0.3 to 1.3 m) by the end of the century. Emerging science regarding 
Antarctic ice sheet stability suggests that, for higher scenarios, a rise exceeding 8 feet (2.4 m) by 2100 is 
physically possible, although the probability of such an extreme outcome cannot currently be assessed. 

 
Key Message 5 

 

Annual average temperature over the contiguous United States has increased by 1.2ºF (0.7°C) over the last few 
decades and by 1.8°F (1°C) relative to the beginning of the last century. Additional increases in annual average 
temperature of about 2.5°F (1.4°C) are expected over the next few decades regardless of future emissions, 
and increases ranging from 3°F to 12°F (1.6°–6.6°C) are expected by the end of century, depending on whether 
the world follows a higher or lower future scenario, with proportionally greater changes in high tempera- 
ture extremes. 

 
Key Message 6 

Annual precipitation since the beginning of the last century has increased across most of the northern and 
eastern United States and decreased across much of the southern and western United States. Over the 
coming century, significant increases are projected in winter and spring over the Northern Great Plains, the 
Upper Midwest, and the Northeast. Observed increases in the frequency and intensity of heavy precipitation 
events in most parts of the United States are projected to continue. Surface soil moisture over most of the 
United States is likely to decrease, accompanied by large declines in snowpack in the western United States 
and shifts to more winter precipitation falling as rain rather than snow. 

 
Key Message 7 

In the Arctic, annual average temperatures have increased more than twice as fast as the global average, 
accompanied by thawing permafrost and loss of sea ice and glacier mass. Arctic-wide glacial and sea ice 
loss is expected to continue; by mid-century, it is very likely that the Arctic will be nearly free of sea ice in 
late summer. Permafrost is expected to continue to thaw over the coming century as well, and the carbon 
dioxide and methane released from thawing permafrost has the potential to amplify human-induced warming, 
possibly significantly. 

 
Key Message 8 

Human-induced change is affecting atmospheric dynamics and contributing to the poleward expansion of the 
tropics and the northward shift in Northern Hemisphere winter storm tracks since 1950. Increases in greenhouse 
gases and decreases in air pollution have contributed to increases in Atlantic hurricane activity since 1970. In 
the future, Atlantic and eastern North Pacific hurricane rainfall and intensity are projected to increase, as are the 
frequency and severity of landfalling “atmospheric rivers” on the West Coast. 

Rising Global Sea Levels 

Increasing U.S. Temperatures 

Changing U.S. Precipitation 

Rapid Arctic Change 

Changes in Severe Storms 
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Key Message 9 
 

Regional changes in sea level rise and coastal flooding are not evenly distributed across the United States; ocean 
circulation changes, sinking land, and Antarctic ice melt will result in greater-than-average sea level rise for the 
Northeast and western Gulf of Mexico under lower scenarios and most of the U.S. coastline other than Alaska 
under higher scenarios. Since the 1960s, sea level rise has already increased the frequency of high tide flooding 
by a factor of 5 to 10 for several U.S. coastal communities. The frequency, depth, and extent of tidal flooding are 
expected to continue to increase in the future, as is the more severe flooding associated with coastal storms, such 
as hurricanes and nor’easters. 

 
Key Message 10 

 

The climate change resulting from human-caused emissions of carbon dioxide will persist for decades to millennia. 
Self-reinforcing cycles within the climate system have the potential to accelerate human-induced change and even 
shift Earth’s climate system into new states that are very different from those experienced in the recent past. Future 
changes outside the range projected by climate models cannot be ruled out, and due to their systematic tendency to 
underestimate temperature change during past warm periods, models may be more likely to underestimate than to 
overestimate long-term future change. 

Increases in Coastal Flooding 

Long-Term Changes 
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This chapter is based on the Climate Science 
Special Report (CSSR), which is Volume I of the 
Fourth National Climate Assessment (available 
at science2017.globalchange.gov). The Key 
Messages and the majority of the content 
represent the highlights of CSSR, updated with 
recent references relevant to these topics. The 
interested reader is referred to the relevant 
chapter(s) in CSSR for more detail on each of 
the Key Messages that follow. 

Key Message 1 
 

 
Global climate is changing rapidly 
compared to the pace of natural vari- 
ations in climate that have occurred 
throughout Earth’s history. Global 
average temperature has increased by 
about 1.7°F from 1901 to 2016, and 
observational evidence does not support 
any credible natural explanations for 
this amount of warming; instead, the 
evidence consistently points to human 
activities, especially emissions of green- 
house or heat-trapping gases, as the 
dominant cause. 

 
Long-term temperature observations are among 
the most consistent and widespread evidence 
of a warming planet. Global annually averaged 
temperature measured over both land and oceans 
has increased by about 1.8°F (1.0°C) according 
to a linear trend from 1901 to 2016, and by 1.2°F 
(0.65°C) for the period 1986–2015 as compared 
to 1901–1960. The last few years have also seen 
record-breaking, climate-related weather 
extremes. For example, since the Third National 
Climate Assessment was published,1 2014 became 
the warmest year on record globally; 2015 sur- 
passed 2014 by a wide margin; and 2016 surpassed 
2015.2,3 Sixteen of the last 17 years have been the 
warmest ever recorded by human observations. 

For short periods of time, from a few years to a 
decade or so, the increase in global temperature 
can be temporarily slowed or even reversed by 
natural variability (see Box 2.1). Over the past 
decade, such a slowdown led to numerous asser- 
tions that global warming had stopped. No tem- 
perature records, however, show that long-term 
global warming has ceased or even substantially 
slowed over the past decade.4,5,6,7,8,9 Instead, global 
annual average temperatures for the period since 
1986 are likely much higher and appear to have 
risen at a more rapid rate than for any similar 
climatological (20–30 year) time period in at least 
the last 1,700 years.10,11 

 
While thousands of studies conducted by 
researchers around the world have document- 
ed increases in temperature at Earth’s surface, 
as well as in the atmosphere and oceans, 
many other aspects of global climate are also 
changing12,13 (see also EPA 2016, Wuebbles et 
al. 201710,14). Studies have documented melting 
glaciers and ice sheets, shrinking snow cover 
and sea ice, rising sea levels, more frequent 
high temperature extremes and heavy pre- 
cipitation events, and a host of other climate 
variables or “indicators” consistent with a 
warmer world (see Box 2.2). Observed trends 
have been confirmed by multiple independent 
research groups around the world. 

 
Many lines of evidence demonstrate that 
human activities, especially emissions of 
greenhouse gases from fossil fuel combustion, 
deforestation, and land-use change, are 
primarily responsible for the climate changes 
observed in the industrial era, especially 
over the last six decades. Observed warming 
over the period 1951–2010 was 1.2°F (0.65°C), 
and formal detection and attribution studies 
conclude that the likely range of the human 
contribution to the global average temperature 
increase over the period 1951–2010 is 1.1°F to 
1.4°F (0.6°C to 0.8°C;15 see Knutson et al. 201716 

for more on detection and attribution). 

Observed Changes in Global Climate 

http://science2017.globalchange.gov/
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Human activities affect Earth’s climate by 
altering factors that control the amount of 
energy from the sun that enters and leaves the 
atmosphere. These factors, known as radiative 
forcings, include changes in greenhouse gases, 
small airborne soot and dust particles known 
as aerosols, and the reflectivity (or albedo) of 
Earth’s surface through land-use and land- 
cover changes (see Ch. 5: Land Changes).17,18 

Increasing greenhouse gas levels in the atmo- 
sphere due to emissions from human activities 
are the largest of these radiative forcings. 
By absorbing the heat emitted by Earth 

and reradiating it equally in all directions, 
greenhouse gases increase the amount of heat 
retained inside the climate system, warming 
the planet. Aerosols produced by burning 
fossil fuels and by other human activities 
affect climate both directly, by scattering 
and absorbing sunlight, as well as indirectly, 
through their impact on cloud formation and 
cloud properties. Over the industrial era, the 
net effect of the combined direct and indirect 
effects of aerosols has been to cool the planet, 
partially offsetting greenhouse gas warming at 
the global scale.17,18 

 
 

Box 2.1: Natural Variability 

The conditions we experience in a given place at a given time are the result of both human and natural factors. 
 

Long-term trends and future projections describe changes to the average state of the climate. The actual 
weather experienced is the result of combining long-term human-induced change with natural factors and the 
hard-to-predict variations of the weather in a given place, at a given time. Temperature, precipitation, and other 
day-to-day weather conditions are influenced by a range of factors, from fixed local conditions (such as topogra- 
phy and urban heat islands) to the cyclical and chaotic patterns of natural variability within the climate system, 
like El Niño. Over shorter timescales and smaller geographic regions, the influence of natural variability can be 
larger than the influence of human activity.10 Over longer timescales and larger geographic regions, however, the 
human influence can dominate. For example, during an El Niño year, winters across the southwestern United 
States are typically wetter than average, and global temperatures are higher than average. During a La Niña year, 
conditions across the southwestern United States are typically dry, and global temperatures tend to be cooler. 
Over climate timescales of multiple decades, however, global temperature continues to steadily increase. 

 
How will global climate—and even more importantly, regional climate—change over the next few decades? 
The actual state of the climate depends on both natural variability and human-induced change. At the decadal 
scale, these two factors are equally strong.202 Scientific ability to predict the climate at the seasonal to decadal 
scale is limited both by the imperfect ability to specify the initial conditions of the state of the ocean (such as 
surface temperature and salinity) and the chaotic nature of the interconnected earth system.203,204 Over longer 
time scales (about 30 years, for global climate indicators; see Box 2.2), the human influence dominates.205 As 
human forcing exceeds the influence of natural variability for many aspects of Earth’s climate system, uncer- 
tainty in human choices and resulting emissions becomes increasingly important in determining the magnitude 
and patterns of future global warming. Natural variability will continue to be a factor, but most of the differences 
between present and future climates will be determined by choices that society makes today and over the next 
few decades that determine emissions of carbon dioxide and other heat-trapping gases, as well as any potential 
large-scale interventions as discussed in DeAngelo et al. (2017).27 The further out in time we look, the greater 
the influence of these human choices on the magnitude of future warming. 
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Box 2.2: Indicators 

Observed trends in a broad range of physical climate indicators show that Earth is warming. 
 

There are many different types of physical observations, or “indicators,” that can be used to track how climate 
is changing (see Ch. 1: Overview, Figure 1.2). These indicators include changes in temperature and precipitation 
as well as observations of arctic sea ice, snow cover, alpine glaciers, growing season length, drought, wildfires, 
lake levels, and heavy precipitation. Some of these indicators, especially those derived from air temperature and 
precipitation observations, have nearly continuous data that extend back to the late 1800s in the United States 
(Blue Hill Meteorological Observatory)206 and the 1600s in Europe (Central England Temperature Record).207 

These document century-scale changes in climate. Satellite-based indicators, on the other hand, extend back 
only to the late 1970s but provide an unparalleled and comprehensive record of the changes in Earth’s surface 
and atmosphere. Various chapters in CSSR discuss the different types of observations that capture the inter- 
connected nature of the climate system. 

 
Taken individually, each indicator simply shows changes that are occurring in that variable. Taken as a whole, 
however, in the context of scientific understanding of the climate system, the cumulative changes documented 
by each of these indicators paint a compelling and consistent picture of a warming world. For example, arctic 
sea ice has declined since the late 1970s, most glaciers have retreated, the frost-free season has lengthened, 
heavy precipitation events have increased in the United States and elsewhere in the world, and sea level has ris- 
en. Each of these indicators, and many more, are changing in ways that are consistent with a warming climate. 

 
The U.S. Global Change Research Program (USGCRP) and the Environmental Protection Agency (EPA) maintain 
websites that document many of these kinds of indicators (see http://www.globalchange.gov/browse/indica- 
tors and https://www.epa.gov/climate-indicators). 

 
 

Over the last century, changes in solar output, 
volcanic emissions, and natural variability have 
only contributed marginally to the observed 
changes in climate (Figure 2.1).15,17 No natural 
cycles are found in the observational record 
that can explain the observed increases in the 
heat content of the atmosphere, the ocean, or 

the cryosphere since the industrial era.11,19,20,21 

Greenhouse gas emissions from human activ- 
ities are the only factors that can account for 
the observed warming over the last century; 
there are no credible alternative human or 
natural explanations supported by the observa- 
tional evidence.10,22 

http://www.globalchange.gov/browse/indicators
http://www.globalchange.gov/browse/indicators
https://www.epa.gov/climate-indicators
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Human and Natural Influences on Global Temperature 
Figure 2.1: Both human and natural factors 
influence Earth’s climate, but the long-term 
global warming trend observed over the past 
century can only be explained by the effect that 
human activities have had on the climate. 

 
Sophisticated computer models of Earth’s 
climate system allow scientists to explore the 
effects of both natural and human factors. In all 
three panels of this figure, the black line shows 
the observed annual average global surface 
temperature for 1880–2017 as a difference 
from the average value for 1880–1910. 

 
The top panel (a) shows the temperature 
changes simulated by  a  climate  model  
when only natural factors (yellow line) are 
considered. The other lines show the individual 
contributions to the overall effect from 
observed changes in Earth’s orbit (brown line), 
the amount of incoming energy from the sun 
(purple line), and changes in emissions from 
volcanic eruptions (green line). Note that no 
long-term trend in globally averaged surface 
temperature over this time period would be 
expected from natural factors alone.10 

 
The middle panel (b) shows the simulated 
changes in global temperature when 
considering only  human  influences  (dark  
red line), including the contributions from 
emissions of greenhouse gases (purple line) 
and small particles (referred to as aerosols, 
brown line) as well as changes in ozone  
levels (orange line) and changes in land 
cover, including deforestation (green line). 
Changes in aerosols and land cover have had 
a net cooling effect in recent decades, while 
changes in near-surface ozone levels have 
had a small warming effect.18 These smaller 
effects are dominated by the large warming 
influence of greenhouse gases such as carbon 
dioxide and methane. Note that the net effect 
of human factors (dark red line) explains most 
of the long-term warming trend. 

 
The bottom panel (c) shows the temperature 
change (orange line) simulated by a climate 
model when both human and natural influences are included. The result matches the observed temperature record closely, 
particularly since 1950, making the dominant role of human drivers plainly visible. 

 
Researchers do not expect climate models to exactly reproduce the specific timing of actual weather events or short-term 
climate variations, but they do expect the models to capture how the whole climate system behaves over long periods of time. 
The simulated temperature lines represent the average values from a large number of simulation runs. The orange hatching 
represents uncertainty bands based on those simulations. For any given year, 95% of the simulations will lie inside the orange 
bands. Source: NASA GISS. 
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Key Message 2 
 

Earth’s climate will continue to change 
over this century and beyond. Past 
mid-century, how much the climate 
changes will depend primarily on global 
emissions of greenhouse gases and on 
the response of Earth’s climate system 
to human-induced warming. With sig- 
nificant reductions in emissions, global 
temperature increase could be limited to 
3.6°F (2°C) or less compared to pre- 
industrial temperatures. Without signif- 
icant reductions, annual average global 
temperatures could increase by 9°F (5°C) 
or more by the end of this century com- 
pared to preindustrial temperatures. 

Beyond the next few decades, how much the 
climate changes will depend primarily on the 
amount of greenhouse gases emitted into  
the atmosphere; how much of those green- 
house gases are absorbed by the ocean, the 
biosphere, and other sinks; and how sensitive 
Earth’s climate is to those emissions.23 Climate 
sensitivity is typically defined as the long-term 
change that would result from a doubling of 
carbon dioxide in the atmosphere relative to 
preindustrial levels; its exact value is uncertain 
due to the interconnected nature of the land– 
atmosphere–ocean system. Changes in one 
aspect of the system can lead to self-reinforc- 
ing cycles that can either amplify or weaken 
the climate system’s responses to human and 
natural influences, creating a positive feedback 
or self-reinforcing cycle in the first case and 
a negative feedback in the second.18 These 
feedbacks operate on a range of timescales 
from very short (essentially instantaneous) 

to very long (centuries). While there are 
uncertainties associated with modeling some 
of these feedbacks,24,25 the most up-to-date 
scientific assessment shows that the net effect 
of these feedbacks over the industrial era has 
been to amplify human-induced warming, and 
this amplification will continue over coming 
decades18 (see Box 2.3). 

 
Because it takes some time for Earth’s climate 
system to fully respond to an increase in 
greenhouse gas concentrations, even if these 
concentrations could be stabilized at their 
current level in the atmosphere, the amount 
that is already there is projected to result in at 
least an additional 1.1°F (0.6°C) of warming over 
this century relative to the last few decades.24,26 

If emissions continue, projected changes in 
global average temperature corresponding 
to the scenarios used in this assessment (see 
Box 2.4) range from 4.2°–8.5°F (2.4°–4.7°C) 
under a higher scenario (RCP8.5) to 0.4°–2.7°F 
(0.2°–1.5°C) under a very low scenario (RCP2.6) 
for the period 2080–2099 relative to 1986–2015 
(Figure 2.2).24 However, these scenarios do not 
encompass all possible futures. With significant 
reductions in emissions of greenhouse gases, 
the future rise in global average temperature 
could be limited to 3.6°F (2°C) or less, consis- 
tent with the aim of the Paris Agreement (see 
Box 2.4).27 Similarly, without major reductions 
in these emissions, the increase in annual 
average global temperatures relative to prein- 
dustrial times could reach 9°F (5°C) or more by 
the end of this century.24 Because of the slow 
timescale over which the ocean absorbs heat, 
warming that results from emissions that occur 
during this century will leave a multi-millennial 
legacy, with a substantial fraction of the warm- 
ing persisting for more than 10,000 years.28,29,30 

Future Changes in Global Climate 
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Box 2.3: The Climate Science Special Report (CSSR), NCA4 Volume I 

This chapter highlights key findings from the Climate Science Special Report (2017). 
 

Periodically taking stock of the current state of knowledge about climate change and putting new weather 
extremes, changes in sea ice, increases in ocean temperatures, and ocean acidification into context ensures 
that rigorous, scientific-based information is available to inform dialog and decisions at every level. This is the 
purpose of the USGCRP’s Climate Science Special Report (CSSR),208 which is Volume I of the Fourth National 
Climate Assessment (NCA4), as required by the U.S. Global Change Research Act of 1990. CSSR updates sci- 
entific understanding of past, current, and future climate change with the observations and research that have 
emerged since the Third National Climate Assessment (NCA3) was published in May 2014. It discusses climate 
trends and findings at the global scale, then focuses on specific areas, from observed and projected changes in 
temperature and precipitation to the importance of human choice in determining our climate future. 

 
Since NCA3, stronger evidence has emerged for continuing, rapid, human-caused warming of the global atmo- 
sphere and ocean. The CSSR definitively concludes that, “human activities, especially emissions of greenhouse 
gases, are the dominant cause of the observed climate changes in the industrial era, especially over the last six 
decades. Over the last century, there are no credible alternative explanations supported by the full extent of the 
observational evidence.” 

 
Since 1980, the number of extreme weather-related events per year costing the American people more than one 
billion dollars per event has increased significantly (accounting for inflation), and the total cost of these extreme 
events for the United States has exceeded $1.1 trillion. Improved understanding of the frequency and severity of 
these events in the context of a changing climate is critical. 

 
The last few years have also seen record-breaking, climate-related weather extremes, the three warmest years 
on record for the globe, and continued decline in arctic sea ice. These types of records are expected to continue 
to be broken in the future. Significant advances have also been made in the understanding of observed individ- 
ual extreme weather events, such as the 2011 hot summer in Texas and Oklahoma,209,210,211 the recent California 
agricultural drought,212,213 the spring 2013 wet season in the Upper Midwest,214,215 and most recently Hurricane 
Harvey (see Box 2.5),216,217,218 and how they relate to increasing global temperatures and associated climate 
changes. This chapter presents the highlights from CSSR. More examples are provided in Vose et al. (2017),85 

Table 6.3; Easterling et al. (2017),94 Table 7.1; and Wehner et al. (2017),101 Table 8.1; and additional details on 
what is new since NCA3 can be found in Fahey et al. (2017),18 Box 2.3. 
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Observed and Projected Changes in Carbon Emissions and Temperature 
 

Figure 2.2: Observed and projected changes in global average temperature (right) depend on observed and projected emissions 
of carbon dioxide from fossil fuel combustion (left) and emissions of carbon dioxide and other heat-trapping gases from other 
human activities, including land use and land-use change. Under a pathway consistent with a higher scenario (RCP8.5), fossil 
fuel carbon emissions continue to increase throughout the century, and by 2080–2099, global average temperature is projected 
to increase by 4.2°–8.5°F (2.4°–4.7°C; shown by the burnt orange shaded area) relative to the 1986–2015 average. Under      
a lower scenario (RCP4.5), fossil fuel carbon emissions peak mid-century then decrease, and global average temperature      
is projected to increase by 1.7°–4.4°F (0.9°–2.4°C; range not shown on graph) relative to 1986–2015. Under an even lower 
scenario (RCP2.6), assuming carbon emissions from fossil fuels have already peaked, temperature increases could be limited 
to 0.4°–2.7°F (0.2°–1.5°C; shown by green shaded area) relative to 1986–2015. Thick lines within shaded areas represent   
the average of multiple climate models. The shaded ranges illustrate the 5% to 95% confidence intervals for the respective 
projections. In all RCP scenarios, carbon emissions from land use and land-use change amount to less than 1 GtC by 2020 and 
fall thereafter. Limiting the rise in global average temperature to less than 2.2°F (1.2°C) relative to 1986–2015 is approximately 
equivalent to 3.6°F (2°C) or less relative to preindustrial temperatures, consistent with the aim of the Paris Agreement (see Box 
2.4). Source: adapted from Wuebbles et al. 2017.10 

 

Box 2.4: Cumulative Carbon and 1.5°/2°C Targets 

Limiting global average temperature increase to 3.6°F (2°C) will require a major reduction in emissions. 
 

Projections of future changes in climate are based on scenarios of greenhouse gas emissions and other 
pollutants from human activities. The primary scenarios used in this assessment are called Representative 
Concentration Pathways (RCPs)219 and are numbered according to changes in radiative forcing (a measure of 
the influence that a factor, such as greenhouse gas emissions, has in changing the global balance of incoming 
and outgoing energy) in 2100 relative to preindustrial conditions: +2.6 (very low), +4.5 (lower), +6.0 (mid-high) 
and +8.5 (higher) watts per square meter (W/m2). Some scenarios are consistent with increasing dependence 
on fossil fuels, while others could only be achieved by deliberate actions to reduce emissions (see Section 4.2 in 
Hayhoe et al. 201724 for more details). The resulting range in forcing scenarios reflects the uncertainty inherent 
in quantifying human activities and their influence on climate (e.g., Hawkins and Sutton 2009, 201123,220). 

 
Which scenario is more likely? The observed acceleration in carbon emissions over the past 15–20 years has been 
consistent with the higher future scenarios (such as RCP8.5) considered in this assessment.221,222,223 Since 2014, 
however, the growth in emission rates of carbon dioxide has begun to slow as economic growth has become less 
carbon-intensive224,225,226 with the trend in 2016 estimated at near zero.227,228 Preliminary data for 2017, however, indi- 
cate growth in carbon emissions once again.228 These latest results highlight how separating systemic change due to 
decarbonization from short-term variability that is often affected by economic changes remains difficult. 
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Box 2.4: Cumulative Carbon and 1.5°/2°C Targets, continued 

To stabilize the global temperature at any level requires that emission rates decrease eventually to zero. To 
stabilize global average temperature at or below specific long-term warming targets such as 3.6°F (2°C), or the 
more ambitious target of 2.7°F (1.5°C), would require substantial reductions in net global carbon emissions 
relative to present-day values well before 2040, and likely would require net emissions to become zero or pos- 
sibly negative later in the century. Accounting for emissions of carbon as well as other greenhouse gases and 
particles that remain in the atmosphere from weeks to centuries, cumulative human-caused carbon emissions 
since the beginning of the industrial era would likely need to stay below about 800 GtC in order to provide a two- 
thirds likelihood of preventing 3.6°F (2°C) of warming, implying that approximately only 230 GtC more could be 
emitted globally in order to meet that target.27 Several recent studies specifically examine remaining emissions 
commensurate with 3.6°F (2°C) warming. They show estimates of cumulative emissions that are both smaller 
and larger due to a range of factors and differences in underlying assumptions (e.g., Millar et al. 2017 and cor- 
rection, Rogelj et al. 2018229,230,231). 

 
If global emissions are consistent with a pathway that lies between the higher RCP8.5 and lower RCP4.5 scenar- 
ios, emissions could continue for only about two decades before this cumulative carbon threshold is exceeded. 
Any further emissions beyond these thresholds would cause global average temperature to overshoot the 2°C 
warming target. At current emission rates, unless there is a very rapid decarbonization of the world’s energy 
systems over the next few decades, stabilization at neither target would be remotely possible.27,229,232,233

 

 
In addition, the warming and associated climate effects from carbon emissions will persist for decades to millen- 
nia.234,235 Climate intervention or geoengineering strategies, such as solar radiation management, are measures that 
attempt to limit the increase in or reduce global temperature. For many of these proposed strategies, however, the 
technical feasibilities, costs, risks, co-benefits, and governance challenges remain unproven. It would be necessary to 
comprehensively assess these strategies before their benefits and risks can be confidently judged.27

 

 
 

Key Message 3 
 

The world’s oceans have absorbed 93% 
of the excess heat from human-induced 
warming since the mid-20th century and 
are currently absorbing more than a quarter 
of the carbon dioxide emitted to the at- 
mosphere annually from human activities, 
making the oceans warmer and more acidic. 
Increasing sea surface temperatures, rising 
sea levels, and changing patterns of precip- 
itation, winds, nutrients, and ocean circu- 
lation are contributing to overall declining 
oxygen concentrations in many locations. 

 
Oceans occupy over 70% of the planet’s surface 
and host unique ecosystems and species, 
including those important for global commer- 
cial and subsistence fishing. For this reason, it 
is essential to highlight the fact that observed 
changes in the global average temperature of 
the atmosphere represent only a small fraction 
of total warming. Since the 1950s, the oceans 
have absorbed 93% of the excess heat in the 
earth system that has built up as a result of 
increasing concentrations of greenhouse gases 
in the atmosphere.31,32 Significant increases 
in heat content have been observed over the 
upper 6,560 feet (2,000 m) of the ocean since 
the 1960s, with surface oceans warming by 
about 1.3° ± 0.1°F (0.7° ± 0.1°C) globally from 
1900 to 2016.20,31,33,34 

Warming and Acidifying Oceans 
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Oceans’ net uptake of CO2 each year is approxi- 
mately equal to a quarter of that emitted to the 
atmosphere annually from human activities.35,36 

It is primarily controlled by the difference 
between CO2 concentrations in the atmosphere 
and ocean, with small variations from year 
to year due to changes in ocean circulation 
and biology. This carbon uptake is making 
near-surface ocean waters more acidic, which 
in turn can harm vulnerable marine ecosys- 
tems (see Ch. 9: Oceans; Ch. 26: Alaska; Ch. 27: 
Hawai‘i & Pacific Islands). Although tropical 
coral reefs are the most frequently cited 
casualties of ocean warming and acidification, 
ecosystems at higher latitudes can be more 
vulnerable than those at lower latitudes as 
they typically have a lower buffering capacity 
against changing acidity. Regionally, acidifi- 
cation is greater along the U.S. coast than the 
global average, as a result of upwelling (for 
example, in the Pacific Northwest), changes 
in freshwater inputs (such as in the Gulf of 
Maine), and nutrient input (as in urbanized 
estuaries).34,37,38,39,40,41,42 

 
In addition to higher temperatures and 
increasing acidification, ocean oxygen levels 
are also declining in various ocean locations 
and in many coastal areas.43,44 This decline 
is due to a combination of increasing sea 
surface temperatures (SSTs), rising sea levels 
inundating coastal wetlands, and changing 
patterns of precipitation, winds, nutrients, 
and ocean circulation. Over the last 50 years, 
declining oxygen levels have been observed 
in many inland seas, estuaries, and nearshore 
coastal waters.43,45,46,47,48,49,50,51,52 This is a concern 
because oxygen is essential to most life in the 
ocean, governing a host of biogeochemical and 
biological processes that ultimately shape the 
composition, diversity, abundance, and distri- 
bution of organisms from microbes to whales.34 

 
By 2100, under a higher scenario (RCP8.5; see 
Box 2.4), average SST is projected to increase 

by 4.9° ± 1.3°F (2.7° ± 0.7°C) as compared to late 
20th-century values, ocean oxygen levels are 
projected to decrease by 3.5%,53 and global 
average surface ocean acidity is projected to 
increase by 100% to 150%.32 This rate of acid- 
ification would be unparalleled in at least the 
past 66 million years.34,54,55 

Key Message 4 
 

Global average sea level has risen by 
about 7–8 inches (about 16–21 cm) since 
1900, with almost half this rise occurring 
since 1993 as oceans have warmed and 
land-based ice has melted. Relative to 
the year 2000, sea level is very likely 
to rise 1 to 4 feet (0.3 to 1.3 m) by the 
end of the century. Emerging science 
regarding Antarctic ice sheet stability 
suggests that, for higher scenarios, a 
rise exceeding 8 feet (2.4 m) by 2100 is 
physically possible, although the proba- 
bility of such an extreme outcome cannot 
currently be assessed. 

Global sea level is rising due to two primary 
factors. First, as the ocean warms (see Key 
Message 3), seawater expands, increasing the 
overall volume of the ocean—a process known 
as thermal expansion. Second, the amount of 
seawater in the ocean is increasing as land- 
based ice from mountain glaciers and the 
Antarctic and Greenland ice sheets melts and 
runs off into the ocean.56,57 Over the last centu- 
ry, about one-third of global average sea level 
rise has come from thermal expansion and 
the remainder from melting of land-based ice, 
with human-caused warming making a sub- 
stantial contribution to the overall amount of 
rise.58,59,60,61,62,63 To a much lesser degree, global 
average sea level is also affected by changes in 
the amount of water stored on land, including 
in soil, lakes, reservoirs, and aquifers.56,64,65,66,67 

Rising Global Sea Levels 
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Since 1900, global average sea level has risen by 
about 7–8 inches (about 16–21 cm). The rate of 
sea level rise over the 20th century was higher 
than in any other century in at least the last 
2,800 years, according to proxy data such as 
salt marsh sediments and fossil corals.58 Since 
the early 1990s, the rate of global average 
sea level rise has increased due to increased 
melting of land-based ice.56,68,69,70,71,72 As a result, 
almost half (about 0.12 inches [3 mm] per year) 
of the observed rise of 7–8 inches (16–21 cm) 
has occurred since 1993.73,74,75 

 
Over the first half of this century, the future 
scenario the world follows has little effect on 
projected sea level rise due to the inertia in 
the climate system. However, the magnitude 
of human-caused emissions this century 
significantly affects projections for the second 
half of the century and beyond (Figure 2.3). 
Relative to the year 2000, global average sea 
level is very likely to rise by 0.3–0.6 feet (9–18 

cm) by 2030, 0.5–1.2 feet (15–38 cm) by 2050, 
and 1–4 feet (30–130 cm) by 2100.56,57,58,59,76,77,78,79 

These estimates are generally consistent with 
the assumption—possibly flawed—that the 
relationship between global temperature and 
global average sea level in the coming century 
will be similar to that observed over the last 
two millennia.58 These ranges do not, however, 
capture the full range of physically plausible 
global average sea level rise over the 21st 
century. Several avenues of research, including 
emerging science on physical feedbacks in the 
Antarctic ice sheet (e.g., DeConto and Pollard 
2016, Kopp et al. 201780,81) suggest that global 
average sea level rise exceeding 8 feet (2.5 m) 
by 2100 is physically plausible, although its 
probability cannot currently be assessed (see 
Sweet et al. 2017, Kopp et al. 201757,25). 

 
Regardless of future scenario, it is extremely 
likely that global average sea level will continue 
to rise beyond 2100.82 Paleo sea level records 

 

Historical and Projected Global Average Sea Level Rise 
 

Figure 2.3. How much global average sea level will rise over the rest of this century depends on the response of the climate system to 
warming, as well as on future scenarios of human-caused emissions of heat-trapping gases. The colored lines show the six different 
global average sea level rise scenarios, relative to the year 2000, that were developed by the U.S. Federal Interagency Sea Level Rise 
Taskforce76 to describe the range of future possible rise this century. The boxes on the right-hand side show the very likely ranges in sea 
level rise by 2100, relative to 2000, corresponding to the different RCP scenarios described in Figure 2.2. The lines above the boxes 
show possible increases based on the newest research of the potential Antarctic contribution to sea level rise (for example, DeConto 
and Pollard 201680 versus Kopp et al. 201477). Regardless of the scenario followed, it is extremely likely that global average sea level 
rise will continue beyond 2100. Source: adapted from Sweet et al. 2017.57 
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suggest that 1.8°F (1°C) of warming may already 
represent a long-term commitment to more 
than 20 feet (6 meters) of global average sea 
level rise;83,84 a 3.6°F (2°C) warming represents 
a 10,000-year commitment to  about  80  feet 
(25 m), and 21st-century emissions consistent 
with the higher scenario (RCP8.5) represent 
a 10,000-year commitment to about 125 feet 
(38 m) of global average sea level rise.30 Under 
3.6°F (2°C), about one-third of the Antarctic 
ice sheet and three-fifths of the Greenland 
ice sheet would ultimately be lost, while 
under the RCP8.5 scenario, a complete loss 
of the Greenland ice sheet is projected over 
about 6,000 years.30 

Key Message 5 
 

Annual average temperature over the 
contiguous United States has increased 
by 1.2ºF (0.7°C) over the last few decades 
and by 1.8°F (1°C) relative to the beginning 
of the last century. Additional increases in 
annual average temperature of about 2.5°F 
(1.4°C) are expected over the next few 
decades regardless of future emissions, 
and increases ranging from 3°F to 12°F 
(1.6°–6.6°C) are expected by the end of 
century, depending on whether the world 
follows a higher or lower future scenario, 
with proportionally greater changes in high 
temperature extremes. 

Over the contiguous United States, annual 
average temperature has increased by 1.2°F 
(0.7°C) for the period 1986–2016 relative to 
1901–1960, and by 1.8°F (1.0°C) when calculated 
using a linear trend for the entire period of 
record.85 Surface and satellite data both show 
accelerated warming from 1979 to 2016, and 
paleoclimate records of temperatures over the 

United States show that recent decades are the 
warmest in at least the past 1,500 years.86 

 
At the regional scale, each National Climate 
Assessment (NCA) region experienced an overall 
warming between 1901–1960 and 1986–2016 
(Figure 2.4). The largest changes were in the 
western half of the United States, where average 
temperature increased by more than 1.5°F (0.8°C) 
in Alaska, the Northwest, the Southwest, and 
also in the Northern Great Plains. Over the entire 
period of record, the Southeast has had the 
least warming due to a combination of natural 
variations and human influences;87 since the early 
1960s, however, the Southeast has been warming 
at an accelerated rate.88,89 

 
Over the past two decades, the number of high 
temperature records recorded in the United 
States far exceeds the number of low tempera- 
ture records. The length of the frost-free season, 
from the last freeze in spring to the first freeze  
of autumn, has increased for all regions since  
the early 1900s.85,90 The frequency of cold waves 
has decreased since the early 1900s, and the 
frequency of heat waves has increased since 
the mid-1960s. Over timescales shorter than a 
decade, the 1930s Dust Bowl remains the peak 
period for extreme heat in the United States for 
a variety of reasons, including exceptionally dry 
springs coupled with poor land management 
practices during that era.85,91,92,93 

 
Over the next few decades, annual average 
temperature over the contiguous United States is 
projected to increase by about 2.2°F (1.2°C) rela- 
tive to 1986–2015, regardless of future scenario. 
As a result, recent record-setting hot years are 
projected to become common in the near future 
for the United States. Much larger increases are 
projected by late century: 2.3°–6.7°F (1.3°–3.7°C) 
under a lower scenario (RCP4.5) and 5.4°–11.0°F 
(3.0°–6.1°C) under a higher scenario (RCP8.5) 
relative to 1986–2015 (Figure 2.4).85 

Increasing U.S. Temperatures 
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Observed and Projected Changes in Annual Average Temperature 

Figure 2.4: Annual average temperatures across North America are projected to increase, with proportionally greater changes at higher 
as compared to lower latitudes, and under a higher scenario (RCP8.5, right) as compared to a lower one (RCP4.5, left). This figure 
compares (top) 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) with projected differences in annual average temperature for mid-century (2036–2065, 
middle) and end-of-century (2070–2099, bottom) relative to the near-present (1986–2015). Source: adapted from Vose et al. 2017.85 
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Extreme high temperatures are projected to 
increase even more than average tempera- 
tures. Cold waves are projected to become 
less intense and heat waves more intense. The 
number of days below freezing is projected to 
decline, while the number of days above 90°F is 
projected to rise.85 

Key Message 6 
 

 
Annual precipitation since the beginning of 
the last century has increased across most 
of the northern and eastern United States 
and decreased across much of 
the southern and western United States. 
Over the coming century, significant 
increases are projected in winter and 
spring over the Northern Great Plains, 
the Upper Midwest, and the Northeast. 
Observed increases in the frequency and 
intensity of heavy precipitation events in 
most parts of the United States are pro- 
jected to continue. Surface soil moisture 
over most of the United States is likely to 
decrease, accompanied by large declines 
in snowpack in the western United States 
and shifts to more winter precipitation 
falling as rain rather than snow. 

 
Annual average precipitation has increased by 
4% since 1901 across the entire United States, 
with strong regional differences: increases 
over the Northeast, Midwest, and Great Plains 
and decreases over parts of the Southwest and 
Southeast (Figure 2.5),94 consistent with the 
human-induced expansion of the tropics.95 In 
the future, the greatest precipitation changes 
are projected to occur in winter and spring, 
with similar geographic patterns to observed 
changes: increases across the Northern 
Great Plains, the Midwest, and the Northeast 
and decreases in the Southwest (Figure 2.5, 

bottom). For 2070–2099 relative to 1986–2015, 
precipitation increases of up to 20% are 
projected in winter and spring for the north 
central United States and more than 30% 
in Alaska, while precipitation is projected to 
decrease by 20% or more in the Southwest in 
spring. In summer, a slight decrease is project- 
ed across the Great Plains, with little to no net 
change in fall. 

 
The frequency and intensity of heavy precip- 
itation events across the United States have 
increased more than average precipitation 
(Figure 2.6, top) and are expected to continue 
to increase over the coming century, with 
stronger trends under a higher as compared to 
a lower scenario (Figure 2.6).94 Observed trends 
and model projections of increases in heavy 
precipitation are supported by well-established 
physical relationships between temperature 
and humidity (see Easterling et al. 2017,94 Sec- 
tion 7.1.3 for more information). These trends 
are consistent with what would be expected 
in a warmer world, as increased evaporation 
rates lead to higher levels of water vapor in 
the atmosphere, which in turn lead to more 
frequent and intense precipitation extremes. 

 
For heavy precipitation events above the 99th 
percentile of daily values, observed changes for 
the Northeast and Midwest average 38% and 
39%, respectively, when measured from 1901, 
and 55% and 42%, respectively, when measured 
with the more robust network available from 
1958. The largest observed increases have 
occurred and are projected to continue to  
occur in the Northeast and Midwest, where 
additional increases exceeding 40% are pro- 
jected for these regions by 2070–2099 relative  
to 1986–2015. These increases are linked to 
observed and projected increases in the fre- 
quency of organized clusters of thunderstorms 
and the amount of precipitation associated 
with them.96,97,98 

Changing U.S. Precipitation 
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Observed and Projected Change in Seasonal Precipitation 
 

Figure 2.5: Observed and projected precipitation changes vary by region and season. (top) Historically, the Great Plains and the 
northeastern United States have experienced increased precipitation while the Southwest has experienced a decrease for the 
period 1986–2015 relative to 1901–1960. (middle and bottom) In the future, under the higher scenario (RCP8.5), the northern 
United States, including Alaska, is projected to receive more precipitation, especially in the winter and spring by the period 
2070–2099 (relative to 1901–1960 for the contiguous United States and 1925–1960 for Alaska, Hawai‘i, Puerto Rico, and the 
U.S. Virgin Islands). Parts of the southwestern United States are projected to receive less precipitation in the winter and spring. 
Areas with red dots show where projected changes are large compared to natural variations; areas that are hatched show where 
changes are small and relatively insignificant. Source: adapted from Easterling et al. 2017.94 
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Observed and Projected Change in Heavy Precipitation 

Figure 2.6: Heavy precipitation is becoming more intense and more frequent across most of the United States, particularly in the 
Northeast and Midwest, and these trends are projected to continue in the future. This map shows the observed (top; numbers in black 
circles give the percentage change) and projected (bottom) change in the amount of precipitation falling in the heaviest 1% of events 
(99th percentile of the distribution). Observed historical trends are quantified in two ways. The observed trend for 1901–2016 (top left) is 
calculated as the difference between 1901–1960 and 1986–2016. The values for 1958–2016 (top right), a period with a denser station 
network, are linear trend changes over the period. The trends are averaged over each National Climate Assessment region. Projected 
future trends are for a lower (RCP4.5, left) and a higher (RCP8.5, right) scenario for the period 2070–2099 relative to 1986–2015. 
Source: adapted from Easterling et al. 2017.94 Data for projected changes in heavy precipitation were not available for Alaska, Hawai‘i, 
or the U.S. Caribbean. Sources: (top) adapted from Easterling et al. 2017; (bottom) NOAA NCEI, CICS-NC, and NEMAC. 

 

Trends in related types of extreme events, 
such as floods, are more difficult to discern 
(e.g., Hirsch and Ryberg 2012, Hodgkins et 
al. 201799,100). Although extreme precipitation 
is one of the controlling factors in flood 
statistics, a variety of other compounding 
factors, including local land use, land-cover 
changes, and water management also play 
important roles. Human-induced warming 
has not been formally identified as a factor in 
increased riverine flooding and the timing of 

any emergence of a future detectable human- 
caused change is unclear.101 

 
Declines have been observed in North America 
spring snow cover extent and maximum snow 
depth, as well as snow water equivalent (a 
measurement of the amount of water stored  
in snowpack) in the western United States and 
extreme snowfall years in the southern and 
western United States.102,103,104 All are consistent 
with observed warming, and of these trends, 



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

2 | Our Changing Climate 
 

 

 

human-induced warming has been formally 
identified as a factor in earlier spring melt and 
reduced snow water equivalent.101 Projections 
show large declines in snowpack in the western 
United States and shifts to more precipitation 
falling as rain rather than snow in many parts 
of the central and eastern United States. Under 
higher future scenarios, assuming no change 
to current water resources management, 
snow-dominated watersheds in the western 
United States are more likely to experience 
lengthy and chronic hydrological drought 
conditions by the end of this century.105,106,107 

 
Across much of the United States, surface 
soil moisture is projected to decrease as the 
climate warms, driven largely by increased 
evaporation rates due to warmer temperatures. 
This means that, all else being equal, future 
droughts in most regions will likely be stronger 
and potentially last longer. These trends are 
likely to be strongest in the Southwest and 
Southern Great Plains, where precipitation 
is projected to decrease in most seasons  
(Figure 2.5) and droughts may become more 
frequent.101,108,109,110,111,112 Although recent droughts 
and associated heat waves have reached 
record intensity in some regions of the United 
States, the Dust Bowl of the 1930s remains the 
benchmark drought and extreme heat event  
in the historical record, and though by some 
measures drought has decreased over much 
of the continental United States in association 
with long-term increases in precipitation (e.g., 
see McCabe et al. 2017113), there is as yet no 
detectable change in long-term U.S. drought 
statistics. Further discussion of historical 
drought is provided in Wehner et al. (2017).101 

 
Few analyses consider the relationship across 
time and space between extreme events; yet 
it is important to note that the physical and 
socioeconomic impacts of compound extreme 
events can be greater than the sum of the 
parts.25,114 Compound extremes can include 

simultaneous heat and drought such as during 
the 2011–2017 California drought, when 2014, 
2015, and 2016 were also the warmest years 
on record for the state; conditions conducive 
to the very large wildfires that have already 
increased in frequency across the western 
United States and Alaska since the 1980s;115 or 
flooding associated with heavy rain over snow 
or waterlogged ground, which is also pro- 
jected to increase in the northern contiguous 
United States.116 

Key Message 7 
 

In the Arctic, annual average tempera- 
tures have increased more than twice as 
fast as the global average, accompanied 
by thawing permafrost and loss of sea 
ice and glacier mass. Arctic-wide glacial and 
sea ice loss is expected to continue; by 
mid-century, it is very likely that the Arctic 
will be nearly free of sea ice in late 
summer. Permafrost is expected to con- 
tinue to thaw over the coming century as 
well, and the carbon dioxide and methane 
released from thawing permafrost has 
the potential to amplify human-induced 
warming, possibly significantly. 

The Arctic is particularly vulnerable to rising 
temperatures, since so much of it is covered   
in ice and snow that begin to melt as tempera- 
tures cross the freezing point. The more the 
Arctic warms, the more snow and ice melts, 
exposing the darker land and ocean under- 
neath. This darker surface absorbs more of the 
sun’s energy than the reflective ice and snow, 
amplifying the original warming in a self- 
reinforcing cycle, or positive feedback. 

 
Some of the most rapid observed changes are 
occurring in Alaska and across the Arctic. Over 
the last 50 years, for example, annual average 

Rapid Arctic Change 
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air temperatures across Alaska and the Arctic 
have increased more than twice as fast as the 
global average temperature.117,118,119,120,121,122 As 
surface temperatures increase, permafrost— 
previously permanently frozen ground—is 
thawing and becoming more discontinuous.123 

This triggers another self-reinforcing cycle, the 
permafrost–carbon feedback, where carbon 
previously stored in solid form is released from 
the ground as carbon dioxide and methane (a 
greenhouse gas 35 times more powerful than 
CO2, on a mass basis, over a 100-year time 
horizon), resulting in additional warming.25,122 

The overall magnitude of the permafrost– 
carbon feedback is uncertain, but it is very 
likely that it is already amplifying carbon 
emissions and human-induced warming 
and will continue to do so.124,125,126 Permafrost 
emissions imply an even greater decrease in 
emissions from human activities would be 
required to hold global temperature below a 
given amount of warming, such as the levels 
discussed in Box 2.4. 

 
Most arctic glaciers are losing ice rapidly,  
and in some cases, the rate of loss is accel- 
erating.127,128,129,130 This contributes to sea level 
rise and changes in local salinity that can in 
turn affect local ocean circulation. In Alaska, 
annual average glacier ice mass for each year 
since 1984 has been less than the year before, 
and glacial ice mass is declining in both the 
northern and southern regions around the Gulf 
of Alaska.131 Dramatic changes have occurred 
across the Greenland ice sheet as well, par- 
ticularly at its edges. From 2002 to 2016, ice 
mass was lost at an average rate of 270 billion 
tons per year on average, or about 0.1% per 
decade, a rate that has increased in recent 
years.131 The effects of warmer air and ocean 
temperatures on the melting ice sheet can be 
amplified by other factors, including dynamical 
feedbacks (faster sliding, greater calving, and 
increased melting for the part of the ice that is 
underwater), near-surface ocean warming, and 

regional ocean and atmospheric circulation 
changes.132,133,134,135 

 
Finally, much of the Arctic region is ocean that 
is covered by sea ice, and like land ice, sea ice 
is also melting (Figure 2.7).122 Since the early 
1980s, annual average arctic sea ice extent has 
decreased by 3.5%–4.1% per decade.127,136 The 
annual minimum sea ice extent, which occurs 
in September of each year, has decreased at  
an even greater rate of 11%–16% per decade.137 

Remaining ice is also, on average, becoming 
thinner (Figure 2.7), as less ice survives to sub- 
sequent years, and average ice age declines.137 

The sea ice melt season—defined as the num- 
ber of days between spring melt onset and fall 
freeze-up—has lengthened across the Arctic by 
at least five days per decade since 1979. 

 
Melting sea ice does not contribute to sea level 
rise, but it does have other climate effects. 
First, sea ice loss contributes to a positive 
feedback, or self-reinforcing cycle, through 
changing the albedo or reflectivity of the 
Arctic’s surface. As sea ice, which is relatively 
reflective, is replaced by darker ocean, more 
solar radiation is absorbed by the ocean 
surface. This contributes to a greater rise in 
Arctic air temperature compared to the global 
average and affects formation of ice the next 
winter. Ice loss also acts to freshen the Arctic 
Ocean, affecting the temperature of the ocean 
surface layer and how surface heat is distrib- 
uted through the ocean mixed layer. This also 
affects ice formation in subsequent seasons, 
as well as regional wind patterns, clouds, 
and ocean temperatures. And finally, sea ice 
loss also impacts key marine ecosystems and 
species that depend on the ice, from the polar 
bear to the ring seal,138,139,140 and the Alaska 
coastline becomes more vulnerable to erosion 
when it is not shielded from storms and 
waves by sea ice.141 
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Diminishing Arctic Sea Ice 

Figure 2.7: As the Arctic warms, sea ice is shrinking and becoming thinner and younger. The top and middle panels show  
how the summer minimum ice extent and average age, measured in September of each year, changed from 1984 (top) to 
2016 (middle). An animation of the complete time series is available at http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=4489. 
September sea ice extent each year from 1979 (when satellite observations began) to 2016, has decreased at a rate of 13.3% ± 
2.6% per decade (bottom). The gray line is the 1979–2016 average. Source: adapted from Taylor et al. 2017.122 

http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=4489
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It is virtually certain that human activities have 
contributed to arctic surface temperature 
warming, sea ice loss, and glacier mass loss.122,1 

42,143,144,145,146,147,148 Observed trends in temperature 
and arctic-wide land and sea ice loss are 
expected to continue through the 21st century. 
It is very likely that by mid-century the Arctic 
Ocean will be almost entirely free of sea ice by 
late summer for the first time in about 2 million 
years.26,149As climate models have tended to 
under-predict recent sea ice loss,143 it is possi- 
ble this will happen before mid-century. 

Key Message 8 
 

Human-induced change is affecting 
atmospheric dynamics and contributing 
to the poleward expansion of the tropics 
and the northward shift in Northern 
Hemisphere winter storm tracks since 
1950. Increases in greenhouse gases 
and decreases in air pollution have con- 
tributed to increases in Atlantic hurricane 
activity since 1970. In the future, Atlantic 
and eastern North Pacific hurricane 
rainfall and intensity are projected to 
increase, as are the frequency and se- 
verity of landfalling “atmospheric rivers” 
on the West Coast. 

Changes that occur in one part or region of the 
climate system can affect others. One of the  
key ways this is happening is through changes 
in atmospheric circulation patterns. While the 
Arctic may seem remote to many, for example, 
disruptions to the natural cycles of arctic sea 
ice, land ice, surface temperature, snow cover, 
and permafrost affect the amount of warming, 
sea level change, carbon cycle impacts, and 
potentially even weather patterns in the lower 
48 states. Recent studies have linked record 

warm temperatures in the Arctic to changes 
in atmospheric circulation patterns in the 
midlatitudes.122,150 

 
Observed changes in other aspects of atmo- 
spheric circulation include the  northward 
shift in winter storm tracks since detailed 
observations began in the 1950s and an asso- 
ciated poleward shift of the subtropical dry 
zones.151,152,153 In the future, some studies show 
increases in the frequency of the most intense 
winter storms over the northeastern United 
States (e.g., Colle et al. 2013154). Regarding the 
influence of arctic warming on midlatitude 
weather, two studies suggest that arctic 
warming could be linked to the frequency and 
intensity of severe winter storms in the United 
States;155,156 another study shows an influence 
of arctic warming on summer heat waves and 
large storms.157 Other studies show mixed 
results (e.g., Barnes and Polvani 2015, Perlwitz 
et al. 2015, Screen et al. 2015158,159,160), however, 
and the nature and magnitude of the influence 
of arctic warming on U.S. weather over the 
coming decades remain open questions. 

 
There is no question, however, that the effects 
of human-induced warming have the potential 
to affect weather patterns around the world. 
Changes in the subtropics can also impact the 
rest of the globe, including the United States. 
There is growing evidence that the tropics have 
expanded poleward by about 70 to 200 miles in 
each hemisphere since satellite measurements 
began in 1979, with an accompanying shift of 
the subtropical dry zones, midlatitude jets, 
and both midlatitude and tropical cyclone 
tracks.153,161,162 Human activities have played a 
role in the change, and although it is not yet 
possible to separate the magnitude of the 
human contribution relative to natural vari- 
ability,15 these trends are expected to continue 
over the coming century. 

Changes in Severe Storms 
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Box 2.5: The 2017 Atlantic Hurricane Season 

The severity of the 2017 Atlantic hurricane season was consistent with a combination of natural and 
human-caused variability on decadal and longer time scales. 

 
The 2017 Atlantic hurricane season tied the record for the most named storms reaching hurricane strength 
(Figure 2.8); however, the number of storms was within the range of observed historical variability and does 
not alter the conclusion that climate change is unlikely to increase the overall number of storms on average. At 
the same time, certain aspects of the 2017 season were unprecedented, and at least two of these aspects are 
consistent with what might be expected as the planet warms. 

 
First, the ability of four hurricanes—Harvey, Irma, Jose, and Maria (Figure 2.9)—to rapidly reach and maintain 
very high intensity was anomalous and, in one case, unprecedented. This is consistent with the expectation of 
stronger storms in a warmer world. All four of these hurricanes experienced rapid intensification, and Irma shat- 
tered the existing record for the length of time over which it sustained winds of 185 miles per hour. 

 
Second, the intensity of heavy rain, including heavy rain produced by tropical cyclones, increases in a warmer 
world (Figure 2.6). Easterling et al. (2017)94 concluded that the heaviest rainfall amounts from intense storms, 
including hurricanes, have increased by 6% to 7%, on average, compared to what they would have been a cen- 
tury ago. In particular, both Harvey and Maria were distinguished by record-setting rainfall amounts. Harvey’s 
multiday total rainfall likely exceeded that of any known historical storm in the continental United States, while 
Maria’s rainfall intensity was likely even greater than Harvey’s, with some locations in Puerto Rico receiving 
multiple feet of rain in just 24 hours. 

 
Much of the record-breaking rainfall totals associated with Hurricane Harvey were due to its slow-moving, 
anomalous track and its proximity to the Gulf of Mexico, which provided a continuous source of moisture. No 
studies have specifically examined whether the likelihood of hurricanes stalling near land is affected by climate 
change, and more general research on weather patterns and climate change suggests the possibility of compet- 
ing influences.157,161,236,237 

 
However, Harvey’s total rainfall was likely compounded by warmer surface water temperatures feeding the 
direct deep tropical trajectories historically associated with extreme precipitation in Texas,238 and these warmer 
temperatures are partly attributable to human-induced climate change. Initial analyses suggest that the human- 
influenced contribution to Harvey’s rainfall that occurred in the most affected areas was significantly greater 
than the 5% to 7% increase expected from the simple thermodynamic argument that warmer air can hold more 
water vapor.216,218 One study estimated total rainfall amount to be increased as a result of human-induced cli- 
mate change by at least 19% with a best estimate of 38%,216 and another study found the three-day rainfall to be 
approximately 15% more intense and the event itself three times more likely.217
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Box 2.5: The 2017 Atlantic Hurricane Season, continued 

2017 Tropical Cyclone Tracks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8: Tropical cyclone tracks for the 2017 Atlantic hurricane season. Data are based on the preliminary “operational best- 
track” provided by the NOAA National Hurricane Center and may change slightly after post-season reanalysis is completed. 
Sources: NOAA NCEI and ERT, Inc. 

 
Notable 2017 Hurricanes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9: (a) Visible imagery from the GOES satellite shows Hurricanes Katia (west), Irma (center) and Jose (east) 
stretched across the Atlantic on September 8, 2017; (b) Hurricane Maria about to make landfall over Puerto Rico on 
September 19, 2017; (c) Hurricane Harvey making landfall in Texas on August 23, 2017; and (d) rainfall totals from August 
23 to 27 over southeastern Texas and Louisiana. Sources: (a) NOAA CIRA; (b–d) NASA. 
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Landfalling “atmospheric rivers” are narrow 
streams of moisture that account for 30%–40% 
of precipitation and snowpack along the west- 
ern coast of the United States. They are asso- 
ciated with severe flooding events in California 
and other western states. As the world warms, 
the frequency and severity of these events are 
likely to increase due to increasing evaporation 
and higher atmospheric water vapor levels in 
the atmosphere.101,163,164,165 

 
Human-caused emissions of greenhouse gases 
and air pollutants have also affected observed 
ocean–atmosphere variability in the Atlantic 
Ocean, and these changes have contributed to 
the observed increasing trend in North Atlantic 
tropical cyclone activity since the 1970s166 

(see also review by Sobel et al. 2016167). In a 
warmer world, there will be a greater potential 
for stronger tropical cyclones (also known as 
hurricanes and typhoons, depending on the 
region) in all ocean basins.15,166,168,169,170,171 Climate 
model simulations indicate an increase in 
global tropical cyclone intensity in a warmer 
world, as well as an increase in the number of 
very intense tropical cyclones, consistent with 
current scientific understanding of the physics 
of the climate system.15,166,168,169,170,172 In the future, 
the total number of tropical storms is generally 

projected to remain steady, or even decrease, 
but the most intense storms are generally 
projected to become more frequent, and the 
amount of rainfall associated with a given 
storm is also projected to increase.170 This in 
turn increases the risk of freshwater flooding 
along the coasts and secondary effects such 
as landslides. Though scientific  confidence 
in changes in the projected frequency of very 
strong storms is low to medium, depending on 
ocean basin, it is important to note that these 
storms are responsible for the vast majority 
of damage and mortality associated with 
tropical storms. 

 
Extreme events such as tornadoes and severe 
thunderstorms occur over much shorter time 
periods and smaller areas than other extreme 
phenomena such as heat waves, droughts, 
and even tropical cyclones. This makes it 
difficult to detect trends and develop future 
projections172,173 (see Box 2.6). Compared to 
damages from other types of extreme weather, 
those occurring due to thunderstorm-related 
weather hazards have increased the most  
since 1980,174 and there is some indication that, 
in a warmer world, the number of days with 
conditions conducive to severe thunderstorm 
activity is likely to increase.175,176,177 
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Box 2.6: Severe Weather 

Observed trends and projections of future changes in severe thunderstorms, tornadoes, hail, and strong wind 

events are uncertain. 
 

Observed and projected future increases in certain types of extreme weather, such as heavy rainfall and extreme 
heat, can be directly linked to a warmer world. Other types of extreme weather, such as tornadoes, hail, and 
thunderstorms, are also exhibiting changes that may be related to climate change, but scientific understanding 
is not yet detailed enough to confidently project the direction and magnitude of future change.172

 

 
For example, tornado activity in the United States has become more variable, particularly over the 2000s (e.g., 
Tippett 2014, Elsner et al. 2015239,240), with a decrease in the number of days per year with tornadoes and an 
increase in the number of tornadoes on these days.241 Although the United States has experienced several sig- 
nificant thunderstorm wind events (sometimes referred to as “derechos”) in recent years, there are not enough 
observations to determine whether there are any long-term trends in their frequency or intensity.242

 

 
Modeling studies consistently suggest that the frequency and intensity of severe thunderstorms in the United 
States could increase as climate changes,177,243,244,245 particularly over the U.S. Midwest and Southern Great 
Plains during spring.177 There is some indication that the atmosphere will become more conducive to severe 
thunderstorm formation and increased intensity, but confidence in the model projections is low. Similarly, there 
is only low confidence in observations that storms have already become stronger or more frequent. Much 
of the lack of confidence comes from the difficulty in both monitoring and modeling small-scale and short- 
lived phenomena. 

 

Key Message 9 
 

 
Regional changes in sea level rise and  
coastal flooding are not evenly distributed 
across the United States; ocean circulation 
changes, sinking land, and Antarctic ice melt 
will result in greater-than-average sea level 
rise for the Northeast and western Gulf of 
Mexico under lower scenarios and most of 
the U.S. coastline other than Alaska under 
higher scenarios. Since the 1960s, sea level 
rise has already increased the frequency 
of high tide flooding by a factor of 5 to 10 
for several U.S. coastal communities. The 
frequency, depth, and extent of tidal flooding 
are expected to continue to increase in 
the future, as is the more severe flooding 
associated with coastal storms, such as 
hurricanes and nor’easters. 

 
Along U.S. coastlines, how much and how fast 
sea level rises will not just depend on global 
trends; it will also be affected by changes 
in ocean circulation, land elevation, and the 
rotation and the gravitational field of Earth, 
which are affected by how much land ice 
melts, and where. 

 
The primary concern related to ocean circu- 
lation is the potential slowing of the Atlantic 
Ocean Meridional Overturning Circulation 
(AMOC). An AMOC slowdown would affect 
poleward heat transport, regional climate, 
sea level rise along the East Coast of the 
United States, and the overall response of  
the Earth’s climate system to human-induced 
change.34,178,179,180,181 

 
The AMOC moves warm, salty water from 
lower latitudes poleward along the surface to 
the northern Atlantic. This aspect of the AMOC 

Increases in Coastal Flooding 
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is also known as the Gulf Stream. In the north- 
ern Atlantic, the water cools, sinks, and returns 
southward as deep waters. AMOC strength 
is controlled by the rate of sinking within the 
North Atlantic, which is in turn affected by 
the rate of heat loss from the ocean to the 
atmosphere. As the atmosphere warms, surface 
waters entering the North Atlantic may release 
less heat and become diluted by increased 
freshwater melt from Greenland and Northern 
Hemisphere glaciers. Both of these factors 
would slow the rate of sinking and weaken 
the entire AMOC. 

 
Though observational data have been insuffi- 
cient to determine if a long-term slowdown in 
the AMOC began during the 20th century,31,182 

one recent study quantifies a 15% weakening 
since the mid-20th century183 and another, a 
weakening over the last 150 years.184 Over the 
next few decades, however, it is very likely 
that the AMOC will weaken. Under the lower 
RCP4.5 scenario, climate model simulations 
suggest the AMOC might ultimately stabilize, 
though bias-corrected simulations  continue 
to show a long-term risk.180 Under the higher 
RCP8.5 scenario, projections suggest the 
AMOC would continue to weaken throughout 
the century, increasing the probability of an 
AMOC shutdown (see Box 2.4).26,180,185 

 
For almost all future global average sea level 
rise scenarios of the Interagency Sea Level Rise 
Taskforce,76 relative sea level rise is projected  
to be greater than the global average along 
the coastlines of the U.S. Northeast and the 
western Gulf of Mexico due to the effects of 
ocean circulation changes and sinking land. In 
addition, with the exception of Alaska, almost 
all U.S. coastlines are projected to experience 
higher-than-average sea level rise in response 

to Antarctic ice loss. Higher global average 
sea level rise scenarios imply higher levels 
of Antarctic ice loss; under higher scenarios, 
then, it is likely that sea level rise along all U.S. 
coastlines, except Alaska, would be greater 
than the global average. Along portions of the 
Alaska coast, especially its southern coastline, 
relative sea levels are dropping as land uplifts 
in response to glacial isostatic  adjustment 
(the ongoing movement of land that was once 
burdened by ice-age glaciers) and retreat 
of the Alaska glaciers over the last several 
decades. Future rise amounts are projected to 
be less than along other U.S. coastlines due to 
continued uplift and other effects stemming 
from past and future glacier shrinkage. 

 
Due to sea level rise, daily tidal flooding events 
capable of causing minor damage to infrastruc- 
ture have already become 5 to 10 times more 
frequent since the 1960s in several U.S. coastal 
cities, and flooding rates are accelerating in 
over 25 Atlantic and Gulf Coast cities.186,187,188 For 
much of the U.S. Atlantic coastline, a local sea 
level rise of 1.0 to 2.3 feet (0.3 to 0.7 m) would 
be sufficient to turn nuisance high tide events 
into major destructive floods.189 Coastal risks 
may be further exacerbated as sea level rise 
increases the frequency and extent of extreme 
coastal flooding and erosion associated 
with U.S. coastal storms, such as hurricanes 
and nor’easters. For instance, the projected 
increase in the intensity of hurricanes in the 
North Atlantic could increase the probability of 
extreme flooding along most U.S. Atlantic and 
Gulf Coast states beyond what would be pro- 
jected based on relative sea level rise alone— 
although it is important to note that this risk 
could be either offset or amplified by other 
factors, such as changes in storm frequency or 
tracks (e.g., Knutson et al. 2013, 2015170,190). 
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Key Message 10 
 

 
The climate change resulting from hu- 
man-caused emissions of carbon dioxide 
will persist for decades to millennia. 
Self-reinforcing cycles within the climate 
system have the potential to accelerate 
human-induced change and even shift 
Earth’s climate system into new states 
that are very different from those experi- 
enced in the recent past. Future changes 
outside the range projected by climate 
models cannot be ruled out, and due to 
their systematic tendency to underes- 
timate temperature change during past 
warm periods, models may be more likely 
to underestimate than to overestimate 
long-term future change. 

Humanity’s effect on Earth’s climate system 
since the start of the industrial  era,  through 
the large-scale combustion of fossil fuels, 
widespread deforestation, and other activities, 
is unprecedented. Atmospheric carbon dioxide 
concentrations are now higher than at any time 
in the last 3 million years,191 when both global 
average temperature and sea level were signifi- 
cantly higher than today.24 One possible analog 
for the rapid pace of change occurring today 
is the relatively abrupt warming of 9°–14°F (5°–
8°C) that occurred during the Paleocene- 
Eocene Thermal Maximum (PETM), approx- 
imately 55–56 million years ago.192,193,194,195 

Although there were significant differences in 
both background conditions and factors affect- 
ing climate during the PETM, it is estimated 
that the rate of maximum sustained carbon 
release was less than 1.1 gigatons of carbon 
(GtC) per year (about a tenth of present-day 
emissions rates). Present-day emissions of 
nearly 10 GtC per year suggest that there is 

no analog for this century any time in at least 
the last 50 million years. Moreover, continued 
growth in carbon emissions over this century 
and beyond would lead to atmospheric CO2 

concentrations not experienced in tens 
to hundreds of millions of years55,195 (see 
Hayhoe et al. 201724 for further discussion of 
paleoclimate analogs for present and near-fu- 
ture conditions). 

 
Most of the climate projections used in this 
assessment are based on simulations by global 
climate models (GCMs). These comprehensive, 
state-of-the-art mathematical and computer 
frameworks use fundamental physics, chemis- 
try, and biology to represent many important 
aspects of Earth’s climate and the processes 
that occur within and between them (see Box 
2.7).24 However, there are still elements of the 
earth system that GCMs do not capture well.196 

Self-reinforcing cycles or feedbacks within the 
climate system have the potential to amplify 
and accelerate human-induced climate change. 
As discussed in Kopp et al. (2017),25 they may 
even shift Earth’s climate system, in part or in 
whole, into new states that are very different 
from those experienced in the recent past. Tip- 
ping elements are subcomponents of the earth 
system that can be stable in multiple different 
states and can be “tipped” between these  
states by small changes in forcing, amplified 
by self-reinforcing cycles. Tipping point events 
may occur when such a threshold is crossed 
in the climate system (e.g., Lenton et al. 2008, 
Kopp et al. 2016197,198). Some of the self- 
reinforcing cycles that lead to potential state 
shifts, such as an ice-free Arctic, can be mod- 
eled and quantified; others can be identified 
but have not yet been quantified, such as 
changes to cloudiness driven by changes in 
large-scale patterns of atmospheric circula- 
tion;199 and some are probably still unknown.25 

Long-Term Changes 
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Box 2.7: Climate Models and Downscaling 

Projections of future changes are based on simulations from global climate models, downscaled to higher 
resolutions more relevant to local- to regional-scale impacts. 

 
The projections of future change used in this assessment come from global climate models (GCMs) that repro- 
duce key processes in Earth’s climate system using fundamental scientific principles. GCMs were previously 
referred to as “general circulation models” when they included only the physics needed to simulate the general 
circulation of the atmosphere. Today, global climate models simulate many more aspects of the climate sys- 
tem: atmospheric chemistry and particles, soil moisture and vegetation, land and sea ice cover, and increasingly, 
an interactive carbon cycle and/or biogeochemistry. Models that include this last component are also referred 
to as Earth System Models (ESMs), and climate models are constantly being expanded to include more of the 
physics, chemistry, and increasingly, the biology and biogeochemistry at work in the climate system (Figure 
2.10; see also Hayhoe et al. 2017,24 Section 4.3). 

 
The ability to accurately reproduce key aspects of Earth’s climate varies across climate models. In addition, 
many models share model components or code, so their simulations do not represent entirely independent 
projections. The Coupled Model Intercomparison Project, Phase 5 (CMIP5) provides a publicly available data- 
set of simulations from nearly all the world’s climate models. As discussed in CSSR,246 most NCA4 projections 
use a weighted multimodel average of the CMIP5 models based on a combination of model skill and model 
independence to provide multimodel ensemble projections of future temperature, precipitation, and other 
climate variables. 

 
The resolution of global models has increased significantly over time. Even the latest experimental high-resolu- 
tion simulations, however, are unable to simulate all of the important fine-scale processes occurring at regional 
to local scales. Instead, a range of methods, generally referred to as “downscaling,” are typically used to cor- 
rect systematic biases in global projections and generate the higher-resolution information required for some 
impact assessments.24

 

 
There are two main types of downscaling: 1) dynamical downscaling, which uses regional climate models 
(RCMs) to calculate the response of regional climate processes to global change over a limited area and 2) 
empirical statistical downscaling models (ESDMs), which develop statistical relationships between real-world 
observations and historical global model output, then use these relationships to downscale future projections. 
Although dynamical and statistical methods can be combined into a hybrid framework, many assessments still 
tend to rely on one or the other type of downscaling, where the choice is based on the needs of the assessment. 
Many of the projections shown in this report, for example, are either based on the original GCM simulations 
or on the latest CMIP5 simulations that have been statistically downscaled using the LOcalized Constructed 
Analogs (LOCA) ESDM.247 It is important to note that while ESDMs effectively remove bias and increase spatial 
resolution, and while RCMs add additional physical insight at smaller spatial scales by resolving processes such 
as convection (e.g., Prein et. al 2015248), they do not include all the processes relevant to climate at local scales. 
For further discussion, see Hayhoe et al. (2017),24 Section 4.3. 
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While climate models incorporate important 
climate processes that can be well quantified, 
they do not include all of the processes that 
can contribute to feedbacks, compound 
extreme events, and abrupt and/or irreversible 
changes, including key ice sheet processes and 
arctic carbon reservoirs.25,185,200 The systematic 
tendency of climate models to underestimate 
temperature change during warm paleocli- 
mates201 suggests that climate models are more 
likely to underestimate than to overestimate 
the amount of long-term future change; 
this is likely to be especially true for trends 
in extreme events. For this reason, there is 
significant potential for humankind’s planetary 
experiment to result in surprises—and the 
further and faster Earth’s climate system is 
changed, the greater the risk of unanticipated 
changes and impacts, some of which are 
potentially large and irreversible. 
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Box 2.7: Climate Models and Downscaling, continued 

Scientific Understanding of Global Climate 
 
 
 
 
 
 
 
 
 
Figure 2.10: As scientific understanding of climate has evolved over the last 120 years, increasing amounts of physics, chemistry, 
and biology have been incorporated into calculations and, eventually, models. This figure shows when various processes and 
components of the climate system became regularly included in scientific understanding of global climate and, over the second 
half of the century as computing resources became available, formalized in global climate models. Source: Hayhoe et al. 2017.24 
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Traceable Accounts 
Process Description 
This chapter is based on the collective effort of 32 authors, 3 review editors, and 18 contributing 
authors comprising the writing team for the Climate Science Special Report (CSSR),208 a featured 
U.S. Global Change Research Project (USGCRP) deliverable and Volume I of the Fourth National 
Climate Assessment (NCA4). An open call for technical contributors took place in March 2016, and 
a federal science steering committee appointed the CSSR team. CSSR underwent three rounds of 
technical federal review, external peer review by the National Academies of Sciences, Engineering, 
and Medicine, and a review that was open to public comment. Three in-person Lead Authors 
Meetings were conducted at various stages of the development cycle to evaluate comments 
received, assign drafting responsibilities, and ensure cross-chapter coordination and consistency 
in capturing the state of climate science in the United States. In October 2016, an 11-member core 
writing team was tasked with capturing the most important CSSR key findings and generating 
an Executive Summary. The final draft of this summary and the underlying chapters was com- 
piled in June 2017. 

The NCA4 Chapter 2 author team was pulled exclusively from CSSR experts tasked with leading 
chapters and/or serving on the Executive Summary core writing team, thus representing a 
comprehensive cross-section of climate science disciplines and supplying the breadth necessary  
to synthesize CSSR content. NCA4 Chapter 2 authors are leading experts in climate science trends 
and projections, detection and attribution, temperature and precipitation change, severe weather 
and extreme events, sea level rise and ocean processes, mitigation, and risk analysis. The chapter 
was developed through technical discussions first promulgated by the literature assessments, 
prior efforts of USGCRP,208 e-mail exchanges, and phone consultations conducted to craft this 
chapter and subsequent deliberations via phone and e-mail exchanges to hone content for the 
current application. The team placed particular emphasis on the state of science, what was cov- 
ered in USGCRP,208 and what is new since the release of the Third NCA in 2014.1 

Key Message 1 
 

Global climate is changing rapidly compared to the pace of natural variations in climate that 
have occurred throughout Earth’s history. Global average temperature has increased by about 
1.8°F from 1901 to 2016, and observational evidence does not support any credible natural 
explanations for this amount of warming; instead, the evidence consistently points to human 
activities, especially emissions of greenhouse or heat-trapping gases, as the dominant cause. 
(Very High Confidence) 

 
Description of evidence base 
The Key Message and supporting text summarize extensive evidence documented in the climate 
science literature and are similar to statements made in previous national (NCA3)1 and internation- 
al249 assessments. The human effects on climate have been well documented through many papers 

Observed Changes in Global Climate 
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in the peer reviewed scientific literature (e.g., see Fahey et al. 201718 and Knutson et al. 201716 for 
more discussion of supporting evidence). 

The finding of an increasingly strong positive forcing over the industrial era is supported by 
observed increases in atmospheric temperatures (see Wuebbles et al. 201710) and by observed 
increases in ocean temperatures.10,57,76 The attribution of climate change to human activities is 
supported by climate models, which are able to reproduce observed temperature trends when 
radiative forcing from human activities is included and considerably deviate from observed trends 
when only natural forcings are included (Wuebbles et al. 2017; Knutson et al. 2017, Figure 3.110,16). 

Major uncertainties 

Key remaining uncertainties relate to the precise magnitude and nature of changes at global,  
and particularly regional scales, and especially for extreme events and our ability to simulate and 
attribute such changes using climate models. The exact effects from land-use changes relative to 
the effects from greenhouse gas emissions need to be better understood. 

The largest source of uncertainty in radiative forcing (both natural and anthropogenic) over the 
industrial era is quantifying forcing by aerosols. This finding is consistent across previous assess- 
ments (e.g., IPCC 2007, IPCC 2013249,250). 

Recent work has highlighted the potentially larger role of variations in ultraviolet solar irradiance, 
versus total solar irradiance, in solar forcing. However, this increase in solar forcing uncertainty is 
not sufficiently large to reduce confidence that anthropogenic activities dominate industrial- 
era forcing. 

Description of confidence and likelihood 

There is very high confidence for a major human influence on climate. 

Assessments of the natural forcings of solar irradiance changes and volcanic activity show with 
very high confidence that both forcings are small over the industrial era relative to total anthro- 
pogenic forcing. Total anthropogenic forcing is assessed to have become larger and more positive 
during the industrial era, while natural forcings show no similar trend. 

Key Message 2 
 

Earth’s climate will continue to change over this century and beyond (very high confidence). Past 
mid-century, how much the climate changes will depend primarily on global emissions of 
greenhouse gases and on the response of Earth’s climate system to human-induced warming 
(very high confidence). With significant reductions in emissions, global temperature increase 
could be limited to 3.6°F (2°C) or less compared to preindustrial temperatures (high confidence). 
Without significant reductions, annual average global temperatures could increase by 9°F (5°C) or 
more by the end of this century compared to preindustrial temperatures (high confidence). 

Future Changes in Global Climate 
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Description of evidence base 
The Key Message and supporting text summarize extensive evidence documented in the climate 
science literature and are similar to statements made in previous national (NCA3)1 and internation- 
al249 assessments. The projections for future climate have been well documented through many 
papers in the peer-reviewed scientific literature (e.g., see Hayhoe et al. 201724 for descriptions of 
the scenarios and the models used). 

Major uncertainties 

Key remaining uncertainties relate to the precise magnitude and nature of changes at global,  
and particularly regional, scales and especially for extreme events and our ability to simulate and 
attribute such changes using climate models. Of particular importance are remaining uncer- 
tainties in the understanding of feedbacks in the climate system, especially in ice–albedo and 
cloud cover feedbacks. Continued improvements in climate modeling to represent the physical 
processes affecting the Earth’s climate system are aimed at reducing uncertainties. Enhanced 
monitoring and observation programs also can help improve the understanding needed to 
reduce uncertainties. 

Description of confidence and likelihood 

There is very high confidence for continued changes in climate and high confidence for the levels 
shown in the Key Message. 

Key Message 3 
 

The world’s oceans have absorbed 93% of the excess heat from human-induced warming since the 
mid-20th century and are currently absorbing more than a quarter of the carbon dioxide 
emitted to the atmosphere annually from human activities, making the oceans warmer and 
more acidic (very high confidence). Increasing sea surface temperatures, rising sea levels, and 
changing patterns of precipitation, winds, nutrients, and ocean circulation are contributing to 
overall declining oxygen concentrations in many locations (high confidence). 

 
Description of evidence base 
The Key Message and supporting text summarize the evidence documented in climate science 
literature as summarized in Rhein et al. (2013).31 Oceanic warming has been documented in a vari- 
ety of data sources, most notably by the World Ocean Circulation Experiment (WOCE),251 Argo,252 

and the Extended Reconstructed Sea Surface Temperature v4 (ERSSTv4).253 There is particular 
confidence in calculated warming for the time period since 1971 due to increased spatial and depth 
coverage and the level of agreement among independent sea surface temperature (SST) observa- 
tions from satellites, surface drifters and ships, and independent studies using differing analyses, 
bias corrections, and data sources.20,33,68 Other observations such as the increase in mean sea 
level rise (see Sweet et al. 201776) and reduced Arctic/Antarctic ice sheets (see Taylor et al. 2017122) 
further confirm the increase in thermal expansion. For the purpose of extending the selected 
time periods back from 1900 to 2016 and analyzing U.S. regional SSTs, the ERSSTv4253 is used. For 
the centennial time scale changes over 1900–2016, warming trends in all regions are statistically 

Warming and Acidifying Oceans 
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significant with the 95% confidence level. U.S. regional SST warming is similar between calcula- 
tions using ERSSTv4 in this report and those published by Belkin (2016),254 suggesting confidence 
in these findings. 

Evidence for oxygen trends arises from extensive global measurements of WOCE after 1989 and 
individual profiles before that.43 The first basin-wide dissolved oxygen surveys were performed 
in the 1920s.255 The confidence level is based on globally integrated O2 distributions in a variety 
of ocean models. Although the global mean exhibits low interannual variability, regional con- 
trasts are large. 

Major uncertainties 

Uncertainties in the magnitude of ocean warming stem from the disparate measurements of ocean 
temperature over the last century. There is high confidence in warming trends of the upper ocean 
temperature from 0–700 m depth, whereas there is more uncertainty for deeper ocean depths of 
700–2,000 m due to the short record of measurements from those areas. Data on warming trends  
at depths greater than 2,000 m are even more sparse. There are also uncertainties in the timing  
and reasons for particular decadal and interannual variations in ocean heat content and the con- 
tributions that different ocean basins play in the overall ocean heat uptake. 

Uncertainties in ocean oxygen content (as estimated from the intermodel spread) in the global 
mean are moderate mainly because ocean oxygen content exhibits low interannual variability 
when globally averaged. Uncertainties in long-term decreases of the global averaged oxygen 
concentration amount to 25% in the upper 1,000 m for the 1970–1992 period and 28% for the 
1993–2003 period. Remaining uncertainties relate to regional variability driven by mesoscale 
eddies and intrinsic climate variability such as ENSO. 

Description of confidence and likelihood 

There is very high confidence in measurements that show increases in the ocean heat content and 
warming of the ocean, based on the agreement of different methods. However, long-term data in 
total ocean heat uptake in the deep ocean are sparse, leading to limited knowledge of the trans- 
port of heat between and within ocean basins. 

Major ocean deoxygenation is taking place in bodies of water inland, at estuaries, and in the 
coastal and the open ocean (high confidence). Regionally, the phenomenon is exacerbated by local 
changes in weather, ocean circulation, and continental inputs to the oceans. 

Key Message 4 
 

Global average sea level has risen by about 7–8 inches (16–21 cm) since 1900, with almost half this 
rise occurring since 1993 as oceans have warmed and land-based ice has melted (very high 
confidence). Relative to the year 2000, sea level is very likely to rise 1 to 4 feet (0.3 to 1.3 m) 
by the end of the century (medium confidence). Emerging science regarding Antarctic ice sheet 
stability suggests that, for higher scenarios, a rise exceeding 8 feet (2.4 m) by 2100 is physically 
possible, although the probability of such an extreme outcome cannot currently be assessed. 

Rising Global Sea Levels 



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

2 | Our Changing Climate - Traceable Accounts 
 

 

 

Description of evidence base 
Multiple researchers, using different statistical approaches, have integrated tide gauge records 
to estimate global mean sea level (GMSL) rise since the late 19th century (e.g., Church and White 
2006, 2011; Hay et al. 2015; Jevrejeva et al. 200961,73,74,256). The most recent published rate estimates 
are 1.2 ± 0.2 mm/year73 or 1.5 ± 0.2 mm/year74 over 1901–1990. Thus, these results indicate about 
4–5 inches (11–14 cm) of GMSL rise from 1901 to 1990. Tide gauge analyses indicate that GMSL rose 
at a considerably faster rate of about 0.12 inches/year (3 mm/year) since 1993,73,74 a result sup- 
ported by satellite data indicating a trend of 0.13 inches/year (3.4 ± 0.4 mm/year) over 1993–2015 
(update to Nerem et al. 2010;75 see also Sweet et al. 2017,57 Figure 12.3a). These results indicate an 
additional GMSL rise of about 3 inches (7 cm) since 1990. Thus, total GMSL rise since 1900 is about 
7–8 inches (18–21 cm). 

The finding regarding the historical context of the 20th-century change is based upon Kopp et 
al. (2016),58 who conducted a meta-analysis of geological regional sea level (RSL) reconstructions, 
spanning the last 3,000 years, from 24 locations around the world, as well as tide gauge data from 
66 sites and the tide-gauge-based GMSL reconstruction of Hay et al. (2015).73 By constructing a 
spatiotemporal statistical model of these datasets, they identified the common global sea level 
signal over the last three millennia, and its uncertainties. They found a 95% probability that the 
average rate of GMSL change over 1900–2000 was greater than during any preceding century in at 
least 2,800 years. 

The lower bound of the very likely range is based on a continuation of the observed, approximately 
3 mm/year rate of GMSL rise. The upper end of the very likely range is based on estimates for a 
higher scenario (RCP8.5) from three studies producing fully probabilistic projections across mul- 
tiple RCPs. Kopp et al.(2014)77 fused multiple sources of information accounting for the different 
individual process contributing to GMSL rise. Kopp et al. (2016)58 constructed a semi-empirical 
sea level model calibrated to the Common Era sea level reconstruction. Mengel et al. (2016)257 

constructed a set of semi-empirical models of the different contributing processes. All three 
studies show negligible scenario dependence in the first half of this century but increasing in 
prominence in the second half of the century. A sensitivity study by Kopp et al. (2014),77 as well as 
studies by Jevrejeva et al. (2014)78 and by Jackson and Jevrejeva (2016),258 used frameworks similar 
to Kopp et al. (2016)58 but incorporated an expert elicitation study on ice sheet stability.259 (This 
study was incorporated in the main results of Kopp et al. 201477 with adjustments for consistency 
with Church et al. 2013.56) These studies extend the very likely range for RCP8.5 as high as 5–6   
feet (160–180 cm; see Kopp et al. 2014, sensitivity study; Jevrejeva et al. 2014; Jackson and Jevrejeva 
201677,78,258). 

As described in Sweet et al. (2017),57 Miller et al. (2013),260 and Kopp et al. (2017),77 several lines of 
arguments exist that support a plausible worst-case GMSL rise scenario in the range of 2.0 m 
to 2.7 m by 2100. Pfeffer et al. (2008)261 constructed a “worst-case” 2.0 m scenario, based on 
acceleration of mass loss from Greenland, that assumed a 30 cm GMSL contribution from thermal 
expansion. However, Sriver et al. (2012)262 find a physically plausible upper bound from thermal 
expansion exceeding 50 cm (an additional ~20-cm increase). The ~60 cm maximum contribution 
by 2100 from Antarctica in Pfeffer et al. (2008)261 could be exceeded by ~30 cm, assuming the 95th 
percentile for Antarctic melt rate (~22 mm/year) of the Bamber and Aspinall (2013)259 expert elic- 
itation study is achieved by 2100 through a linear growth in melt rate. The Pfeffer et al. (2008)261 
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study did not include the possibility of a net decrease in land-water storage due to groundwater 
withdrawal; Church et al. (2013)56 find a likely land-water storage contribution to 21st century 
GMSL rise of −1 cm to +11 cm. These arguments all point to the physical plausibility of GMSL rise in 
excess of 8 feet (240 cm). 

Additional arguments come from model results examining the effects of marine ice-cliff collapse 
and ice-shelf hydro-fracturing on Antarctic loss rates.80 To estimate the effect of incorporating the 
DeConto and Pollard (2016)80 projections of Antarctic ice sheet melt, Kopp et al. (2017)81 substituted 
the bias-corrected ensemble of DeConto and Pollard80 into the Kopp et al. (2014)77 framework. This 
elevates the projections for 2100 to 3.1–8.9 feet (93–243 cm) for RCP8.5, 1.6–5.2 feet (50–158 cm) for 
RCP4.5, and 0.9–3.2 feet (26–98 cm) for RCP2.6. DeConto and Pollard (2016)80 is just one study, not 
designed in a manner intended to produce probabilistic projections, and so these results cannot  be 
used to ascribe probability; they do, however, support the physical plausibility of GMSL rise in 
excess of 8 feet. 

Very likely ranges, 2030 relative to 2000 in cm (feet) 
 

Kopp et al. (2014)77 Kopp et al. (2016)58 
Kopp et al. (2017)81 

DP16 Mengel et al. (2016)257 

 

RCP8.5 (higher) 11–18 (0.4–0.6) 8–15 (0.3–0.5) 6–22 (0.2–0.7) 7–12 (0.2–0.4) 

RCP4.5 (lower) 10–18 (0.3–0.6) 8–15 (0.3–0.5) 6–23 (0.2–0.8) 7–12 (0.2–0.4) 

RCP2.6 (very low) 10–18 (0.3–0.6) 8–15 (0.3–0.5) 6–23 (0.2–0.8) 7–12 (0.2–0.4) 
 

Very likely ranges, 2050 relative to 2000 in cm (feet) 
 

 
Kopp et al. (2014)77 Kopp et al. (2016)58 

Kopp et al. (2017)81 

DP16 Mengel et al. (2016)257 

RCP8.5 (higher) 21–38 (0.7–1.2) 16–34 (0.5–1.1) 17–48 (0.6–1.6) 15–28 (0.5–0.9) 

RCP4.5 (lower) 18–35 (0.6–1.1) 15–31 (0.5–1.0) 14–43 (0.5–1.4) 14–25 (0.5–0.8) 
RCP2.6 (very low) 18–33 (0.6–1.1) 14–29 (0.5–1.0) 12–41 (0.4–1.3) 13–23 (0.4–0.8) 

 
Very likely ranges, 2100 relative to 2000 in cm (feet) 

 

 
Kopp et al. (2014)77 

Kopp et al. 
(2016)58 

Kopp et al. (2017)81 

DP16 Mengel et al. (2016)257 

RCP8.5 (higher) 55–121 (1.8–4.0) 52–131 (1.7–4.3) 93–243 (3.1–8.0) 57–131 (1.9–4.3) 

RCP4.5 (lower) 36–93 (1.2–3.1) 33–85 (1.1–2.8) 50–158 (1.6–5.2) 37–77 (1.2–2.5) 
RCP2.6 (very low) 29–82 (1.0–2.7) 24–61 (0.8–2.0) 26–98 (0.9–3.2) 28–56 (0.9–1.8) 

 
Major uncertainties 

Uncertainties in reconstructed GMSL change relate to the sparsity of tide gauge records, partic- 
ularly before the middle of the 20th century, and to different statistical approaches for estimating 
GMSL change from these sparse records. Uncertainties in reconstructed GMSL change before 
the twentieth century also relate to the sparsity of geological proxies for sea level change, the 
interpretation of these proxies, and the dating of these proxies. Uncertainty in attribution relates 
to the reconstruction of past changes and the magnitude of unforced variability. 

Since NCA3, multiple different approaches have been used to generate probabilistic projections 
of GMSL rise, conditional upon the RCPs. These approaches are in general agreement. How- 
ever, emerging results indicate that marine-based sectors of the Antarctic ice sheet are more 
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unstable than previous modeling indicated. The rate of ice sheet mass changes remains chal- 
lenging to project. 

Description of confidence and likelihood 

This Key Message is based upon multiple analyses of tide gauge and satellite altimetry records, on 
a meta-analysis of multiple geological proxies for pre-instrumental sea level change, and on both 
statistical and physical analyses of the human contribution to GMSL rise since 1900. 

It is also based upon multiple methods for estimating the probability of future sea level change and 
on new modeling results regarding the stability of marine-based ice in Antarctica. 

Confidence is very high in the rate of GMSL rise since 1900, based on multiple different approach- 
es to estimating GMSL rise from tide gauges and satellite altimetry. Confidence is high in the 
substantial human contribution to GMSL rise since 1900, based on both statistical and physical 
modeling evidence. There is medium confidence that the magnitude of the observed rise since    
1900 is unprecedented in the context of the previous 2,700 years, based on meta-analysis of 
geological proxy records. 

There is very high confidence that GMSL rise over the next several decades will be at least as fast 
as a continuation of the historical trend over the last quarter century would indicate. There is 
medium confidence in the upper end of very likely ranges for 2030 and 2050. Due to possibly large 
ice sheet contributions, there is low confidence in the upper end of very likely ranges for 2100. 
Based on multiple projection methods, there is high confidence that differences between scenarios 
are small before 2050 but significant beyond 2050. 

Key Message 5 
 

Annual average temperature over the contiguous United States has increased by 1.2ºF (0.7°C) 
over the last few decades and by 1.8°F (1°C) relative to the beginning of the last century (very 
high confidence). Additional increases in annual average temperature of about 2.5°F (1.4°C) 
are expected over the next few decades regardless of future emissions, and increases ranging 
from 3°F to 12°F (1.6°–6.6°C) are expected by the end of century, depending on whether the 
world follows a higher or lower future scenario, with proportionally greater changes in high 
temperature extremes (high confidence). 

 
Description of evidence base 
The Key Message and supporting text summarize extensive evidence documented in the climate 
science literature. Similar statements about changes exist in other reports (e.g., NCA3,1 Climate 
Change Impacts in the United States,263 SAP 1.1: Temperature trends in the lower atmosphere264). 

Evidence for changes in U.S. climate arises from multiple analyses of data from in situ, satellite, 
and other records undertaken by many groups over several decades. The primary dataset for 
surface temperatures in the United States is nClimGrid,85,152 though trends are similar in the U.S. 
Historical Climatology Network, the Global Historical Climatology Network, and other datasets. 

Increasing U.S. Temperatures 
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Several atmospheric reanalyses (e.g., 20th Century Reanalysis, Climate Forecast System Reanalysis, 
ERA-Interim, and Modern Era Reanalysis for Research and Applications) confirm rapid warming at 
the surface since 1979, and observed trends closely track the ensemble mean of the reanalyses.265 

Several recently improved satellite datasets document changes in middle tropospheric tempera- 
tures.7,266 Longer-term changes are depicted using multiple paleo analyses (e.g., Trouet et al. 2013, 
Wahl and Smerdon 201286,267). 

Evidence for changes in U.S. climate arises from multiple analyses of in situ data using widely 
published climate extremes indices. For the analyses presented here, the source of in situ data is 
the Global Historical Climatology Network–Daily dataset.268 Changes in extremes were assessed 
using long-term stations with minimal missing data to avoid network-induced variability on the 
long-term time series. Cold wave frequency was quantified using the Cold Spell Duration Index,269 

heat wave frequency was quantified using the Warm Spell Duration Index,269 and heat wave inten- 
sity was quantified using the Heat Wave Magnitude Index Daily.270 Station-based index values were 
averaged into 4° grid boxes, which were then area-averaged into a time series for the contiguous 
United States. Note that a variety of other threshold and percentile-based indices were also eval- 
uated, with consistent results (e.g., the Dust Bowl was consistently the peak period for extreme 
heat). Changes in record-setting temperatures were quantified, as in Meehl et al. (2016).13 

Projections are based on global model results and associated downscaled products from CMIP5 for 
a lower scenario (RCP4.5) and a higher scenario (RCP8.5). Model weighting is employed to refine 
projections for each RCP. Weighting parameters are based on model independence and skill over 
North America for seasonal temperature and annual extremes. The multimodel mean is based on 
32 model projections that were statistically downscaled using the LOcalized Constructed Analogs 
technique.247 The range is defined as the difference between the average increase in the three 
coolest models and the average increase in the three warmest models. All increases are significant 
(i.e., more than 50% of the models show a statistically significant change, and more than 67%  
agree on the sign of the change).271 

Major uncertainties 

The primary uncertainties for surface data relate to historical changes in station location, 
temperature instrumentation, observing practice, and spatial sampling (particularly in areas and 
periods with low station density, such as the intermountain West in the early 20th century). Much 
research has been done to account for these issues, resulting in techniques that make adjustments 
at the station level to improve the homogeneity of the time series (e.g., Easterling and Peterson 
1995, Menne and Williams 2009272,273). Further, Easterling et al. (1996)274 examined differences in 
area-averaged time series at various scales for homogeneity-adjusted temperature data versus 
non-adjusted data and found that when the area reached the scale of the NCA regions, little differ- 
ences were found. Satellite records are similarly impacted by non-climatic changes such as orbital 
decay, diurnal sampling, and instrument calibration to target temperatures. Several uncertainties 
are inherent in temperature-sensitive proxies, such as dating techniques and spatial sampling. 

Global climate models are subject to structural and parametric uncertainty, resulting in a range 
of estimates of future changes in average temperature. This is partially mitigated through the use 
of model weighting and pattern scaling. Furthermore, virtually every ensemble member of every 
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model projection contains an increase in temperature by mid- and late-century. Empirical down- 
scaling introduces additional uncertainty (e.g., with respect to stationarity). 

Description of confidence and likelihood 

There is very high confidence in trends since 1895, based on the instrumental record, since this is a 
long-term record with measurements made with relatively high precision. There is high confidence 
for trends that are based on surface/satellite agreement since 1979, since this is a shorter record. 
There is medium confidence for trends based on paleoclimate data, as this is a long record but with 
relatively low precision. 

There is very high confidence in observed changes in average annual and seasonal temperature  
and observed changes in temperature extremes over the United States, as these are based upon 
the convergence of evidence from multiple data sources, analyses, and assessments including the 
instrumental record. 

There is high confidence that the range of projected changes in average temperature and 
temperature extremes over the United States encompasses the range of likely change, based 
upon the convergence of evidence from basic physics, multiple model simulations, analyses, 
and assessments. 

Key Message 6 
 

Annual precipitation since the beginning of the last century has increased across most of the 
northern and eastern United States and decreased across much of the southern and western 
United States. Over the coming century, significant increases are projected in winter and spring 
over the Northern Great Plains, the Upper Midwest, and the Northeast (medium confidence). 
Observed increases in the frequency and intensity of heavy precipitation events in most parts of 
the United States are projected to continue (high confidence). Surface soil moisture over most 
of the United States is likely to decrease (medium confidence), accompanied by large declines in 
snowpack in the western United States (high confidence)and shifts to more winter precipitation 
falling as rain rather than snow (medium confidence). 

 
Description of evidence base 
The Key Message and supporting text summarize extensive evidence documented in the climate 
science peer-reviewed literature and previous National Climate Assessments (e.g., Karl et al. 2009, 
Walsh et al. 201488,263). Evidence of long-term changes in precipitation is based on analysis of daily 
precipitation observations from the U.S. Cooperative Observer Network (http://www.nws.noaa. 
gov/om/coop/) and shown in Easterling et al. (2017),94 Figure 7.1. Published work, such as the Third 
National Climate Assessment and Figure 7.1,94 show important regional and seasonal differences in 
U.S. precipitation change since 1901. 

Numerous papers have been written documenting observed changes in heavy precipitation 
events in the United States (e.g., Kunkel et al. 2003, Groisman et al. 2004275,276), which were cited 
in the Third National Climate Assessment, as well as those cited in this assessment. Although 

Changing U.S. Precipitation 

http://www.nws.noaa.gov/om/coop/
http://www.nws.noaa.gov/om/coop/
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station-based analyses (e.g., Westra et al. 2013277) do not show large numbers of statistically 
significant station-based trends, area averaging reduces the noise inherent in station-based data 
and produces robust increasing signals (see Easterling et al. 2017,94 Figures 7.2 and 7.3). Evidence 
of long-term changes in precipitation is based on analysis of daily precipitation observations from 
the U.S. Cooperative Observer Network (http://www.nws.noaa.gov/om/coop/) and shown in 
Easterling et al. (2017),94 Figures 7.2, 7.3, and 7.4. 

Evidence of historical changes in snow cover extent and reduction in extreme snowfall years is 
consistent with our understanding of the climate system’s response to increasing greenhouse 
gases. Furthermore, climate models continue to consistently show future declines in snowpack in 
the western United States. Recent model projections for the eastern United States also confirm a 
future shift from snowfall to rainfall during the cold season in colder portions of the central and 
eastern United States. Each of these changes is documented in the peer-reviewed literature and 
cited in the main text of this chapter. 

Evidence of future change in precipitation is based on climate model projections and our 
understanding of the climate system’s response to increasing greenhouse gases, and on regional 
mechanisms behind the projected changes. In particular, Figure 7.7 in Easterling et al. (2017)94 

documents projected changes in the 20-year return period amount using the LOCA data, and 
Figure 7.694 shows changes in 2-day totals for the 5-year return period using the CMIP5 suite of 
models. Each figure shows robust changes in extreme precipitation events as they are defined in 
the figure. However, Figure 7.594 shows changes in seasonal and annual precipitation and shows 
where confidence in the changes is higher based on consistency between the models, and there 
are large areas where the projected change is uncertain. 

Major uncertainties 

The main issue that relates to uncertainty in historical trends is the sensitivity of observed precip- 
itation trends to the spatial distribution of observing stations and to historical changes in station 
location, rain gauges, the local landscape, and observing practices. These issues are mitigated 
somewhat by new methods to produce spatial grids152 through time. 

This includes the sensitivity of observed snow changes to the spatial distribution of observing 
stations and to historical changes in station location, rain gauges, and observing practices, partic- 
ularly for snow. Future changes in the frequency and intensity of meteorological systems causing 
heavy snow are less certain than temperature changes. 

A key issue is how well climate models simulate precipitation, which is one of the more challeng- 
ing aspects of weather and climate simulation. In particular, comparisons of model projections 
for total precipitation (from both CMIP3 and CMIP5; see Sun et al. 2015271) by NCA3 region show a 
spread of responses in some regions (e.g., Southwest) such that they are opposite from the ensem- 
ble average response. The continental United States is positioned in the transition zone between 
expected drying in the subtropics and projected wetting in the mid- and higher latitudes. There 
are some differences in the location of this transition between CMIP3 and CMIP5 models, and thus 
there remains uncertainty in the exact location of the transition zone. 

http://www.nws.noaa.gov/om/coop/
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Description of confidence and likelihood 

Confidence is medium that precipitation has increased and high that heavy precipitation events 
have increased in the United States. Furthermore, confidence is also high that the important 
regional and seasonal differences in changes documented here are robust. 

Based on evidence from climate model simulations and our fundamental understanding of the 
relationship of water vapor to temperature, confidence is high that extreme precipitation will 
increase in all regions of the United States. However, based on the evidence and understanding of 
the issues leading to uncertainties, confidence is medium that more total precipitation is projected 
for the northern United States and less for the Southwest. 

Based on the evidence and understanding of the issues leading to uncertainties, confidence is 
medium that average annual precipitation has increased in the United States. Furthermore, confi- 
dence is also medium that the important regional and seasonal differences in changes document- 
ed in the text and in Figure 7.1 in Easterling et al. (2017)94 are robust. 

Given the evidence base and uncertainties, confidence is medium that snow cover extent has 
declined in the United States and medium that extreme snowfall years have declined in recent 
years. Confidence is high that western U.S. snowpack will decline in the future, and confidence 
is medium that a shift from snow domination to rain domination will occur in the parts of the 
central and eastern United States cited in the text, as well as that soil moisture in the surface (top 
10cm) will decrease. 

Key Message 7 
 

In the Arctic, annual average temperatures have increased more than twice as fast as the global 
average, accompanied by thawing permafrost and loss of sea ice and glacier mass (very high 
confidence). Arctic-wide glacial and sea ice loss is expected to continue; by mid-century, it is 
very likely that the Arctic will be nearly free of sea ice in late summer (very high confidence). 
Permafrost is expected to continue to thaw over the coming century as well, and the carbon 
dioxide and methane released from thawing permafrost has the potential to amplify human- 
induced warming, possibly significantly (high confidence). 

 
Description of evidence base 
Annual average near-surface air temperatures across Alaska and the Arctic have increased over 
the last 50 years at a rate more than twice the global average. Observational studies using ground- 
based observing stations and satellites analyzed by multiple independent groups support this 
finding. The enhanced sensitivity of the arctic climate system to anthropogenic forcing is also 
supported by climate modeling evidence, indicating a solid grasp on the underlying physics. These 
multiple lines of evidence provide very high confidence of enhanced arctic warming with potential- 
ly significant impacts on coastal communities and marine ecosystems. 

This aspect of the Key Message is supported by observational evidence from ground-based 
observing stations, satellites, and data model temperature analyses from multiple sources and 

Rapid Arctic Change 
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independent analysis techniques.117,118,119,120,121,136,278 For more than 40 years, climate models have 
predicted enhanced arctic warming, indicating a solid grasp of the underlying physics and positive 
feedbacks driving the accelerated arctic warming.26,279,280 Lastly, similar statements have been made 
in NCA3,1 IPCC AR5,120 and in other arctic-specific assessments such as the Arctic Climate Impacts 
Assessment281 and the Snow, Water, Ice and Permafrost in the Arctic assessment report.129 

Permafrost is thawing, becoming more discontinuous, and releasing carbon dioxide (CO2) and 
methane (CH4). Observational and modeling evidence indicates that permafrost has thawed and 
released additional CO2 and CH4, indicating that the permafrost–carbon feedback is positive, 
accounting for additional warming of approximately 0.08ºC to 0.50ºC on top of climate model 
projections. Although the magnitude and timing of the permafrost–carbon feedback are uncertain 
due to a range of poorly understood processes (deep soil and ice wedge processes, plant carbon 
uptake, dependence of uptake and emissions on vegetation and soil type, and the role of rapid 
permafrost thaw processes such as thermokarst), emerging science and the newest estimates 
continue to indicate that this feedback is more likely on the larger side of the range. Impacts of 
permafrost thaw and the permafrost–carbon feedback complicate our ability to limit future tem- 
perature changes by adding a currently unconstrained radiative forcing to the climate system. 

This part of the Key Message is supported by observational evidence of warming permafrost 
temperatures and a deepening active layer, in situ gas measurements, laboratory incubation 
experiments of CO2 and CH4 release, and model studies.126,127,282,283,284,285 Alaska and arctic permafrost 
characteristics have responded to increased temperatures and reduced snow cover in most  
regions since the 1980s, with colder permafrost warming faster than warmer permafrost.127,129,286 

Large carbon soil pools (approximately half of the global below-ground organic carbon pool) are 
stored in permafrost soil,287,288 with the potential to be released. Thawing permafrost makes previ- 
ously frozen organic matter available for microbial decomposition. In situ gas flux measurements 
have directly measured the release of CO2 and CH4 from arctic permafrost.289,290 The specific 
conditions of microbial decomposition, aerobic or anaerobic, determine the relative production of 
CO2 and CH4. This distinction is significant as CH4 is a much more powerful greenhouse gas than 
CO2.17 However, incubation studies indicate that 3.4 times more carbon is released under aerobic 
conditions than anaerobic conditions, leading to a 2.3 times stronger radiative forcing under 
aerobic conditions.284 Combined data and modeling studies suggest that the impact of the perma- 
frost–carbon feedback on global temperatures could amount to +0.52° ± 0.38°F (+0.29° ± 0.21°C) by 
2100.124 Chadburn et al. (2017)291 infer the sensitivity of permafrost area to globally averaged warm- 
ing to be 1.5 million square miles (4 million square km), constraining a group of climate models 
with the observed spatial distribution of permafrost; this sensitivity is 20% higher than previous 
studies. Permafrost thaw is occurring faster than models predict due to poorly understood deep 
soil, ice wedge, and thermokarst processes.125,282,285,292 Additional uncertainty stems from the sur- 
prising uptake of methane from mineral soils293 and dependence of emissions on vegetation and 
soil properties.294 The observational and modeling evidence supports the Key Message that the 
permafrost–carbon feedback is positive (i.e., amplifies warming). 

Arctic land and sea ice loss observed in the last three decades continues, in some cases accel- 
erating. A diverse range of observational evidence from multiple data sources and independent 
analysis techniques provides consistent evidence of substantial declines in arctic sea ice extent, 
thickness, and volume since at least 1979, mountain glacier melt over the last 50 years, and 
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accelerating mass loss from Greenland. An array of different models and independent analyses 
indicate that future declines in ice across the Arctic are expected, resulting in late summers in the 
Arctic very likely becoming ice free by mid-century. 

This final aspect of the Key Message is supported by observational evidence from multiple ground-
based and satellite-based observational techniques  (including  passive  microwave,  laser and radar 
altimetry, and gravimetry) analyzed by independent groups using different techniques reaching 
similar conclusions.127,128,131,136,257,295,296,297Additionally, the U.S. Geological Survey repeat photography 
database shows the glacier retreat for many Alaska glaciers (Taylor et al. 2017,122    Figure 11.4). 
Several independent model analysis studies using a wide array of climate models and different 
analysis techniques indicate that sea ice loss will continue across the Arctic, very likely resulting in late 
summers becoming nearly ice-free by mid-century.26,147,149 

Major uncertainties 

The lack of high-quality data and the restricted spatial resolution of surface and ground tempera- 
ture data over many arctic land regions, coupled with the fact that there are essentially no mea- 
surements over the Central Arctic Ocean, hampers the ability to better refine the rate of arctic 
warming and completely restricts our ability to quantify and detect regional trends, especially 
over the sea ice. Climate models generally produce an arctic warming between two to three times 
the global mean warming. A key uncertainty is our quantitative knowledge of the contributions 
from individual feedback processes in driving the accelerated arctic warming. Reducing this 
uncertainty will help constrain projections of future arctic warming. 

A lack of observations affects not only the ability to detect trends but also to quantify a potentially 
significant positive feedback to climate warming: the permafrost–carbon feedback. Major uncer- 
tainties are related to deep soil and thermokarst processes, as well as the persistence or degrada- 
tion of massive ice (e.g., ice wedges) and the dependence of CO2 and CH4 uptake and production 
on vegetation and soil properties. Uncertainties also exist in relevant soil processes during and 
after permafrost thaw, especially those that control unfrozen soil carbon storage and plant carbon 
uptake and net ecosystem exchange. Many processes with the potential to drive rapid permafrost 
thaw (such as thermokarst) are not included in current Earth System Models. 

Key uncertainties remain in the quantification and modeling of key physical processes that con- 
tribute to the acceleration of land and sea ice melting. Climate models are unable to capture the 
rapid pace of observed sea and land ice melt over the last 15 years; a major factor is our inability to 
quantify and accurately model the physical processes driving the accelerated melting. The inter- 
actions between atmospheric circulation, ice dynamics and thermodynamics, clouds, and specif- 
ically the influence on the surface energy budget are key uncertainties. Mechanisms controlling 
marine-terminating glacier dynamics, specifically the roles of atmospheric warming, seawater 
intrusions under floating ice shelves, and the penetration of surface meltwater to the glacier bed, 
are key uncertainties in projecting Greenland ice sheet melt. 

Description of confidence and likelihood 

Thre is very high confidence that the arctic surface and air temperatures have warmed across 
Alaska and the Arctic at a much faster rate than the global average is provided by the multiple 
datasets analyzed by multiple independent groups indicating the same conclusion. Additionally, 
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climate models capture the enhanced warming in the Arctic, indicating a solid understanding of 
the underlying physical mechanisms. 

There is high confidence that permafrost is thawing, becoming discontinuous, and releasing 
CO2 and CH4. Physically based arguments and observed increases in CO2 and CH4 emissions as 
permafrost thaws indicate that the feedback is positive. This confidence level is justified based on 
observations of rapidly changing permafrost characteristics. 

There is very high confidence that arctic sea and land ice melt is accelerating and mountain glacier 
ice mass is declining, given the multiple observational sources and analysis techniques document- 
ed in the peer-reviewed climate science literature. 

Key Message 8 
 

Human-induced change is affecting atmospheric dynamics and contributing to the poleward 
expansion of the tropics and the northward shift in Northern Hemisphere winter storm tracks 
since the 1950s (medium to high confidence). Increases in greenhouse gases and decreases 
in air pollution have contributed to increases in Atlantic hurricane activity since 1970 (medium 
confidence). In the future, Atlantic and eastern North Pacific hurricane rainfall (high confidence) 
and intensity (medium confidence) are projected to increase, as are the frequency and severity of 
landfalling “atmospheric rivers” on the West Coast (medium confidence). 

 
Description of evidence base 
The tropics have expanded poleward in each hemisphere over the period 1979–2009 (medium to 
high confidence) as shown by a large number of studies using a variety of metrics, observations, 
and reanalysis. Modeling studies and theoretical considerations illustrate that human activities 
like increases in greenhouse gases, ozone depletion, and anthropogenic aerosols cause a widening 
of the tropics. There is medium confidence that human activities have contributed to the observed 
poleward expansion, taking into account uncertainties in the magnitude of observed trends and a 
possible large contribution of natural climate variability. 

The first part of the Key Message is supported by statements of the previous international IPCC 
AR5 assessment120 and a large number of more recent studies that examined the magnitude of the 
observed tropical widening and various causes.95,161,298,299,300,301,302,303,304,305 Additional evidence for 
an impact of greenhouse gas increases on the widening of the tropical belt and poleward shifts 
of the midlatitude jets is provided by the diagnosis of CMIP5 simulations.306,307 There is emerging 
evidence for an impact of anthropogenic aerosols on the tropical expansion in the Northern 
Hemisphere.308,309 Recent studies provide new evidence on the significance of internal variability 
on recent changes in the tropical width.302,310,311 

Models are generally in agreement that tropical cyclones will be more intense and have higher 
precipitation rates, at least in most basins. Given the agreement among models and support  
of theory and mechanistic understanding, there is medium to high confidence in the overall 

Changes in Severe Storms 
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projection, although there is some limitation on confidence levels due to the lack of a supporting 
detectable anthropogenic contribution to tropical cyclone intensities or precipitation rates. 

The second part of the Key Message is also based on extensive evidence documented in the cli- 
mate science literature and is similar to statements made in previous national (NCA3)1 and inter- 
national249 assessments. Since these assessments, more recent downscaling studies have further 
supported these assessments (e.g., Knutson et al. 2015170), though pointing out that the changes 
(future increased intensity and tropical cyclone precipitation rates) may not occur in all basins. 

Increases in atmospheric river frequency and intensity are expected along the U.S. West Coast, 
leading to the likelihood of more frequent flooding conditions, with uncertainties remaining in  
the details of the spatial structure of these systems along the coast (for example, northern vs. 
southern California). Evidence for the expectation of an increase in the frequency and severity of 
landfalling atmospheric rivers on the U.S. West Coast comes from the CMIP-based climate change 
projection studies of Dettinger (2011),163 Warner et al. (2015),164 Payne and Magnusdottir (2015),312 

Gao et al. (2015),165 Radić et al. (2015),313 and Hagos et al. (2016).314 The close connection between 
atmospheric rivers and water availability and flooding is based on the present-day observation 
studies of Guan et al. (2010),315 Dettinger (2011),163 Ralph et al. (2006),316 Neiman et al. (2011),317 Moore 
et al. (2012),318 and Dettinger (2013).319 

Major uncertainties 

The rate of observed expansion of the tropics depends on which metric is used.161 The linkages 
between different metrics are not fully explored. Uncertainties also result from the utilization of 
reanalysis to determine trends and from limited observational records of free atmosphere circu- 
lation, precipitation, and evaporation. The dynamical mechanisms behind changes in the width of 
the tropical belt (e.g., tropical–extratropical interactions, baroclinic eddies) are not fully under- 
stood. There is also a limited understanding of how various climate forcings, such as anthropogen- 
ic aerosols, affect the width of the tropics. The coarse horizontal and vertical resolution of global 
climate models may limit the ability of these models to properly resolve latitudinal changes in the 
atmospheric circulation. Limited observational records affect the ability to accurately estimate the 
contribution of natural decadal to multi-decadal variability on observed expansion of the tropics. 

A key uncertainty in tropical cyclones (TCs) is the lack of a supporting detectable anthropogenic 
signal in the historical data to add further confidence to these projections. As such, confidence 
in the projections is based on agreement among different modeling studies and physical under- 
standing (for example, potential intensity theory for TC intensities and the expectation of stronger 
moisture convergence, and thus higher precipitation rates, in TCs in a warmer environment 
containing greater amounts of environmental atmospheric moisture). Additional uncertainty 
stems from uncertainty in both the projected pattern and magnitude of future SST.170 

In terms of atmospheric rivers (ARs), a modest uncertainty remains in the lack of a supporting 
detectable anthropogenic signal in the historical data to add further confidence to these projec- 
tions. However, the overall increase in ARs projected/expected is based to a very large degree on 
very high confidence that the atmospheric water vapor will increase. Thus, increasing water vapor 
coupled with little projected change in wind structure/intensity still indicates increases in the 
frequency/intensity of ARs. A modest uncertainty arises in quantifying the expected change at a 
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regional level (for example, northern Oregon, versus southern Oregon), given that there are some 
changes expected in the position of the jet stream that might influence the degree of increase 
for different locations along the west coast. Uncertainty in the projections of the number and 
intensity of ARs is introduced by uncertainties in the models’ ability to represent ARs and their 
interactions with climate. 

Description of confidence and likelihood 

There is medium to high confidence that the tropics and related features of the global circulation 
have expanded poleward is based upon the results of a large number of observational studies, 
using a wide variety of metrics and datasets, which reach similar conclusions. A large number 
of studies utilizing modeling of different complexity and theoretical considerations provide 
compounding evidence that human activities like increases in greenhouse gases, ozone depletion, 
and anthropogenic aerosols contributed to the observed poleward expansion of the tropics. 
Climate models forced with these anthropogenic drivers cannot explain the observed magnitude 
of tropical expansion, and some studies suggest a possibly large contribution of internal variability. 
These multiple lines of evidence lead to the conclusion of medium confidence that human activities 
contributed to observed expansion of the tropics. 

Confidence is rated as high in tropical cyclone rainfall projections and medium in intensity 
projections since there are a number of publications supporting these overall conclusions, fairly 
well-established theory, general consistency among different studies, varying methods used in 
studies, and still a fairly strong consensus among studies. However, a limiting factor for confi- 
dence in the results is the lack of a supporting detectable anthropogenic contribution in observed 
tropical cyclone data. 

There is low to medium confidence for increased occurrence of the most intense tropical cyclones  
for most basins, as there are relatively few formal studies focused on these changes, and the 
change in occurrence of such storms would be enhanced by increased intensities but reduced by 
decreased overall frequency of tropical cyclones. 

Confidence in this finding on atmospheric rivers is rated as medium based on qualitatively similar 
projections among different studies. 

Key Message 9 
 

Regional changes in sea level rise and coastal flooding are not evenly distributed across the 
United States; ocean circulation changes, sinking land, and Antarctic ice melt will result in 
greater-than-average sea level rise for the Northeast and western Gulf of Mexico under lower 
scenarios and most of the U.S. coastline other than Alaska under higher scenarios (very high 
confidence). Since the 1960s, sea level rise has already increased the frequency of high tide 
flooding by a factor of 5 to 10 for several U.S. coastal communities. The frequency, depth, and 
extent of tidal flooding are expected to continue to increase in the future (high confidence), as 
is the more severe flooding associated with coastal storms, such as hurricanes and nor’easters 
(low confidence). 

Increases in Coastal Flooding 
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Description of evidence base 
The part of the Key Message regarding the existence of geographic variability is based upon a 
broader observational, modeling, and theoretical literature. The specific differences are based 
upon the scenarios described by the Federal Interagency Sea Level Rise Task Force.76 The process- 
es that cause geographic variability in regional sea level (RSL) change are also reviewed by Kopp 
et al. (2015).320 Long tide gauge datasets reveal where RSL rise is largely driven by vertical land 
motion due to glacio-isostatic adjustment and fluid withdrawal along many U.S. coastlines.321,322 

These observations are corroborated by glacio-isostatic adjustment models, by global positioning 
satellite (GPS) observations, and by geological data (e.g., Engelhart and Horton 2012323). The physics 
of the gravitational, rotational, and flexural “static-equilibrium fingerprint” response of sea level to 
redistribution of mass from land ice to the oceans is well-established.324,325 GCM studies indicate 
the potential for a Gulf Stream contribution to sea level rise in the U.S. Northeast.326,327 Kopp et 
al. (2014)77 and Slangen et al. (2014)59 accounted for land motion (only glacial isostatic adjustment 
for Slangen et al.), fingerprint, and ocean dynamic responses. Comparing projections of local RSL 
change and GMSL change in these studies indicates that local rise is likely to be greater than the 
global average along the U.S. Atlantic and Gulf Coasts and less than the global average in most of 
the Pacific Northwest. Sea level rise projections in this report were developed by a Federal Inter- 
agency Sea Level Rise Task Force.76 

The frequency, extent, and depth of extreme event-driven (e.g., 5- to 100-year event probabilities) 
coastal flooding relative to existing infrastructure will continue to increase in the future as local 
RSL rises.57,76,77,328,329,330,331,332,333 These projections are based on modeling studies of future hurricane 
characteristics and associated increases in major storm surge risk amplification. Extreme flood 
probabilities will increase regardless of changes in storm characteristics, which may exacerbate 
such changes. Model-based projections of tropical storms and related major storm surges within 
the North Atlantic mostly agree that intensities and frequencies of the most intense storms will 
increase this century.190,334,335,336,337 However, the projection of increased hurricane intensity is more 
robust across models than the projection of increased frequency of the most intense storms. A 
number of models project a decrease in the overall number of tropical storms and hurricanes in 
the North Atlantic, although high-resolution models generally project increased mean hurricane 
intensity (e.g., Knutson et al. 2013190). In addition, there is model evidence for a change in tropical 
cyclone tracks in warm years that minimizes the increase in landfalling hurricanes in the U.S. 
mid-Atlantic or Northeast.338 

Major uncertainties 

Since NCA3,1 multiple authors have produced global or regional studies synthesizing the major 
process that causes global and local sea level change to diverge. The largest sources of uncertainty 
in the geographic variability of sea level change are ocean dynamic sea level change and, for those 
regions where sea level fingerprints for Greenland and Antarctica differ from the global mean in 
different directions, the relative contributions of these two sources to projected sea level change. 

Uncertainties remain large with respect to the precise change in future risk of a major coastal 
impact at a specific location from changes in the most intense tropical cyclone characteristics and 
tracks beyond changes imposed from local sea level rise. 
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Description of confidence and likelihood 

Because of the enumerated physical processes, there is very high confidence that RSL change will 
vary across U.S. coastlines. There is high confidence in the likely differences of RSL change from 
GMSL change under different levels of GMSL change, based on projections incorporating the 
different relevant processes. There is low confidence that the flood risk at specific locations will be 
amplified from a major tropical storm this century. 

Key Message 10 
 

The climate change resulting from human-caused emissions of carbon dioxide will persist 
for decades to millennia. Self-reinforcing cycles within the climate system have the potential 
to accelerate human-induced change and even shift Earth’s climate system into new states 
that are very different from those experienced in the recent past. Future changes outside the 
range projected by climate models cannot be ruled out (very high confidence), and due to their 
systematic tendency to underestimate temperature change during past warm periods, models 
may be more likely to underestimate than to overestimate long-term future change (medium 
confidence). 

 
Description of evidence base 
This Key Message is based on a large body of scientific literature recently summarized by Lenton         
et al. (2008),197 NRC (2013),339 and Kopp et al. (2016).198 As NRC (2013)339 states, “A study of Earth’s 
climate history suggests the inevitability of ‘tipping points’—thresholds beyond which major  and 
rapid changes occur when crossed—that lead to abrupt changes in the climate system” and “Can        
all tipping points be foreseen? Probably not. Some will have no precursors, or may be triggered by 
naturally occurring variability in the climate system. Some will be difficult to detect, clearly visible  
only after they have been crossed and an abrupt change becomes inevitable.” As IPCC AR5 WG1 
Chapter 12, Section 12.5.526 further states, “A  number  of  components  or  phenomena  within  the 
Earth system have been proposed as potentially possessing critical thresholds (sometimes referred       
to as tipping points) beyond which abrupt or nonlinear transitions  to  a  different  state  ensues.” 
Collins et al. (2013)26 further  summarize  critical  thresholds  that  can  be  modeled  and  others  that 
can only be identified. 

This Key Message is also based on the conclusions of IPCC AR5 WG1,249 specifically Chapter 
7;196 the state of the art of global models is briefly summarized in Hayhoe et al. (2017).24 This Key 
Message is also based upon the tendency of global climate models to underestimate, relative to 
geological reconstructions, the magnitude of both long-term global mean warming and the ampli- 
fication of warming at high latitudes in past warm climates (e.g., Salzmann et al. 2013, Goldner et 
al. 2014, Caballeo and Huber 2013, Lunt et al. 2012199,201,340,341). 

Major uncertainties 

The largest uncertainties are 1) whether proposed tipping elements actually undergo critical tran- 
sitions, 2) the magnitude and timing of forcing that will be required to initiate critical transitions 
in tipping elements, 3) the speed of the transition once it has been triggered, 4) the characteristics 

Long-Term Changes 
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of the new state that results from such transition, and 5) the potential for new positive feedbacks 
and tipping elements to exist that are yet unknown. 

The largest uncertainties in models are structural: are the models including all the important 
components and relationships necessary to model the feedbacks and, if so, are these correctly 
represented in the models? 

Description of confidence and likelihood 

There is very high confidence in the likelihood of the existence of positive feedbacks and tipping 
elements based on a large body of literature published over the last 25 years that draws from basic 
physics, observations, paleoclimate data, and modeling. 

There is very high confidence that some feedbacks can be quantified, others are known but cannot 
be quantified, and others may yet exist that are currently unknown. 

There is very high confidence that the models are incomplete representations of the real world; 
and there is medium confidence that their tendency is to under- rather than overestimate the 
amount of long-term future change. 
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Key Message 1 Levee repair along the San Joaquin River in California, February 2017 
 

 
Significant changes in water quantity and quality are evident across the country. These changes, which 
are expected to persist, present an ongoing risk to coupled human and natural systems and related 
ecosystem services. Variable precipitation and rising temperature are intensifying droughts, increasing 
heavy downpours, and reducing snowpack. Reduced snow-to-rain ratios are leading to significant 
differences between the timing of water supply and demand. Groundwater depletion is exacerbating 
drought risk. Surface water quality is declining as water temperature increases and more frequent high- 
intensity rainfall events mobilize pollutants such as sediments and nutrients. 

Key Message 2 
 

Deteriorating water infrastructure compounds the climate risk faced by society. Extreme precipitation 
events are projected to increase in a warming climate and may lead to more severe floods and greater 
risk of infrastructure failure in some regions. Infrastructure design, operation, financing principles, and 
regulatory standards typically do not account for a changing climate. Current risk management does 
not typically consider the impact of compound extremes (co-occurrence of multiple events) and the risk 
of cascading infrastructure failure. 

Key Message 3 
 

Water management strategies designed in view of an evolving future we can only partially anticipate will 
help prepare the Nation for water- and climate-related risks of the future. Current water management 
and planning principles typically do not address risk that changes over time, leaving society exposed 
to more risk than anticipated. While there are examples of promising approaches to manage climate 
risk, the gap between research and implementation, especially in view of regulatory and institutional 
constraints, remains a challenge. 

Changes in Water Quantity and Quality 
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Executive Summary 
 

Ensuring a reliable supply of clean freshwater 
to individuals, communities, and ecosystems, 
together with effective management of floods 
and droughts, is the foundation of human 
and ecological health. The water sector is 
also central to the economy and contributes 
significantly to the resilience of many other 
sectors, including agriculture, energy, urban 
environments, and industry. 

 
Water systems face considerable risk, even 
without anticipated future climate changes. 
Limited surface water storage, as well as a lim- 
ited ability to make use of long-term drought 
forecasts and to trade water across uses and 
basins, has led to a significant depletion of 
aquifers in many regions in the United States.1 

Across the Nation, much of the critical water 
and wastewater infrastructure is nearing the 
end of its useful life. To date, no comprehen- 
sive assessment exists of the climate-related 
vulnerability of U.S. water infrastructure 
(including dams, levees, aqueducts, sewers, and 
water and wastewater distribution and treat- 
ment systems), the potential resulting damag- 
es, or the cost of reconstruction and recovery. 
Paleoclimate information (reconstructions of 
past climate derived from ice cores or tree 
rings) shows that over the last 500 years, 

North America has experienced pronounced 
wet/dry regime shifts that sometimes per- 
sisted for decades.2 Because such protracted 
exposures to extreme floods or droughts in 
different parts of the country are extraordinary 
compared to events experienced in the 20th 
century, they are not yet incorporated in water 
management principles and practice. Antic- 
ipated future climate change will exacerbate 
this risk in many regions. 

 
A central challenge to water planning and 
management is learning to plan for plausible 
future climate conditions that are wider in 
range than those experienced in the 20th 
century. Doing so requires approaches that 
evaluate plans over many possible futures 
instead of just one, incorporate real-time 
monitoring and forecast products to better 
manage extremes when they occur, and update 
policies and engineering principles with the 
best available geoscience-based understanding 
of planetary change. While this represents a 
break from historical practice, recent examples 
of adaptation responses undertaken by large 
water management agencies, including major 
metropolitan water utilities and the U.S. Army 
Corps of Engineers, are promising. 
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Depletion of Groundwater in Major U.S. Regional Aquifers 
 

(left) Groundwater supplies have been decreasing in the major regional aquifers of the United States over the last century 
(1900–2000). (right) This decline has accelerated recently (2001–2008) due to persistent droughts in many regions and the lack 
of adequate surface water storage to meet demands. This decline in groundwater compromises the ability to meet water needs 
during future droughts and impacts the functioning of groundwater dependent ecosystems (e.g., Kløve et al. 20143).The values 
shown are net volumetric rates of groundwater depletion (km3 per year) averaged over each aquifer. Subareas of an aquifer may 
deplete at faster rates or may be actually recovering. Hatching in the figure represents where the High Plains Aquifer overlies 
the deep, confined Dakota Aquifer. From Figure 3.2 (Source: adapted from Konikow 2015.4 Reprinted from Groundwater with 
permission of the National Groundwater Association. ©2015). 
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State of the Sector 

Water security in the United States is increasingly 
in jeopardy. Ensuring a reliable supply of clean 
freshwater to communities, agriculture, and eco- 
systems, together with effective management of 
floods and droughts, is the foundation of human 
and ecological health. The water sector is also 
central to the economy, contributing significantly 
to the resilience of many other sectors, including 
agriculture (Ch. 10: Ag & Rural, KM 2 and 4), 
energy (Ch. 4: Energy), urban environments (Ch. 
11: Urban), and industry. The health and produc- 
tivity of natural aquatic and wetland ecosystems 
are also closely linked to the water sector (Ch. 7: 
Ecosystems, KM 1). 

 
Changes in the frequency and intensity of 
climate extremes relative to the 20th century5,6 

and deteriorating water infrastructure are 
contributing to declining community and 
ecosystem resilience. Climate change is a major 
driver of changes in the frequency, duration, 
and geographic distribution of severe storms, 
floods, and droughts (Ch. 2: Climate). In addi- 
tion, paleoclimate information (reconstructions 
of past climate derived from ice cores or tree 
rings) shows that over the last 500 years, North 
America has experienced pronounced wet/ 
dry regime shifts that sometimes persisted for 
decades.2 These shifts led to protracted expo- 
sures to extreme floods or droughts in differ- 
ent parts of the country that are extraordinary 
compared to events experienced in the 20th 
century. Operational principles for engineer- 
ing, design, insurance programs, water quality 
regulations, and water allocation generally have 
not factored in these longer-term perspectives 
on historical climate variability or projections 
of future climate change.7,8 While there has 
been much discussion on the need for climate 
adaptation, the design and implementation of 
processes that consider near- and long-term 
information on a changing climate are still 
nascent.9,10,11 

Water systems face considerable risk even 
without anticipated future climate changes. 
Gains in water-use efficiency over the last 30 
years have resulted in total U.S. water con- 
sumption staying relatively constant.12 Gains in 
efficiency are most evident in urban centers.13 

However, limited surface water storage and 
a limited ability to make use of long-term 
drought forecasts and to trade water across 
uses and basins have led to the significant 
depletion of aquifers in many regions of the 
United States.1 Aging and deteriorating dams 
and levees14 also represent an increasing 
hazard when exposed to extreme or, in some 
cases, even moderate rainfall. Several recent 
heavy rainfall events have led to dam, levee, or 
critical infrastructure failures, including the 
Oroville emergency spillway in California in 
2017,15 Missouri River levees in 2017, 50 dams 
in South Carolina in October 201516 and 25 
more dams in the state in October 2016,17 and 
New Orleans levees in 2005 and 2015.18 The 
national exposure to this risk has not yet been 
fully assessed. 

Regional Summary 

Every region of the United States is affected 
by water sector sensitivities to weather- and 
climate-related events (see Figure 3.1). Recent 
examples are summarized below: 

 
• Northern and Southern Great Plains: Future 

changes in precipitation and the potential 
for more extreme rainfall events will exacer- 
bate water-related challenges in the North- 
ern Great Plains (Ch. 22: N. Great Plains, 
KM 1). Extreme precipitation and rising sea 
levels associated with climate change make 
the built environment in the Southern Great 
Plains increasingly vulnerable to disrup- 
tion, particularly as infrastructure ages and 
deteriorates (Ch. 23: S. Great Plains, KM 2). 
Flooding on the Mississippi and Missouri 
Rivers in May 2011 caused an estimated 
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$5.7 billion in damages (in 2018 dollars).19 

One year later, drought conditions in 2012 
led to record low flows on the Mississippi, 
disrupting river navigation and agriculture 
and resulting in widespread harvest failures 
for corn, sorghum, soybean, and other crops 
(e.g., Ziska et al. 201620). The nationwide total 
damage from the 2012 drought is estimated 
at $33 billion (in 2018 dollars).19 

 
• Northeast and Southeast: Much of the water 

infrastructure in the Northeast is nearing the 
end of its planned life expectancy. Disrup- 
tions to infrastructure are already occurring 
and will likely become more common with 
a changing climate (Ch. 18: Northeast, KM 
3). Hurricane Irene (2011) and Superstorm 
Sandy (2012) highlighted the inadequacy of 
deteriorating urban infrastructure, including 
combined sewers, for managing current and 
future storm events.19 In the Southeast, the 
combined effects of extreme rainfall events 
and rising sea level are increasing flood 
frequencies, making coastal and low-lying 
regions highly vulnerable to climate change 
impacts (Ch. 8: Coastal, KM 1; Ch. 19: South- 
east, KM 2). In South Carolina in 2015, locally 
extreme rainfall exceeding 20 inches over 3 
days19 caused widespread damage, including 
the failure of 49 state-regulated dams, one 
federally regulated dam, two sections of the 
levee adjacent to the Columbia Canal, and 
many unregulated dams.16 In Louisiana in 
2016, a severe large-scale storm with record 
atmospheric moisture dropped nearly 
20 inches of rain in 72 hours, triggering 
widespread flooding that damaged at least 
60,000 homes and led to 13 deaths.21 

 
• Midwest: Storm water management sys- 

tems and other critical infrastructure in the 
Midwest are already experiencing impacts 
from changing precipitation patterns and 
elevated flood risks (Ch. 21: Midwest, KM 
5). In addition, harmful algal blooms (HABs) 

in western Lake Erie have been steadily 
increasing over the past decade.22 Warmer 
temperatures and heavy precipitation asso- 
ciated with climate change contribute to  
the development of HABs.23,24 Harmful algal 
blooms can introduce cyanobacteria into 
recreational and drinking water sources, 
resulting in restrictions on access and use. 
In 2014 in Toledo, Ohio, half a million people 
were warned to avoid drinking the water 
due to toxins overwhelming a water treat- 
ment plant in Lake Erie’s western basin as  
a result of a harmful bloom. Conditions that 
encourage cyanobacteria growth, such as 
higher water temperatures, increased run- 
off, and nutrient-rich habitats, are projected 
to increase in the Midwest (Ch. 21: Midwest). 

 
• Northwest and Alaska: Pacific salmon 

populations in the Northwest are being 
affected by climate stressors,  including  
low snowpack (such as in 2015), decreasing 
summer streamflow,25,26 habitat loss through 
increasing storm intensity and flooding,27,28 

physiological and behavioral sensitivity, and 
increasing mortality due to warmer stream 
and ocean temperatures.29 Salmon are a 
cultural and ecological keystone species in 
this region. Salmon loss is a particular threat 
to the cultural identities and economies of 
Indigenous communities (Ch. 24: Northwest, 
KM 2; Ch. 15: Tribes). In Alaska, residents, 
communities, and their infrastructure also 
continue to be affected by flooding and ero- 
sion of coastal and river areas, resulting from 
changes in sea ice (Ch. 26: Alaska, KM 2). 

 
• Southwest: Water supplies for people and 

nature in the Southwest are decreasing 
during droughts due in part to human- 
caused climate change. Intensifying 
droughts, increasing heavy downpours, 
and reduced snowpack are combining with 
increasing water demands from a growing 
population, deteriorating infrastructure, 
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and groundwater depletion to reduce the 
future reliability of water supplies (Ch. 25: 
Southwest, KM 1). The 2011–2016 California 
drought was characterized by low precipi- 
tation combined with record high tempera- 
tures, leading to significant socioeconomic 
and environmental impacts.30,31 Drought risk 
is being exacerbated by increasing human 
water use and the depletion of groundwater 
that serves as a buffer against water scar- 
city.30 Rising air temperatures may increase 
the chance of droughts in the western Unit- 
ed States.31,32 Compounding the impacts of 
drought in February 2017, heavy, persistent 
rainfall across northern and central Cali- 
fornia led to substantial property and infra- 
structure damage from record flooding, 
landslides, and erosion. 

 
• U.S.  Caribbean,  Hawai‘i  and   U.S.-Affiliat- 

ed Pacific Islands: Dependable and safe 
water supplies for the communities and 

ecosystems of the U.S. Caribbean, Hawai‘i, 
and the U.S.-Affiliated Pacific Islands are 
threatened by rising temperatures, sea lev- 
el rise, saltwater intrusion, and increased 
risk of extreme drought and flooding (Ch. 
20: U.S. Caribbean, KM 1; Ch. 27: Hawai‘i & 
Pacific Islands, KM 1). The U.S. Caribbean 
is experiencing an increasing frequency of 
extreme events that threaten life, property, 
and the economy (Ch. 20: U.S. Caribbean, KM 
5). On September 20, 2017, Hurricane Maria 
struck the U.S. Virgin Islands as a Category 
5 storm and then Puerto Rico as a Category 
4 storm—just two weeks after Hurricane 
Irma had struck the Caribbean islands. The 
storms left devastation in their wake, with 
the power distribution severely damaged 
and drinking water and wastewater treat- 
ment plants rendered inoperable.33 Maria’s 
extreme rainfall, up to 37 inches in 48 hours 
in some places,34 also caused widespread 
flooding and mudslides across the islands. 

 

Billion-Dollar Weather and Climate Disaster Events in the United States 
 

Figure 3.1: The figure shows (a) the total number of water-related billion-dollar disaster events (tropical cyclones, flooding, and 
droughts combined) each year in the United States and (b) the associated costs (in 2017 dollars, adjusted for inflation). Source: 
adapted from NOAA NCEI 2018.19 
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Key Message 1 
 

 
Significant changes in water quantity 
and quality are evident across the 
country. These changes, which are ex- 
pected to persist, present an ongoing 
risk to coupled human and natural sys- 
tems and related ecosystem services. 
Variable precipitation and rising tem- 
perature are intensifying droughts, in- 
creasing heavy downpours, and reducing 
snowpack. Reduced snow-to-rain ratios 
are leading to significant differences 
between the timing of water supply and 
demand. Groundwater depletion is ex- 
acerbating drought risk. Surface  water 
quality is declining as water temperature 
increases and more frequent high-inten- 
sity rainfall events mobilize pollutants 
such as sediments and nutrients. 

 
Climate change effects on hydrology, floods, 
and drought for the United States are dis- 
cussed in the Climate Science Special Report35,36 

and the Third National Climate Assessment.6 

Increasing air temperatures have substantially 
reduced the fraction of winter precipitation 
falling as snow, particularly over the western 
United States.37,38,39,40,41,42 Warming has resulted 
in a shift in the timing of snowmelt runoff to 
earlier in the year.39,43,44,45,46,47 Glaciers continue 
to melt in Alaska25,48 and the western United 
States (Ch. 1: Overview, Figure 1.2d).49,50 Shifts in 
the hydrological regime due to glacier melting 
will alter stream water volume, water tempera- 
ture, runoff timing, and aquatic ecosystems 
in these regions. As temperatures continue  
to rise, there is a risk of decreased and highly 
variable water supplies for human use and 
ecosystem maintenance.32,51 

Additionally, heavy precipitation events in most 
parts of the United States have increased in 
both intensity and frequency since 1901 and 
are projected to continue to increase over 
this century under both a lower and higher 
scenario (RCP4.5 and RCP8.5; see Easterling et 
al. 2017, Key Finding 235). There are, however, 
important regional and seasonal differences in 
projected changes in total precipitation. 

 
Higher temperatures also result in increased 
human use of water, particularly through 
increased water demand for agriculture arising 
from increased evapotranspiration (Ch. 10: Ag & 
Rural, KM 1).52,53 In some regions of the United 
States, water supplies are already stressed by 
increasing consumption.12 Continued warming 
will add to the stress on water supplies and 
adversely impact water supply reliability in 
parts of the United States. Over the last 30 
years, improvements in water-use efficiency 
have offset the increasing water needs from 
population growth, and national water use has 
remained constant.12 However, without efforts 
to increase water-use efficiency in rural and 
urban areas, increased future demand due 
to warming could exceed future supply in 
some locations.13 

 
In the United States, groundwater provides 
more than 40% of the water used for agricul- 
ture (irrigation and livestock) and domestic 
water supplies (Ch. 25: Southwest; Ch. 10: Ag & 
Rural, KM 1).1,12 Groundwater use for irrigation 
has increased substantially since about 1900 
and in some areas has exceeded natural aquifer 
recharge rates.54 For example, in the High 
Plains Aquifer, the largest freshwater aquifer 
in the contiguous United States that supports 
an important agricultural region,55 the rate 
of groundwater withdrawal for irrigation is 
nearly 10 times the rate of natural recharge, 
resulting in large groundwater depletions (see 
Figure 3.2).56,57,58,59 Groundwater pumping for 
irrigation is a substantial driver of long-term 

Changes in Water Quantity 
and Quality 
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trends in groundwater levels in the central 
United States.60,61 In many parts of the United 
States, groundwater is being depleted due to 
increased pumping during droughts and con- 
centrated demands in urban areas.1 Increasing 
air temperatures, insufficient  precipitation, 
and associated increases in irrigation require- 
ments will likely result in greater groundwater 
depletion in the coming decades.62 The lack of 
coordinated management of surface water and 
groundwater storage limits the Nation’s ability 
to address climate variability. Management of 
surface water and groundwater storage and 
water quality are not coordinated across differ- 
ent agencies, leading to inefficient response to 
changing climate. 

 
Changes in climate and hydrology have direct 
and cascading effects on water quality.63,64 

Anticipated effects include warming water 
temperatures in all U.S. regions, which affect 
ecosystem health (Ch. 7: Ecosystems), and 
locally variable changes in precipitation and 

runoff, which affect pollutant transport into 
and within water bodies.6,65 These changes 
pose challenges related to the cost and 
implications of water treatment, and they 
present a risk to water supplies, public health, 
and aquatic ecosystems. Increases in high 
flow events can increase the delivery of 
sediment,66,67,68 nutrients,69,70,71,72 and microbial 
pathogens23,73 to streams, lakes, and estuaries; 
decreases in low flow volume (such as in the 
summer) and during periods of drought can 
impact aquatic life through exposure to high 
water temperatures and reduced dissolved 
oxygen.74,75,76 The risk of harmful algal blooms 
could increase due to an expanded seasonal 
window of warm water temperatures and the 
potential for episodic increases in nutrient 
loading.23,24,77 In coastal areas, saltwater intru- 
sion into coastal rivers and aquifers can be 
exacerbated by sea level rise (or relative sea 
level rise related to vertical land movement) 
(Ch. 1: Overview, Figure 1.4), storm surges, and 
altered freshwater runoff. Saltwater intrusion 

 
Depletion of Groundwater in Major U.S. Regional Aquifers 

 

Figure 3.2: (left) Groundwater supplies have been decreasing in the major regional aquifers of the United States over the last 
century (1900–2000). (right) This decline has accelerated recently (2001–2008) due to persistent droughts in many regions and 
the lack of adequate surface water storage to meet demands. This decline in groundwater compromises the ability to meet water 
needs during future droughts and impacts the functioning of groundwater dependent ecosystems (e.g., Kløve et al. 20143).The 
values shown are net volumetric rates of groundwater depletion (km3 per year) averaged over each aquifer. Subareas of an 
aquifer may deplete at faster rates or may be actually recovering. Hatching in the figure represents where the High Plains Aquifer 
overlies the deep, confined Dakota Aquifer. Source: adapted from Konikow 2015.4 Reprinted from Groundwater with permission 
of the National Groundwater Association. © 2015. 
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could threaten drinking water supplies, 
infrastructure,78 and coastal and estuarine 
ecosystems (Ch. 8: Coastal).79,80 Indirect impacts 
on water quality are also possible in response 
to an increased frequency of forest pest/dis- 
ease outbreaks, wildfire, and other terrestrial 
ecosystem changes; land-use changes (for 
example, agricultural and urban) and water 
management infrastructure also interact with 
climate change to impact water quality. 

Key Message 2 
 

 
Deteriorating water infrastructure com- 
pounds the climate risk faced by society. 
Extreme precipitation events are pro- 
jected to increase in a warming climate 
and may lead to more severe floods and 
greater risk of infrastructure failure in 
some regions. Infrastructure design, 
operation, financing principles, and regu- 
latory standards typically do not account 
for a changing climate. Current risk man- 
agement does not typically consider the 
impact of compound extremes (co-occur- 
rence of multiple events) and the risk of 
cascading infrastructure failure. 

Across the Nation, much of the critical water 
infrastructure is aging and, in some cases, 
deteriorating or nearing the end of its design 
life, presenting an increased risk of failure . 
Estimated reconstruction and maintenance 
costs aggregated across dams, levees, aque- 
ducts, sewers, and water and wastewater 
treatment systems total in the trillions of 
dollars based on a variety of different sourc- 
es.14,81,82,83,84,85,86,87 Capital improvement needs 
for public water systems (which provide safe 
drinking water) have been estimated at $384 
billion for projects necessary from 2011 through 
2030.88 Similarly, capital investment needs for 

publicly owned wastewater conveyance and 
treatment facilities, combined sewer overflow 
correction, and storm water management to 
address water quality or water quality-related 
public health problems have been estimated at 
$271 billion over a 20-year period.89 More than 
15,000 dams in the United States are listed as 
high risk85 due to the potential losses that may 
result if they failed. 

 
Extreme precipitation events are projected to 
increase in a warming climate and may lead to 
more severe floods and greater risk of infra- 
structure failure in some regions.90 Long-last- 
ing droughts and warm spells can also compro- 
mise earth dams and levees as a result of the 
ground cracking due to drying, a reduction of 
soil strength, erosion, and subsidence (sinking 
of land).91,92 To date, however, there is no com- 
prehensive assessment of the climate-related 
vulnerability of U.S. water infrastructure, and 
climate risks to existing infrastructure systems 
remain unquantified. Tools, case studies, and 
other information are available that can be 
adopted into design standards and operational 
guidelines to account for future climate and/or 
integrate climate projections into infrastruc- 
ture design (e.g., EPA 2016, Ragno et al. 2018;90,93 

see also Key Message 3). However, there are 
no common design standards or operational 
guidelines that address how infrastructure 
should be designed and operated in the face 
of changing climate risk or that even target 
the range of climate variability seen over the 
last 500 years. 

 
Procedures for the design, estimation of 
probability of failure, and risk assessment of 
infrastructure rely on 10–100 years of past data 
about flood and rainfall intensity, frequency, 
and duration (e.g., Vahedifard et al. 201715). This 
approach assumes that the frequency and 
severity of extremes do not change significantly 
over time.94 However, numerous studies suggest 
that the severity and frequency of climatic 

Deteriorating Water Infrastructure 
at Risk 
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extremes, such as precipitation and heat waves, 
have, in fact, been changing.5,14,25,95,96,97,98,99 These 
changes present a regionally variable risk of 
increased frequency and severity of floods and 
drought.6,36 In addition, tree ring reconstruc- 
tions of climate over the past 500 years for the 
United States illustrate a much wider range of 
climate variability than does the instrumental 
record (which begins around 1900).100,101,102 

This historical variability includes wet and dry 
periods with statistics very different from those 
of the 20th century. Infrastructure design that 
uses recent historical data may thus underrep- 
resent the risk seen from the paleo record, even 
without considering future climate change. 
Statistical methods have been developed for 
climate risk and frequency analysis that incor- 
porate observed and/or projected changes in 
extremes.90,94,103,104,105 However, these procedures 
have not yet been incorporated in infrastruc- 
ture design codes and operational guidelines. 

 
Compound extreme events—the combination 
of two or more hazard events or climate vari- 
ables over space and/or time that leads to an 
extreme impact—have a multiplying effect on 
the risk to society, the environment, and built 
infrastructure.106 Recent examples include the 
2016 Louisiana flood, which resulted in simul- 
taneous flooding across a large area (Ch. 19: 
Southeast, KM 2 and Table 19.1);21 Superstorm 
Sandy in 2012, when extreme rainfall coincided 
with near high tides;107 and other events com- 
bining storm surge and extreme precipitation, 
such as Hurricane Isaac in 2012 and Hurricane 
Matthew in 2016. Traditional infrastructure 
design approaches and risk assessment 
frameworks often consider these drivers in 
isolation. For example, current coastal flood 
risk assessment methods consider changes in 
terrestrial flooding and ocean flooding sepa- 
rately,108,109,110,111,112 leading to an underestimation 
or overestimation of risk in coastal areas.112 

Compound extremes can also increase the risk 
of cascading infrastructure failure since some 

infrastructure systems rely on others, and the 
failure of one system can lead to the failure of 
interconnected systems, such as water–energy 
infrastructure (Ch. 4: Energy; Ch. 17: Com- 
plex Systems).113 

Key Message 3 
 

 
Water management strategies designed 
in view of an evolving future we can only 
partially anticipate will help prepare the 
Nation for water- and climate-related 
risks of the future. Current water man- 
agement and planning principles typi- 
cally do not address risk that changes 
over time, leaving society exposed to 
more risk than anticipated. While there 
are examples of promising approaches 
to manage climate risk, the gap between 
research and implementation, especially in 
view of regulatory and institutional 
constraints, remains a challenge. 

The susceptibility of society to the harmful 
effects of hydrologic variability and the 
implications of climate variability and change 
necessitate a reassessment of the water plan- 
ning and management principles developed in 
the 20th century. Significant changes in many 
key hydrologic design variables (including the 
quantity and quality of water) and hydrologic 
extremes are being experienced around the 
Nation. Paleoclimate analyses and climate 
projections suggest persistent droughts and 
wet periods over the continental United States 
that are longer, cover more area, and are more 
intense than what was experienced in  the 20th 
century. An evolving future, which can only 
be partially anticipated, adds to this risk. 
Furthermore, while hydroclimatic extremes 
are projected to increase in frequency, 
accurate predictions of changes in extremes 

Water Management in a 
Changing Future 
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at a particular location are not yet possible. 
Instead, climate projections provide a glimpse 
of possible future conditions and help to scope 
the plausible range of changes. 

 
A central challenge to water planning and 
management is learning to plan for plausible 
future climate conditions that are wider in 
range than those experienced in the past (see 
Figure 3.3) (see also Ch. 28: Adaptation, KM 5). 
Doing so requires approaches that evaluate 
plans over many possible futures instead of 
just one, incorporate real-time monitoring and 
forecast products to better manage extremes 
when they occur, and update policies and 
engineering principles with the best available 
geoscience-based understanding of global 
change. The challenge is both scientific, in 
terms of developing and evaluating these 
approaches, and institutional–political, in 
terms of updating the regulatory–legal and 
institutional structures that constrain inno- 
vation in water management, planning, and 
infrastructure design. 

One approach is to focus on better managing 
variability, which is likely the dominant source 
of operational uncertainty for many water sys- 
tems.115 An example of this approach is incor- 
porating monitoring of current conditions and 
forecasts of near-term future conditions (days 
to weeks to seasons) in lieu of stationary oper- 
ating rules based on historical expectations. 
Forecasts of near-term hydrologic conditions 
can provide the basis for adaptive reservoir 
operations, but they require flexible operating 
rules. New York City, for example, altered 
existing operational guidelines to implement 
adaptive reservoir operations based on current 
hydrologic conditions to better meet new 
concerns for ecological flow requirements in 
addition to water supply goals.116 In another 
example, the International Joint Commission 
adopted a new operating plan for Upper Great 
Lakes water levels; the plan is based on the 
ability to provide acceptable performance, as 
defined by stakeholders, over thousands of 
possible future climates.117 The plan includes 
forecast-based operations and a funded adap- 
tive management process linking observatories 

 

Colorado River Basin Supply and Use 
 

Figure 3.3: The figure shows the Colorado River Basin historical water supply and use, along with projected water supply and 
demand. The figure illustrates a challenge faced by water managers in many U.S. locations—a potential imbalance between 
future supply and demand but with considerable long-term variability that is not well understood for the future. For the projections, 
the dark lines are the median values and the shading represents the 10th to 90th percentile range. Source: adapted from U.S. 
Bureau of Reclamation 2012.114 
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and information systems to water-release 
decisions to address unanticipated change.118 In 
addition, updating operations and optimizing 
for changing conditions as they occur provide 
additional operating flexibility for water supply, 
flood risk reduction, and hydropower reser- 
voirs.119,120,121 Finally, financial instruments and 
water trading provide avenues for managing 
the effects of variability on water competition, 
especially between urban water supply and 
agricultural water use.122,123,124 

 
Better management of variability does not 
eliminate the need for long-term planning  
that responds to plausible climate changes 
(see Figure 3.3). Major water utilities provide 
examples of planning that focus on identifying 
and managing vulnerabilities to a wide range 
of uncertain future conditions, rather than 
evaluating performance for a single future.125 

For example, Tampa Bay Water employed 
1,000 realizations of future demand and future 
supply to evaluate their preparedness for future 
conditions.126 Alternatively, Denver Water used 
a small set of carefully selected future climate 
and socioeconomic development scenarios to 
explore possible future vulnerabilities.125 The 
World Bank published a set of specific guidelines 
for implementing such robustness-based 
approaches in water investment evaluation.127 

As described in Key Message 2, the nature of 
hydrologic extremes and their rarity complicate 
the detection of meaningful trends in flood risk,128 

while traditional trend detection methods may 
lead to missed trends and underpreparation.129 In 
response to these challenges, the U.S. Army Corps 
of Engineers is exploring robustness to a wide 
range of trends and expected  regret  as metrics 
for evaluating flood management strategies,130,131 

including the increased incorporation of natural 
infrastructure.132 

 
Actions taken by communities and the managers 
of water systems of all sizes can help prepare 
the Nation for the water-related risks of climate 

variability and change. The risks associated with a 
changing climate are compounded by inadequate 
attention to the state of water infrastructure 
and insufficient maintenance. Developing new 
water management and planning approaches 
may require updating the regulatory, legal, and 
institutional structures that constrain innovation 
in water management, community planning, 
and infrastructure design.133,134 Furthermore, 
adequate maintenance and sufficient funding 
to monitor, maintain, and adapt water policy 
and infrastructure would help overcome many 
of these challenges. Continued collaboration 
on transboundary watershed coordination and 
agreements on both surface water and ground- 
water with Canada and Mexico are among the 
actions that could facilitate more sustainable 
binational water management practices. 

 
Developing and implementing new approaches 
pose special challenges for smaller, rural, and 
other communities with limited financial and 
technical resources. The development and 
adoption of new approaches can be facilitated 
by assessments that compare the effectiveness 
of new management and planning approaches 
across regions; greater exchange of emerging 
expertise among water managers; and better 
conveyance of the underlying climate and water 
science to communities, managers, and other 
decision-makers.135,136 

Acknowledgments 
USGCRP Coordinators 
Kristin Lewis 
Senior Scientist 

 
Allyza Lustig 
Program Coordinator 

 
Opening Image Credit 
Levee repair: U.S. Army Corps of Engineers, 
Sacramento District. 



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

3 | Water - Traceable Accounts 
 

 

 

Traceable Accounts 
Process Description 
Chapter authors were selected based on criteria, agreed on by the chapter lead and coordinating 
lead authors, that included a primary expertise in water sciences and management, knowledge of 
climate science and assessment of climate change impacts on water resources, and knowledge of 
climate change adaptation theory and practice in the water sector. 

The chapter was developed through technical discussions and expert deliberation among chapter 
authors, federal coordinating lead authors, and staff from the U.S. Global Change Research 
Program (USGCRP). Future climate change impacts on hydrology, floods, and drought for the 
United States have been discussed in the Third National Climate Assessment6 and in the USGCRP’s 
Climate Science Special Report.35,36 Accordingly, emphasis here is on vulnerability and the risk to 
water infrastructure and management presented by climate variability and change, including 
interactions with existing patterns of water use and development and other factors affecting 
climate risk. The scope of the chapter is limited to inland freshwater systems; ocean and coastal 
systems are discussed in their respective chapters in this report. 

Key Message 1 

Significant changes in water quantity and quality are evident across the country. These changes, 
which are expected to persist, present an ongoing risk to coupled human and natural systems 
and related ecosystem services (high confidence). Variable precipitation and rising temperature 
are intensifying droughts (high confidence), increasing heavy downpours (high confidence), and 
reducing snowpack (medium confidence). Reduced snow-to-rain ratios are leading to significant 
differences between the timing of water supply and demand (medium confidence). Groundwater 
depletion is exacerbating drought risk (high confidence). Surface water quality is declining as 
water temperature increases (high confidence) and more frequent high-intensity rainfall events 
mobilize pollutants such as sediments and nutrients (medium confidence). 

 
Description of evidence base 
Increasing air temperatures have substantially reduced the fraction of winter precipitation occur- 
ring as snow, particularly over the western United States,37,38,39,40,41,42,137 and warming has resulted in 
a shift in the timing of snowmelt runoff to earlier in the year.39,43,44,45,46 

As reported in the Climate Science Special Report and summarized in Chapter 2: Climate, average 
annual temperature over the contiguous United States has increased by 1.2°F (0.7°C) for the period 
1986–2016 relative to 1901–1960, and by 1.8°F (1.0°C) based on a linear regression for the period 
1895–2016. Surface and satellite data are consistent in their depiction of rapid warming since 1979. 
Paleo-temperature evidence shows that recent decades are the warmest of the past 1,500 years. 
Additionally, contiguous U.S. average annual temperature is projected to rise. Increases of about 
2.5°F (1.4°C) are projected for the next few decades in all emission scenarios, implying that recent 
record-setting years may be common in the near future. Much larger rises are projected by late 

Changes in Water Quantity and Quality 
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century: 2.8°–7.3°F (1.6°–4.1°C) in a lower scenario (RCP4.5) and 5.8°–11.9°F (3.2°–6.6°C) in a higher 
scenario (RCP8.5). 

Annual precipitation has decreased in much of the West, Southwest, and Southeast and increased 
in most of the Northern and Southern Great Plains, Midwest, and Northeast. There are important 
regional differences in trends, with the largest increases occurring in the northeastern United 
States. In particular, mesoscale convective systems (organized clusters of thunderstorms)—the 
main mechanism for warm season precipitation in the central part of the United States—have 
increased in occurrence and precipitation amounts since 1979 (see Easterling et al. 2017, 
Key Finding 135). 

Heavy precipitation events in most parts of the United States have increased in both intensity  
and frequency since 1901 (see Easterling et al. 2017, Key Finding 235) and are projected to continue 
to increase over this century. There are, however, important regional and seasonal differences in 
projected changes in total precipitation: the northern United States, including Alaska, is projected 
to receive more precipitation in the winter and spring, and parts of the southwestern United 
States are projected to receive less precipitation in the winter and spring (see Easterling et al. 2017, 
Key Finding 335). 

Projections indicate large declines in snowpack in the western United States and shifts to more 
precipitation falling as rain rather than snow in the cold season in many parts of the central and 
eastern United States (see Easterling et al. 2017, Key Finding 435). 

The human effect on recent major U.S. droughts is complicated. Little evidence is found for a 
human influence on observed precipitation deficits, but much evidence is found for a human 
influence on surface soil moisture deficits due to increased evapotranspiration caused by higher 
temperatures (see Wehner et al. 2017, Key Finding 236). 

Future decreases in surface (top 10 cm) soil moisture from anthropogenic forcing over most of 
the United States are likely as the climate warms under higher scenarios (see Wehner et al. 2017, 
Key Finding 336). Substantial reductions in western U.S. winter and spring snowpack are projected 
as the climate warms. Earlier spring melt and reduced snow water equivalent have been formally 
attributed to human-induced warming and will very likely be exacerbated as the climate continues 
to warm. Under higher scenarios, and assuming no change to current water resources manage- 
ment, chronic, long-duration hydrological drought is increasingly possible by the end of this 
century (see Wehner et al. 2017, Key Finding 436). 

Even though national water withdrawal has remained steady irrespective of population growth,12 

there is a significant spatiotemporal variability in water withdrawal (for example, a higher rate 
over the South) and water-use efficiency across the United States.13 Siebert et al. 201054 reported 
that irrigation use of groundwater has increased substantially over the past century and that 
groundwater use for irrigation in some areas has exceeded natural aquifer recharge rates. 

Changes in air temperature and precipitation affect water quality in predictable ways. Attribution 
of water quality changes to climate change, however, is complicated by the multiple cascading, 
cumulative effects of climate change, land use, and other anthropogenic stressors on water 
quality. There has been a widespread increase in water temperatures across the United States.74,138 
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These trends are expected to continue in the future, with increased water temperatures likely 
across the country.76 Runoff from more frequent and intense precipitation events can increase the 
risk of pollutant loading as nutrients,69,70,71 sediment,66,67,68 and pathogens23,73 are transported from 
upland sources to water bodies. Pollutant loading is also strongly influenced by local watershed 
conditions (for example, land use, vegetative ground cover, pollutant sources). Increases in 
summer–fall water temperatures, excess nutrient loading events (driven by heavy precipitation 
events), and longer dry periods (associated with calm, quiescent water conditions) can expand the 
seasonal window for cyanobacteria and present an increased risk of bloom events.23,77 

Figure 3.2 shows net, average volumetric rates of groundwater depletion (km3/year) in 40 assessed 
aquifer systems or subareas in the contiguous 48 states.4 Variation in rates of depletion in time and 
space within aquifers occurs but is not shown. For example, in the Nebraska part of the northern 
High Plains, small water-table rises occurred in parts of this area, and the net depletion was 
negligible. In contrast, in the Texas part of the southern High Plains, development of groundwater 
resources was more extensive, and the depletion rate averaged 1.6 km3/year.4 

Major uncertainties 

There is high uncertainty associated with projected scenarios, as they include many future 
decisions and actions that remain unknown. There also is high uncertainty with estimates of 
precipitation; this uncertainty is reflected in the wide range of climate model estimates of future 
precipitation. In contrast, because climate model simulations generally agree on the direction and 
general magnitude of future changes in temperature (given specific emission scenarios), there is a 
medium level of uncertainty associated with temperature projections. Overall, changes in land use 
are associated with a medium level of uncertainty. Even though there is low uncertainty regarding 
the expansion of urban areas, there is greater uncertainty regarding changes in agricultural land 
use. A medium level of uncertainty for water supply reflects a combination of high uncertainty in 
streamflow and low uncertainty in water demand. Uncertainty in water demand is low because of 
adaptation and increased water-use efficiency and because of water storage in reservoirs. Water 
storage capacity also reduces uncertainty in future groundwater conditions. Water temperature 
changes are relatively well understood, but other changes in water quality, particularly pollutant 
loads (such as nutrients, sediment, and pathogens), are associated with high uncertainty due to 
a combination of uncertain land-use changes and high uncertainty in streamflow and hydro- 
logic processes. 

Description of confidence and likelihood 

Increasing temperature is highly likely to result in early snowmelt and increased consumptive  
use. Uncertainty in precipitation and emission scenarios leads to low confidence in predicting 
water availability and the associated quality arising from changes in land-use scenarios. However, 
surface water and groundwater storage ensures medium confidence in water quantity and quality 
reliability, but spatial disparity in water efficiency could be better addressed through increased 
investment in water infrastructure for system maintenance. 
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Key Message 2 

Deteriorating water infrastructure compounds the climate risk faced by society (high confidence). 
Extreme precipitation events are projected to increase in a warming climate (high confidence) and 
may lead to more severe floods and greater risk of infrastructure failure in some regions (medium 
confidence). Infrastructure design, operation, financing principles, and regulatory standards 
typically do not account for a changing climate (high confidence). Current risk management does 
not typically consider the impact of compound extremes (co-occurrence of multiple events) and 
the risk of cascading infrastructure failure (high confidence). 

 
Description of evidence base 
Heavy precipitation events in most parts of the United States have increased in both intensity 
and frequency since about 1900 and are projected to continue to increase over this century, with 
important regional differences (Ch. 2: Climate).35,97 Detectable changes in some classes of flood 
frequency have occurred in parts of the United States and are a mix of increases and decreases 
(Ch. 2: Climate).6,139 However, formal attribution approaches have not established a significant 
connection of increased riverine flooding to human-induced climate change, and the timing of 
any emergence of a future detectable anthropogenic change in flooding is unclear (Ch. 2: Climate). 
There is considerable variation in the nature and direction of projected streamflow changes in U.S. 
rivers (Ch. 2: Climate).6,140 

Infrastructure systems are typically sized to cope with extreme events expected to occur on 
average within a certain period of time in the future (for example, 25, 50, or 100 years), based on 
historical observations.141 There is substantial concern about the impacts of future changes in 
extremes on the existing infrastructure. However, the existing operational design and risk assess- 
ment frameworks (for example, rainfall intensity–duration–frequency, or IDF, curves and flood 
frequency curves) are based on the notion of time invariance (stationarity) in extremes.109,110 

Variability in sea surface temperatures influences atmospheric circulation and subsequently 
affects the occurrence of regional wet and dry periods in the United States.142,143,144,145,146 Recon- 
structed streamflow data capture the extreme dry/wet periods beyond the instrumental record, 
but a limited literature has considered their application for water management.147,148 

A number of models have been developed to incorporate the observed and/or projected changes 
in extremes in frequency analysis and risk assessment.94,103,104,105,149,150,151,152 The appropriateness of 
a fixed return period for IDF curves or for flood/drought frequency analysis is also questioned 
in the literature.7,14,134,153 This chapter has not evaluated the existing methods in the literature 
that account for temporal changes in extremes, and the issue warrants more investiga- 
tion in the future. 

Previous studies show that compound extreme events can have a multiplier effect on the risks 
to society, the environment, and built infrastructure.112,154 Current design frameworks ignore this 
issue and mainly rely on one variable at a time.92,154,155 For example, coastal flood risk assessment 
is primarily based on univariate methods that consider changes in terrestrial flooding and ocean 

Deteriorating Water Infrastructure at Risk 
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flooding separately.108,109,111 Few studies have offered frameworks for considering multiple hazards 
for the design and risk assessment of infrastructure.112,154 Expected changes in the frequency of 
extreme events and their compounding effects can have significant consequences for existing 
infrastructure systems. 

Major uncertainties 

There are high uncertainties in future floods because of uncertainties in future long-term 
regional/local precipitation and uncertain changes in land use/land cover, water management, 
and other non-climatic factors that will interact with climate change to affect floods. There   
also are high uncertainties in future water supply estimates because of uncertainties in future 
precipitation. Drought increase due to combined precipitation and temperature change has a 
moderate uncertainty. 

Description of confidence and likelihood 

There is high confidence in the presence of a strong relationship between precipitation and 
temperature, indicating that changes in one will likely alter the statistics of the other and hence 
the likelihood of occurrence of extremes. The aging nature of the Nation’s water infrastructure is 
well documented. Not all aging infrastructure is deteriorating, however, and many aging projects 
are operating robustly under changing conditions. Unfortunately, no national assessment of 
deteriorating infrastructure or the fragility of infrastructure relative to aging exists. For example, 
the U.S. Army Corps of Engineers (USACE) has assessed how climate change projections with bias 
correction compare with the nominal design levels of USACE dams; however, this represents only 
a fraction of the Nation’s 88,000 dams. While age may be an imperfect proxy for deterioration, 
it is used here to call attention to the general concern that many elements of the Nation’s water 
infrastructure are likely not optimized to address changing climate conditions. There is high 
confidence that deteriorating water infrastructure (dams, levees, aqueducts, sewers, and water and 
wastewater treatment and distribution systems) compounds the climate risk faced by society. 

Studies show that compound extreme events will likely have a multiplier effect on the risk to 
society, the environment, and built infrastructure. Sea level rise is expected to increase in a warm- 
ing climate. Sea level rise adds to the height of future storm tides, reduces pressure gradients that 
are important for transporting fluvial water to the ocean, and enables greater upstream tide/wave 
propagation and coastal flooding. 

There is high confidence in the existence of the interannual and decadal cycles but medium 
confidence in the ability to accurately simulate the joint effects of these cycles and anthropogenic 
climate change for water impacts. 

Currently, coastal flood risk assessment is primarily based on univariate methods that consider 
changes in terrestrial flooding and ocean flooding separately, which may not reliably estimate the 
probability of interrelated compound extreme events. The expected changes in the frequency of 
extreme events and their compounding effects will likely have significant consequences for exist- 
ing infrastructure systems. Because of the uncertainties in future precipitation and how extreme 
events compound each other, there is medium confidence in the effects of compound extremes 
(multiple extreme events) on infrastructure failure. 
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Key Message 3 
 

Water management strategies designed in view of an evolving future we can only partially 
anticipate will help prepare the Nation for water- and climate-related risks of the future (medium 
confidence). Current water management and planning principles typically do not address risk that 
changes over time, leaving society exposed to more risk than anticipated (medium confidence). 
While there are examples of promising approaches to manage climate risk, the gap between 
research and implementation, especially in view of regulatory and institutional constraints, 
remains a challenge. 

 
Description of evidence base 
There is wide documentation in the scientific literature that water management practice and engi- 
neering design use the observed historical record as a guide to future expectations. This implies that 
significant departures from those expectations would pose greater-than-anticipated risks, and scenario 
analyses have demonstrated this to be the case, particularly in studies of large water supply systems. In 
particular, the Climate Science Special Report5 notes the potential for increased clustering (for example, 
heat waves and drought) or sequences of extremes and rapid transitions in climate. There is a growing 
literature that documents the use of robustness-based planning approaches, especially for water 
supply planning but also for coastal planning. These approaches provide promising methodologies for 
addressing climate change in water planning, although their complexity and cost—and limited planning 
resources—may be impediments to wide-scale adoption. 

The literature also provides examples of some more innovative approaches applied to managing 
risks in an adaptive manner, including updating reservoir operations,116,126,156 employing financial 
instruments for risk transfer or financial risk management,123,157 and the use of adaptive manage- 
ment.117 However, the lack of broader-scale adoption and wider demonstration prevents more 
conclusive statements regarding the general utility of these approaches at this time.120 

Major uncertainties 

The key uncertainty in assessing the current state of preparation of the Nation’s water infrastructure 
and management for climate change is the lack of public data collected about key performance and risk 
parameters. This includes the state of water infrastructure, including dams, levees, distribution systems, 
storm water collection, and water and wastewater treatment systems. For some of these systems, 
current performance information may be available, but there is little knowledge of what future perfor- 
mance limitations may be. Furthermore, much of this information is not publicly available, although it 
may be collected by the many local and state agencies that operate these infrastructure systems. A large 
number of case studies have illustrated that observed and projected changes in climate could place 
systems at risk in ways that exceed current expectations. 

Description of confidence and likelihood 

The Key Message is stated with medium confidence due to the limited assessment that has been 
performed on water infrastructure systems and management regimes, and due to the nascent and 
limited assessment of proposed adaptive responses. 

Water Management in a Changing Future 
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Key Message 1 Linemen working to restore power in Puerto Rico after Hurricane Maria in 2017 
 

 
The Nation’s energy system is already affected by extreme weather events, and due to climate 
change, it is projected to be increasingly threatened by more frequent and longer-lasting power 
outages affecting critical energy infrastructure and creating fuel availability and demand 
imbalances. The reliability, security, and resilience of the energy system underpin virtually every 
sector of the U.S. economy. Cascading impacts on other critical sectors could affect economic 
and national security. 

 
Key Message 2 

 

Changes in energy technologies, markets, and policies are affecting the energy system’s 
vulnerabilities to climate change and extreme weather. Some of these changes increase 
reliability and resilience, while others create additional vulnerabilities. Changes include the 
following: natural gas is increasingly used as fuel for power plants; renewable resources are 
becoming increasingly cost competitive with an expanding market share; and a resilient energy 
supply is increasingly important as telecommunications, transportation, and other critical 
systems are more interconnected than ever. 

Key Message 3 
 

Actions are being taken to enhance energy security, reliability, and resilience with respect to the 
effects of climate change and extreme weather. This progress occurs through improved data 
collection, modeling, and analysis to support resilience planning; private and public–private 
partnerships supporting coordinated action; and both development and deployment of new, 
innovative energy technologies for adapting energy assets to extreme weather hazards. 
Although barriers exist, opportunities remain to accelerate the pace, scale, and scope of 
investments in energy systems resilience. 

Nationwide Impacts on Energy 
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Changes in Energy System Affect Vulnerabilities 

Improving Energy System Resilience 
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Executive Summary 
 

The Nation’s economic security is increasingly 
dependent on an affordable and reliable supply 
of energy.1,2 Every sector of the economy 
depends on energy, from manufacturing to 
agriculture, banking, healthcare, telecommu- 
nications, and transportation. Increasingly, 
climate change and extreme weather events 
are affecting the energy system, threatening 
more frequent and longer-lasting power out- 
ages and fuel shortages. Such events can have 
cascading impacts on other critical sectors, 
potentially affecting the Nation’s economic and 
national security. At the same time, the energy 
sector is undergoing substantial policy, market, 
and technology-driven changes that are pro- 
jected to affect these vulnerabilities. 

 
The impacts of extreme weather and climate 
change on energy systems will differ across the 
United States.3 Low-lying energy facilities and 
systems located along inland waters or near the 
coasts are at elevated risk of flooding from more 
intense precipitation, rising sea levels, and more 
intense hurricanes.4,5,6,7,8 Increases in the severity 
and frequency of extreme precipitation are 
projected to affect inland energy  infrastructure 
in every region. Rising temperatures and extreme 
heat events are projected to reduce the gener- 
ation capacity of thermoelectric power  plants 
and decrease the efficiency of the transmission 
grid.9,10 Rising temperatures are projected to also 
drive greater use of air conditioning and increase 
electricity demand, likely resulting in increases 
in electricity costs.8,11,12,13,14,15,16,17,18,19 The increase in 
annual electricity demand across the country for 
cooling is offset only marginally by the relatively 
small decline in electricity demand for heating. 
Extreme cold events, including ice and snow 
events, can damage power lines and impact fuel 
supplies.20 Severe drought, along with changes in 
evaporation, reductions in mountain snowpack, 
and shifting mountain snowmelt timing, is 
projected to reduce hydropower production 

and threaten oil and gas drilling and refining, as 
well as thermoelectric power plants that rely on 
surface water for cooling.3,21,22,23,24 Drier conditions 
are projected to increase the risk of wildfires and 
damage to energy production and generation 
assets and the power grid.3,8 

 
At the same time, the nature of the energy 
system itself is changing.1,2,22,25,26,27,28,29,30,31,32,33,34 

Low carbon-emitting natural gas generation 
has displaced coal generation due to the rising 
production of low-cost, unconventional natural 
gas, in part supported by federal investment 
in research and development.35 In the last 10 
years, the share of generation from natural  
gas increased from 20% to over 30%, while 
coal has declined from nearly 50% to around 
30%.36 Over this same time, generation from 
wind and solar has grown from less than 1% to 
over 5% due to a combination of technological 
progress, dramatic cost reductions, and federal 
and state policies.2,33 

 
It is possible to address the challenges of a 
changing climate and energy system, and 
both industry and governments at the local, 
state, regional, federal, and tribal levels are 
taking actions to improve the resilience of the 
Nation’s energy system. These actions include 
planning and operational measures that seek 
to anticipate climate impacts and prevent or 
respond to damages more effectively, as well 
as hardening measures to protect assets from 
damage during extreme events.3,37,38,39,40,41,42 

Resilience actions can have co-benefits, such 
as developing and deploying new innovative 
energy technologies that increase resilience 
and reduce emissions. While steps are being 
taken, an escalation of the pace, scale, and 
scope of efforts is needed to ensure the safe 
and reliable provision of energy and to estab- 
lish a climate-ready energy system to address 
present and future risks. 
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Potential Impacts from Extreme Weather and Climate Change 

Extreme weather and climate change can potentially impact all components of the Nation’s energy system, from fuel (petroleum, 
coal, and natural gas) production and distribution to electricity generation, transmission, and demand. From Figure 4.1 (Source: 
adapted from DOE 2013 23). 
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State of the Sector 

The Nation’s economic security is increasingly 
dependent on an affordable and reliable sup- 
ply of energy. Every sector of the economy 
depends on energy, from manufacturing to 
agriculture, banking, healthcare, telecommu- 
nications, and transportation.2 Increasingly, 
climate change and extreme weather events  
are affecting the energy system (including all 
components related to the production, con- 
version, delivery, and use of energy), threat- 
ening more frequent and longer-lasting power 
outages and fuel shortages.3 Such events can 
have cascading impacts on other critical sec- 
tors43,44 and potentially affect the Nation’s eco- 
nomic and national security (Ch. 17: Complex 
Systems). At the same time, the energy sector 
is undergoing substantial policy-, market-, and 
technology-driven changes.2,31 Natural gas and 
renewable resources are moving to the fore- 
front as energy sources and energy efficiency 
efforts continue to expand, forcing changes to 
the design and operation of the Nation’s gas 
infrastructure and electrical grid. Beyond these 
changes, deliberate actions are being taken 
to enhance energy security, reliability, and 
resilience with respect to the effects of climate 
change through integrated planning, innovative 
energy technologies, and public–private part- 
nerships;1,2,31,45 however, much work remains to 
establish a climate-ready energy system that 
addresses present and future risks. 

Regional Summary 

Energy systems and the impacts of climate 
change differ across the United States, but all 
regions will be affected by a changing climate. 
The petroleum, natural gas, and electrical 
infrastructure along the East and Gulf Coasts 
are at increased risk  of  damage  from  rising 
sea levels and hurricanes of greater intensity 
(Ch. 18: Northeast, KM 3; Ch. 19: Southeast,   
KM 1 and 2). This vulnerable infrastructure 

serves other parts of the country, so regional 
disruptions are projected to have national 
implications. Hawai‘i and the U.S. Caribbean 
(Ch. 27: Hawai‘i & Pacific Islands, KM 3; Ch. 20: 
U.S. Caribbean, KM 3 and 5) are especially vul- 
nerable to sea level rise and extreme weather, 
as they rely on imports of petroleum through 
coastal infrastructure, ports, and storage 
facilities. Oil and gas operations in Alaska 
are vulnerable to thawing permafrost, which, 
together with sea level rise and dwindling pro- 
tective sea ice, is projected to damage existing 
infrastructure and restrict seasonal access; 
however, a longer ice-free season may enhance 
offshore energy exploration and transport (Ch. 
26: Alaska, KM 5). More frequent and intense 
extreme precipitation events are projected 
to increase the risk of floods for coastal and 
inland energy infrastructure, especially in the 
Northeast and Midwest (Ch. 18: Northeast, KM   
1 and 3; Ch. 21: Midwest, KM 5). Temperatures 
are rising in all regions, and these increases are 
expected to drive greater use of air condition- 
ing. The increase in annual electricity demand 
across the country for cooling is offset only 
marginally by the relatively small decline in 
heating demand that is met with electric pow- 
er.11 In  addition,  higher  temperatures  reduce 
the thermal efficiency and  generating  capacity 
of thermoelectric power plants and reduce the 
efficiency and current-carrying capacity of 
transmission and distribution lines. 

 
Energy systems in the Northwest and 
Southwest are likely to experience the most 
severe impacts of changing water availability, 
as reductions in mountain snowpack and 
shifts in snowmelt timing affect hydropower 
production (Ch. 24: Northwest, KM 3; Ch. 25: 
Southwest, KM 5). Drought will likely threaten 
fuel production, such as fracking for natural 
gas and shale oil; enhanced oil recovery in the 
Northeast, Midwest, Southwest, and Northern 
and Southern Great Plains; oil refining; and 
thermoelectric power generation that relies 
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on surface water for cooling. In the Midwest, 
Northern Great Plains, and Southern Great 
Plains, higher temperatures and reduced soil 
moisture will likely make it more difficult to 
grow biofuel crops and impact the availability 
of wood and wood waste products for heating, 
fuel production, and electricity generation 
(Ch. 22: N. Great Plains, KM 4; Ch. 23: S. Great 
Plains, KM 1 and 2). 

Key Message 1 
 

The Nation’s energy system is already 
affected by extreme weather events, and 
due to climate change, it is projected to 
be increasingly threatened by more fre- 
quent and longer-lasting power outages 
affecting critical energy infrastructure 
and creating fuel availability and demand 
imbalances. The reliability, security, 
and resilience of the energy system 
underpin virtually every sector of the U.S. 
economy. Cascading impacts on other 
critical sectors could affect economic 
and national security. 

The principal contributor to power outages, 
and their associated costs, in the United 
States is extreme weather.2,8,46 Extreme 
weather includes high winds, thunderstorms, 
hurricanes, heat waves, intense cold periods, 
intense snow events and ice storms, and 
extreme rainfall. Such events can interrupt 
energy generation, damage energy resources 
and infrastructure, and interfere with fuel 
production and distribution systems, causing 
fuel and electricity shortages or price spikes 
(Figure 4.1). Many extreme weather impacts are 
expected to continue growing in frequency and 
severity over the coming century,8 affecting 
all elements of the Nation’s complex energy 
supply system and reinforcing the energy 

supply-and-use findings of prior National 
Climate Assessments.9 

 
Extreme weather can damage energy assets—a 
broad suite of equipment used in the produc- 
tion, generation, transmission, and distribution 
of energy—and cause widespread energy 
disruption that can take weeks to fully resolve, 
at sizeable economic costs.2,3 High winds 
threaten damage to electricity transmission  
and distribution lines (Box 4.1), buildings, cool- 
ing towers, port facilities, and other onshore 
and offshore structures associated with energy 
infrastructure and operations.3 Extreme rainfall 
(including extreme precipitation events, hurri- 
canes, and atmospheric river events) can lead 
to flash floods that undermine the foundations 
of power line and pipeline crossings and inun- 
date common riverbank energy facilities such 
as power plants, substations, transformers, and 
refineries.3 River flooding can also shut down 
or damage fuel transport infrastructure  such 
as railroads, fuel barge ports, pipelines, and 
storage facilities.3 

 

 
 

Coastal flooding threatens much of the 
Nation’s energy infrastructure, especially in 
regions with highly developed coastlines.4,5,6 

Coastal flooding, including wave action and 
storm surge (where seawater moves inland, 
often at levels above typical high tides due to 
strong winds), can affect gas and electric asset 
performance, cause asset damage and failure, 

Box 4.1: Economic Impacts to 
Electricity Systems 

Repairs to electricity generation, transmission, and 
distribution systems from recent hurricane events 
are costing billions of dollars. Con Edison and Public 
Service Electric and Gas invested over $2 billion (in 
2014 dollars) in response to Superstorm Sandy.50,51 

An estimate to build back Puerto Rico’s electricity 
systems in response to Hurricanes Irma and Maria is 

approximately $17 billion (in 2017 dollars).52
 

Nationwide Impacts on Energy 
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Potential Impacts from Extreme Weather and Climate Change 

Figure 4.1: Extreme weather and climate change can potentially impact all components of the Nation’s energy system, from 
fuel (petroleum, coal, and natural gas) production and distribution to electricity generation, transmission, and demand. Source: 
adapted from DOE 2013.23 

 

and disrupt energy generation, transmission, 
and delivery. In addition, flooding can cause 
large petroleum storage tanks to float, destroy- 
ing the tanks and potentially creating hazard- 
ous spills.3 Any significant increase in hurricane 
intensities would greatly exacerbate exposure 
to storm surge and wind damage. 

 
In the Southeast (Atlantic and Gulf Coasts), 
power plants and oil refineries are especially 
vulnerable to flooding. The number of elec- 
tricity generation facilities in the Southeast 
potentially exposed to hurricane storm surge  
is estimated at 69 and 291 for Category 1 and 
Category 5 storms, respectively.4 Nationally, 

a sea level rise of 3.3 feet (1 m; at the high 
end of the very likely range under a lower 
scenario [RCP4.5] for 2100) (for more on RCPs, 
see the Scenario Products section in App. 3)47 

could expose dozens of power plants that are 
currently out of reach to the risks of a 100-year 
flood (a flood having a 1% chance of occurring 
in a given year). This would put an additional 
cumulative total of 25 gigawatts (GW) of oper- 
ating or proposed power capacities at risk.48 In 
Florida and Delaware, sea level rise of 3.3 feet 
(1 m) would double the number of vulnerable 
plants (putting an additional 11 GW and 0.8 
GW at risk in the two states, respectively); in 
Texas, vulnerable capacity would more than 
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triple (with an additional 2.8 GW at risk).48 Sea 
level rise and storm surge already pose a risk 
to coastal substations; this risk is projected 
to increase as sea levels continue to rise. For 
example, in southeastern Florida the number  
of major substations  exposed  to  flooding 
from a Category 3 storm could more than 
double by 2050 and triple by 2070 under the 
higher scenario (RCP8.5).49 Under RCP8.5, the 
projected  number  of  electricity   substations 
in the Gulf of Mexico exposed to storm surge 
from Category 1 hurricanes could increase by 
over 30% and nearly 60% by 2030 and 2050, 
respectively.1 Increases in baseline sea levels 
expose many more Gulf Coast refineries to 
flooding risk during extreme weather events. 
For example, given a Category 1 hurricane, 
a sea level rise of less than 1.6 feet (0.5 m)47 

doubles the number of refineries in Texas and 
Louisiana vulnerable to flooding by 2100 under 
the lower scenario (RCP4.5).4 

 
Rising air and water temperatures and extreme 
heat events53,54,55 drive increases in demand 
for cooling while simultaneously resulting in 
reduced capacity and increased disruption 
of power plants and the electric grid, and 
potentially increasing electricity prices to 
consumers. Increased demand for cooling will 
likely also increase energy-related emissions 
of criteria air pollutants (for example, nitrogen 
oxide and sulfur dioxide), presenting an 
additional challenge to meet national ambient 
air quality standards, which are particularly 
important in the summer, when warmer tem- 
peratures and more direct sunlight can exac- 
erbate the formation of photochemical smog 
(Ch. 13: Air Quality, KM 1 and 4). Unless other 
mitigation strategies are implemented, more 
frequent, severe, and longer-lasting extreme 
heat events are expected to make blackouts 
and power disruptions more common, increase 
the potential for electricity infrastructure to 

malfunction, and result in increased risks to 
public health and safety.2,3,8,15,56 

 
If greenhouse gas emissions continue unabated 
(as with the higher scenario [RCP8.5]), rising 
temperatures are projected to drive up elec- 
tricity costs and demand. Despite anticipated 
gains in end use and building and appliance 
efficiencies, higher temperatures are projected 
to drive up electricity costs not only by 
increasing demand but also by reducing the 
efficiency of power generation and delivery, 
and by requiring new generation capacity 
costing residential and commercial ratepayers 
by some estimates up to $30 billion per year by 
mid-century.3,57 By 2040, nationwide, residen- 
tial and commercial electricity expenditures 
are projected to increase by 6%–18% under 
a higher scenario (RCP8.5), 4%–15% under a 
lower scenario (RCP4.5), and 4%–12% under 
an even lower scenario (RCP2.6).13 By the end 
of the century, an increase in average annual 
energy expenditures from increased energy 
demand under the higher scenario is estimated 
at $32–$87 billion (Figure 4.2; in 2011 dollars 
for GAO 201712 and in 2013 dollars for Rhodium 
Group LLC 2014, Larsen et al. 2017, Hsiang et 
al. 201716,13,14). Nationwide, electricity demand is 
projected to increase by 3%–9% by 2040 under 
the higher scenario and 2%–7% under the 
lower scenario.13 This projection includes the 
reduction in electricity used for space heating 
in states with warming winters, the associated 
decrease in heating degree days, and the 
increase in electricity demand associated with 
increases in cooling degree days. 

 
In a lower scenario (RCP4.5), temperatures 
remain on an upward trajectory that could 
increase net electricity demand by 1.7%–2.0%.15 

To ensure grid reliability, enough generation 
and storage capacity must be available to meet 
the highest peak load demand. Rising tem- 
peratures could necessitate the construction 
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Projected Changes in Energy Expenditures 

Figure 4.2: This figure shows county-level median projected increases in energy expenditures for average 2080–2099 impacts 
under the higher scenario (RCP8.5). Impacts are changes relative to no additional change in climate. Color indicates the 
magnitude of increases in energy expenditures in median projection; outline color indicates level of agreement across model 
projections (thin white outline, inner 66% of projections disagree in sign; no outline, more than 83% of projections agree in sign; 
black outline, more than 95% agree in sign; thick gray outline, state borders). Data were unavailable for Alaska, Hawai‘i and the 
U.S.-Affiliated Pacific Islands, and the U.S. Caribbean regions. Source: Hsiang et al. 2017.14 

 
of up to 25% more power plant capacity 
by 2040, compared to a scenario without a 
warming climate.13 

 
Most U.S. power plants, regardless of fuel 
source (for example, coal, natural gas, nuclear, 
concentrated solar, and geothermal), rely 
on a steady supply of water for cooling, and 
operations are projected to be threatened 
when water availability decreases or water 
temperatures increase (Ch. 3: Water; Ch. 17: 
Complex Systems, Box 17.3).3 Elevated water 
temperatures reduce power plant efficiency; 
in some cases, a plant could have to shut 
down to comply with discharge temperature 
regulations designed to avoid damaging aquatic 
ecosystems.3 In North America, the output 
potential of power plants cooled by river water 
could fall by 7.3% and 13.1% by 2050 under the 
RCP2.6 and RCP8.5 scenarios, respectively.21 

A changing climate also threatens hydro- 
power production, especially in western 
snow-dominated watersheds, where declining 
mountain snowpack affects river levels (Ch. 24: 
Northwest, KM 3; Ch. 25: Southwest, KM 5). 
For example, severe, extended drought caused 
California’s hydropower output to decline 
59% in 2015 compared to the average annual 
production over the two prior decades.22 

 
Reduced water availability also affects the 
production and refining of petroleum, natural 
gas, and biofuels. During droughts, hydraulic 
fracturing and fuel refining operations will likely 
need alternative water supplies (such as brackish 
groundwater) or to shut down temporarily.3,23,24 

Shutdowns and the adoption of emergency mea- 
sures and backup systems can increase refinery 
costs, raising product prices for the consumer.23 

Drought can reduce the cultivation of biofuel 
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feedstocks (Ch. 10: Ag & Rural) and increase the 
risk of wildfires that threaten transmission lines 
and other energy infrastructure.3,8 

Key Message 2 
 

Changes in energy technologies, mar- 
kets, and policies are affecting the 
energy system’s vulnerabilities to climate 
change and extreme weather. Some of 
these changes increase reliability and 
resilience, while others create additional 
vulnerabilities. Changes include the 
following: natural gas is increasingly 
used as fuel for power plants; renewable 
resources are becoming increasingly 
cost competitive with an expanding 
market share; and a resilient energy 
supply is increasingly important as 
telecommunications, transportation, and 
other critical systems are more intercon- 
nected than ever. 

The energy sector is undergoing a transforma- 
tion driven by technology, markets, and poli- 
cies that will change the sector’s vulnerability 
to extreme weather and climate hazards. New 
drilling technologies and methods are enabling 
increased natural gas production, lower prices, 
and greater consumption. For example, in 2016 
for the first time, natural gas replaced coal as 
the leading source of electricity generation in 
the United States (Figure 4.3).22,31 In addition, 
U.S. net imports of petroleum reached a new 
low (Box 4.2). Likewise, dramatic reductions 
in the cost of renewable generation sources 
have led to the rapid growth of solar and wind 
installations.32,58 Solar and wind generation in 
the United States grew by 44% and 19% during 
2016, respectively.25 These changes offer the 
opportunity to diversify the energy generation 
portfolio and require planning for operation 
and reliability of power generation, transmis- 
sion, and delivery to maximize the positive 
effects and avoid unintended consequences. 
For example, natural gas generation generally 
improves electric system flexibility and reli- 
ability, as gas-fired power plants can quickly 
ramp output up and down,2 but gas supplies 

 
Electricity Generation from Selected Fuels 

Figure 4.3: This figure shows electric power generation from different fuel sources and technologies. Since 2010, the declining 
market share from coal has been filled largely by natural gas and, to a lesser extent, renewables. Renewables include: 
conventional hydroelectric, geothermal, wood, wood waste, biogenic municipal waste, landfill gas, other biomass, solar, and 
wind power. Source: EIA/AEO 2018.59 

Changes in Energy System Affect 
Vulnerabilities 
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and midstream infrastructure are vulnerable 
to disruption as noted previously. The flexible 
dispatch of gas generation can partially address 
the intermittency introduced by wide-scale 
deployment of solar and wind generation, 
which can be impacted by extreme weather 
as described earlier.2 In addition, the growing 
adoption of energy efficiency programs, 
demand response programs, transmission 
capacity increases, and microgrids with energy 
storage technologies is enhancing system 
flexibility, reliability, and resilience.31 

 
Energy efficiency has been remarkably suc- 
cessful over several decades in helping control 
energy costs to homes, buildings, and industry, 
while also contributing to enhanced resilience 
through reduced energy demand.2 A number 
of actions are contributing to the increases in 
energy efficiency, significant energy savings, 
and improved resilience, including: the use 
of tax policy and other financial incentives to 
lower the cost of deploying efficient energy 

technologies, the development of building 
energy codes and appliance and equipment 
standards, the encouragement of voluntary 
actions to improve energy efficiency, and 
the continued growth of the broader energy 
efficiency and energy management industry.60 

The grid is changing with the adoption of new 
technologies. For example, grid operators are 
improving system resilience and reliability 
by installing advanced communications and 
control technologies as well as automation sys- 
tems that can detect and react to local changes 
in usage. On distribution grids, smart meter 
infrastructure and communication-enabled 
devices give utilities new abilities to monitor— 
and potentially lower—electricity usage in real 
time. These technologies provide operators 
with access to real-time communications for 
outages and better tools to prevent outages  
and manage restoration efforts. 

 
Although most electric service disruptions 
are caused by transmission and distribution 

 

Examples of Critical Infrastructure Interdependencies 
 

Figure 4.4: The interdependence of critical infrastructure systems increases the importance of electricity resilience, as disruptions 
to energy services are projected to affect other sectors. Shown above is a representative set of connections, and the complex 
relationships are analogous to other systems (Ch. 17: Complex Systems). A more complete listing of these linkages can be found 
at DOE.2 Source: adapted from DOE 2017.2 
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outages,1 it is possible for fuel availability to 
affect electricity generation reliability and 
resilience. Most generation technologies have 
experienced fuel deliverability challenges in 
the past.31 Coal facilities typically store enough 
fuel onsite to last for 30 days or more, but 
extreme cold can lead to frozen fuel stockpiles 
and disruptions in train deliveries. Natural gas 
is delivered by pipeline on an as-needed basis. 
Capacity challenges on existing pipelines, 
combined with the difficulty in some areas of 
siting and constructing new natural gas pipe- 
lines, along with competing uses for natural 
gas such as for home heating, have created 
supply constraints in the past.31 Renewables 
supplies are not immune from storage issues, 
as hydropower is particularly sensitive to water 
availability and reservoir levels, the magnitude 
and timing of which will be influenced by a 
changing climate. Management of the myriad 
fuel storage challenges and their relation to 
climate change is a subject that would benefit 
from improved understanding. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Increasing electrification in other sectors— 
such as telecommunications, transportation 
(including electric vehicles), banking and 

finance, healthcare and emergency response, 
and manufacturing—can exacerbate and com- 
pound the impacts of future power outages 
(Figure 4.4).2 Like other complex systems 
(Boxes 4.1 and 4.3) (Ch. 17: Complex Systems), 
disruptions in other sectors also affect the 
energy system. For instance, communication 
architectures, including supervisory control 
and data acquisition, are often used in power 
delivery. While increasing automation of these 
systems on the grid can help mitigate the 
impact of extreme weather, without appro- 
priate preventive measures, these systems are 
expected to increase system vulnerabilities to 
cyberattacks and other systemic risks.2,31 

 
Given the interdependencies, resilience 
actions taken by other sectors to address 
climate change and extreme weather can have 
implications for the energy sector. For exam- 
ple, reductions in urban water consumption 
can result in reductions in electricity use to 
treat and convey both water and wastewater. 
California’s mandate to reduce urban water 
consumption to address drought conditions  
in 2015 resulted in significant reductions in 
both water use and associated electricity use.62 

Exploring the resilience nexus between sectors 
can identify the co-benefits of resilience 
solutions and inform cost-effective resil- 
ience strategies. 

 
While the Nation’s energy system is changing, 
it is also aging, with the majority of energy 
infrastructure dating to the 20th century: 70% 
of the grid’s transmission lines and power 
transformers are over 25 years old, and the 
average age of power plants is over 30 years 
old.63 The components of the energy system 
are of widely varying ages and conditions 
and were not engineered to serve under the 
extreme weather conditions projected for this 
century. Aging, leak-prone natural gas distri- 
bution pipelines and associated infrastructures 
prompt safety and environmental concerns.1 

Box 4.2: Changing Dimensions of 
Energy Security 

There is a trend of decreasing net imports (im- 
ports minus exports) of petroleum. In 2016, U.S. 
net imports reached a new low equal to about 25% 
of U.S. petroleum consumption, down from 60% 
in 2005.59,61 This significant decline is the result of 
several factors, including the exploitation of vast 
domestic shale oil reserves and, to a lesser ex- 
tent, reduced demand levels and expanded biofuel 
production. While this shift has potential national 
security benefits, there is an accompanying altered 
geographic distribution of our energy production 
assets and activities that could result in changes 
in exposure to the effects of extreme weather and 

climate change. 

http://www.eia.gov/tools/glossary/index.cfm?id=Product%20supplied
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Without greater attention to aging equipment 
as well as increasing storm and climate 
impacts, the U.S. will likely experience longer 
and more frequent power interruptions.64 

Key Message 3 
 

Actions are being taken to enhance 
energy security, reliability, and resilience 
with respect to the effects of climate 
change and extreme weather. This 
progress occurs through improved data 
collection, modeling, and analysis to 
support resilience planning; private and 
public–private partnerships supporting 
coordinated action; and both develop- 
ment and deployment of new, innovative 
energy technologies for adapting energy 
assets to extreme weather hazards. 
Although barriers exist, opportunities 
remain to accelerate the pace, scale, and 
scope of investments in energy sys- 
tems resilience. 

Industry and governments at the local, state, 
regional, and federal levels are taking actions 
to improve the resilience of the Nation’s energy 
system and to develop quantitative metrics 
to assess the economic and energy security 
benefits associated with these measures. 
Current efforts include planning and opera- 
tional measures that seek to anticipate climate 
impacts and prevent or respond to damages 
more effectively, as well as hardening measures 
(including physical barriers, protective casing, 
or other upgrades) to protect assets from 
damage, multi-institutional and public–private 
partnerships for coordinated action, and 
development and deployment of new tech- 
nologies to enhance system resilience (Figure 
4.5).3,37,38,39,40,41,42,65 

Energy companies, utilities, and system opera- 
tors are increasingly employing advanced data, 
modeling, and analysis to support a range of 
assessment and planning activities. Accurate 
load forecasting and generation planning now 
require considering both extreme weather 
and climate change. These are also essential 
considerations for planning and deploying 
energy infrastructure with a useful service life 
of decades. Coastal infrastructure plans are 
beginning to take into account rising sea levels 
and the associated increased risk of flooding. 
Resource plans for new thermoelectric power 
plants and fuel refineries are considering 
potential changes to fuel and water supplies. 
For example, the inability of natural gas-fired 
power plants to store fuel on site is leading 
energy providers to explore various resilience 
options, such as co-firing with fuel oil, which 
can be more readily stored; improving infor- 
mation sharing and coordination between 
electric generators, gas suppliers, and pipeline 
operators; and, ensuring the availability of 
more flexible resources for use to mitigate the 
uncertainties associated with natural gas fuel 
risks.31,66 Advanced tools and techniques are 
helping planners understand how changes in 
extreme weather and in the energy system will 
affect future vulnerabilities and identify the 
actions necessary to establish a climate-ready 
energy system. 

 
For the electric grid, improved modeling and 
analysis of changing generation resources, 
electricity demand, and usage patterns are 
helping industry, utilities, and other stake- 
holders plan for future changes, such as the 
role of increased storage, demand response, 
smart grid technologies, energy efficiency, and 
distributed generation including solar and fuel 
cells.67,68 Energy companies, utilities, and sys- 
tem operators are increasingly evaluating long- 
term capital expansion strategies, their system 
operations, the resilience of supply chains, and 
the potential of mutual assistance efforts.3,29,69 

Improving Energy System Resilience 
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For example, electricity demand response 
programs and energy efficiency programs 
are helping shift or reduce electricity usage 
during peak periods, improving grid reliability 
without increasing power generation. A central 

challenge to such planning is dealing with 
the broad range of uncertainties inherent to 
infrastructure investment planning (for exam- 
ple, climate, technology, and load). Advanced 
tools are being developed that help inform 

 

Energy Sector Resilience Solutions 
 

Figure 4.5: Solutions are being deployed in the energy sector to enhance resilience to extreme weather and climate impacts 
across a spectrum of energy generation technologies, infrastructure, and fuel types. The figure illustrates resilience investment 
opportunities addressing specific extreme weather threats, as well as broader resilience actions that include grid modernization 
and advanced planning and preparedness. Photo credits (from top): Todd Plain, U.S. Army Corps of Engineers; Program 
Executive Office, Assembled Chemical Weapons Alternative; Lance Cheung, USDA; Idaho National Laboratory (CC BY 2.0); 
Darin Leach, USDA; Master Sgt. Roy Santana, U.S. Air Force. 

https://creativecommons.org/licenses/by/2.0/legalcode
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investment decisions that balance costs as well 
as risk exposure70,71,72 in an uncertain future. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Private and public–private partnerships are 
increasingly being used to share lessons 
learned and to coordinate action. Municipal, 
state, and tribal communities (Ch. 15: Tribes, 
KM 1) are working together to address climate 
change related risks,3,73 as in the case of 
the Rockefeller Foundation’s 100 Resilient 
Cities and C40 Cities partnerships, which are 
empowering communities to collaborate, share 
knowledge, and drive meaningful, measurable, 
and sustainable action on resilience.74,75 By way 
of the U.S. Department of Energy’s (DOE) Part- 
nership for Energy Sector Climate Resilience, 
a number of utilities from across the country 
are collaborating with the DOE to develop 

resilience planning guidance, conduct climate 
change vulnerability assessments, and develop 
and implement cost-effective resilience 
solutions.76 Additionally, the Administration 
established the Build America Investment 
Initiative as an interagency effort led by the 
Departments of Treasury and Transportation 
to promote increased investment in U.S. infra- 
structure, particularly through public– 
private partnerships. 

 
Hardening measures protect energy systems 
from extreme weather hazards. Measures 
being adopted include, but are not limited 
to, adding natural or physical barriers to 
elevate, encapsulate, waterproof, or protect 
equipment vulnerable to flooding; reinforcing 
assets vulnerable to wind damage; adding or 
improving cooling or ventilation equipment to 
improve system performance during drought 
or extreme heat conditions; adding redun- 
dancy to increase a system’s resilience to dis- 
ruptions; and deploying distributed generation 
equipment (such as solar, fuel cells, or small 
combined-heat-and-power generators), energy 
storage, and microgrids with islanding capabil- 
ities (the ability to isolate a local, self-sufficient 
power grid during outages) to protect critical 
services from widespread outages while 
promoting improved energy efficiency and 
associated appliance standards. While hard- 
ening assets in place may be effective, in other 
situations, relocating assets may be more cost 
effective in the longer term. 

 
One key category of hardening measures is 
addressing the vulnerability of the Nation’s 
energy systems in water-constrained areas 
(Ch. 3: Water, KM 1). Technologies and 
practices are available to help address these 
vulnerabilities (Ch. 17: Complex Systems, KM 
3) to thermoelectric power plants, including 
alternative cooling systems that reduce water 
withdrawals; nontraditional water sources, 
including brackish or municipal wastewater; 

Box 4.3: Rebuilding and Enhancing Energy 
System Resilience: Lessons Learned 

While Superstorm Sandy and Hurricanes Harvey, 
Irma, and Maria caused significant damages to 
energy infrastructure, these storms also provided 
an opportunity to rebuild in ways that will enhance 
resilience to such storms in the future. For example, 
Superstorm Sandy caused 8.7 million customers to 
lose power, and utility companies in New York and 
New Jersey invested billions of dollars in upgrades 
to protect assets from projected extreme weather 
and climate change, including installing submersible 
equipment and floodwalls, elevating equipment, 
redesigning underground electrical networks, and 
installing smart switches to isolate and clear trouble 
on lines.3,50 These actions have prevented outages 
to hundreds of thousands of customers and have 
reduced recovery times.50 Emerging networks of ex- 
pert practitioners (such as the National Adaptation 
Forum), foundation-supported initiatives focusing 
on cities, and regional events targeting counties and 
multi-jurisdictional audiences are also providing new 
forums for information sharing across impacted 
communities on best practices and low-cost inter- 

ventions to enhance resilience. 
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and power generation technologies that 
greatly reduce freshwater use, such as wind, 
photovoltaic solar, and natural gas com- 
bined-cycle technologies.77,78,79,80,81 Technology 
is also enabling the growing use of produced 
water (water produced as a byproduct with 
oil and gas extraction) and brackish ground- 
water for water-intensive oil and gas drilling 
techniques.82 However, expanding the use of 
non-freshwater sources puts a greater demand 
on the energy sector to provide the power 
to capture, treat, and deliver these water 
supplies.83,84 Research on innovative future 
biofuels that are adapted to local climates can 
also reduce the water needs of biofuels and the 
possible impacts of a changing climate on the 
suitability of land for biofuels production. 

 
The current pace, scale, and scope of efforts   
to improve energy system resilience are likely 
to be insufficient to fully meet the challenges 
presented by a changing climate and energy 
sector, as several key barriers exist. Among 
these impediments is a lack of reliable 
projections of climate change at a local level 
and the associated risks to energy assets, as 
well as a lack of a national, regional, or local 
cost-effective risk reduction strategy. This 
includes a consideration of where adaptation 
measures are pursued, thereby addressing the 
uncertainty concerning their effectiveness and 
the need for additional resilience investments. 
Addressing these obstacles would benefit 
from improved awareness of energy asset 
vulnerability and performance, cost-effective 
resilience-enhancing energy technologies  and 

operations plans, standardized methodologies 
and metrics for assessing the benefits of resil- 
ience measures, and expanded public–private 
partnerships to address vulnerabilities col- 
laboratively.1,2,3,45 Ensuring that poor and mar- 
ginalized populations, who often face a higher 
risk from climate change and energy system 
vulnerabilities, are part of the planning process 
can help lead to effective  resilience  actions 
and provide ancillary co-benefits to society. 
Energy infrastructure is long-lived and, as a 
result, today’s decisions about how to locate, 
expand, and modify the Nation’s energy system 
will influence system reliability, resilience, and 
economic security for decades.1,2 In addition, 
without substantial and sustained mitigation 
efforts to reduce global greenhouse gas emis- 
sions, the need for adaptation and resilience 
investments to address the impacts of climate 
change on the energy sector is expected to 
increase if the most severe consequences are  to 
be avoided in the long term. 
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Traceable Accounts 
Process Description 
We  sought an author team that could bring diverse experience, expertise, and perspectives to  
the chapter. Some members have participated in past assessment processes. The team’s diversity 
adequately represents the spectrum of current and projected impacts on the various components 
that compose the Nation’s complex energy system and its critical role to national security, 
economic well-being, and quality of life. The author team has demonstrated experience in the 
following areas: 

• characterizing climate risks to the energy sector—as well as mitigation and resilience 
opportunities—at national, regional, and state levels; 

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

• supporting local, state, and federal stakeholders with integrating climate change issues into 
long-range planning; 

• analyzing technological, economic, and business factors relevant to risk mitigation and 
resilience; and 

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

In order to develop Key Messages, the author team characterized current trends and projections 
based on wide-ranging input from federal, state, local, and tribal governments; the private sector, 
including investor-owned, state, municipal, and cooperative power companies; and state-of-the- 
art models developed by researchers in consultation with industry and stakeholders. Authors 
identified recent changes in the energy system (that is, a growing connectivity and electricity 
dependence that are pervasive throughout society) and focused on how these transitions could 
affect climate impacts, including whether the changes were likely to exacerbate or reduce vulner- 
abilities. Using updated assessments of climate forecasts, projections, and predictions, the team 
identified key vulnerabilities that require near-term attention and highlighted the actions being 
taken to enhance energy security, reliability, and resilience. 

Key Message 1 
 

The Nation’s energy system is already affected by extreme weather events, and due to climate 
change, it is projected to be increasingly threatened by more frequent and longer-lasting power 
outages affecting critical energy infrastructure and creating fuel availability and demand 
imbalances (high confidence). The reliability, security, and resilience of the energy system 
underpin virtually every sector of the U.S. economy (high confidence). Cascading impacts on 
other critical sectors could affect economic and national security (high confidence). 

Nationwide Impacts on Energy 
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Description of evidence 
The energy system’s vulnerability to climate change impacts is evidenced through two sources: 1) 
the historical experience of damage and disruption to energy assets and systems, using data and 
case studies from events such as Superstorm Sandy and Hurricanes Harvey, Irma, and Maria, as 
well as the 2011–2016 California drought, and 2) a growing base of scientific literature assessing 
and projecting the past and future role of climate change in driving damage and disruption to 
the energy sector. Federal government and international scientific efforts have documented 
the scope and scale of a changing climate’s effects on the U.S. energy system—factors that will 
need to be considered in long-term planning, design, engineering, operations, and maintenance 
of energy assets and supply chains if current standards of reliability are to be maintained or 
improved.1,2,3,15,23,29,85,86 

This Key Message claims that damage and/or disruption to energy systems is more likely in the 
future. This claim is based on the following specific climate change projections and their expected 
impacts on energy systems: 

• higher maximum air temperatures during heat waves and associated impacts on energy 
generation, delivery, and load (very likely, very high confidence)3,53 

• higher average air temperatures and associated increases in  energy  demand  for  cooling  
(very likely, very high confidence)11,12,13,14,15,16,17,18,19,53 

• higher surface water temperatures and associated impacts on thermoelectric power gener- 
ation (very likely, very high confidence)3,87 

• shifts in streamflow timing in snow-dominated watersheds to earlier in the year8 and asso- 
ciated impacts on hydropower generation (very likely, very high confidence)86,88 

• increased frequency and intensity of drought (very likely, high confidence)54 and associated 
impacts on biofuels production3 

• more frequent, intense, and longer-duration drought, particularly in snow-dominated 
watersheds in the western United States,54 and associated threat to hydropower produc- 
tion, oil and gas extraction and refining, and thermoelectric cooling3,21,22,24,88 

• increased wind intensity from Atlantic and eastern Pacific hurricanes (medium confidence)55 

and associated impacts on coastal energy infrastructure3 

• increased rain intensity for hurricanes (high confidence) and increased frequency and inten- 
sity of heavy precipitation events (high confidence), including West Coast atmospheric river 
events (medium confidence),89 and associated impacts on energy infrastructure3 

• increased relative sea level rise (very high confidence)47 and associated risk of enhanced 
flooding of coastal infrastructure as well as inland energy infrastructure along rivers3 

• increased frequency and intensity of heavy precipitation (very likely)89 and associated 
impacts to inland flooding of energy assets3,15 
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• increased frequency of occurrence of conditions that support the formation of convective 
storms (thunderstorms, tornadoes, and high winds)55 and associated damage to electricity 
transmission and distribution lines (low confidence)1,3 

The effects of extreme weather on energy system infrastructure have been well documented by 
researchers and synthesized into several assessment reports produced by federal agencies.2,3,15,23 

The link between extreme weather and power outages is strongest: extreme weather is the leading 
cause of power outages in the United States.2 Increased wind speeds and precipitation have been 
correlated with increased outage duration, and wind speeds have also been correlated with outage 
frequency.90 Claims regarding fuel shortages are also based on historical experience; Superstorm 
Sandy led to local fuel distribution shortages, while Hurricane Katrina led to fuel production and 
refining shortages with national impacts.3 The claim that energy system outages can increase 
energy prices, negatively affect economic growth, and disrupt critical services essential for health 
and safety is likewise substantiated by the historical experience of severe storms, flooding, and 
widespread power outages.23 

Major uncertainties 

The inability to predict future climate parameters with complete accuracy is one primary uncer- 
tainty that hinders energy asset owners, operators, and planners from anticipating, planning for, 
and acting on vulnerabilities to climate change and extreme weather. All climate change projec- 
tions include a degree of uncertainty, owing to a variety of factors, including incomplete historical 
data, constraints on modeling methodologies, and uncertainty about future emissions. For some 
climate parameters, confidence in both the direction and magnitude of projected change is high, 
so expected impacts to the energy sector are well understood. For example, projected tempera- 
ture changes across the United States uniformly indicate that the demand for cooling energy is 
projected to increase and the demand for heating energy is projected to decrease.8,15 

However, confidence is generally lower for other climate parameters projections, making it 
difficult to understand and prioritize the risks associated with climate hazards and lowering 
confidence levels in related energy sector impacts. There is uncertainty in projections regarding 
changes in the frequency and intensity of hurricanes and convective storms, the magnitude and 
timing of sea level rise, the connection between projected changes in precipitation and the likeli- 
hood of droughts and flooding, and the potential increased seasonal variability in wind and solar 
resources. Hurricanes and convective storms represent major threats to energy infrastructure in 
general and to electricity transmission and distribution grids in particular.1,3 However, historical 
data for hurricanes and convective storms (including tornadoes, hail, and thunderstorms) are 
lacking and inconsistent over different time periods and regions, and they can be biased based on 
population density and shifting populations.55 Furthermore, for convective storms, most global 
climate models are not capable of modeling the atmosphere at a small enough scale to directly 
simulate storm formation.8 Projections of changes in sea level rise and impacts on coastal energy 
infrastructure are improving, but significant uncertainty regarding the magnitude of long-term 
sea level rise impedes energy system planners’ ability to make decisions about infrastructure with 
useful lifetimes of 50 years or more.47 Global climate models are also insufficient to project future 
hydrological changes, as these projections lack sufficient spatial and temporal resolution and lack 
detail about other factors important to local hydrology, including changes to soil, groundwater, 
and water withdrawal and consumption. A lack of hydrological projections increases uncertainty 
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about water availability consequences for hydropower and thermoelectric power plants and oil 
and gas extraction. 

Description of confidence and likelihood 

Climate change is projected to affect the energy sector in many ways, but the overall effect of 
rising temperatures, changing precipitation patterns, and increases in the frequency and/or 
severity of extreme weather is to increase the risk of damage or disruption to energy sector assets 
and energy systems. The combined projection of increasing risk of damage or disruption is very 
likely, with high confidence. 

Key Message 2 
 

Changes in energy technologies, markets, and policies are affecting the energy system’s 
vulnerabilities to climate change and extreme weather. Some of these changes increase 
reliability and resilience, while others create additional vulnerabilities (very likely, very high 
confidence). Changes include the following: natural gas is increasingly used as fuel for power 
plants; renewable resources are becoming increasingly cost competitive with an expanding 
market share; and a resilient energy supply is increasingly important as telecommunications, 
transportation, and other critical systems are more interconnected than ever. 

 
Description of evidence 
Large-scale changes in the energy sector are primarily evidenced through the U.S. Energy 
Information Administration’s (EIA) data collection and analysis. EIA collects monthly and annual 
surveys from every U.S. power plant; findings include the types of fuel each plant uses.22 Several 
sources support claims that renewable technology deployment is growing while costs are falling: 
EIA data,22,25 National Renewable Energy Laboratory research,26 and multiple studies.27,28,30,32,33 The 
U.S. Department of Energy’s Quadrennial Energy Review1,2 and other reviews31 provide analysis that 
supports the growing integration of energy systems into other sectors of the economy. 

Major uncertainties 

Future changes in the energy system, and the effect on energy system vulnerabilities to extreme 
weather and climate change, are uncertain and will depend on numerous factors that are difficult 
to predict, including macroeconomic and population growth; financial, economic, policy, and 
regulatory changes; and technological progress. Each of these factors can affect the cost of 
technologies, the growth in energy demand, the rate of deployment of new technologies, and the 
selection of sites for deployment. 

Description of confidence and likelihood 

The reliable production and delivery of power enables modern electricity-dependent critical 
infrastructures to support American livelihoods and the national economy. There is very high con- 
fidence that a deepening dependence on electric power and increasing interdependencies within 
the energy system can increase the vulnerabilities and risks associated with extreme weather and 
climate hazards in some situations (very likely, very high confidence). 

Changes in Energy System Affect Vulnerabilities 
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There is very high confidence that many trends in the changing energy system are very likely 
to continue and that changes will have potential effects on reliability and resilience. A primary 
factor affecting the increased use of natural gas and the deployment of renewable resources is the 
relative price of these generation sources. Existing proven resources of natural gas are sufficient  
to supply current demand for several decades.91 Renewable technologies are very likely to con- 
tinue falling in price, as manufacturers continue to improve their processes and take advantage 
of economies of scale.92 The degree of interconnection of critical systems is also very likely to 
increase. The continued deployment of smart grid devices, microgrids, and energy storage will 
likely provide multiple reliability and resilience benefits.2 

Key Message 3 
 

Actions are being taken to enhance energy security, reliability, and resilience with respect to 
the effects of climate change and extreme weather (very high confidence). This progress 
occurs through improved data collection, modeling, and analysis to support resilience planning; 
private and public–private partnerships supporting coordinated action; and both development and 
deployment of new, innovative energy technologies for adapting energy assets to extreme 
weather hazards. Although barriers exist, opportunities remain to accelerate the pace, scale, and 
scope of investments in energy systems resilience (very high confidence). 

 
Description of evidence 
Several entities have identified evidence for the planning and deployment of resilience solutions 
in the energy sector. Support comes from both industry and federal agencies, including the U.S. 
Department of Energy (DOE), the U.S. Environmental Protection Agency (EPA), and the Depart- 
ment of Homeland Security (DHS).3,37,38,39,40,41,42 For example, the DOE’s recent efforts, reflected 
in the Quadrennial Energy Review1,2 and the Quadrennial Technology Review,45 examine how to 
modernize our Nation’s energy system and technologies to promote economic competitiveness, 
energy security and reliability, and environmental responsibility. Through the Partnership for 
Energy Sector Climate Resilience, the DOE and partner utilities provide examples of plans and 
implementation of resilience solutions, as well as barriers to expanded investments in resilience.3,76 

This Key Message gains further support from the EPA’s work with industry and local and state 
governments through its Creating Resilient Water Utilities program,93 as well as from the collab- 
oration of the DHS with private sector critical infrastructure owners and operators through its 
National Infrastructure Protection Plan Security and Resilience Challenge.94 In addition, a growing 
constituency of cities, municipalities, states, and tribal communities are dedicating resources 
and personnel toward identifying, quantifying, and responding to climate change related risks to 
energy system reliability and the social services that depend on those systems.3,73 For example, the 
Rockefeller Foundation’s 100 Resilient Cities and C40 Cities are both networks of the world’s cities 
committed to addressing resilience. These coalitions, including multiple U.S. cities, support cities 
in their efforts to collaborate effectively, share knowledge, and drive meaningful, measurable, and 
sustainable action on resilience.74,75 

Improving Energy System Resilience 
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Major uncertainties 

The most significant uncertainties affecting future investments in climate resilience are related to 
evaluating the costs, benefits, and performance of resilience investments—and the costs of inac- 
tion. To make informed investments, decision-makers need standardized cost–benefit frameworks 
and methodologies, as well as reliable, high-resolution (temporal and spatial) climate change 
projections of critical weather and climate parameters.1,2,3,76 

The high complexity of the energy system introduces uncertainty in whether particular actions 
could yield unintended consequences. Using the examples above, energy storage, distributed 
generation, microgrids, and other technologies and practices can contribute to resilience. Howev- 
er, unless evaluated in a systematic manner, the adoption of technologies and practices will likely 
lead to unintended consequences, including environmental (such as air quality), economic, and 
policy impacts. 

Significant uncertainty is also found in the future pace of mitigation efforts that will, in turn, 
influence the need for resilience investments. Some level of climate change will continue, given 
past and current emissions of heat-trapping greenhouse gases. However, without an effective 
mitigation strategy, the need for additional adaptation and resilience investments becomes 
greater. Uncertainty about the rate of stabilizing and reducing greenhouse gas emission levels 
(mitigation) compounds the challenge of characterizing the magnitude and timing of additional 
resilience investments. 

The pace of development and deployment of resilient cost-effective energy technologies are also 
uncertain and will likely be critical to implementing resilience strategies at scale. These technol- 
ogies will likely include improvements in areas such as energy storage, distributed generation, 
microgrids, and cooling for thermoelectric power plants.1,2,3,31,76 

Description of confidence and likelihood 

There is very high confidence that many of the technologies and planning or operational measures 
necessary to respond to climate change exist and that their implementation is in progress.29 

Although federal, state, local, and tribal governments and the private sector are already respond- 
ing, there is very high confidence that the pace, scale, and scope of combined public and private 
efforts to improve preparedness and resilience of the energy sector are likely to be insufficient, 
given the nature of the challenge1,2,3,29,31 presented by a changing climate and energy sector. 
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Key Message 1 Agricultural fields near the Ririe Reservoir, Bonneville, Idaho 
 

 
Changes in land cover continue to impact local- to global-scale weather and climate by 
altering the flow of energy, water, and greenhouse gases between the land and the 
atmosphere. Reforestation can foster localized cooling, while in urban areas, continued 
warming is expected to exacerbate urban heat island effects. 

Key Message 2 
 

Climate change affects land use and ecosystems. Climate change is expected to directly 
and indirectly impact land use and cover by altering disturbance patterns, species 
distributions, and the suitability of land for specific uses. The composition of the natural 
and human landscapes, and how society uses the land, affects the ability of the Nation’s 
ecosystems to provide essential goods and services. 

Land-Cover Changes Influence Weather and Climate 

5 
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Climate Impacts on Land and Ecosystems 



5 | Land Cover and Land-Use Change 

195 U.S. Global Change Research Program National Climate Assessment 

 

 

 

Executive Summary 
 

Climate can affect and be affected by changes 
in land cover (the physical features that cover 
the land such as trees or pavement) and land 
use (human management and activities on 
land, such as mining or recreation). A forest, for 
instance, would likely include tree cover but 
could also include areas of recent tree remov- 
als currently covered by open grass areas. Land 
cover and use are inherently coupled: changes 
in land-use practices can change land cover, 
and land cover enables specific land uses. 
Understanding how land cover, use, condition, 
and management vary in space and time 
is challenging. 

 
Changes in land cover can occur in response to 
both human and climate drivers. For example, 
demand for new settlements often results in 
the permanent loss of natural and working 
lands, which can result in localized changes 
in weather patterns, temperature, and pre- 
cipitation. Aggregated over large areas, these 
changes have the potential to influence Earth’s 
climate by altering regional and global circula- 
tion patterns, changing the albedo (reflectivity) 
of Earth’s surface, and changing the amount of 
carbon dioxide (CO2) in the atmosphere. Con- 
versely, climate change can also influence land 
cover, resulting in a loss of forest cover from 
climate-related increases in disturbances, the 
expansion of woody vegetation into grasslands, 
and the loss of beaches due to coastal erosion 
amplified by rises in sea level. 

Land use is also changed by both human and 
climate drivers. Land-use decisions are tradi- 
tionally based on short-term economic factors. 
Land-use changes are increasingly being influ- 
enced by distant forces due to the globalization 
of many markets. Land use can also change due 
to local, state, and national policies, such as 
programs designed to remove cultivation from 
highly erodible land to mitigate degradation,1 

legislation to address sea level rise in local 
comprehensive plans, or policies that reduce 
the rate of timber harvest on federal lands. 
Technological innovation has also influenced 
land-use change, with the expansion of culti- 
vated lands from the development of irrigation 
technologies and, more recently, decreases in 
demand for agricultural land due to increases 
in crop productivity. The recent expansion of 
oil and gas extraction activities throughout 
large areas of the United States demonstrates 
how policy, economics, and technology can 
collectively influence and change land use 
and land cover. 

 
Decisions about land use, cover, and manage- 
ment can help determine society’s ability to 
mitigate and adapt to climate change. 
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Changes in Land Cover by Region 
 

The figure shows the net change in land cover by class in square miles, from 1973 to 2011. Land-cover change has been highly 
dynamic over space, time, and sector, in response to a range of driving forces. Net change in land cover reveals the trajectory 
of a class over time. A dramatic example illustrated here is the large decline in agricultural lands in the two Great Plains regions 
beginning in the mid-1980s, which resulted in large part from the establishment of the Conservation Reserve Program. Over the 
same period, agriculture also declined in the Southwest region; however, the net decline was largely attributable to prolonged 
drought conditions, as opposed to changes in federal policy. Data for the period 1973–2000 are from Sleeter et al. (2013)2 while 
data from 2001–2011 are from the National Land Cover Database (NLCD).3 Note: the two disturbance categories used for the 
1973–2000 data were not included in the NLCD data for 2001–2011 and largely represent conversions associated with harvest 
activities (mechanical disturbance) and wildfire (nonmechanical disturbance). Comparable data are unavailable for the U.S. 
Caribbean, Alaska, and Hawai‘i & U.S.-Affiliated Pacific Islands regions, precluding their representation in this figure. From 
Figure 5.2 (Source: USGS). 
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Introduction 
 

Climate can affect and be affected by changes 
in land cover (the physical features that cover 
the land, such as trees or pavement) and land 
use (human management and activities on 
land, such as mining or recreation). A forest, 
for instance, would likely include tree cover 
but could also include areas of recent tree 
removals currently covered by open grass 
areas. Land cover and use are inherently cou- 
pled: changes in land-use practices can change 
land cover, and land cover enables specific 
land uses. Understanding how land cover, use, 
condition, and management vary in space and 
time is challenging, because while land cover 
and condition can be estimated using remote 
sensing techniques, land use and management 
typically require more local information, such 
as field inventories. Identifying, quantifying, 
and comparing estimates of land use and land 
cover are further complicated by factors such 
as consistency and the correct application of 
terminology and definitions, time, scale, data 
sources, and methods. While each approach 
may produce land-use or land-cover classi- 
fications, each method may provide different 
types of information at various scales, so 
choosing appropriate data sources and clearly 
defining what is being measured and reported 
are essential. 

 
Changes in land cover can occur in response to 
both human and climate drivers. For example, 
the demand for new settlements often results 
in the permanent loss of natural and working 
lands, which can result in localized changes 
in weather patterns,4,5 temperature,6,7 and 
precipitation.8 Aggregated over large areas, 
these changes have the potential to influence 
Earth’s climate by altering regional and global 
circulation patterns,9,10,11 changing the albedo 
(reflectivity) of Earth’s surface,12,13 and changing 
the amount of carbon dioxide (CO2) in the 
atmosphere.14,15 Conversely, climate change can 

also influence land cover, resulting in a loss of 
forest cover from climate-related increases 
in disturbances,16,17,18 the expansion of woody 
vegetation into grasslands,19 and the loss of 
coastal wetlands and beaches due to increased 
inundation and coastal erosion amplified by 
rises in sea level.20 

 
Changes in land use can also occur in response 
to both human and climate drivers. Land-use 
decisions are often based on economic fac- 
tors.21,22,23 Land-use changes are increasingly 
being influenced by distant forces due to the 
globalization of many markets.21,24,25,26 Land 
use can also change due to local, state, and 
national policies, such as programs designed to 
remove cultivation from highly erodible land to 
mitigate degradation,1 legislation to address sea 
level rise in local comprehensive plans,27 and 
policies that reduce the rate of timber harvest 
on federal lands28,29 or promote the expansion 
of cultivated lands for energy production.30 

Technological innovation has also influenced 
land-use change, with the expansion of culti- 
vated lands from the development of irrigation 
technologies31,32 and, more recently,  decreases 
in demand for agricultural land due to increas- 
es in crop productivity.33 The recent expansion 
of oil and gas extraction activities throughout 
large areas of the United States demonstrates 
how policy, economics, and technology can 
collectively influence and change land use 
and land cover.34 

 
Land use also responds to changes in climate 
and weather. For example, arable land (land 
that is suitable for growing crops) may be 
fallowed (left uncultivated) or abandoned com- 
pletely during periods of episodic drought35,36 

or converted to open water during periods 
of above-normal precipitation.37 Increased 
temperatures have also been shown to have a 
negative effect on agricultural yields (Ch. 10: Ag 
& Rural, KM 1).38 Climate change can also have 
positive impacts on land use, such as increases 
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in the length of growing seasons, particularly 
in northern latitudes.39,40,41 Forest land use is 
also susceptible to changes in weather and 
climate (Ch. 6: Forests). For example, the 
recent historical drought in California has 
resulted in a significant forest die-off event,42,43 

which has implications for commercial timber 
production. Similarly, insect outbreaks across 
large expanses of western North American 
forests have been linked to changes in weather 
and climate,17 which in turn may result in 
important feedbacks on the climate system.44 

Sea level rise associated with climate change 
will likely require changes in coastal land use, 
as development and infrastructure are increas- 
ingly impacted by coastal flooding.27,45,46,47 As 
sea levels rise, many coastal areas will likely 
experience increased frequency and duration 
of flooding events, and impacts may be felt in 
areas that have not experienced coastal flood- 
ing in the past (Ch. 8: Coastal, KM 1). 

 
Decisions about land use, cover, and manage- 
ment can help determine society’s ability to 
mitigate and adapt to climate change. Reducing 
atmospheric greenhouse gas (GHG) concentra- 
tions can, in part, be achieved by increasing the 
land-based carbon storage.48 Increasing this 
carbon storage can be achieved by increasing 
the area of forests, stabilizing or increasing 
carbon stored in soils49,50 and forests (Ch. 6: 
Forests),51 avoiding the release of stored carbon 
due to disturbances (such as wildfire) through 
forest management practices (Ch. 6: Forests, 
KM 3),52,53 and increasing the carbon stored 
in wood products.54 However, there are large 
uncertainties about what choices will be made 
in the future and the net effects of the result- 
ing changes in land use and land cover.55,56,57 

State of the Sector 
 

Humans have had a far-reaching impact on 
land cover within the contiguous United 
States. Of the approximately 3.1 million square 
miles of land area, approximately 28% has 
been significantly altered by humans for use 
as cultivated cropland and pastures (22%) 
or settlements (6%; Figure 5.1a).3 Land uses 
associated with resource production (such 
as grazing, cropland, timber production, and 
mining) account for more than half of the land 
area of the contiguous United States,58 followed 
by land that is conserved (16%), built-up areas 
(13%), and recreational land (10%; Figure 5.1b). 
Between 2001 and 2011, developed land cover 
increased by 5% and agriculture declined by 
1%. Urbanization was greater between 2001 
and 2006 than between 2006 and 2011, which 
may be attributable to the 2007–2009 econom- 
ic recession.59,60 The relative stability in agri- 
cultural land use between 2001 and 2011 masks 
widespread fluctuations brought about by the 
abandonment and expansion of agricultural 
lands (see Figure 5.2 for more detail). 

 
Vegetated land cover, including grasslands, 
shrublands, forests, and wetlands, accounted 
for approximately two-thirds of the contiguous 
U.S. land area and experienced a net decline 
of approximately 5,150 square miles between 
2001 and 2011. However, many of these areas 
are also used for the production of ecosystem 
goods and services, such as timber and grazing, 
which lead to changes in land cover but may 
not necessarily result in a land-use change. 
Between 2001 and 2011, forest land cover had 
the largest net decline of any class (25,730 
square miles)3 but forest land use increased by 
an estimated 3,200 square miles over a similar 
period (Ch. 6: Forests).61 The increase in forest 
land use is due, in large part, to the conversion 
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Land-Use and Land-Cover Composition 
 

Figure 5.1: The composition of land use and land cover (LULC) is highly variable across the United States, owing in part to 
the natural environmental settings of each region. Forests dominate much of the vegetated areas of the eastern United States, 
while much of the Great Plains and Southwest are dominated by grasses and shrubs. Characterizing the composition of LULC 
also depends on the type of classification system used. This figure shows two different classification systems used to represent 
different components of land use and land cover: (a) the National Land Cover Database (NLCD),3 which is derived from the 
classification of satellite images and represents the physical features on the ground, such as land that is covered by trees (forest 
cover) or impervious surfaces (developed cover); and (b) the National Land Use Dataset (NLUD),58 which divides the land into 
79 land-use categories that can be aggregated into five major use categories, including lands used for conservation, production 
of goods and services, and recreation. Data are unavailable for both the U.S. Caribbean region and the U.S.-Affiliated Pacific 
Islands in the NLCD and the NLUD. Source: USGS. 
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Estimates of Land-Use Area (Square Miles) by NCA Region 

 

NCA Region Croplands Forestlands Grasslands Other Lands Settlements Wetlands 
Alaska 111 133,438 305,659 76,388 558 64,336 

Hawai‘i 173 2,501 1,997 1,283 438 51 

Midwest 212,994 142,314 43,753 4,140 36,638 18,867 
Northern Great 

Plains 136,089 62,829 248,678 4,473 8,216 9,765 

Northeast 24,490 131,383 11,649 2,929 24,856 12,521 
Northwest 28,076 114,263 89,963 3,853 7,784 5,573 

Southern Great 
Plains 103,698 103,325 182,216 2,547 19,878 7,790 

Southeast 84,137 301,616 58,442 3,610 45,799 34,852 
Southwest 39,782 174,669 416,464 30,324 22,311 10,237 

Total 629,550 1,166,338 1,358,821 129,547 166,478 163,992 

Table 5.1: Definitions of land use and land cover vary among agencies and entities collecting those data. This may lead to 
fundamental differences in these estimates that must be considered when comparing estimates of cover and use. For the pur- 
poses of this report, land cover is defined as the physical characteristics of land, such as trees or pavement, and land use is 
characterized by human management and activities on land, such as mining or recreation. The land-use area estimates in this 
table and throughout this chapter were obtained from the U.S. Forest Service’s Forest Inventory and Analysis (FIA) Program and 
the National Resources Conservation Service’s (NRCS) Natural Resources Inventory (NRI) data, when available for an area, 
because the surveys contain additional information on management, site conditions, crop types, biometric measurements, and 
other data that are needed to estimate carbon stock changes and nitrous oxide and methane emissions on those lands. If NRI 
and FIA data are not available for an area, however, then the NLCD product is used to represent the land use. Since all three 
data sources were used in the land representation analysis within the National Inventory Report, we used land-use estimates 
from the U.S. Environmental Protection Agency’s annual greenhouse gas inventory report.61 Data are unavailable for both the 
U.S. Caribbean region and the U.S.-Affiliated Pacific Islands in the NRI and FIA datasets. 

 

of abandoned croplands to forestland62  and 
the reversion to and expansion of trees in 
grassland ecosystems in the Great Plains and 
western United States.61 There have also been 
losses in forest land use over the past 25 years, 
predominantly to grasslands and settlements, 
with grasslands and shrublands increasing in 
area by nearly 20,460 square miles. Collectively, 
non-vegetated areas, including water, barren 
areas, and snow and ice, account for approxi- 
mately 6% of the total land area. 

 
Coastal regions, as mapped within the National 
Oceanic and Atmospheric Administration’s 
(NOAA) Coastal Change Analysis Program 
(C-CAP), account for 23% of the contiguous 
U.S. land area and have been particularly 
dynamic in terms of change, accounting for 
approximately 50% of all land-cover change 
and 43% of all urbanization in the contiguous 
United States. Approximately 8% of the coastal 

region changed between 1996 and 2010, which 
included about 16,500 square miles of forest 
loss and about 5,700 square miles of gain in 
urban land, a rate three times higher than  
that of the interior of the United States. Addi- 
tionally, nearly 1,550 square miles of wetlands 
were lost in coastal regions, a trend counter  
to that of the Nation as a whole. A majority of 
this wetland loss has occurred in the northern 
Gulf of Mexico (Ch. 8: Coastal; Ch. 19: South- 
east).63 Coastal shoreline counties comprise 
approximately 10% of the United States in 
terms of land cover (excluding Alaska and the 
U.S. Caribbean) yet represent 39% of the U.S. 
population (2010 estimates), with population 
densities six times higher than in non-coastal 
areas.64 Between 1970 and 2010, the population 
in coastal areas increased by nearly 40% 
and is projected to increase by an additional 
10 million people over 2010–2020 (Figure 
5.3).64 Increases in the frequency of high tide 
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Changes in Land Cover by Region 
 

Figure 5.2: The figure shows the net change in land cover by class in square miles, from 1973 to 2011. Land-cover change has 
been highly dynamic over space, time, and sector, in response to a range of driving forces. Net change in land cover reveals the 
trajectory of a class over time. A dramatic example illustrated here is the large decline in agricultural lands in the two Great Plains 
regions beginning in the mid-1980s, which resulted in large part from the establishment of the Conservation Reserve Program. 
Over the same period, agriculture also declined in the Southwest region; however, the net decline was largely attributable to 
prolonged drought conditions, as opposed to changes in federal policy. Data for the period 1973–2000 are from Sleeter et al. 
(2013),2 while data from 2001–2011 are from the National Land Cover Database (NLCD).3 Note: the two disturbance categories 
used for the 1973–2000 data were not included in the NLCD data for 2001–2011 and largely represent conversions associated 
with harvest activities (mechanical disturbance) and wildfire (nonmechanical disturbance). Comparable data are unavailable for 
the U.S. Caribbean, Alaska, and Hawai‘i & U.S.-Affiliated Pacific Islands regions, precluding their representation in this figure. 
Source: USGS. 

flooding and extreme weather events (such as 
hurricanes and nor’easters), wetland loss, and 
beach loss from sea level rise present potential 
threats to people and property in the coastal 
zone (Ch. 8: Coastal, KM 1; Ch. 18: Northeast; 
Ch. 19: Southeast, KM 2). 

 
Disturbance events (such as wildfire and 
timber harvest) are important factors that 
influence land cover. For example, forest dis- 
turbances can initiate a succession from forest 
to herbaceous grasslands to shrublands before 

forest reestablishment, with each successional 
stage having a different set of feedbacks with 
the climate. The length of an entire succes- 
sional stage varies based on local environmen- 
tal characteristics.65 Permanent transitions 
to new cover types after a disturbance are 
also possible for many reasons, including 
the establishment of invasive or introduced 
species that are able to quickly establish and 
outcompete native vegetation.66,67 Data from 
the North American Forest Dynamics dataset 
indicate that forest disturbances affected an 
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Development in the Houston Area 
 

Figure 5.3: The figure shows the development-related changes surrounding Houston, Texas, from 1996 to 2010, as mapped by 
NOAA’s Coastal Change and Analysis Program (C-CAP). Areas of change between 1996 and 2010 are shown in black.63 These 
changes can have numerous impacts on the environment and populations, ranging from increased urban heat island effects and 
storm water runoff (the latter of which can increase flooding and produce water quality impacts), to decreases in natural cover. 
Source: USGS. 

average of approximately 11,200 square miles 
per year in the contiguous United States from 
1985 to 2010 (an area greater than the entire 
state of Massachusetts). Between 2006 and 
2010, the rate of forest disturbance declined by 
about one-third.68 Although these data include 
a wide range of disturbance agents, including 
fire, insects, storms, and harvest, the sharp 
decline likely corresponds to a reduction in 
timber harvest activities resulting from a drop 
in demand for construction materials following 
the 2007–2009 economic recession. 

 
Wildland fires provide a good example of how 
ecosystem disturbance, climate change, and 
land management can interact. Between 1979 
and 2013, the number of days with weather 

conditions conducive to fire has increased 
globally, including in the United States.69 At the 
same time, human activities have expanded 
into areas of uninhabited forests, shrublands, 
and grasslands,70 exposing these human 
activities to greater risk of property and life 
loss at this wildland–urban interface.71,72 Over 
the last two decades, the amount of forest 
area burned and the expansion of human 
activity into forests and other wildland areas 
have increased.73 These changes in climate 
and patterns of human activity have led in 
part to the development of a national strategy 
for wildland fire management for the United 
States. The strategy, published in 2014, was one 
outcome of the Federal Land Assistance, Man- 
agement, and Enhancement (FLAME) Act of 
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2009. An important component of the national 
strategy74 is a classification of U.S. counties 
based on their geographic context; fire history; 
amount of urban, forest, and range land; and 
other factors. The land-use, land-cover, and 
other components of the classification model 
are used to guide management actions. 

 
Future Changes 
Representative Concentration Pathways 
(RCPs) were developed to improve society’s 
understanding of plausible climate and 
socioeconomic futures.75 U.S. projections of 
land-use and land-cover change (LULCC) 
developed for the RCPs span a wide range of 
future climate conditions, including a higher 
scenario (RCP8.5)76 and three mitigation sce- 
narios (RCP2.6, RCP4.5, and RCP6.0) (for more 
on RCPs, see Front Matter and the Scenario 
Products section in App. 3).77,78,79 Projected 
changes in land use within each scenario were 
harmonized with historical data80 and include 
a broad range of assumptions, from aggressive 
afforestation (the establishment of a forest 
where there was no previous tree cover) in  
the Midwest and Southeast (RCP4.5) to large- 
scale expansion of agricultural lands to meet 
biofuel production levels (RCP2.6; see Hibbard 
et al. 2017 81). 

 
The Shared Socioeconomic Pathways (SSPs) 
have been developed to explore how future 
scenarios of climate change interact with 
alternative scenarios of socioeconomic devel- 
opment (in terms of population, economic 
growth, and education) to understand climate 
change impacts, adaptation and mitigation, and 
vulnerability.82,83 In a scenario with medium 
barriers to climate mitigation and adaptation 
(SSP2) and a scenario with high barriers to 
climate mitigation (SSP5), the amount of land 
devoted to developed use (for example, urban 
and suburban areas) is projected to increase 
by 50% and 80%, respectively, from 2010 levels 
by the year 2100. These changes represent a 

potential loss of between 500,000 and 620,000 
square miles of agricultural or other vegetated 
lands (for more on SSPs, see the Scenario 
Products section of App. 3).84 

 
Future changes in land use are likely to have 
far-reaching impacts on other sectors. For 
example, by mid-century, water use in Cali- 
fornia is projected to increase by 1.5 million 
acre-feet, driven almost entirely by a near 60% 
increase in developed water-use demand.85 

Research in Hawai‘i projects a steady reduction 
in the strength of the state’s annual ecosystem 
carbon sink, resulting primarily from a combi- 
nation of urbanization and a shift toward drier, 
less productive ecosystems by mid-century.86 

Key Message 1 
 

Changes in land cover continue to im- 
pact local- to global-scale weather and 
climate by altering the flow of energy, 
water, and greenhouse gases between 
the land and the atmosphere. Refor- 
estation can foster localized cooling, 
while in urban areas, continued warming 
is expected to exacerbate urban heat 
island effects. 

 
The influence of land-use and land-cover 
change (LULCC) on climate and weather is 
complex, and specific effects depend on the 
type of change, the scale of the assessment 
(local, regional, or global), the size of the area 
under consideration, the aspect of climate and 
weather being evaluated (such as temperature, 
precipitation, or seasonal trends), and the 
region where the change occurs.87,88 

 
Recent studies suggest that forests tend to be 
cooler than herbaceous croplands throughout 
much of the temperate region.89,90,91,92,93,94,95,96 

Land-Cover Changes Influence 
Weather and Climate 
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These studies suggest that reforestation in the 
temperate forest region would promote cool- 
ing, with the magnitude of cooling decreasing 
with increasing latitude.90,94,95,96,97 The scale of 
the cooling from reforestation would depend 
on its extent and location. Biogeophysical 
(albedo, surface roughness, and transpiration) 
changes arising from land-cover change tend 
to result in more localized changes, whereas 
biogeochemical changes (such as carbon 
sequestration) tend to have a more global 
reach. Reforestation in the temperate forest 
region is an effective climate mitigation and 
adaptation strategy.90,94 

 
Fires in forests, grasslands, shrublands, and 
agricultural lands affect climate in two ways: 
1) transporting carbon from the land to the 
atmosphere in the form of carbon dioxide and 
other greenhouse gases, and 2) increasing 
the concentration of small particles (aerosols) 
in the atmosphere that tend to reduce the 
amount of solar energy reaching the surface of 
Earth by increasing (although often temporari- 
ly) the reflectivity of the atmosphere.98 Climate 
is also a principal determinant of an area’s fire 
regime,99 which refers to the pattern in which 
fires occur within ecosystems based on factors 
such as size, severity, and frequency. Studies 
suggest that most aspects of the fire regime  
are increasing in the United States (Ch. 6: 
Forests, KM 1; Ch. 26: Alaska).18,99,100,101 However, 
the true extent of an altered fire regime’s 
influence on climate is unclear, because the 
warming attributable to carbon releases to 
the atmosphere and decreases in surface 
albedo (at least temporarily) may be offset by 
increased reflectivity of the atmosphere from 
the increased concentration of small particles 
and the enhanced storage of carbon due to 
forest regrowth.99 

 
Urban regions include several characteristics 
that can influence climate,102 including con- 
struction materials that absorb more heat than 

vegetation and soils do, impervious cover that 
minimizes the cooling effect of evapotranspira- 
tion, the canyon-like architecture of buildings 
that tends to trap heat, and heat generation 
from vehicle and building emissions.103,104 These 
factors make urban areas warmer than their 
surroundings, a phenomenon referred to as the 
urban heat island (UHI) effect. Urbanization 
has a small effect on global temperatures, with 
more dramatic effects evident regionally where 
urbanization is extensive.105,106,107 The local-scale 
UHI impact is relative to the regional climate 
such that its effect tends to be more severe 
in the eastern United States and declines 
westward.10,108,109,110,111 Although the evidence is 
not conclusive, urbanization may also increase 
downwind precipitation.112,113,114 Further, climate 
change may act synergistically with future 
urbanization (that is, an increase in impervious 
cover), resulting in increased likelihoods and 
magnitudes of flood events (e.g., Hamdi et al. 
2011, Huong and Pathirana 2013 115,116). 

 
Water transport and application to cropland 
also impact climate. Between 2002 and 2007, 
irrigated lands expanded by approximately 1.3 
million acres in the United States, with much 
of the change occurring in the Great Plains 
regions.117 Approximately 88.5 million acre-feet 
of water were applied to approximately 55 
million acres of irrigated agriculture in the 
United States in 2012.118 Globally, the amount of 
water transported to the atmosphere through 
irrigated agriculture is roughly equivalent to 
the amount of water not transported to the 
atmosphere from deforestation.119 Studies have 
shown reductions in surface air  tempera- 
tures in the vicinity of irrigation due to both 
evaporation effects120,121,122 and increases in 
downwind precipitation as a result of increased 
atmospheric moisture.123 These potentially 
local-to-regional cooling effects are also coun- 
terbalanced by constraints on the availability of 
water for irrigation.124 
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Key Message 2 
 

 
Climate change affects land use and 
ecosystems. Climate change is expected 
to directly and indirectly impact land 
use and cover by altering disturbance 
patterns, species distributions, and the 
suitability of land for specific uses. 
The composition of the natural and 
human landscapes, and how society 
uses the land, affects the ability of the 
Nation’s ecosystems to provide essential 
goods and services. 

 
Climate can drive changes in land cover and 
land use in several ways, including changes 
in the suitability of agriculture (Ch. 10: Ag & 
Rural),125,126 increases in fire frequency and 
extent (Ch. 6: Forests),18,101 the loss or migration 
of coastal wetlands,127 and the spatial relocation 
of natural vegetation. The extent of the climate 
influence is often difficult to determine, given 
that changes occur within interconnected 
physical and socioeconomic systems,  and 
there is a lack of comprehensive observational 
evidence to support the development of 
predictive models, leaving a large degree of 
uncertainty related to these future changes  
(Ch. 17: Complex Systems). Models can be 
used to demonstrate how climate change may 
impact the production of a given agricultural 
commodity and/or suggest a change in land 
use (for example, econometric models, 
global gridded crop models, and integrated 
assessment models). However, the true impact 
may be mitigated by the influence of global 
economic markets, a shift to a different crop 
that is better suited to the new climate pattern, 
technological innovations, policy incentives, 
or capital improvement projects. This area of 
integrated, multidisciplinary scientific research 
is just emerging. 

Important feedbacks with agriculture are 
anticipated under changing climate conditions. 
Recent trends show a shift from dryland farm- 
ing to irrigated agriculture throughout much of 
the Great Plains region (Ch. 22: N. Great Plains; 
Ch. 23: S. Great Plains).117 Future projections 
suggest that cropland suitability may increase 
at higher latitudes128 and that croplands could 
shift to livestock grazing southward.126 For 
high-latitude regions, climate change could 
result in a large-scale transformation from 
naturally vegetated ecosystems to agrono- my-
dominated systems. Climate warming also 
could result in a shift from higher-productivity 
systems (such as irrigated agriculture) to 
lower-productivity systems (such as dryland 
farming).129 Due to the globally interconnected 
nature of agricultural systems, climate change 
has broad implications for food security (Ch. 
16: International).130 Energy policies have also 
influenced the type and location of agricultural 
activities; for example, nearly two-thirds of 
recent land area converted for energy use 
was due to biofuel expansion34,131 mandated by 
the Energy Independence and Security Act 
of 2007.30,131 By 2040, the total new land area 
impacted by energy development could exceed 
an area the size of Texas—2,700 square miles 
per year,34 which is more than two times higher 
than the historical rate of urbanization.2 

 
Natural disturbances such as wildfires can 
trigger changes in land cover that have the 
potential to result in a permanent land-cover 
conversion. Over the past several decades, 
drought,132 climate warming, and earlier spring 
snowmelt have led to an increase in fire activi- 
ty across the United States (Ch. 6: Forests),18,133 

although the burnt area increase may be partly 
due to changes in fire suppression policies.134 

Under future warming scenarios (that is, 
A1B, as described here: http://www.ipcc.ch/ 
ipccreports/sres/emission/index.php?idp=3), 
the burnt area in southwestern California could 
double by 2050 and increase by 35% in the 

Climate Impacts on Land and 
Ecosystems 

http://www.ipcc.ch/
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Sierra Nevada due to an increase in the length 
of the fire season and an increase in warmer 
and drier days.135 Human activity will continue 
to play an important role in wildfire frequency 
and intensity. Hot spots of fire activity were 
identified at the wildland–urban interface,136 

and urbanization is expected to increase fire 
hazard exposure to people and property. Land 
management strategies, such as prescribed 
burning, fuel reduction and clearing, invasive 
species management, and forest thinning, have 
the potential to mitigate wildland fire and its 
associated consequences,137 but more research 
is needed to evaluate their efficacy across a 
range of spatial and temporal scales. 

 
Current relationships between plant species 
and climate variables138 have been used to 
estimate potential changes in the geographic 
distribution of species and vegetation under 
future climate conditions.12,139,140,141,142,143 Studies 
have projected the conversion of forests to 
shrubland and grassland across some areas of 
the western United States due to increasing 
aridity, pest outbreaks, and fire, resulting 
in a substantial transfer of carbon from the 
biosphere to the atmosphere.144,145 For example, 
increases in mountainous forests and grass- 
lands at the expense of alpine and subalpine 
communities have been projected.146 Across 
North America, projected changes include an 

expansion of tropical dry deciduous forests 
and desert shrub/scrub biomes, a poleward 
migration of deciduous and boreal forests, 
and an expansion of grasslands at the expense 
of high-latitude taiga and tundra communi- 
ties.12,144,146,147,148,149 However, it is important to 
note that projecting the future distributions of 
vegetation and land cover is highly complex, 
driven not only by changes in climate but 
also land-use changes, shifts in disturbance 
regimes, interactions between species, and 
evolutionary changes.150 
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Traceable Accounts 
Process Description 
Chapter authors developed the chapter through technical discussions, literature review, and 
expert deliberation via email and phone discussions. The authors considered feedback from 
the general public, the National Academies of Sciences, Engineering, and Medicine, and federal 
agencies. For additional information about the overall process for developing the report, see 
Appendix 1: Process. 

The topic of land-use and land-cover change (LULCC) overlaps with numerous other national sec- 
toral chapters (for example, Ch. 6: Forests; Ch. 10: Ag & Rural; Ch. 11: Urban) and is a fundamental 
characteristic of all regional chapters in this National Climate Assessment. This national sectoral 
chapter thus focuses on the dynamic interactions between land change and the climate system. 
The primary focus is to review our current understanding of land change and climate interactions 
by examining how land change drives changes in local- to global-scale weather and climate and 
how, in turn, the climate drives changes in land cover and land use through both biophysical and 
socioeconomic responses. Where possible, the literature cited in this chapter is specific to chang- 
es in the United States. 

Key Message 1 
 

Changes in land cover continue to impact local- to global-scale weather and climate by altering 
the flow of energy, water, and greenhouse gases between the land and the atmosphere (high 
confidence). Reforestation can foster localized cooling (medium confidence), while in urban 
areas, continued warming is expected to exacerbate urban heat island effects (high confidence). 

 
Description of evidence 
The Land-Use and Climate, IDentification of robust impacts (LUCID) project88,151 evaluated climate 
response to LULCC using seven coupled land surface models (LSMs) and global climate models 
(GCMs) to determine effects that were larger than model variability and consistent across all 
seven models. Results showed significant discrepancies in the effect of LULCC (principally, the 
conversion of forest to cropland and grassland at temperate and higher latitudes) on near-surface 
air temperatures; the discrepancies were mainly attributable to the modeling of turbulent flux 
(sensible heat [the energy required to change temperature] and latent heat [the energy needed 
to change the phase of a substance, such as from a liquid to a gas]). Land surface models need to 
be subjected to more rigorous evaluations151,152 and evaluate more than turbulent fluxes and net 
ecosystem exchange.152 Rigorous evaluations should extend to the parameterization of albedo,153 

including the effect of canopy density on the albedo of snow-covered land;154 the seasonal 
cycle of albedo related to the extent, timing, and persistence of snow;155 and the benchmarking 
of the effect of present-day land cover change on albedo.156 More recently, there is consistent 
modeling and empirical evidence that forests tend to be cooler than nearby croplands and 
grasslands.91,92,93,95,96,156 

Land-Cover Changes Influence Weather and Climate 
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The study of the influence of wildland fire on climate is at its advent and lacks a significant 
knowledge base.98,99 Improved understanding would require more research on the detection of 
fire characteristics;157 fire emissions;158 and the relative roles of greenhouse gas (GHG) emissions, 
aerosol emissions, and surface albedo changes in climate forcing.98 

The urban heat island (UHI) is perhaps the most unambiguous documentation of anthropogenic 
modification of climate.159 Two studies have found that the stunning rate of urbanization in China 
has led to regional warming,105,106 which is consistent with the observation that land-use and 
land-cover changes must be extensive for their effects to be realized.87 Research on the effects   
of urbanization on precipitation patterns has not produced consistent results.113,114 Uncertainties 
related to the effect of urban areas on precipitation arise from the interactions among the UHI, 
increased surface roughness (for example, tall buildings), and increased aerosol concentrations.160 

In general, UHIs produce updrafts that lead to enhanced precipitation either in or downwind 
of urban areas, whereas urban surface roughness and urban aerosol concentrations can either 
further contribute to or dampen the updrafts that arise from the UHI.160 

Major uncertainties 

Land use and land cover are dynamic; therefore, climate is influenced by a constantly changing 
land surface. Considerable uncertainties are associated with land-cover and land-use monitoring 
and projection.161,162,163,164 Land-cover maps can be derived from remote sensing approaches, but 
comprehensive approaches are typically characterized by coarse temporal resolution.2,3,59,60 More 
recently, remote sensing has enabled annual classification over large areas (national and global), 
though these efforts have been centered on a single land cover or disturbance type.68,165,166 Com- 
prehensive multitemporal mapping of land use is even more limited and is a source of consider- 
able uncertainty in understanding land change and feedbacks with the climate system. Deforesta- 
tion, urbanization, wildland fire, and irrigated agriculture are the main land-use and land-cover 
changes that influence climate locally and regionally throughout the United States. Deforestation 
is likely to behave as a warming agent throughout most of the United States, but higher confi- 
dence in this finding would require more research on how to treat sensible and latent heat fluxes 
in coupled GCM–LSM models; the relationship of albedo to forest density in the presence of snow; 
the timing, persistence, and extent of snow cover; and real-world comparisons of the response 
of albedo to land-cover change. Urbanization constitutes a continued expansion of the UHI 
effect, increasing warming at local scales. Determining the effect of urbanization on precipitation 
patterns and storm tracks would require extensive, additional research. Tabular irrigation water 
volume estimates, such as those provided by the U.S. Department of Agriculture’s (USDA) Farm 
and Ranch Irrigation Survey, must be translated into maps so that the data can be input in GCMs 
and LSMs to determine the impact of irrigation on climate. Current translation schemes do not 
provide consistent model output.124 The effect of wildland fires on climate processes is an emerg- 
ing issue for which there is little research. Fire releases carbon dioxide (CO2) and other GHGs to 
the atmosphere, which, along with a decreased albedo, should promote warming. These warming 
effects, however, may be counterbalanced by the release of aerosols to the atmosphere and 
enhanced carbon sequestration by forest regrowth.99 
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Description of confidence and likelihood 

There is medium confidence that deforestation throughout much of the continental United States 
promotes climate warming through a decrease in carbon sequestration and reduced transpiration. 
There is low confidence that wildland fires will impact climate, because many of the associated 
processes and characteristics produce counteracting effects. There is high confidence that 
urbanization produces local-scale climate change, but there is low confidence in its influence on 
precipitation patterns. There is high confidence that surface air temperature is reduced near areas  
of irrigated agriculture and medium confidence that downwind precipitation is increased. 

Key Message 2 
 

Climate change affects land use and ecosystems. Climate change is expected to directly and 
indirectly impact land use and cover by altering disturbance patterns (medium confidence), 
species distributions (medium confidence), and the suitability of land for specific uses (low 
confidence). The composition of the natural and human landscapes, and how society uses the 
land, affects the ability of the Nation’s ecosystems to provide essential goods and services (high 
confidence). 

 
Description of evidence 
Much of the research assessing the impact of climate change on agriculture has been undertaken          
as part of the Agricultural Model Intercomparison and Improvement Project (AgMIP),128 which has 
been understandably focused on productivity and food security.128,129,167,168,169 Less effort has been 
devoted to understanding the impact of climate change on the spatial distribution of agriculture. 
Deryng et al. (2011)170 used one of the AgMIP crop models (PEGASUS) to show poleward and 
westward shifts in areas devoted to corn, soybean, and wheat production. Parker and Abatzoglou 
(2016)130 have reported a poleward migration of the USDA’s cold hardiness zones as a result of a 
warming climate. Several empirical studies have found an increase in wildland fires in the western 
United States over the last several decades,18,101,171 in which indicators of aridity correlate positively  
with the amount of area burned. Several studies have reported a decline in forest cover through-       
out the western United States and project future declines due to a warming climate and increasing 
aridity, as well as the concomitant likely increase in pest outbreaks and fire.144,145,172,173,174 Several    
studies have also reported a poleward shift in the forest communities of the eastern United States, 
resulting primarily from CO2 enrichment in a warming and wetter environment.12,144,147,148,149,175 

Major uncertainties 

Determining the impact of climate change on agriculture requires the integration of climate, crop, 
and economic models,176 each with its own sources of uncertainty that can propagate through the 
three models. Sources of uncertainty include the response of crops to the intermingled factors of 
CO2 fertilization, temperature, water, and nitrogen availability; species-specific responses; model 
parameterization; spatial location of irrigated areas; and other factors.129,169,177 The projection of 
recent empirical fire–climate relationships18,101,171 into the future introduces uncertainty, as the 
empirical results cannot account for future anthropogenic influences (for example, fire suppres- 
sion management) and vegetation response to future fires.171,178 Similarly, process-based models 

Climate Impacts on Land and Ecosystems 
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must account for vegetation response to fire, uncertainty in precipitation predictions from climate 
models, and spatiotemporal nonuniformity in human interactions with fire and vegetation.178 Many 
of the studies on climate-induced spatial migration of vegetation are based on dynamic global veg- 
etation models, which are commonly based only on climate and soil inputs. These models aggre- 
gate species characteristics that are not uniform across all species represented and are generally 
lacking ecological processes that would influence a species’ range shift.179,180,181,182,183 Considerable 
uncertainties are associated with land-cover and land-use monitoring and projection.161,162,163,164 

Land-cover maps can be derived from remote sensing approaches; however, comprehensive 
approaches are typically characterized by coarse temporal resolution.2,3,59,60 More recently, remote 
sensing has enabled annual classification over large areas (at national and global scales), but these 
efforts have been centered on a single land cover or disturbance type.68,165,166 Comprehensive mul- 
titemporal mapping of land use is even more limited and is a source of considerable uncertainty in 
understanding land change and feedbacks with the climate system. 

Description of confidence and likelihood 

There is high confidence that climate change will contribute to changes in agricultural land use; 
however, there is low confidence in the direction and magnitude of change due to uncertainties in 
the capacity to adapt to climate change. There is high confidence that climate change will impact 
urbanization in coastal areas, where sea level rise will continue to have direct effects. There is 
medium confidence that climate change will alter natural disturbance regimes; however, land 
management activities, such as fire suppression strategies, are likely to be of equal or greater 
importance. There is low confidence that climate change will result in changes to land cover 
resulting from changes in species distribution environmental suitability. 
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Key Message 1 
California’s multiyear drought killed millions of trees in low-elevation forests. 

 

 
It is very likely that more frequent extreme weather events will increase the frequency 
and magnitude of severe ecological disturbances, driving rapid (months to years) and 
often persistent changes in forest structure and function across large landscapes. It is 
also likely that other changes, resulting from gradual climate change and less severe 
disturbances, will alter forest productivity and health and the distribution and abundance 
of species at longer timescales (decades to centuries). 

Key Message 2 

It is very likely that climate change will decrease the ability of many forest ecosystems 
to provide important ecosystem services to society. Tree growth and carbon storage 
are expected to decrease in most locations as a result of higher temperatures, more 
frequent drought, and increased disturbances. The onset and magnitude of climate 
change effects on water resources in forest ecosystems will vary but are already 
occurring in some regions. 

 
Key Message 3 

Forest management activities that increase the resilience of U.S. forests to climate 
change are being implemented, with a broad range of adaptation options for different 
resources, including applications in planning. The future pace of adaptation will 
depend on how effectively social, organizational, and economic conditions support 
implementation. 

Ecological Disturbances and Forest Health 
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Executive Summary 
 

Forests on public and private lands provide 
benefits to the natural environment, as well as 
economic benefits and ecosystem services to 
people in the United States and globally. The 
ability of U.S. forests to continue to provide goods 
and services is threatened by climate change 
and associated increases in extreme events and 
disturbances.1 For example, severe drought and 
insect outbreaks have killed hundreds of millions 
of trees across  the United States  over the past 
20 years,2 and wildfires have burned at least 3.7 
million acres annually in all but 3 years from 
2000 to 2016. Recent insect-caused mortality 
appears to be outside the historical context3,4 and 
is likely related to climate change; however, it is 
unclear if the apparent climate-related increase 
in fire-caused tree mortality is outside the range 
of what has been observed over centuries of 
wildfire occurrence.5 

 
A warmer climate will decrease tree growth in 
most forests that are water limited (for example, 
low-elevation ponderosa pine forests) but will 
likely increase growth in forests that are energy 
limited (for example, subalpine forests, where 
long-lasting snowpack and cold temperatures 
limit the growing season).6 Drought and extreme 
high temperatures can cause heat-related stress 
in vegetation and, in turn, reduce forest produc- 
tivity and increase mortality.7,8 The rate of climate 
warming is likely to influence forest health (that 
is, the extent to which ecosystem processes are 
functioning within their range of historic varia- 
tion)9 and competition between trees, which will 
affect the distributions of some species.10,11 

 
Large-scale disturbances (over thousands to 
hundreds of thousands of acres) that cause rapid 
change (over days to years) and more gradual cli- 
mate change effects (over decades) will alter the 
ability of forests to provide ecosystem services, 
although alterations will vary greatly depend- 
ing on the tree species and local biophysical 

conditions. For example, whereas crown fires 
(forest fires that spread from treetop to treetop) 
will cause extensive areas of tree mortality in 
dense, dry forests in the western United States 
that have not experienced wildfire for several 
decades, increased fire frequency is expected to 
facilitate the persistence of sprouting hardwood 
species such as quaking aspen in western moun- 
tains and fire tolerant pine and hardwood species 
in the eastern United States (see regional chap- 
ters for more detail on variation across the United 
States). Drought, heavy rainfall, altered snowpack, 
and changing forest conditions are increasing 
the frequency of low summer streamflow, winter 
and spring flooding, and low water quality in 
some locations, with potential negative impacts 
on aquatic resources and on water supplies for 
human communities.12,13 

 
From 1990 to 2015, U.S. forests sequestered 742 
teragrams (Tg) of carbon dioxide (CO2) per year, 
offsetting approximately 11% of the Nation’s 
CO2 emissions.14 U.S. forests are projected to 
continue to store carbon but at declining rates, 
as affected by both land use and lower CO2 

uptake as forests get older.15,16,17,18 However, car- 
bon accumulation in surface soils (at depths of 
0–4 inches) can mitigate the declining carbon 
sink of U.S. forests if reforestation is routinely 
implemented at large spatial scales. 

 
Implementation of climate-informed resource 
planning and management on forestlands has 
progressed significantly over the past decade. 
The ability of society and resource management 
to continue to adapt to climate change will be 
determined primarily by socioeconomic factors 
and organizational capacity. A viable forest-based 
workforce can facilitate timely actions that mini- 
mize negative effects of climate change. Ensuring 
the continuing health of forest ecosystems and, 
where desired and feasible, keeping forestland in 
forest cover are key challenges for society. 
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Climate Change Vulnerabilities and Adaptation Options 

To increase resilience to future stressors and disturbances, examples of adaptation options (risk management) have been 
developed in response to climate change vulnerabilities in forest ecosystems (risk assessment) in the Pacific Northwest. 
Vulnerabilities and adaptation options vary among different forest ecosystems. From Figure 6.7 (Sources: U.S. Forest Service 
and University of Washington). 
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State of the Sector 

Forests are distributed across the spectrum of 
rural to urban environments, covering 896 mil- 
lion acres (including approximately 130 million 
acres in urban, suburban, and developed areas), 
or 33% of land in the contiguous United States, 
Alaska, and Hawai‘i. The structure and function 
of these forests vary considerably across the 
Nation due to differences in environmental 
conditions (for example, soil fertility; tem- 
perature; and precipitation amount, type, and 
distribution), historical and contemporary 
disturbances, and forest management and 
land-use activities. 

 
Forests on public and private lands provide 
benefits to the natural environment, as well as 
economic benefits and ecosystem services (for 
example, water, fiber and wood products, fish 
and wildlife habitat, biodiversity, recreational 
opportunities, spiritual renewal, and carbon 
storage) to people in the United States and 
globally. Public forests are mostly managed 
for non-timber resources or for multiple 
uses; private lands owned by corporations 
are mostly managed for timber production, 
whereas private lands owned by individuals are 
typically managed for multiple uses. To date, 
assessments of climate change vulnerability 
and development of adaptation options in the 
western United States have occurred mostly 
on public lands, whereas assessment and 
adaptation planning and implementation in the 
eastern United States span public and private 
lands, with documented examples of adapta- 
tion on most ownership types.19,20 The ability 
of U.S. forests to continue to provide goods  
and services is threatened by climate and 
environmental change and associated increases 
in extreme weather events and disturbances 
(for example, drought, wildfire, and insect 
outbreaks; Figure 6.1), which can pose risks 
to forest health (that is, the extent to which 
ecosystem processes are functioning within 

their natural range of historic variation)9 and 
conditions across large landscapes for years 
to centuries.1 

 
The effects of climate change on forests in 
specific regions are discussed in many of the 
regional chapters (for example, Ch. 18: North- 
east, KM 1 and 2; Ch. 19: Southeast, KM 3 and 
4; Ch. 21: Midwest, KM 2; Ch. 24: Northwest, 
KM 1; Ch. 25: Southwest, KM 2; Ch. 27: Hawai‘i 
& Pacific Islands, KM 2 and 5). Rapid changes 
have been driven by severe drought in combi- 
nation with insect outbreaks, which have killed 
more than 300 million trees in Texas in 201121 

and more than 129 million trees in California 
from 2010 to 2017.22 Also, mountain pine beetles 
have caused tree mortality across more than 25 
million acres in the western United States since 
2010, representing almost half of the total area 
impacted by all bark beetles combined in that 
region. Recent warming has allowed mountain 
pine beetles to erupt at elevations and latitudes 
where winters historically were cold enough 
to keep them in check.4,23,24 Wildfire burned at 
least 3.7 million acres nationwide in 14 of the 17 
years from 2000 to 2016—an area larger than 
the entire state of Connecticut—including a 
record 10.2 million acres in 2015 (an area great- 
er than Maryland and Delaware combined). 
Over this same time span, annual federal 
wildfire suppression expenditures ranged from 
$809 million to $2.1 billion (Figure 6.4). 

 
Recent insect-caused mortality appears to be 
far outside what has been documented since 
Euro-American settlement3 and is likely related 
to climate change. It is unclear if the apparent cli- 
mate-related increase  in  area  burned  by  wildfire 
is outside the range of what has  been  observed 
over centuries of fire occurrence.5 Drought, heavy 
rainfall, altered snowpack, and changing forest 
conditions are increasing the risk of low summer 
streamflow, winter flooding, and reduced water 
quality, with potential negative impacts on aquatic 
resources and human communities.12,13 A changing 
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climate and forest disturbances also interact with 
chronic stressors (such as fungal pathogens and 
nonnative species) to affect the scale and magni- 
tude of forest responses to climate change.25,26 

 
The ability of society in general and resource 
managers in particular to adapt to climate change 
will be determined primarily by socioeconomic 
factors, technological developments, and orga- 
nizational capacity (Ch. 28: Adaptation). Although 
some general principles apply to adaptation 
(defined here as adjustments in natural systems 
in response to actual or expected climatic effects 
that moderate harm or exploit benefits) across all 
forests, it is biophysical variability, socioeconomic 
conditions, and organizational objectives that 
dictate local management approaches. A viable 

forest-based workforce in local communities 
can facilitate timely actions that minimize the 
negative effects of climate change, as long as 
this workforce can support the objectives of 
treatments aimed at building forest resilience 
and provide a justification for treatments (for 
example, prescribed fire—the purposeful ignition 
of low-intensity fires in a controlled setting) that 
help minimize potential economic loss. Reduction 
in forestland associated with human land-use 
decisions, especially conversion of forests to 
nonforests on private lands, is a significant 
impediment to providing desired ecosystem 
services from forests. Hence, ensuring the con- 
tinuing health of forest ecosystems and, where 
desired and feasible, keeping forestland in forest 
cover are key challenges for society. 

 

Climate Change Effects on Ecosystem Services 
 

Figure 6.1: Many factors in the biophysical environment interact with climate change to influence forest productivity, structure, 
and function, ultimately affecting the ecosystem services that forests provide to people in the United States and globally. Source: 
U.S. Forest Service. 
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Regional Summary 

Forests in the United States vary in their sus- 
ceptibility to climate change due to differences 
in biophysical conditions and anticipated 
changes in future climate (see regional chap- 
ters for specific discussions). For example, 
eastern forests are largely expected to undergo 
gradual change, punctuated by rapid changes 
from small-scale disturbances.26 Across 
most U.S. forests, an increased frequency of 
large-scale disturbances is expected to be the 

primary challenge to maintaining healthy, func- 
tional forest ecosystems in a warmer climate; 
however, forest disturbances resulting from 
human activity can add to the effects of climate 
in some parts of the United States.27 Over the 
past decade, several large-scale disturbances 
have killed hundreds of millions of trees at 
different locations in the United States. The 
two Case Studies in this chapter illustrate how 
disturbances can cause rapid changes in the 
ecology and structure of forests that can result 
in significant social and economic effects. 

 
 

Case Study: Large-Scale Tree Mortality in the Sierra Nevada 
 

Five years of consecutive drought ended in California 
in 2017, with 2015 being the hottest and driest year in 
the historical record (since the late 1800s). The drought 
weakened trees and enabled extensive bark beetle out- 
breaks, which killed 40 million trees across 7.7 million 
acres of Sierra Nevada forests through 2015. Annual tree 
mortality increased by an order of magnitude to thou- 
sands of dead trees per square mile during this period.28 

The winters 2015–2016 and 2016–2017 brought sig- 
nificant precipitation to much of California, but drought 
stress remained high in many areas. An additional 62 
million trees died in 2016, and 27 million trees died in 
2017, bringing the total to at least 129 million trees since 
2010.22 Mortality was most severe at lower elevations, 
on southwest- and west-facing slopes, and in areas with 
shallow soils.29

 

This level of tree mortality in the Sierra Nevada is un- 
precedented in recorded history.30,31 In some of the most 

 
 
 
 
 
 
 
 
 
 
 
 

Tree Mortality at Bass Lake Recreation Area 
Figure 6.2: A five-year drought in California (2011–2016) 
led to western pine beetle outbreaks, which contributed   
to the mortality of 129 million trees. As a result, the 
structure and function of these forests are changing 
rapidly. Prolonged droughts are expected to become more 
common as the climate continues to warm, increasing 
stress on lower-elevation tree species. Photo credit: Marc 
Meyer, U.S. Forest Service. 

heavily impacted areas, 70% of trees died in a single year (Figure 6.2). Much of this mortality was attributed to 
the western pine beetle colonizing ponderosa pine, but other tree and shrub species were also affected. Some 
forests once dominated by ponderosa pine are now dominated by incense cedar. This change in stand structure 
and composition has increased the likelihood of high-intensity surface fires and large wildfires.31 In general, 
widespread tree mortality can alter local hydrology (with more water availability but also higher peak flows) and 
negatively affect ecosystem services (for example, decreased timber supply and decreased recreation opportu- 
nities), effects that will persist for many years.2,32,33
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Case Study: Increased Wildfire Risk in the Southeastern United States 
 

Southeastern landscapes are dominated by private lands and relatively high human populations, so changes in 
social behavior (for example, human-caused fire ignitions), policy (for example, fire suppression), and climate 
can affect wildfire activity.27 Modeling studies suggest that the southeastern United States will experience 
increased fire risk and a longer fire season.34,35 Although projections vary by state and ecoregion,36 on average, 
the annual area burned by lightning-ignited wildfire is expected to increase by at least 30% by 2060, whereas 
human-ignited wildfire is expected to decrease slightly due to changes in factors driving human-ignited wild- 
fire, including projected losses of forestland and increased efforts to suppress and prevent wildfires. Although 
native vegetation is well-adapted to periodic wildfire, most people living near wildlands are not. More frequent 
and larger wildfires, combined with increasing development at the wildland–urban interface (where people 
live in and near forested areas), portend increasing risks to property and human life. For example, a prolonged 
dry period in the southern Appalachian region in 2016 resulted in widespread wildfires that caused 15 deaths 
and damaged or destroyed nearly 2,500 structures in Gatlinburg, Tennessee (Figure 6.3). In a warmer climate, 
increased fire frequency will damage local economies and degrade air quality in the Southeast. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fire Damage in Gatlinburg, Tennessee 
Figure 6.3: In autumn 2016, a prolonged dry period and arson in the southern Appalachian region resulted in 50 major 
wildfires that burned over 100,000 acres in 8 states, caused 15 deaths, and damaged or destroyed nearly 2,500 structures in 
Gatlinburg, Tennessee. If drought or prolonged dry periods increase in this region as expected, fire risk will increase in both 
forests and local communities. Photo credit: Flickr user highlander411 (CC BY 2.0). 

https://creativecommons.org/licenses/by/2.0/legalcode
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Key Message 1 
 
 

It is very likely that more frequent extreme 
weather events will increase the frequency 
and magnitude of severe ecological distur- 
bances, driving rapid (months to years) and 
often persistent changes in forest structure 
and function across large landscapes. It is 
also likely that other changes, resulting from 
gradual climate change and less severe 
disturbances, will alter forest productivity 
and health and the distribution and abun- 
dance of species at longer timescales (de- 
cades to centuries). 

Rapid Forest Change—Wildfire 
Most fire-prone forests (forests that are likely 
to burn at least once every few decades) have 
the ability to persist as more fires occur, but 

the resilience of these ecosystems depends 
on three factors: 1) continued presence of 
fire-adapted species, 2) fire intensity (the 
amount of heat energy released) and frequency 
of future fires, and 3) societal responses to 
increased fires. A century of fire exclusion in 
fire-prone forest ecosystems in the United 
States (especially lower-elevation ponderosa 
pine forests and mixed conifer forests in dry 
locations in the West) has created landscapes 
of dense forests with high flammability and 
heavy surface and canopy fuel loads (combus- 
tible dead and live vegetation).37 Over the past 
20 years, a warm, dry climate has increased  
the area burned across the Nation.38 Large, 
intense wildfires in some locations39 (Figure 
6.4) have been difficult to suppress, increasing 
risk to property and lives, including those of 
firefighters.40,41 The cost of fire suppression 
has also increased over time, partially driven 
by the high cost of protecting property in the 
wildland–urban interface.42,43 

 
 

Wildfires—Changes in Area Burned and Cost 
 

Figure 6.4: This figure shows the annual wildfire area burned in the United States (red) and the annual federal wildfire suppression 
expenditures (black), scaled to constant 2016 U.S. dollars (Consumer Price Index deflated). Trends for both area burned and 
wildfire suppression costs indicate about a fourfold increase over a 30-year period. Source: U.S. Forest Service. 

Ecological Disturbances and 
Forest Health 
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The duration of the season during which 
wildfires occur has increased throughout the 
western United States as a result of increased 
temperatures44,45 and earlier snowmelt.46,47 

Increased vapor pressure deficit (Ch. 21: Mid- 
west, Figure 21.3)48 and reduced summer pre- 
cipitation49 have deepened summer droughts 
in the West and thus increased wildfire risk.50 

By the middle of this century, the annual 
area burned in the western United States  
could increase 2–6 times from the present, 
depending on the geographic area, ecosystem, 
and local climate.51,52 An increase in the area 
burned, however, does not necessarily trans- 
late to negative impacts to ecosystems (Figure 
6.5). As the spatial extent of wildfires increases, 
previously burned areas will in some cases 
provide fuel breaks that influence the pattern, 
extent, and severity (the degree to which fire 
causes vegetation damage and mortality) of 
future fires.53 Future wildfire regimes will be 
determined not only by climate but also by 

topography, fuel accumulation (as affected by 
plant growth and frequency of disturbances), 
and efforts to suppress and prevent fires.54,55 

 
Wildfire risk can be reduced in low-elevation, 
dry conifer forests in the West and conifer 
forests in the South by reducing stand density 
(thinning), using prescribed burning, and 
letting some fires burn if they will not affect 
people. Frequent prescribed burning in 
fire-prone and fire-dependent (forests that 
require fire to maintain structure and function) 
southern forests has been a socially accepted 
practice for decades, illustrating how wildfire 
risk can be reduced. However, health risks 
from smoke produced by prescribed burning 
are a growing concern in the wildland–urban 
interface (see Ch. 19: Southeast for additional 
discussion about fire in the southeastern 
United States and Ch. 13: Air Quality, KM 2 on 
the effects of wildfires on health).56 

Area Burned by Large Wildfires 
 

Figure 6.5: This figure illustrates the area burned by large wildfires (greater than 1,000 acres in the western United States and 
greater than 500 acres in the eastern United States) for 1984–2014. Although the area with moderate-to-high burn severity 
(amount of fire damage to the forest canopy) has increased in recent decades, it has not changed as a proportion of the total 
area burned (severity does vary across regions). Increases in the areas of severely burned forests will have implications for 
ecosystem processes, such as tree regeneration57,58,59 and ecosystem services, including timber production, water quality, and 
recreation. Source: redrawn from EPA 2016.60 
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Rapid Forest Change—Insects and 
Pathogens 
Climate change is expected to increase the 
effects of some insect species in U.S. for- 
ests23,61,62 but reduce the effects of others.63 

For example, drought increases populations of 
some defoliating insect species64 but decreases 
populations of other defoliators.65 In some 
cases, fire exclusion in fire-prone forests has 
exacerbated the effects of insects by increasing 
forest density, thus reducing tree vigor (the 
capacity of a tree to resist stress) and resis- 
tance to insect attack.3 Higher damage from 
native insects on trees with reduced vigor is 
expected to be one of the biggest effects of a 
warmer climate. Altered thermal conditions, 
including varying temporal patterns, will 
disrupt some insect life cycles, causing season- 
al mismatches between insect species and tree 
hosts in some systems.66 

 
Over the past 30 years, tree mortality caused  
by bark beetles in the western United States  
has exceeded tree mortality caused by wildfire,2 

raising concerns about the sustainability of some 
western forests to provide ecological goods and 
services over time.67,68 Bark beetle epidemics in 
forests with commercially valuable tree species 
can negatively affect timber prices and the 
economic well-being of forest landowners and 
wood processors.69 Many bark beetle outbreaks 
have been associated with drought and elevated 
temperature.23,63 Recently, western pine beetles 
contributed to the mortality of 129 million trees 
weakened by a period of severe drought in 
California (see Case Study “Large-Scale Tree Mor- 
tality”). The southern pine beetle is the only bark 
beetle species in the eastern United States that 
causes extensive tree mortality. Although little 
evidence exists for drought-caused outbreaks of 
this beetle,63 a recent increase in its range into 
the northeastern United States, facilitated by 
increasing winter temperatures, now threatens 
pine barrens in New York and Massachusetts.70 

The northward expansion of the hemlock 
woolly adelgid, a nonnative species that attacks 
eastern hemlock, has been facilitated by higher 
minimum winter temperatures.71 Similarly, the 
range of mountain pine beetles is expanding 
with warming; new breeding populations 
are now found in parts of the western plains 
and in jack pine in boreal forests in Alberta, 
Canada.24,72,73 Mountain pine beetle populations 
are also expanding in high-elevation forests of 
the western United States, affecting whitebark 
pine and other high-elevation pine species.4,23 

Whitebark pine serves as a keystone species 
that quickly establishes after a disturbance  
and provides critical food sources for birds 
and mammals. Whitebark pine is expected to 
suffer significant mortality in the future due to 
the combined effects of white pine blister rust, 
mountain pine beetles, and a warmer climate.74 

 
Fungal pathogens, especially those that 
depend on stressed plant hosts for coloni- 
zation, are expected to perform better and 
have greater effects on forests as a result of 
climate change.63,75,76 For example, increasing 
annual temperatures and precipitation in 
portions of New England have provided ideal 
conditions for outbreaks of leaf diseases in 
eastern white pine,77 whereas the effects of 
some pathogens directly affected by climate 
(such as needle blights) are typically reduced 
in areas with decreased precipitation.75 Timing 
of pathogen life cycles relative to seasonal 
changes in temperature and precipitation 
will be critical in determining where and how 
damage might change. 

 
Insect and disease outbreaks often interact 
with other disturbances, compounding their 
potential effects on ecosystem services. For 
example, in lodgepole pine forests attacked by 
mountain pine beetles, the intensity of surface 
and crown fires increases in stands impacted 
by outbreaks, but typically for less than 10 
years (e.g., Page and Jenkins 2007, Hicke et 
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al. 2012, Jenkins et al. 201478,79,80). Beetles have 
minimal effects on fire severity in some loca- 
tions due to variability in topography, fuels, and 
fire weather.81 A recent study in California in 
areas heavily affected by drought and western 
pine beetles (see Case Study “Large-Scale Tree 
Mortality”) reported a greater potential for 
large-scale wildfires driven by the amount and 
continuity of combustible woody material from 
dying trees.31 

 
Long-Term Forest Change 
Forests that frequently run out of water 
stored in the soil during the growing season 
are considered water limited, whereas forests 
where the growing season length or produc- 
tivity rate is limited by snowpack and cool 
temperatures are considered energy limited. 
A warmer climate will generally decrease tree 
growth in water-limited forests (many semiarid 
and low-elevation forests in the western Unit- 
ed States) but may increase growth in some 
energy-limited forests (the majority of forests 
in the eastern United States and coastal Alaska 
and high-mountain forests with short growing 
seasons).6,82 Experimental evidence shows that 
elevated atmospheric carbon dioxide (CO2) 
can increase tree growth (especially where 
soil nutrients are adequate), but it is uncertain 
whether this increase will occur in mature 
forests or will continue as younger forests 
age.83 Positive effects of CO2 on growth will be 
negated in some species and locations (such 
as near urban areas) by air pollutants such as 
ground-level ozone (not the protective layer of 
ozone high in the atmosphere), where concen- 
trations of those pollutants are high enough 
to cause toxic effects in plants.84 Drought and 
extreme temperatures can  cause  heat- 
related stress in vegetation, in turn reducing 
forest productivity and reducing tree vigor.7,8 

Although the effects are complex and variable 
among forests, warming and elevated CO2 can 
also impact below-ground processes, such as 

nitrogen and carbon cycling,85 with feedbacks 
that may impact forest productivity.86 

 
The direct effects of climate change on tree 
mortality and forest health will likely be 
obscured by the slow response times of long- 
lived tree species.87 In some cases, climate- 
related stresses weaken trees, predisposing 
them to additional stresses.88 Variability in the 
drought response of tree species (for example, 
due to differences in hydraulic characteristics) 
is expected to influence how some forests 
deal with water stress.89 A lagged response and 
variability among species can make it difficult 
to attribute growth reductions to episodic 
drought, and growth reductions can persist 
for years.7,90,91 For species in which seed crops 
depend on resources stored over several 
growing seasons, reproductive responses are 
likely to lag behind climatic variation.92 

 
The rate of climate warming will influence the 
rate and magnitude of potential changes in 
forest health, competition for resources among 
tree species, structure, and function, affecting 
the growth and distribution of some tree 
species.10,11 Negative effects on some species 
can benefit other species, and reorganization 
and changes in the structure of forest com- 
munities depend on the capacity of locally 
adapted populations to occupy new areas that 
become suitable as a result of climate change. 
For example, warming in the coastal region 
of the southern United States may result in 
the replacement of salt grass with mangrove 
forests (see Ch. 19: Southeast for additional 
information on mangrove forests).93 

 
Canopy phenology (seasonal patterns of 
leaf emergence and flowering) responds to 
annual-to-decadal variation in climate,94,95 and 
evidence exists that changes in canopy phenol- 
ogy are contributing to altered species ranges 
and potential increases in water and nutrient 
limitations.96 Some studies report shifts in 
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elevation ranges of terrestrial plant species 
in general,97,98,99 whereas many of the studies 
that focus on tree species do not.100,101,102,103 If 
large-scale latitudinal shifts in tree distribu- 
tions are occurring, they are ambiguous at 
present;10,104 however, some evidence suggests 
that some boreal species are shifting poleward 
as reproduction fails on the southern edge of 
their range.105 

Key Message 2 
 

It is very likely that climate change will 
decrease the ability of many forest eco- 
systems to provide important ecosystem 
services to society. Tree growth and 
carbon storage are expected to decrease 
in most locations as a result of higher 
temperatures, more frequent drought, 
and increased disturbances. The onset 
and magnitude of climate change effects 
on water resources in forest ecosys- 
tems will vary but are already occurring 
in some regions. 

The Millennium Ecosystem Assessment106 

defines four categories of ecosystem services: 
supporting, provisioning, regulating, and 
cultural. Recent studies have focused on defin- 
ing and quantifying the full range of services 
provided by forests including recreation, 
wildlife habitat, biodiversity, cultural values, 
and non-timber forest products.107,108 Here, we 
focus on climate change effects on two of the 
most important forest-based services: forest 
carbon dynamics (regulating and provisioning) 
and forest water resources (regulating and 
provisioning). (For additional discussion on the 
effects of climate on ecosystem services, see 
Ch. 7: Ecosystems and the regional chapters.) 

Forest Carbon Dynamics 
Forest productivity (Key Message 1) is one of 
many factors that determine carbon storage 
potential.109 Typically, soil carbon is the largest 
and most stable carbon pool in forest eco- 
systems,14,110,111,112 but increased above-ground 
biomass production in forests is not necessarily 
accompanied by higher soil carbon content. In 
some locations, heavy rainfall events will result 
in flood-related tree mortality, leading to soil 
erosion and losses of particulate and dissolved 
organic carbon from forests.113 Increased 
disturbances such as harvesting, wildfire, and 
insect and disease damage can also release 
carbon stored in soils, especially where multi- 
ple disturbances occur over a short time span 
(Figure 6.6).114 

 
The fate of carbon in forests depends, in large 
part, on the type, extent, frequency, and sever- 
ity of the disturbance.114,115 Severe disturbances, 
such as stand-replacing wildfire, typically 
result in the immediate release of carbon to  
the atmosphere,32 a reduction in stand produc- 
tivity, the transfer of carbon from live to dead 
pools, and an increase in decomposition.114,115 

Productivity will gradually increase following a 
disturbance, and decomposition will decrease 
as the forest recovers. The abrupt release 
of carbon after a disturbance transitions to 
net carbon uptake through forest regrowth. 
However, the full effect of the disturbance on 
atmospheric CO2 depends on the timing of 
disturbance-induced CO2 releases. Although 
carbon storage in biomass will increase in areas 
where tree growth rates rise, those increases 
will be small compared to the reduced storage 
that occurs in response to more disturbances.18 

Ecosystem Services 
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Forest Disturbances Across the United States 

Figure 6.6: This figure shows the cumulative area of disturbed forestland across the contiguous United States for 1984–2014. 
The small boxes illustrate how disturbances differ regionally. Data for Alaska, Hawai‘i and the U.S.-Affiliated Pacific Islands, and 
the U.S. Caribbean regions were not shown on the original map from the published source. Source: adapted from Williams et 
al. 2016.114 

 

Economic and population growth will affect 
land-use decisions that influence forest-based 
carbon storage. Over the last several decades, 
conversion of forestland to other land uses has 
contributed to CO2 emissions,14,116 and this trend 
is likely to continue, although this is among the 
most significant sources of uncertainty in the 
forest carbon sink in the United States.18,117,118 

The current (2017) U.S. deforestation rate (the 
conversion from forest to nonforest land use) 
of 0.12% per year is more than offset by forest 
gain from afforestation (the establishment of a 

forest where there was no previous tree cover) 
and reforestation, for a net gain of forest area 
of 0.09% per year (679,000 acres).14 Gains occur 
mostly through a transition from grasslands 
and croplands to shrublands, woodlands, and 
forests, and losses occur mostly in urban areas 
(see Ch. 5: Land Changes for details on forest 
land-use trends).14 While some individual states 
have lost forestland, overall, each region of the 
United States (for example, northern, southern, 
Rocky Mountain, and Pacific coast) has gained 
forestland area over the past 20 years.14,16 
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Net storage of atmospheric carbon by forests 
(742 teragrams, or Tg, of CO2 per year from 
1990 to 2015) has offset approximately 11% 
of U.S. CO2 emissions.14 Assuming no policy 
intervention—and accounting for land-use 
change, management, disturbance, and forest 
aging—U.S. forests are projected to continue 
to store carbon but at declining rates (35% less 
than 2013 levels by 2037) as a result of both 
land use and lower CO2 uptake as forests grow 
older.15,16,17,18,42 

 
Although forest area has increased over the 
last few decades (Ch. 5: Land Changes, Figure 
5.1), this trend is projected to level off by 2030, 
then decline gradually as human population 
expands and afforestation on agricultural 
lands slows,18,42 with more rapid leveling in the 
West compared to the East. However, carbon 
accumulation in surface soils (at depths of 0–4 
inches) resulting from reforestation activities 
can help mitigate declining carbon storage in 
U.S. forests over the long term. Surface soils  
in reforested areas are currently accumulating 
13–21 Tg carbon per year, with the potential to 
accumulate hundreds more Tg of carbon within 
a century.112,119 

 
Economic and population trends will affect 
national and global production and consump- 
tion of wood products, which can temporarily 
store carbon. The storage of carbon in and 
emissions from wood products contribute to 
carbon stores and exchanges with the atmo- 
sphere; the carbon stored in wood products 
accumulates as wood is harvested from forests 
at a rate that exceeds carbon  releases  from 
the decay and combustion of wood products 
already in use. The harvested wood products 
pool alone is not a direct sink for atmospheric 
carbon, but losses from the pool are a direct 
source of atmospheric carbon. Although the 
contribution of harvested wood products 
is uncertain, the worldwide net surplus of 
carbon in wood products is estimated to be 

approximately 8% of the established global 
forest sink (189 Tg carbon per year).120 In the 
United States, 76% of the annual domestic har- 
vest input to the wood products pool in 2015 
(110 Tg carbon per year) was offset by release 
processes (84 Tg carbon per year), resulting in 
an increase in wood products of 26 Tg carbon.14 

 
Forest Water Resources 
Forested watersheds provide water for munic- 
ipal water supplies, agricultural irrigation, rec- 
reation, spiritual values, and in-stream flows 
for aquatic ecosystems. Changes in snowfall 
amount, timing, and melt dynamics are 
affecting water availability and stream water 
quality. In the western United States (especially 
the Pacific Northwest), less precipitation is 
falling as snow and more as rain in winter 
months, leading to a longer and drier summer 
season (Ch. 24: Northwest).121 Persistence of 
winter snowpacks has also decreased in the 
northeastern United States over the last few 
decades, with more mid-winter thaws (Ch. 18: 
Northeast). Changing snowmelt patterns are 
likely to alter snowmelt contributions to the 
flushing of soil nutrients into streams in both 
western122 and eastern forests.123 

 
Forest watersheds moderate the effects  of 
extreme climate events such as drought and 
heavy rainfall, thus minimizing downstream 
impacts on aquatic ecosystems and human com- 
munities such as flooding, low flows, and reduced 
water quality. Disturbances and periodic droughts 
affect streamflow and water quality,12,13,124 as do 
changes in forest structure that are influenced by 
climatic variability and change, such as leaf area 
and species distribution and abundance.33 For 
example, drought-related bark beetle outbreaks 
and wildfire kill trees, reducing water uptake and 
evapotranspiration and potentially increasing 
water yield,125 although water yield can decrease 
if regrowing species have higher water-use 
demands than did the insect- 
or fire-killed trees.126 
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Wildfires can also increase forest openness  
by killing midstory and overstory trees, which 
promotes earlier snowmelt from increased 
solar radiation. This, in turn, leads to more 
winter runoff and exacerbates dry summer 
conditions, especially in cooler interior moun- 
tains.127,128 In warmer forests, typically in wetter 
climates where wildfire is currently rare, 
increased forest openness can in some cases 
increase snowpack retention.129 Wildfires can 
increase erosion and sediment in western U.S. 
rivers,130 as well as reduce tree cover adjacent  
to rivers and streams and thus increase stream 
temperature.131,132 In eastern U.S. forests, the 
proportion of tree species with moderate water 
demands (mesophytes) is increasing in many 
areas as a result of fire exclusion, less logging 
and other disturbances, and possibly a warmer 
climate.133,134 Mesophytes transpire more water 
than other species occupying the same area, 
thus reducing streamflow.135,136 

Key Message 3 
 

 
Forest management activities that in- 
crease the resilience of U.S. forests to 
climate change are being implemented, 
with a broad range of adaptation op- 
tions for different resources, including 
applications in planning. The future 
pace of adaptation will depend on 
how effectively social, organizational, 
and economic conditions support 
implementation. 

 
Decisions about how to address climate change 
in the context of forest management need 
to be informed by a better understanding of 
the risks of potential climate  change  effects 
on natural resources and the organizations 
that manage those resources. For example, 
risks posed by ecological disturbances can be 
reduced by first assessing specific disturbance 

components (such as wildfire exposure) and 
second identifying forest management activi- 
ties that can be implemented to reduce risk.52 

However, identifying how climate change will 
alter biophysical conditions (risk assessment) 
and how forest management organizations will 
respond to future changes (risk management) 
is complex. Describing operational (technical 
and financial), economic, and political risks is 
even more difficult. Furthermore, identifying 
interactions among all types of risks at regional 
and local scales will provide land managers 
with the information needed to manage forests 
sustainably across large landscapes (Ch. 28: 
Adaptation).137 To that end, recent nationwide 
projects examining site-specific adaptation 
practices help inform forest management 
focused on maintaining long-term productivity 
under future climatic conditions.20,138,139 

 
Assessments of climate change effects and 
adaptation actions are being incorporated into 
resource management plans, environmental 
assessments, and monitoring programs of 
public agencies.42,140 Adaptation planning tools 
and compendia of adaptation options for forest 
resources are now institutionalized in public 
land management in much of the United States 
(Ch. 28: Adaptation).19,141 Adaptation actions are 
also being implemented by Native American 
tribes and communities, with an emphasis on 
culturally significant forest resources, such as 
flora and fauna, which in turn affect sovereign- 
ty and economic sustainability.142 Adaptation 
is especially urgent for Native American 
communities affiliated with reservations where 
place-based traditional medicine, ceremonial 
practices, and methods of gathering and hunt- 
ing for food contribute to cultural identity (Ch. 
15: Tribes).143 

 
Implementing climate change adaptation 
measures in forest management requires an 
understanding of the effects of climate change 
on different types of forests, forest-related 

Adaptation 
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Climate Change Vulnerabilities and Adaptation Options 

Figure 6.7: To increase resilience to future stressors and disturbances, examples of adaptation options (risk management) have 
been developed in response to climate change vulnerabilities in forest ecosystems (risk assessment) in the Pacific Northwest. 
Vulnerabilities and adaptation options vary among different forest ecosystems. Sources: U.S. Forest Service; University of 
Washington. 

 

enterprises, and resource-dependent com- 
munities (Figure 6.7). However, even if the 
potential magnitude and consequences of 
climate change are well understood and viable 
management responses exist, adaptation 
measures cannot occur unless management 
organizations (on public and private lands) have 
the capacity (people and financial resources, 
enabled by policy) to implement manage- 
ment responses.144 

 
Fortunately, many ongoing practices that 
address existing forest management needs— 
stand density management, surface fuel reduc- 
tion, control of invasive species, and aquatic 
habitat restoration—contribute to the goal of 
increasing resilience to higher temperatures, 
drought, and disturbances.127,144,145,146,147 Fuel 
treatments across large landscapes have the 
additional benefit of creating defensible space 
for fire suppression, especially near the wild- 
land–urban interface. Resource managers are 
evaluating how these practices can be modified 
and implemented to address future climate 
risks.141 For example, forest managers in dry 
western U.S. forests are considering greater 
reductions in stand density to increase forest 

resistance and resilience to fire, insects, and 
drought.148 Implementation of these practices 
can be costly, often confront legal and adminis- 
trative barriers,149 and must consider economic 
tradeoffs associated with management of other 
natural resources.55 

 
Applications of these and other practices 
vary as a function of ownership objectives, 
timber and non-timber wood product markets, 
policy constraints, and setting (urban, rural, or 
wildland–urban interface). For example, land 
managers in regions where short-rotation, 
plantation management of forest tree species  
is common (for example, private lands in the 
southern United States and Pacific Northwest) 
have the flexibility to periodically shift species 
and genetic composition of trees to align with 
future changes in climate and disturbance 
regimes.150 A significant amount of adaptation 
has occurred on public lands, including actions 
that reduce climate-related risks to water 
resources such as 1) design of sustainable 
forest road systems that take into account 
increased flooding hazard, including upsizing 
culverts to match projected streamflows; 2) 
joint planning and design of fuel treatments 
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(including prescribed burning) and watershed 
restoration to create resilient terrestrial and 
aquatic ecosystems;127 3) comprehensive map- 
ping of projected stream temperatures to set 
priorities for riparian restoration and cold- 
water fish conservation;151 and 4) supporting 
viable American beaver populations to facilitate 
retention of cool water in forested aquatic 
systems (Figure 6.8).140 

 
Applying climate change adaptation manage- 
ment activities over large areas of forestland 
will be challenged by projected declines in 
the size of the forest sector workforce and 
receding timber product outputs in some parts 
of the country.42 Declines in the workforce 
mean fewer skilled workers who can carry out 
management actions, although collaborative 
efforts by nongovernmental organizations 
are emerging to assist with climate change 
adaptation.152 Low timber product output, the 
result of abundant supplies of timber and low 
demand for primary and secondary timber 
products,153 means lower prices for timber, 
which have trended downward since the 
late 1990s (e.g., Timber Mart-South 2018154), 
thereby providing fewer opportunities to offset 
treatment costs with sales of timber removed. 
As a result, weak timber markets mean reduced 
incentives for private forest owners to actively 
manage forests in ways that enhance climate 
resilience. However, multiorganization collab- 
oration, widespread availability of adaptation 
options,155,156 and a growing list of examples of 
on-the-ground implementation bode well for 
the future of climate-informed forest manage- 
ment. Flexible management approaches that 
promote learning and sharing among interest- 
ed parties can help accelerate implementation. 

 

 

Reintroducing Beavers to Build Climate 
Resilience 
Figure 6.8: Engineering by beavers encourages the slow 
release of water to downstream users and keeps water cool for 
migrating salmon and other aquatic species. Reintroduction of 
beavers throughout the western United States is helping to retain 
these functions in forested watersheds, increasing resilience to  
a warmer climate and reduced snowpack in mountains. Photo 
credit: Sarah Koenigsberg, courtesy of The Beaver Believers. 
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Traceable Accounts 
Process Description 
Lead authors, chapter authors, and technical contributors engaged in multiple technical dis- 
cussions via teleconference between September 2016 and March 2018, which included a review 
of technical inputs provided by the public and a broad range of published literature as well as 
professional judgment. Discussions were followed by expert deliberation on draft Key Messages 
by the authors and targeted consultation with additional experts by the authors and technical 
contributors. A public engagement webinar on May 11, 2017, solicited additional feedback on the 
report outline. Webinar attendees provided comments and suggestions online and through fol- 
low-up emails. Strong emphasis was placed on recent findings reported in the scientific literature 
and relevance to specific applications in the management of forest resources. 

Key Message 1 

It is very likely that more frequent extreme weather events will increase the frequency and 
magnitude of severe ecological disturbances, driving rapid (months to years) and often 
persistent changes in forest structure and function across large landscapes (high confidence). 
It is also likely that other changes, resulting from gradual climate change and less severe 
disturbances, will alter forest productivity and health and the distribution and abundance of 
species at longer timescales (decades to centuries; medium confidence). 

 
Description of evidence base 
Many ecological responses to climate change in U.S. forests are mediated though disturbance, 
because the occurrence and magnitude of most major forest disturbances are sensitive to subtle 
changes in climate.1 Published literature since the Third National Climate Assessment (NCA3) 
continues to show an increase in the frequency of large (thousands to hundreds of thousands of 
acres) ecological disturbances in forests across the United States. There is strong evidence that 
these changes, in combination with accumulated fuels, have resulted in larger wildfires in recent 
years (the past 10 to 20 years),2,38,39 making them harder to suppress and increasing human health 
and safety concerns for nearby communities40 and wildland firefighters.157 Fire suppression costs 
continue to increase in response to larger fires and an expanding wildland–urban interface. 

Although the increasing size and costs of fighting wildfires are known with high certainty,158 

short- and long-term effects on forests vary according to the ability of tree species to survive or 
regenerate after wildfire.159 Future fire regimes and their impacts on U.S. forests will be governed 
by climate as well as topography, ecosystem productivity, and vegetation adaptations to fire. For 
example, altered distribution and abundance of dominant plant species may affect the frequency 
and extent of future wildfires (Ch. 29: Mitigation). The potential of an area to reburn (that is, burn 
again after experiencing a previous fire) will depend on how the previous fire was suppressed, the 
severity of that fire, how rapidly fuel accumulated after the fire, and postfire management activi- 
ties.53 These variables create uncertainty in predicting the spatial distribution, number, and sizes 
of wildfires in future decades. 

Ecological Disturbances and Forest Health 
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The published literature contains strong evidence that insects are causing rapid changes in forest 
structure and function across large landscapes. Causal factors are primarily elevated tempera- 
tures, droughts, and water stress, which exert indirect effects mediated through host tree species 
and direct effects on insects. For example, in western North America, several species of bark 
beetles have had notable outbreaks over the past 30 years, and some have exceeded the spatial 
extent of what has been previously documented, affecting ecosystem services at broad spatial 
scales.3 The spatial extent of recent outbreaks of mountain pine beetles represents an area larger 
than the 11 smallest U.S. states combined, and insect outbreak models project increased proba- 
bilities of mountain pine beetle population success in the future.23 In addition, evidence suggests 
that climate change is expanding the range of bark beetles in both the western and eastern United 
States,66,70,71 caused by higher minimum temperatures associated with climate change. For example, 
whitebark pine is expected to suffer significant mortality in future decades due to the combined 
effects of white pine blister rust, mountain pine beetles, and climate change.74 

The magnitude and direction of defoliator responses to climate change vary, limiting our ability 
to project the effects of climate change69 and preventing generalizations about climate-related 
effects on defoliators, despite their importance throughout the United States. Fungal pathogens 
that depend on stressed plant hosts for colonization are expected to perform better and have 
greater impacts on forests.63,75,76 In contrast, some pathogens directly affected by moisture avail- 
ability (for example, needle blights) are expected to have reduced impact.75 

Mounting evidence suggests that some bird and insect populations show changes in distribution 
that align with temperature increases in recent decades (Ch. 7: Ecosystems).160,161,162,163 These spe- 
cies groups are characterized by short generation times, high mobility, or both. Some evidence 
suggests that the rate of climate change is outpacing the capacity of trees and forests to adjust, 
placing long-lived tree populations at risk. Species distribution models concur that climate change 
can affect suitable habitat,11 although it is unclear if these effects are translating into species range 
shifts. Some studies report shifts in elevation ranges,97,98 whereas others do not.100,101,103 In summary, 
evidence indicates substantial effects of climate change on forest health but varied capacity for  
tree species to relocate as conditions change. 

Understanding and predicting the effects of climate change on forests are obscured by the slow 
response times of long-lived trees.87 Increasing evidence suggests that climate-related stresses 
weaken trees, predisposing them to additional stresses that take many years to be observed,88  

and that growth reductions following drought can persist for years.7,90,91 For species in which seed 
crops depend on resources stored over several growing seasons, it is likely that reproductive 
responses will lag behind climate variation.92 Recent studies in the eastern United States suggest 
that changes in tree species composition (such as an increased proportion of mesophytes) over 
the past few decades in some forests are contributing to lower streamflow136 and increased vul- 
nerability of forests to drought.164 Warming temperatures and changing precipitation are altering 
leaf phenology (for example, earlier spring leaf-out and later leaf fall) in some areas, which is likely 
to affect forest carbon and water cycling.95,165 

Major uncertainties 

Although wildfire frequency and extent are very likely to increase in a warmer climate, spatial and 
temporal patterns of fire are difficult to project, especially at smaller than regional scales. The 
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effects of a warmer climate are well known for some insect species (such as bark beetles), but the 
effects of long-term thermal changes on most insect species and their community associates are 
uncertain. Scientific information on the effects of climate change on fungal pathogens is sparse, 
making projections of forest diseases uncertain. It is possible to project that some tree species  
will have decreased growth and others increased growth, but the magnitude of growth changes 
is uncertain. Finally, species distribution and abundance are likely to change in a warmer climate, 
but the magnitude, geographic specificity, and rate of future changes are uncertain. 

Description of confidence and likelihood 

Published literature and model projections imply high confidence that more frequent extreme 
weather events will increase the frequency and extent of large ecological disturbances, driving 
rapid (months to years) and often persistent changes in forest structure and function across 
large landscapes. Forests are long-lived and inherently resilient to climatic variability, so long- 
term monitoring (of, for example, growth and productivity, structure, regeneration, and species 
distribution and abundance) will be needed to confirm the direct effects of incremental changes 
in temperature. As a result, there is medium confidence that changes resulting from direct (but 
gradual) climate change and less severe disturbances will occur in the context of altered forest 
productivity, health, and species distribution and abundance that occur at longer timescales 
(decades to centuries). 

Key Message 2 

It is very likely that climate change will decrease the ability of many forest ecosystems to 
provide important ecosystem services to society. Tree growth and carbon storage are expected to 
decrease in most locations as a result of higher temperatures, more frequent drought, and 
increased disturbances (medium confidence). The onset and magnitude of climate change 
effects on water resources in forest ecosystems will vary but are already occurring in some 
regions (high confidence). 

 
Description of evidence base 
Altered forest conditions caused by a changing climate are likely to influence the quantity 
and quality of many of the ecosystem services that humans derive from forests, and climate 
change is expected to increase the frequency and severity of natural disturbances in the coming 
decades and to reduce forest growth in most places.18 Extreme high temperatures can also cause 
heat-related stress in vegetation and exacerbate drought conditions, potentially increasing tree 
mortality and reducing forest productivity.7,166 Positive effects of carbon dioxide (CO2) on growth 
will be negated in some species and locations by low soil fertility167 and by air pollutants such as 
ground-level ozone, where concentrations of those pollutants are high enough to cause toxic 
effects in plants.84 

Most evidence suggests that increased carbon sinks (caused by higher growth rates and more 
forest area in some regions) will not be sufficient to offset higher emissions from increased dis- 
turbances and enhanced release of carbon from decomposition in the future.114,168,169,170 U.S. forests 

Ecosystem Services 
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are projected to continue to sequester carbon but at declining rates caused by land-use change 
and aging forests.18 In the western United States, the aging of forests, coupled with disturbance 
dynamics, is projected to diminish carbon sequestration to negligible levels by around 2050, and 
some forests (for example, dry western forests with frequent fire and some eastern hardwood 
forests) will likely become a carbon source.18 Younger productive forests in the eastern United 
States portend high carbon uptake rates, although harvest-related emissions substantially reduce 
the net effect on atmospheric carbon. 

Land-use change that increases forest cover (such as cropland converted to forestland) is a major 
contributor to reductions in atmospheric CO2,116 but this conversion is expected to slow in the near 
future.118 The estimated net carbon flux in the United States associated with forestland conversion 
is approximately zero, with gains in forestland constituting +23 teragrams (Tg) of carbon per year 
and losses resulting in emissions of −23 Tg carbon per year over the last decade. The estimated 
emissions constitute decades, and in some cases centuries, of accumulated carbon within forest 
ecosystems, which is abruptly or gradually released to the atmosphere during conversion from 
forest to nonforest land. In contrast, gains in forestland represent carbon sequestration only from 
new growth of live biomass and the accumulation of newly dead organic matter over the 20 or so 
years since the renewal of forest cover. 

Economic conditions and population growth will affect national and global production and con- 
sumption of wood products, which can temporarily sequester carbon (currently 189 Tg carbon per 
year, or 8% of the global forest sink).120 Increases in wood products carbon are contingent on a 
sustained or increasing rate of harvest removals of forest carbon or on a shift toward forest prod- 
ucts that exist for long periods of time before they are no longer suitable for reuse or recycling. In 
the United States, 76% of the annual domestic harvest input to the wood products pool in 2015 (110 
Tg carbon) was offset by release processes (84 Tg carbon), yielding a corresponding net increase 
in wood products of 26 Tg carbon.14 However, if harvest rates decline (as they did in 2007–2009, 
during the last economic recession), net additions to wood products will likely be lower than 
emissions from wood harvested in prior years.14 Looking ahead, carbon storage in wood products 
is expected to increase by 7–8 Tg carbon per year over the next 25 years.171 

Snowfall amount, timing, and melt dynamics are affecting water availability and stream water 
quality in the western United States, where less precipitation is falling as snow and more as rain in 
winter months, leading to longer and drier summer seasons.121 Furthermore, rapid opening of for- 
ests in the western United States by wildfire has caused faster spring snowmelt through increased 
solar radiation and decreased reflectivity of radiation from charcoal,128 leading to drier summer 
conditions that offset increased water yield following a disturbance.127 The persistence of winter 
snowpack in the northeastern United States has declined over the last few decades; mid-winter 
thaws have become more common, and snowmelt flushing of mobilized soil nutrients into streams 
has become less common, although increased variability in climate–hydrology interactions can 
alter flushing.172 

Major uncertainties 

It is difficult to identify geographically specific changes in forest conditions at fine scales because 
of high spatial variability in forest structure and function and variability in projections of climate 
change and how it will affect large disturbances (drought, wildfire, insect outbreaks). Uncertainties 
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about the rate and magnitude of climate change effects on carbon sequestration are moderately 
high, because it is difficult to project future trends in forest cover and socioeconomic influences 
on forest management (for example, demand for wood products, bioenergy). Although empirical 
evidence for young trees indicates that atmospheric enrichment of CO2 can enhance tree growth, 
few long-term data on mature trees are available on which to base inferences about long-term 
forest productivity.173 Temporal patterns and magnitude of carbon sequestration, especially after 
2050, will be affected by uncertainties related to future land-use conversions (from forests to 
other uses and vice versa) and the production of wood products. 

Description of confidence and likelihood 

Because of variability in forest structure and function and species-level variation in adaptive 
capacity to climate change, it is difficult to project future changes in forest conditions at smaller 
than regional scales. Hence, there is medium confidence about how ecosystem services will be 
affected in different forest ecosystems, including effects on tree growth and carbon storage, as a 
function of higher temperature, more frequent drought, and increased disturbance. Observations 
from recent droughts and changing snowfall/snowmelt dynamics provide high confidence that 
climate change effects on water are already occurring in some regions, although the onset and 
magnitude of future effects will vary regionally. 

Key Message 3 

Forest management activities that increase the resilience of U.S. forests to climate change 
are being implemented (high confidence), with a broad range of adaptation options for 
different resources, including applications in planning (medium confidence). The future pace of 
adaptation will depend on how effectively social, organizational, and economic conditions 
support implementation (high confidence). 

 
Description of evidence base 
Climate change vulnerability assessments and adaptation planning efforts for forest ecosystems 
have been conducted at many locations (for example, forests in the western United States and 
upper Midwest) over the last decade.19,140,141,144,174 These efforts have produced a broad range of 
adaptation options, including climate-informed practices for forest density management, water 
management, road management, and restoration.19,144,175 

In general, practices that mitigate stressors in forest and aquatic systems increase resistance (the 
ability of a system to withstand a perturbation) and resilience (the ability of a system to return to 
a previous state after a perturbation) to climate change.127,144 For example, restoring riparian veg- 
etation helps to stabilize stream banks and provides shade to streams, thus helping to moderate 
stream temperatures.127 Similarly, culvert replacement under forest roads can improve fish passage 
and reduce damage from flooding events.127 Tools are now available to help in the prioritization of 
aquatic and riparian habitat restoration.150 

There is strong evidence that stand density management can increase forest resistance and 
resilience to disturbances, including wildfire and bark beetle infestations in dry forest types. A 

Adaptation 
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growing body of evidence suggests that reducing stand density in most forest types can increase 
forest resilience to drought by increasing soil water availability and decreasing competition.146,148,176 

Reductions in stand density, combined with hazardous fuel treatments, can increase resilience 
to wildfire by reducing wildfire intensity and crown fires in western dry conifer forests and 
southern conifer forests.141,145,174 Evidence also suggests that stand density management can reduce 
the incidence of bark beetles and subsequent mortality in some coniferous forests (for example, 
lodgepole pine forests).177 All of these practices—in addition to “firewise” practices near buildings 
and infrastructure on public and private lands 178 and the use of prescribed fire where possible— 
improve the resilience of organizations and communities to increased frequency of wildfire.179 

Wildfire has been an important disturbance in aquatic ecosystems for millennia,180 and its frequen- 
cy will increase in the future. Management responses to changing climate and fire regimes will 
need to be developed in the context of how past land use impaired aquatic function. Coordinating 
restoration in adjacent riparian and forest habitats can help ensure that beneficial effects of fire 
are retained across the aquatic–terrestrial interface.181 

Examples of on-the-ground implementation of adaptation options to increase ecosystem 
resistance and resilience to climate change are emerging in the scientific literature.138,139,141 

However, exploration of potential management actions is more common than on-the-ground 
action,18,19,127,140,145,175 suggesting that implementation is still in the early stages. 

Major uncertainties 

Evidence for the long-term effectiveness of climate change adaptation is derived primarily from 
our current understanding of how specific actions (for example, forest thinning, restoration 
of riparian systems, conservation of biodiversity) sustain the functionality of terrestrial and 
aquatic systems.127 Physical and biological conditions of ecosystems are constantly changing, and 
interactions among multiple ecosystem stressors could have unforeseen outcomes on ecosystem 
composition, structure, and function. Thus, the long-term effectiveness of adaptation actions for 
increasing forest resistance and resilience to climate change is uncertain until a sufficient time 
series of monitoring data is available, requiring decades of observations. 

The future pace of adaptation and barriers to its implementation are also uncertain, and it is 
expected that many forest management challenges will persist in the future. However, new 
challenges and barriers may emerge,182 and it is difficult to predict how society and organiza- 
tions will respond. 

Description of confidence and likelihood 

There is high confidence that climate change adaptation planning in forest management is 
occurring, particularly in U.S. federal agencies (especially national forests in the western and 
northeastern United States) (Ch. 28: Adaptation)19,140,175 and Native American tribes.142 Because of the 
limited number of examples in the scientific literature, there is medium confidence that adaptation 
planning is progressing to the application stage, where forest management plans are altered and 
on-the-ground management activities are implemented to mitigate the effects of climate change. 
However, there is high confidence that future progress in climate change adaptation planning and 
implementation will depend on social, organizational, and economic conditions. 
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Key Message 1 Kodiak National Wildlife Refuge, Alaska 
 

 
Climate change continues to impact species and populations in significant and 
observable ways. Terrestrial, freshwater, and marine organisms are responding to 
climate change by altering individual characteristics, the timing of biological events, and 
their geographic ranges. Local and global extinctions may occur when climate change 
outpaces the capacity of species to adapt. 

 
Key Message 2 

 

Climate change is altering ecosystem productivity, exacerbating the spread of invasive 
species, and changing how species interact with each other and with their environment. 
These changes are reconfiguring ecosystems in unprecedented ways. 

Key Message 3 
 

The resources and services that people depend on for their livelihoods, sustenance, 
protection, and well-being are jeopardized by the impacts of climate change on 
ecosystems. Fundamental changes in agricultural and fisheries production, the supply of 
clean water, protection from extreme events, and culturally valuable resources are 
occurring. 

Impacts on Species and Populations 

7 
Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II 

Ecosystems, Ecosystem Services, and Biodiversity 

Impacts on Ecosystems 

Ecosystem Services at Risk 
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Key Message 4 
 

Traditional natural resource management strategies are increasingly challenged by the 
impacts of climate change. Adaptation strategies that are flexible, consider interacting 
impacts of climate and other stressors, and are coordinated across landscape 
scales are progressing from theory to application. Significant challenges remain to 
comprehensively incorporate climate adaptation planning into mainstream natural 
resource management, as well as to evaluate the effectiveness of implemented actions. 

Executive Summary 
 

Biodiversity—the variety of life on Earth—pro- 
vides vital services that support and improve 
human health and well-being. Ecosystems, 
which are composed of living things that 
interact with the physical environment, provide 
numerous essential benefits to people. These 
benefits, termed ecosystem services, encom- 
pass four primary functions: provisioning 
materials, such as food and fiber; regulating 
critical parts of the environment, such as water 
quality and erosion control; providing cultural 
services, such as recreational  opportunities 
and aesthetic value; and providing supporting 
services, such as nutrient cycling.1 Climate 
change poses many threats and potential 
disruptions to ecosystems and biodiversity, 
as well as to the ecosystem services on which 
people depend. 

 
Building on the findings of the Third National 
Climate Assessment (NCA3),2 this chapter pro- 
vides additional evidence that climate change 
is significantly impacting ecosystems and 
biodiversity in the United States. Mounting evi- 
dence also demonstrates that climate change 
is increasingly compromising the ecosystem 
services that sustain human communities, 

economies, and well-being. Both human and 
natural systems respond to change, but their 
ability to respond and thrive under new condi- 
tions is determined by their adaptive capacity, 
which may be inadequate to keep pace with 
rapid change. Our understanding of climate 
change impacts and the responses of biodiver- 
sity and ecosystems has improved since NCA3. 
The expected consequences of climate change 
will vary by region, species, and ecosystem 
type. Management responses are evolving as 
new tools and approaches are developed and 
implemented; however, they may not be able 
to overcome the negative impacts of climate 
change. Although efforts have been made 
since NCA3 to incorporate climate adaptation 
strategies into natural resource management, 
significant work remains to comprehensively 
implement climate-informed planning. This 
chapter presents additional evidence for 
climate change impacts to biodiversity, eco- 
systems, and ecosystem services, reflecting 
increased confidence in the findings reported 
in NCA3. The chapter also illustrates the com- 
plex and interrelated nature of climate change 
impacts to biodiversity, ecosystems, and the 
services they provide. 

Challenges for Natural Resource Management 
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Climate Change, Ecosystems, and Ecosystem Services 
 

Climate and non-climate stressors interact synergistically on biological diversity,  ecosystems, and the services they provide  
for human well-being. The impact of these stressors can be reduced through the ability of organisms to adapt to changes       
in their environment, as well as through adaptive management of the resources upon which humans depend. Biodiversity, 
ecosystems, ecosystem services, and human well-being are interconnected: biodiversity underpins ecosystems, which in turn 
provide ecosystem services; these services contribute to human well-being. Ecosystem structure and function can also influence 
the biodiversity in a given area. The use of ecosystem services by humans, and therefore the well-being humans derive from 
these services, can have feedback effects on ecosystem services, ecosystems, and biodiversity. From Figure 7.1 (Sources: 
NOAA, USGS, and DOI). 
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State of the Sector 
 

All life on Earth, including humans, depends on 
the services that ecosystems provide, including 
food and materials, protection from extreme 
events, improved quality of water and air, and 
a wide range of cultural and aesthetic values. 
Such services are lost or compromised when 
the ecosystems that provide them cease to 
function effectively. Healthy ecosystems have 
two primary components: the species that 
live within them, and the interactions among 
species and between species and their environ- 
ment. Biodiversity and ecosystem services are 
intrinsically linked: biodiversity contributes to 
the processes that underpin ecosystem ser- 
vices; biodiversity can serve as an ecosystem 
service in and of itself (for example, genetic 
resources for drug development); and biodi- 
versity constitutes an ecosystem good that is 
directly valued by humans (for example, appre- 
ciation for variety in its own right).3 Significant 
environmental change, such as climate change, 
poses risks to species, ecosystems, and the 
services that humans rely on. Consequently, 

identifying measures to minimize, cope with, 
or respond to the negative impacts of climate 
change is necessary to reduce biodiversity loss 
and to sustain ecosystem services.4 

 
This chapter focuses on the impacts of climate 
change at multiple scales: the populations and 
species of living things that form ecosystems;  
the properties and processes that support 
ecosystems; and the ecosystem services that 
underpin human communities, economies, and 
well-being. The key messages from NCA3 (Table 
7.1) have been strengthened over the last four 
years by new research and monitoring networks. 
This chapter builds on the NCA3 findings and 
specifically emphasizes how climate impacts 
interact with non-climate stressors to affect 
ecosystem services. Furthermore, it describes 
new advances in climate adaptation efforts, as 
well as the challenges natural resource managers 
face when seeking to sustain ecosystems or to 
mitigate climate change (Figure 7.1). 

 
 

Key Messages from Third National Climate Assessment 

Climate change, combined with other stressors, is overwhelming the capacity of ecosystems to buffer the impacts from 
extreme events like fires, floods, and storms. 

 
Timing of critical biological events, such as spring bud burst, emergence from overwintering, and the start of migrations, has 
shifted, leading to important impacts on species and habitats. 

Table 7.1: Key Messages from the Third National ClimateAssessment Ecosystems, Biodiversity, and Ecosystem Services Chapter2 

Landscapes and seascapes are changing rapidly, and species, including many iconic species, may disappear from regions 
where they have been prevalent or become extinct, altering some regions so much that their mix of plant and animal life will 
become almost unrecognizable. 

Climate change impacts on ecosystems reduce their ability to improve water quality and regulate water flows. 

Whole system management is often more effective than focusing on one species at a time, and can help reduce the harm to 
wildlife, natural assets, and human well-being that climate disruption might cause. 

https://www.globalchange.gov/climate-change/glossary#letter_b
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Climate Change, Ecosystems, and Ecosystem Services 
 

Figure 7.1: Climate and non-climate stressors interact synergistically on biological diversity, ecosystems, and the services they 
provide for human well-being. The impact of these stressors can be reduced through the ability of organisms to adapt to changes 
in their environment, as well as through adaptive management of the resources upon which humans depend. Biodiversity, 
ecosystems, ecosystem services, and human well-being are interconnected: biodiversity underpins ecosystems, which in turn 
provide ecosystem services; these services contribute to human well-being. Ecosystem structure and function can also influence 
the biodiversity in a given area. The use of ecosystem services by humans, and therefore the well-being humans derive from 
these services, can have feedback effects on ecosystem services, ecosystems, and biodiversity. Sources: NOAA; USGS; DOI. 

 
Species and Populations 
There is increasing evidence that climate change 
is impacting biodiversity, and species and popula- 
tions are responding in a variety of ways. Individ- 
uals may acclimate to new conditions by altering 
behavioral, physical, or physiological character- 
istics, or populations may evolve new or altered 
characteristics that are better suited to their 
current environment. Additionally, populations 
may track environmental conditions by moving to 
new locations. The impacts of climate change on 
biodiversity have been observed across a range of 
scales, including at the level of individuals (such 
as changes in genetics, behavior, physical char- 
acteristics, and physiology), populations (such 
as changes in the timing of life cycle events), and 
species (such as changes in geographic range).5 

Changes in individual characteristics: At an 
individual level, organisms can adapt to climate 
change through shifts in behavior, physiology, or 
physical characteristics.5,6,7,8 These changes have 
been observed across a range of species in terres- 
trial, freshwater, and marine systems.5,6,7,8 Some 
individuals have the ability to immediately alter 
characteristics in response to new environmental 
conditions. Behavioral changes, such as changes 
in foraging, habitat use, or predator avoidance, 
can provide an early indication of climate change 
impacts because they are often observable before 
other impacts are apparent.6 

 
However, some immediate responses to environ- 
mental conditions are not transmitted to the next 
generation. Ultimately, at least some evolutionary 
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response is generally required to accommodate 
long-term, directional change.9 Although 
relatively fast evolutionary changes have been 
documented in the wild,10,11,12 rapid environmental 
changes can exceed the ability of species to track 
them.13 Thus, evidence to date suggests that 
evolution will not fully counteract negative effects 
of climate change for most species. Importantly, 
many human-caused stressors, such as habitat 
loss or fragmentation (Figure 7.2) (see also Ch. 
5: Land Changes, “State of the Sector” and KM 
2), reduce the abundance as well as the genetic 
diversity of populations. This in turn compromis- 
es the ability of species and populations to cope 
with additional disturbances.14 

 
Changes in phenology: The timing of important 
biological events is known as phenology and is a 
key indicator of the effects of climate change on 

ecological communities.16,17,18,19 Many plants and 
animals use the seasonal cycle of environmental 
events (such as seasonal temperature transitions, 
melting ice, and seasonal precipitation patterns) 
as cues for blooming, reproduction, migration, or 
hibernation. Across much of the United States, 
spring is starting earlier in the year relative to 
20th-century averages, although in some regions 
spring onset has been delayed (Figure 7.3) (see 
also Ch. 1: Overview, Figure 1.2j).20,21,22 In marine 
and freshwater systems, the transition from 
winter to spring temperatures23 and the melting 
of ice24 are occurring earlier in the spring, with 
significant impacts on the broader ecosystem. 
Phytoplankton can respond rapidly to such 
changes, resulting in significant shifts in the 
timing of phytoplankton blooms and causing cas- 
cading food web effects (Ch. 9: Oceans, KM 2).19,24 

 

Genetic Diversity and Climate Exposure 
 

Figure 7.2: Genetic diversity is the fundamental basis of adaptive capacity. Throughout the Pacific Northwest, (a) bull trout 
genetic diversity is lowest in the same areas where (b) climate exposure is highest; in this case, climate exposure is a 
combination of maximum temperature and winter flood risk. Sub-regions within the broader Columbia River Basin (shaded 
gray) represent different watersheds used in the vulnerability analysis. Values are ranked by threat, such that the low genetic 
diversity and high climate exposure are both considered “high” threats (indicated as red in the color gradient). Source: adapted 
from Kovach et al. 2015.15 

https://www.globalchange.gov/climate-change/glossary#letter_p
https://www.globalchange.gov/climate-change/glossary#letter_p
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Trends in First Leaf and First Bloom Dates 
 

Figure 7.3: These maps show observed changes in timing of the start of spring over the period 1981–2010, as represented by 
(top) an index of first leaf date (the average date when leaves first appear on three indicator plants) and (bottom) an index of first 
bloom date (the average date when blossoms first appear on three indicator plants). Reds and yellows indicate negative values 
(a trend toward earlier dates of first leaf or bloom); blues denote positive values (a trend toward later dates). Units are days per 
decade. Indices are derived from models driven by daily minimum and maximum temperature throughout the early portion of the 
growing season. Source: adapted from Ault et al. 2015.21 

 

One emerging trend is that the rate of phe- 
nological change varies across trophic levels 
(position in a food chain, such as producers and 
consumers),25,26 resulting in resource mismatches 
and changes to species interactions. Migratory 
species are particularly vulnerable to phenological 
mismatch if their primary food source is not avail- 
able when they arrive at their feeding grounds 
or if they lack the flexibility to shift to other food 
sources.27,28,29 

 
Changes in range: Climate change is resulting 
in large-scale shifts in the range and abun- 
dance of species, which are altering terrestrial, 
freshwater, and marine ecosystems.2,30,31,32,33 

Range shifts reflect changes in the distribution 

of a population in response to changing 
environmental conditions and can occur as  
a result of directional movement or different 
rates of survival (Ch. 1: Overview, Figure 1.2h). 
The ability of a species to disperse affects the 
rate at which species can shift their geographic 
range in response to climate change and hence 
is an indicator of adaptive capacity.34 Climate 
change has led to range contractions in nearly 
half of studied terrestrial animals and plants 
in North America; this has generally involved 
shifts northward or upward in elevation.35 

High-elevation species may be more exposed 
to climate change than previously expected36 

and seem particularly affected by range shifts.37 

In marine environments, many larval and adult 

https://www.globalchange.gov/climate-change/glossary#letter_t
https://www.globalchange.gov/climate-change/glossary#letter_r
https://www.globalchange.gov/climate-change/glossary#letter_r
https://www.globalchange.gov/climate-change/glossary#letter_d
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fish have also shown distribution shifts— 
primarily northward, but also along coastal 
shelves and to deeper water—that correspond 
with changing conditions.38 

 
Species vary in the extent to which they track 
different aspects of climate change (such as 
temperature and precipitation),39,40,41 which has 
the potential to cause restructuring of commu- 
nities across many ecosystems. This variation 
is increasingly being considered in research 
efforts in order to improve predictions of 
species range shifts.42,43,44 Finally, habitat 
fragmentation and loss of connectivity (due to 
urbanization, roads, dams, etc.) can prevent 
species from tracking shifts in their required 
climate; efforts to retain, restore, or establish 
climate corridors can, therefore, facilitate 
movements and range shifts.18,45,46,47 

 
Ecosystems 
Climate-driven changes in ecosystems derive 
from the interacting effects of species- and 
population-level responses, as well as the direct 
impacts of environmental drivers. Since NCA3, 
there have been advances in our understanding 
of several fundamental ecosystem properties 
and characteristics, including: primary produc- 
tion, which defines the overall capacity of an 
ecosystem to support life; invasive species; and 
emergent properties and species interactions. 
Particular ecosystems that are experiencing 
specific climate change impacts, such as ocean 
acidification (Ch. 9: Oceans), sea level rise (Ch. 
8: Coastal, KM 2), and wildfire (Ch. 6: Forests,  
KM 1), can be explored in more detail in sectoral 
and regional chapters (see also Ch. 1: Overview, 
Figures 1.2i, 1.2g, and 1.2k). 

 
Changing primary productivity: Almost all life 
on Earth relies on photosynthetic organisms. 
These primary producers, such as plants and 
phytoplankton, are responsible for producing 
Earth’s oxygen, are the base of most food webs, 
and are important components of carbon 

cycling and sequestration. Diverse observa- 
tions suggest that global terrestrial primary 
production has increased over the latter 20th 
and early  21st  centuries.48,49,50,51  This  change 
has been attributed to a combination of the 
fertilizing effect  of  increasing  atmospheric 
CO2, nutrient additions from human activities, 
longer growing seasons, and forest regrowth, 
although the precise  contribution  of  each 
factor remains unresolved (Ch. 6: Forests, KM  
2; Ch. 5: Land Changes, KM 1).50,51,52 Regional 
trends, however, may differ significantly from 
global averages. For example, heat waves, 
drought, insect outbreaks, and forest fires in 
some U.S. regions have killed millions of trees 
in recent years (Ch. 6: Forests, KM 1 and 2). 

 
Marine primary production depends on a com- 
bination of light, which is prevalent at the ocean’s 
surface, and nutrients, which are available at 
greater depths. The separation between surface 
and deeper ocean layers has grown more pro- 
nounced over the past century as surface waters 
have warmed.53 This has likely increased nutrient 
limitation in low- and midlatitude oceans. Direct 
evidence for declines in primary productivity, 
however, remains mixed.54,55,56,57,58,59,60 

 
Invasive species: Climate change is aiding the 
spread of invasive species (nonnative organisms 
whose introduction to a particular ecosystem 
causes or is likely to cause economic or envi- 
ronmental harm). Invasive species have been 
recognized as a major driver of biodiversity 
loss.61,62,63 The worldwide movement of goods and 
services over the last 200 years has resulted in an 
increasing rate of introduction of nonnative spe- 
cies globally,64,65 with no sign of slowing.66 Global 
ecological and economic costs associated with 
damages caused by nonnative species and their 
control are substantial (more than $1.4 trillion 
annually).61 The introduction of invasive species, 
along with climate-driven range shifts, is creating 
new species interactions and novel ecological 
communities, or combinations of species with 
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no historical analog.67,68 Climate change can favor 
nonnative invading species over native ones.69,70 

Extreme weather events aid species invasions 
by decreasing native communities’ resistance to 
their establishment and by occasionally putting 
native species at a competitive disadvantage, 
although these relationships are complex and 
warrant further study.71,72,73,74 Climate change can 
also facilitate species invasions through physio- 
logical impacts, such as by increasing per capita 
reproduction and growth rates.69,75,76 

 
Changing species interactions and emergent 
properties: Emergent properties of ecosystems 
refer to changes in the characteristics,  function, 
or composition of natural communities. This 
includes changes in the strength and intensity of 
interactions among species, altered combinations 
of community members (known as assemblages), 
novel species interactions, and hybrid or novel 
ecosystems.78 There is mounting evidence that in 
some systems (such as plant–insect food webs), 
higher trophic levels are more sensitive than 
lower trophic levels to climate-induced changes 
in temperature, water availability,79,80,81 and 
extreme events.82 Predator responses to these 
stressors can lead to higher energetic needs and 

increased consumption,83 shifts or expansion in 
seasonal demand on prey resources, or resource 
mismatches.84,85 Some predators may be able to 
adapt to changing conditions by switching to 
alternative or novel food sources86 or adjusting 
their behavior to forage in cooler habitats to 
alleviate heat stress.87 Such changes at higher tro- 
phic levels directly affect the energetic demands 
and mortality rates of prey88 and have important 
impacts on ecosystem functioning, such as 
biological activity and productivity (as indicated 
by community respiration rates),89 and on the 
flow of energy and nutrients within communities 
and across habitats. For example, in Alaska, brown 
bears have recently altered their preference for 
salmon to earlier-ripening berries, changing 
both salmon mortality rates and the transfer  
of oceanic nutrients to terrestrial habitats.90 

Warming is changing community composition, 
as species with lower tolerances to disturbance91 

and nonoptimal conditions92 are outcompeted. 
Declining diversity in life histories as a result of 
climate change is also expected to result in more 
uniform, less varied population structures, in turn 
resulting in increased competition and potentially 
contributing to local extinctions and reduced 
community resilience.29,93 

 

 
Lionfish are an invasive species in the Atlantic, and their range is projected to expand closer to the U.S. Atlantic coastline in the 
future as a result of climate change. Photo credit: G.P. Schmahl, NOAA Flower Garden Banks National Marine Sanctuary. 

https://www.globalchange.gov/climate-change/glossary#letter_e
https://www.globalchange.gov/climate-change/glossary#letter_l


7 | Ecosystems, Ecosystem Services, and Biodiversity 

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

 

 

 

Projected Range Expansion of Invasive Lionfish 
 

Figure 7.4: Lionfish, native to the Pacific Ocean, are an invasive species in the Atlantic. Their range is projected to expand 
closer to (a) the U.S. Atlantic coastline as a result of climate change. The maps show projected range expansion of the invasive 
lionfish in the southeast United States by mid-century (green) and end of the century (red), based on (b) the lower and (c) 
higher scenarios (RCP4.5 and RCP8.5, respectively), as compared to their recently observed range (blue). The projected range 
shifts under a higher scenario (RCP8.5) represents a 45% increase over the current year-round range. Venomous lionfish    
are opportunistic, generalist predators that consume a wide variety of invertebrates and fishes and may compete with native 
predatory fishes. Expansion of their range has the potential to increase the number of stings of divers and fishers. Source: 
adapted from Grieve et al. 2016.77 

 

Ecosystem Services 
Increasing evidence since NCA3 demonstrates 
that climate change continues to affect the 
availability and delivery of ecosystem services, 
including changes to provisioning, regulating, 
cultural, and supporting services. Humans, bio- 
diversity, and ecosystem processes interact with 
each other dynamically at different temporal and 
spatial scales.94 Thus, the climate-related changes 
to ecosystems and biodiversity discussed in this 
and other chapters of this report all have con- 
sequences for numerous ecosystem services. In 
addition, these climate-related impacts interact 
with other non-climate stressors, such as pollu- 
tion, overharvesting, and habitat loss, to produce 
compounding impacts on ecosystem services.95,96 

 
The adaptive capacity of human communities 
to deal with these changes will partly deter- 
mine the magnitude of the resulting impacts to 
ecosystem services. For example, the shifting 
range of fish stocks (Ch. 9: Oceans, KM 2), an 
example of a provisioning ecosystem service, 
may require vessels to travel further from port, 
invest in new fishing equipment, or stop fishing 
altogether; each of these responses implies 

increasing levels of costs to society.97 A reduc- 
tion in biodiversity that impacts the abundance 
of charismatic and aesthetically valuable 
organisms, such as coral reefs, can lead to a 
reduction in wildlife-related ecotourism and 
may result in negative economic consequences 
for the human communities that rely on them 
for income.3 Climate change can also impact 
ecosystem services such as the regulation 
of climate and air, water, and soil quality.98 

Although climate change impacts on ecosystem 
services will not be uniformly negative, even 
apparently positive impacts of climate  change 
can result in costly changes. For example,  in 
areas experiencing longer growing seasons (Ch. 
10: Ag & Rural, KM 3), farmers would need to 
shift practices and invest in new infrastructure 
(Ch. 12: Transportation, KM 1 and 2) in order to 
fully realize the  benefits  of  these  climate- 
driven changes. Moreover, different human 
communities and segments of society will 
be more vulnerable than others based on 
their ability to adapt; jurisdictional borders, 
for instance, may limit human migration in 
response to climate change.99 



7 | Ecosystems, Ecosystem Services, and Biodiversity 

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

 

 

 

Oyster reefs exemplify the myriad ways in which 
ecosystem components support ecosystem ser- 
vices, including water quality regulation, nutrient 
and carbon sequestration, habitat formation, and 
shoreline protection. These services are reduced 
when oyster reefs are impacted by climate change 
through, for example, sea level rise100,101 and ocean 
acidification.102 A recent study estimated that the 
economic value of the non-harvest ecosystem 
services provided by oyster reefs ranges from 
around $5,500 to $99,400 (in 2011 dollars) per year 
per hectare. The value of shoreline protection 
varied depending on the location but had the 
highest possible value of up to $86,000 per  
hectare per year (in 2011 dollars).103 Coral reefs, 
which provide shoreline protection and support 
fisheries and recreation, are also threatened by 
ocean warming and acidification. The loss of 
recreational benefits associated with  coral  reefs 
in the United States is projected to be $140 billion 
by 2100 (in 2015 dollars) under a higher scenario 
(RCP8.5) (Ch. 9: Oceans, KM 1).104 

Regional Summary 
 

All regions and ecosystems of the United  
States are experiencing the impacts of climate 
change. However, impacts will vary by region 
and ecosystem: not all areas will experience  
the same types of impacts, nor will they expe- 
rience them to the same degree (Ch. 2: Climate, 
KM 5 and 6). Regional variation in climate 
impacts are covered in detail in other sectoral 
and regional chapters of the Fourth National 
Climate Assessment. However, in Figure 7.5, a 
wide range of regional examples are provided 
at multiple scales to demonstrate the varied 
ways in which biodiversity, ecosystems, and 
ecosystem services are being impacted around 
the United States. 
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Regional Ecosystems Impacts 
 

Figure 7.5: This figure shows selected examples of impacts to biodiversity, ecosystems, and ecosystem services that are linked 
to climate change throughout the United States. See the online version at https://nca2018.globalchange.gov/chapter/7#fig-7-5 
for more examples and references. Source: adapted from Groffman et al. 2014. 
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Key Message 1 
 

 
Climate change continues to impact spe- 
cies and populations in significant and 
observable ways. Terrestrial, freshwater, 
and marine organisms are responding 
to climate change by altering individual 
characteristics, the timing of biological 
events, and their geographic ranges. 
Local and global extinctions may occur 
when climate change outpaces the ca- 
pacity of species to adapt. 

 
Climate change continues to alter species’ 
characteristics, phenologies, abundances, and 
geographical ranges, but not all species are 
affected equally. Generalists (species that use 
a wide range of resources) are better able to 
adapt to or withstand climate-driven chang- 
es,90 while specialists (species that depend on 
just a few resources), small or isolated popu- 
lations, and species at the edge of their ranges 
have limited abilities to adjust to unfavorable or 
new environmental conditions.27,105,106 

 
Species’ survival depends on the presence and 
flexibility of traits to adapt to climate change; 
traits may occur within the existing genetic 
structure of a population (that is, plasticity) or 
arise through evolution. Changes in individual 
characteristics are one of the most immediate 
mechanisms an organism has to cope with 
environmental change, and species have 
demonstrated both plastic and evolutionary 
responses to recent climate change.9,10,11,12 For 
example, snowshoe hares rely on coat color to 
camouflage them from predators, but earlier 
spring snowmelts have increased the number 
of white animals on snowless backgrounds. 
While individual animals have exhibited some 
ability to adjust the rate of molting, they have 
limited capacity to adjust the timing of color 
change.9 Consequently, evolution in the timing 

of molting may be needed to ensure per- 
sistence under future climate conditions. 

 
Shifts in range and phenology also indicate 
species’ ability to cope with climate change 
through the presence and flexibility of partic- 
ular traits (for example, behavior and dispersal 
abilities). In studies spanning observational 
periods of up to 140 years, terrestrial animal 
communities have shifted ranges an average 
of 3.8 miles per decade.107 Larger shifts of up 
to 17.4 miles per decade have been recorded 
for marine communities17,38,108 in observations 
spanning up to a century. Birds in North 
America have shifted their ranges in the last 60 
years, primarily northward.109 Pollinators have 
been affected, too, with decreases in abun- 
dance and shifts upslope seen over the past 35 
years.110 Models suggest that shifts in species’ 
ranges will continue, with freshwater and 
marine organisms generally moving northward 
to higher latitudes and to greater depths and 
terrestrial species moving northward and to 
higher elevations.111,112 However, this capacity to 
adapt to climate change through range shifts  
is not infinite: many organisms have limited 
dispersal ability and newly suitable habitat 
in which to colonize, and all organisms are 
limited in the range of environments to which 
they can adapt. 

 

White snowshoe hares stand out in stark contrast against 
snowless backgrounds, leaving them more vulnerable to 
predators than their brown counterparts. Photo credit: L. S. 
Mills research photo by Jaco and Lindsey Barnard, University 
of Montana Mills Research Lab. 

Impacts on Species and Populations 
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Shifts in phenology have been well  docu- 
mented in terrestrial, marine, and freshwater 
systems.113 As with range shifts, changes to 
phenology are expected to continue as  the 
climate warms.114 Changes in phenology  can 
have significant impacts on ecosystems and the 
services they provide, as evidenced by shifts in 
the production and phenology of commercially 
important marine groundfish,38,115 inland fish 
species,116 migratory fish such as salmon,10,117,118 

and invertebrates such as northern shrimp 
and lobster (Ch. 18: Northeast, KM 2 and 
Box 18.1).119,120 

 
The many components of climate change (for 
example, rising temperatures, altered precip- 
itation, ocean acidification, and sea level rise) 
can have interacting and potentially opposing 
effects on species and populations, which 
further complicates their responses to climate 
change.41,121,122 In addition, species are respond- 
ing to many other factors in addition to climate 
change, such as altered species interactions  
and non-climate stressors such as land-use 
change (Ch. 5: Land Changes, “State of the 
Sector” and KM 2) and resource extraction (for 
example, logging and commercial fishing). 

 
Compounding stressors can result in species 
lagging behind temperature change and occu- 
pying nonoptimal conditions.123 For example, 
iconic species of salmon have lost access to 
much of their historical habitat due to barriers 
or degradation caused by pollution and land- 
use change, leading to significant losses in 
spawning and cold water habitats that could 
have supported adaptation and provided refuge 
against increasing climate impacts.124,125 

 
The rate and magnitude of climate impacts can 
exceed the abilities of even the most adaptable 
species and potentially lead to tipping points, 
which result in abrupt system changes and 
local extinctions.126,127 For example, climate 
change appears to have contributed to the 

local extinction of populations of the Federally 
Endangered Karner blue butterfly in Indiana 
(Ch. 21: Midwest, KM 3). Compounded climate 
stress arises when populations with limited 
capacity to adapt also experience high expo- 
sure to climate change, posing substantial risks 
to certain ecosystems and the services they 
provide to society. Bull trout in the Northwest, 
for example, show the least genetic diversity in 
the same regions where summer temperature 
and winter streamflows are projected to be 
the highest due to climate change (Figure 7.2).15 

Further decline of salmon and trout will impact  
a cherished cultural resource, as well as popu-  
lar sport and commercial fisheries. Identifying 
the most vulnerable species and understanding 
what makes them relatively more at risk than 
other species are, therefore, important con- 
siderations for prioritizing and implementing 
effective management actions.35,127,128,129 

Key Message 2 
 

Climate change is altering ecosystem 
productivity, exacerbating the spread 
of invasive species, and changing how 
species interact with each other and 
with their environment. These changes 
are reconfiguring ecosystems in un- 
precedented ways. 

 
Climate change impacts also occur at the 
ecosystem scale, changing fundamental eco- 
system characteristics, properties, and related 
ecosystem services; altering important trophic 
relationships; and affecting how species and 
populations interact with each other. 

 
Because primary producers are the base of 
the food web, climate impacts to primary 
production can have significant effects that 
radiate throughout the entire ecosystem. While 
climate models project continued increases 

Impacts on Ecosystems 
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in global terrestrial primary production over 
the next century,130,131 these projections are 
uncertain due to a limited understanding of 
the impacts of continued CO2 increases on 
terrestrial ecosystem dynamics;132,133,134 the 
potential effects of nutrient limitation;135 the 
impacts of fire136 and insect outbreaks;137  and 
an incomplete understanding of the impacts of 
changing climate extremes.138,139 Furthermore, 
even without these factors, projections suggest 
decreasing primary production in many arid 
regions due to worsening droughts, similar to 
responses observed in the Southwest United 
States in recent years.140,141,142 Modest to moder- 
ate declines in ocean primary production are 
projected for most low- to midlatitude oceans 
over the next century,143,144,145 but regional 
patterns of change are less certain.60,143,145 Most 
models project increasing primary productivity 
in the Arctic due to decreasing ice cover. This 
trend is supported by satellite-based obser- 
vations of the primary productivity–ice cover 
relationship over the last 10–15 years.146,147,148 

Projections also suggest that changes in 
productivity will not be equal across trophic 
levels: changes in primary productivity are 
likely to be amplified at higher levels of the 
food web.149,150,151 For example, small changes 
in marine primary productivity are likely to 
result in even larger changes to the biomass of 
fisheries catch.152 

 
Varying phenological responses to climate 
change can also impact the food web and 
result in altered species interactions and 
resource mismatch.17,153 Such mismatches can 
decrease the fitness of individuals, disrupt 
the persistence and resilience of populations, 
alter ecosystems and ecosystem  services, 
and increase the risk of localized extinc- 
tions.16,26,113,154,155 In marine ecosystems, rapid 
phenological changes at the base of the food 
web can create a mismatch with consumers,156 

disrupting the availability of food for young 
fish and changing the food web structure.24,156 

In both terrestrial and aquatic environments, 
migratory species face the potential for 
resource mismatch. For example, a majority 
of migratory songbirds in North America have 
advanced their phenology in response to 
climate change, but for several species, such as 
the yellow-billed cuckoo and the blue-winged 
warbler, these changes have been outpaced by 
advancing vegetation in their breeding grounds 
and stopover sites.28 The resulting mismatch 
between consumers and their food or habitat 
resources can result in population declines.155 

 
In addition to changes in productivity and 
phenology, novel species interactions as a 
result of climate change can cause dramatic 
and surprising changes. For example, range 
expansions of tropical herbivorous fishes have 
changed previously kelp-dominated systems 
into kelp-free sites.157 These novel combina- 
tions of species are expected to outcompete 
and potentially eliminate some native species, 
posing a significant threat to the long-term 
stability of iconic ecosystems and  the  ser- 
vices they provide.157 A recent survey of 136 
freshwater, marine, and terrestrial studies 
suggests that species interactions are often the 
immediate cause of local extinctions related to 
climate change.158 

 
Climate change impacts to ecosystem 
properties are difficult to assess and predict 
because they arise from multiple and complex 
interactions across different levels of food 
webs, habitats, and spatial scales. Modeling and 
experimental studies are some of the few ways 
to assess complicated ecological interactions, 
especially in marine systems where direct 
observations of plants, fish, and animals are 
difficult.67,159,160,161 There is strong consensus 
that trophic mismatches and asynchronies 
will occur, yet these are mostly predicted 
consequences, and few examples have been 
documented.13,84,162,163 While theory and man- 
agement principles for novel ecosystems are 
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new, strongly debated, and largely descriptive, 
they are also crucial for understanding and 
anticipating widespread ecosystem  changes 
in the future.164,165,166 For example, it remains 
largely uncertain which members of historical 
ecological communities and ecosystems will 
adapt in place or move into new locations to 
follow optimal ecological and environmental 
conditions.167 Such uncertainties complicate 
management decisions regarding where and 
when human intervention is advisable to 
assist persistence. 

 
It is also unclear how the restructuring of 
ecosystems will manifest in terms of the func- 
tioning and delivery of ecosystem services.167,168 

For example, along the Northeast Atlantic 
coast, native fiddler and blue crabs have 
shifted their ranges north and are now found 
in New England coastal habitats where they 
were previously absent.169,170 These two species 
join an assemblage of native and invasive crab 
species, which are responding to changes in 
environmental and ecological conditions in 
different ways. In some locations, purple marsh 
crabs are benefiting from lower abundances 
of blue crabs and other predators, in part 
due to overfishing; this results in population 
explosions of purple marsh crabs that damage 
marsh habitats through herbivory (plant 
eating) and burrowing activities.171 Because salt 
marshes provide a range of ecosystem services, 
including coastal protection, erosion control, 
water purification, carbon sequestration, and 
maintenance of fisheries, marsh destruction 
can negatively impact human communities.172 

Thus, climate impacts to ecosystems can have 
important consequences for ecosystem ser- 
vices and the people who depend on them. 

Key Message 3 
 

The resources and services that people 
depend on for their livelihoods, suste- 
nance, protection, and well-being are 
jeopardized by the impacts of climate 
change on ecosystems. Fundamental 
changes in agricultural and fisheries 
production, the supply of clean water, 
protection from extreme events, and cul- 
turally valuable resources are occurring. 

 
Climate change is affecting the availability 
and delivery of ecosystem services to society 
through altered provisioning, regulating, 
cultural, and supporting services.95 

 
A reduced supply of critical provisioning 
services (food, fiber, and shelter) has clear 
consequences for the U.S. economy and 
national security and could create a number 
of challenges for natural resource manag- 
ers.104 Although an extended growing season 
resulting from phenological shifts may have 
positive effects on the yield and prices of 
particular crops,173 net changes to agricultural 
productivity will vary regionally (Figure 7.6) 
and will be affected by other climate change 
impacts, such as drought and heat stress.174,175 

In addition, early springs with comparatively 
late (but climatically normal) frosts can directly 
affect plant growth and seed production and 
indirectly disrupt ecosystem services such as 
pollination. By the middle of this century, early 
onset of spring could occur one out of every 
three years; however, if the date of last freeze 
does not change at the same rate, large-scale 
plant damage and agricultural losses, 176,177,178 as 
well as changes to natural resource markets,119 

are possible. Shellfish harvests are also pro- 
jected to decline significantly through the end 
of the century due to ocean acidification, with 
cumulative estimated losses of $230 million 

Ecosystem Services at Risk 
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under RCP8.5 and $140 million under RCP4.5 
(discounted at 3%) (see the Scenario Prod- 
ucts section of App. 3 for more information 
on scenarios).104 

 
The degree to which climate change alters 
species’ ranges can create jurisdictional 
conflict and uncertainty.97 For example, 
fisheries management is typically done within 
defined boundaries and governed by local or 
international bodies, and terrestrial resource 
extraction typically occurs on private prop- 
erty or leased public lands with legislated 
boundaries.180 Local extinctions and range 
shifts of marine species have already been 
documented (Ch. 9: Oceans, KM 2), as species’ 
ranges shift with changing habitat and food 
conditions. Some species have moved out of 

historical boundaries and seasonal areas and 
into places that have no policy, management 
plan, or regulations in place to address their 
presence and related human use. Furthermore, 
unique life histories and genetic resources will 
likely be lost altogether as range shifts and 
the spread of invasive species interact with 
ecological complexity. Examples include loss 
of genetic diversity and the evolution of traits 
that increase rates of dispersal.181,182 Managers 
may also need to respond to an alteration in 
the timing of spawning and migration of fish 
species in order to avoid overly high levels of 
fish mortality.183 

 
Climate change can affect important regulating 
services such as the capture and storage of 
carbon,126 which can help reduce greenhouse 

Agricultural Productivity 
 

Figure 7.6: The figure shows the projected percent change in the yield of corn, wheat, soybeans, and cotton during the period 
2080–2099. Units represent average percent change in yields under the higher scenario (RCP8.5) as compared to a scenario of 
no additional climate change. Warmer colors (negative percent change) indicate large projected declines in yields; cooler colors 
(green) indicate moderate projected increases in yields. Source: adapted from Hsiang et al. 2017.179 Data were not available for 
the U.S. Caribbean, Alaska, or Hawai‘i and U.S.-Affiliated Pacific Islands regions. 
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gas concentrations in the atmosphere 
and thereby contribute to climate change 
mitigation.184 Climate change impacts, such as 
changes to the range and abundance of 
vegetation, to the incidence of wildfire and 
pest outbreaks, and to the timing and species 
composition of phytoplankton blooms, can all 
impact carbon cycling and sequestration (Ch. 5: 
Land Changes, KM 1; Ch. 6: Forests, KM 2; Ch. 
9: Oceans, KM 2; Ch. 29: Mitigation, Box 29.1). 
Disease regulation is also an important ecosys- 
tem service that can be impacted by climate 
change. Pests and diseases are expected to 
expand or shift their ranges as the climate 
warms, and the evolution of immune responses 
will be important for both human and animal 
health (Ch. 18: Northeast, KM 4; Ch. 21: Mid- 
west, KM 4; Ch. 26: Alaska, KM 3; Ch. 6: Forests, 
KM 1; Ch. 14: Human Health, KM 1).185,186 Other 
examples of regulating ecosystem services that 
could be impacted by climate change include 
coastal protection from flooding and storm 
surge by natural reefs (Ch. 8: Coastal, KM 2),187 

the supply of clean water (Ch. 3: Water, KM 1)188 

and controls on the timing and frequency of 
wildfires (Ch. 6: Forests, KM 1).189 

 
Some cultural ecosystem services are also at 
risk from climate change. By the end of the 
century (2090), cold water recreational fishing 
days are predicted to decline, leading to a loss 
in recreational fishing value of $1.7 billion per 
year under RCP4.5 and $3.1 billion per year 
under RCP8.5 by 2090.104 Climate change is also 
predicted to shorten downhill and cross-coun- 
try ski seasons.104 In northwestern Wyoming 
and western Montana, the cross-country ski 

season is projected to decline by 20%–60% 
under RCP4.5 and 60%–100% under RCP8.5 by 
2090 (Ch. 22: N. Great Plains, KM 3). Climate 
change also threatens Indigenous peoples’ 
cultural relationships with ancestral lands 
(Ch. 15: Tribes, KM 1). In addition, biodiversity 
and ecosystems are valuable to humans in 
and of themselves through their “existence 
value,” whereby people derive satisfaction and 
value simply from knowing that diverse and 
healthy ecosystems exist in the world.190 For 
example, a recent study found that the average 
U.S. household is willing to pay $33–$73 per 
year for the recovery or delisting of one of 
eight endangered or threatened species they 
studied.191 However, climate change could have 
a positive impact on recreational activities that 
are more popular in warmer weather. For 
example, demand for biking, beachgoing, and 
other recreational activities has been projected 
to increase as winters become milder.95,192 

 
Finally, climate change is impacting supporting 
services, which are the services that make all 
other ecosystem services possible. Climate 
change impacts include alterations in primary 
production and nutrient cycling.48,193 Novel 
species assemblages associated with climate 
change can result in changes to energy and 
nutrient exchange (for example, altered carbon 
use in streams as new detritus-feeding or 
predator communities emerge) within and 
among ecological communities.193 Because 
supporting services underpin all other eco- 
system services, climate-induced changes to 
these services can have profound effects on 
human well-being. 
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Key Message 4 
 

 
Traditional natural resource management 
strategies are increasingly challenged 
by the impacts of climate change. 
Adaptation strategies that are flexible, 
consider interacting impacts of climate 
and other stressors, and are coordinated 
across landscape scales are progressing 
from theory to application. Significant 
challenges remain to comprehensively 
incorporate climate adaptation plan- 
ning into mainstream natural resource 
management, as well as to evaluate the 
effectiveness of implemented actions. 

Climate change is affecting valued resources 
and ecosystem services in complex ways, 
as well as challenging existing management 
practices. While natural resource management 
has traditionally focused on maintaining or 
restoring historical conditions, these goals and 
strategies may no longer be realistic or effec- 
tive as the climate changes.194 Climate-driven 
changes are most effectively managed through 
highly adaptive and proactive approaches that 
are continually refined to reflect emerging and 
anticipated impacts of climate change (Ch. 28: 
Adaptation, Figure 28.1).194 Decision support 
tools, including scenario planning195,196,197 

and structured decision-making,198 can help 
decision-makers explore broad  scenarios 
of risk and develop actions that account for 
uncertainty, optimize tradeoffs, and reflect 
institutional capacity. 

 
Systems that are already degraded or 
stressed from non-climate stressors have 
lower adaptive capacity and resilience (Ch. 
28: Adaptation, KM 3); therefore, some of the 
most effective actions that managers can  
take are to strategically restore and conserve 

areas that support valued species and habitats. 
However, these actions will be most effective 
when they consider future conditions in 
addition to historical targets.4 New guidance 
on habitat restoration actions that can help 
to reduce impacts from climate change199,200,201 

is now being incorporated into regional and 
local restoration plans (Ch. 24: Northwest, KM 
2). Limiting the spread of invasive species can 
also help maintain biodiversity, ecosystem 
function, and resilience.202,203,204 In 2016, the U.S. 
Federal Government recommended specific 
management actions for the early detection 
and eradication of invasive species.205 

 
Understanding and reestablishing habitat 
connectivity across terrestrial, freshwater, and 
marine systems are other key components 
in helping ecosystems adapt to changing 
environmental conditions.45,46,201,206 Identifying 
and conserving climate change refugia (that 
is, areas relatively buffered from climate 
change that enable persistence) in ecological  
corridors can help species stay connected.207,208 

For example, areas of particularly cold water 
have been identified in the Pacific Northwest 
that, if well-connected and protected from 
other stressors, could act as critical habitat 
for temperature-sensitive salmon and trout 
populations.209,210,211 More active approaches 
like assisted migration, whereby species are 
actively moved to more suitable habitats, and 
genetic rescue, where genetic diversity is 
introduced to improve fitness in small popu- 
lations,212 may be considered for species that 
have limited natural ability to move or that face 
extreme barriers to movement due to habitat 
fragmentation and development (Ch. 5: Land 
Changes, “State of the Sector” and KM 2).124 For 
any assisted migration, there could be unfore- 
seen and unwanted consequences. Developing 
policies to analyze and manage the potential 
consequences of assisted migration would not 
guarantee successful outcomes, but is likely to 
minimize unintended consequences.213,214 

Challenges for Natural Resource 
Management 

https://www.globalchange.gov/climate-change/glossary#letter_r
https://www.globalchange.gov/climate-change/glossary#letter_c
https://www.globalchange.gov/climate-change/glossary#letter_e
https://www.globalchange.gov/climate-change/glossary#letter_e
https://www.globalchange.gov/climate-change/glossary#letter_a
https://www.globalchange.gov/climate-change/glossary#letter_g
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Climate change impacts have been  incorporat- 
ed into national and  regional  management 
plans that seek  to  mitigate  harmful  impacts 
and to address future management challenges, 
while also accounting for other non-climate 
stressors. Federal agencies  with  responsibili- 
ties for natural resource management are 
increasingly considering  climate  change 
impacts in their management plans, and many 
have  formulated  climate-smart  adaptation 
plans for future resource management (such as 
the National Oceanic and Atmospheric 
Administration [NOAA], National Park Service 
[NPS], and U.S. Fish and Wildlife Service 
[USFWS]).215,216,217,218,219,220 For example, the 
National Marine Fisheries Service recognizes 
climate change as a specific threat to marine 
resources, has developed regional action plans 
(e.g., Hare et al. 2016221), and is undertaking 
regional vulnerability analyses to incorporate 
climate change impacts in decision-mak- 
ing.129,215,217 Agencies within the Department of 
the Interior are also increasingly developing 
and using climate change vulnerability assess- 
ments as part of their adaptation planning 
processes.222 For example, USFWS has consid- 
ered climate change in listing decisions, bio- 
logical opinions, and proposed alternative 
actions under the Endangered Species Act (e.g., 
USFWS 2008, 2010223,224). In addition, federal 
agencies have been challenged to develop 
policies and approaches that consider ecosys- 
tem services and related climate impacts  
within existing planning and decision frame- 
works.225 For example, ecosystems can be 
managed to help mitigate climate change 
through carbon storage on land and in the 
oceans (Ch. 29: Mitigation, Box 29.1; Ch. 5: Land 
Changes, KM 1)200,226,227 and to buffer ocean 
acidification,228 which could help reduce pres- 
sure on ecosystems. USFWS has been acquiring 
and restoring ecosystems to increase biological 
carbon sequestration since the 1990s.229 

At the local and regional levels, efforts to restore 
ecosystems, increase habitat connectivity, and 
protect ecosystem services are gaining momen- 
tum through collaborations among state and 
tribal entities, educational institutions, nongov- 
ernmental organizations, and partnerships. For 
example, the Great Lakes Climate Adaptation 
Network, NOAA’s Great Lakes Integrated 
Sciences and Assessments Program, the Huron 
River Watershed Council, and five Great Lakes 
cities worked together to develop a vulnerability 
assessment template that incorporates adaptation 
and climate-smart information into city planning 
(Ch. 21: Midwest, Case Study “Great Lakes Climate 
Adaptation Network”). Significant work remains, 
however, before climate change is comprehen- 
sively addressed in natural resource management 
at local and national scales. Improved projections 
of climate impacts at local and regional scales 
would likely improve ecosystem management, 
as would predictive models to inform effective 
adaptation strategies.230,231,232 Yet such tools are 
often hampered by a lack of sufficient data at 
the appropriate scale.232 In addition, institutional 
barriers (such as a focus on near-term planning, 
fixed policies and protocols, jurisdictional restric- 
tions, and an established practice of managing 
based on historical conditions) have constrained 
agencies from comprehensively accounting for 
climate impacts.194 Finally, more rigorous evalua- 
tion of adaptation efforts would allow managers 
to fully assess the effectiveness of proposed 
adaptation measures.194 
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Traceable Accounts 
Process Description 
Topics for the chapter were selected to improve the consistency of coverage of the report and to 
standardize the assessment process for ecosystems and biodiversity. Chapter leads went through 
the detailed technical input for the Third National Climate Assessment and pulled out key issues 
that they felt should be updated in the Fourth National Climate Assessment. The chapter leads 
then came up with an author team with expertise in these selected topics. To ensure that both 
terrestrial and marine issues were adequately covered, most sections have at least one author with 
expertise in terrestrial ecosystems and one with expertise in marine ecosystems. 

Monthly author calls were held beginning in December 2016, with frequency increasing to every 
other week as the initial chapter draft deadline approached. During these calls, the team came up 
with a work plan and fleshed out the scope and content of the chapter. After the outline for the 
chapter was created, authors reviewed the scientific literature, as well as the technical input that 
was submitted through the public call. After writing the State of the Sector section, authors pulled 
out the main findings to craft the Key Messages. 

Key Message 1 
 

Climate change continues to impact species and populations in significant and observable 
ways (high confidence). Terrestrial, freshwater, and marine organisms are responding to 
climate change by altering individual characteristics, the timing of biological events, and their 
geographic ranges (likely, high confidence). Local and global extinctions may occur when 
climate change outpaces the capacity of species to adapt (likely, high confidence). 

 
Description of evidence base 
Changes in individual characteristics: Beneficial effects of adaptive capacity depend on adequate 
genetic diversity within the existing population and sufficient population sizes. In addition, suc- 
cessful adaptive responses require relatively slow or gradual environmental change in relation to 
the speed of individual or population-level responses.13 Empirical evidence continues to suggest 
that plastic changes and evolution have occurred in response to recent climate change10,11,12,233 and 
may be essential for species’ persistence.186,234,235 However, adaptation is only possible if genetic 
diversity has not already been eroded as a result of non-climate related stressors such as habitat 
loss.15 Additionally, projections suggest that climate change may be too rapid for some species to 
successfully adapt.35,236 Adaptive capacity, and by extension the ability to avoid local or even global 
extinctions, is likely to vary among species and even populations within species. 

Changes in range: Shifts in species’ ranges have been documented in both terrestrial and aquatic 
ecosystems as species respond to climate change.35,39 Approximately 55% of terrestrial and marine 
plant and animal species studied in temperate North America have experienced range shifts.35 

Climate change has led to contractions in the latitudinal or elevational ranges of 41% (97 of 238) 
of studied terrestrial plant and animal species in North America and Hawai‘i in the last 50–100 
years.35 Range shifts in terrestrial animal communities average 3.8 miles per decade.107 In marine 

Impacts on Species and Populations 
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communities, range shifts of up to 17.4 miles per decade have been documented.17 Planktonic 
organisms in the water column (that is, passively floating organisms in a body of water) more 
closely track the trajectory of preferred environmental conditions, resulting in more extensive 
range shifts; these organisms have exhibited rates of change from 4.3 miles per decade for species 
with broad environmental tolerances to 61.5 miles per decade for species with low tolerance of 
environmental change over a 60-year period.237 Walsh et al. (2015)38 documented significant chang- 
es in the center of distribution over two decades of 43% of planktonic larvae of 45 fish species. 

These shifts have been linked to climate velocity—the rate and direction of change in temperature 
patterns.30,39,238,239 Marked differences in observed patterns of climate velocity in terrestrial and 
aquatic ecosystems have been observed.29,240 Climate velocity in the ocean can be greater than that 
on land by a factor of seven.17 

Changes in phenology: In marine and freshwater systems, the transition from winter to spring 
temperatures is occurring earlier in the year, as evidenced by satellite measures of sea surface 
temperature dating back to 1981.23 In addition, the timing of sea ice melt is occurring earlier 
in the spring at a rate of about 2 days per decade and has advanced by 25–30 days since 1979 
in some regions.24 Shifts in phenology have been well documented in terrestrial, marine, and 
freshwater systems.113 As with range shifts, changes to phenology are expected to continue as the 
climate warms.114 

Extinction risks: The rate and magnitude of climate impacts can exceed the abilities of even the 
most adaptable species, potentially leading to tipping points and abrupt system changes. In the 
face of rapid environmental change, species with limited adaptive capacity may experience local 
extinctions or even global extinctions.126,127 

Major uncertainties 

Changes in individual characteristics: Species and populations everywhere have evolved in 
response to reigning climate conditions, demonstrating that evolution will be necessary to survive 
climate change. Nonetheless, there is very limited evidence for evolutionary responses to recent 
climate change. As reviewed by Crozier and Hutchings (2014),10 only two case studies document 
evolutionary responses to contemporary climate change in fish, as opposed to plasticity without 
evolution or preexisting adaptation to local conditions, and both cases involved the timing of 
annual migration.241,242 In the case of the sockeye salmon, for example, nearly two-thirds of the 
phenotypic response of an earlier migration date was explained by evolutionary responses rather 
than individual plastic responses.241 

Changes in range: Although the evidence for shifting ranges of many terrestrial and aquatic 
species is compelling, individual species are responding differently to the magnitude and direction 
of change they are experiencing related to their life history, complex mosaics of microclimate 
patterns, and climate velocity.243,244,245,246,247 Additionally, projections of future species distributions 
under climate change are complicated by the interacting effects of multiple components of  
climate change (such as changing temperature, precipitation, sea level rise, and so on) and effects 
from non-climate stressors (such as habitat loss and degradation); these multiple drivers of range 
shifts can have compounding or potentially opposing effects, further complicating projections of 
where species are likely to be found in the future.41 
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Description of confidence and likelihood 

There is high confidence that species and populations continue to be impacted by climate change 
in significant and observable ways. 

There is high confidence that terrestrial, freshwater, and marine organisms are likely responding 
to climate change by altering individual characteristics, the timing of biological events, and their 
geographic ranges. 

There is high confidence that local and global extinctions are likely to occur when climate change 
outpaces the capacity of species to adapt. 

Key Message 2 
 

Climate change is altering ecosystem productivity, exacerbating the spread of invasive species, and 
changing how species interact with each other and with their environment (high confidence). These 
changes are reconfiguring ecosystems in unprecedented ways (likely, high confidence). 

 
Description of evidence base 
Primary productivity: Diverse observations suggest that global terrestrial primary production  
has increased over the latter 20th and early 21st centuries,48,49,50,51 and climate models project 
continued increases in global terrestrial primary production over the next century.130,131 Modest to 
moderate declines in ocean primary production are projected for most low- to midlatitude oceans 
over the next century,143,144,145 but regional patterns of change are less certain.60,143,145 

Projections also suggest that changes in productivity will not be equal across trophic levels: 
changes in primary productivity are likely to be amplified at higher levels of the food web;149,150,151 

for example, small changes in marine primary productivity are likely to result in even larger 
changes to the biomass of fisheries catch.152 

Changes in phenology: Synchronized timing of seasonal events across trophic levels ensures 
access to key seasonal food sources,25,248 particularly in the spring, and is especially important for 
migratory species dependent on resources with limited availability and for predator–prey rela- 
tionships.29 The match–mismatch hypothesis249 is a mechanism explaining how climate-induced 
phenological changes in producers and consumers can alter ecosystem food web dynamics.114 For 
example, Chevillot et al. (2017)250 found that reductions in temporal overlap of juvenile fish and 
their zooplankton prey within estuaries, driven by changes in temperature, salinity, and freshwater 
discharge rates, could threaten the sustainability of nursery functions and affect the recruitment  
of marine fishes. Secondary consumers may be less phenologically responsive to climate change 
than other trophic groups,114 causing a trophic mismatch that can negatively impact reproductive 
success and overall population levels by increasing vulnerability to starvation and predation.16,155 

Long-distance migratory birds, which have generally not advanced their phenology as much 
as lower trophic levels,113 can be particularly vulnerable.27 A recent study found that 9 out of 48 
migratory bird species examined did not keep pace with the changing spring phenology of plants 
(termed green-up) in the period 2001–2012.28 Trophic mismatch and an inability to sufficiently 

Impacts on Ecosystems 
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advance migratory phenology such that arrival remains synchronous with peak resource availabili- 
ty can cause declines in adult survival and breeding success.28,155 

Invasive species: Changes in habitat and environmental conditions can increase the viability of 
introduced species and their ability to establish.69,75,76 Climate change may be advantageous to 
some nonnative species. Such species are, or could become, invasive, as this advantage might 
allow them to outcompete and decimate native species and the ecosystem services provided by 
the native species. 

Invasive species’ impacts on ecosystems are likely to have a greater negative impact on human 
communities that are more dependent on the landscape/natural resources for their livelihood 
and cultural well-being.251,252 Thus rural, ranching, fishing, and subsistence economies are likely 
to be negatively impacted. Some of these communities are economically vulnerable (for example, 
due to low population density, low median income, or reduced tax revenues) and therefore have 
limited resources and ability to actively manage invasive species.253,254 Climate change and invasive 
species have both been recognized as two of the most significant issues faced by natural resource 
managers.61,62 For example, the invasive cheatgrass (Bromus tectorum) is predicted to increase in 
abundance with climate change throughout the American West, increasing the frequency of major 
economic impacts associated with the management and rehabilitation of cheatgrass-invaded 
rangelands.255,256 Ecological and economic costs of invasive species are substantial, with global 
costs of invasive species estimated at over $1.4 trillion annually.61 Annual economic damages from 
climate change are complex and are projected to increase over time across most sectors that have 
been examined (such as coral reefs, freshwater fish, shellfish) (Ch. 29: Mitigation, Figure 29.2). 

Species interactions and emergent properties: Human-caused stressors such as land-use change 
and development can also lead to novel environmental conditions and ecological communities 
that are further degraded by climate impacts (Ch. 11: Urban, KM 1) .13,163 Studies of emergent prop- 
erties have progressed from making general predictions to providing more nuanced evaluations 
of behavioral mechanisms such as adjusting the timing of activity levels to avoid heat stress 6,81,87 

and predation,88 tolerances to variable temperature fluctuations and water availability,79,80,82,257 

adaptation to changes,82,258 turnover in community composition,259,260 and specific traits such as 
dispersal ability.67,85 

Changes in community composition vary relative to invasion rates of new species, local extinction, 
and recruitment and growth rates of resident species, as well as other unknown factors.260 In   
some cases, such as Pacific Northwest forests, community turnover has been slow to date, likely 
due to low exposure or sensitivity to the direct and indirect impacts of climate change,259 while 
in other places, like high-latitude systems, dramatic shifts in community composition have been 
observed.261 Differential responses within and across communities are expected due to individual 
sensitivities of community members. For example, as a result of the uncertainties associated with 
range shifts, the impact of individual species’ range shifts on ecosystem structure and function 
and the potential for the creation of novel community assemblages have medium certainty. The 
interplay of physical drivers resulting in range shifts and the ways in which interactions of species 
in new assemblages shape final outcomes affecting ecosystem dynamics is uncertain, although 
there is more certainty in how ecosystem services will change locally. There is still high uncertain- 
ty in the rate and magnitude at which community turnover will occur in many systems; still, there 
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is widespread agreement of high turnover and major changes in age and size structure with future 
climate impacts and interactions with other disturbance regimes.259,260,261 

Climate-induced warming is predicted to increase overlaps between some species that would 
normally be separated in time. For example, tree host species could experience earlier bud burst, 
thus overlapping with the larval stage of insect pests; this increase in synchrony between normally 
disparate species can lead to major pest outbreaks that alter community composition, produc- 
tivity, ecological functioning, and ecosystem services.262 Direct climate impacts, such as warmer 
winters and drought-induced stress on forests, can interact with dynamics of pest populations 
to render systems more susceptible to damage in indirect ways. In the case of the bark beetle, 
for example, forests that have experienced drought are more vulnerable to damage from beetle 
attacks.138,263 Other potential outcomes of novel species assemblages are changes in energy and 
nutrient exchange (for example, altered carbon use in streams as new detritus-feeding or predator 
communities emerge)193 and respiration89 within and among ecological communities. Abrupt and 
surprising changes or the disruption of trophic interactions have the potential for negative and 
irreversible impacts on food webs and ecosystem productivity that supports important provision- 
ing services including fisheries and forest harvests for food and fiber. Abrupt changes in climate 
have been observed over geological timescales and have resulted in mass extinctions, decreased 
overall biodiversity, and ecological communities largely composed of generalists.67 

Major uncertainties 

Primary productivity: There is still high uncertainty in how climate change will impact primary 
productivity for both terrestrial and marine ecosystems. For terrestrial systems, this uncertainty 
arises from an incomplete understanding of the impacts of continued carbon dioxide increases  
on plant growth;132,133,134 underrepresented nutrient limitation effects;135 effects of fire136 and insect 
outbreaks;137 and an incomplete understanding of the impacts of changing climate extremes138,139 

on primary production. Direct evidence for declines in marine primary production is limited. The 
suggestion that phytoplankton pigment has declined in many ocean regions,55 indicating a decline 
in primary production, was found to be inconsistent with primary production time series59 and 
potentially sensitive to analysis methodology.56,58,264 Subsequent work accounting for methodologi- 
cal criticisms still argued for a century-scale decline in phytoplankton pigment but acknowledged 
large uncertainty in the magnitude of this decline and that some areas show marked increases.54 

There is growing consensus for modest to moderate productivity declines at a global scale in 
the marine realm.143,144,145 Considerable disagreement remains at regional scales.143 For both the 
terrestrial and marine case, however, projections clearly support the potential for marked primary 
productivity changes. 

Phenology: Models of phenology, particularly those leveraging advanced statistical modeling tech- 
niques that account for multiple drivers in phenological forecasts,265 enable extrapolation across 
space and time, given the availability of gridded climatological and satellite data.21,266,267,268 However, 
effective characterization of phenological responses to changes in climate is often constrained by 
the availability of adequate in situ (ground-based) organismal data. Experimental manipulation of 
ecological communities may be insufficient to determine sensitivities; for example, E. M. Wolkov- 
ich et al. (2012)269 compared observational studies to warming experiments across four continents 
and found that warming predicted smaller advances in the timing of flowering and leafing by 8.5- 
and 4.0-fold, respectively, than what has been observed through long-term observations. 
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The majority of terrestrial plant phenological research to date has focused on patterns and 
variability in the onset of spring, with far fewer studies focused on autumn.270 However, autumn 
models have large biases in describing interannual variation.271,272 Additional research is needed 
on autumnal responses to environmental variation and change, which would greatly expand 
inferences related to the carbon uptake period, primary productivity, nutrient cycling, species 
interactions, and feedbacks between the biosphere and atmosphere.273,274,275,276 While broad-based 
availability of phenological data has improved greatly in recent years, more extensive, long-term 
monitoring networks with consistently implemented protocols would further improve scientific 
understanding of phenological responses to climate change and would better inform management 
applications.277 

Invasive species: There is some uncertainty in knowing how much a nonnative species will impact 
an environment, if and when it is introduced, although there are methods available for estimating 
this risk.278,279 For example, the U.S. Department of Agriculture conducts Weed Risk Assessment,280 

and the U.S. Fish and Wildlife Service publishes Ecological Risk Screening Summaries (https:// 
www.fws.gov/fisheries/ans/species_erss_reports.html). New technologies, such as genetic 
engineering, environmental DNA, and improved detection via satellites and drones, offer promise 
in the fight against invasive species.281 New technologies and novel approaches to both invasive 
species management and mitigation and adapting to climate change could reduce negative 
impacts to livelihoods, but there is some uncertainty in whether or not the application of new 
technologies can gain social acceptance and result in practical applications. 

Species interactions and emergent properties: Climate change impacts to ecosystem properties 
are difficult to assess and predict, because they arise from interactions among multiple compo- 
nents of each system, and each system is likely to respond differently. One generalization that 
can be made arises from fossil records, which show climate-driven mass extinctions of specialists 
followed by novel communities dominated by generalists.67 Although there is widespread consen- 
sus among experts that novel interactions and ecosystem transitions will result from ecological 
responses to climate change,85 these are still largely predicted consequences, and direct evidence 
remains scarce; thus, estimates of how ecosystem services will change remain uncertain in many 
cases.13,67,84,128,159,161,162,163,258,282,283 Modeling and experimental studies are some of the few ways to 
assess complicated ecological interactions at this time. New and more sophisticated models that 
can account for multispecies interactions, community composition and structure, dispersal, and 
evolutionary effects are still needed to assess and make robust predictions about system respons- 
es and transitions.161,258,282 

High uncertainty remains for many species and ecosystems due to a general lack of basic 
research on baseline conditions of biotic interactions; community composition, structure, and 
function; and adaptive capacity; as well as the interactive, synergistic, and antagonistic effects 
of multiple climate and non-climate stressors.67,128,283 Improved understanding of predator–prey 
defense mechanisms and tolerances are key to understanding how novel trophic interactions 
will manifest.257 

https://www.fws.gov/fisheries/ans/species_erss_reports.html
https://www.fws.gov/fisheries/ans/species_erss_reports.html
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Description of confidence and likelihood 

There is high confidence that climate-induced changes are occurring within and across ecosys- 
tems in ways that alter ecosystem productivity and how species interact with each other and 
their environment. 

There is high confidence that such changes can likely create mismatches in resources, facilitate the 
spread of invasive species, and reconfigure ecosystems in unprecedented ways. 

Key Message 3 
 

The resources and services that people depend on for their livelihoods, sustenance, protection, 
and well-being are jeopardized by the impacts of climate change on ecosystems (likely, high 
confidence). Fundamental changes in agricultural and fisheries production, the supply of clean 
water, protection from extreme events, and culturally valuable resources are occurring (likely, 
high confidence). 

 
Description of evidence base 
Similar to the Third National Climate Assessment, results of this review conclude that climate 
change continues to affect the availability and delivery of ecosystem services to society through 
altered agricultural and fisheries production, protection from storms and flooding in coastal 
zones, a sustainable harvest, pollination services, the spread of invasive species, carbon storage, 
clean water supplies, the timing and intensity of wildfire, the spread of vector-borne diseases, and 
recreation.1,29,104,113,152,284,285 

Provisioning services: Regional changes in critical provisioning services (food, fiber, and shelter) 
have been observed as range shifts occur. These result in spatial patterns of winners and losers for 
human communities dependent on these resources. For example, as the distribution of harvest- 
able tree species changes over time in response to climate change, timber production will shift 
in ways that create disconnects between resource availability and ownership rights.286Although 
fisheries are more often treated as common property resources (with attendant problems related 
to the overuse and mismanagement of common resources),287 disconnects emerge with respect to 
the definitions of management units and jurisdictional conflict and uncertainty.97 Shifting distri- 
bution patterns can potentially affect access to both harvested and protected natural resources, 
cultural services related to the rights of Indigenous peoples and to recreation, and the aesthetic 
appreciation of nature in general (Ch. 15: Tribes, KM 1).288 

Additionally, changes in physical characteristics in response to climate change can impact eco- 
system services. In the ocean, the combination of warmer water and less dissolved oxygen can 
be expected to promote earlier maturation, smaller adult body size, shorter generation times, 
and more boom–bust population cycles for large numbers of fish species.289 These changes would 
have profound ecosystem effects, which in turn would affect the value of ecosystem services and 
increase risk and volatility in certain industries. 

Ecosystem Services at Risk 
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Altered phenology can also impact ecosystem services. Based on standardized indices of the tim- 
ing of spring onset,21 2012 saw the earliest spring recorded since 1900 across the United States.21,290 

Much of the central and eastern parts of the contiguous United States experienced spring onset   
as much as 20 to 30 days ahead of 1981–2010 averages, and accelerated blooming in fruiting trees 
was followed by a damaging, but climatically normal, hard freeze in late spring, resulting in wide- 
spread reductions in crop productivity.20 Mid-century forecasts predict that spring events similar 
to that of 2012 could occur as often as one out of every three years; because last freeze dates 
may not change at the same rate, more large-scale plant tissue damage and agricultural losses 
are possible.177,178 Early springs with episodic frosts not only directly affect plant growth and seed 
production but can also indirectly alter ecosystem functions such as pollination.291,292 

Potential asynchronies may impact some pollination services, although other pollinator–plant 
relationships are expected to be robust in the face of shifting phenology.291,293,294,295 For example, 
broad-tailed hummingbirds in Colorado and Arizona have advanced their arrival date between 
1975 and 2011, but not sufficiently to track changes in their primary nectar sources. 

Regulating services: Average carbon storage in the contiguous United States is projected to 
increase by 0.36 billion metric tons under RCP4.5 and 3.0 billion metric tons under RCP8.5.104 

However, carbon storage is projected to decrease for U.S. forests (Ch. 6: Forests, KM 2). Increases 
in overall carbon storage are projected for the Northwest, and decreases are projected for the 
Northeast and Midwest.104 Furthermore, shorter winters and changing phenology may affect 
the incidence and geographic extent of vector-borne diseases (Ch. 14: Human Health, KM 
1).284,296,297,298,299 Other examples of regulating ecosystem services that are impacted by climate 
include coastal protection from flooding and storm surge by natural reefs (Ch. 8: Coastal, KM 
2),187 the supply of clean water (Ch. 3: Water, KM 1),188 and controls on the timing and frequency of 
wildfires (Ch. 6: Forests, KM 1).189 

Cultural services: Climate change is expected to impact recreation and tourism in the United 
States, as well as cultural resources for Indigenous peoples (Ch. 15: Tribes, KM 1).95,104,192 While 
some changes may be positive (such as increased biking and hiking access in colder seasons 
or cold-weather areas), other changes will have negative impacts (such as reduced skiing 
opportunities).95,104 

Supporting services: Climate change is impacting supporting services, which are the services that 
make all other ecosystem services possible. Climate change impacts include alterations in primary 
production and nutrient cycling.48,193 

Major uncertainties 

One of the major challenges to understanding changes in ecosystem services due to climate 
change arises from matching the scale of the ecosystem change to the scale at which humans are 
impacted. Local conditions may vary greatly from changes expected at larger geographic scales. 
This uncertainty can work in both directions: local estimates of changes in ecosystems services 
can be overestimated when local impacts of climate change are less than regional-scale impacts. 
However, estimates of local impacts on ecosystem services can be underestimated when local 
impacts of climate change exceed regional projections. Another major source of uncertainty is 
related to the emergent properties of ecosystems related to climate change. Since observation of 



7 | Ecosystems, Ecosystem Services, and Biodiversity - Traceable Accounts 

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

 

 

 

human impacts of these emergent ecosystem properties is lacking, it is difficult to predict how 
humans will be impacted and how they might adapt. 

Description of confidence and likelihood 

There is high confidence that the resources and services that people depend on for livelihoods, 
sustenance, protection, and well-being are likely jeopardized by the impacts of climate change 
on ecosystems. 

There is high confidence that fundamental changes in agricultural and fisheries production, the 
supply of clean water, protection from extreme events, and culturally valuable resources are 
likely occurring. 

Key Message 4 
 

Traditional natural resource management strategies are increasingly challenged by the impacts of 
climate change (high confidence). Adaptation strategies that are flexible, consider interacting 
impacts of climate and other stressors, and are coordinated across landscape scales are 
progressing from theory to application. Significant challenges remain to comprehensively 
incorporate climate adaptation planning into mainstream natural resource management, as well as 
to evaluate the effectiveness of implemented actions (high confidence). 

 
Description of evidence base 
Climate change is increasingly being recognized as a threat to biodiversity and ecosystems. For 
example, a recently developed threat classification system for biodiversity300 has been adopted 
by the International Union for Conservation of Nature, which stands in contrast to previous 
frameworks that did not include climate change as a threat.301 Moving away from traditional 
management strategies that aim to retain existing species and ecosystems and implementing 
climate-smart management approaches are likely to be the most effective ways to conserve spe- 
cies, ecosystems, and ecosystem services in the future.194 

Ecosystem-based management strategies, where decisions are made at the ecosystem level,217 

and programs that consider climate change impacts along with other human-caused stressors 
are becoming more established and seek to optimize benefits among diverse societal goals.302 A 
number of regional to national networks have been implemented, including the Department of the 
Interior’s (DOI) Climate Adaptation Science Centers303 and the NOAA Regional Integrated Sciences 
and Assessment Programs,304 that bring together multiple stakeholders to develop approaches for 
dealing with climate change. Landscape Conservation Cooperatives (LCCs) were established by 
DOI Secretarial Order 3289 in 2009 to provide transboundary support and science capacity for 
adaptive resource management. The U.S. Fish and Wildlife Service (Service) is no longer providing 
dedicated staff and funding to support the governance and operations of the 22 LCCs, consistent 
with its FY2018 and FY2019 budget requests. The Service will continue to support cooperative 
landscape conservation efforts as an equal partner, working with states and other partners on 
priority conservation and management issues. Federal and state agencies with responsibilities 
for natural resources have begun to implement proactive and climate-smart management 

Challenges for Natural Resource Management 
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approaches. Recent examples (within the last 10 years) include the development of the National 
Marine Fisheries Service’s Climate Science Strategy215,217 and its commitment to ecosystem-based 
fisheries management;216 the National Park Service’s Climate Change Response Program;305 the 
Forest Adaptation Planning and Practices collaborative, led by the Northern Institute of Applied 
Climate Science;306 the National Fish, Wildlife and Plants Climate Adaptation Strategy;218 the South- 
east Conservation Adaptation Strategy,307 initiated by states of the Southeastern Association of  
Fish and Wildlife Agencies, the federal Southeast Natural Resource Leaders Group, the Southeast 
and Caribbean Landscape Conservation Cooperatives, and the Southeast Aquatic Resources Part- 
nership; and a range of individual state plans.302 These newly formed collaborative programs better 
account for the various climate impacts on, and interactions between, ecosystem components, 
while optimizing benefits among diverse societal goals. 

In addition, federal agencies are developing policies and approaches that consider ecosystem 
services and related climate impacts within existing planning and decision frameworks.225 For 
example, NOAA’s Fisheries Ecosystem-Based Fisheries Management Policy specifically considers 
climate change and ecosystem services. By framing management strategies and actions within an 
ecosystem services context, communication about the range of benefits derived from biodiversity 
and natural ecosystems can be improved, and managers, policymakers, and the public can better 
envision decisions that support climate adaptation. Restoration efforts can also help conserve 
important ecosystem services (Ch. 21: Midwest, Figure 21.7). 

An example of an effective, collaborative effort to manage climate impacts took place in Puerto 
Rico during a recent drought. In order to better manage the impacts of the drought on the 
environment, people, and water resources, Puerto Rico developed a special task force composed  
of government officials, federal partners, and members of academia to evaluate the progression, 
trends, and effects of drought in the territory. Weekly reports from the task force provided rec- 
ommended actions for government officials and updated the public about the drought (Ch. 20: U.S. 
Caribbean, Box 20.3). 

Changes in Individual characteristics: Maintaining habitat connectivity is important to ensure 
gene flow among populations and maintain genetic diversity, which provides the platform for 
evolutionary change. Additionally, assisted migration can be used to increase genetic diversity for 
less mobile species, which is important to facilitate evolutionary changes.213 

Changes in range: Climate-induced shifts in plant and animal populations can be most effec- 
tively addressed through landscape-scale and ecosystem-based conservation and management 
approaches. Increasing habitat connectivity for terrestrial, freshwater, and marine systems is a   
key climate adaptation action that will enable species to disperse and follow physiological niches 
as environmental conditions and habitats shift.206 More active approaches like seed sourcing and 
assisted migration may be considered for planted species or those with limited natural dispersal 
ability.308 However, for any assisted migration, there could be unforeseen and unwanted con- 
sequences. Although a provision to analyze and manage the potential consequences of assisted 
migration would not guarantee successful outcomes, developing such policies is warranted toward 
minimizing unintended consequences.213,214 Systems that are already degraded or stressed from 
non-climate factors will have lower adaptive capacity and resilience to climate change impacts; 
therefore, restoration and conservation of land, freshwater, and marine areas that support valued 

https://www.globalchange.gov/climate-change/glossary#letter_s
https://www.globalchange.gov/climate-change/glossary
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species and habitats are key actions for natural resource managers to take. In addition, climate 
change refugia—areas relatively buffered from climate change that enable persistence—have 
become a focus of conservation and connectivity efforts to maintain highly valued vulnerable 
ecosystems and species in place as long as possible.207,208 

Changes in phenology: Direct management of climate-induced phenological shifts or mismatches 
is challenging, as managers have few if any direct measures of control on phenology.248 However, 
research into how species’ phenologies are changing has the potential to support improved 
conservation outcomes by identifying high-priority phenological periods and informing changes 
in management actions accordingly. In Vermont grassland systems, for example, research on 
grassland bird nesting phenology identified the timing of haying as a critical stressor. In response, 
the timing of haying has been modified to accommodate the nesting phenology of several declin- 
ing species, including the bobolink, demonstrating the potential for phenological data to support 
a successful conservation program.309,310 Such monitoring and research efforts will become 
increasingly important as climate change results in further phenological shifts. Managing for 
phenological heterogeneity can also be an effective bet-hedging strategy to manage for a wide 
range of potential changes.248 

Invasive species: Focusing efforts on the prevention, eradication, and control of invasive species 
and the implementation of early detection and rapid response (EDRR) can be considered an adap- 
tation strategy to help maintain healthy ecosystems and preserve biodiversity such that natural 
systems are more resistant and resilient to climate change and extreme weather events.202,203 Once 
an invasive species is established, EDRR is much more effective than efforts to control invasive 
species after they are widely established.205 The current U.S. National Invasive Species Council 
Management Plan311 recognizes the stressors of land-use change and climate change and calls for 
an assessment of national EDRR capabilities. 

Major uncertainties 

Better predictive models are necessary to create effective adaptation strategies, but they can 
be hampered by a lack of sufficient data to adequately incorporate important biological 
mechanisms and feedback loops that influence climate change responses.232 This can be most 
effectively addressed if resource management approaches and monitoring efforts increasingly 
expand programs, especially at the community or ecosystem level, to detect and track changes  
in species composition, interactions, functioning, and tipping points, as well as to improve model 
inputs.312,313,314 

Changes in individual characteristics: Although genetic diversity is important for evolution and 
potentially for increasing the fitness of individuals, it does not guarantee that a species will adapt 
to future environmental conditions. Failure to adapt may occur when a species or population lacks 
genetic variability in a particular trait that is under selection (such as heat tolerance) as a result of 
climate change,7 despite having high overall genetic diversity. 

Changes in Range: Although potential strategies for adaptation to range shifts can be readily 
identified, the lack of experience implementing these approaches to meet this issue results in 
uncertainty in the efficacy of different approaches. Another big uncertainty is the incomplete 
information on the ecology and responses of species and ecosystems to climate change. 
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Changes in phenology: Phenological sensitivity may also be an important component of organ- 
ismal adaptive capacity315 and thus species’ vulnerability to climate change, although additional 
research is required before resource managers can utilize known relative vulnerabilities to priori- 
tize management activities. 

Invasive species: There is some uncertainty in the optimal management approach for a given 
species and location. Best practices for management actions are often context specific; one 
approach will not fit all scenarios. Management of climate change and invasive species needs to 
explore such variables as the biology of the target species, the time of year or day for maximizing 
effectiveness, the ecological and sociocultural context, legal and institutional frameworks, and 
budget constraints and timeliness.281 

Description of confidence and likelihood 

There is high confidence that traditional natural resource management strategies are increasingly 
challenged by the impacts of climate change. 

There is high confidence that adaptation strategies that are flexible, consider the emerging and 
interactive impacts of climate and other stressors, and are coordinated across local and landscape 
scales are progressing from theory to application. 

There is high confidence that significant challenges remain to comprehensively incorporate   
climate adaptation planning into mainstream natural resource management, as well as to evaluate 
the effectiveness of implemented actions. 



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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 

References 
1. Millennium Ecosystem Assessment, 2005: Ecosystems 

and Human Well-Being: Synthesis. Sarukhán, J., 
A. Whyte, and MA Board of Review Editors, Eds. 
Island   Press,   Washington,   DC,   137   pp.   https:// 
www.millenniumassessment.org/documents/ 
document.356.aspx.pdf 

 
2. Groffman, P.M., P. Kareiva, S. Carter, N.B. Grimm, J. 

Lawler, M. Mack, V. Matzek, and H. Tallis, 2014: Ch. 
8: Ecosystems, Biodiversity, and Ecosystem Services. 
Climate Change Impacts in the United  States:  The 
Third National Climate Assessment. Melillo, J.M., 
Terese (T.C.) Richmond, and G.W. Yohe, Eds. U.S. 
Global Change Research Program, Washington, DC, 
195-219. http://dx.doi.org/10.7930/J0TD9V7H 

 
3. Mace, G.M., K. Norris, and A.H. Fitter, 2012: 

Biodiversity and ecosystem services: A multilayered 
relationship. Trends in Ecology & Evolution, 27 (1), 19- 
26. http://dx.doi.org/10.1016/j.tree.2011.08.006 

 
4. Stein, B.A., A. Staudt, M.S. Cross, N.S. Dubois, C. 

Enquist, R. Griffis, L.J. Hansen, J.J. Hellmann, J.J. 
Lawler, E.J. Nelson, and A. Pairis, 2013: Preparing 
for and managing change: Climate adaptation for 
biodiversity and ecosystems. Frontiers in Ecology and  
the  Environment,  11  (9),  502-510.  http://dx.doi. 
org/10.1890/120277 

 
5. Scheffers, B.R., L. De Meester, T.C.L. Bridge, A.A. 

Hoffmann, J.M. Pandolfi, R.T. Corlett,  S.H.M.  
Butchart, P. Pearce-Kelly, K.M. Kovacs, D. Dudgeon, 
M. Pacifici, C. Rondinini, W.B. Foden, T.G. Martin, 
C. Mora, D. Bickford, and J.E.M. Watson, 2016: The 
broad footprint of climate change from genes to 
biomes  to  people.  Science,  354  (6313).  http://dx.doi. 
org/10.1126/science.aaf7671 

 
6. Beever, E.A., L.E. Hall, J. Varner, A.E. Loosen, J.B. 

Dunham, M.K. Gahl, F.A. Smith, and J.J. Lawler, 
2017: Behavioral flexibility as a mechanism for 
coping with climate change. Frontiers in Ecology and  
the  Environment,  15  (6),  299-308.  http://dx.doi. 
org/10.1002/fee.1502 

 
7. Merilä, J., 2012: Evolution in response to climate 

change: In pursuit of the missing evidence. 
BioEssays, 34 (9), 811-818. http://dx.doi.org/10.1002/ 
bies.201200054 

 
8. Merilä, J. and A.P. Hendry, 2014: Climate change, 

adaptation, and phenotypic plasticity: The problem 
and the evidence. Evolutionary Applications, 7 (1), 
1-14. http://dx.doi.org/10.1111/eva.12137 

 

 
9. Mills, L.S., M. Zimova, J. Oyler, S. Running, J.T. 

Abatzoglou, and P.M. Lukacs, 2013: Camouflage 
mismatch in seasonal coat color due to decreased 
snow duration. Proceedings of the National Academy of 
Sciences of the United States of America, 110 (18), 7360- 
7365. http://dx.doi.org/10.1073/pnas.1222724110 

 
10. Crozier, L.G. and J.A. Hutchings, 2014: Plastic and 

evolutionary responses to climate change in fish. 
Evolutionary  Applications,  7  (1),  68-87.  http://dx.doi. 
org/10.1111/eva.12135 

 
11. Franks, S.J., J.J. Weber, and S.N. Aitken, 2014: 

Evolutionary and  plastic  responses  to  climate  
change in terrestrial plant populations. Evolutionary 
Applications,       7       (1),       123-139.       http://dx.doi. 
org/10.1111/eva.12112 

 
12. Schilthuizen, M. and V. Kellermann, 2014: 

Contemporary climate change and terrestrial 
invertebrates: Evolutionary versus plastic changes. 
Evolutionary  Applications,  7  (1),  56-67.  http://dx.doi. 
org/10.1111/eva.12116 

 
13. Staudinger, M.D., N.B. Grimm, A. Staudt, S.L. Carter, 

F.S.   Chapin,   III,   P.    Kareiva,   M.   Ruckelshaus, and 
B.A. Stein, 2012: Impacts of Climate Change on 
Biodiversity, Ecosystems, and Ecosystem Services. 
Technical Input to the 2013 National Climate 
Assessment. U.S. Geological Survey, Reston, VA, 
296   pp.   https://downloads.globalchange.gov/nca/ 
technical_inputs/Biodiversity-Ecosystems-and- 
Ecosystem-Services-Technical-Input.pdf 

 
14. Duffy, J.E., C.M. Godwin, and B.J. Cardinale, 2017: 

Biodiversity effects in the wild are common and as 
strong as key drivers of productivity. Nature, 549, 
261-264. http://dx.doi.org/10.1038/nature23886 

 
15. Kovach, R.P., C.C. Muhlfeld, A.A. Wade, B.K. Hand, 

D.C. Whited, P.W. DeHaan, R. Al-Chokhachy, and G. 
Luikart, 2015: Genetic diversity is related to climatic 
variation and vulnerability in threatened bull trout. 
Global   Change   Biology,   21   (7),   2510-2524.   http:// 
dx.doi.org/10.1111/gcb.12850 

 
16. Asch, R.G., 2015: Climate change and decadal shifts 

in the phenology of larval fishes in the California 
Current ecosystem. Proceedings of the National 
Academy of Sciences of the United States of America, 
112   (30),   E4065-E4074.   http://dx.doi.org/10.1073/ 
pnas.1421946112 

https://www.millenniumassessment.org/documents/document.356.aspx.pdf
https://www.millenniumassessment.org/documents/document.356.aspx.pdf
https://www.millenniumassessment.org/documents/document.356.aspx.pdf
http://dx.doi.org/10.7930/J0TD9V7H
http://dx.doi.org/10.1016/j.tree.2011.08.006
http://dx.doi.org/10.1890/120277
http://dx.doi.org/10.1890/120277
http://dx.doi.org/10.1126/science.aaf7671
http://dx.doi.org/10.1126/science.aaf7671
http://dx.doi.org/10.1002/fee.1502
http://dx.doi.org/10.1002/fee.1502
http://dx.doi.org/10.1002/bies.201200054
http://dx.doi.org/10.1002/bies.201200054
http://dx.doi.org/10.1111/eva.12137
http://dx.doi.org/10.1073/pnas.1222724110
http://dx.doi.org/10.1111/eva.12135
http://dx.doi.org/10.1111/eva.12135
http://dx.doi.org/10.1111/eva.12112
http://dx.doi.org/10.1111/eva.12112
http://dx.doi.org/10.1111/eva.12116
http://dx.doi.org/10.1111/eva.12116
https://downloads.globalchange.gov/nca/technical_inputs/Biodiversity-Ecosystems-and-Ecosystem-Services-Technical-Input.pdf
https://downloads.globalchange.gov/nca/technical_inputs/Biodiversity-Ecosystems-and-Ecosystem-Services-Technical-Input.pdf
https://downloads.globalchange.gov/nca/technical_inputs/Biodiversity-Ecosystems-and-Ecosystem-Services-Technical-Input.pdf
https://downloads.globalchange.gov/nca/technical_inputs/Biodiversity-Ecosystems-and-Ecosystem-Services-Technical-Input.pdf
http://dx.doi.org/10.1038/nature23886
http://dx.doi.org/10.1111/gcb.12850
http://dx.doi.org/10.1111/gcb.12850
http://dx.doi.org/10.1073/pnas.1421946112
http://dx.doi.org/10.1073/pnas.1421946112


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
17. Burrows, M.T., D.S. Schoeman, L.B. Buckley, P. Moore, 

E.S. Poloczanska, K.M. Brander, C. Brown, J.F. Bruno, 
C.M. Duarte, B.S. Halpern, J. Holding, C.V. Kappel, W. 
Kiessling, M.I. O’Connor, J.M. Pandolfi, C. Parmesan, 
F.B. Schwing, W.J. Sydeman, and A.J. Richardson, 2011: 
The pace of shifting climate in marine and terrestrial 
ecosystems.   Science,   334,   652-655.   http://dx.doi. 
org/10.1126/science.1210288 

 
18. Parmesan, C. and M.E. Hanley, 2015: Plants and 

climate change: Complexities and surprises. Annals of 
Botany,  116  (6),  849-864.  http://dx.doi.org/10.1093/ 
aob/mcv169 

 
19. Poloczanska, E.S., C.J. Brown, W.J. Sydeman, W. 

Kiessling, D.S. Schoeman, P.J. Moore, K. Brander, J.F. 
Bruno, L.B. Buckley, M.T. Burrows, C.M. Duarte, B.S. 
Halpern, J. Holding, C.V. Kappel, M.I. O’Connor, J.M. 
Pandolfi, C. Parmesan, F. Schwing, S.A. Thompson, 
and A.J. Richardson, 2013: Global imprint of climate 
change on marine life. Nature Climate Change, 3, 919- 
925. http://dx.doi.org/10.1038/nclimate1958 

 
20. Ault, T.R., G.M. Henebry, K.M. de Beurs, M.D. Schwartz, 

J.L. Betancourt, and D. Moore, 2013: The false spring 
of 2012, earliest in North American record. Eos, 
Transactions American Geophysical Union, 94 (20), 181-
182. http://dx.doi.org/10.1002/2013EO200001 

 
21. Ault, T.R., M.D. Schwartz, R. Zurita-Milla, J.F. Weltzin, 

and J.L. Betancourt, 2015: Trends and natural 
variability of spring onset in the coterminous United 
States as evaluated by a new gridded dataset of spring 
indices. Journal of Climate, 28 (21), 8363-8378. http:// 
dx.doi.org/10.1175/jcli-d-14-00736.1 

 
22. Monahan, W.B., A. Rosemartin, K.L. Gerst, N.A. 

Fisichelli, T. Ault, M.D. Schwartz, J.E. Gross, and J.F. 
Weltzin, 2016: Climate change is advancing spring 
onset across the U.S. national park system. Ecosphere, 
7 (10), e01465. http://dx.doi.org/10.1002/ecs2.1465 

 
23. Thomas, A.C., A.J. Pershing, K.D. Friedland, J.A. Nye, 

K.E. Mills, M.A. Alexander, N.R. Record, R. Weatherbee, 
and M.E. Henderson, 2017: Seasonal trends and 
phenology shifts in sea surface temperature on the 
North American northeastern continental shelf. 
Elementa: Science of the Anthropocene, 5, 48. http:// 
dx.doi.org/10.1525/elementa.240 

 
24. Post, E., 2017: Implications of earlier sea ice melt for 

phenological cascades in arctic marine food webs. 
Food   Webs,   13,   60-66.   http://dx.doi.org/10.1016/j. 
fooweb.2016.11.002 

25. Gienapp, P., T.E. Reed, and M.E. Visser, 2014: Why 
climate change will invariably alter selection 
pressures on phenology. Proceedings of the Royal 
Society B: Biological Sciences, 281 (1793). http://dx.doi. 
org/10.1098/rspb.2014.1611 

 
26. Reed, T.E., S. Jenouvrier, and M.E. Visser, 2013: 

Phenological mismatch strongly affects individual 
fitness but not population demography in a woodland 
passerine. Journal of Animal Ecology, 82 (1), 131-144. 
http://dx.doi.org/10.1111/j.1365-2656.2012.02020.x 

 
27. Both, C., C.A.M. Van Turnhout, R.G. Bijlsma, H. 

Siepel, A.J. Van Strien, and R.P.B. Foppen, 2010: Avian 
population consequences of climate change are 
most severe for long-distance migrants in seasonal 
habitats. Proceedings of the Royal Society B: Biological 
Sciences,     277     (1685),     1259-1266.     http://dx.doi. 
org/10.1098/rspb.2009.1525 

 
28. Mayor, S.J., R.P. Guralnick, M.W. Tingley, J. Otegui, 

J.C.  Withey,  S.C.  Elmendorf,  M.E.  Andrew,  S.  Leyk, 
I.S. Pearse, and D.C. Schneider, 2017: Increasing 
phenological asynchrony between spring green-up 
and arrival of migratory birds. Scientific Reports, 7 (1), 
1902. http://dx.doi.org/10.1038/s41598-017-02045-z 

 
29. Ohlberger, J., S.J. Thackeray, I.J. Winfield, S.C. 

Maberly, and L.A. Vøllestad, 2014: When phenology 
matters: Age–size truncation alters population 
response to trophic mismatch. Proceedings of the 
Royal Society B: Biological Sciences, 281 (1793). http:// 
dx.doi.org/10.1098/rspb.2014.0938 

 
30. Kleisner, K.M., M.J. Fogarty, S. McGee, J.A. Hare, 

S. Moret, C.T. Perretti, and V.S. Saba, 2017: Marine 
species distribution shifts on the U.S. Northeast 
Continental Shelf under continued ocean warming. 
Progress  in  Oceanography,  153,  24-36.  http://dx.doi. 
org/10.1016/j.pocean.2017.04.001 

 
31. Lenoir, J. and J.C. Svenning, 2015: Climate-related 

range shifts—A global multidimensional synthesis 
and new research directions. Ecography, 38 (1), 15-28. 
http://dx.doi.org/10.1111/ecog.00967 

 
32. Pacifici, M., P. Visconti, S.H.M. Butchart, J.E.M. 

Watson, Francesca M. Cassola, and C. Rondinini, 2017: 
Species’ traits influenced their response to recent 
climate change. Nature Climate Change, 7, 205-208. 
http://dx.doi.org/10.1038/nclimate3223 

http://dx.doi.org/10.1126/science.1210288
http://dx.doi.org/10.1126/science.1210288
http://dx.doi.org/10.1093/aob/mcv169
http://dx.doi.org/10.1093/aob/mcv169
http://dx.doi.org/10.1038/nclimate1958
http://dx.doi.org/10.1002/2013EO200001
http://dx.doi.org/10.1175/jcli-d-14-00736.1
http://dx.doi.org/10.1175/jcli-d-14-00736.1
http://dx.doi.org/10.1002/ecs2.1465
http://dx.doi.org/10.1525/elementa.240
http://dx.doi.org/10.1525/elementa.240
http://dx.doi.org/10.1016/j.fooweb.2016.11.002
http://dx.doi.org/10.1016/j.fooweb.2016.11.002
http://dx.doi.org/10.1098/rspb.2014.1611
http://dx.doi.org/10.1098/rspb.2014.1611
http://dx.doi.org/10.1111/j.1365-2656.2012.02020.x
http://dx.doi.org/10.1111/j.1365-2656.2012.02020.x
http://dx.doi.org/10.1098/rspb.2009.1525
http://dx.doi.org/10.1098/rspb.2009.1525
http://dx.doi.org/10.1038/s41598-017-02045-z
http://dx.doi.org/10.1098/rspb.2014.0938
http://dx.doi.org/10.1098/rspb.2014.0938
http://dx.doi.org/10.1016/j.pocean.2017.04.001
http://dx.doi.org/10.1016/j.pocean.2017.04.001
http://dx.doi.org/10.1111/ecog.00967
http://dx.doi.org/10.1111/ecog.00967
http://dx.doi.org/10.1038/nclimate3223
http://dx.doi.org/10.1038/nclimate3223


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
33. Walther, G.-R., E. Post, P. Convey, A. Menzel, C. 

Parmesan, T.J.C. Beebee, J.-M. Fromentin, O. Hoegh- 
Guldberg, and F. Bairlein, 2002: Ecological responses 
to recent climate change. Nature, 416, 389-395. 
http://dx.doi.org/10.1038/416389a 

 
34. Glick, P., B.A. Stein, and N.A. Edelson, 2011: Scanning 

the Conservation Horizon: A Guide to Climate Change 
Vulnerability Assessment. National Wildlife 
Federation, Washington, DC, 176 pp. 

 
35. Wiens, J.J., 2016: Climate-related local extinctions  

are already widespread among plant and animal 
species. PLOS Biology, 14 (12), e2001104. http://dx.doi. 
org/10.1371/journal.pbio.2001104 

 
36. Dobrowski, S.Z. and S.A. Parks, 2016: Climate change 

velocity underestimates climate  change  exposure 
in mountainous regions. Nature Communications, 7, 
12349. http://dx.doi.org/10.1038/ncomms12349 

 
37. Santos, M.J., A.B. Smith, J.H. Thorne, and C. Moritz, 

2017: The relative influence of change in habitat and 
climate on elevation range limits in small mammals 
in Yosemite National Park, California, U.S.A. Climate 
Change Responses, 4 (1), 7. http://dx.doi.org/10.1186/ 
s40665-017-0035-6 

 
38. Walsh, H.J., D.E. Richardson, K.E. Marancik, and J.A. 

Hare, 2015: Long-term changes in the distributions 
of larval and adult fish in the northeast U.S. shelf 
ecosystem. PLOS ONE, 10 (9), e0137382. http://dx.doi. 
org/10.1371/journal.pone.0137382 

 
39. Pinsky, M.L., B. Worm, M.J. Fogarty, J.L. Sarmiento, 

and S.A. Levin, 2013: Marine taxa track local climate 
velocities. Science, 341 (6151), 1239-1242. http://dx.doi. 
org/10.1126/science.1239352 

 
40. Rogers, B.M., P. Jantz, and S.J. Goetz, 2017: Vulnerability 

of eastern US tree species to climate change. Global 
Change   Biology,   23   (8),   3302-3320.   http://dx.doi. 
org/10.1111/gcb.13585 

 
41. Tingley, M.W., M.S. Koo, C. Moritz, A.C. Rush, and S.R. 

Beissinger, 2012: The push and pull of climate change 
causes heterogeneous shifts in avian elevational 
ranges. Global Change Biology, 18 (11), 3279-3290. 
http://dx.doi.org/10.1111/j.1365-2486.2012.02784.x 

42. Amburgey, S.M., D.A.W. Miller, G.E.H. Campbell, 
T.A.G. Rittenhouse, M.F. Benard, J.L. Richardson, M.C. 
Urban, W. Hughson, A.B. Brand, C.J. Davis, C.R. Hardin, 
P.W.C. Paton, C.J. Raithel, R.A. Relyea, A.F. Scott, D.K. 
Skelly, D.E. Skidds, C.K. Smith, and E.E. Werner, 2018: 
Range position and climate sensitivity: The structure 
of among-population demographic responses to 
climatic variation. Global Change Biology, 24 (1), 439- 
454. http://dx.doi.org/10.1111/gcb.13817 

 
43. Curtis, J.A., L.E. Flint, A.L. Flint, J.D. Lundquist, 

B. Hudgens, E.E. Boydston, and J.K. Young, 2015: 
Correction: Incorporating cold-air pooling into 
downscaled climate models increases potential 
refugia for snow-dependent species within the Sierra 
Nevada ecoregion, CA. PLOS ONE, 10 (4), e0124729. 
http://dx.doi.org/10.1371/journal.pone.0124729 

 
44. Liang, Y., M.J. Duveneck, E.J. Gustafson, J.M. Serra- 

Diaz, and J.R. Thompson, 2018: How disturbance, 
competition, and dispersal interact to prevent tree 
range boundaries from keeping pace with climate 
change. Global Change Biology, 24 (1), e335-e351. 
http://dx.doi.org/10.1111/gcb.13847 

 
45. Anderson, M.G., M. Clark, and A.O. Sheldon, 2012: 

Resilient Sites for Terrestrial Conservation in the 
Northeast and Mid-Atlantic Region. The Nature 
Conservancy, Eastern Conservation Science, Boston, 
MA,     197     pp.     https://www.conservationgateway. 
org/ConservationByGeography/NorthAmerica/ 
w h o l e s y s t e m s/c e n t r a l a p p s/ D o c u m e n t s/ 
ResilientSitesfor_TerrestrialConservation.pdf 

 
46. Anderson, M.G., M. Clark, and B.H. McRae, 2015: 

PermeableLandscapesforClimateChange.TheNature 
Conservancy, Eastern Conservation Science, Boston, 
MA,   64   pp.   https://northatlanticlcc.org/projects/ 
permeable-landscapes/permeable-landscapes- 
for -c l imate -c hange-march-2 0 1 5- v e rs ion/ 
index_html 

 
47. Early, R. and D.F. Sax, 2011: Analysis of climate paths 

reveals potential limitations on species range shifts. 
Ecology    Letters,    14    (11),    1125-1133.    http://dx.doi. 
org/10.1111/j.1461-0248.2011.01681.x 

 
48. Campbell, J.E., J.A. Berry, U. Seibt, S.J. Smith, S.A. 

Montzka, T. Launois, S. Belviso, L. Bopp, and M. Laine, 
2017: Large historical growth in global terrestrial 
gross primary production. Nature, 544, 84-87. http:// 
dx.doi.org/10.1038/nature22030 

http://dx.doi.org/10.1038/416389a
http://dx.doi.org/10.1038/416389a
http://dx.doi.org/10.1371/journal.pbio.2001104
http://dx.doi.org/10.1371/journal.pbio.2001104
http://dx.doi.org/10.1038/ncomms12349
http://dx.doi.org/10.1186/s40665-017-0035-6
http://dx.doi.org/10.1186/s40665-017-0035-6
http://dx.doi.org/10.1371/journal.pone.0137382
http://dx.doi.org/10.1371/journal.pone.0137382
http://dx.doi.org/10.1126/science.1239352
http://dx.doi.org/10.1126/science.1239352
http://dx.doi.org/10.1111/gcb.13585
http://dx.doi.org/10.1111/gcb.13585
http://dx.doi.org/10.1111/j.1365-2486.2012.02784.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02784.x
http://dx.doi.org/10.1111/gcb.13817
http://dx.doi.org/10.1371/journal.pone.0124729
http://dx.doi.org/10.1371/journal.pone.0124729
http://dx.doi.org/10.1111/gcb.13847
http://dx.doi.org/10.1111/gcb.13847
https://www.conservationgateway.org/ConservationByGeography/NorthAmerica/wholesystems/centralapps/Documents/ResilientSitesfor_TerrestrialConservation.pdf
https://www.conservationgateway.org/ConservationByGeography/NorthAmerica/wholesystems/centralapps/Documents/ResilientSitesfor_TerrestrialConservation.pdf
https://www.conservationgateway.org/ConservationByGeography/NorthAmerica/wholesystems/centralapps/Documents/ResilientSitesfor_TerrestrialConservation.pdf
https://www.conservationgateway.org/ConservationByGeography/NorthAmerica/wholesystems/centralapps/Documents/ResilientSitesfor_TerrestrialConservation.pdf
https://northatlanticlcc.org/projects/permeable-landscapes/permeable-landscapes-for-climate-change-march-2015-version/index_html
https://northatlanticlcc.org/projects/permeable-landscapes/permeable-landscapes-for-climate-change-march-2015-version/index_html
https://northatlanticlcc.org/projects/permeable-landscapes/permeable-landscapes-for-climate-change-march-2015-version/index_html
https://northatlanticlcc.org/projects/permeable-landscapes/permeable-landscapes-for-climate-change-march-2015-version/index_html
http://dx.doi.org/10.1111/j.1461-0248.2011.01681.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01681.x
http://dx.doi.org/10.1038/nature22030
http://dx.doi.org/10.1038/nature22030


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
49. Graven, H.D., R.F. Keeling, S.C. Piper, P.K. Patra, B.B. 

Stephens, S.C. Wofsy, L.R. Welp, C. Sweeney, P.P. 
Tans, J.J. Kelley, B.C. Daube, E.A. Kort, G.W. Santoni, 
and J.D. Bent, 2013:  Enhanced  seasonal  exchange 
of CO2 by northern ecosystems since 1960. Science, 
341    (6150),    1085-1089.    http://dx.doi.org/10.1126/ 
science.1239207 

 
50. Wenzel, S., P.M. Cox, V. Eyring, and P. Friedlingstein, 

2016: Projected land photosynthesis constrained 
by changes in the seasonal cycle of atmospheric 
CO2.   Nature,   538   (7626),   499-501.   http://dx.doi. 
org/10.1038/nature19772 

 
51. Zhu, Z., S. Piao, R.B. Myneni, M. Huang, Z. Zeng, J.G. 

Canadell, P. Ciais, S. Sitch, P. Friedlingstein, A. Arneth, 
C. Cao, L. Cheng, E. Kato, C. Koven, Y. Li, X. Lian, 
Y. Liu, R. Liu, J. Mao, Y. Pan, S. Peng, J. Penuelas, B. 
Poulter, T.A.M. Pugh, B.D. Stocker, N. Viovy, X. Wang, 
Y. Wang, Z. Xiao, H. Yang, S. Zaehle, and N. Zeng, 2016: 
Greening of the Earth and its drivers. Nature Climate 
Change,   6   (8),   791-795.   http://dx.doi.org/10.1038/ 
nclimate3004 

 
52. Domke, G., C.A. Williams, R. Birdsey, J. Coulston, 

A. Finzi, C. Gough, B. Haight, J. Hicke, M. Janowiak, 
B. de Jong, W. Kurz, M. Lucash, S. Ogle, M. Olguín- 
Álvarez, Y. Pan, M. Skutsch, C. Smyth, C. Swanston, 
P. Templer, D. Wear, and C. Woodall, 2018: Forests. 
Second State of the  Carbon  Cycle  Report  (SOCCR2):  
A Sustained Assessment Report. Cavallaro, N., G. 
Shrestha, R. Birdsey, M. Mayes, R. Najjar, S. Reed, P. 
Romero-Lankao, and Z. Zhu, Eds. U.S. Global Change 
Research  Program,  Washington,  DC,  xx-yy.  https:// 
doi.org/10.7930/SOCCR2.2018.Ch9 

 
53. IPCC, 2013: Climate Change 2013: The Physical Science 

Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on 
Climate Change. Stocker, T.F., D. Qin, G.-K. Plattner, 
M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, 
V. Bex, and P.M. Midgley, Eds. Cambridge University 
Press, Cambridge, UK and New York, NY, 1535 pp. 
http://www.climatechange2013.org/report/ 

 
54. Boyce, D.G., M. Dowd, M.R. Lewis, and B. Worm, 

2014: Estimating global chlorophyll changes over the 
past century. Progress in Oceanography, 122, 163-173. 
http://dx.doi.org/10.1016/j.pocean.2014.01.004 

 
55. Boyce, D.G., M.R. Lewis, and B. Worm, 2010: Global 

phytoplankton decline over the past century. Nature, 
466    (7306),    591-596.    http://dx.doi.org/10.1038/ 
nature09268 

56. Boyce, D.G., M.R. Lewis, and B. Worm, 2011: Boyce et 
al. reply. Nature, 472, E8. http://dx.doi.org/10.1038/ 
nature09953 

 
57. Henson, S.A., J.L. Sarmiento, J.P. Dunne, L. Bopp, 

I. Lima, S.C. Doney, J. John, and C. Beaulieu, 2010: 
Detection   of   anthropogenic   climate    change  
in satellite records of ocean chlorophyll and 
productivity.  Biogeosciences,  7  (2),  621-640.  http:// 
dx.doi.org/10.5194/bg-7-621-2010 

 
58. Mackas, D.L., 2011: Does blending of chlorophyll data 

bias  temporal  trend?  Nature,  472,  E4.  http://dx.doi. 
org/10.1038/nature09951 

 
59. McQuatters-Gollop, A., P.C. Reid, M. Edwards, P.H. 

Burkill, C. Castellani, S. Batten, W. Gieskes, D. Beare, 
R.R. Bidigare, E. Head, R. Johnson, M. Kahru, J.A. 
Koslow, and A. Pena, 2011: Is there a decline in marine 
phytoplankton?    Nature,    472,    E6.    http://dx.doi. 
org/10.1038/nature09950 

 
60. Rykaczewski, R.R. and J.P. Dunne, 2010: Enhanced 

nutrient supply to the California Current 
Ecosystem with global warming and increased 
stratification in an earth system model. Geophysical 
Research    Letters,    37    (21),    L21606.    http://dx.doi. 
org/10.1029/2010GL045019 

 
61. Burgiel, S.W. and T.  Hall, Eds., 2014: Bioinvasions in  

a Changing World: A Resource on Invasive Species– 
Climate Change Interactions for Conservation and 
Natural Resource Management. National Invasive 
Species Information Center (NISIC), Beltsville, MD, 
49   pp.   https://www.invasivespeciesinfo.gov/docs/ 
toolkit/bioinvasions_in_a_changing_world.pdf 

 
62. Sorte, C.J.B., 2014: Synergies between climate change 

and species invasions: Evidence from marine systems. 
Invasive species and global climate change. Ziska, L.H. 
and J.S. Dukes, Eds. CABI, Wallingford, UK, 101-116. 
http://dx.doi.org/10.1079/9781780641645.0101 

 
63. Valéry, L., H. Fritz, J.-C. Lefeuvre, and D. Simberloff, 

2008: In search of a real definition of the biological 
invasion phenomenon itself. Biological Invasions, 10       
(8),       1345-1351.       http://dx.doi.org/10.1007/ 
s10530-007-9209-7 

 
64. Havel, J.E., K.E. Kovalenko, S.M. Thomaz, S. Amalfitano, 

and L.B. Kats, 2015: Aquatic invasive species: 
Challenges for the future. Hydrobiologia, 750 (1), 147- 
170. http://dx.doi.org/10.1007/s10750-014-2166-0 

http://dx.doi.org/10.1126/science.1239207
http://dx.doi.org/10.1126/science.1239207
http://dx.doi.org/10.1038/nature19772
http://dx.doi.org/10.1038/nature19772
http://dx.doi.org/10.1038/nclimate3004
http://dx.doi.org/10.1038/nclimate3004
https://doi.org/10.7930/SOCCR2.2018.Ch9
https://doi.org/10.7930/SOCCR2.2018.Ch9
http://www.climatechange2013.org/report/
http://www.climatechange2013.org/report/
http://dx.doi.org/10.1016/j.pocean.2014.01.004
http://dx.doi.org/10.1016/j.pocean.2014.01.004
http://dx.doi.org/10.1038/nature09268
http://dx.doi.org/10.1038/nature09268
http://dx.doi.org/10.1038/nature09953
http://dx.doi.org/10.1038/nature09953
http://dx.doi.org/10.5194/bg-7-621-2010
http://dx.doi.org/10.5194/bg-7-621-2010
http://dx.doi.org/10.1038/nature09951
http://dx.doi.org/10.1038/nature09951
http://dx.doi.org/10.1038/nature09950
http://dx.doi.org/10.1038/nature09950
http://dx.doi.org/10.1029/2010GL045019
http://dx.doi.org/10.1029/2010GL045019
https://www.invasivespeciesinfo.gov/docs/toolkit/bioinvasions_in_a_changing_world.pdf
https://www.invasivespeciesinfo.gov/docs/toolkit/bioinvasions_in_a_changing_world.pdf
http://dx.doi.org/10.1079/9781780641645.0101
http://dx.doi.org/10.1079/9781780641645.0101
http://dx.doi.org/10.1007/s10530-007-9209-7
http://dx.doi.org/10.1007/s10530-007-9209-7
http://dx.doi.org/10.1007/s10750-014-2166-0


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
65. Kolar, C.S. and D.M. Lodge, 2002: Ecological 

predictions and risk assessment for alien fishes in 
North America. Science, 298 (5596), 1233-1236. http:// 
dx.doi.org/10.1126/science.1075753 

 
66. Seebens, H., T.M. Blackburn, E.E. Dyer, P. Genovesi, 

P.E. Hulme, J.M. Jeschke, S. Pagad, P. Pyšek, M. Winter, 
M. Arianoutsou, S. Bacher, B. Blasius, G. Brundu, C. 
Capinha, L. Celesti-Grapow, W. Dawson, S. Dullinger, 
N. Fuentes, H. Jäger, J. Kartesz, M. Kenis, H. Kreft, I. 
Kühn, B. Lenzner, A. Liebhold, A. Mosena, D. Moser, 
M. Nishino, D. Pearman, J. Pergl, W. Rabitsch, J. Rojas- 
Sandoval, A. Roques, S. Rorke, S. Rossinelli, H.E. Roy, R. 
Scalera, S. Schindler, K. Štajerová, B. Tokarska-Guzik, 
M. van Kleunen, K. Walker, P. Weigelt, T. Yamanaka, 
and F. Essl, 2017: No saturation in the accumulation of 
alien species worldwide. Nature Communications, 8, 
14435. http://dx.doi.org/10.1038/ncomms14435 

 
67. Blois, J.L., P.L. Zarnetske, M.C. Fitzpatrick, and S. 

Finnegan, 2013: Climate change and the past, present, 
and future of biotic interactions. Science, 341 (6145), 
499-504. http://dx.doi.org/10.1126/science.1237184 

 
68. Williams, J.W. and S.T. Jackson, 2007: Novel climates, 

no-analog communities, and ecological surprises. 
Frontiers in Ecology and the Environment, 5 (9), 475- 
482. http://dx.doi.org/10.1890/070037 

 
69. Sorte, C.J.B., I. Ibáñez, D.M. Blumenthal, N.A. Molinari, 

L.P. Miller, E.D. Grosholz, J.M. Diez, C.M. D’Antonio, 
J.D. Olden, S.J. Jones, and J.S. Dukes, 2013: Poised 
to prosper? A cross-system comparison of climate 
change effects on native and non-native species 
performance. Ecology Letters, 16 (2), 261-270. http:// 
dx.doi.org/10.1111/ele.12017 

 
70. Wolkovich, E.M. and E.E. Cleland, 2014: Phenological 

niches and the future of invaded ecosystems with 
climate change. AoB PLANTS, 6, plu013-plu013. 
http://dx.doi.org/10.1093/aobpla/plu013 

 
71. Diez, J.M., C.M. D’Antonio, J.S. Dukes, E.D. Grosholz, 

J.D. Olden, C.J.B. Sorte, D.M. Blumenthal, B.A. Bradley, 
R. Early, I. Ibáñez, S.J. Jones, J.J. Lawler, and L.P. Miller, 
2012: Will extreme climatic events facilitate biological 
invasions? Frontiers in Ecology and the Environment, 
10 (5), 249-257. http://dx.doi.org/10.1890/110137 

72. Kats, L.B., G. Bucciarelli, T.L. Vandergon, R.L. 
Honeycutt, E. Mattiasen, A. Sanders, S.P.D. Riley, 
J.L. Kerby, and R.N. Fisher, 2013: Effects of natural 
flooding and manual trapping on the facilitation 
of invasive crayfish–native amphibian coexistence 
in a semi-arid perennial stream. Journal of Arid     
Environments,     98,     109-112.     http://dx.doi. 
org/10.1016/j.jaridenv.2013.08.003 

 
73. Tinsley, R.C., L.C. Stott, M.E. Viney, B.K. Mable, and 

M.C. Tinsley, 2015: Extinction of an introduced warm- 
climate alien species, Xenopus laevis, by extreme 
weather events. Biological Invasions, 17 (11), 3183- 
3195. http://dx.doi.org/10.1007/s10530-015-0944-x 

 
74. Wolf, A., N.B. Zimmerman, W.R.L. Anderegg, P.E. 

Busby, and J. Christensen, 2016: Altitudinal shifts of 
the native and introduced flora of California in the 
context of 20th-century warming. Global Ecology and   
Biogeography,   25   (4),   418-429.   http://dx.doi. 
org/10.1111/geb.12423 

 
75. Cline, T.J., J.F. Kitchell, V. Bennington, G.A. McKinley, 

E.K. Moody, and B.C. Weidel, 2014: Climate impacts 
on landlocked sea lamprey: Implications for host-
parasite interactions and invasive species 
management.   Ecosphere,   5   (6),   1-13.   http://dx.doi. 
org/10.1890/ES14-00059.1 

 
76. Mellin, C., M. Lurgi, S. Matthews, M.A. MacNeil, M.J. 

Caley, N. Bax, R. Przeslawski, and D.A. Fordham, 2016: 
Forecasting marine invasions under climate change: 
Biotic interactions and demographic processes 
matter. Biological Conservation, 204 (Part B), 459-467. 
http://dx.doi.org/10.1016/j.biocon.2016.11.008 

 
77. Grieve, B.D., E.N. Curchitser, and R.R. Rykaczewski, 

2016: Range expansion of the invasive lionfish in the 
Northwest Atlantic with climate change. Marine 
Ecology  Progress  Series,  546,  225-237.  http://dx.doi. 
org/10.3354/meps11638 

 
78. Mayr, E., 1982: The Growth of Biological Thought: 

Diversity, Evolution, and Inheritance. Belknap Press, 
Cambridge, MA, 974 pp. 

 
79. Laws, A.N. and A. Joern, 2013: Predator–prey 

interactions in a grassland food chain vary with 
temperature and food quality. Oikos, 122 (7), 977-986. 
http://dx.doi.org/10.1111/j.1600-0706.2012.20419.x 

 
80. McCluney, K.E. and J.L. Sabo, 2016: Animal water 

balance drives top-down effects in a riparian 
forest—Implications for terrestrial trophic cascades. 
Proceedings of the Royal Society B: Biological Sciences, 
283 (1836). http://dx.doi.org/10.1098/rspb.2016.0881 

http://dx.doi.org/10.1126/science.1075753
http://dx.doi.org/10.1126/science.1075753
http://dx.doi.org/10.1038/ncomms14435
http://dx.doi.org/10.1126/science.1237184
http://dx.doi.org/10.1890/070037
http://dx.doi.org/10.1111/ele.12017
http://dx.doi.org/10.1111/ele.12017
http://dx.doi.org/10.1093/aobpla/plu013
http://dx.doi.org/10.1093/aobpla/plu013
http://dx.doi.org/10.1890/110137
http://dx.doi.org/10.1016/j.jaridenv.2013.08.003
http://dx.doi.org/10.1016/j.jaridenv.2013.08.003
http://dx.doi.org/10.1007/s10530-015-0944-x
http://dx.doi.org/10.1111/geb.12423
http://dx.doi.org/10.1111/geb.12423
http://dx.doi.org/10.1890/ES14-00059.1
http://dx.doi.org/10.1890/ES14-00059.1
http://dx.doi.org/10.1016/j.biocon.2016.11.008
http://dx.doi.org/10.1016/j.biocon.2016.11.008
http://dx.doi.org/10.3354/meps11638
http://dx.doi.org/10.3354/meps11638
http://dx.doi.org/10.1111/j.1600-0706.2012.20419.x
http://dx.doi.org/10.1111/j.1600-0706.2012.20419.x
http://dx.doi.org/10.1098/rspb.2016.0881


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
81. Verdeny-Vilalta, O. and J. Moya-Laraño, 2014: Seeking 

water while avoiding predators: Moisture gradients 
can affect predator–prey interactions. Animal 
Behaviour,  90,  101-108.  http://dx.doi.org/10.1016/j. 
anbehav.2014.01.027 

 
82. Davis, C.L., D.A.W. Miller, S.C. Walls, W.J. Barichivich, 

J.W. Riley, and M.E. Brown, 2017: Species interactions 
and the effects of climate variability on a wetland 
amphibian metacommunity. Ecological Applications, 
27 (1), 285-296. http://dx.doi.org/10.1002/eap.1442 

 
83. West, D.C. and D.M. Post, 2016: Impacts of 

warming revealed by linking resource growth  
rates with consumer functional responses. Journal of   
Animal   Ecology,   85   (3),   671-680.   http://dx.doi. 
org/10.1111/1365-2656.12491 

 
84. Breeggemann, J.J., M.A. Kaemingk, T.J. DeBates, C.P. 

Paukert, J.R. Krause, A.P. Letvin, T.M. Stevens, D.W. 
Willis, and S.R. Chipps, 2016: Potential direct and 
indirect effects of climate change on a shallow natural 
lake fish assemblage. Ecology of Freshwater Fish, 25 
(3), 487-499. http://dx.doi.org/10.1111/eff.12248 

 
85. Dell, A.I., S. Pawar, and V.M. Savage, 2014: Temperature 

dependence of trophic interactions are   driven   
by asymmetry of species responses and foraging 
strategy. Journal of Animal Ecology, 83 (1), 70-84. 
http://dx.doi.org/10.1111/1365-2656.12081 

 
86. Parain, E.C., D. Gravel, R.P. Rohr, L.-F. Bersier, and 

S.M. Gray, 2016: Mismatch in microbial food webs: 
Predators but not prey perform better in their local 
biotic and abiotic conditions. Ecology and Evolution, 6 
(14), 4885-4897. http://dx.doi.org/10.1002/ece3.2236 

 
87. DeGregorio, B.A., J.D. Westervelt, P.J. Weatherhead, 

and J.H. Sperry, 2015: Indirect effect of climate 
change: Shifts in ratsnake behavior alter intensity 
and timing of avian nest predation. Ecological 
Modelling,  312,  239-246.  http://dx.doi.org/10.1016/j. 
ecolmodel.2015.05.031 

 
88. Miller, L.P., C.M. Matassa, and G.C. Trussell, 2014: 

Climate change enhances the negative effects of 
predation risk on an intermediate consumer. Global 
Change   Biology,   20   (12),   3834-3844.   http://dx.doi. 
org/10.1111/gcb.12639 

 
89. Zander, A., L.-F. Bersier, and S.M. Gray, 2017: Effects 

of temperature variability on community structure in 
a natural microbial food web. Global Change Biology, 
23 (1), 56-67. http://dx.doi.org/10.1111/gcb.13374 

90. Deacy, W.W., J.B. Armstrong, W.B. Leacock, C.T. 
Robbins, D.D. Gustine, E.J. Ward, J.A. Erlenbach, and 
J.A. Stanford, 2017: Phenological synchronization 
disrupts trophic interactions between Kodiak 
brown bears and salmon. Proceedings of the National 
Academy of Sciences of the United States of America, 
114    (39),    10432-10437.    http://dx.doi.org/10.1073/ 
pnas.1705248114 

 
91. Sheil, D., 2016: Disturbance and distributions: 

Avoiding exclusion in a warming world. Ecology and   
Society,   21   (1),   10.   http://dx.doi.org/10.5751/ ES-
07920-210110 

 
92. Van Zuiden, T.M., M.M. Chen, S. Stefanoff, L. Lopez, 

and S. Sharma, 2016: Projected impacts of climate 
change on three freshwater fishes and potential novel 
competitive interactions. Diversity and Distributions, 
22 (5), 603-614. http://dx.doi.org/10.1111/ddi.12422 

 
93. Lancaster, L.T., G. Morrison, and R.N. Fitt, 2017: Life 

history trade-offs, the intensity of competition, 
and coexistence in novel and evolving communities 
under climate change. Philosophical  Transactions  
of the Royal Society B: Biological Sciences, 372 (1712). 
http://dx.doi.org/10.1098/rstb.2016.0046 

 
94. Link, J.S., O. Thébaud, D.C. Smith, A.D.M. Smith, J. 

Schmidt, J. Rice, J.J. Poos, C. Pita, D. Lipton, M. Kraan, 
S. Frusher, L. Doyen, A. Cudennec, K. Criddle, and D. 
Bailly, 2017: Keeping humans in the ecosystem. ICES 
Journal  of  Marine  Science,  74  (7),  1947-1956.  http:// 
dx.doi.org/10.1093/icesjms/fsx130 

 
95. Nelson, E.J., P. Kareiva, M. Ruckelshaus, K. Arkema, G. 

Geller, E. Girvetz, D. Goodrich, V. Matzek, M. Pinsky, 
W. Reid, M. Saunders, D. Semmens, and H. Tallis, 2013: 
Climate change’s impact on key ecosystem services 
and the human well-being they support in the US. 
Frontiers in Ecology and the Environment, 11 (9), 483- 
893. http://dx.doi.org/10.1890/120312 

 
96. Staudt, A., A.K. Leidner, J. Howard, K.A. Brauman, 

J.S. Dukes, L.J. Hansen, C. Paukert, J. Sabo, and 
L.A. Solórzano, 2013: The   added   complications 
of climate change: Understanding and managing 
biodiversity and ecosystems. Frontiers in Ecology and  
the  Environment,  11  (9),  494-501.  http://dx.doi. 
org/10.1890/120275 

 
97. Pinsky, M.L. and M. Fogarty, 2012: Lagged social– 

ecological responses to climate and range shifts in 
fisheries. Climatic Change, 115 (3-4), 883-891. http:// 
dx.doi.org/10.1007/s10584-012-0599-x 

http://dx.doi.org/10.1016/j.anbehav.2014.01.027
http://dx.doi.org/10.1016/j.anbehav.2014.01.027
http://dx.doi.org/10.1002/eap.1442
http://dx.doi.org/10.1111/1365-2656.12491
http://dx.doi.org/10.1111/1365-2656.12491
http://dx.doi.org/10.1111/eff.12248
http://dx.doi.org/10.1111/1365-2656.12081
http://dx.doi.org/10.1111/1365-2656.12081
http://dx.doi.org/10.1002/ece3.2236
http://dx.doi.org/10.1016/j.ecolmodel.2015.05.031
http://dx.doi.org/10.1016/j.ecolmodel.2015.05.031
http://dx.doi.org/10.1111/gcb.12639
http://dx.doi.org/10.1111/gcb.12639
http://dx.doi.org/10.1111/gcb.13374
http://dx.doi.org/10.1073/pnas.1705248114
http://dx.doi.org/10.1073/pnas.1705248114
http://dx.doi.org/10.5751/ES-07920-210110
http://dx.doi.org/10.5751/ES-07920-210110
http://dx.doi.org/10.5751/ES-07920-210110
http://dx.doi.org/10.1111/ddi.12422
http://dx.doi.org/10.1098/rstb.2016.0046
http://dx.doi.org/10.1098/rstb.2016.0046
http://dx.doi.org/10.1093/icesjms/fsx130
http://dx.doi.org/10.1093/icesjms/fsx130
http://dx.doi.org/10.1890/120312
http://dx.doi.org/10.1890/120275
http://dx.doi.org/10.1890/120275
http://dx.doi.org/10.1007/s10584-012-0599-x
http://dx.doi.org/10.1007/s10584-012-0599-x


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

98. Smith, P., M.R. Ashmore, H.I.J. Black, P.J. Burgess, C.D. 104. EPA, 2017: Multi-model Framework for Quantitative 
 Evans, T.A. Quine, A.M. Thomson, K. Hicks, and H.G.  Sectoral Impacts Analysis: A Technical Report 
 Orr, 2013: REVIEW: The role of ecosystems and their  for the Fourth National Climate Assessment. EPA 
 management in regulating climate, and soil, water 

and air quality. Journal of Applied Ecology, 50 (4), 812- 
 430-R-17-001. U.S. Environmental Protection 

Agency   (EPA),   Washington,   DC,   271   pp.   https:// 
 829. http://dx.doi.org/10.1111/1365-2664.12016  cfpub.epa.gov/si/si_public_record_Report.  
   cfm?dirEntryId=335095 
99. Pecl, G.T., M.B. Araújo, J.D. Bell, J. Blanchard, T.C.   

 Bonebrake, I.-C. Chen, T.D. Clark, R.K. Colwell, 105. Burger, C., E. Belskii, T. Eeva, T. Laaksonen, M. Mägi, 
 F. Danielsen, B. Evengård, L. Falconi, S. Ferrier,  R. Mänd, A. Qvarnström, T. Slagsvold, T. Veen, M.E. 
 S. Frusher, R.A. Garcia, R.B. Griffis, A.J. Hobday,  Visser, K.L. Wiebe, C. Wiley, J. Wright, and C. Both, 
 C. Janion-Scheepers, M.A. Jarzyna, S. Jennings, J.  2012: Climate change, breeding date and nestling 
 Lenoir, H.I. Linnetved, V.Y. Martin, P.C. McCormack,  diet: How temperature differentially affects seasonal 
 J. McDonald, N.J. Mitchell, T. Mustonen, J.M. Pandolfi, 

N. Pettorelli, E. Popova, S.A. Robinson, B.R. Scheffers, 
 changes in pied flycatcher diet depending on habitat 

variation. Journal of Animal Ecology, 81 (4), 926-936. 
 J.D. Shaw, C.J.B. Sorte, J.M. Strugnell, J.M. Sunday,  http://dx.doi.org/10.1111/j.1365-2656.2012.01968.x 
 M.-N. Tuanmu, A. Vergés, C. Villanueva, T. Wernberg,   
 E. Wapstra, and S.E. Williams, 2017: Biodiversity 106. Stireman, J.O., L.A. Dyer, D.H. Janzen, M.S. Singer, 
 redistribution under climate change: Impacts 

on   ecosystems   and   human   well-being.   Science, 
 J.T.  Lill,  R.J.  Marquis,  R.E.  Ricklefs,  G.L.  Gentry, W. 

Hallwachs,   P.D.   Coley,   J.A.   Barone,   H.F.  Greeney, 
 355 (6332), eaai9214. http://dx.doi.org/10.1126/  H. Connahs, P. Barbosa, H.C. Morais, and I.R. Diniz, 
 science.aai9214  2005: Climatic unpredictability and parasitism 
 
100. 

 
Baker-Austin, C., J. Trinanes, N. Gonzalez-Escalona, 

 of   caterpillars:   Implications   of   global   warming. 
Proceedings of the National Academy of Sciences of the 

 and J. Martinez-Urtaza, 2017: Non-cholera vibrios:  United States of America, 102 (48), 17384-17387. http:// 
 The     microbial     barometer     of     climate change. 

Trends  in  Microbiology,  25  (1),  76-84.  http://dx.doi. 
 dx.doi.org/10.1073/pnas.0508839102 

 org/10.1016/j.tim.2016.09.008 107. Parmesan, C. and G. Yohe, 2003: A globally coherent 
 
101. 

 
Young, I., K. Gropp, A. Fazil, and B.A. Smith, 2015: 

 fingerprint of climate change impacts across  natural 
systems.   Nature,   421   (6918),   37-42.   http://dx.doi. 

 Knowledge synthesis to support risk assessment of  org/10.1038/nature01286 
 climate change impacts on food and water safety: A   
 case study of the effects of water temperature and 

salinity on Vibrio parahaemolyticus in raw oysters and 
harvest waters. Food Research International, 68, 86- 

108. Cheung, W.W.L., V.W.Y. Lam, J.L. Sarmiento, K. 
Kearney, R. Watson, D. Zeller, and D. Pauly, 2010: 
Large-scale   redistribution   of   maximum   fisheries 

 93. http://dx.doi.org/10.1016/j.foodres.2014.06.035  catch  potential  in  the  global  ocean  under  climate 
change.  Global  Change  Biology,  16  (1),  24-35.  http:// 

102. Lemasson, A.J., S. Fletcher, J.M. Hall-Spencer, and  dx.doi.org/10.1111/j.1365-2486.2009.01995.x 
 A.M. Knights, 2017: Linking the biological impacts   
 of ocean acidification on oysters to changes in 

ecosystem services: A review. Journal of Experimental 
Marine Biology and Ecology, 492, 49-62. http://dx.doi. 

109. Bateman, B.L., A.M. Pidgeon, V.C. Radeloff, J. 
VanDerWal, W.E. Thogmartin, S.J. Vavrus, and P.J. 
Heglund,  2016:  The  pace  of  past  climate  change 

 org/10.1016/j.jembe.2017.01.019  vs. potential bird distributions and land use in the 
United States. Global Change Biology, 22 (3), 1130-1144. 

103. Grabowski, J.H., R.D. Brumbaugh, R.F. Conrad, A.G.  http://dx.doi.org/10.1111/gcb.13154 
 Keeler, J.J. Opaluch, C.H. Peterson, M.F. Piehler,   
 S.P. Powers, and A.R. Smyth, 2012: Economic 110. Pyke, G.H., J.D. Thomson, D.W. Inouye, and T.J. Miller, 
 valuation of ecosystem services provided by oyster 

reefs.   BioScience,   62   (10),   900-909.   http://dx.doi. 
org/10.1525/bio.2012.62.10.10 

 2016: Effects of  climate  change  on  phenologies 
and distributions of bumble bees and the plants 
they   visit.   Ecosphere,   7   (3),   e01267.   http://dx.doi. 

   org/10.1002/ecs2.1267 

https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095
http://dx.doi.org/10.1111/1365-2664.12016
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095
https://cfpub.epa.gov/si/si_public_record_Report.cfm?dirEntryId=335095
http://dx.doi.org/10.1111/j.1365-2656.2012.01968.x
http://dx.doi.org/10.1126/science.aai9214
http://dx.doi.org/10.1126/science.aai9214
http://dx.doi.org/10.1073/pnas.0508839102
http://dx.doi.org/10.1016/j.tim.2016.09.008
http://dx.doi.org/10.1073/pnas.0508839102
http://dx.doi.org/10.1016/j.tim.2016.09.008
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1016/j.foodres.2014.06.035
http://dx.doi.org/10.1111/j.1365-2486.2009.01995.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01995.x
http://dx.doi.org/10.1016/j.jembe.2017.01.019
http://dx.doi.org/10.1016/j.jembe.2017.01.019
http://dx.doi.org/10.1111/gcb.13154
http://dx.doi.org/10.1525/bio.2012.62.10.10
http://dx.doi.org/10.1525/bio.2012.62.10.10
http://dx.doi.org/10.1002/ecs2.1267
http://dx.doi.org/10.1002/ecs2.1267


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

111. Iverson, L.R., F.R. Thompson, S. Matthews, M. 117. Kovach, R.P., J.E. Joyce, J.D. Echave, M.S. Lindberg, 
 Peters, A. Prasad, W.D. Dijak, J. Fraser, W.J. Wang, B.  and D.A. Tallmon, 2013: Earlier migration timing, 
 Hanberry,  H.  He,  M.  Janowiak,  P.   Butler,  L. Brandt, 

and C. Swanston, 2017: Multi-model comparison on 
 decreasing phenotypic variation, and  biocomplexity 

in multiple salmonid species. PLOS ONE, 8 (1),  e53807. 
 the effects of climate change on tree species in the  http://dx.doi.org/10.1371/journal.pone.0053807 
 eastern U.S.: Results from an enhanced niche model   
 and process-based ecosystem and landscape models. 

Landscape  Ecology,  32  (7),  1327-1346.  http://dx.doi. 
118. Otero,   J.,   J.H.   L’Abée-Lund,   T.   Castro-Santos,   K. 

Leonardsson, G.O.  Storvik, B. Jonsson, B.  Dempson, 
 org/10.1007/s10980-016-0404-8  I.C. Russell, A.J. Jensen, J.-L. Baglinière, M. Dionne, 
   J.D. Armstrong, A. Romakkaniemi, B.H. Letcher, J.F. 
112. Urban, M.C., 2015: Accelerating extinction risk  from 

climate change. Science, 348 (6234), 571-573. http:// 
 Kocik, J. Erkinaro, R. Poole, G. Rogan, H. Lundqvist, 

J.C. MacLean, E. Jokikokko, J.V. Arnekleiv, R.J. Kennedy, 
 dx.doi.org/10.1126/science.aaa4984  E. Niemelä, P. Caballero, P.A. Music, T. Antonsson, S. 
   Gudjonsson, A.E. Veselov, A. Lamberg, S. Groom, B.H. 
113. Thackeray, S.J., T.H. Sparks, M. Frederiksen, S. Burthe,  Taylor, M. Taberner, M. Dillane, F. Arnason, G. Horton, 
 P.J. Bacon, J.R. Bell, M.S. Botham, T.M. Brereton,  N.A. Hvidsten, I.R. Jonsson, N. Jonsson, S. McKelvey, 
 P.W. Bright, L. Carvalho, T.I.M. Clutton-Brock, A.  T.F. Næsje, Ø. Skaala, G.W. Smith, H. Sægrov, N.C. 
 Dawson, M. Edwards, J.M. Elliott, R. Harrington,  Stenseth, and L.A. Vøllestad, 2014: Basin-scale 
 D. Johns, I.D. Jones, J.T. Jones, D.I. Leech, D.B. Roy,  phenology and effects of climate variability on global 
 W.A.   Scott,   M.   Smith,   R.J.   Smithers,   I.J. Winfield, 

and  S.  Wanless,  2010:  Trophic  level  asynchrony 
 timing of initial seaward migration of Atlantic salmon 

(Salmo  salar).  Global  Change  Biology,  20  (1),  61-75. 
 in rates of phenological change for marine, 

freshwater and terrestrial environments. Global 
Change   Biology,   16   (12),   3304-3313.   http://dx.doi. 

 
 

119. 

http://dx.doi.org/10.1111/gcb.12363 
 
Mills, K.E., A.J. Pershing, C.J. Brown, Y. Chen, F.-S. 

 org/10.1111/j.1365-2486.2010.02165.x  Chiang, D.S. Holland, S. Lehuta, J.A. Nye, J.C. Sun, A.C. 
   Thomas, and R.A. Wahle, 2013: Fisheries management 
114. Thackeray,  S.J.,  P.A.  Henrys,  D.  Hemming,  J.R.  Bell, 

M.S.  Botham,  S.  Burthe,  P.   Helaouet,  D.G.   Johns, 
 in a changing climate: Lessons from the 2012 ocean 

heat wave in the northwest Atlantic. Oceanography, 
 I.D. Jones, D.I. Leech, E.B. Mackay, D. Massimino, S.  26  ( 2 ) ,  1 9 1 – 1 9 5 .  ht t p : //d x . d oi . or g/10 . 5 67 0/ 
 Atkinson, P.J. Bacon, T.M. Brereton, L. Carvalho, T.H.  oceanog.2013.27 
 Clutton-Brock, C. Duck, M. Edwards, J.M. Elliott,   
 S.J.G. Hall, R. Harrington, J.W. Pearce-Higgins, T.T. 120. Richards, R.A., M.J. Fogarty, D.G. Mountain, and M.H. 
 Høye, L.E.B. Kruuk, J.M. Pemberton, T.H. Sparks, P.M. 

Thompson, I. White, I.J. Winfield, and S. Wanless, 
2016: Phenological sensitivity to climate across taxa 
and trophic levels. Nature, 535, 241-245. http://dx.doi. 

 Taylor, 2012: Climate change and northern shrimp 
recruitment variability in the Gulf of Maine. Marine 
Ecology  Progress  Series,  464,  167-178.  http://dx.doi. 
org/10.3354/meps09869 

 org/10.1038/nature18608   
  121. Fei, S., J.M. Desprez, K.M. Potter, I. Jo, J.A. Knott, and 
115. Henderson, M.E., K.E. Mills, A.C. Thomas, A.J. Pershing, 

and J.A. Nye, 2017: Effects of spring onset and summer 
 C.M. Oswalt, 2017: Divergence of species responses 

to climate change. Science Advances, 3 (5), e1603055. 
 duration on fish species distribution and biomass  http://dx.doi.org/10.1126/sciadv.1603055 
 along the Northeast United States continental shelf. 

Reviews in Fish Biology and Fisheries, 27 (2), 411-424. 
 

122. 
 
Rowe, K.C., K.M.C. Rowe, M.W. Tingley, M.S. Koo, 

 http://dx.doi.org/10.1007/s11160-017-9487-9  J.L. Patton, C.J. Conroy, J.D. Perrine, S.R. Beissinger, 
   and C. Moritz, 2015: Spatially heterogeneous impact 
116. Lynch, A.J., B.J.E. Myers, C. Chu, L.A. Eby, J.A. Falke, 

R.P.  Kovach,  T.J.  Krabbenhoft,  T.J.  Kwak,  J. Lyons, 
C.P. Paukert, and J.E. Whitney, 2016: Climate change 

 of climate change on small mammals of montane 
California.   Proceedings   of   the   Royal   Society   B: 
Biological Sciences, 282 (1799), 20141857. http://dx.doi. 

 effects on North American inland fish populations 
and  assemblages.  Fisheries,  41  (7),  346-361.  http:// 

 org/10.1098/rspb.2014.1857 

 dx.doi.org/10.1080/03632415.2016.1186016 123. Ralston, J., W.V. DeLuca, R.E. Feldman, and D.I. King, 
   2017: Population trends influence species ability to 

track climate change. Global Change Biology, 23 (4), 
   1390-1399. http://dx.doi.org/10.1111/gcb.13478 

http://dx.doi.org/10.1371/journal.pone.0053807
http://dx.doi.org/10.1007/s10980-016-0404-8
http://dx.doi.org/10.1007/s10980-016-0404-8
http://dx.doi.org/10.1126/science.aaa4984
http://dx.doi.org/10.1126/science.aaa4984
http://dx.doi.org/10.1111/j.1365-2486.2010.02165.x
http://dx.doi.org/10.1111/gcb.12363
http://dx.doi.org/10.1111/j.1365-2486.2010.02165.x
http://dx.doi.org/10.5670/oceanog.2013.27
http://dx.doi.org/10.5670/oceanog.2013.27
http://dx.doi.org/10.1038/nature18608
http://dx.doi.org/10.3354/meps09869
http://dx.doi.org/10.3354/meps09869
http://dx.doi.org/10.1038/nature18608
http://dx.doi.org/10.1126/sciadv.1603055
http://dx.doi.org/10.1007/s11160-017-9487-9
http://dx.doi.org/10.1098/rspb.2014.1857
http://dx.doi.org/10.1080/03632415.2016.1186016
http://dx.doi.org/10.1098/rspb.2014.1857
http://dx.doi.org/10.1080/03632415.2016.1186016
http://dx.doi.org/10.1111/gcb.13478


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
124. Anderson, J.H., G.R. Pess, R.W. Carmichael, M.J. Ford, 

T.D. Cooney, C.M. Baldwin, and M.M. McClure, 2014: 
Planning Pacific salmon and steelhead reintroductions 
aimed at long-term viability and recovery. North 
American Journal of Fisheries Management, 34 (1), 72- 
93. http://dx.doi.org/10.1080/02755947.2013.847875 

 
125. McClure, M.M., S.M. Carlson, T.J. Beechie, G.R. 

Pess, J.C. Jorgensen, S.M. Sogard, S.E. Sultan, D.M. 
Holzer, J. Travis, B.L. Sanderson, M.E. Power, and 
R.W. Carmichael, 2008: Evolutionary consequences 
of habitat loss for Pacific anadromous salmonids. 
Evolutionary   Applications,   1   (2),   300-318.   http:// 
dx.doi.org/10.1111/j.1752-4571.2008.00030.x 

 
126. Millar, C.I. and N.L. Stephenson, 2015: Temperate 

forest health in an era of emerging megadisturbance. 

130. Friend, A.D., W. Lucht, T.T. Rademacher, R. Keribin, R. 
Betts, P. Cadule, P. Ciais, D.B. Clark, R. Dankers, P.D. 
Falloon, A. Ito, R. Kahana, A. Kleidon, M.R. Lomas, K. 
Nishina, S. Ostberg, R. Pavlick, P. Peylin, S. Schaphoff, 
N. Vuichard, L. Warszawski, A. Wiltshire, and F.I. 
Woodward, 2014: Carbon residence time dominates 
uncertainty in terrestrial vegetation responses to 
future climate  and  atmospheric  CO2.  Proceedings 
of the National Academy of Sciences of the United States  
of  America,  111  (9),  3280-3285.  http://dx.doi. 
org/10.1073/pnas.1222477110 

 
131. Todd-Brown, K.E.O., J.T. Randerson, F. Hopkins, V. 

Arora, T. Hajima, C. Jones, E. Shevliakova, J. Tjiputra, 
E. Volodin, T. Wu, Q. Zhang, and S.D. Allison, 2014: 
Changes in soil organic carbon  storage  predicted 
by Earth system models during the 21st century. 

Science, 349 (6250), 823-826. http://dx.doi.  Biogeosciences,    11    (8),    2341-2356.    http://dx.doi. 
org/10.1126/science.aaa9933  org/10.5194/bg-11-2341-2014 

127. Powell, E.J., M.C. Tyrrell, A. Milliken, J.M. Tirpak, and 132. Franks, P.J., M.A. Adams, J.S. Amthor, M.M. Barbour, J.A. 
M.D. Staudinger, 2017: A synthesis of thresholds for  Berry, D.S. Ellsworth, G.D. Farquhar, O. Ghannoum, J. 

focal species along the U.S. Atlantic and Gulf Coasts: A 
review of research and applications. Ocean & Coastal 
Management, 148, 75-88. http://dx.doi.org/10.1016/j. 
ocecoaman.2017.07.012 

 Lloyd, N. McDowell, R.J. Norby, D.T. Tissue, and S. von 
Caemmerer, 2013: Sensitivity of plants to changing 
atmospheric CO2 concentration: From the geological 
past to the next century. New Phytologist, 197 (4), 

  1077-1094. http://dx.doi.org/10.1111/nph.12104 
128. Beever, E.A., J. O’Leary, C. Mengelt, J.M. West, S. Julius,   

N. Green, D. Magness, L. Petes, B. Stein, A.B. Nicotra, 133. Smith, W.K., S.C. Reed, C.C. Cleveland, A.P. Ballantyne, 
J.J. Hellmann, A.L. Robertson, M.D. Staudinger, A.A.  W.R.L. Anderegg, W.R. Wieder, Y.Y. Liu, and S.W. 
Rosenberg, E. Babij, J. Brennan, G.W. Schuurman,  Running, 2016: Large divergence of satellite and 

and  G.E.  Hofmann,  2016:  Improving  conservation 
outcomes with a new paradigm for understanding 

 Earth  system  model  estimates  of  global terrestrial 
CO2 fertilization. Nature Climate Change, 6 (3), 306- 

species’ fundamental and realized adaptive capacity. 
Conservation   Letters,   9   (2),   131-137.   http://dx.doi. 

 310. http://dx.doi.org/10.1038/nclimate2879 

org/10.1111/conl.12190 134. Norby, R.J. and D.R. Zak, 2011: Ecological lessons 
 
129. Hare, J.A., W.E. Morrison, M.W. Nelson, M.M. Stachura, 

 from Free-Air CO2 Enrichment (FACE) Experiments. 
Annual Review of Ecology, Evolution, and 

E.J. Teeters, R.B. Griffis, M.A. Alexander, J.D. Scott, L.  Systematics, 42 (1), 181-203. http://dx.doi.org/10.1146/ 
Alade, R.J. Bell, A.S. Chute, K.L. Curti, T.H. Curtis, D.  annurev-ecolsys-102209-144647 

Kircheis, J.F. Kocik, S.M. Lucey, C.T. McCandless, L.M.   

Milke, D.E. Richardson, E. Robillard, H.J. Walsh, M.C. 135. Wieder, W.R., C.C. Cleveland, W.K. Smith, and K. 
McManus, K.E. Marancik, and C.A. Griswold, 2016:  Todd-Brown, 2015: Future productivity and carbon 

A vulnerability assessment of fish and invertebrates 
to climate change on the northeast U.S. continental 
shelf.   PLOS   ONE,   11   (2),   e0146756.   http://dx.doi. 

 storage  limited  by  terrestrial  nutrient  availability. 
Nature   Geoscience,   8   (6),   441-444.   http://dx.doi. 
org/10.1038/ngeo2413 

org/10.1371/journal.pone.0146756   
 136. Balch, J.K., B.A. Bradley, J.T. Abatzoglou, R.C. Nagy, 
  E.J. Fusco, and A.L. Mahood, 2017: Human-started 
  wildfires expand the fire niche across the United 

States.   Proceedings   of   the   National   Academy   of 
Sciences of the United States of America, 114 (11), 2946- 

  2951. http://dx.doi.org/10.1073/pnas.1617394114 

http://dx.doi.org/10.1080/02755947.2013.847875
http://dx.doi.org/10.1111/j.1752-4571.2008.00030.x
http://dx.doi.org/10.1111/j.1752-4571.2008.00030.x
http://dx.doi.org/10.1073/pnas.1222477110
http://dx.doi.org/10.1073/pnas.1222477110
http://dx.doi.org/10.1126/science.aaa9933
http://dx.doi.org/10.5194/bg-11-2341-2014
http://dx.doi.org/10.1126/science.aaa9933
http://dx.doi.org/10.5194/bg-11-2341-2014
http://dx.doi.org/10.1016/j.ocecoaman.2017.07.012
http://dx.doi.org/10.1016/j.ocecoaman.2017.07.012
http://dx.doi.org/10.1111/nph.12104
http://dx.doi.org/10.1111/conl.12190
http://dx.doi.org/10.1038/nclimate2879
http://dx.doi.org/10.1111/conl.12190
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144647
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144647
http://dx.doi.org/10.1371/journal.pone.0146756
http://dx.doi.org/10.1038/ngeo2413
http://dx.doi.org/10.1038/ngeo2413
http://dx.doi.org/10.1371/journal.pone.0146756
http://dx.doi.org/10.1073/pnas.1617394114


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

137. Hicke, J.A., A.J.H. Meddens, and C.A. Kolden, 2016: 
Recent tree mortality in the western United States 
from bark beetles and forest fires. Forest Science, 62 
(2), 141-153. http://dx.doi.org/10.5849/forsci.15-086 

144. Kwiatkowski, L., L. Bopp, O. Aumont, P. Ciais, P.M. Cox, 
C. Laufkötter, Y. Li, and R. Séférian, 2017: Emergent 
constraints on projections of declining primary 
production  in  the  tropical  oceans.  Nature  Climate 

   Change, 7, 355-358. http://dx.doi.org/10.1038/ 
138. Anderegg, W.R.L., J.A. Hicke, R.A. Fisher, C.D. Allen,  nclimate3265 

 J. Aukema, B. Bentz, S. Hood, J.W. Lichstein, A.K.   
 Macalady, N. McDowell, Y. Pan, K. Raffa, A. Sala, J.D. 145. Laufkötter, C., M. Vogt, N. Gruber, M. Aita-Noguchi, O. 
 Shaw, N.L. Stephenson, C. Tague, and M. Zeppel,  Aumont, L. Bopp, E. Buitenhuis, S.C. Doney, J. Dunne, 
 2015: Tree mortality from drought, insects, and their 

interactions in a changing climate. New Phytologist, 
 T. Hashioka, J. Hauck, T. Hirata, J. John, C. Le Quéré, 

I.D. Lima, H. Nakano, R. Seferian, I. Totterdell, M. 
 208 (3), 674-683. http://dx.doi.org/10.1111/nph.13477  Vichi, and C. Völker, 2015: Drivers and uncertainties 
 
139. 

 
Hember, R.A., W.A. Kurz, and N.C. Coops, 2017: 

 of future global marine primary production in marine 
ecosystem  models.  Biogeosciences,  12  (23),   6955- 

 Relationships between individual-tree mortality and  6984. http://dx.doi.org/10.5194/bg-12-6955-2015 
 water-balance variables indicate positive trends in   
 water stress-induced tree mortality across North 

America.  Global  Change  Biology,  23  (4),   1691-1710. 
146. Ardyna,  M.,  M.  Babin,  M.  Gosselin,  E.  Devred,  L. 

Rainville,  and  J.-É.  Tremblay,  2014:  Recent  Arctic 
 http://dx.doi.org/10.1111/gcb.13428  Ocean sea ice loss triggers novel fall phytoplankton 

blooms.  Geophysical  Research  Letters,  41  (17),  6207- 
140. Moran, M.S., G.E. Ponce-Campos, A. Huete, M.P.  6212. http://dx.doi.org/10.1002/2014GL061047 

 McClaran, Y. Zhang, E.P. Hamerlynck, D.J. Augustine,   
 S.A. Gunter, S.G. Kitchen, D.P.C. Peters, P.J. Starks, 147. Arrigo, K.R., G. van Dijken, and S. Pabi, 2008: Impact 
 and M. Hernandez, 2014: Functional response of U.S. 

grasslands to the early 21st-century drought. Ecology, 
 of a shrinking Arctic ice cover on marine primary 

production.   Geophysical   Research   Letters,   35   (19), 
 95 (8), 2121-2133. http://dx.doi.org/10.1890/13-1687.1  L19603. http://dx.doi.org/10.1029/2008GL035028 

141. Ponce-Campos, G.E., M.S. Moran, A. Huete, Y. Zhang, 148. Vancoppenolle, M., L. Bopp, G. Madec, J. Dunne, T. 
 C. Bresloff, T.E. Huxman, D. Eamus, D.D. Bosch, A.R.  Ilyina, P.R. Halloran, and N. Steiner, 2013: Future Arctic 
 Buda, S.A. Gunter, T.H. Scalley, S.G. Kitchen, M.P.  Ocean primary productivity from CMIP5 simulations: 
 McClaran, W.H. McNab, D.S. Montoya, J.A. Morgan, 

D.P.C. Peters, E.J. Sadler, M.S. Seyfried, and P.J. Starks, 
 Uncertain   outcome,   but   consistent   mechanisms. 

Global Biogeochemical Cycles, 27 (3), 605-619. http:// 
 2013:    Ecosystem    resilience    despite    large-scale 

altered  hydroclimatic  conditions.  Nature,  494, 349- 
 dx.doi.org/10.1002/gbc.20055 

 352. http://dx.doi.org/10.1038/nature11836 149. Chust, G., J.I. Allen, L. Bopp, C. Schrum, J. Holt, K. 
   Tsiaras, M. Zavatarelli, M. Chifflet, H. Cannaby, 
142. Zhang, Y., M. Susan Moran, M.A. Nearing, G.E. Ponce  I. Dadou, U. Daewel, S.L. Wakelin, E. Machu, D. 

 Campos, A.R. Huete, A.R. Buda, D.D. Bosch, S.A. Gunter,  Pushpadas, M. Butenschon, Y. Artioli, G. Petihakis, C. 
 S.G. Kitchen, W. Henry McNab, J.A. Morgan, M.P.  Smith, V. Garçon, K. Goubanova, B. Le Vu, B.A. Fach, B. 
 McClaran, D.S. Montoya, D.P.C. Peters, and P.J. Starks,  Salihoglu, E. Clementi, and X. Irigoien, 2014: Biomass 
 2013: Extreme precipitation patterns and reductions 

of  terrestrial  ecosystem  production  across biomes. 
Journal  of  Geophysical  Research  Biogeosciences,  118 

 changes and trophic amplification of plankton in a 
warmer ocean. Global Change Biology, 20 (7), 2124- 
2139. http://dx.doi.org/10.1111/gcb.12562 

 (1), 148-157. http://dx.doi.org/10.1029/2012JG002136   
  150. Lefort, S., O. Aumont, L. Bopp, T. Arsouze, M. Gehlen, 
143. Bopp, L., L. Resplandy, J.C. Orr, S.C. Doney, J.P. Dunne,  and O. Maury, 2015: Spatial and body-size dependent 

 M. Gehlen, P. Halloran, C. Heinze, T. Ilyina, R. Séférian, 
J. Tjiputra, and M. Vichi, 2013: Multiple stressors of 

 response of marine pelagic communities to projected 
global climate change. Global Change Biology, 21 (1), 

 ocean  ecosystems  in  the  21st  century:  Projections 
with  CMIP5  models.  Biogeosciences,  10  (10),   6225- 

 154-164. http://dx.doi.org/10.1111/gcb.12679 

 6245. http://dx.doi.org/10.5194/bg-10-6225-2013 151. Stock, C.A., J.P. Dunne, and J.G. John, 2014: Drivers of 
   trophic amplification of ocean productivity trends in 

a  changing  climate.  Biogeosciences,  11  (24), 7125-7135. 
   http://dx.doi.org/10.5194/bg-11-7125-2014 

http://dx.doi.org/10.5849/forsci.15-086
http://dx.doi.org/10.1038/nclimate3265
http://dx.doi.org/10.1038/nclimate3265
http://dx.doi.org/10.1111/nph.13477
http://dx.doi.org/10.5194/bg-12-6955-2015
http://dx.doi.org/10.1111/gcb.13428
http://dx.doi.org/10.1002/2014GL061047
http://dx.doi.org/10.1890/13-1687.1
http://dx.doi.org/10.1029/2008GL035028
http://dx.doi.org/10.1002/gbc.20055
http://dx.doi.org/10.1002/gbc.20055
http://dx.doi.org/10.1038/nature11836
http://dx.doi.org/10.1111/gcb.12562
http://dx.doi.org/10.1029/2012JG002136
http://dx.doi.org/10.1111/gcb.12679
http://dx.doi.org/10.5194/bg-10-6225-2013
http://dx.doi.org/10.5194/bg-11-7125-2014


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
152.   Stock,  C.A.,  J.G.  John,  R.R.  Rykaczewski,  R.G. Asch, 

W.W.L. Cheung, J.P. Dunne, K.D. Friedland, V.W.Y. Lam, 
J.L. Sarmiento, and R.A. Watson, 2017: Reconciling 
fisheries catch and ocean productivity. Proceedings 
of the National Academy of Sciences of the United 
States of America, 114 (8), E1441-E1449. http://dx.doi. 
org/10.1073/pnas.1610238114 

160. Rosenblatt, A.E., L.M. Smith-Ramesh, and O.J. Schmitz, 
2017: Interactive effects of multiple climate change 
variables on food web dynamics: Modeling the effects 
of changing temperature, CO2, and water availability 
on a tri-trophic food web. Food Webs, 13, 98-108. 
http://dx.doi.org/10.1016/j.fooweb.2016.10.002 

 
161. Young, K.R., 2014: Biogeography of the 

153. Buitenwerf, R., L. Rose, and S.I. Higgins, 2015: Three 
decades of multi-dimensional change in global leaf 

 Anthropocene: Novel species assemblages. Progress 
in   Physical   Geography, 38 (5), 664-673. http://dx.doi. 

 phenology. Nature Climate Change, 5 (4), 364-368.  org/10.1177/0309133314540930 
 http://dx.doi.org/10.1038/nclimate2533   
  162. Grimm, N.B., F.S. Chapin, III, B. Bierwagen, P. 
154. Bewick, S., R.S. Cantrell, C. Cosner, and W.F. Fagan,  Gonzalez, P.M. Groffman, Y. Luo, F. Melton, K. 

 2016: How resource phenology affects consumer 
population dynamics. The American Naturalist, 187 
(2), 151-166. http://dx.doi.org/10.1086/684432 

 Nadelhoffer, A. Pairis, P.A. Raymond, J. Schimel, and 
C.E. Williamson, 2013: The impacts of climate change 
on ecosystem structure and function. Frontiers in 
Ecology and the Environment, 11 (9), 474-482. http:// 

155. Miller-Rushing, A.J., T.T. Høye, D.W. Inouye, and E.  dx.doi.org/10.1890/120282 
 Post, 2010: The effects of phenological mismatches 

on  demography.  Philosophical  Transactions  of  the 
 

163. 
 
Staudinger, M.D., S.L. Carter, M.S. Cross, N.S. Dubois, 

 Royal Society B: Biological Sciences, 365 (1555), 3177-  J.E. Duffy, C. Enquist, R. Griffis, J.J. Hellmann, 
 3186. http://dx.doi.org/10.1098/rstb.2010.0148  J.J. Lawler, J. O’Leary, S.A. Morrison, L. Sneddon, 
   B.A. Stein, L.M. Thompson, and W. Turner, 2013: 
156. Sundby, S., K.F. Drinkwater, and O.S. Kjesbu, 2016: 

The North Atlantic spring-bloom system—Where the 
changing climate meets the winter dark. Frontiers in 
Marine  Science,  3  (28).  http://dx.doi.org/10.3389/ 

 Biodiversity in a changing climate: A synthesis of 
current and projected trends in the US. Frontiers in 
Ecology and the Environment, 11 (9), 465-473. http:// 
dx.doi.org/10.1890/120272 

 fmars.2016.00028   
  164. Hobbs, R.J., E. Higgs, C.M. Hall, P. Bridgewater, F.S. 
157. Vergés, A., C. Doropoulos, H.A. Malcolm, M. Skye,  Chapin, E.C. Ellis, J.J. Ewel, L.M. Hallett, J. Harris, 
 M. Garcia-Pizá, E.M. Marzinelli, A.H. Campbell, E.  K.B. Hulvey, S.T. Jackson, P.L. Kennedy, C. Kueffer, L. 
 Ballesteros, A.S. Hoey, A. Vila-Concejo, Y.-M. Bozec,  Lach, T.C. Lantz, A.E. Lugo, J. Mascaro, S.D. Murphy, 
 and P.D. Steinberg, 2016: Long-term empirical  C.R. Nelson, M.P. Perring, D.M. Richardson, T.R. 
 evidence of ocean warming leading to tropicalization  Seastedt, R.J. Standish, B.M. Starzomski, K.N. Suding, 
 of fish communities, increased herbivory, and loss of 

kelp. Proceedings of the National Academy of Sciences 
of   the   United   States   of   America,   113 (48), 13791- 

 P.M. Tognetti, L. Yakob, and L. Yung, 2014: Managing 
the whole landscape: Historical, hybrid, and novel 
ecosystems. Frontiers in Ecology and the Environment, 

 13796. http://dx.doi.org/10.1073/pnas.1610725113  12 (10), 557-564. http://dx.doi.org/10.1890/130300 

158. Cahill, A.E., M.E. Aiello-Lammens, M.C. Fisher-Reid, 165. Kattan, G.H., J. Aronson, and C. Murcia, 2016: Does 
 X. Hua, C.J. Karanewsky, H. Yeong Ryu, G.C. Sbeglia,  the novel ecosystem concept provide a framework 
 F. Spagnolo, J.B. Waldron, O. Warsi, and J.J. Wiens, 

2013:  How  does  climate  change  cause  extinction? 
Proceedings of the Royal Society B: Biological Sciences, 

 for practical applications and a path forward? A reply 
to Miller and Bestelmeyer. Restoration Ecology, 24 (6), 
714-716. http://dx.doi.org/10.1111/rec.12453 

 280 (1750). http://dx.doi.org/10.1098/rspb.2012.1890   
  166. Murcia, C., J. Aronson, G.H. Kattan, D. Moreno- 
159. Mundim, F.M. and E.M. Bruna, 2016: Is there a 

temperate bias in our understanding of how climate 
change will   alter   plant-herbivore   interactions?   
A meta-analysis of experimental studies. The 
American Naturalist, 188 (S1), S74-S89. http://dx.doi. 

 Mateos, K. Dixon, and D. Simberloff, 2014: A critique 
of the “novel ecosystem” concept. Trends in Ecology  
&  Evolution,  29  (10),  548-553.  http://dx.doi. 
org/10.1016/j.tree.2014.07.006 

 org/10.1086/687530   

http://dx.doi.org/10.1073/pnas.1610238114
http://dx.doi.org/10.1073/pnas.1610238114
http://dx.doi.org/10.1016/j.fooweb.2016.10.002
http://dx.doi.org/10.1016/j.fooweb.2016.10.002
http://dx.doi.org/10.1177/0309133314540930
http://dx.doi.org/10.1177/0309133314540930
http://dx.doi.org/10.1038/nclimate2533
http://dx.doi.org/10.1086/684432
http://dx.doi.org/10.1890/120282
http://dx.doi.org/10.1890/120282
http://dx.doi.org/10.1098/rstb.2010.0148
http://dx.doi.org/10.3389/fmars.2016.00028
http://dx.doi.org/10.1890/120272
http://dx.doi.org/10.1890/120272
http://dx.doi.org/10.3389/fmars.2016.00028
http://dx.doi.org/10.1073/pnas.1610725113
http://dx.doi.org/10.1890/130300
http://dx.doi.org/10.1111/rec.12453
http://dx.doi.org/10.1098/rspb.2012.1890
http://dx.doi.org/10.1086/687530
http://dx.doi.org/10.1016/j.tree.2014.07.006
http://dx.doi.org/10.1016/j.tree.2014.07.006
http://dx.doi.org/10.1086/687530


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
167. Hobbs, R.J., L.E. Valentine, R.J. Standish, and S.T. 

Jackson, 2018: Movers and stayers: Novel assemblages 
in changing environments. Trends in Ecology & 
Evolution, 33 (2), 116-128. http://dx.doi.org/10.1016/j. 
tree.2017.11.001 

 
168. Barnosky, A.D., E.A. Hadly, P. Gonzalez, J. Head, P.D. 

Polly, A.M. Lawing, J.T. Eronen, D.D. Ackerly, K. Alex, E. 
Biber, J. Blois, J. Brashares, G. Ceballos, E. Davis, G.P. 
Dietl, R. Dirzo, H. Doremus, M. Fortelius, H.W. Greene, 
J. Hellmann, T. Hickler, S.T. Jackson, M. Kemp, P.L. 
Koch, C. Kremen, E.L. Lindsey, C. Looy, C.R. Marshall, 
C. Mendenhall, A. Mulch, A.M. Mychajliw, C. Nowak, 
U. Ramakrishnan, J. Schnitzler, K. Das Shrestha, K. 
Solari, L. Stegner, M.A. Stegner, N.C. Stenseth, M.H. 
Wake, and Z. Zhang, 2017: Merging paleobiology with 
conservation biology to guide the future of terrestrial 
ecosystems.  Science,  355  (6325),  eaah4787.  http:// 
dx.doi.org/10.1126/science.aah4787 

 
169. Johnson, D.S., 2014: Fiddler on the roof: A northern 

range extension for the marsh fiddler crab Uca 
Pugnax. Journal of Crustacean Biology, 34 (5), 671-673. 
http://dx.doi.org/10.1163/1937240X-00002268 

 
170. Johnson, D.S., 2015: The savory swimmer swims north: 

A northern range extension of the blue crab Callinectes 
Sapidus? Journal of Crustacean Biology, 35 (1), 105-110. 
http://dx.doi.org/10.1163/1937240X-00002293 

 
171. Altieri, A.H., M.D. Bertness, T.C. Coverdale, N.C. 

Herrmann, and C. Angelini, 2012: A trophic cascade 
triggers collapse of a salt-marsh ecosystem with 
intensive recreational fishing. Ecology, 93 (6), 1402- 
1410. http://dx.doi.org/10.1890/11-1314.1 

 
172. Barbier, E.B., S.D. Hacker, C. Kennedy, E.W. Koch, A.C. 

Stier, and B.R. Silliman, 2011: The value of estuarine and 
coastal ecosystem services. Ecological Monographs, 81 
(2), 169-193. http://dx.doi.org/10.1890/10-1510.1 

 
173. EPA, 2016: Climate Change Indicators in the 

United States, 2016. 4th edition. EPA 430-R- 16-
004. U.S. Environmental Protection Agency, 
Washington, DC, 96 pp. https://www.epa.gov/sites/ 
production/files/2016-08/documents/climate_ 
indicators_2016.pdf 

 
174. Baldos, U.L.C. and T.W. Hertel, 2014: Global food 

security in 2050: The role of agricultural productivity 
and climate change. Australian Journal of Agricultural 
and   Resource   Economics,   58   (4),   554-570.   http:// 
dx.doi.org/10.1111/1467-8489.12048 

175. Rosenzweig, C., J. Elliott, D. Deryng, A.C. Ruane, 
C. Müller, A. Arneth, K.J. Boote, C. Folberth, M. 
Glotter, N. Khabarov, K. Neumann, F. Piontek, T.A.M. 
Pugh, E. Schmid, E. Stehfest, H. Yang, and J.W. 
Jones, 2014: Assessing agricultural risks of climate 
change in the 21st century in a global gridded crop 
model intercomparison. Proceedings of the National 
Academy of Sciences of the United States of America, 111 
( 9 ) ,  3268- 3273 .  h t t p : //d x . d oi . or g/10 . 107 3/ 
pnas.1222463110 

 
176. Allstadt, A.J., S.J. Vavrus, P.J. Heglund, A.M. Pidgeon, 

W.E. Thogmartin, and V.C. Radeloff, 2015: Spring plant 
phenology and false springs in the conterminous 
US during the 21st century. Environmental 
Research   Letters,   10   (10),   104008.   http://dx.doi. 
org/10.1088/1748-9326/10/10/104008 

 
177. Labe, Z., T. Ault, and R. Zurita-Milla, 2017: Identifying 

anomalously early spring onsets in the CESM large 
ensemble project. Climate Dynamics, 48 (11), 3949- 
3966. http://dx.doi.org/10.1007/s00382-016-3313-2 

 
178. Peterson, A.G. and J.T. Abatzoglou, 2014: Observed 

changes in false springs over the contiguous United 
States. Geophysical Research Letters, 41 (6), 2156-2162. 
http://dx.doi.org/10.1002/2014GL059266 

 
179. Hsiang, S., R. Kopp, A. Jina, J. Rising, M. Delgado, S. 

Mohan, D.J. Rasmussen, R. Muir-Wood, P. Wilson, 
M. Oppenheimer, K. Larsen, and T. Houser, 2017: 
Estimating economic damage from climate change 
in the United States. Science, 356 (6345), 1362-1369. 
http://dx.doi.org/10.1126/science.aal4369 

 
180. Link, J.S., J.A. Nye, and J.A. Hare, 2011: Guidelines for 

incorporating fish distribution shifts into a fisheries 
managementcontext.FishandFisheries,12(4),461-469. 
http://dx.doi.org/10.1111/j.1467-2979.2010.00398.x 

 
181. Pellissier, L., P.B. Eidesen, D. Ehrich, P. Descombes, 

P. Schönswetter, A. Tribsch, K.B. Westergaard, N. 
Alvarez, A. Guisan, N.E. Zimmermann, S. Normand, 
P.   Vittoz,  M.  Luoto,  C.  Damgaard,  C.  Brochmann, 
M.S. Wisz, and I.G. Alsos, 2016: Past climate-driven 
range shifts and population genetic diversity in 
arctic plants. Journal of Biogeography, 43 (3), 461-470. 
http://dx.doi.org/10.1111/jbi.12657 

 
182. Phillips, B.L., G.P. Brown, and R. Shine,   2010: 

L i f  e - h i s t o r  y e v o l u t i o n  in r ang e - s hi f  t ing 
populations. Ecology, 91 (6), 1617-1627. http://dx.doi. 
org/10.1890/09-0910.1 

http://dx.doi.org/10.1016/j.tree.2017.11.001
http://dx.doi.org/10.1016/j.tree.2017.11.001
http://dx.doi.org/10.1126/science.aah4787
http://dx.doi.org/10.1126/science.aah4787
http://dx.doi.org/10.1163/1937240X-00002268
http://dx.doi.org/10.1163/1937240X-00002268
http://dx.doi.org/10.1163/1937240X-00002293
http://dx.doi.org/10.1163/1937240X-00002293
http://dx.doi.org/10.1890/11-1314.1
http://dx.doi.org/10.1890/10-1510.1
https://www.epa.gov/sites/production/files/2016-08/documents/climate_indicators_2016.pdf
https://www.epa.gov/sites/production/files/2016-08/documents/climate_indicators_2016.pdf
https://www.epa.gov/sites/production/files/2016-08/documents/climate_indicators_2016.pdf
http://dx.doi.org/10.1111/1467-8489.12048
http://dx.doi.org/10.1111/1467-8489.12048
http://dx.doi.org/10.1073/pnas.1222463110
http://dx.doi.org/10.1073/pnas.1222463110
http://dx.doi.org/10.1088/1748-9326/10/10/104008
http://dx.doi.org/10.1088/1748-9326/10/10/104008
http://dx.doi.org/10.1007/s00382-016-3313-2
http://dx.doi.org/10.1002/2014GL059266
http://dx.doi.org/10.1002/2014GL059266
http://dx.doi.org/10.1126/science.aal4369
http://dx.doi.org/10.1126/science.aal4369
http://dx.doi.org/10.1111/j.1467-2979.2010.00398.x
http://dx.doi.org/10.1111/j.1467-2979.2010.00398.x
http://dx.doi.org/10.1111/jbi.12657
http://dx.doi.org/10.1111/jbi.12657
http://dx.doi.org/10.1890/09-0910.1
http://dx.doi.org/10.1890/09-0910.1


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

183. Peer, A.C. and T.J. Miller, 2014: Climate change, 
migration phenology, and fisheries management 
interact   with   unanticipated   consequences.   North 
American Journal of Fisheries Management, 34 (1), 94- 

190. Martín-López, B., E. Gómez-Baggethun, M. García- 
Llorente, and C. Montes, 2014: Trade-offs across 
value-domains   in   ecosystem   services assessment. 
Ecological   Indicators,   37,   220-228.   http://dx.doi. 

110. http://dx.doi.org/10.1080/02755947.2013.847877  org/10.1016/j.ecolind.2013.03.003 

184. West, T.O., N. Gurwick, M.E. Brown, R. Duren, S. 191. Wallmo, K. and D.K. Lew, 2012: Public willingness 
Mooney, K. Paustian, E. McGlynn, E. Malone, A. 
Rosenblatt, N. Hultman, and I. Ocko, 2018: Carbon 
cycle science in support of decision making. 
Second  State  of  the  Carbon  Cycle  Report   (SOCCR2): 
A   Sustained   Assessment   Report.   Cavallaro,   N., G. 

 to pay for recovering and downlisting threatened 
and endangered marine species. Conservation 
Biology,        26        (5),        830-839.        http://dx.doi. 
org/10.1111/j.1523-1739.2012.01899.x 

Shrestha, R. Birdsey, M. Mayes, R. Najjar, S. Reed, P. 192. Chan, N.W. and C.J. Wichman, 2017: The Effects of 
Romero-Lankao, and Z. Zhu, Eds. U.S. Global Change  Climate on Leisure Demand: Evidence from North 

Research  Program,  Washington,  DC,  xx-yy.  https://  America. WP 17-20. Resources for the Future, 
doi.org/10.7930/SOCCR2.2018.Ch18  Washington, DC, 47 pp. http://www.rff.org/ 

  research/publications/effects-climate-leisure- 
185. Márquez, I., E. García-Vázquez, and Y.J. Borrell, 2014:  demand-evidence-north-america 

Possible effects of vaccination and environmental   

changes on the presence of disease in northern 
Spanish fish farms. Aquaculture, 431, 118-123. http:// 
dx.doi.org/10.1016/j.aquaculture.2013.12.030 

193. Larsen, S., J.D.   Muehlbauer,   and   E.   Marti,  
2016: Resource subsidies between stream and 
terrestrial  ecosystems  under  global  change.  Global 
Change   Biology,   22   (7),   2489-2504.   http://dx.doi. 

186. Miller, K.M., A. Teffer, S. Tucker, S. Li, A.D. Schulze,  org/10.1111/gcb.13182 
M. Trudel, F. Juanes, A. Tabata, K.H. Kaukinen, N.G.   

Ginther, T.J. Ming, S.J. Cooke, J.M. Hipfner, D.A. 194. Stein, B., P. Glick, N. Edelson, and A. Staudt, 2014: 
Patterson, and S.G. Hinch, 2014: Infectious disease,  Climate-Smart Conservation: Putting Adaptation 

shifting climates, and opportunistic predators:  Principles into Practice. National Wildlife Foundation, 
Cumulative factors potentially impacting wild salmon 
declines.   Evolutionary   Applications,   7   (7), 812-855. 

 Washington,   DC,   262   pp.   https://www.nwf.org/ 
climatesmartguide 

http://dx.doi.org/10.1111/eva.12164   
 195. Mahmoud, M., Y. Liu, H. Hartmann, S. Stewart, T. 

187. Spalding, M.D., S. Ruffo, C. Lacambra, I. Meliane, L.Z.  Wagener, D. Semmens, R. Stewart, H. Gupta, D. 
Hale, C.C. Shepard, and M.W. Beck, 2014: The role  Dominguez, F. Dominguez, D. Hulse, R. Letcher, B. 

of ecosystems in coastal protection: Adapting to 
climate change and coastal hazards. Ocean & Coastal 
Management,  90,  50-57.  http://dx.doi.org/10.1016/j. 

 Rashleigh, C. Smith, R. Street, J. Ticehurst, M. Twery, 
H. van Delden, R. Waldick, D. White, and L. Winter, 
2009: A formal framework for scenario development 

ocecoaman.2013.09.007  in    support    of    environmental   decision-making. 
Environmental Modelling & Software, 24 (7), 798-808. 

188. Harrison, P.A., P.M. Berry, G. Simpson, J.R. Haslett,  http://dx.doi.org/10.1016/j.envsoft.2008.11.010 
M. Blicharska, M. Bucur, R. Dunford, B. Egoh, M.   

Garcia-Llorente, N. Geamănă, W. Geertsema, E. 196. Peterson, G.D., G.S. Cumming, and S.R. Carpenter, 
Lommelen, L. Meiresonne, and F.  Turkelboom, 
2014: Linkages between biodiversity attributes and 
ecosystem services: A systematic review. Ecosystem 
Services,    9,    191-203.    http://dx.doi.org/10.1016/j. 

 2003: Scenario planning: A tool for conservation in an 
uncertain world. Conservation Biology, 17 (2), 358-366. 
http://dx.doi.org/10.1046/j.1523-1739.2003.01491.x 

ecoser.2014.05.006 197. Wiseman, J., C. Bigg, L. Rickards, and T. Edwards, 2011: 
  Scenarios for Climate Adaptation: Guidebook for 
189. Seidl, R., T.A. Spies, D.L. Peterson, S.L. Stephens, and  Practitioners. VCCCAR Publication 03/2011. Victoria 

J.A. Hicke, 2016: REVIEW: Searching for resilience:  Centre for Climate Adaptation Research (VICCAR) 
Addressing the impacts of changing disturbance 
regimes on forest ecosystem services. Journal 
of   Applied   Ecology,   53   (1),   120-129.   http://dx.doi. 

 Carlton, Australia, 76 pp. http://www.vcccar.org.au/ 
publication/research-paper/scenarios-for-climate- 
adaptation-guidebook-for-practitioners 

org/10.1111/1365-2664.12511   

http://dx.doi.org/10.1016/j.ecolind.2013.03.003
http://dx.doi.org/10.1080/02755947.2013.847877
http://dx.doi.org/10.1016/j.ecolind.2013.03.003
http://dx.doi.org/10.1111/j.1523-1739.2012.01899.x
http://dx.doi.org/10.1111/j.1523-1739.2012.01899.x
http://doi.org/10.7930/SOCCR2.2018.Ch18
http://doi.org/10.7930/SOCCR2.2018.Ch18
http://www.rff.org/research/publications/effects-climate-leisure-demand-evidence-north-america
http://www.rff.org/research/publications/effects-climate-leisure-demand-evidence-north-america
http://www.rff.org/research/publications/effects-climate-leisure-demand-evidence-north-america
http://dx.doi.org/10.1016/j.aquaculture.2013.12.030
http://dx.doi.org/10.1016/j.aquaculture.2013.12.030
http://dx.doi.org/10.1111/gcb.13182
http://dx.doi.org/10.1111/gcb.13182
https://www.nwf.org/climatesmartguide
https://www.nwf.org/climatesmartguide
http://dx.doi.org/10.1111/eva.12164
http://dx.doi.org/10.1016/j.ocecoaman.2013.09.007
http://dx.doi.org/10.1016/j.ocecoaman.2013.09.007
http://dx.doi.org/10.1016/j.envsoft.2008.11.010
http://dx.doi.org/10.1016/j.ecoser.2014.05.006
http://dx.doi.org/10.1046/j.1523-1739.2003.01491.x
http://dx.doi.org/10.1016/j.ecoser.2014.05.006
http://dx.doi.org/10.1111/1365-2664.12511
http://www.vcccar.org.au/publication/research-paper/scenarios-for-climate-adaptation-guidebook-for-practitioners
http://www.vcccar.org.au/publication/research-paper/scenarios-for-climate-adaptation-guidebook-for-practitioners
http://www.vcccar.org.au/publication/research-paper/scenarios-for-climate-adaptation-guidebook-for-practitioners
http://dx.doi.org/10.1111/1365-2664.12511


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

198. Gregory,   R.,   L.   Failing,   M.   Harstone,   G.   Long, 
T. McDaniels, and D. Ohlson, 2012: Structuring 
environmental    management    choices.    Structured 
Decision Making: A Practical Guide to Environmental 

206. McGuire, J.L., J.J. Lawler, B.H. McRae, T.A. Nuñez, and 
D.M. Theobald, 2016: Achieving climate connectivity 
in a fragmented landscape. Proceedings of the National 
Academy of Sciences of the United States of America, 

 Management Choices. Wiley-Blackwell, Chichester,  113 (26), 7195-7200. http://dx.doi.org/10.1073/ 
 UK, 1-20.  pnas.1602817113 

199. H. Imaki, J. Greene, A. Wade, H. Wu, G. Pess, P. Roni, 207. Keppel, G., K. Mokany, G.W. Wardell-Johnson, B.L. 
 J. Kimball, J. Stanford, P. Kiffney, and N. Mantua, 2013:  Phillips, J.A. Welbergen, and A.E. Reside, 2015: 
 Restoring  salmon  habitat  for  a  changing  climate. 

River  Research  and  Applications,  29  (8),  939-960. 
http://dx.doi.org/10.1002/rra.2590 

 The capacity of refugia for conservation planning 
under   climate   change.   Frontiers   in   Ecology   and 
the    Environment,    13    (2),    106-112.    http://dx.doi. 

   org/10.1890/140055 
200. Roberts, C.M., B.C. O’Leary, D.J. McCauley, P.M.   

 Cury, C.M. Duarte, J. Lubchenco, D. Pauly, A. Sáenz- 208. Morelli, T.L., C. Daly, S.Z. Dobrowski, D.M. Dulen, J.L. 
 Arroyo, U.R. Sumaila, R.W. Wilson, B. Worm, and  Ebersole, S.T. Jackson, J.D. Lundquist, C.I. Millar, S.P. 
 J.C. Castilla, 2017: Marine reserves can mitigate and 

promote adaptation to climate change. Proceedings 
of  the  National  Academy  of  Sciences  of  the  United 
States  of  America,  114  (24),  6167-6175.  http://dx.doi. 

 Maher, W.B. Monahan, K.R. Nydick, K.T. Redmond, S.C. 
Sawyer, S. Stock, and S.R. Beissinger, 2016: Managing 
climate change refugia for climate adaptation.  PLOS 
ONE,   11   (8),   e0159909.   http://dx.doi.org/10.1371/ 

 org/10.1073/pnas.1701262114  journal.pone.0159909 

201. Timpane-Padgham, B.L., T. Beechie, and T. Klinger, 209. Hess, M.A., J.E. Hess, A.P. Matala, R.A. French, C.A. 
 2017: A systematic review of ecological attributes that  Steele, J.C. Lovtang, and S.R. Narum, 2016: Migrating 
 confer resilience to climate change in environmental 

restoration. PLOS ONE, 12 (3), e0173812. http://dx.doi. 
org/10.1371/journal.pone.0173812 

 adult steelhead utilize a thermal refuge during 
summer periods with high water temperatures. ICES 
Journal of Marine Science, 73 (10), 2616-2624. http:// 

   dx.doi.org/10.1093/icesjms/fsw120 
202. Fischer, J., D.B. Lindenmayer, and A.D. Manning,   

 2006: Biodiversity, ecosystem function, and 210. Isaak, D.J., M.K. Young, D.E. Nagel, D.L. Horan, and 
 resilience: Ten guiding principles for commodity 

production   landscapes.   Frontiers   in   Ecology   and 
the    Environment,    4    (2),    80-86.    http://dx.doi. 

 M.C. Groce, 2015: The cold-water climate shield: 
Delineating refugia for preserving salmonid fishes 
through the 21st century. Global Change Biology, 21 

 org/10.1890/1540-9295(2006)004[0080:BEFART]2.0  (7), 2540-2553. http://dx.doi.org/10.1111/gcb.12879 
 .CO;2   
  211. Isaak, D.J., C.H. Luce, D.L. Horan, G.L. Chandler, S.P. 
203. Katsanevakis, S., I. Wallentinus, A. Zenetos, E.  Wollrab, and D.E. Nagel, 2018: Global warming of 

 Leppäkoski, M.E. Çinar, B. Oztürk, M. Grabowski, D. 
Golani, and A.C. Cardoso, 2014: Impacts of invasive 
alien marine species on ecosystem services and 
biodiversity: A pan-European review. Aquatic 
Invasions,  9  (4),  391-426.  http://dx.doi.org/10.3391/ 

 salmon and trout rivers in the northwestern U.S.: 
Road to ruin or path through purgatory? Transactions 
of the American Fisheries Society, 147 (3), 566-587. 
http://dx.doi.org/10.1002/tafs.10059 

 
 
204. 

ai.2014.9.4.01 
 
Oliver, T.H., N.J.B. Isaac, T.A. August, B.A. Woodcock, 

212. Whiteley, A.R., S.W. Fitzpatrick, W.C. Funk, and D.A. 
Tallmon, 2015: Genetic rescue to the rescue. Trends 
in  Ecology  &  Evolution,  30  (1),  42-49.  http://dx.doi. 

 D.B. Roy, and J.M. Bullock, 2015: Declining resilience  org/10.1016/j.tree.2014.10.009 
 of   ecosystem   functions   under   biodiversity   loss. 

Nature    Communications,    6,    10122.    http://dx.doi. 
  

 org/10.1038/ncomms10122   

205. U.S. Department of the Interior, 2016: Safeguarding 
  

 America’s Lands and Waters from Invasive Species:   
 A National Framework for Early Detection and   
 Rapid Response. U.S. Department of the Interior,   
 Washington, DC, 55 pp. https://www.doi.gov/sites/   
 doi.gov/files/National%20EDRR%20Framework.pdf   

http://dx.doi.org/10.1073/pnas.1602817113
http://dx.doi.org/10.1073/pnas.1602817113
http://dx.doi.org/10.1002/rra.2590
http://dx.doi.org/10.1890/140055
http://dx.doi.org/10.1890/140055
http://dx.doi.org/10.1073/pnas.1701262114
http://dx.doi.org/10.1371/journal.pone.0159909
http://dx.doi.org/10.1073/pnas.1701262114
http://dx.doi.org/10.1371/journal.pone.0159909
http://dx.doi.org/10.1371/journal.pone.0173812
http://dx.doi.org/10.1371/journal.pone.0173812
http://dx.doi.org/10.1093/icesjms/fsw120
http://dx.doi.org/10.1093/icesjms/fsw120
http://dx.doi/
http://dx.doi.org/10.1111/gcb.12879
http://dx.doi.org/10.3391/ai.2014.9.4.01
http://dx.doi.org/10.1002/tafs.10059
http://dx.doi.org/10.3391/ai.2014.9.4.01
http://dx.doi.org/10.1016/j.tree.2014.10.009
http://dx.doi.org/10.1016/j.tree.2014.10.009
http://dx.doi.org/10.1038/ncomms10122
http://dx.doi.org/10.1038/ncomms10122
https://www.doi.gov/sites/doi.gov/files/National%20EDRR%20Framework.pdf
https://www.doi.gov/sites/doi.gov/files/National%20EDRR%20Framework.pdf


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

213. Schwartz,   M.W.,   J.J.   Hellmann,   J.M.  McLachlan, 
D.F.  Sax,  J.O.  Borevitz,  J.  Brennan,  A.E. Camacho, 
G.  Ceballos,  J.R.  Clark,  H.  Doremus,  R.  Early,  J.R. 
Etterson,  D.  Fielder,  J.L.  Gill,  P.  Gonzalez,  N. Green, 

220. Swanston, C. and M. Janowiak, Eds., 2012: Forest 
Adaptation Resources: Climate Change Tools and 
Approaches for Land Managers. General Technical 
Report   NRS-87.   U.S.   Department   of  Agriculture, 

 L. Hannah, D.W. Jamieson, D. Javeline, B.A. Minteer,  Forest Service, Newtown Square, PA, 121 pp. http:// 
 J. Odenbaugh, S. Polasky, D.M. Richardson, T.L. Root,  www.nrs.fs.fed.us/pubs/gtr/gtr_nrs87.pdf 
 H.D. Safford, O. Sala, S.H. Schneider, A.R. Thompson,   
 J.W. Williams, M. Vellend, P. Vitt, and S. Zellmer, 221. Hare, J.A., D.L. Borggaard, K.D. Friedland, J. Anderson, 
 2012: Managed relocation: Integrating the scientific, 

regulatory, and ethical challenges.  BioScience,  62 (8), 
 P.  Burns,  K.  Chu,  P.M.  Clay,  M.J.  Collins,  P. Cooper, 

P.S.   Fratantoni,  M.R.  Johnson,  J.P.   Manderson,  L. 
 732-743. http://dx.doi.org/10.1525/bio.2012.62.8.6  Milke, T.J. Miller, C.D. Orphanides, and V.S. Saba, 
   2016: Northeast Regional Action Plan: NOAA 
214. Invasive Species Advisory Committee, 2017: Managed  Fisheries Climate Science Strategy. NOAA Technical 

 Relocation: Reducing the Risk of Biological Invasion.  Memorandum NMFS-NE-239. NOAA Northeast 
 National Invasive Species Council Secretariat,  Fisheries Science Center, Woods Hole, MA, 94 
 Washington,  DC,  6  pp.  https://www.doi.gov/sites/  pp. https://www.st.nmfs.noaa.gov/ecosystems/ 
 doi.gov/files/uploads/isac_managed_relocation_  climate/rap/northeast-regional-action-plan 
 white_paper.pdf   
  222. Thompson, L.M., M.D. Staudinger, and S.L. Carter, 
215. Busch, D.S., R. Griffis, J. Link, K. Abrams, J. Baker,  2015: Summarizing Components of U.S. Department 

 R.E. Brainard, M. Ford, J.A. Hare, A. Himes-Cornell,  of the Interior Vulnerability Assessments to Focus 
 A. Hollowed, N.J. Mantua, S. McClatchie, M. McClure,  Climate Adaptation Planning. Open-File Report 2015- 
 M.W. Nelson, K. Osgood, J.O. Peterson, M. Rust,  1110. U. S. Geological Survey, Reston, VA, 17 pp. http:// 
 V. Saba, M.F. Sigler, S. Sykora-Bodie, C. Toole, E.  dx.doi.org/10.3133/ofr20151110 
 Thunberg, R.S. Waples, and R. Merrick, 2016: Climate   

 
 
 

216. 

science strategy of the US National Marine Fisheries 
Service.   Marine   Policy,   74,   58-67.   http://dx.doi. 
org/10.1016/j.marpol.2016.09.001 

 
Link, J., 2016: Ecosystem-Based Fishery Management 

223. U.S. Fish and Wildlife Service, 2008: Endangered 
and threatened wildlife and plants;  determination 
of threatened status for the polar bear (Ursus 
maritimus) throughout its range; Final rule. Federal 
Register,  73  (95),  28211-28303.  http://www.fws.gov/ 

 Policy and Road Map. NOAA National Marine  policy/library/2008/E8-11105.html 
 Fisheries    Service,    Silver    Spring,    MD.    https://   
 w w w.s t . n m f s .n oa a . gov/eco sy st e m s/ebf m/ 224. U.S. Fish and Wildlife Service, 2010: Endangered and 
 creating-an-ebfm-management-policy  threatened wildlife and plants; 12-month finding on 
 
217. 

 
Link, J.S., R. Griffis, and S. Busch, Eds., 2015: NOAA 

 a  petition  to  list  the  American  pika  as threatened 
or  endangered;  Proposed  rule.  Federal  Register,  75 

 Fisheries Climate Science Strategy. NOAA Technical  (26),    6438-6471.    https://www.federalregister.gov/ 
 Memorandum   NMFS-F/SPO-155.   70   pp.   https://  documents/2010/02/09/2010-2405/endangered- 
 www.st.nmfs.noaa.gov/ecosystems/climate/  and-threatened-wildlife-and-plants-12-month- 
 national-climate-strategy  finding-on-a-petition-to-list-the-american 

218. National Fish Wildlife and Plants Climate Adaptation 225. Executive Office of the President, 2015: Incorporating 
 Partnership, 2012: National Fish, Wildlife and Plants  Ecosystem Services into Federal Decision Making. 
 Climate Adaptation Strategy. Association of Fish and  M-16-01. The White House, Washington, DC. https:// 
 Wildlife Agencies, Council on Environmental Quality,  obamawhitehouse.archives.gov/sites/default/files/ 
 Great Lakes Indian Fish and Wildlife Commission,  omb/memoranda/2016/m-16-01.pdf 
 National Oceanic and Atmospheric Administration,   
 and U.S. Fish and Wildlife Service., Washington, DC, 120 226. Cameron, D.R., D.C. Marvin, J.M. Remucal, and 
 pp. http://dx.doi.org/10.3996/082012-FWSReport-1  M.C. Passero, 2017: Ecosystem management and 
 
219. 

 
NPS, 2013: Catoctin Mountain Park Resource 

 land  conservation  can  substantially  contribute  to 
California’s   climate   mitigation   goals.  Proceedings 

 Stewardship  Strategy.  NPS/CATO/841/121094.  U.S. 
Department  of  the  Interior,  National  Park Service 

 of the National Academy of Sciences of the United 
States of America, 114 (48), 12833-12838. http://dx.doi. 

 (NPS),   100   pp.   https://www.nps.gov/cato/learn/  org/10.1073/pnas.1707811114 
 management/upload/CATO_FINAL_Resource-   
 Stewardship-Strategy_6-21-2013.pdf   

http://www.nrs.fs.fed.us/pubs/gtr/gtr_nrs87.pdf
http://www.nrs.fs.fed.us/pubs/gtr/gtr_nrs87.pdf
http://dx.doi.org/10.1525/bio.2012.62.8.6
https://www.doi.gov/sites/doi.gov/files/uploads/isac_managed_relocation_white_paper.pdf
https://www.st.nmfs.noaa.gov/ecosystems/climate/rap/northeast-regional-action-plan
https://www.doi.gov/sites/doi.gov/files/uploads/isac_managed_relocation_white_paper.pdf
https://www.st.nmfs.noaa.gov/ecosystems/climate/rap/northeast-regional-action-plan
https://www.doi.gov/sites/doi.gov/files/uploads/isac_managed_relocation_white_paper.pdf
http://dx.doi.org/10.3133/ofr20151110
http://dx.doi.org/10.3133/ofr20151110
http://dx.doi.org/10.1016/j.marpol.2016.09.001
http://dx.doi.org/10.1016/j.marpol.2016.09.001
http://www.fws.gov/policy/library/2008/E8-11105.html
http://www.fws.gov/policy/library/2008/E8-11105.html
https://www.st.nmfs.noaa.gov/ecosystems/ebfm/creating-an-ebfm-management-policy
https://www.st.nmfs.noaa.gov/ecosystems/ebfm/creating-an-ebfm-management-policy
https://www.st.nmfs.noaa.gov/ecosystems/ebfm/creating-an-ebfm-management-policy
https://www.federalregister.gov/documents/2010/02/09/2010-2405/endangered-and-threatened-wildlife-and-plants-12-month-finding-on-a-petition-to-list-the-american
https://www.st.nmfs.noaa.gov/ecosystems/climate/national-climate-strategy
https://www.federalregister.gov/documents/2010/02/09/2010-2405/endangered-and-threatened-wildlife-and-plants-12-month-finding-on-a-petition-to-list-the-american
https://www.st.nmfs.noaa.gov/ecosystems/climate/national-climate-strategy
https://www.federalregister.gov/documents/2010/02/09/2010-2405/endangered-and-threatened-wildlife-and-plants-12-month-finding-on-a-petition-to-list-the-american
https://www.st.nmfs.noaa.gov/ecosystems/climate/national-climate-strategy
https://www.federalregister.gov/documents/2010/02/09/2010-2405/endangered-and-threatened-wildlife-and-plants-12-month-finding-on-a-petition-to-list-the-american
https://obamawhitehouse.archives.gov/sites/default/files/omb/memoranda/2016/m-16-01.pdf
https://obamawhitehouse.archives.gov/sites/default/files/omb/memoranda/2016/m-16-01.pdf
https://obamawhitehouse.archives.gov/sites/default/files/omb/memoranda/2016/m-16-01.pdf
http://dx.doi.org/10.3996/082012-FWSReport-1
http://dx.doi.org/10.1073/pnas.1707811114
https://www.nps.gov/cato/learn/management/upload/CATO_FINAL_Resource-Stewardship-Strategy_6-21-2013.pdf
http://dx.doi.org/10.1073/pnas.1707811114
https://www.nps.gov/cato/learn/management/upload/CATO_FINAL_Resource-Stewardship-Strategy_6-21-2013.pdf
https://www.nps.gov/cato/learn/management/upload/CATO_FINAL_Resource-Stewardship-Strategy_6-21-2013.pdf


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

227. Griscom, B.W.,  J. Adams, P.W.  Ellis, R.A. Houghton, 
G. Lomax, D.A. Miteva, W.H. Schlesinger, D.  Shoch, 
J.V.  Siikamäki, P.  Smith, P.  Woodbury, C. Zganjar, A. 
Blackman,  J.  Campari,  R.T.  Conant,  C.  Delgado,  P. 

233.   Anderson, A.S., A.E. Reside, J.J. VanDerWal, L.P. Shoo, 
R.G. Pearson, and S.E. Williams, 2012: Immigrants 
and   refugees:   The   importance   of   dispersal   in 
mediating   biotic   attrition   under   climate change. 

 Elias, T. Gopalakrishna, M.R. Hamsik, M. Herrero, Global Change Biology, 18 (7), 2126-2134. http://dx.doi. 
 J. Kiesecker, E. Landis, L. Laestadius, S.M. Leavitt, org/10.1111/j.1365-2486.2012.02683.x 
 S. Minnemeyer, S. Polasky, P. Potapov, F.E. Putz, J.  
 Sanderman, M. Silvius, E. Wollenberg, and J. Fargione, 

2017: Natural climate solutions. Proceedings of the 
National Academy of Sciences of the United States of    
America,    114    (44),    11645-11650.    http://dx.doi. 
org/10.1073/pnas.1710465114 

234. Dionne, M., K.M. Miller, J.J. Dodson, F. Caron, and L. 
Bernatchez, 2007: Clinal variation in MHC diversity 
with temperature: Evidence for the role of host– 
pathogen interaction on local adaptation in Atlantic 
salmon.  Evolution,  61  (9),  2154-2164.  http://dx.doi. 

  org/10.1111/j.1558-5646.2007.00178.x 
228. Wahl, M., S. Schneider Covachã, V. Saderne, C.  

 Hiebenthal, J.D. Müller, C. Pansch, and Y. Sawall, 235. Reed, T.E., D.E. Schindler, M.J. Hague, D.A. Patterson, 
 2018: Macroalgae may mitigate ocean acidification E. Meir, R.S. Waples, and S.G. Hinch, 2011: Time to 
 effects on mussel calcification by increasing pH and 

its fluctuations. Limnology and Oceanography, 63 (1), 
3-21. http://dx.doi.org/10.1002/lno.10608 

evolve? Potential evolutionary responses of Fraser 
River sockeye salmon to climate change and effects 
on  persistence.  PLOS  ONE,  6  (6),  e20380.  http:// 

  dx.doi.org/10.1371/journal.pone.0020380 
229. U.S. Fish and Wildlife Service, 2014: Biological Carbon  

 Sequestration  Accomplishments  Report  2009-2013. 
U.S.  Fish  and  Wildlife  Service,  National  Wildlife 

236.  Hoffmann, A.A. and C.M. Sgrò, 2011: Climate change 
and  evolutionary  adaptation.  Nature,  470, 479-485. 

 Refuge System, 35 pp. https://bit.ly/2NdUsP5 http://dx.doi.org/10.1038/nature09670 

230. Rangwala, I., C. Dewes, and J. Barsugli, 2016: High- 237. Chivers, W.J., A.W. Walne, and G.C. Hays, 2017: 
 resolution climate modeling for regional adaptation. 

Eos, 97. http://dx.doi.org/10.1029/2016EO048615 
Mismatch between marine plankton range 
movements and the velocity of climate change. 
Nature   Communications,   8,   14434.   http://dx.doi. 

231. Tommasi, D., C.A. Stock, A.J. Hobday, R. Methot, org/10.1038/ncomms14434 
 I.C. Kaplan, J.P. Eveson, K. Holsman, T.J. Miller, S.  
 Gaichas, M. Gehlen, A. Pershing, G.A. Vecchi, R. 238. García Molinos, J., Benjamin S. Halpern, David S. 
 Msadek, T. Delworth, C.M. Eakin, M.A. Haltuch, R. Schoeman, Christopher J. Brown, W. Kiessling, 
 Séférian, C.M. Spillman, J.R. Hartog, S. Siedlecki, J.F. Pippa J. Moore, John M. Pandolfi, Elvira S. Poloczanska, 
 Samhouri, B. Muhling, R.G. Asch, M.L. Pinsky, V.S. Anthony J. Richardson, and Michael T. Burrows, 2015: 
 Saba,  S.B.  Kapnick,  C.F.  Gaitan,  R.R.  Rykaczewski, 

M.A.  Alexander,  Y.  Xue,  K.V.  Pegion,  P.  Lynch, M.R. 
Climate velocity and the future global redistribution 
of marine biodiversity. Nature Climate Change, 6, 83- 

 Payne, T. Kristiansen, P. Lehodey, and F.E. Werner, 88. http://dx.doi.org/10.1038/nclimate2769 
 2017: Managing living marine resources in a dynamic  
 environment: The role of seasonal to decadal climate 

forecasts. Progress in Oceanography, 152, 15-49. 
http://dx.doi.org/10.1016/j.pocean.2016.12.011 

239. Loarie, S.R., P.B. Duffy, H. Hamilton, G.P. Asner, C.B. 
Field, and D.D. Ackerly, 2009: The velocity of climate 
change. Nature, 462 (7276), 1052-1055. http://dx.doi. 

  org/10.1038/nature08649 
232. Urban, M.C., G. Bocedi, A.P. Hendry, J.-B. Mihoub, G.  

 Pe’er, A. Singer, J.R. Bridle, L.G. Crozier, L. De Meester, 240. Chen, I.-C., J.K. Hill, R. Ohlemüller, D.B. Roy, and C.D. 
 W. Godsoe, A. Gonzalez, J.J. Hellmann, R.D. Holt, A. 

Huth, K. Johst, C.B. Krug, P.W.  Leadley, S.C.F.  Palmer, 
Thomas, 2011: Rapid range shifts of species associated 
with  high  levels  of  climate  warming.  Science,  333 

 J.H. Pantel, A. Schmitz, P.A. Zollner, and J.M.J. Travis, (6045), 1024-1026. http://dx.doi.org/10.1126/ 
 2016: Improving the forecast for biodiversity under 

climate  change.  Science,  353  (6304).  http://dx.doi. 
science.1206432 

 org/10.1126/science.aad8466 241. Crozier, L.G., M.D. Scheuerell, and R.W. Zabel, 2011: 
  Using time series analysis to characterize evolutionary 
  and plastic responses to environmental change: A 
  case study of a shift toward earlier migration date 

in sockeye salmon. The American Naturalist, 178 (6), 
755-773. http://dx.doi.org/10.1086/662669 

http://dx.doi.org/10.1111/j.1365-2486.2012.02683.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02683.x
http://dx.doi.org/10.1073/pnas.1710465114
http://dx.doi.org/10.1073/pnas.1710465114
http://dx.doi.org/10.1111/j.1558-5646.2007.00178.x
http://dx.doi.org/10.1111/j.1558-5646.2007.00178.x
http://dx.doi.org/10.1002/lno.10608
http://dx.doi.org/10.1371/journal.pone.0020380
http://dx.doi.org/10.1371/journal.pone.0020380
http://dx.doi.org/10.1038/nature09670
http://dx.doi.org/10.1029/2016EO048615
http://dx.doi.org/10.1038/ncomms14434
http://dx.doi.org/10.1038/ncomms14434
http://dx.doi.org/10.1038/nclimate2769
http://dx.doi.org/10.1016/j.pocean.2016.12.011
http://dx.doi.org/10.1038/nature08649
http://dx.doi.org/10.1038/nature08649
http://dx.doi.org/10.1126/science.1206432
http://dx.doi.org/10.1126/science.aad8466
http://dx.doi.org/10.1126/science.1206432
http://dx.doi.org/10.1126/science.aad8466
http://dx.doi.org/10.1086/662669


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

242. Kovach, R.P., A.J. Gharrett, and D.A. Tallmon, 2012: 
Genetic change for earlier migration timing in a pink 
salmon  population.  Proceedings  of  the  Royal Society 
B:  Biological  Sciences,  279  (1743),  3870-3878.  http:// 

251. Nghiem,  L.T.P.,   T.   Soliman,  D.C.J.   Yeo,   H.T.W. Tan, 
T.A.  Evans,  J.D.  Mumford,  R.P.  Keller,  R.H.A. Baker, 
R.T. Corlett, and L.R. Carrasco, 2013: Economic and 
environmental  impacts  of  harmful non-indigenous 

dx.doi.org/10.1098/rspb.2012.1158  species in Southeast Asia. PLOS ONE, 8 (8), e71255. 
  http://dx.doi.org/10.1371/journal.pone.0071255 

243. Dobrowski, S.Z., J. Abatzoglou, A.K. Swanson, J.A.   

Greenberg, A.R. Mynsberge, Z.A. Holden, and 252. Paini, D.R., A.W. Sheppard, D.C. Cook, P.J. De Barro, 
M.K. Schwartz, 2013: The climate velocity of the 
contiguous United States during the 20th century. 
Global  Change  Biology,  19  (1),  241-251.  http://dx.doi. 
org/10.1111/gcb.12026 

 S.P. Worner, and M.B. Thomas, 2016: Global threat 
to agriculture from invasive  species. Proceedings 
of the National Academy of Sciences of the United 
States  of  America,  113  (27),  7575-7579.  http://dx.doi. 

  org/10.1073/pnas.1602205113 
244. Elsen, P.R. and M.W. Tingley, 2015: Global mountain   

topography and the fate of montane species under 
climate change. Nature Climate Change, 5, 772-776. 

253. Early,  R.,  B.A.  Bradley,  J.S.  Dukes,  J.J.  Lawler,  J.D. 
Olden, D.M. Blumenthal, P.  Gonzalez, E.D. Grosholz, 

http://dx.doi.org/10.1038/nclimate2656  I. Ibañez, L.P. Miller, C.J.B. Sorte, and A.J. Tatem, 
  2016: Global threats from invasive alien species in 
245.  Hannah, L., L. Flint, A.D. Syphard, M.A. Moritz, L.B. 

Buckley,    and    I.M.    McCullough,    2014:  Fine-grain 
 the  twenty-first  century  and  national  response 

capacities. Nature Communications, 7, 12485. http:// 
modeling of species’ response to climate change: 
Holdouts, stepping-stones, and microrefugia. Trends 
in Ecology & Evolution, 29 (7), 390-397. http://dx.doi. 

 
 

254. 

dx.doi.org/10.1038/ncomms12485 
 
Pratt, C.F., K.L. Constantine, and S.T. Murphy, 2017: 

org/10.1016/j.tree.2014.04.006  Economic impacts of invasive alien species on African 
smallholder livelihoods. Global Food Security, 14, 31- 

246. McCain, C.M. and S.R.B. King, 2014: Body size and  37. http://dx.doi.org/10.1016/j.gfs.2017.01.011 
activity   times   mediate   mammalian   responses to 
climate change. Global Change Biology, 20 (6), 1760- 

 
255. 

 
Reeves, M.C., M.E. Manning, J.P. DiBenedetto, 

1769. http://dx.doi.org/10.1111/gcb.12499  K.A. Palmquist, W.K. Lauenroth, J.B. Bradford, and 
  D.R. Schlaepfer, 2018: Effects of climate change 
247.   Rapacciuolo,  G.,  S.P.   Maher,  A.C.  Schneider,   T.T. 

Hammond,   M.D.   Jabis,   R.E.   Walsh,   K.J.   Iknayan, 
 on  rangeland  vegetation  in  the  Northern Rockies. 

Climate  Change  and  Rocky  Mountain  Ecosystems. 
G.K. Walden, M.F. Oldfather, D.D. Ackerly, and S.R.  Halofsky, J.E. and D.L. Peterson, Eds. Springer 

Beissinger, 2014: Beyond a warming fingerprint:  International Publishing, Cham, 97-114. http://dx.doi. 
Individualistic biogeographic responses to 
heterogeneous climate change in California. Global 
Change   Biology,   20   (9),   2841-2855.   http://dx.doi. 

 
 

256. 

org/10.1007/978-3-319-56928-4_6 
 
Roberts, T.C., 1991: Cheatgrass: Management 

org/10.1111/gcb.12638  implications in the 90’s. Rangelands, 13 (2), 70- 
  72. https://journals.uair.arizona.edu/index.php/ 
248.  Wood,    E.M.    and    J.L.    Kellermann,    Eds., 2017: 

Phenological Synchrony and Bird Migration: Changing 
Climate  and  Seasonal  Resources  in  North  America. 

 
 

257. 

rangelands/article/view/10998 
 
Rasmann, S., L. Pellissier, E. Defossez, H. Jactel, 

Studies in Avian Biology 47. CRC Press, Boca Raton,  and G. Kunstler, 2014: Climate-driven change in 
FL, 246 pp.  plant–insect  interactions  along  elevation gradients. 

Functional   Ecology,   28   (1),   46-54.   http://dx.doi. 
249. Cushing, D.H., 1969: The regularity of the spawning 

season   of   some   fishes.   ICES   Journal   of   Marine 
Science,   33   (1),   81-92.   http://dx.doi.org/10.1093/ 

 
 

258. 

org/10.1111/1365-2435.12135 
 
Herstoff, E. and M.C. Urban, 2014: Will pre-adaptation 

icesjms/33.1.81  buffer the impacts of climate change on novel species 
interactions? Ecography, 37 (2), 111-119. http://dx.doi. 

250. Chevillot, X., H. Drouineau, P. Lambert, L. Carassou,  org/10.1111/j.1600-0587.2013.00116.x 
B. Sautour, and J. Lobry, 2017: Toward a phenological 
mismatch in estuarine pelagic food web? PLOS ONE, 

  

12   (3),   e0173752.   http://dx.doi.org/10.1371/journal.   

pone.0173752   

http://dx.doi.org/10.1098/rspb.2012.1158
http://dx.doi.org/10.1098/rspb.2012.1158
http://dx.doi.org/10.1371/journal.pone.0071255
http://dx.doi.org/10.1111/gcb.12026
http://dx.doi.org/10.1111/gcb.12026
http://dx.doi.org/10.1073/pnas.1602205113
http://dx.doi.org/10.1073/pnas.1602205113
http://dx.doi.org/10.1038/nclimate2656
http://dx.doi.org/10.1038/ncomms12485
http://dx.doi.org/10.1016/j.tree.2014.04.006
http://dx.doi.org/10.1038/ncomms12485
http://dx.doi.org/10.1016/j.tree.2014.04.006
http://dx.doi.org/10.1016/j.gfs.2017.01.011
http://dx.doi.org/10.1111/gcb.12499
http://dx.doi.org/10.1007/978-3-319-56928-4_6
http://dx.doi.org/10.1111/gcb.12638
http://dx.doi.org/10.1007/978-3-319-56928-4_6
http://dx.doi.org/10.1111/gcb.12638
https://journals.uair.arizona.edu/index.php/rangelands/article/view/10998
https://journals.uair.arizona.edu/index.php/rangelands/article/view/10998
http://dx.doi.org/10.1111/1365-2435.12135
http://dx.doi.org/10.1093/icesjms/33.1.81
http://dx.doi.org/10.1111/1365-2435.12135
http://dx.doi.org/10.1093/icesjms/33.1.81
http://dx.doi.org/10.1111/j.1600-0587.2013.00116.x
http://dx.doi.org/10.1111/j.1600-0587.2013.00116.x
http://dx.doi.org/10.1371/journal.pone.0173752
http://dx.doi.org/10.1371/journal.pone.0173752


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

7 | Ecosystems, Ecosystem Services, and Biodiversity - References 
 

 

 
 

259. HilleRisLambers, J., L.D.L. Anderegg, I. Breckheimer, 
K.M.  Burns,  A.K.  Ettinger,  J.F.  Franklin,  J.A. Freund, 
K.R.  Ford,  and  S.J.  Krolss,  2015:  Implications  of 
climate  change  for  turnover  in  forest composition. 

268. Jeong, S.-J., D. Medvigy, E. Shevliakova, and S. 
Malyshev, 2013: Predicting changes in temperate 
forest budburst using continental-scale observations 
and models. Geophysical Research Letters, 40 (2), 359- 

 Northwest   Science,   89   (3),   201-218.   http://dx.doi. 364. http://dx.doi.org/10.1029/2012Gl054431 
 org/10.3955/046.089.0304  
  269. Wolkovich, E.M., B.I. Cook, J.M. Allen, T.M. Crimmins, 
260. Lewthwaite, J.M.M., D.M. Debinski, and J.T. Kerr, 2017: J.L. Betancourt, S.E. Travers, S. Pau, J. Regetz, T.J. 

 High community turnover and dispersal limitation 
relative to rapid climate change. Global Ecology 
and   Biogeography,   26   (4),   459-471.   http://dx.doi. 

Davies, N.J.B. Kraft, T.R. Ault, K. Bolmgren, S.J. Mazer, 
G.J. McCabe, B.J. McGill, C. Parmesan, N. Salamin, 
M.D.   Schwartz,   and   E.E.   Cleland,   2012:  Warming 

 org/10.1111/geb.12553 experiments underpredict plant phenological 
responses to climate change. Nature, 485, 494-497. 

261. Woodward, G., J.B. Dybkjær, J.S. Ólafsson, G.M. http://dx.doi.org/10.1038/nature11014 
 Gíslason, E.R. Hannesdóttir, and N. Friberg, 2010:  
 Sentinel systems on the razor’s edge: Effects of 270. Gallinat, A.S., R.B. Primack, and D.L. Wagner, 2015: 
 warming  on  Arctic  geothermal  stream ecosystems. 

Global Change Biology, 16 (7), 1979-1991. http://dx.doi. 
Autumn,  the  neglected  season  in  climate  change 
research. Trends in Ecology & Evolution, 30 (3), 169- 

 org/10.1111/j.1365-2486.2009.02052.x 176. http://dx.doi.org/10.1016/j.tree.2015.01.004 

262. Pureswaran, D.S., L. De Grandpré, D. Paré, A. Taylor, 271. Jeong, S.-J. and D. Medvigy, 2014: Macroscale 
 M. Barrette, H. Morin, J. Régnière, and D.D. Kneeshaw, 

2015: Climate-induced changes in host tree–insect 
phenology may drive ecological state-shift in boreal 
forests.   Ecology,   96   (6),   1480-1491.   http://dx.doi. 

prediction of autumn leaf coloration  throughout 
the continental United States. Global Ecology and 
Biogeography,    23    (11),    1245-1254.    http://dx.doi. 
org/10.1111/geb.12206 

 org/10.1890/13-2366.1  
  272. Yue, X., N. Unger, T.F. Keenan, X. Zhang, and C.S. Vogel, 
263. Berner, L.T., B.E. Law, A.J.H. Meddens, and J.A. Hicke, 

2017:  Tree  mortality  from  fires,  bark  beetles,  and 
2015: Probing the past 30-year phenology trend of US 
deciduous forests. Biogeosciences, 12 (15), 4693-4709. 

 timber harvest during a hot and dry decade in the 
western United States (2003–2012). Environmental 
Research    Letters,    12    (6),    065005.    http://dx.doi. 

http://dx.doi.org/10.5194/bg-12-4693-2015 
 

273. Hufkens, K., M. Friedl, O. Sonnentag, B.H. Braswell, 
 org/10.1088/1748-9326/aa6f94 T. Milliman, and A.D. Richardson, 2012: Linking near- 
 
264. 

 
Rykaczewski, R.R. and J.P. Dunne, 2011: A measured 

surface and satellite remote sensing measurements 
of  deciduous  broadleaf  forest  phenology.  Remote 

 look at ocean chlorophyll trends. Nature, 472 (7342), Sensing  of  Environment,  117,  307-321.  http://dx.doi. 
 E5-E6. http://dx.doi.org/10.1038/nature09952 org/10.1016/j.rse.2011.10.006 

265. Diez, J.M., I. Ibáñez, J.A. Silander, R. Primack, H. 274. Keenan, T.F. and A.D. Richardson, 2015: The timing 
 Higuchi, H. Kobori, A. Sen, and T.Y. James, 2014: of autumn senescence is affected by the timing of 
 Beyond seasonal climate: Statistical   estimation   

of phenological responses to weather. Ecological 
Applications, 24 (7), 1793-1802. http://dx.doi. 

spring phenology: Implications for predictive models. 
Global Change Biology, 21 (7), 2634-2641. http://dx.doi. 
org/10.1111/gcb.12890 

 org/10.1890/13-1533.1  
  275. Richardson, A.D., R.S. Anderson, M.A. Arain, A.G. Barr, 
266. Basler, D., 2016: Evaluating phenological models for G. Bohrer, G. Chen, J.M. Chen, P. Ciais, K.J. Davis, 

 the prediction of leaf-out dates in six temperate tree 
species across central Europe. Agricultural and Forest 
Meteorology,  217,  10-21.  http://dx.doi.org/10.1016/j. 

A.R.  Desai,  M.C.  Dietze,  D.  Dragoni,  S.R. Garrity, 
C.M. Gough, R. Grant, D.Y. Hollinger, H.A. Margolis, 
H.  McCaughey,  M.  Migliavacca,  R.K.  Monson,  J.W. 

 agrformet.2015.11.007 Munger, B. Poulter, B.M. Raczka, D.M. Ricciuto, A.K. 
  Sahoo, K. Schaefer, H. Tian, R. Vargas, H. Verbeeck, J. 
267. Jenkerson, C., T. Maiersperger, and G. Schmidt, 2010: Xiao, and Y. Xue, 2012: Terrestrial biosphere models 

 eMODIS: A User-Friendly Data Source. Open-File need better representation of vegetation phenology: 
 Report 2010–1055. USGS, Reston, VA, 10 pp. https:// 

pubs.usgs.gov/of/2010/1055/ 
Results from the North American Carbon Program 
Site Synthesis. Global Change Biology, 18 (2), 566-584. 

  http://dx.doi.org/10.1111/j.1365-2486.2011.02562.x 

http://dx.doi.org/10.3955/046.089.0304
http://dx.doi.org/10.1029/2012Gl054431
http://dx.doi.org/10.3955/046.089.0304
http://dx.doi.org/10.1111/geb.12553
http://dx.doi.org/10.1111/geb.12553
http://dx.doi.org/10.1038/nature11014
http://dx.doi.org/10.1111/j.1365-2486.2009.02052.x
http://dx.doi.org/10.1111/j.1365-2486.2009.02052.x
http://dx.doi.org/10.1016/j.tree.2015.01.004
http://dx.doi.org/10.1890/13-2366.1
http://dx.doi.org/10.1111/geb.12206
http://dx.doi.org/10.1111/geb.12206
http://dx.doi.org/10.1890/13-2366.1
http://dx.doi.org/10.1088/1748-9326/aa6f94
http://dx.doi.org/10.5194/bg-12-4693-2015
http://dx.doi.org/10.1088/1748-9326/aa6f94
http://dx.doi.org/10.1016/j.rse.2011.10.006
http://dx.doi.org/10.1038/nature09952
http://dx.doi.org/10.1016/j.rse.2011.10.006
http://dx.doi.org/10.1890/13-1533.1
http://dx.doi.org/10.1111/gcb.12890
http://dx.doi.org/10.1111/gcb.12890
http://dx.doi.org/10.1890/13-1533.1
http://dx.doi.org/10.1016/j.agrformet.2015.11.007
http://dx.doi.org/10.1016/j.agrformet.2015.11.007
https://pubs.usgs.gov/of/2010/1055/
https://pubs.usgs.gov/of/2010/1055/
http://dx.doi.org/10.1111/j.1365-2486.2011.02562.x


7 | Ecosystems, Ecosystem Services, and Biodiversity - References 

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

 

 

 
 

276. Richardson, A.D., T.F. Keenan, M. Migliavacca, Y.  Ryu, 
O. Sonnentag, and M. Toomey, 2013: Climate change, 
phenology, and phenological control of vegetation 
feedbacks to the climate system. Agricultural and 

285. Westerling, A.L., 2016: Correction to “Increasing 
western US forest wildfire   activity:   Sensitivity  
to  changes  in  the  timing  of   spring.”   Philosophical 
Transactions of the Royal Society B: Biological Sciences, 

 Forest    Meteorology,    169,    156-173.    http://dx.doi. 371 (1707). http://dx.doi.org/10.1098/rstb.2016.0373 
 org/10.1016/j.agrformet.2012.09.012  
  286. Messier, C., K. Puettmann, R. Chazdon, K.P. Andersson, 
277. Enquist, C.A.F., J.L. Kellermann, K.L. Gerst, and V.A. Angers, L. Brotons, E. Filotas, R. Tittler, L. 

 A.J. Miller-Rushing, 2014: Phenology research for Parrott, and S.A. Levin, 2015: From management to 
 natural resource management in the United States. 

International Journal of Biometeorology, 58 (4), 579- 
stewardship:  Viewing  forests  as  complex adaptive 
systems in an uncertain world. Conservation Letters, 

 589. http://dx.doi.org/10.1007/s00484-013-0772-6 8 (5), 368-377. http://dx.doi.org/10.1111/conl.12156 

278. Andersen, M.C., H. Adams, B. Hope, and M. Powell, 
2004: Risk assessment for invasive species. Risk     
Analysis,     24     (4),     787-793.     http://dx.doi. 

287. Ostrom, E., 2008: Tragedy  of  the  commons.  The 
new Palgrave dictionary  of  economics.  Durlauf,  S. 
and L.E. Blume, Eds. Palgrave Macmillan, New York, 

 org/10.1111/j.0272-4332.2004.00478.x v.8: 360-363. 

279. Koop, A.L., L. Fowler, L.P. Newton, and B.P. Caton, 2012: 288. Graves, D., 2008: A GIS Analysis of Climate Change 
 Development and validation of a weed screening tool 

for the United States. Biological Invasions, 14 (2), 273- 
and  Snowpack  on  Columbia  Basin  Tribal  Lands. 
Columbia    River    Inter-Tribal    Fish   Commission, 

 294. http://dx.doi.org/10.1007/s10530-011-0061-4 Portland,   OR,   20   pp.   http://www.critfc.org/wp- 
  content/uploads/2012/11/08_05report.pdf 
280. U.S. Department of Agriculture, 2016: Guidelines  

 for the USDA-APHIS-PPQ Weed Risk Assessment 289. Waples, R.S. and A. Audzijonyte, 2016: Fishery- 
 Process. TP E-300, Ver. 2.2. USDA, Animal and induced evolution provides insights into adaptive 
 Plant  Health  Inspection  Service,  Raleigh,  NC,  124 

pp. https://www.aphis.usda.gov/plant_health/ 
responses   of   marine   species   to   climate  change. 
Frontiers in Ecology and the Environment, 14 (4), 217- 

 plant_pest_info/weeds/downloads/wra/wra- 224. http://dx.doi.org/10.1002/fee.1264 
 guidelines.pdf  
  290. Ellwood, E.R., S.A. Temple, R.B. Primack, N.L. Bradley, 
281. U.S. Department of the Interior, 2016: The Innovation 

Summit: Vision + Science + Technology = Solutions. 
and C.C. Davis, 2013: Record-breaking early flowering 
in the eastern United States. PLOS ONE, 8 (1), e53788. 

 U.S. Department of the Interior, Washington, DC, http://dx.doi.org/10.1371/journal.pone.0053788 
 5 pp. https://www.doi.gov/sites/doi.gov/files/  
 uploads/innovation_summit_report_2016.pdf 291. Ogilvie, J.E., S.R. Griffin, Z.J. Gezon, B.D. Inouye, 
  N. Underwood, D.W. Inouye, and R.E. Irwin, 2017: 
282. Alexander, J.M., J.M. Diez, S.P. Hart, and J.M. Levine, Interannual bumble bee abundance is driven by 

 2016: When climate reshuffles competitors: A  call 
for experimental macroecology. Trends in Ecology & 
Evolution, 31 (11), 831-841. http://dx.doi.org/10.1016/j. 

indirect climate effects on floral resource phenology. 
Ecology   Letters,   20   (12),   1507-1515.   http://dx.doi. 
org/10.1111/ele.12854 

 tree.2016.08.003  
  292. Pardee, G.L., D.W. Inouye, and R.E. Irwin, 2018: 
283. Rosenblatt, A.E. and O.J. Schmitz, 2014: Interactive Direct and indirect effects of episodic frost on plant 

 effects of multiple climate change variables on 
trophic interactions: A meta-analysis. Climate 
Change Responses, 1 (1), 8. http://dx.doi.org/10.1186/ 

growth and reproduction in subalpine wildflowers. 
Global Change Biology, 24 (2), 848-857. http://dx.doi. 
org/10.1111/gcb.13865 

 s40665-014-0008-y  
  293. Bartomeus, I., J.S. Ascher, D. Wagner, B.N. Danforth, 
284. Levi, T., F. Keesing, K. Oggenfuss, and R.S. Ostfeld, S. Colla, S. Kornbluth, and R. Winfree, 2011: Climate- 

 2015: Accelerated phenology of blacklegged ticks 
under   climate   warming.   Philosophical Transactions 
of the Royal Society B: Biological Sciences, 370 (1665). 

associated phenological advances in bee pollinators 
and bee-pollinated plants. Proceedings of the National 
Academy of Sciences of the United States of America, 

 http://dx.doi.org/10.1098/rstb.2013.0556 108   (51),   20645-20649.   http://dx.doi.org/10.1073/ 
  pnas.1115559108 

http://dx.doi.org/10.1016/j.agrformet.2012.09.012
http://dx.doi.org/10.1098/rstb.2016.0373
http://dx.doi.org/10.1016/j.agrformet.2012.09.012
http://dx.doi.org/10.1007/s00484-013-0772-6
http://dx.doi.org/10.1111/conl.12156
http://dx.doi.org/10.1111/j.0272-4332.2004.00478.x
http://dx.doi.org/10.1111/j.0272-4332.2004.00478.x
http://dx.doi.org/10.1007/s10530-011-0061-4
http://www.critfc.org/wp-content/uploads/2012/11/08_05report.pdf
http://www.critfc.org/wp-content/uploads/2012/11/08_05report.pdf
https://www.aphis.usda.gov/plant_health/plant_pest_info/weeds/downloads/wra/wra-guidelines.pdf
https://www.aphis.usda.gov/plant_health/plant_pest_info/weeds/downloads/wra/wra-guidelines.pdf
http://dx.doi.org/10.1002/fee.1264
https://www.aphis.usda.gov/plant_health/plant_pest_info/weeds/downloads/wra/wra-guidelines.pdf
http://dx.doi.org/10.1371/journal.pone.0053788
https://www.doi.gov/sites/doi.gov/files/uploads/innovation_summit_report_2016.pdf
https://www.doi.gov/sites/doi.gov/files/uploads/innovation_summit_report_2016.pdf
http://dx.doi.org/10.1016/j.tree.2016.08.003
http://dx.doi.org/10.1111/ele.12854
http://dx.doi.org/10.1111/ele.12854
http://dx.doi.org/10.1016/j.tree.2016.08.003
http://dx.doi.org/10.1186/s40665-014-0008-y
http://dx.doi.org/10.1111/gcb.13865
http://dx.doi.org/10.1111/gcb.13865
http://dx.doi.org/10.1186/s40665-014-0008-y
http://dx.doi.org/10.1098/rstb.2013.0556
http://dx.doi.org/10.1073/pnas.1115559108
http://dx.doi.org/10.1073/pnas.1115559108


7 | Ecosystems, Ecosystem Services, and Biodiversity - References 

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

 

 

 
 

294. Burkle, L.A., J.C. Marlin, and T.M. Knight, 2013: Plant- 
pollinator interactions over 120 years: Loss of species, 
co-occurrence,  and  function.  Science,  339  (6127), 

302. Georgetown Climate Center, 2018: State and Local 
Adaptation   Plans.   http://www.georgetownclimate. 
org/adaptation/plans.html 

1611-1615. http://dx.doi.org/10.1126/science.1232728   
 303. Climate Science Centers, 2018: Climate Science 

295. Forrest, J.R.K., 2015: Plant–pollinator interactions  Centers  [web  site].  U.S.  Geological  Survey.  https:// 
and phenological change: What can we learn about  nccwsc.usgs.gov/csc 

climate impacts from experiments and observations? 
Oikos, 124 (1), 4-13. http://dx.doi.org/10.1111/oik.01386 

 
304. 

 
Climate Program Office, 2018: Regional Integrated 

  Sciences and Assessment (RISA) [web site]. 
296. Campbell-Lendrum, D., L. Manga, M. Bagayoko, and J.  NOAA Climate Program Office, Silver Spring, 

Sommerfeld, 2015: Climate change and vector-borne  MD. https://cpo.noaa.gov/Meet-the-Divisions/ 
diseases: What are the implications for public health 
research and policy? Philosophical Transactions of the 
Royal Society B: Biological Sciences, 370 (1665). http:// 

 
 

305. 

Climate-and-Societal-Interactions/RISA 
 
NPS, 2010: National Park Service Climate Change 

dx.doi.org/10.1098/rstb.2013.0552  Response Strategy. U.S. National Park Service Climate 
  Change Response Program, Fort Collins, CO, 36 pp. 

297. Monaghan, A.J., S.M. Moore, K.M. Sampson, C.B.  http://www.nature.nps.gov/climatechange/docs/ 
Beard, and R.J. Eisen, 2015: Climate change influences  NPS_CCRS.pdf 
on the annual onset of Lyme disease in the United 
States. Ticks and Tick-Borne Diseases, 6 (5), 615-622. 

 
306. 

 
NIACS, n.d.: Forest Adaptation Planning and 

http://dx.doi.org/10.1016/j.ttbdis.2015.05.005  Practices. Northern Institute of Applied Climate 
  Science    (NIACS),    Houghton,    MI.    https://www. 
298. Ostfeld, R.S. and J.L. Brunner, 2015: Climate 

change  and  Ixodes  tick-borne  diseases  of  humans. 
Philosophical  Transactions  of  the  Royal  Society B: 

 
 

307. 

forestadaptation.org/fapp 
 
SECAS, n.d.: Southeast Conservation Adaptation 

Biological   Sciences,   370   (1665),   20140051.   http://  Strategy. Southeast Conservation Adaptation 
dx.doi.org/10.1098/rstb.2014.0051  Strategy (SECAS). http://secassoutheast.org/ 

299. Parham, P.E., J. Waldock, G.K. Christophides, D. 308. Isaac-Renton, M.G., D.R. Roberts, A. Hamann, and H. 
Hemming, F. Agusto, K.J. Evans, N. Fefferman, H. Gaff,  Spiecker, 2014: Douglas-fir plantations in Europe: A 
A. Gumel, S. LaDeau, S. Lenhart, R.E. Mickens, E.N. 
Naumova,  R.S.  Ostfeld,  P.D.  Ready,  M.B.  Thomas,  J. 

 retrospective test of assisted migration to address 
climate change. Global Change Biology, 20 (8), 2607- 

Velasco-Hernandez, and E. Michael, 2015: Climate,  2617. http://dx.doi.org/10.1111/gcb.12604 
environmental and socio-economic change:   

Weighing up the balance in vector-borne disease 
transmission. Philosophical Transactions of the Royal 
Society   B:   Biological   Sciences,   370   (1665).   http:// 
dx.doi.org/10.1098/rstb.2013.0551 

309. Perlut, N.G. and A.M. Strong, 2011: Grassland birds 
and rotational-grazing in the northeast: Breeding 
ecology, survival and management opportunities. 
Journal  of  Wildlife  Management,  75  (3),  715-720. 

  http://dx.doi.org/10.1002/jwmg.81 
300. Salafsky, N., D. Salzer, A.J. Stattersfield, C. Hilton-   

Taylor, R. Neugarten, S.H.M. Butchart, B. Collen, N. 310. Perlut, N.G., A.M. Strong, and T.J. Alexander, 2011: 
Cox, L.L. Master, S. O’Connor, and D. Wilkie, 2008:  A model for integrating wildlife science and agri- 

A standard lexicon for biodiversity conservation: 
Unified    classifications    of    threats    and   actions. 
Conservation  Biology,  22  (4),  897-911.  http://dx.doi. 

 environmental policy in the conservation of declining 
species. Journal of Wildlife Management, 75 (7), 1657- 
1663. http://dx.doi.org/10.1002/jwmg.199 

org/10.1111/j.1523-1739.2008.00937.x   
 311. National Invasive Species Council, 2016: Management 

301. Wilcove, D.S., D. Rothstein, J. Dubow, A. Phillips,  Plan: 2016–2018. NISC Secretariat, Washington, DC, 
and E. Losos, 1998: Quantifying threats to imperiled  42 pp. https://www.doi.gov/sites/doi.gov/files/ 

species in the United States: Assessing the relative  uploads/2016-2018-nisc-management-plan.pdf 
importance   of   habitat   destruction,   alien species, 
pollution,  overexploitation,  and  disease. BioScience, 

 
312. 

 
Hare, J.A., 2014: The future of fisheries oceanography 

48 (8), 607-615. http://dx.doi.org/10.2307/1313420  lies  in  the  pursuit  of  multiple  hypotheses.  ICES 
Journal  of  Marine  Science,  71  (8),  2343-2356.  http:// 

  dx.doi.org/10.1093/icesjms/fsu018 

http://www.georgetownclimate.org/adaptation/plans.html
http://www.georgetownclimate.org/adaptation/plans.html
http://dx.doi.org/10.1126/science.1232728
https://nccwsc.usgs.gov/csc
https://nccwsc.usgs.gov/csc
http://dx.doi.org/10.1111/oik.01386
https://cpo.noaa.gov/Meet-the-Divisions/Climate-and-Societal-Interactions/RISA
http://dx.doi.org/10.1098/rstb.2013.0552
https://cpo.noaa.gov/Meet-the-Divisions/Climate-and-Societal-Interactions/RISA
http://dx.doi.org/10.1098/rstb.2013.0552
http://www.nature.nps.gov/climatechange/docs/NPS_CCRS.pdf
http://www.nature.nps.gov/climatechange/docs/NPS_CCRS.pdf
http://dx.doi.org/10.1016/j.ttbdis.2015.05.005
https://www.forestadaptation.org/fapp
https://www.forestadaptation.org/fapp
http://dx.doi.org/10.1098/rstb.2014.0051
http://dx.doi.org/10.1098/rstb.2014.0051
http://secassoutheast.org/
http://dx.doi.org/10.1111/gcb.12604
http://dx.doi.org/10.1098/rstb.2013.0551
http://dx.doi.org/10.1098/rstb.2013.0551
http://dx.doi.org/10.1002/jwmg.81
http://dx.doi.org/10.1111/j.1523-1739.2008.00937.x
http://dx.doi.org/10.1002/jwmg.199
http://dx.doi.org/10.1111/j.1523-1739.2008.00937.x
https://www.doi.gov/sites/doi.gov/files/uploads/2016-2018-nisc-management-plan.pdf
https://www.doi.gov/sites/doi.gov/files/uploads/2016-2018-nisc-management-plan.pdf
http://dx.doi.org/10.2307/1313420
http://dx.doi.org/10.1093/icesjms/fsu018
http://dx.doi.org/10.1093/icesjms/fsu018


7 | Ecosystems, Ecosystem Services, and Biodiversity - References 

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

 

 

 
313. Holsman, K.K., J. Ianelli, K. Aydin, A.E. Punt, and E.A. 

Moffitt, 2016: A comparison of fisheries biological 
reference points estimated from temperature- 
specific multi-species and single-species climate- 
enhanced stock assessmentmodels. Deep Sea Research 
Part II: Topical Studies in Oceanography, 134, 360-378. 
http://dx.doi.org/10.1016/j.dsr2.2015.08.001 

 
314. Ianelli, J., K.K. Holsman, A.E. Punt, and K. Aydin, 2016: 

Multi-model inference for incorporating trophic and 
climate uncertainty into stock assessments. Deep Sea 
Research Part II: Topical Studies in Oceanography, 
1 3 4 ,  37 9 - 389 .  h t t p : //d x . d o i . o r g / 1 0 . 1 0 1 6 / j .  
dsr2.2015.04.002 

 
315. Nicotra, A.B., E.A. Beever, A.L. Robertson, G.E. 

Hofmann, and J. O’Leary, 2015: Assessing the 
components of adaptive capacity to improve 
conservation and management efforts under global 
change. Conservation Biology, 29 (5), 1268-1278. 
http://dx.doi.org/10.1111/cobi.12522 

http://dx.doi.org/10.1016/j.dsr2.2015.08.001
http://dx.doi.org/10.1016/j.dsr2.2015.08.001
http://dx.doi.org/10.1016/j.dsr2.2015.04.002
http://dx.doi.org/10.1016/j.dsr2.2015.04.002
http://dx.doi.org/10.1111/cobi.12522
http://dx.doi.org/10.1111/cobi.12522


 

 

Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II 

Coastal Effects 
 
 
 

Federal Coordinating Lead Authors 
Jeffrey Payne 
National Oceanic and Atmospheric Administration 

 
William V. Sweet 
National Oceanic and Atmospheric Administration 

 
 

Chapter Lead 
Elizabeth Fleming 
U.S. Army Corps of Engineers 

 
 

Chapter Authors 
Michael Craghan 
U.S. Environmental Protection Agency 

 
John Haines 
U.S. Geological Survey 

 
Juliette Finzi Hart 
U.S. Geological Survey 

 
Heidi Stiller 
National Oceanic and Atmospheric Administration 

 
Ariana Sutton-Grier 
National Oceanic and Atmospheric Administration 

 
 

Review Editor 
Michael Kruk 
ERT, Inc. 

 
 
 
 
 

Recommended Citation for Chapter 
Fleming, E., J. Payne, W. Sweet, M. Craghan, J. Haines, J.F. Hart, H. Stiller, and A. Sutton-Grier, 2018: Coastal 
Effects. In Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II 
[Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart (eds.)]. 
U.S. Global Change Research Program, Washington, DC, USA, pp. 313–343. doi: 10.7930/NCA4.2018.CH8 

On the Web:  https://nca2018.globalchange.gov/chapter/coastal-effects 

8 

http://10.0.30.250/NCA4.2018.CH8
https://nca2018.globalchange.gov/chapter/coastal-effects


 

 

 
 

Key Message 1 
Natural “green barriers” help protect this Florida coastline and infrastructure from severe storms and floods. 

 

 
America’s trillion-dollar coastal property market and public infrastructure are threatened by 
the ongoing increase in the frequency, depth, and extent of tidal flooding due to sea 
level rise, with cascading impacts to the larger economy. Higher storm surges due to 
sea level rise and the increased probability of heavy precipitation events exacerbate the 
risk. Under a higher scenario (RCP8.5), many coastal communities will be transformed by 
the latter part of this century, and even under lower scenarios (RCP4.5 or RCP2.6), 
many individuals and communities will suffer financial impacts as chronic high tide 
flooding leads to higher costs and lower property values. Actions to plan for and adapt to 
more frequent, widespread, and severe coastal flooding would decrease direct losses and 
cascading economic impacts. 

Key Message 2 
 

Fisheries, tourism, human health, and public safety depend on healthy coastal 
ecosystems that are being transformed, degraded, or lost due in part to climate change 
impacts, particularly sea level rise and higher numbers of extreme weather events. 
Restoring and conserving coastal ecosystems and adopting natural and nature-based 
infrastructure solutions can enhance community and ecosystem resilience to climate 
change, help to ensure their health and vitality, and decrease both direct and indirect 
impacts of climate change. 

Coastal Economies and Property Are Already at Risk 

8 
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Coastal Environments Are Already at Risk 
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Key Message 3 
 

As the pace and extent of coastal flooding and erosion accelerate, climate change 
impacts along our coasts are exacerbating preexisting social inequities, as communities 
face difficult questions about determining who will pay for current impacts and future 
adaptation and mitigation strategies and if, how, or when to relocate. In response to 
actual or projected climate change losses and damages, coastal communities will be 
among the first in the Nation to test existing climate-relevant legal frameworks and 
policies against these impacts and, thus, will establish precedents that will affect both 
coastal and non-coastal regions. 

 

Executive Summary 
 
 
 
 
 
 
 
 
 
 

U.S. coasts are dynamic environments and 
economically vibrant places to live and work. As 
of 2013, coastal shoreline counties were home to 
133.2 million people, or 42% of the population.1 

The coasts are economic engines that support 
jobs in defense, fishing, transportation, and 
tourism industries; contribute substantially to the 
U.S. gross domestic product;1 and serve as hubs of 
commerce, with seaports connecting the country 
with global trading partners.2 Coasts are home 
to diverse ecosystems such as beaches, intertidal 
zones, reefs, seagrasses, salt marshes, estuaries, 
and deltas3,4,5 that support a range of important 
services including fisheries, recreation, and 

 
 

coastal storm protection. U.S. coasts span three 
oceans, as well as the Gulf of Mexico, the Great 
Lakes, and Pacific and Caribbean islands. 

 
The social, economic, and environmental systems 
along the coasts are being affected by climate 
change. Threats from sea level rise (SLR) are exac- 
erbated by dynamic processes such as high tide 
and storm surge flooding (Ch. 19: Southeast, KM 
2),6,7,8 erosion (Ch. 26: Alaska, KM 2),9 waves and 
their effects,10,11,12,13 saltwater intrusion into coastal 
aquifers and elevated groundwater tables (Ch. 27: 
Hawai‘i & Pacific Islands, KM 1; Ch. 3: Water, KM 
1),14,15,16,17 local rainfall (Ch. 3: Water, KM 1),18 river 
runoff (Ch. 3: Water, KM 1),19,20 increasing water 
and surface air temperatures (Ch. 9: Oceans, KM 
3),21,22 and ocean acidification (see Ch. 2: Climate, 
KM 3 and Ch. 9: Oceans, KM 1, 2, and 3 for more 
information on ocean acidification, hypoxia, and 
ocean warming).23,24 

 
Although storms, floods, and erosion have always 
been hazards, in combination with  rising  sea 
levels they now threaten approximately $1 trillion 
in national wealth held in coastal real estate25 and 
the continued viability  of  coastal  communities 
that depend on coastal water, land, and other 
resources for economic health and  cultural 
integrity (Ch. 15: Tribes, KM 1 and 2). 

Social Challenges Intensified 

The Coasts chapter of the Third National Climate 
Assessment, published in 2014, focused on coastal 
lifelines at risk, economic disruption, uneven social 
vulnerability, and vulnerable ecosystems. This Coast- 
al Effects chapter of the Fourth National Climate 
Assessment updates those themes, with a focus on 
integrating the socioeconomic and environmental 
impacts and consequences of a changing climate. 
Specifically, the chapter builds on the threat of 
rising sea levels exacerbating tidal and storm surge 
flooding, the state of coastal ecosystems, and the 
treatment of social vulnerability by introducing the 

implications for social equity. 
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Impacts of the 2017 Hurricane Season 
 

Quintana Perez dumps water from a cooler into floodwaters in the aftermath of Hurricane Irma in Immokalee, Florida. From 
Figure 8.6 (Photo credit: AP Photo/Gerald Herbert). 
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State of the Coasts 

U.S. coasts are dynamic environments and eco- 
nomically vibrant places to live and work. As of 
2013, coastal shoreline counties were home to 
133.2 million people, or 42% of the population.1 

The coasts are economic engines that support 
jobs in defense, fishing, transportation, and 
tourism industries; contribute substantially to 
the U.S. gross domestic product (GDP; Table 
8.1);1,26 and serve as hubs of commerce, with 
seaports connecting the country with global 
trade partners.2 Coasts are home to diverse 
ecosystems such as beaches, intertidal zones, 
reefs, seagrasses, salt marshes, estuaries, and 
deltas3,4,5 that support a range of important 
services including fisheries, recreation, and 
coastal storm protection. U.S. coasts span  
three oceans as well as the Gulf of Mexico, the 
Great Lakes, and Pacific and Caribbean islands. 

 
The social, economic, and environmental 
systems along the coasts are being affected 
by climate change. Threats from sea level rise 
(SLR) are exacerbated by dynamic processes 
such as high tide and storm surge flooding (Ch. 
19: Southeast, KM 2),6,7,8 erosion (Ch. 26: Alaska, 
KM 2),9 waves and their effects,10,11,12,13 saltwater 
intrusion into coastal aquifers and elevated 

groundwater tables (Ch. 27: Hawai‘i & Pacific 
Islands, KM 1; Ch. 3: Water, KM 1),14,15,16,17 local 
rainfall (Ch. 3: Water, KM 1),18 river runoff (Ch. 3: 
Water, KM 1),19,20 increasing water  and  surface 
air temperatures (Ch. 9: Oceans, KM 3),21,22 and 
ocean acidification (see Ch. 2: Climate, KM 
3 and Ch. 9: Oceans, KM 1, 2, and 3 for more 
information on ocean acidification, hypoxia, 
and ocean warming).23,24 

 
Collectively, these threats present significant 
direct costs related  to  infrastructure.27,28  The 
more than 60,000 miles of U.S. roads and bridges 
in coastal floodplains are already demonstrably 
vulnerable to extreme storms and  hurricanes that 
cost billions in repairs.29 The national average 
increase in the Special Flood Hazard Area by the 
year 2100 may approach 40% for riverine and 
coastal areas if shoreline recession is assumed, 
and 45% for riverine and coastal areas if fixed 
coastlines are assumed.30 Additionally, indirect 
economic costs (such as lost business) and 
adverse sociopsychological impacts have the 
potential to negatively affect citizens and their 
communities.31,32,33 People exposed to weather- or 
climate-related disasters have been shown to 
experience mental health impacts including 
depression, post-traumatic stress disorder, and 
anxiety, all of which often occur simultaneously; 

 
Economic Importance of U.S. Coastal Areas 

 
 

Region 
Employment GDP Population % Land 

Area Millions % of US $Trillions % of US Millions % of US 
 

United States 
 

134.0 
  

$16.7 
  

316.5 
  

All Coastal States 109.2 81.5% $13.9 83.7% 257.9 81.5% 57.0% 
 

 
Coastal Zone Counties 

 
56.2 

 
42.0% 

 
$8.0 

 
48.0% 

 
133.2 

 
42.1% 

 
19.6% 

 
Shore-Adjacent Counties 50.2 37.5% $7.2 43.2% 118.4 37.4% 18.1% 

 
Table 8.1: The coast is a critical component of the U.S. economy. This table shows U.S. employment, GDP, population, and 
land area compared to coastal areas as of 2013. “Coastal zone counties” comprise shore-adjacent counties plus non-shore- 
adjacent counties. For more complete definitions, see: http://www.oceaneconomics.org/Market/coastal/coastal_geographies. 
aspx. Source: Kildow et al. 20161 

http://www.oceaneconomics.org/Market/coastal/coastal_geographies.aspx
http://www.oceaneconomics.org/Market/coastal/coastal_geographies.aspx
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furthermore, among those most likely to 
suffer these impacts are some of society’s most 
vulnerable populations, including children, the 
elderly, those with preexisting mental illness, the 
economically disadvantaged, and the homeless 
(Ch. 14: Human Health, KM 1 and 2).34 

 
Although storms, floods, and erosion have 
always been hazards, in combination with ris- 
ing sea levels they now threaten approximately 
$1 trillion in national wealth held in coastal real 

estate (Figure 8.1)25 and the continued viability  
of coastal communities that depend on coastal 
water, land, and other resources for economic 
health and cultural integrity (Ch.  15:  Tribes, 
KM 1 and 2). The effects of the coastal risks 
posed by a changing climate already are and  
will continue to be experienced in both inter- 
secting and distinct ways, and coastal areas are 
already beginning to take actions to address 
and ameliorate these risks (Figure 8.2). 

 
 

Cumulative Costs of Sea Level Rise and Storm Surge to Coastal Property 

Figure 8.1: This figure shows that cumulative damages (in 2015 dollars) to coastal property across the contiguous United 
States would be significantly reduced if protective adaptation measures were implemented, compared to a scenario where    
no adaptation occurs. Without adaptation, cumulative damages under the higher scenario (RCP8.5) are estimated at $3.6 
trillion through 2100 (discounted at 3%), compared to $820 billion in the scenario where cost-effective adaptation measures are 
implemented. Under the lower scenario (RCP4.5), costs without adaptation are reduced by $92 billion relative to RCP8.5 and 
are $800 billion with adaptation. Note: The stepwise nature of the graph is due to the fact that the analysis evaluates storm surge 
risks every 10 years, beginning in 2005. Source: adapted from EPA 2017.35 
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Regional Coastal Impacts and Adaptation Efforts 

Figure 8.2: The figure shows selected coastal effects of climate change in several coastal regions of the United States. See 
the online version of this figure at http://nca2018.globalchange.gov/chapter/8#fig-8-2 for additional examples. Source: NCA4 
Regional Chapters. 

http://nca2018.globalchange.gov/chapter/8#fig-8-2
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Key Message 1 
 

 
America’s trillion-dollar coastal property 
market and public infrastructure are 
threatened by the ongoing increase in 
the frequency, depth, and extent of tidal 
flooding due to sea level rise, with cas- 
cading impacts to the larger economy. 
Higher storm surges due to sea level rise 
and the increased probability of heavy 
precipitation events exacerbate the risk. 
Under a higher scenario (RCP8.5), many 
coastal communities will be transformed 
by the latter part of this century, and 
even under lower scenarios (RCP4.5 or 
RCP2.6), many individuals and commu- 
nities will suffer financial impacts as 
chronic high tide flooding leads to higher 
costs and lower property values. Actions 
to plan for and adapt to more frequent, 
widespread, and severe coastal flooding 
would decrease direct losses and cas- 
cading economic impacts. 

 
Due to sea level rise (SLR), coastal storms and 
high tides have amplified coastal flooding and 
erosion impacts, and this trend will continue 
into the future, with some regions more 
vulnerable than others (Ch. 2: Climate, KM 
9).6,7,8,9,36,37,38 High tide flooding is already forcing 
some East Coast cities to install costly pump 
stations to frequently clear floodwaters from 
the streets (such as Miami Beach, as shown 
in Figure 8.3) (see also Ch. 19: Southeast, KM 
2) and to mobilize emergency responders to 
routinely close flooded streets. Along with 
increases in tidally driven flooding, storm 
surges are higher due to SLR.36,39,40 Warmer air 
temperatures have increased the probability 
of heavy precipitation events,41,42,43 permafrost 
thawing, and earlier season sea ice loss, leading 

to increased erosion over significant miles of 
coastline (Ch. 26: Alaska, KM 2). The severity 
of compound events—the coupling of surge, 
discharge from rivers, and heavy precipita- 
tion—has increased in many coastal cities (Ch. 
19: Southeast, KM 2; Ch. 3: Water, KM 2).18,19 

In addition, modeling suggests that tropical 
cyclone intensity will increase,40,44,45 which 
would lead to greater damage upon landfall. 
Collectively, these factors already threaten 
coastal economies, public safety, and well- 
being, and continued growth and development 
along the coast increase the risk to more 
people and infrastructure. 

 
Even under a very low scenario (RCP2.6) (see 
the Scenario Products section of App. 3 for 
more on scenarios), projections indicate that 
the frequency, depth, and extent of both  
high tide and more severe, damaging coastal 
flooding will increase rapidly in the coming 
decades.7,8,36,46,47,48 With rapid ice loss from 
Greenland and Antarctica under the higher 
scenario (RCP8.5), an Extreme scenario of 
global sea level rising upwards of 8 feet by 
2100 is a possibility.36,37,49,50,51,52 Under this rise, 
the average daily high tide would exceed 
the current 100-year (1% annual chance) 
coastal water level event in most U.S. coastal 
locations.8,39,53 Because these low-probability, 
high-consequence risks cannot be ruled out, 
a robust risk management approach to future 
planning would involve their consideration. 

 
Coastal property owners are likely to bear 
costs from SLR and storm surge, including 
those associated with property abandonment; 
residual storm damages; protective adaptation 
measures, such as property elevation; beach 
nourishment; and shoreline armoring.35 

The potential for future losses is great, with 
continued and often expensive development 
at the coasts increasing exposure (Ch. 5: 
Land Changes, KM 2).54,55 Shoreline counties 
hold 49.4 million housing units, while homes 

Coastal Economies and Property Are 
Already at Risk 
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Flooding Impacts in Miami Beach 
Figure 8.3: Tidewater is pumped back into a canal near the Venetian Causeway entrance from Purdy Avenue, where the seawall is 
also being raised, during a seasonal king tide in Miami Beach, Florida, in 2016. Photo credit: Max Reed/The New York Times/Redux. 

 

and businesses worth at least $1.4 trillion sit 
within about 1/8th mile of the coast.56 Flooding 
from rising sea levels and storms is likely to 
destroy, or make unsuitable for use, billions of 
dollars of property by the middle of this cen- 
tury, with the Atlantic and Gulf coasts facing 
greater-than-average risk compared to other 
regions of the country.57,58,59 Recent economic 
analysis finds that under a higher scenario 
(RCP8.5), it is likely (a 66% probability, which 
corresponds to the Intermediate-Low to Inter- 
mediate sea level rise scenarios) that between 
$66 billion and $106 billion worth of real estate 
will be below sea level by 2050; and $238 billion 
to $507 billion, by 2100.60 

 
These market impacts have the potential to 
influence property developers, lenders, servicers, 
mortgage insurers, and the mortgage-backed 
securities industry.58,61 Coastal property and 
infrastructure losses cascade into threats to 
personal wealth and could affect the economic 
stability of local governments, businesses, and 

the broader economy.62 Some coastal property 
owners are dependent on recouping losses from 
private or public insurance policies, and there  
are few private flood insurance policies currently 
available.63,64 Mortgage holders located within the 
federally designated Special Flood Hazard Area 
defined by the Federal Emergency Management 
Agency are required to purchase flood insurance, 
which is almost always obtained through the 
National Flood Insurance Program (NFIP). Losses 
generated by the NFIP create substantial financial 
exposure for the Federal Government and U.S. 
taxpayers.65,66 There are already indications in 
places like Atlantic City, New Jersey, and Norfolk, 
Virginia,58,67 that homes subject to recurring 
flooding may become unsellable. The impacts of 
Hurricanes Harvey, Irma, and Maria in 2017 will 
only exacerbate the NFIP losses. (For more infor- 
mation on the 2017 Atlantic hurricane season, see 
Ch. 2: Climate, Box 2.5.) Additionally, diminished 
real estate values are likely to result in lower tax 
revenues and reduced community services (Ch. 
28: Adaptation, KM 5).68,69 
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In addition to private property risks, coastal 
infrastructure, such as roads, bridges, tunnels, 
and pipelines, provides important lifelines 
between coastal and inland communities, 
meaning that damage to this infrastructure 
results in cascading costs and national impacts 
(Ch. 12: Transportation, KM 1 and 2).70 Oil 
and gas from critical energy infrastructure 
along the coast is distributed to the entire 
nation.71,72 Similarly, the entire country depends 
on coastal seaports for access to goods and 
services, as they handle 99% of overseas trade 
(Ch. 12: Transportation, KM 1). Incorporating 
adaptation into infrastructure upgrades will 
be expensive. For instance, the estimated cost 
to elevate and retrofit the major commercial 
ports of California (such as San Diego, Los 
Angeles/Long Beach, San Francisco) to adapt 
to 6 feet of SLR is $9–$12 billion.73 Investing in 
these interconnected lifelines would support 
community stability and the Nation’s economy 
(Ch. 3: Water, KM 2; Ch. 11: Urban, KM 3; Ch. 17: 
Complex Systems, KM 1 and 3).70 

Key Message 2 
 

Fisheries, tourism, human health, and 
public safety depend on healthy coastal 
ecosystems that are being transformed, 
degraded, or lost due in part to climate 
change impacts, particularly sea level 
rise and higher numbers of extreme 
weather events. Restoring and con- 
serving coastal ecosystems and adopting 
natural and nature-based infrastructure 
solutions can enhance community and 
ecosystem resilience to climate change, 
help to ensure their health and vitality, 
and decrease both direct and indirect 
impacts of climate change. 

Coastal ecosystems such as estuaries, deltas, 
marshes, mangroves, seagrasses, beaches, 
and reefs provide valuable benefits to the 
economy and society.35 They support fisheries, 
reduce shoreline erosion from waves, improve 
water quality, and create valuable recreation 
opportunities.74 Between 2004 and  2009,  it 
was estimated that U.S. coastal wetland envi- 
ronments have been lost at an average rate of 
about 80,160 acres per year, with 71% of coastal 
wetland loss occurring in the Gulf of Mexico.75 

At this rate, by 2100 the United States will have 
lost an additional 16% of coastal wetlands.75 

Sea level rise in the Atlantic is contributing to 
the declining health and integrity of Atlantic 
marshes. Marsh degradation is expected to 
occur faster in the Atlantic than in the Pacific 
due to the higher SLR expected along the U.S. 
Atlantic coast.76,77 

 
Coastal wetlands generate climate mitigation 
benefits by serving as natural sinks for atmo- 
spheric carbon dioxide.78,79,80 As these ecosys- 
tems are degraded or lost, their carbon uptake 
potential will be diminished and their stored 
carbon potentially released. In addition, wet- 
lands are a first line of natural defense against 
erosion, waves, flooding, and storm surge.81 

 
Natural and nature-based infrastructure pro- 
vides alternatives to traditional hard structure 
approaches such as seawalls, levees, and dikes 
and can improve the resilience of coastal 
communities and the integrity of coastal eco- 
systems.81,82,83 This approach includes a range 
of efforts, such as the protection or restoration 
of natural habitats to mitigate waves and 
erosion (Figure 8.4) (see also Ch 19: Southeast, 
KM 3)84,85,86,87,88,89 and hybrid approaches that 
combine built and natural features, such as 
some living shorelines options.83,90 These 
types of approaches are being considered 
in the Superstorm Sandy Rebuild by Design 
challenge, the Changing Course competition 

Coastal Environments Are Already 
at Risk 
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focused on the Lower Mississippi River 
delta, and in experimental studies and the 
development of guidance conducted within 
estuaries.91 Studies suggest that healthy coastal 

ecosystems provide important cost savings in 
terms of flood damages avoided,92,93,94 but more 
research would be useful to increase the level 
of confidence. 

 

 
Natural and Nature-Based Infrastructure Habitats 
Figure 8.4: Natural and nature-based infrastructure habitats include seagrass meadows (not shown), (a) coastal wetlands, 
(b) barrier islands, (c) beaches, (d) corals, (e) oyster reefs, and (f) dunes. Each of these habitats provides storm and erosion 
risk reduction by causing waves to break or slow as they roll over the ecosystem. Waves slow down, for example, as they flow 
across the rough surfaces and crests of reef ecosystems; likewise, water decelerates as it pushes through the vegetation of 
wetland ecosystems. This slowing decreases wave height and energy as the wave proceeds through or across each ecosystem, 
reducing the amount of erosion that the wave would otherwise cause. Photo credits: (a) Gretchen L. Grammer, NOAA National 
Ocean Service; (b) Erik Zobrist, NOAA Restoration Center; (c) NOAA; (d) LCDR Eric Johnson, NOAA Corps.; (e) Jonathan 
Wilker, Purdue University; (f) Ann Tihansky, USGS. 
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Key Message 3 
 

 
As the pace and extent of coastal 
flooding and erosion accelerate, climate 
change impacts along our coasts are ex- 
acerbating preexisting social inequities, 
as communities face difficult questions 
about determining who will pay for cur- 
rent impacts and future adaptation and 
mitigation strategies and if, how, or when 
to relocate. In response to actual or pro- 
jected climate change losses and dam- 
ages, coastal communities will be among 
the first in the Nation to test existing 
climate-relevant legal frameworks and 
policies against these impacts and, thus, 
will establish precedents that will affect 
both coastal and non-coastal regions. 

Flooding and erosion impact many populations 
along the coast. However, for socially and 
economically marginalized and low-income 
groups, climate change and current and future 
SLR could exacerbate many long-standing 
inequities that precede any climate-related 
impacts (Figure 8.5) (see also Ch. 11: Urban, KM 
1; Ch. 18: Northeast, KM 3).95,96 Underrepre- 
sented and underserved communities facing 
additional threats from climate change span a 
variety of regions and contexts, ranging from 
the elderly in Florida97 to rural and subsistence- 
based fishing communities in Alaska (Ch. 26: 
Alaska, KM 4).98 The 2017 hurricane season 
provided grim imagery of the impacts to these 
socially and economically vulnerable coastal 
residents, and the long-term impacts on these 
communities are as yet unclear (Figure 8.6) 
(see also Ch. 2: Climate, Box 2.5). Given limited 
resources, the core of this challenge rests on 
questions about who is most vulnerable to the 
impacts, who should pay for losses incurred, 

Societal Options for Resource Allocation in a Changing Climate 
 

Figure 8.5: Society has limited resources to help individuals and communities adapt to climate change. Panel (a) illustrates that 
there are finite resources available and that individuals and communities are starting from different levels of readiness to adapt. 
Panel (b) illustrates the option for society to choose an equal allocation of resources where everyone gets the same amount of 
help, or as illustrated in panel (c), society can choose to distribute resources equitably to give people what they need to reach 
the same level of adaptation. Source: adapted with permission from Craig Froehle. 

Social Challenges Intensified 
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who should pay for protecting coastal com- 
munities in the future, and how governments 
and communities set protocols and policies for 
keeping people safe. These types of questions 
bring to light the divergent views of various 
stakeholders regarding the role of individuals, 
businesses, and governments in assuming the 
risks and benefits of living and working near 
the coast (Ch. 14: Human Health, KM 2 and 3).99 

 
Adaptation strategies, including the decision to 
retreat from, accommodate, or protect against 
a particular impact, are dependent on several 
factors. Economically, a property owner’s 
access to capital or insurance to fund these 
strategies contributes to adaptation choices, 
making poverty a driver of vulnerability in the 
face of climate-based impacts.100 Some prop- 
erty owners can afford to modify their homes 
to withstand current and projected flooding 
and erosion impacts. Others who cannot afford 

to do so are becoming financially tied to hous- 
es that are at greater risk of annual flooding.67 

Additionally, communities are composed of 
renters and other individuals who do not own 
property, making it more difficult for them 
to contribute their voices to conversations 
about preserving neighborhoods. Culturally, 
coastal communities have ties to their specific 
land and to each other, as is the case from the 
bayous of Louisiana, to the beaches of New 
Jersey, to the sea islands of South Carolina  
and Georgia. These ties can impede people’s 
ability and willingness to move away from 
impacted areas. For Indigenous villages to most 
effectively respond to critical climate impacts, 
decision-makers should consider identifying a 
suitable place to relocate that does not infringe 
on the needs and territories of other popula- 
tions, is large enough for the entirety of the 
village, and is suitable for building and access- 
ing infrastructure (Ch. 15: Tribes, KM 3).101 

 

 

Impacts of the 2017 Hurricane Season 
Figure 8.6: Quintana Perez dumps water from a cooler into floodwaters in the aftermath of Hurricane Irma in Immokalee, Florida. 
Photo credit: AP Photo/Gerald Herbert. 



8 | Coastal Effects 

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

 

 

 
Climate change impacts are expected to drive 
human migration from coastal locations, but 
exactly how remains uncertain.102,103,104 As 
demonstrated by the migration of affected 
individuals in the wake of Hurricane Katrina, 
impacts from storms can disperse refugees 
from coastal areas to all 50 states, with 
economic and social costs felt across the 
country.105 Sea level rise might reshape the 
U.S. population distribution, with 13.1 million 
people potentially at risk of needing to migrate 
due to a SLR of 6 feet (about 2 feet less than 
the Extreme scenario) by the year 2100.102 The 
Biloxi-Chitimacha-Choctaw tribe on Isle de 
Jean Charles in Louisiana was awarded $48 
million from the U.S. Department of Housing 
and Urban Development to implement a 
resettlement plan.106,107 The tribe is one of the 
few communities to qualify for federal funding 
to move en masse. (Ch. 15: Tribes, KM 3; Ch. 19: 
Southeast, KM 1). 

Coastal Adaptation 

Coasts will confront a more diverse and, to a 
great extent, unique range of climate stressors 
and impacts compared with the rest of the 
country. Rising sea levels will force many more 
coastal communities to grapple with chronic 
high tide flooding, higher storm surges, and 
associated emergency response costs over 
the next few decades.6,7,36,75 The growing con- 
centration of people and economic activity in 
coastal areas will introduce a greater degree 
of risk, including impacts that will ripple far 
beyond coastal communities themselves.70,108 

Understanding these realities, coastal cities 
such as Boston, New York City, Miami, San 
Francisco, New Orleans, and Los Angeles are 
beginning to make investments to adapt to 
SLR (see the Case Study: “Key Messages in 
Action”) (see also Ch. 19: Southeast, KM 1). From 
these efforts, and others like them, examples  
of successful adaptation planning are being 
collected to provide guidance to other commu- 
nities facing similar challenges (Figure 8.2) (see 
also Ch. 28: Adaptation).109,110,111 

 
However, while many current plans call for risk 
identification, monitoring, research, and addi- 
tional planning, there is still little focus on the 
major investments or immediate implemen- 
tation actions and cost-dependent tradeoffs 
required to successfully adapt.110 The financial 
resources currently being devoted to adapt to 
or mitigate coastal climate change impacts are 
insufficient to meet the projected challenges 
ahead.112,113,114 Additionally, with the limited 
and often expensive adaptation opportunities 
currently under consideration, including 
elevating properties or constructing seawalls, 
climate-driven impacts may lead to a great 
deal of unplanned and undesired community 
change that is likely to disproportionately 
impact communities that are already mar- 
ginalized. Resilience planning that considers 
cultural heritage and incorporates community- 
driven values, experiences, concerns, needs, 
and traditional knowledge promotes social 
inclusivity and equity in adaptation decisions 
(Ch. 15: Tribes, KM 3).115,116 
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Case Study: Key Messages in Action—Norfolk, Virginia 
Low-lying Norfolk—Virginia’s second-largest city—is enduring serious physical, financial, and social impacts as the 
frequency of high tide flooding accelerates due to rising local sea level.6 High tide flooding threatens access routes, 
historical neighborhoods, personal and commercial property integrity and value, and national security, given that 
Norfolk houses the world’s largest naval base. The city has begun to invest in mitigation and adaptation actions,117

 

but recent estimates indicate it will cost hundreds of millions of dollars to improve storm water pipes, flood walls, tide 
gates, and pumping stations.118 Natural and nature-based infrastructure projects such as the Colley Bay living shoreline 
have improved water quality, mitigated erosion, and restored habitats.119 Additional planned projects include construct- 
ing berms, reclaiming filled waterways and wetlands, and raising roads and structures. City officials have identified the 
neighborhoods of The Hague and Pretty Lake as top priorities for flood mitigation, but in other areas of the city where 
containment will be more difficult, residents face the possibility of abandoning their homes (Figure 8.7).118,120

 

Vision 2100: Designing the Coastal Community of the Future 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.7: The City of Norfolk is building a long-term strategy to address the flooding challenges due to sea level rise. 
Green areas are at low risk of coastal flooding and have great potential for high-density, mixed-use, and mixed-income 
development. Red areas are home to key economic assets that are essential to the city’s future. Brown areas are established 
neighborhoods that experience more frequent flooding. Purple areas are established neighborhoods at less risk of coastal 
flooding. (Descriptions in the legend are from the original City of Norfolk publication.) Source: City of Norfolk 2016.120 
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Natural “green barriers”: NOAA. 

Recognizing these urgent and compelling needs, the Hampton Roads Adaptation Forum convened in 2012 to 
exchange knowledge and make recommendations to local government officials. Norfolk has become a member 
of the Rockefeller Foundation’s 100 Resilient Cities, installed a chief resilience officer, and released a codified 
resilience strategy that outlines goals and metrics for the city.121

 

 
Given that the city is home to Naval Station Norfolk and other national security facilities, the Department of 
Defense has also contributed to plans for the city’s future (Ch. 1: Overview, Figure 1.8). Naval Station Norfolk 
supports multiple aircraft carrier groups and is the duty station for thousands of employees.122 Most of the 
area around the base lies less than 10 feet above sea level,123 and local relative sea level is projected to rise 
between about 2.5 and 11.5 feet by the year 2100 under the Intermediate-Low global SLR scenario (considered 
likely under the lower [RCP4.5] and very low [RCP2.6] scenarios) and the Extreme SLR scenario (considered 
worst case under a higher scenario, RCP8.5), respectively.36 The Navy is studying how flooding in Norfolk and 
Virginia Beach affects military readiness when sailors and other employees who live off-base are unable to 
reach the naval station for work.124 Ultimately, the lessons learned in Norfolk—both the successes and chal- 

lenges—are transferable to other coastal communities across the United States and its territories. 

Case Study: Key Messages in Action—Norfolk, Virginia, continued 
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Traceable Accounts 
Process Description 
The selection of the author team for the Coastal Effects chapter took into consideration the wide 
scope and relative sufficiency of the Third National Climate Assessment (NCA3) Coastal chapter. 
With input and guidance from the NCA4 Federal Steering Committee, the coordinating lead 
authors made the decision to convene an all-federal employee team with representation from key 
federal agencies with science, management, and policy expertise in climate-related coastal effects, 
and to focus the content of the chapter on Key Messages and themes that would both update the 
work conducted under NCA3 and introduce new themes. For additional information on the author 
team process and structure, refer to Appendix 1: Process. 

A central component of the assessment process was a chapter lead authors’ meeting held in 
Washington, DC, in May 2017. The Key Messages were initially developed at this meeting. Key 
vulnerabilities were operationally defined as those challenges that can fundamentally undermine 
the functioning of human and natural coastal systems. They arise when these systems are highly 
exposed and sensitive to climate change and (given present or potential future adaptive capacities) 
insufficiently prepared or able to respond. The vulnerabilities that the team decided to focus on 
were informed by a review of the existing literature and by ongoing interactions of the author 
team with coastal managers, planners, and stakeholders. In addition, the author team conducted 
a thorough review of the technical inputs and associated literature. Chapter development was 
supported by numerous chapter author technical discussions via teleconference from April to 
September 2017. 

Key Message 1 
 

America’s trillion-dollar coastal property market and public infrastructure are threatened by the ongoing 
increase in the frequency, depth, and extent of tidal flooding due to sea level rise, with cascading impacts 
to the larger economy. Higher storm surges due to sea level rise and the increased probability of heavy 
precipitation events exacerbate the risk. Under a higher scenario (RCP8.5), many coastal communities will 
be transformed by the latter part of this century, and even under lower scenarios (RCP4.5 or RCP2.6), many 
individuals and communities will suffer financial impacts as chronic high tide flooding leads to higher costs 
and lower property values. Actions to plan for and adapt to more frequent, widespread, and severe coastal 
flooding would decrease direct losses and cascading economic impacts. (Likely, High Confidence) 

 
Description of evidence base 
Significant impacts to coastal communities, properties, infrastructure, and services are already 
occurring in low-lying areas of the country such as Miami Beach and Fort Lauderdale in Florida; 
Norfolk, Virginia; and Charleston, South Carolina.61,125,126,127,128 

Satellite and tide gauge data show that sea level rise (SLR) rates are increasing,36 and research 
has shown that this increase is driven by emissions that are warming the planet.129,130 The latest 
SLR science7,36,48,52 finds that even if RCP2.6 were achieved, it is likely that global mean sea level 
will rise by 1.5 feet by 2100; under RCP8.5, a rise of about 3 feet is within the likely range for 2100. 

Coastal Economies and Property Are Already at Risk 
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Recent probabilistic studies and assessments of future SLR and rapid ice loss from Antarctica find 
that although a low probability, there is a possibility of upwards of 8 feet of rise by 2100 under a 
high-emission, extreme melt scenario.36,37,49,50,51,52 

Applying digital elevation models to determine the extent and number of communities and the amount 
of property and infrastructure that would be impacted by different amounts of SLR illustrates the 
magnitude of investments that are at risk.56,57,126,131,132,133,134 These same analyses demonstrate the savings 
that could be achieved by lowering emissions. Finally, implementing adaptation measures to ensure that 
public infrastructure is resilient to current and future flood scenarios will be tremendously expensive. 
To date there are few economic sectoral models that quantify damages under alternative climate sce- 
narios,57,134 so additional modeling work would be useful. 

The importance of coastal  economies  and  infrastructure  to  the  overall  national  economy  is 
well documented (for example, the National Oceanic and Atmospheric Administration’s [NOAA] 
Economics: National Ocean Watch; NOAA port data), as are the economic ripple effects of impacts     
to property markets.57,58,133,135,136 Similarly, much has been written about how the National Flood 
Insurance Program has subsidized development in risky areas  and  how  raising  flood  insurance 
rates to be actuarially sound could make it impossible for many coastal residents to afford flood 
insurance.58,137,138,139,140 The evidence for the economic savings provided by adaptation investments is 
still fairly limited but growing.54,57,59,141 

Major uncertainties 

The main source of uncertainty is in the magnitude of SLR that will occur and how it will vary 
across different regions, which depend in part on the amount and speed with which global 
society will reduce emissions. While global climate models and SLR models have improved since 
NCA3,142 uncertainty remains about exactly how much SLR will occur where and by when with 
different emissions levels. Even though there is uncertainty about the magnitude, the probabilistic 
approach to the SLR technical report to the Fourth National Climate Assessment,36 together 
with impacts already documented around the country from high tide flooding,143 gives us high 
confidence of the threat to coastal property and infrastructure. Adaptive responses to SLR risk and 
impacts, including individual action and public policy development, are also significant sources 
of uncertainty. For example, there is uncertainty about future development patterns in coastal 
regions, including both new development and migration inland, which has the potential to change 
the magnitude of coastal property and infrastructure at risk. The U.S.-specific research on poten- 
tial migration away from the coast due to SLR and other climate impacts is very limited.102 

Future flood insurance policy is another specific source of uncertainty. Under the latest legislation 
(the Federal Emergency Management Agency’s Homeowner Flood Insurance Affordability Act, 
2017140), flood insurance rates are gradually rising; development of new policies related to afford- 
ability or to the requirement to carry flood insurance in order to have a federally backed mortgage 
could change behaviors. 

While figures for the economic value of certain sectors dependent on the ocean and Great Lakes 
are available through NOAA’s “Economics: National Ocean Watch,”144 similar information for the 
economic and social value of other sectors, such as real estate and insurance/reinsurance, would 
be beneficial for the audience of this assessment report, especially decision-makers. 
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Description of confidence and likelihood 

There is very high confidence that the frequency and extent of tidal flooding is already increasing 
and will continue to increase with SLR and that this flooding threatens the trillion-dollar coastal 
property market and public infrastructure. There is limited research using varied methods to 
quantify the direct and indirect economic impacts that will be experienced under different 
amounts of SLR. Nevertheless, there is a high level of confidence that these losses will be dramatic 
under SLR associated with the higher emission scenario (RCP8.5) and significant even under lower 
scenarios (RCP4.5 or RCP2.6), based on property values and geographic exposure to inundation. 
U.S. economic history provides strong evidence that extensive property market losses have the 
potential to impact businesses, personal wealth, and mortgage-related securities. Similarly, his- 
toric disaster events such as hurricanes and earthquakes provide a very high level of confidence     
that impacts to critical transportation and energy networks will harm the economy. Considering 
the uncertainty inherent in future human behavior and policy responses, including flood insur- 
ance policy, it is possible that individuals and institutions will act to reduce future flooding, to 
lessen the exposure and sensitivity of critical assets, and to create policies that assist individuals 
and businesses most impacted; hence, there is medium confidence that many coastal communities 
will be transformed by 2100 under any scenario and that many individuals will be financially devas- 
tated under lower emission scenarios (RCP4.5 or RCP2.6). Considering current exposure of assets 
and the latest SLR science, large economic losses in coastal regions that will generate cascading 
impacts to the overall economy of the United States are considered to be likely. The overall high 
confidence is the net result of considering the evidence base, the well-established accumulation of 
economic assets and activities in coastal areas, and the directional trend of sea level rise. 

Key Message 2 
 

Fisheries, tourism, human health, and public safety depend on healthy coastal ecosystems that 
are being transformed, degraded, or lost due in part to climate change impacts, particularly 
sea level rise and higher numbers of extreme weather events (highly likely, high confidence). 
Restoring and conserving coastal ecosystems and adopting natural and nature-based 
infrastructure solutions can enhance community and ecosystem resilience to climate change, help 
to ensure their health and vitality, and decrease both direct and indirect impacts of climate 
change (likely, high confidence). 

 
Description of evidence base 
Multiple lines of evidence have determined that coastal  environments  are  critical  to  support 
coastal fisheries, tourism, and human health and safety.74,81,83,85,86,87,92,145,146,147 These ecosystems  are 
some of the most threatened on the planet  and  are  being  transformed,  degraded,  or  destroyed 
due to climate change (including rising temperatures, rising sea levels, and ocean acidifica- 
tion)148,149,150,151,152,153 and due to other human stressors such as nutrient pollution, habitat and biodi- 
versity loss, and overfishing. 

There is growing evidence that one part of the solution to help coastal ecosystems and human 
communities be more resilient to climate change, including SLR and increasingly intense or 

Coastal Environments Are at Already at Risk 
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frequent storms, is to conserve or restore coastal habitats such as wetlands, beaches and dunes, 
oyster and coral reefs, and mangroves74,75,81,83,85,86,87,88,92,145,146,154 because they help to attenuate waves, 
decrease wave energy, and reduce erosion.81 In addition to restoring or protecting natural habitats, 
there is also a growing interest in, and body of research regarding expectations for, performance  
in using a combination of natural and built (called hybrid, or nature-based) features, such as living 
shorelines, to protect coastal communities.83,88,90,91,155,156 

Major uncertainties 

The exact amount of coastal habitat loss that is due to climate change versus other human stress- 
ors or multiple stressors can be hard to ascertain, because these stressors are all acting simulta- 
neously on coastal habitats. Nevertheless, it is clear that climate change is one of the important 
stressors impacting coastal habitats and leading to the degradation or loss of these ecosystems, 
such as the loss of coral habitats to bleaching events due to rising ocean temperatures and the  
loss of coastal wetlands due to more intense storm events. 

The use of natural and nature-based infrastructure (NNBI) to improve coastal resilience is being 
implemented in many different states (for example, the use of living shorelines is expanding in 
Maryland, North Carolina, New Jersey, Louisiana, and other states, and the Rebuild by Design 
competition is implementing a variety of coastal resilience projects in New York and New Jersey), 
although there remain some uncertainties about how much storm and erosion risk reduction 
is provided by different techniques or projects and in different settings. The efficacy of NNBI 
remains uncertain in many instances; comprehensive monitoring, particularly during and after 
storms, would be required to ascertain how well these features are functioning for protection 
services. This monitoring could inform future coastal resilience planning and decisions, including 
the benefits, costs, and/or tradeoffs involved in considering NNBI options.157 

Description of confidence and likelihood 

There is high confidence that coastal ecosystems are particularly vulnerable to climate change. 
They have already been dramatically altered by human stressors, as documented in extensive 
and conclusive evidence; additional stresses from climate change point to a growing likelihood of 
coastal ecosystems being pushed past tipping points from which they will not be able to recover. 
The overall high confidence is the net result of considering the evidence base, the dramatically 
altered ecosystems from human stresses, and the directional trend of sea level rise. 

Key Message 3 
 

As the pace and extent of coastal flooding and erosion accelerate, climate change 
impacts along our coasts are exacerbating preexisting social inequities, as communities face 
difficult questions about determining who will pay for current impacts and future 
adaptation and mitigation strategies and if, how, or when to relocate. In response to actual or 
projected climate change losses and damages, coastal communities will be among the first in the 
Nation to test existing climate-relevant legal frameworks and policies against 
these impacts and, thus, will establish precedents that will affect both coastal and non- 
coastal regions. (Likely, Very High Confidence) 

Social Challenges Intensified 
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Description of evidence base 
Reports and peer-reviewed articles are clear that socioeconomic challenges are being both  
driven and intensified by climate change.33 Particularly on the coasts, where there are multiple 
risks to contend with, including hurricanes, SLR, shoreline erosion, and flooding, the high cost 
of adaptation is proving to be beyond the means of some communities and groups.97,100,158 In areas 
where relocation is more feasible than in-place adaptation, coastal tribes of Indigenous people are 
at risk of losing their homes, cultures, and ways of life as they seek higher ground (Ch. 15: Tribes, 
KM 3).98,159 New tools are being developed to quantify risks and vulnerabilities along the coast. For 
example, tools such as the Coastal Community Social Vulnerability Index160 and the Coastal Eco- 
nomic Vulnerability Index161 measure the social vulnerability of hurricane- or flood-prone areas to 
better quantify and predict how climate-driven changes are likely to impact marginalized groups. 
The Coastal Flood Exposure Mapper tool162 supports communities that are assessing their coastal 
hazard risks and vulnerabilities with user-defined maps that show the people, places, and natural 
resources exposed to coastal flooding. The U.S. Environmental Protection Agency’s Environmental 
Justice Screening and Mapping Tool provides consistent national data that allows the agency 
to protect the public health and environments of all populations, with a focus on traditionally 
underserved communities.163 Moreover, involving diverse representation in the adaptation process 
through community-driven resilience planning115 is likely to be a part of developing adaptation 
strategies that are fair and just.99,164 

Major uncertainties 

The main uncertainty for this Key Message is predicated on how different types of coastal effects 
(chronic flooding versus storms) will impact areas and communities along the coast. The degree 
of variation between communities means that it will be challenging to predict exactly which 
communities will be affected and to what extent, but the evidence thus far is clear: when it comes 
to climate-driven challenges and adaptation strategies, areas that have traditionally been under- 
represented will continue to suffer more than wealthier or more prominent areas. Large-scale 
infrastructure investments are made in some areas and not others, and some local governments 
will not be able to afford what they need to do. 

The variability in state laws and the pace at which those laws are evolving (such as shoreline man- 
agement plans and setback policies for structures in the coastal zone) create major uncertainty. 

Description of confidence and likelihood 

There is very high confidence that structural inequalities in coastal communities will be 
exacerbated by climate change and its attendant effects (for example, storms, erosion). In the 
absence of clear policies and legal precedent, questions about land ownership and home owner- 
ship will persist. 
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Key Message 1 Coral reefs in the U.S. Virgin Islands 
 

 
The Nation’s valuable ocean ecosystems are being disrupted by increasing global temperatures 
through the loss of iconic and highly valued habitats and changes in species composition and 
food web structure. Ecosystem disruption will intensify as ocean warming, acidification, deoxy- 
genation, and other aspects of climate change increase. In the absence of significant reductions 
in carbon emissions, transformative impacts on ocean ecosystems cannot be avoided. 

Key Message 2 
 

Marine fisheries and fishing communities are at high risk from climate-driven changes in the 
distribution, timing, and productivity of fishery-related species. Ocean warming, acidification, and 
deoxygenation are projected to increase these changes in fishery-related species, reduce catches 
in some areas, and challenge effective management of marine fisheries and protected species. 
Fisheries management that incorporates climate knowledge can help reduce impacts, promote 
resilience, and increase the value of marine resources in the face of changing ocean conditions. 

Key Message 3 
 

Marine ecosystems and the coastal communities that depend on them are at risk of significant 
impacts from extreme events with combinations of very high temperatures, very low oxygen 
levels, or very acidified conditions. These unusual events are projected to become more common 
and more severe in the future, and they expose vulnerabilities that can motivate change, including 
technological innovations to detect, forecast, and mitigate adverse conditions. 

Ocean Ecosystems 
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Executive Summary 
 

Americans rely on ocean ecosystems for 
food, jobs, recreation, energy, and other vital 
services. Increased atmospheric carbon dioxide 
levels change ocean conditions through three 
main factors: warming seas, ocean acidifica- 
tion, and deoxygenation. These factors are 
transforming ocean ecosystems, and these 
transformations are already impacting the U.S. 
economy and coastal communities, cultures, 
and businesses. 

 
While climate-driven ecosystem changes are 
pervasive in the ocean, the most apparent 
impacts are occurring in tropical and polar 
ecosystems, where ocean warming is causing 
the loss of two vulnerable habitats: coral reef 
and sea ice ecosystems. The extent of sea ice 
in the Arctic is decreasing, which represents 
a direct loss of important habitat for animals 
like polar bears and ringed seals that use it for 
hunting, shelter, migration, and reproduction, 
causing their abundances to decline (Ch. 
26: Alaska, KM 1). Warming has led to mass 
bleaching and/or outbreaks of coral diseases 
off the coastlines of Puerto Rico, the U.S. Virgin 
Islands, Florida, Hawai‘i, and the U.S.-Affiliated 
Pacific Islands (Ch. 20: U.S. Caribbean, KM 2; 
Ch. 27: Hawai‘i & Pacific Islands, KM 4) that 
threaten reef ecosystems and the people who 
depend on them. The loss of the recreational 
benefits alone from coral reefs in the United 
States is expected to reach $140 billion 
(discounted at 3% in 2015 dollars) by 2100. 
Reducing greenhouse gas emissions (for exam- 
ple, under RCP4.5) (see the Scenario Products 
section of App. 3 for more on scenarios) could 
reduce these cumulative losses by as much as 
$5.4 billion but will not avoid many ecological 
and economic impacts. 

Ocean warming, acidification, and deoxygen- 
ation are leading to changes in productivity, 
recruitment, survivorship, and, in some cases, 
active movements of species to track their 
preferred temperature conditions, with most 
moving northward or into deeper water with 
warming oceans. These changes are impacting 
the distribution and availability of many com- 
mercially and recreationally valuable fish and 
invertebrates. The effects of ocean warming, 
acidification, and deoxygenation on marine 
species will interact with fishery management 
decisions, from seasonal and spatial closures to 
annual quota setting, allocations, and fish stock 
rebuilding plans. Accounting for these factors 
is the cornerstone of climate-ready fishery 
management. Even without directly accounting 
for climate effects, precautionary fishery man- 
agement and better incentives can increase 
economic benefits and improve resilience. 

 
Short-term changes in weather or ocean 
circulation can combine with long-term 
climate trends to produce periods of very 
unusual ocean conditions that can have 
significant impacts on coastal communities. 
Two such events have been particularly well 
documented: the 2012 marine heat wave in the 
northwestern Atlantic Ocean and the sequence 
of warm ocean events between 2014 and 2016 
in the northeastern Pacific Ocean, including 
a large, persistent area of very warm water 
referred to as the Blob. Ecosystems within 
these regions experienced very warm condi- 
tions (more than 3.6°F [2°C] above the normal 
range) that persisted for several months or 
more. Extreme events in the oceans other than 
those related to temperature, including ocean 
acidification and low-oxygen events, can lead 
to significant disruptions to ecosystems and 
people, but they can also motivate prepared- 
ness and adaptation. 
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Extreme Events in U.S. Waters Since 2012 
 

The 2012 North Atlantic heat wave was concentrated in the Gulf of Maine; however, shorter periods with very warm temperatures 
extended from Cape Hatteras to Iceland during the summer of 2012. American lobster and longfin squid and their associated 
fisheries were impacted by the event.1 The North Pacific event began in 20142 and extended toward the shore in 20153,4 and into 
the Gulf of Alaska in 2016,5,6 leading to a large bloom of toxic algae that impacted the Dungeness crab fishery and contributed 
directly and indirectly to deaths of sea lions and humpback whales. U.S. coral reefs that experienced moderate to severe 
bleaching during the 2015–2016 global mass bleaching event7 are indicated by coral icons. From Figure 9.3 (Source: Gulf of 
Maine Research Institute). 
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State of the Ocean 
 

From tropical waters in Hawai‘i and Florida, 
to temperate waters in New England and the 
Pacific Northwest, to cold Arctic seas off of 
Alaska, the United States has some of the most 
diverse and productive ocean ecosystems in 
the world. Americans rely on ocean ecosystems 
for food, jobs, recreation, energy, and other 
vital services, and coastal counties of the 
United States are home to over 123 million 
people, or 39% of the U.S. population (Ch. 8: 
Coastal).8 The fishing sector alone contributes 
more than $200 billion in economic activity 
each year and supports 1.6 million jobs.9 Coast- 
al ecosystems like coral and oyster reefs, kelp 
forests, mangroves, and salt marshes provide 
habitat for many species and shoreline protec- 
tion from storms, and they have the capacity to 
sequester carbon.10,11,12,13 

 
The oceans play a pivotal role in the global 
climate system by absorbing and redistributing 
both heat and carbon dioxide.14,15 Since the 
Third National Climate Assessment (NCA3),16 

understanding of the physical, chemical, 
and biological conditions in the oceans has 
increased, allowing for improved detection, 
attribution, and projection of the influence of 
human-caused carbon emissions on oceans 
and marine resources. 

 
Human-caused carbon emissions influence 
ocean ecosystems through three main 
processes: ocean warming, acidification, and 
deoxygenation. Warming is the most obvious 
and well-documented impact of climate 
change on the ocean. Ocean surface waters 
have warmed on average 1.3° ± 0.1°F (0.7° ± 
0.08°C) per century globally between  1900 
and 2016, and more than 90% of the extra heat 
linked to carbon emissions is contained in the 
ocean.15 This warming impacts sea levels, ocean 
circulation, stratification (density contrast 

between the surface and deeper waters), 
productivity, and, ultimately, entire ecosys- 
tems. Changes in temperature in the ocean and 
in the atmosphere alter ocean currents and 
wind patterns, which influence the seasonality, 
abundance, and diversity of phytoplankton and 
zooplankton communities that support ocean 
food webs.17,18 

 
In addition to warming, excess carbon dioxide 
(CO2) in the atmosphere has a direct and inde- 
pendent effect on the chemistry of the ocean. 
When CO2 dissolves in seawater, it changes 
three aspects of ocean chemistry.15,19,20,21  First, 
it increases dissolved CO2 and bicarbonate 
ions, which are used by algae and plants as the 
fuel for photosynthesis, potentially benefiting 
many of these species. Second,  it  increases 
the concentration of hydrogen ions, acidifying 
the water. Acidity is measured with the pH 
scale, with lower values indicating more acidic 
conditions. Third, it reduces the concentration 
of carbonate ions. Carbonate is a critical com- 
ponent of calcium carbonate, which is used by 
many marine organisms to form their shells 
or skeletons. The saturation state of calcium 
carbonate is expressed as the  term  Ω.  When 
the concentration of carbonate ions in ocean 
water is low enough to yield Ω < 1 (referred to  
as undersaturated conditions), exposed calci- 
um carbonate structures begin to dissolve. For 
simplicity, the terms ocean acidification and 
acidifying will refer to the suite of chemical 
changes discussed above. 

 
Increased CO2 levels in the atmosphere 
are also causing a decline in ocean oxygen 
concentrations.15 Deoxygenation is linked to 
ocean warming through the direct influence 
of temperature on oxygen solubility (warm 
water holds less oxygen). Warming of the ocean 
surface creates an enhanced vertical density 
contrast, which reduces the transfer of oxygen 
below the surface. Ecosystem changes related 
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to temperature and stratification further 
influence oxygen dynamics by altering photo- 
synthesis and respiration.22,23 

 
All three of these processes—warming, acid- 
ification, and deoxygenation—interact with 
one another and with other stressors in the 
ocean environment. For example, nitrogen 
fertilizer running off the land and entering the 
Gulf of Mexico through the Mississippi River 
stimulates algal blooms that eventually decay, 
creating a large dead zone of water with very 
low oxygen24,25 and, simultaneously, low pH.26 

Warmer conditions at the surface slow down 
the rate at which oxygen is replenished, mag- 
nifying the impact of the dead zone. Changes 
in temperature in the ocean and in the atmo- 
sphere affect ocean currents and wind patterns 
that can alter the dynamics of phytoplankton 
blooms,17 which then drive low-oxygen and 
low-pH events in coastal waters. 

 
Transformations in ocean ecosystems are already 
impacting the U.S. economy and the coastal 
communities, cultures, and businesses that 
depend on ocean ecosystems (Key Message 1). 
Fisheries provide the most tangible economic 
benefit of the ocean. While the impact of  
warming on fish stocks is becoming more severe, 
there has also been progress in adapting fisheries 
management to a changing climate (Key Message 
2). Finally, the ability for climate-related changes 
in ocean conditions to impact the United States 
was made especially clear by major marine heat 
wave events that occurred along the Northeast 
Coast in 2012 and along the entire West Coast in 
2014–2016 (Key Message 3). During these events, 
the regions experienced high ocean temperatures 
similar to the average conditions expected later 
this century under future climate scenarios. 
Ecosystem changes included the appearance 
of warm-water species, increased mortality of 
marine mammals, and an unprecedented harmful 
algal bloom, and these factors combined to 

produce economic stress in some of the Nation’s 
most valuable fisheries. 

Key Message 1 
 

The Nation’s valuable ocean ecosystems 
are being disrupted by increasing global 
temperatures through the loss of iconic 
and highly valued habitats and changes   
in species composition and food web 
structure. Ecosystem disruption will 
intensify as ocean warming, acidification, 
deoxygenation, and other aspects of 
climate change increase. In the absence 
of significant reductions in carbon emis- 
sions, transformative impacts on ocean 
ecosystems cannot be avoided. 

 
Marine species are sensitive to the physical  
and chemical conditions of the ocean; thus, 
warming, acidification, deoxygenation, and 
other climate-related changes can directly 
affect their physiology and performance.27,28,29 

Differences in how species respond to physical 
conditions lead to changes in their relative 
abundance within an ecosystem as species 
decline or increase in abundance, colonize new 
locations, or leave places where conditions are 
no longer favorable.30,31,32,33 Such reorganization 
of species in marine communities can result 
in some species losing resources they depend 
on for their survival (such as prey or shelter). 
Other species may be exposed to predators, 
competitors, and diseases they have rarely 
encountered before and to which they have 
not evolved behavioral responses or other 
defenses.34,35,36 Climate change is creating 
communities that are ecologically different 
from those that currently exist in ocean eco- 
systems. Reorganization of these communities 
would change the ecosystem services provided 
by marine ecosystems in ways that influ- 
ence regional economies, fisheries harvest, 

Ocean Ecosystems 
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aquaculture, cultural heritage, and shoreline 
protection (Figure 9.1) (see also Ch. 7: Ecosys- 
tems, KM 1; Ch. 8: Coastal, KM 2).37,38,39,40 

 
While climate-driven ecosystem changes are 
pervasive, the most apparent impacts are 
occurring in tropical and polar ecosystems, 
where ocean warming is causing the loss of 
two vulnerable habitats: coral reef and sea 
ice ecosystems.41,42 Warming is leading to an 
increase in coral bleaching events around the 
globe,7 and mass bleaching and/or outbreaks 
of coral diseases have occurred off the coast- 
lines of Puerto Rico, the U.S. Virgin Islands, 
Florida, Hawai‘i, and the U.S.-Affiliated Pacific 
Islands.43,44 Loss of reef-building corals alters 
the entire reef ecosystem, leading to changes 
in the communities of fish and invertebrates 
that inhabit reefs.45,46 These changes directly 
impact coastal communities that depend on 
reefs for food, income, storm protection, and 
other services (Figure 9.1) (see also Ch. 27: 
Hawai‘i & Pacific Islands, KM 4). 

 
The extent of sea ice in the Arctic is decreas- 
ing, further exacerbating temperature changes 
and increasing corrosiveness in the Arctic 
Ocean (Ch. 26: Alaska, KM 1).15 The decline in 
sea ice represents a direct loss of important 
habitat for animals like polar bears and 
ringed seals that use ice for hunting, shelter, 
migration, and reproduction, causing their 
abundances to decline.47,48,49 The Arctic Ocean 
food web is fueled by intense blooms of algae 
that occur at the ice edge. Loss of sea ice is 
also shifting the location and timing of these 

blooms, impacting the food web up to fisheries 
and top predators like killer whales (Ch. 26: 
Alaska, Figure 26.4).50,51,52 Surface waters around 
Alaska have or will soon become permanently 
undersaturated with respect to calcium car- 
bonate, further stressing these ecosystems (Ch. 
26: Alaska, Figure 26.3). 

 
Projected Impacts 
The majority of marine ecosystems in the 
United States and around the world now 
experience acidified conditions that  are 
entirely different from conditions prior to the 
industrial revolution (Ch. 7: Ecosystems).14,53,54 

Models estimate that by 2050 under the higher 
emissions scenario (RCP8.5) (see the Scenario 
Products section of App. 3 for more on sce- 
narios) most ecosystems (86%) will experience 
combinations of temperature and pH that have 
never before been experienced by modern 
species.54 Regions of the ocean with low oxygen 
concentrations are expected to expand and 
to increasingly impinge on coastal ecosys- 
tems.15,55,56 Warming and ocean acidification 
pose very high risks for many marine organ- 
isms, including seagrasses, warm water corals, 
pteropods, bivalves, and krill over the next 85 
years.57 Ocean acidification and hypoxia (low 
oxygen levels) that co-occur in coastal zones 
will likely pose a greater risk than if species 
were experiencing either independently.58 Fur- 
thermore, under the higher scenario (RCP8.5), 
by the end of this century, nearly all coral reefs 
are projected to be surrounded by acidified 
seawater that will challenge coral growth.59 
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Marine Ecosystem Services 
 

Figure 9.1: The diagram shows some marine ecosystems (center) and the services they provide to human communities (outer 
ring). Marine ecosystems in the United States range from tropical coral reefs (center bottom) to sea ice ecosystems in the Arctic 
(center top). They also include ecosystems with freely drifting plankton (center left) and with animals and seaweed that live on 
the ocean bottom (center right). Climate change is disrupting the structure and function of marine ecosystems in the United 
States and altering the services they provide to people. These services include food from fishing (commercial, recreational, 
and subsistence harvest) and aquaculture, economic benefits from tourism, protection of coastal property from storms, and 
nonmarket goods such as the cultural identity of coastal communities. Source: NOAA. 

 

Changes in biodiversity in the ocean are 
underway, and over the next few decades will 
likely transform marine ecosystems.33 The 
species diversity of temperate ecosystems is 
expected to increase as traditional collections 
of species are replaced by more diverse 
communities similar to those found in warmer 
water.60 Diversity is expected to decline in the 

warmest ecosystems; for example, one study 
projects that nearly all existing species will be 
excluded from tropical reef communities by 
2115 under the higher scenario (RCP8.5).61 

 
Climate-induced disruption to ocean eco- 
systems is projected to lead to reductions 
in important ecosystem services, such as 
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aquaculture and fishery productivity (Key 
Message 2) and recreational opportunities 
(Figure 9.1) (Ch. 7: Ecosystems, KM 1). Eelgrass, 
saltmarsh, and coral reef ecosystems also  
help protect coastlines from coastal erosion  
by dissipating the energy in ocean waves (Ch. 
8: Coastal, KM 2). The loss of the recreational 
benefits alone from coral reefs in the United 
States is expected to reach $140 billion by 2100 
(discounted at 3% in 2015 dollars).62 Reducing 
greenhouse gas emissions (for example, under 
RCP4.5) could reduce these cumulative losses 
by as much as $5.4 billion but will not avoid 
many ecological and economic impacts.62 

 
Opportunities for Reducing Risk 
Warming, acidification, and reduced oxygen 
conditions will interact with other non- 
climate-related stressors such as pollution 
or overfishing (Key Message 2). Conservation 
measures such as efforts to protect older indi- 
viduals within species,63,64 maintain healthy fish 
stocks (Key Message 2),65 and establish marine 
protected areas can increase resilience to cli- 
mate impacts.66,67,68 However, these approaches 
are inherently limited, as they do not address 
the root cause of warming, acidification, or 
deoxygenation. There is growing evidence that 
many ecosystem changes can be avoided only 
with substantial reductions in the global aver- 
age atmospheric CO2 concentration.57,69,70 

 
Emerging Issues and Research Gaps 
Species can adapt or acclimatize to changing 
physical and chemical conditions, but little is 
known about species’ adaptive capacity and 
whether the rate of adaptation is fast enough   
to keep up with the unprecedented rate of 
change to the environment.71,72,73 Furthermore, 
ocean ecosystems are becoming increasingly 
novel, meaning that knowledge of current eco- 
systems will be a less reliable guide for future 
decision-making (Ch. 28: Adaptation, KM 2). 
Continued monitoring to measure the effects 
of warming, acidification, and deoxygenation 

on marine ecosystems, combined with labora- 
tory and field experiments to understand the 
mechanisms of change, will enable improved 
projections of future change and identification 
of effective conservation strategies for chang- 
ing ocean ecosystems. 

Key Message 2 
 

Marine fisheries and fishing communi- 
ties are at high risk from climate-driven 
changes in the distribution, timing, and 
productivity of fishery-related species. 
Ocean warming, acidification, and de- 
oxygenation are projected to increase 
these changes in fishery-related species, 
reduce catches in some areas, and 
challenge effective management of 
marine fisheries and protected species. 
Fisheries management that incorporates 
climate knowledge can help reduce im- 
pacts, promote resilience, and increase 
the value of marine resources in the face 
of changing ocean conditions. 

Variability in ocean conditions can have sig- 
nificant impacts on the distribution and pro- 
ductivity (growth, survival, and reproductive 
success) of fisheries species.74,75 For stocks near 
the warm end of their range (such as cod in 
the Gulf of Maine),76 increases in temperature 
generally lead to productivity declines; in con- 
trast, warming can enhance the productivity of 
stocks at the cold end of their range (such as 
Atlantic croaker).77 These changes in produc- 
tivity have direct economic and social impacts. 
For example, warming water temperatures in 
the Gulf of Maine exacerbated overfishing of 
Gulf of Maine cod, and the subsequent low 
quotas have resulted in socioeconomic stress 
in New England.76 Reductions in the abundance 
of Pacific cod associated with the recent heat 
wave in the Gulf of Alaska led to an inability of 

Marine Fisheries 
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the fishery to harvest the Pacific cod quota in 
2016 and 2017, and to an approximately 80% 
reduction in the allowable quota in 2018.78 

 
Changes in productivity, recruitment, survi- 
vorship, and, in some cases, active movements 
of target species to track their preferred 
temperature conditions are leading to shifts  
in the distribution of many commercially and 
recreationally valuable fish and invertebrates, 
with most moving poleward or into deeper 
water with warming oceans.31,79,80,81,82 Shifts in 
fish stock distributions can have significant 
implications for fisheries management, fish- 
eries, and fishing-dependent communities. 
Fishers may be expected to move with their 
target species; however, fishing costs, port 
locations, regulations, and other factors can 
constrain the ability of the fishing industry 
to closely track changes in the ocean.83 Shifts 
across governance boundaries are already 
creating management challenges in some 
regions and can become trans-boundary issues 
for fish stocks near national borders (Ch. 16: 
International, KM 4).84 

 
Changes in the timing of seasonal biological 
events can also impact the timing and location 
of fisheries activities. The timing of peak 
phytoplankton and zooplankton biomass is 
influenced by oceanographic conditions (such 
as stratification and temperature).85,86 Since 
juvenile fish survival and growth are dependent 
on food availability, variability in the timing of 
plankton blooms affects fish productivity (e.g., 
Malick et al. 201587). Migration and spawning, 
events that often depend on temperature 
conditions, are also changing.1,88,89,90 For 
example, management of the Chesapeake Bay 
striped bass fishery is based on a fixed fishing 
season that is meant to avoid catching large 
egg-bearing females migrating early in the 
season. As temperatures rise, more females  
will spawn early in the season, reducing their 
availability to fishers.89 The location and size of 

coastal hypoxic zones (which are likely exacer- 
bated by temperature and ocean acidification)56 

can affect the spatial dynamics of fisheries, 
such as the Gulf of Mexico shrimp fishery, with 
potential economic repercussions.91 

 
Projected Impacts 
The productivity, distribution, and phenology 
of fisheries species will continue to change  
as oceans warm and acidify. These changes 
will challenge the ability of existing U.S. and 
international frameworks to effectively manage 
fisheries resources and will have a variety of 
impacts on fisheries and fishing-dependent 
sectors and communities. Projected increases 
in ocean temperature are expected to lead to 
declines in maximum catch potential under 
a higher scenario (RCP8.5) in all U.S. regions 
except Alaska (Figure 9.2).92 Because tropical 
regions are already some of the warmest, there 
are few species available to replace species that 
move to cooler water.61 This means that fishing 
communities in Hawai‘i and the Pacific Islands, 
the Caribbean, and the Gulf of Mexico are par- 
ticularly vulnerable to climate-driven changes 
in fish populations. Declines of 10%–47% in 
fish catch potential in these warm regions, 
as compared to the 1950–1969 level, are 
expected with a 6.3°F (3.5°C) increase in global 
atmospheric surface temperature relative to 
preindustrial levels (reached by 2085 under 
RCP8.5).92 In contrast, total fish catch potential 
in the Gulf of Alaska is projected to increase 
by approximately 10%, while Bering Sea catch 
potential may increase by 46%.92 However, 
species-specific work suggests that catches of 
Bering Sea pollock, one of the largest fisheries 
in the United States, are expected to decline,93 

although price increases may mitigate some of 
the economic impacts.94 Similarly, abundance 
of the most valuable fishery in the United 
States, American lobster, is projected to decline 
under RCP8.5.64 Ocean acidification is expected 
to reduce harvests of U.S. shellfish, such as the 
Atlantic sea scallop;95 while future work will 
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better refine impacts, cumulative consumer 
losses of $230 million (in 2015 dollars) across all 
U.S. shellfish fisheries are anticipated by 2099 
under the higher scenario (RCP8.5).62 

 
The implications of the projected changes 
in fisheries dynamics on revenue94,96 and 
small-scale Indigenous fisheries remain 
uncertain.97 Indigenous peoples depend on 

salmon and other fishery resources for both 
food and cultural value, and reductions in 
these species would pose significant challenges 
to some communities (e.g., Krueger and 
Zimmerman 200998) (Ch. 15: Tribes, KM 2; Ch. 
24: Northwest). Additionally, western Alaska 
communities receive a significant share of 
the revenues generated by Alaska ground- 
fish fisheries through the Western Alaska 

 

Projected Changes in Maximum Fish Catch Potential 
 

Figure 9.2: The figure shows average projected changes in fishery catches within large marine ecosystems for 2041–2060 
relative to 1991–2010 under a higher scenario (RCP8.5). All U.S. large marine ecosystems, with the exception of the Alaska 
Arctic, are expected to see declining fishery catches. Source: adapted from Lam et al. 2016.96 
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Community Development Quota program.99 

This program provides an important source of 
fishery-derived income for these communities. 
Where there is strong reliance of fish stocks   
on specific habitats, shifts may lead to fish 
becoming more concentrated when water 
temperature or other changes in ocean condi- 
tions push species against a physical boundary 
such as ice or the ocean bottom.83 Alternatively, 
shifts in species distributions are likely to 
drive vessels farther from port, increasing 
fishing costs and potentially impacting vessel 
safety.100 Under such conditions, there will also 
be new opportunities that result from species 
becoming more abundant or spatially available. 
Advance knowledge and projections of antic- 
ipated changes allow seafood producers to 
develop new markets and harvesters the ability 
to adapt their gear and fishing behavior to take 
advantage of new opportunities.84,101,102 

 
Opportunities for Reducing Risk 
A substantial reduction of greenhouse gas 
emissions would reduce climate-driven ocean 
changes and significantly reduce risk to 
fisheries.103 Warming, acidification, and deox- 
ygenation interact with fishery management 
decisions, from seasonal and spatial closures to 
annual quota setting, allocations, and fish stock 
rebuilding plans. Accounting for these factors 
is the cornerstone of climate-ready fishery 
management.84,104,105 Modeling studies show that 
climate-ready, ecosystem-based fisheries man- 
agement can help reduce the impacts of some 
anticipated changes and increase resilience 
under changing conditions.93,106,107 There is 
now a national strategy for integrating climate 
information into fishery decision-making,105 

and the North Pacific Fishery Management 
Council is now directly incorporating ocean 
conditions and climate projections in its plan- 
ning and decision-making.108,109 

National and regional efforts have been under- 
way to characterize community vulnerability 
to climate change and ocean acidification.38,110,111 

The development of climate-ready fisheries 
will be particularly important for coastal 
communities, especially those that are highly 
dependent on fish stocks for food and for 
income. Targeting and participating in an 
increased diversity of fisheries with more 
species can improve economic resilience of 
harvesters and fishing communities.112,113,114 

Current policies can create barriers that 
impede diversification,112 but more dynamic 
management can enable better adaptation.115 

Even without directly accounting for climate 
effects, precautionary fishery  management 
and better incentives can increase economic 
benefits and improve resilience.64,65,116 

 
Emerging Issues and Research Gaps 
Many studies have documented the impact 
of temperature on fish distribution and 
productivity, enabling initial projections of 
species distribution, productivity, and fishery 
catch potential under future warming (e.g., 
Cheung 2016103). While laboratory studies have 
shown that ocean acidification can impact fish 
and their prey,117 there have been no studies 
demonstrating that acidification is currently 
limiting the productivity of wild fish stocks. 
Acidification will become an increasingly 
important driver of ocean ecosystem change.39 

It is likely that the primarily temperature-based 
projections described above are underesti- 
mating the total magnitude of future changes 
in fisheries. More work would be required to 
understand how management and climate 
change are likely to interact.105,118 Climate 
vulnerability assessments (e.g., Hare et al.119) 
estimate which fisheries are most vulnerable 
in a changing climate and could be used to 
develop adaptation strategies and prioritize 
research efforts. 
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Key Message 3 
 

Marine ecosystems and the coastal 
communities that depend on them are at 
risk of significant impacts from extreme 
events with combinations of very high 
temperatures, very low oxygen levels, or 
very acidified conditions. These unusual 
events are projected to become more 
common and more severe in the future, 
and they expose vulnerabilities that can 
motivate change, including technolog- 
ical innovations to detect, forecast, and 
mitigate adverse conditions. 

The first two Key Messages focused on the 
impacts of long-term climate trends. Ocean 
conditions also vary on a range of timescales, 
with month-to-month and year-to-year 
changes aligning with many biological pro- 
cesses in the ocean. The interaction between 
long-term climate change and shorter-term 
variations creates the potential for extreme 
conditions—abrupt increases in temperature, 
acidity, or deoxygenation (Figure 9.3). Recent 
extreme events in U.S. waters demonstrated 
that these events can be highly disruptive to 
marine ecosystems and to the communities 
that depend on them. Furthermore, these 
events provide a window into the condi- 
tions and challenges likely to become the 
norm in the future. 

 

Extreme Events in U.S. Waters Since 2012 
 

Figure 9.3: The 2012 North Atlantic heat wave was concentrated in the Gulf of Maine; however, shorter periods with very warm 
temperatures extended from Cape Hatteras to Iceland during the summer of 2012. American lobster and longfin squid and their 
associated fisheries were impacted by the event.1 The North Pacific event began in 20142 and extended into shore in 20153,4 

and into the Gulf of Alaska in 2016,5,6 leading to a large bloom of toxic algae that impacted the Dungeness crab fishery and 
contributed directly and indirectly to deaths of sea lions and humpback whales. U.S. coral reefs that experienced moderate    
to severe bleaching during the 2015–2016 global mass bleaching event7 are indicated by coral icons. Source: Gulf of Maine 
Research Institute. 

Extreme Events 
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Two recent events have been particularly 
well documented: the 2012 marine heat wave 
in the northwestern Atlantic Ocean (Ch. 18: 
Northeast, Box 18.1) and an event occurring 
between 2014 and 2016 in the northeastern 
Pacific Ocean, nicknamed the Blob (Figure 9.3) 
(Ch. 24: Northwest, KM 1; Ch. 25: Southwest, 
KM 3; Ch. 26: Alaska, KM 1). Ecosystems 
within these regions experienced very warm 
conditions (greater than 3.6°F [2°C] above 
the normal range) that persisted for several 
months or more.1,2,3 Additionally, the very warm 
temperatures during the 2015–2016 El Niño 
led to widespread coral bleaching, including 
reefs off of American Sāmoa, the Marianas, 
Guam, Hawai‘i, Florida, and Puerto Rico (Ch. 20: 
U.S. Caribbean, KM 2; Ch. 27: Hawai‘i & Pacific 
Islands, KM 4).7 

 
Coastal communities are especially susceptible 
to changes in the marine environment,110,111 and 
the interaction between people and the eco- 
system can amplify the impacts and increase 
the potential for surprises (Ch. 17: Complex 
Systems, KM 1). In the Gulf of Maine in 2012, 
warm temperatures caused lobster catches to 
peak 3–4 weeks earlier than usual. The supply 
chain was not prepared for the early influx 
of lobsters, leading to a severe drop in price.1 

The North Pacific event, centered in 2015, 
featured an extensive bloom of the toxic algae 
Pseudo-nitzschia4,120 that led to mass mortalities 
of sea lions and whales and the closure of the 
Dungeness crab fishery.121,122 The crab fishery 
then reopened in the spring of 2016, normally 
a time when fishing effort is low. The shift in 
timing led to increased fishing activity during 
the spring migration of humpback and gray 
whales and thus an elevated incidence of 
whales becoming entangled in crab fishing 
gear.122 Continued warm temperatures in the 
Gulf of Alaska during 20165 led to reduced 
catch of Pacific cod.78 

Extreme events other than those related to 
temperature can also occur in the oceans. 
Short-term periods of low-oxygen, low-pH 
(acidified) waters have occurred more fre- 
quently along the Pacific coast during intense 
upwelling events.15,123,124,125,126 The acidified 
waters were corrosive (Ω < 1) and reduced 
the survival of larval Pacific oysters (Cras- 
sostrea gigas) in commercial hatcheries that 
support oyster aquaculture127,128 and increased 
dissolution of the shells of pteropods, a type 
of planktonic snail important in many ocean 
ecosystems.129,130,131,132 

 
Projected Impacts 
The extreme temperatures experienced during 
both recent heat waves exposed ecosystems to 
conditions not expected for 50 or more years 
into the future, providing a window into how 
future warming may impact these ecosystems. 
In both regions, southerly species moved 
northward, and warmer conditions in the 
spring shifted the timing of biological events 
earlier in the year.1,133 

 
In the future, the same natural patterns of 
climate variability associated with the heat 
waves in both ocean basins3,134,135,136,137 will 
continue to occur on top of changing trends in 
average conditions, leading to more extreme 
events relative to current averages.138 

 
Human-caused climate change likely already 
contributed to the events observed in 2012  
and 2015, helping drive temperatures to record 
levels.139,140 Ocean acidification events such 
as those described along the Pacific coast 
are already increasing and are projected to 
become more intense, longer, and increasingly 
common.53,141 The increase in intensity and 
frequency of toxic algal blooms has been linked 
to warm events and increasing temperatures  
in both the Atlantic and Pacific Oceans.4,120,142 
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Changes resulting from human activities, 
especially increased nutrient loads, accelerate 
the development of hypoxic events in many 
areas of the world’s coastal ocean.15,143 

 
Opportunities for Reducing Risk 
Extreme events in the oceans can lead to 
significant disruptions to ecosystems and 
people, but they can also drive technological 
adaptation. Several corrosive events along the 
Pacific Northwest coast prompted the Pacific 
Coast Shellfish Growers Association to work 
with scientists to test new observing instru- 
ments and develop management procedures.128 

The hatcheries now monitor pH and pCO2 

(partial pressure of carbon dioxide) in real time 
and adjust seawater intake to reduce acidity. 
Similar practices are being employed on the 
East Coast to adapt shellfish hatcheries to the 
increasing frequency of low-pH events associ- 
ated with increased precipitation and runoff.144 

 
Similarly, the need to forecast  El  Niño  events 
led to the development of seasonal climate 
forecast systems.145 Current modeling systems 
make it possible to forecast temperature,  pH, 
and oxygen conditions several months into the 
future.101,102,146,147,148 Operational forecasts are also 
being developed for harmful algal blooms149 

and for the timing of Maine’s lobster fishery.150 

Further engagement with users would improve 
the utility of these emerging forecasts.101,148 

 
Emerging Issues and Research Gaps 
The recent extreme events in U.S. ocean waters 
were the result of the interaction between 
natural cycles and long-term climate trends. As 
carbon emissions drive average temperatures 
higher and increase ocean acidification, natural 
climate cycles will occur on top of ocean 
conditions that are warmer, acidified, and 
have generally lower oxygen levels. A major 
uncertainty is whether these natural cycles will 
function in the same way in an altered climate. 
For example, the natural patterns of climate 

variability that contributed to the formation of 
the Blob show increasing variability in climate 
model projections.3 This suggests that similar 
temperature events in the North Pacific may 
be more likely. Unusually persistent periods 
of warm weather led to the formation of both 
the North Atlantic and North Pacific heat 
waves.2,134,151 Observational and modeling stud- 
ies suggest that the loss of Arctic sea ice may 
disrupt mid-latitude atmospheric circulation 
patterns, making extreme weather conditions 
more likely (e.g., Overland et al. 2016, Vavrus et 
al. 2017, but see Cohen 2016152,153,154). This mech- 
anism suggests that extremes in the ocean  
may be more extreme in the future, even after 
accounting for climate trends. 

 
Conclusion 
Ocean ecosystems provide economic, rec- 
reational, and cultural opportunities for all 
Americans. Increasing temperatures, ocean 
acidification, and deoxygenation are likely to 
alter marine ecosystems and the important 
benefits and services they provide. There has 
been progress in developing management 
strategies and technological improvements that 
can improve resilience in the face of long-term 
changes and abrupt events. However, many 
impacts, including losses of unique coral reef 
and sea ice ecosystems, can only be avoided by 
reducing carbon dioxide emissions. 
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Traceable Accounts 
Process Description 
The goal when building the writing team for the Oceans and Marine Resources chapter was 
to assemble a group of scientists who have experience across the range of marine ecosystems 
(such as coral reefs and temperate fisheries) that are important to the United States and with 
expertise on the main drivers of ocean ecosystem change (temperature, deoxygenation, and 
acidification). We also sought geographic balance and wanted a team that included early-career 
and senior scientists. 

We provided two main opportunities for stakeholders to provide guidance for our chapter. This 
included a town hall meeting at the annual meeting of the Association for the Sciences of Lim- 
nology and Oceanography and a broadly advertised webinar hosted by the National Oceanic 
and Atmospheric Administration. Participants included academic and government scientists, as 
well as members of the fisheries and coastal resource management communities. We also set 
up a website to collect feedback from people who were not able to participate in the town hall 
or the webinar. 

An important consideration in our chapter was what topics we would cover and at what depth. 
We also worked closely with the authors of Chapter 8: Coastal to decide which processes and 
ecosystems to include in which chapter. This led to their decision to focus on the climate-related 
physical changes coming from the ocean, especially sea level rise, while our chapter focused on 
marine resources, including intertidal ecosystems such as salt marshes. We also decided that an 
important goal of our chapter was to make the case that changing ocean conditions have a broad 
impact on the people of the United States. This led to an emphasis on ecosystem services, notably 
fisheries and tourism, which are easier to quantify in terms of economic impacts. 

Key Message 1 
 

The Nation’s valuable ocean ecosystems are being disrupted by increasing global temperatures 
through the loss of iconic and highly valued habitats and changes in species composition 
and food web structure (very high confidence). Ecosystem disruption will intensify as ocean 
warming, acidification, deoxygenation, and other aspects of climate change increase (very likely, 
very high confidence). In the absence of significant reductions in carbon emissions, transforma- 
tive impacts on ocean ecosystems cannot be avoided (very high confidence). 

 
Description of evidence base 
Ocean warming has already impacted biogenically built habitats. Declines in mussel beds, kelp 
forests, mangroves, and seagrass beds, which provide habitat for many other species, have been 
linked to ocean warming and interactions of warming with changes in oxygen levels or other 
stressors (see Ch. 27: Hawai‘i & Pacific Islands, Key Message 4 for impacts on mangrove systems 
in the Pacific Islands).155,156,157,158 Sea level rise will continue to reduce the extent of many estuarine 
and coastal habitats (for example, salt marshes, seagrass beds, and shallow coral reefs) in locations 
where they fail to accrete quickly enough to outpace rising seas.159,160 The composition and timing 

Ocean Ecosystems 
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of phytoplankton blooms are shifting, and dominant algal species are changing, which can cause 
bottom-up changes in food web structure.17,18,161 

Some of the most apparent ecosystem changes are occurring in the warmest and coldest ocean 
environments, in coral reef and sea ice ecosystems. Live coral cover in coral reef ecosystems 
around the world has declined from a baseline of about 50%–75% to only 15%–20% (the current 
average for most regions; see Bruno & Valdivia 2016; Eddy et al. 201869,162), primarily due to ocean 
warming.163,164 Exposure to water temperatures just a few degrees warmer than normal for a given 
reef can cause corals to bleach; bleached corals have expelled their colorful symbiotic dinofla- 
gellate algae, and the lack of algae can partially or wholly kill coral colonies.165 Over the past four 
decades, warming has caused annual average Arctic sea ice extent to decrease between 3.5% and 
4.1% per decade; sea ice melting now begins at least 15 days earlier than it did historically (Ch. 26: 
Alaska, KM 1).166,167,168 Several studies have shown that sea ice loss has changed food web dynamics, 
caused diet shifts, and contributed to a continued decline of some Arctic seabird and mammal 
populations.49,169,170,171,172 For instance, polar bear litter sizes have already declined and are projected 
to decline further; models suggest that sea ice breaking up two months earlier than the historical 
normal will decrease polar bear pregnancy success in Huntington Bay by 55%–100%.173,174 

Species differ in their response to warming, acidification, and deoxygenation. This imbalance in 
sensitivity will lead to ecosystem reorganization, as confirmed by a number of recent ecosystem 
models focused on phytoplankton17,175,176 and on entire food webs.40,68,177,178,179,180 Local extinction and 
range shifts of marine species due to changes in environmental conditions have already been well 
documented, as have the corresponding effects on community structure.32,81 

Global-scale coral bleaching events in 1987, 1998, 2005, and 2015–2016 have caused a rapid and 
dramatic reduction of living coral cover; as the regularity of these events increases, their effects  
on ecosystem integrity may also increase.7,164,181,182 Warming increases the likelihood of coral disease 
outbreaks and reduces coral calcification, reproductive output, and a number of other biological 
processes related to fitness.183,184 Under the higher scenario (RCP8.5), all shallow tropical coral reefs 
will be surrounded by water with Ω < 3 by the end of this century.59 Laboratory research finds that 
many coral species are negatively impacted by exposure to high CO2 conditions,185,186,187 and field 
research conducted near geologic CO2 vents have found that exposure to high CO2 con- ditions 
changes some, but not all, coral communities.188,189,190,191 Sea ice loss in the Arctic is expected to 
continue through this century, very likely resulting in nearly sea ice-free late summers by the 
middle of the century (Ch. 26: Alaska, KM 1).166 Ice-free summers will result in the loss of habitats 
in, on, and under the ice and the emergence of a novel ecosystem in the Arctic.51 Arctic waters are 
also acidifying faster than expected, in part due to sea ice loss.192 

Conservation measures, such as ecosystem-based fisheries management (Key Message 2) and 
marine-protected areas that reduce or respond to these other stressors, can increase resil- 
ience;66,67 however, these approaches have limits and can only slow the impact of climate change 
and ocean acidification.68 Ocean warming, acidification, and deoxygenation, among other indirect 
stressors, will lead to alterations in species distribution, the decline of some species’ calcification, 
and mismatched timing of prey–predator abundance that cannot be fully avoided with manage- 
ment strategies.33,193 Coral bleaching occurs on remote reefs, suggesting that even pristine reefs 
will be impacted in a warmer, more acidified ocean.69,70 Without substantial reductions in CO2 
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emissions, massive and sometimes irreversible impacts are very likely to occur in marine ecosys- 
tems, including those vital to coastal communities.57 

Major uncertainties 

Further research is necessary to fully understand how multiple stressors, such as temperature, 
ocean acidification, and deoxygenation, will concurrently alter marine ecosystems in U.S. waters. 
More research on the interaction of multiple stressors and in scaling results from individual to 
population or community levels is needed.27,194,195,196 

Most species have some capacity to acclimate to changes in thermal and chemical conditions, 
depending on the rate and magnitude at which conditions change, and there  may  be  enough 
genetic variation in some populations to allow for evolution.73,197,198,199 Some research suggests that 
only microbes have the ability to acclimate to the expected anthropogenic temperature and pH 
changes, suggesting a reduction in the diversity and abundance of key species and a change in 
trophic energy transfer, which underpin ecosystem function of the modern ocean.33 

Description of confidence and likelihood 

The amount of research and agreement among laboratory results, field observations, and model 
projections demonstrate very high confidence that ecosystem disruption has occurred due to 
climate change, particularly in tropical coral reef and sea ice-associated ecosystems due to the 
global increase of ocean temperatures. It is very likely that ecosystem disruption will intensify 
later this century under continued carbon emissions, as there is very high confidence that warm- 
ing, acidification, deoxygenation, and other aspects of climate change will accelerate. While con- 
servation and management practices can build resilience in some ecosystems, there is very high 
confidence that only reductions in carbon emissions can avoid significant ecosystem disruption, 
especially in coral reef and sea ice ecosystems. 

Key Message 2 
 

Marine fisheries and fishing communities are at high risk from climate-driven changes in the 
distribution, timing, and productivity of fishery-related species (likely, high confidence). Ocean 
warming, acidification, and deoxygenation are projected to increase these changes in fishery- 
related species, reduce catches in some areas, and challenge effective management of marine 
fisheries and protected species (warming: very likely, very high confidence; acidification and 
deoxygenation: likely, high confidence). Fisheries management that incorporates climate knowl- 
edge can help reduce impacts, promote resilience, and increase the value of marine resources in 
the face of changing ocean conditions. 

 
Description of evidence base 
Most evidence of the impacts of climate variability on U.S. living marine resources comes from 
numerous studies examining the response of these species to variability in ocean temperature. 
There is strong evidence that fluctuations in ocean temperature, either directly or indirectly  
via impacts to food web structure, are associated with changes in the distribution,31,79,80,81 

Marine Fisheries 
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productivity,74,75,76,77,200,201,202 and timing of key life-history events, such as the spawning1,31,88,89 of 
fish and invertebrates in U.S. waters. These temperature-driven changes in the dynamics of 
living marine resources in turn affect commercial fisheries catch quantity,79 composition,203 and 
fisher behavior.1,83,204,205 Beyond temperature, there is robust evidence from experimental studies 
demonstrating the impacts of oxygen and pH variability on the productivity of marine fish and 
invertebrates.55,117,206 However, studies linking changes in oxygen or pH to variations in fisheries 
and aquaculture dynamics in the field are few and are mainly regional and/or specific to localized 
deoxygenation or acidification events.71,128,207 

These observational and experimental studies have provided the foundation for the development 
of models projecting future impacts of changing climate and ocean conditions on fisheries. Global 
and regional applications of such models provide strong evidence that changes in future ocean 
warming will alter fisheries catches in U.S. waters.64,100,103,208,209,210 The projected decrease in catch 
potential in the tropics and the projected increase in high-latitude regions under both RCP4.5   
and RCP8.5 scenarios are robust to model structural uncertainty103 and are consistent across 
modeling approaches.100,103,209,210 In addition, there is moderate evidence from regional ecosystem 
and single-species models of reduced future catch in specific U.S. regions from future ocean 
acidification.40,95,177,179,211 

Fisheries management in the United States has become increasingly effective at setting sustain- 
able harvest levels, and the number of U.S. fisheries that are overfished or subjected to overfishing 
has declined in most regions.212 Science-informed management in general has been shown to be 
effective in improving ecosystem status107 and has been projected to greatly improve the benefits 
from marine resources.65 Climate change presents new challenges to management systems, as 
some species move across management boundaries and away from traditional fishing grounds 
and as productivity patterns shift. Management approaches that do not consider climate-driven 
ecosystem changes can lead to overfishing when the environment shifts rapidly.76,213 Some mea- 
sures have been proposed to make the fisheries management system more climate ready.84,105,214 In 
many cases, these management strategies will include measures to allow for greater flexibility for 
harvesters to adapt to changing distributions and quantities of target species. Some preliminary 
evidence suggests that the use of climate-informed harvest rules can improve fishery sustain- 
ability in a variable environment,102 but at present, few fisheries management decisions integrate 
climate-related environmental information.215 The North Pacific Fishery Management Council is 
currently examining a strategic, multispecies, climate-enhanced model that informs managers 
how climate change and variation are expected to impact key stocks.106 

Major uncertainties 

While shifts in the productivity and distribution of living marine resources and ecosystem 
structure are expected to change catch potential and catch composition in U.S. regions, many 
uncertainties exist. Projections of catch potential have largely been performed using dynamical 
bioclimatic envelope models (e.g., Cheung et al.103). In these models, the spatial population dynam- 
ics of fish stocks are forced by temperature (with additional net primary productivity effects on 
carrying capacity and pH and oxygen effects on growth) and do not include the potential for major 
changes in species interactions, as has previously occurred with warming events (e.g., Vergés et 
al.32) and food web structure (e.g., Fay et al.179). Furthermore, recent studies indicate that zooplank- 
ton and export production may serve as better indicators of carrying capacity for fisheries than 
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net primary productivity.210,216 Net primary productivity trends will likely be amplified by higher 
trophic levels, such as zooplankton and ultimately fish; thus, trends in catch potential projected 
from primary productivity alone may underestimate future changes.210 These models also do not 
consider the potential for evolutionary adaptation of marine species. Uncertainties in projections 
are particularly high for primary productivity, oxygen, and pH, especially at regional and coastal 
scales,217,218,219 but these uncertainties are not typically incorporated into projected catch trends. 
In terms of the economic impacts on consumers, there is also uncertainty about how potential 
decreases in the catch of some species will impact net revenues, as lower quantities will be 
compensated in some cases by increased prices paid by consumers (e.g., Seung and Ianelli94). 
Fish prices are expected to increase very modestly over the next decade, yet there are great 
uncertainties in longer-term prices based on uncertainty about climate, economic growth, and the 
effectiveness of management in fisheries around the world.220 

In addition, climate change is only one of many stressors affecting fish dynamics. Future fish 
distribution, abundance, and productivity will depend on the interaction between these stressors, 
including fishing and climate-related stressors. Conceptually and empirically, it is clear that fish- 
ers are responding to a wide diversity of factors and may not narrowly follow shifting fish popula- 
tions.83,221,222 The development of management measures that respond rapidly to dramatic shifts in 
environmental factors that impact recruitment, productivity, and distribution will also reduce the 
potential impacts of climate change by avoiding overfishing in times of environmental stress. 

Description of confidence and likelihood 

There is high confidence that climate change-driven alterations in the distribution, timing, and 
productivity of fishery-related species will likely lead to increased risk to the Nation’s valuable 
marine fisheries and fishing communities. There is very high confidence that future ocean warming 
will very likely increase these changes in fishery-related species, reduce catches in some areas,    
and challenge effective management of marine resources. There is high confidence that ocean 
acidification and deoxygenation will likely reduce catches in some areas, which will challenge 
effective management of marine fisheries and protected species. 

Key Message 3 
 

Marine ecosystems and the coastal communities that depend on them are at risk of significant 
impacts from extreme events with combinations of very high temperatures, very low oxygen 
levels, or very acidified conditions. These unusual events are projected to become more 
common and more severe in the future (very likely, very high confidence), and they expose vulner- 
abilities that can motivate change, including technological innovations to detect, forecast, and 
mitigate adverse conditions. 

 

Description of evidence base 
Marine heat waves have been described as regions of large-scale and persistent positive sea 
surface temperature anomalies that can vary in size, distribution, timing, and intensity akin to 

Extreme Events 
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their terrestrial counterparts.137,223 Well-documented marine heat waves have recently occurred in 
the northwest Atlantic in 20121,134,151 and the North Pacific in 2014–2016.2,6 

Each of these events resulted in documented impacts to ecosystems and, in many cases, to the 
human communities to which they were connected. The recent major events in the U.S. northwest 
Atlantic and North Pacific led to economic challenges in the American lobster, Dungeness crab, 
and Gulf of Alaska Pacific cod fisheries.1,2,78,224 

Abrupt warming can induce other ecosystem-level impacts. The North Pacific event featured 
an extensive bloom of the harmful algae Pseudo-nitzschia4,120 that led to mass mortalities of sea 
lions and whales and the closure of the Dungeness crab fishery. The increase in intensity and 
occurrence of these toxic algal blooms has been linked to warm events in both the Atlantic and 
the Pacific.4,120,142 Abrupt warming was inferred to trigger the expansion of the North Pacific oxygen 
minimum zone through reduced oxygen solubility and increased marine productivity.225 

Extreme events with corrosive (Ω < 1) and/or low oxygen conditions can occur when deep waters, 
which are generally corrosive and have low oxygen levels, are brought into the coastal area during 
upwelling. They can also occur in response to the delivery of corrosive freshwater from the 
landscape, ice melting, and storms. These conditions now occur more frequently in coastal waters 
of the Pacific coast of the United States.39,126,131,226,227,228,229,230,231 Such events have led to the elevated 
mortality of coastal shellfish in hatcheries128 and die-offs of crabs and other animals living on the 
ocean bottom.123 

Heat wave, high-acidity, and low-oxygen events are all produced by variability in the system 
occurring on timescales ranging from days to years. For example, recent marine heat waves have   
been linked to natural climate modes such as the North Atlantic Oscillation, Atlantic Multidecadal 
Oscillation, Pacific Decadal Oscillation, or North Pacific Gyre Oscillation, which change over sev-    
eral years.3,137 Persistent weather patterns lasting several months can further amplify conditions in    
the ocean, leading to extreme conditions.2,134,151 These climate modes and  atmospheric  conditions 
occur on top of the long-term trends caused by global climate change. Thus, as climate change 
progresses, events with temperatures above a certain level, oxygen below a certain  level,  or  pH 
below a specified level will occur more frequently and will last longer.56,141,146,232 

The intensity of corrosive events along the upwelling margin of the Pacific coast of the United 
States is increasing due to more intense winds over the past decade and ocean acidifica- 
tion.15,53,123,125 In Alaska waters, these events are associated with freshwater inputs and storm events 
that may also have a link to climate change.226,227,228,229,230,233 

There is ample evidence that extreme events motivate adaptive change in human systems. For 
example, Hurricane Katrina and Superstorm Sandy motivated communities near the affected 
areas to expand planning against future storms.234,235 The 2012 North Atlantic heat wave prompted 
the development of a forecast system to help Maine’s lobster fishery avoid future supply chain 
disruptions (Ch. 18: Northeast).150 The impact of corrosive waters on shellfish hatcheries in the 
Pacific Northwest motivated the development of new technology to monitor and manage water 
chemistry in shellfish hatcheries.128 
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Major uncertainties 

The description above assumes that natural modes of climate variability remain the same and 
can be simply added to baseline conditions set by the global climate. There is evidence that  
some natural climate modes may change in the future. As mentioned in the narrative, the climate 
oscillations linked to the 2014–2016 event in the North Pacific increase in amplitude in climate 
model projections.3,135,236 This suggests that extreme events will be more likely in the future, even 
without accounting for the shift to a warmer temperature baseline. Declines in Arctic sea ice are 
also hypothesized to impact future climate variability by causing the atmospheric jet stream to 
get stuck in place for days and weeks (e.g., Overland et al. 2016, Vavrus et al. 2017, but see Cohen 
2016152,153,154). This has the potential to create persistent warm (where the jet stream is displaced to 
the north) and cold (where the jet stream moves south) weather conditions over North 
America.152,153 These conditions are similar to the precursors to both the northwestern Atlantic and 
North Pacific heat waves.2,134 

For biogeochemistry, other factors may amplify the global changes at the regional level as well, 
especially in the coastal  environment.  These  factors  include  local  nutrient  runoff,  freshwater 
input, glacial runoff, spatial variability in retentive mechanisms, variability in upwelling strength, 
cloud cover, and stability of sedimentary deposits (for example, methane).15,125,143,151,231,233 Most of the 
factors will amplify the global trends toward lower oxygen and pH, leaving these estimates to be 
conservative. In addition, temperature, oxygen, and pH have synergistic effects that provide some 
uncertainties in the projected events.56 

Description of confidence and likelihood 

Because there is very high confidence and very high likelihood that oceans will get warmer, more 
acidified, and have lower oxygen content in response to elevated atmospheric carbon dioxide lev- 
els,15 it is very likely and there is very high confidence that extreme events will occur with increased 
intensity and frequency in the future.6,138,141,232,237 
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