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Members of the National Guard 
lay sandbags to protect against 
Missouri River flooding.

Energy choices will affect the 
amount of future climate change.

Climate change is contributing 
to an increase in wildfires across 
the U.S. West.

Solar power use is increasing 
and is part of the solution to cli-
mate change.

Observed U.S. Temperature Change

The colors on the map show temperature changes over the past 22 years (1991-2012) compared to the 1901-1960 average for the contiguous 
U.S., and to the 1951-1980 average for Alaska and Hawaii. The bars on the graph show the average temperature changes for the U.S. by 
decade for 1901-2012 (relative to the 1901-1960 average). The far right bar (2000s decade) includes 2011 and 2012. The period from 2001 to 
2012 was warmer than any previous decade in every region. (Figure source: NOAA NCDC / CICS-NC).
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May 2014

Members of  Congress:
On behalf  of  the National Science and Technology Council and the U.S. Global Change Research Program, we are pleased 
to transmit the report of  the Third National Climate Assessment: Climate Change Impacts in the United States.  As required by 
the Global Change Research Act of  1990, this report has collected, evaluated, and integrated observations and research on 
climate change in the United States. It focuses both on changes that are happening now and further changes that we can 
expect to see throughout this century.

This report is the result of  a three-year analytical effort by a team of  over 300 experts, overseen by a broadly constituted Federal 
Advisory Committee of  60 members. It was developed from information and analyses gathered in over 70 workshops and 
listening sessions held across the country. It was subjected to extensive review by the public and by scientific experts in and 
out of  government, including a special panel of  the National Research Council of  the National Academy of  Sciences. This 
process of  unprecedented rigor and transparency was undertaken so that the findings of  the National Climate Assessment 
would rest on the firmest possible base of  expert judgment.

We gratefully acknowledge the authors, reviewers, and staff  who have helped prepare this Third National Climate 
Assessment. Their work in assessing the rapid advances in our knowledge of  climate science over the past several years has 
been outstanding. Their findings and key messages not only describe the current state of  that science but also the current and 
future impacts of  climate change on major U.S. regions and key sectors of  the U.S. economy. This information establishes 
a strong base that government at all levels of  U.S. society can use in responding to the twin challenges of  changing our 
policies to mitigate further climate change and preparing for the consequences of  the climate changes that can no longer be 
avoided. It is also an important scientific resource to empower communities, businesses, citizens, and decision makers with 
information they need to prepare for and build resilience to the impacts of  climate change.

When President Obama launched his Climate Action Plan last year, he made clear that the essential information contained 
in this report would be used by the Executive Branch to underpin future policies and decisions to better understand and 
manage the risks of  climate change. We strongly and respectfully urge others to do the same.
			 
			 
			         Sincerely,

Dr. John P. Holdren					   
Assistant to the President for Science and Technology 	
Director, Office of  Science and Technology Policy	
Executive Office of  the President   	

Dr. Kathryn D. Sullivan
Under Secretary for Oceans and Atmosphere 
NOAA Administrator
U.S. Department of  Commerce



iv CLIMATE CHANGE IMPACTS IN THE UNITED STATES

The National Climate Assessment assesses the science of climate change 
and its impacts across the United States, now and throughout this century. 
It documents climate change related impacts and responses for various 
sectors and regions, with the goal of better informing public and private 
decision-making at all levels. 

A team of more than 300 experts (see page 98), guided by a 60-member 
National Climate Assessment and Development Advisory Committee 
(listed on page vi) produced the full report – the largest and most diverse 
team to produce a U.S. climate assessment. Stakeholders involved in the 
development of the assessment included decision-makers from the public 
and private sectors, resource and environmental managers, researchers, 
representatives from businesses and non-governmental organizations, and 
the general public. More than 70 workshops and listening sessions were 
held, and thousands of public and expert comments on the draft report 
provided additional input to the process. 

The assessment draws from a large body of scientific peer-reviewed 
research, technical input reports, and other publicly available sources; all 
sources meet the standards of the Information Quality Act. The report was 
extensively reviewed by the public and experts, including a panel of the 
National Academy of Sciences, the 13 Federal agencies of the U.S. Global 
Change Research Program, and the Federal Committee on Environment, 
Natural Resources, and Sustainability.

NATIONAL CLIMATE ASSESSMENT
About the

HIGHLIGHTS
About the

The Highlights presents the major findings and selected highlights 
from Climate Change Impacts in the United States, the third National 
Climate Assessment.

The Highlights report is organized around the National Climate 
Assessment’s 12 Report Findings, which take an overarching view of 
the entire report and its 30 chapters. All material in the Highlights 
report is drawn from the full report. The Key Messages from each of 
the 30 report chapters appear in boxes throughout this document. 

A 20-page Overview booklet is available online.

Online at:
nca2014.globalchange.gov

Climate Change Impacts  
in the United States

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

Online at:
nca2014.globalchange.gov/highlights
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CLIMATE CHANGE  
AND THE AMERICAN PEOPLE

Climate change, once considered an issue for a distant future, has moved firmly into the present. Corn 
producers in Iowa, oyster growers in Washington State, and maple syrup producers in Vermont are 

all observing climate-related changes that are outside of recent experience. So, too, are coastal planners 
in Florida, water managers in the arid Southwest, city dwellers from Phoenix to New York, and Native 
Peoples on tribal lands from Louisiana to Alaska. This National Climate Assessment concludes that the 
evidence of human-induced climate change continues to strengthen and that impacts are increasing 
across the country.

Americans are noticing changes all around them. Summers are longer and hotter, and extended periods 
of unusual heat last longer than any living American has ever experienced. Winters are generally shorter 
and warmer. Rain comes in heavier downpours. People are seeing changes in the length and severity of 
seasonal allergies, the plant varieties that thrive in their gardens, and the kinds of birds they see in any 
particular month in their neighborhoods. 

Other changes are even more dramatic. Residents of some coastal cities see their streets flood more 
regularly during storms and high tides. Inland cities near large rivers also experience more flooding, 
especially in the Midwest and Northeast. Insurance rates are rising in some vulnerable locations, and 
insurance is no longer available in others. Hotter and drier weather and earlier snowmelt mean that 
wildfires in the West start earlier in the spring, last later into the fall, and burn more acreage. In Arctic 
Alaska, the summer sea ice that once protected the coasts has receded, and autumn storms now cause 
more erosion, threatening many communities with relocation. 

Scientists who study climate change confirm that these observations are consistent with significant 
changes in Earth’s climatic trends. Long-term, independent records from weather stations, satellites, 
ocean buoys, tide gauges, and many other data sources all confirm that our nation, like the rest of the 
world, is warming. Precipitation patterns are changing, sea level is rising, the oceans are becoming more 
acidic, and the frequency and intensity of some extreme weather events are increasing. Many lines of 
independent evidence demonstrate that the rapid warming of the past half-century is due primarily to 
human activities. 

The observed warming and other climatic changes are triggering wide-ranging 
impacts in every region of our country and throughout our economy. Some of 
these changes can be beneficial over the short run, such as a longer growing 
season in some regions and a longer shipping season on the Great Lakes. But 
many more are detrimental, largely because our society and its infrastructure 
were designed for the climate that we have had, not the rapidly changing 
climate we now have and can expect in the future. In addition, climate change 
does not occur in isolation. Rather, it is superimposed on other stresses, 
which combine to create new challenges. 
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2 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

This National Climate Assessment collects, integrates, and assesses 
observations and research from around the country, helping us to see 
what is actually happening and understand what it means for our lives, 
our livelihoods, and our future. This report includes analyses of impacts on 
seven sectors – human health, water, energy, transportation, agriculture, 
forests, and ecosystems – and the interactions among sectors at the 
national level. This report also assesses key impacts on all U.S. regions: 
Northeast, Southeast and Caribbean, Midwest, Great Plains, Southwest, 
Northwest, Alaska, Hawai‘i and the Pacific Islands, as well as the country’s 
coastal areas, oceans, and marine resources. 

Over recent decades, climate science has advanced significantly. Increased scrutiny has led to increased 
certainty that we are now seeing impacts associated with human-induced climate change. With each 
passing year, the accumulating evidence further expands our understanding and extends the record of 
observed trends in temperature, precipitation, sea level, ice mass, and many other variables recorded 
by a variety of measuring systems and analyzed by independent research groups from around the 
world. It is notable that as these data records have grown longer and climate models have become 
more comprehensive, earlier predictions have largely been confirmed. The only real surprises have been 
that some changes, such as sea level rise and Arctic sea ice decline, have outpaced earlier projections. 

What is new over the last decade is that we know with increasing certainty that climate change is 
happening now. While scientists continue to refine projections of the future, observations unequivocally 
show that climate is changing and that the warming of the past 50 years is primarily due to human-
induced emissions of heat-trapping gases. These emissions come mainly from burning coal, oil, and gas, 
with additional contributions from forest clearing and some agricultural practices. 

Global climate is projected to continue to change over this century and beyond, but there is still time to 
act to limit the amount of change and the extent of damaging impacts. 

This report documents the changes already 
observed and those projected for the 
future. It is important that these findings 
and response options be shared broadly to 
inform citizens and communities across our 
nation. Climate change presents a major 
challenge for society. This report advances 
our understanding of that challenge and 
the need for the American people to 
prepare for and respond to its far-reaching 
implications. 
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ABOUT THIS REPORT
This report assesses the science of climate change and its im-
pacts across the United States, now and throughout this century. 
It integrates findings of the U.S. Global Change Research Program 
(USGCRP)a with the results of research and observations from 
across the U.S. and around the world, including reports from the 

U.S. National Research Council. This report documents climate 
change related impacts and responses for various sectors and 
regions, with the goal of better informing public and private de-
cision-making at all levels. 

REPORT REQUIREMENTS, PRODUCTION, AND APPROVAL
The Global Change Research Act1 requires that, every four years, 
the USGCRP prepare and submit to the President and Congress 
an assessment of the effects of global change in the United 
States. As part of this assessment, more than 70 workshops were 
held involving a wide range of stakeholders who identified issues 
and information for inclusion (see Appendix 1: Process). A team 
of more than 300 experts was involved in writing this report. Au-
thors were appointed by the National Climate Assessment and 
Development Advisory Committee (NCADAC),b the federal ad-

visory committee assembled for the purpose of conducting this 
assessment. The report was extensively reviewed and revised 
based on comments from the public and experts, including a 
panel of the National Academy of Sciences. The report was re-
viewed and approved by the USGCRP agencies and the federal 
Committee on Environment, Natural Resources, and Sustainabili-
ty (CENRS). This report meets all federal requirements associated 
with the Information Quality Act (see Appendix 2: IQA), including 
those pertaining to public comment and transparency.

REPORT SOURCES
The report draws from a large body of scientific, peer-reviewed 
research, as well as a number of other publicly available sources. 
Author teams carefully reviewed these sources to ensure a re-
liable assessment of the state of scientific understanding. Each 
source of information was determined to meet the four parts of 
the IQA Guidance provided to authors: 1) utility, 2) transparency 
and traceability, 3) objectivity, and 4) integrity and security (see 
Appendix 2: IQA). Report authors made use of technical input re-
ports produced by federal agencies and other interested parties 
in response to a request for information by the NCADAC;2 oth-

er peer-reviewed scientific assessments (including those of the 
Intergovernmental Panel on Climate Change); the U.S. National 
Climate Assessment’s 2009 report titled Global Climate Change 
Impacts in the United States;3 the National Academy of Science’s 
America’s Climate Choices reports;4 a variety of regional climate 
impact assessments, conference proceedings, and government 
statistics (such as population census and energy usage); and ob-
servational data. Case studies were also provided as illustrations 
of climate impacts and adaptation programs. 

  a The USGCRP is made up of  13 Federal departments and agencies that carry out research and support the nation’s response to global change The 
USGCRP is overseen by the Subcommittee on Global Change Research (SGCR) of  the National Science and Technology Council’s Committee on 
Environment, Natural Resources and Sustainability (CENRS), which in turn is overseen by the White House Office of  Science and Technology Policy 
(OSTP). The agencies within USGCRP are: the Department of  Agriculture, the Department of  Commerce (NOAA), the Department of  Defense, the 
Department of  Energy, the Department of  Health and Human Services, the Department of  the Interior, the Department of  State, the Department 
of  Transportation, the Environmental Protection Agency, the National Aeronautics and Space Administration, the National Science Foundation, the 
Smithsonian Institution, and the U.S. Agency for International Development.
  b The NCADAC is a federal advisory committee sponsored by the National Oceanic and Atmospheric Administration under the requirements of  the 
Federal Advisory Committee Act.
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OVERARCHING PERSPECTIVES
Four overarching perspectives, derived from decades of ob-
servations, analysis, and experience, have helped to shape 
this report: 1) climate change is happening in the context of 
other ongoing changes across the U.S. and the globe; 2) cli-
mate change impacts can either be amplified or reduced by 
societal decisions; 3) climate change related impacts, vulner-

abilities, and opportunities in the U.S. are linked to impacts 
and changes outside the United States, and vice versa; and 4) 
climate change can lead to dramatic tipping points in natural 
and social systems. These overarching perspectives are briefly 
discussed below.

Global Change Context 

Climate change is one of a number of global changes affecting 
society, the environment, and the economy; others include 
population growth, land-use change, air and water pollution, 
and rising consumption of resources by a growing and wealthier 
global population. This perspective has implications for assess-
ments of climate change impacts and the design of research 
questions at the national, regional, and local scales. This assess-
ment explores some of the consequences of interacting factors 
by focusing on sets of crosscutting issues in a series of six chap-

ters: Energy, Water, and Land Use; Biogeochemical Cycles; In-
digenous Peoples, Lands, and Resources; Urban Systems, Infra-
structure, and Vulnerability; Land Use and Land Cover Change; 
and Rural Communities. The assessment also includes discus-
sions of how climate change impacts cascade through different 
sectors such as water and energy, and affect and are affected 
by land-use decisions. These and other interconnections great-
ly stress society’s capacity to respond to climate-related crises 
that occur simultaneously or in rapid sequence.

A guide to the report 

The report has eight major sections, outlined below:

•	Overview and Report Findings: gives a high-level perspective on the full National Climate Assessment and sets out 
the report’s 12 key findings. The Overview synthesizes and summarizes the ideas that the authors consider to be 
of greatest importance to the American people.

•	Our Changing Climate: presents recent advances in climate change science, which includes discussions of 
extreme weather events, observed and projected changes in temperature and precipitation, and the uncertainties 
associated with these projections.  Substantial additional material related to this chapter can be found in the 
Appendices.

•	Sectors: focuses on climate change impacts for seven societal and environmental sectors: human health, water, 
energy, transportation, agriculture, forests, and ecosystems and biodiversity; six additional chapters consider the 
interactions among sectors (such as energy, water, and land use) in the context of a changing climate.

•	Regions: assesses key impacts on U.S. regions – Northeast, Southeast and Caribbean, Midwest, Great Plains, 
Southwest, Northwest, Alaska, and Hawai‘i and the U.S. affiliated Pacific Islands – as well as coastal areas, 
oceans, and marine resources. 

•	Responses: assesses the current state of responses to climate change, including adaptation, mitigation, and 
decision support activities. 

•	Research Needs: highlights major gaps in science and research to improve future assessments. New research is 
called for in climate science in support of assessments, climate impacts in regions and sectors, and adaptation, 
mitigation, and decision support. 

•	Sustained Assessment Process: describes an initial vision for and components of an ongoing, long-term 
assessment process.  

•	Appendices: Appendix 1 describes key aspects of the report process, with a focus on engagement; Appendix 
2 describes the guidelines used in meeting the terms of the Federal Information Quality Act; Appendix 3 
supplements the chapter on Our Changing Climate with an extended treatment of selected science issues; 
Appendix 4 provides answers to Frequently Asked Questions about climate change; Appendix 5 describes 
scenarios and models used in this assessment; and Appendix 6 describes possible topics for consideration in 
future assessments.
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Societal Choices

Because environmental, cultural, and socioeconomic systems 
are tightly coupled, climate change impacts can either be am-
plified or reduced by cultural and socioeconomic decisions. In 
many arenas, it is clear that societal decisions have substantial 
influence on the vulnerability of valued resources to climate 

change. For example, rapid population growth and develop-
ment in coastal areas tends to amplify climate change related 
impacts. Recognition of these couplings, together with recog-
nition of multiple sources of vulnerability, helps identify what 
information decision-makers need as they manage risks. 

International Context 

Climate change is a global phenomenon; the causes and the 
impacts involve energy-use, economic, and risk-management 
decisions across the globe. Impacts, vulnerabilities, and op-
portunities in the U.S. are related in complex and interactive 
ways with changes outside the United States, and vice versa. 
In order for U.S. concerns related to climate change to be ad-
dressed comprehensively, the international context must be 

considered. Foreign assistance, health, environmental quality 
objectives, and economic interests are all affected by climate 
changes experienced in other parts of the world. Although 
there is significantly more work to be done in this area, this 
report identifies some initial implications of global and inter-
national trends that can be more fully investigated in future 
assessments. 

  Thresholds, Tipping Points, and Surprises
While some climate changes will occur slowly and relatively 
gradually, others could be rapid and dramatic, leading to unex-
pected breaking points in natural and social systems. Although 
they have potentially large impacts, these breaking points or 
tipping points are difficult to predict, as there are many un-
certainties about future conditions. These uncertainties and 
potential surprises come from a number of sources, including 
insufficient data associated with low probability/high conse-
quence events, models that are not yet able to represent all 

the interactions of multiple stresses, incomplete understand-
ing of physical climate mechanisms related to tipping points, 
and a multitude of issues associated with human behavior, 
risk management, and decision-making. Improving our ability 
to anticipate thresholds and tipping points can be helpful in 
developing effective climate change mitigation and adapta-
tion strategies (Ch. 2: Our Changing Climate; Ch. 29: Research 
Needs; and Appendices 3 and 4).

RISK MANAGEMENT FRAMEWORK
Authors were asked to consider the science and information 
needs of decision-makers facing climate change risks to infra-
structure, natural ecosystems, resources, communities, and 
other things of societal value. They were also asked to consid-
er opportunities that climate change might present. For each 
region and sector, they were asked to assess a small number 
of key climate-related vulnerabilities of concern based on 
the risk (considering likelihood and consequence) of impacts. 
They were also asked to address the most important infor-
mation needs of stakeholders, and to consider the decisions 

stakeholders are facing. The criteria provided for identifying 
key vulnerabilities in each sector or region included magni-
tude, timing, persistence/reversibility, scale, and distribution 
of impacts, likelihood whenever possible, importance of im-
pacts (based on the perceptions of relevant parties), and the 
potential for adaptation. Authors were encouraged to think 
about these topics from both a quantitative and qualitative 
perspective and to consider the influence of multiple stresses 
whenever possible. 

RESPONDING TO CLIMATE CHANGE
While the primary focus of this report is on the impacts of cli-
mate change in the United States, it also documents some of 
the actions society is taking or can take to respond. Responses 
to climate change fall into two broad categories. The first in-
volves “mitigation” measures to reduce future climate change 
by reducing emissions of heat-trapping gases and particles, or 
increasing removal of carbon dioxide from the atmosphere. 

The second involves “adaptation” measures to improve soci-
ety’s ability to cope with or avoid harmful impacts and take 
advantage of beneficial ones, now and in the future. At this 
point, both of these response activities are necessary to limit 
the magnitude and impacts of global climate change on the 
United States. 
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More effective mitigation measures can reduce the amount 
of climate change, and therefore reduce the need for future 
adaptation. This report underscores the effects of mitigation 
measures by comparing impacts resulting from higher ver-
sus lower emissions scenarios. This shows that choices made 
about emissions in the next few decades will have far-reach-
ing consequences for climate change impacts throughout this 
century. Lower emissions will reduce the rate and lessen the 
magnitude of climate change and its impacts. Higher emissions 
will do the opposite.

While the report demonstrates the importance of mitigation 
as an essential part of the nation’s climate change strategy, it 
does not evaluate mitigation technologies or policies or under-
take an analysis of the effectiveness of various approaches. 
The range of mitigation responses being studied includes, but 
is not limited to, policies and technologies that lead to more ef-

ficient production and use of energy, increased use of non-car-
bon-emitting energy sources such as wind and solar power, 
and carbon capture and storage.

Adaptation actions are complementary to mitigation actions. 
They are focused on moderating harmful impacts of current 
and future climate variability and change and taking advantage 
of possible opportunities. While this report assesses the cur-
rent state of adaptation actions and planning across the coun-
try in a general way, the implementation of adaptive actions 
is still nascent. A comprehensive assessment of actions taken, 
and of their effectiveness, is not yet possible. This report docu-
ments some of the actions currently being pursued to address 
impacts such as increased urban heat extremes and air pol-
lution, and describes the challenges decision-makers face in 
planning for and implementing adaptation responses. 

TRACEABLE ACCOUNTS: PROCESS AND CONFIDENCE
The “traceable accounts” that accompany each chapter: 1) 
document the process the authors used to reach the conclu-
sions in their key messages; 2) provide additional information 
to reviewers and other readers about the quality of the infor-
mation used; 3) allow traceability to resources; and 4) provide 
the level of confidence the authors have in the main findings 
of the chapters. The authors have assessed a wide range of 
information in the scientific literature and various technical 
reports. In assessing confidence, they have considered the 
strength and consistency of the observed evidence, the skill, 
range, and consistency of model projections, and insights from 
peer-reviewed sources.

When it is considered scientifically justified to report the 
likelihood of particular impacts within the range of possible 
outcomes, this report takes a plain-language approach to ex-
pressing the expert judgment of the author team based on 
the best available evidence. For example, an outcome termed 
“likely” has at least a two-thirds chance of occurring; an out-
come termed “very likely” has more than a 90% chance. Key 
sources of information used to develop these characterizations 
are referenced. 
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OVERVIEW AND
REPORT FINDINGS1

Climate change is already affecting the American people in far-
reaching ways. Certain types of extreme weather events with 
links to climate change have become more frequent and/or in-
tense, including prolonged periods of heat, heavy downpours, 
and, in some regions, floods and droughts. In addition, warm-
ing is causing sea level to rise and glaciers and Arctic sea ice 
to melt, and oceans are becoming more acidic as they absorb 
carbon dioxide. These and other aspects of climate change are 
disrupting people’s lives and damaging some sectors of our 
economy. 

Climate Change:  
Present and Future

Evidence for climate change abounds, from the top of the 
atmosphere to the depths of the oceans. Scientists and engi-
neers from around the world have meticulously collected this 
evidence, using satellites and networks of weather balloons, 
thermometers, buoys, and other observing systems. Evidence 
of climate change is also visible in the observed and measured 
changes in location and behavior of species and functioning of 
ecosystems. Taken together, this evidence tells an unambigu-
ous story: the planet is warming, and over the last half century, 
this warming has been driven primarily by human activity.

Multiple lines of independent evidence confirm that human 
activities are the primary cause of the global warming of the 
past 50 years. The burning of coal, oil, and gas, and clearing of 
forests have increased the concentration of carbon dioxide in 
the atmosphere by more than 40% since the Industrial Revolu-
tion, and it has been known for almost two centuries that this 
carbon dioxide traps heat. Methane and nitrous oxide emis-
sions from agriculture and other human activities add to the 
atmospheric burden of heat-trapping gases. Data show that 
natural factors like the sun and volcanoes cannot have caused 
the warming observed over the past 50 years. Sensors on sat-

ellites have measured the sun’s 
output with great accuracy and 
found no overall increase dur-
ing the past half century. Large 
volcanic eruptions during this 
period, such as Mount Pinatubo 
in 1991, have exerted a short-
term cooling influence. In fact, 
if not for human activities, glob-
al climate would actually have 
cooled slightly over the past 50 
years. The pattern of tempera-
ture change through the layers 
of the atmosphere, with warm-
ing near the surface and cooling 
higher up in the stratosphere, 
further confirms that it is the 
buildup of heat-trapping gases 
(also known as “greenhouse 
gases”) that has caused most 
of the Earth’s warming over the 
past half century. 

Coal-fired power plants emit heat-trapping carbon dioxide to the 
atmosphere.
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These are just some of the indicators measured globally over many decades that show that the 
Earth’s climate is warming. White arrows indicate increasing trends; black arrows indicate decreasing 
trends. All the indicators expected to increase in a warming world are increasing, and all those 
expected to decrease in a warming world are decreasing. (Figure source: NOAA NCDC, based on 
data updated from Kennedy et al. 2010a).

Ten Indicators of a Warming World
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Because human-induced warming is superimposed on 
a background of natural variations in climate, warm-
ing is not uniform over time. Short-term fluctuations 
in the long-term upward trend are thus natural and 
expected. For example, a recent slowing in the rate of 
surface air temperature rise appears to be related to 
cyclic changes in the oceans and in the sun’s energy 
output, as well as a series of small volcanic eruptions 
and other factors. Nonetheless, global temperatures 
are still on the rise and are expected to rise further.

U.S. average temperature has increased by 1.3°F to 
1.9°F since 1895, and most of this increase has oc-
curred since 1970. The most recent decade was the 
nation’s and the world’s hottest on record, and 2012 
was the hottest year on record in the continental 
United States. All U.S. regions have experienced warm-
ing in recent decades, but the extent of warming has 
not been uniform. In general, temperatures are rising 
more quickly in the north. Alaskans have experienced 
some of the largest increases in temperature between 
1970 and the present. People living in the Southeast 
have experienced some of the smallest temperature 
increases over this period.

Temperatures are projected to rise another 2°F to 4°F 
in most areas of the United States over the next few decades. 
Reductions in some short-lived human-induced emissions that 
contribute to warming, such as black carbon (soot) and meth-
ane, could reduce some of the projected warming over the 
next couple of decades, because, unlike carbon dioxide, these 
gases and particles have relatively short atmospheric lifetimes.

The amount of warming projected beyond the next few de-
cades is directly linked to the cumulative global emissions of 
heat-trapping gases and particles. By the end of this century, 
a roughly 3°F to 5°F rise is projected under a lower emissions 
scenario, which would require substantial reductions in emis-
sions (referred to as the “B1 scenario”), and a 5°F to 10°F rise 
for a higher emissions scenario assuming continued increases 
in emissions, predominantly from fossil fuel combustion (re-

ferred to as the “A2 scenario”). These 
projections are based on results from 
16 climate models that used the two 
emissions scenarios in a formal inter-
model comparison study. The range of 
model projections for each emissions 
scenario is the result of the differences 
in the ways the models represent key 
factors such as water vapor, ice and 
snow reflectivity, and clouds, which can 
either dampen or amplify the initial ef-
fect of human influences on tempera-
ture. The net effect of these feedbacks 
is expected to amplify warming. More 
information about the models and sce-
narios used in this report can be found 
in Appendix 5 of the full report.1

The green band shows how global average temperature would have changed 
over the last century due to natural forces alone, as simulated by climate 
models. The blue band shows model simulations of the effects of human and 
natural forces (including solar and volcanic activity) combined. The black line 
shows the actual observed global average temperatures. Only with the inclu-
sion of human influences can models reproduce the observed temperature 
changes. (Figure source: adapted from Huber and Knutti 2012b). 

Separating Human and Natural  
Influences on Climate

Different amounts of heat-trapping gases re-
leased into the atmosphere by human activi-
ties produce different projected increases in 
Earth’s temperature. The lines on the graph 
represent a central estimate of global aver-
age temperature rise (relative to the 1901-
1960 average) for the two main scenarios 
used in this report. A2 assumes continued 
increases in emissions throughout this cen-
tury, and B1 assumes significant emissions 
reductions, though not due explicitly to cli-
mate change policies. Shading indicates the 
range (5th to 95th percentile) of results from 
a suite of climate models. In both cases, 
temperatures are expected to rise, although 
the difference between lower and higher 
emissions pathways is substantial. (Figure 
source: NOAA NCDC / CICS-NC).

Projected Global Temperature Change
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Prolonged periods of high temperatures and the persistence 
of high nighttime temperatures have increased in many loca-
tions (especially in urban areas) over the past half century. High 
nighttime temperatures have widespread impacts because 
people, livestock, and wildlife get no respite from the heat. In 
some regions, prolonged periods of high temperatures associ-
ated with droughts contribute to conditions that lead to larger 
wildfires and longer fire seasons. As expected in a warming 
climate, recent trends show that extreme heat is becoming 
more common, while extreme cold is becoming less common. 
Evidence indicates that the human influence on climate has al-
ready roughly doubled the probability of extreme heat events 
such as the record-breaking summer heat experienced in 2011 
in Texas and Oklahoma. The incidence of record-breaking high 
temperatures is projected to rise.2

Human-induced climate change means much more than just 
hotter weather. Increases in ocean and freshwater tempera-
tures, frost-free days, and heavy downpours have all been 
documented. Global sea level has risen, and there have been 
large reductions in snow-cover extent, glaciers, and sea ice. 
These changes and other climatic changes have affected and 
will continue to affect human health, water supply, agriculture, 
transportation, energy, coastal areas, and many other sectors 
of society, with increasingly adverse 
impacts on the American economy 
and quality of life.3

Some of the changes discussed in 
this report are common to many re-
gions. For example, large increases in 
heavy precipitation have occurred in 
the Northeast, Midwest, and Great 
Plains, where heavy downpours have 
frequently led to runoff that exceeded 
the capacity of storm drains and le-
vees, and caused flooding events and 
accelerated erosion. Other impacts, 
such as those associated with the 
rapid thawing of permafrost in Alaska, 
are unique to a particular U.S. region. 
Permafrost thawing is causing exten-
sive damage to infrastructure in our 
nation’s largest state.4

Some impacts that occur in one region 
ripple beyond that region. For exam-
ple, the dramatic decline of summer 
sea ice in the Arctic – a loss of ice cover 
roughly equal to half the area of the 
continental United States – exacer-
bates global warming by reducing the 
reflectivity of Earth’s surface and in-
creasing the amount of heat absorbed. 
Similarly, smoke from wildfires in one 

location can contribute to poor air quality in faraway regions, 
and evidence suggests that particulate matter can affect at-
mospheric properties and therefore weather patterns. Major 
storms and the higher storm surges exacerbated by sea level 
rise that hit the Gulf Coast affect the entire country through 
their cascading effects on oil and gas production and distribu-
tion.5

Water expands as it warms, causing global sea levels to rise; 
melting of land-based ice also raises sea level by adding water 
to the oceans. Over the past century, global average sea level 
has risen by about 8 inches. Since 1992, the rate of global sea 
level rise measured by satellites has been roughly twice the 
rate observed over the last century, providing evidence of ac-
celeration. Sea level rise, combined with coastal storms, has 
increased the risk of erosion, storm surge damage, and flood-
ing for coastal communities, especially along the Gulf Coast, 
the Atlantic seaboard, and in Alaska. Coastal infrastructure, 
including roads, rail lines, energy infrastructure, airports, port 
facilities, and military bases, are increasingly at risk from sea 
level rise and damaging storm surges. Sea level is projected to 
rise by another 1 to 4 feet in this century, although the rise in 
sea level in specific regions is expected to vary from this global 
average for a number of reasons. A wider range of scenarios, 

Percent changes in the amount of precipitation falling in very heavy events (the heaviest 1%) 
from 1958 to 2012 for each region. There is a clear national trend toward a greater amount 
of precipitation being concentrated in very heavy events, particularly in the Northeast and 
Midwest. (Figure source: updated from Karl et al. 2009c ).

Observed Change in Very Heavy Precipitation
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from 8 inches to more than 6 feet by 2100, has 
been used in risk-based analyses in this report. 
In general, higher emissions scenarios that lead 
to more warming would be expected to lead 
to higher amounts of sea level rise. The stakes 
are high, as nearly five million Americans and 
hundreds of billions of dollars of property are 
located in areas that are less than four feet 
above the local high-tide level.6

In addition to causing changes in climate, in-
creasing levels of carbon dioxide from the 
burning of fossil fuels and other human activi-
ties have a direct effect on the world’s oceans. 
Carbon dioxide interacts with ocean water to 
form carbonic acid, increasing the ocean’s acid-
ity. Ocean surface waters have become 30% 
more acidic over the last 250 years as they have 
absorbed large amounts of carbon dioxide 
from the atmosphere. This ocean acidification 
makes water more corrosive, reducing the capacity of marine 
organisms with shells or skeletons made of calcium carbonate 

(such as corals, krill, oysters, clams, and crabs) to survive, grow, 
and reproduce, which in turn will affect the marine food chain.7

Widespread Impacts
Impacts related to climate change are already evident in many 
regions and sectors and are expected to become increasingly 
disruptive across the nation throughout this century and be-

yond. Climate changes interact with other environmental and 
societal factors in ways that can either moderate or intensify 
these impacts.

Pteropods, or “sea butterflies,” are eaten by a variety of marine species ranging from 
tiny krill to salmon to whales. The photos show what happens to a pteropod’s shell 
in seawater that is too acidic. On the left is a shell from a live pteropod from a region 
in the Southern Ocean where acidity is not too high. The shell on the right is from a 
pteropod in a region where the water is more acidic. (Figure source:  (left) Bednaršek 
et al. 2012e (right) Nina Bednaršek).

Shells Dissolve in Acidified Ocean Water

The correlation between rising levels of carbon dioxide in the atmosphere (red) with 
rising carbon dioxide levels (blue) and falling pH in the ocean (green). As carbon 
dioxide accumulates in the ocean, the water becomes more acidic (the pH declines). 
(Figure source: modified from Feely et al. 2009d).

As Oceans Absorb CO2  
They Become More Acidic
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Northeast
Communities are affected by heat waves, more extreme precipitation events, and 
coastal flooding due to sea level rise and storm surge.

Southeast  
and 

Caribbean

Decreased water availability, exacerbated by population growth and land-use change, 
causes increased competition for water. There are increased risks associated with 
extreme events such as hurricanes.

Midwest
Longer growing seasons and rising carbon dioxide levels increase yields of some crops, 
although these benefits have already been offset in some instances by occurrence of 
extreme events such as heat waves, droughts, and floods.

Great Plains
Rising temperatures lead to increased demand for water and energy and impacts on 
agricultural practices.

Southwest
Drought and increased warming foster wildfires and increased competition for scarce 
water resources for people and ecosystems.

Northwest
Changes in the timing of streamflow related to earlier snowmelt reduce the supply of 
water in summer, causing far-reaching ecological and socioeconomic consequences.

Alaska
Rapidly receding summer sea ice, shrinking glaciers, and thawing permafrost cause 
damage to infrastructure and major changes to ecosystems. Impacts to Alaska Native 
communities increase.

Hawai‘i 
and Pacific 

Islands

Increasingly constrained freshwater supplies, coupled with increased temperatures, 
stress both people and ecosystems and decrease food and water security.

Coasts
Coastal lifelines, such as water supply infrastructure and evacuation routes, are 
increasingly vulnerable to higher sea levels and storm surges, inland flooding, and 
other climate-related changes.

Oceans
The oceans are currently absorbing about a quarter of human-caused carbon dioxide 
emissions to the atmosphere and over 90% of the heat associated with global 
warming, leading to ocean acidification and the alteration of marine ecosystems.

Observed and projected climate change impacts vary across the regions of the United States. Selected impacts emphasized in the 
regional chapters are shown below, and many more are explored in detail in this report. 
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Some climate changes currently have beneficial effects for 
specific sectors or regions. For example, current benefits of 
warming include longer growing seasons for agriculture and 
longer ice-free periods for shipping on the Great Lakes. At the 
same time, however, longer growing seasons, along with high-
er temperatures and carbon dioxide levels, can increase pollen 
production, intensifying and lengthening the allergy season. 
Longer ice-free periods on the Great Lakes can result in more 
lake-effect snowfalls.

Sectors affected by climate changes include agriculture, water, 
human health, energy, transportation, forests, and ecosystems. 
Climate change poses a major challenge to U.S. agriculture 
because of the critical dependence of agricultural systems on 
climate. Climate change has the potential to both positively 
and negatively affect the location, timing, and productivity of 
crop, livestock, and fishery systems at local, national, and global 
scales. The United States produces nearly $330 billion per year 
in agricultural commodities. This productivity is vulnerable to 
direct impacts on crops and livestock from changing climate 
conditions and extreme weather events 
and indirect impacts through increasing 
pressures from pests and pathogens. 
Climate change will also alter the stabil-
ity of food supplies and create new food 
security challenges for the United States 
as the world seeks to feed nine billion 
people by 2050. While the agriculture 
sector has proven to be adaptable to a 
range of stresses, as evidenced by con-
tinued growth in production and effi-
ciency across the United States, climate 
change poses a new set of challenges.8

Water quality and quantity are being affected by climate 
change. Changes in precipitation and runoff, combined with 
changes in consumption and withdrawal, have reduced sur-

face and groundwater supplies in many 
areas. These trends are expected to 
continue, increasing the likelihood of 
water shortages for many uses. Wa-
ter quality is also diminishing in many 
areas, particularly due to sediment 
and contaminant concentrations af-
ter heavy downpours. Sea level rise, 
storms and storm surges, and changes 
in surface and groundwater use pat-
terns are expected to compromise the 
sustainability of coastal freshwater 
aquifers and wetlands. In most U.S. re-

gions, water resources managers and planners will encounter 
new risks, vulnerabilities, and opportunities that may not be 
properly managed with existing practices.9

Climate change affects human health in many ways. For ex-
ample, increasingly frequent and intense heat events lead to 
more heat-related illnesses and deaths and, over time, worsen 
drought and wildfire risks, and intensify air pollution. Increas-
ingly frequent extreme precipitation and associated flooding 
can lead to injuries and increases in waterborne disease. Ris-
ing sea surface temperatures have been linked with increasing 
levels and ranges of diseases. Rising sea levels intensify coastal 
flooding and storm surge, and thus exacerbate threats to pub-
lic safety during storms. Certain groups of people are more vul-
nerable to the range of climate change related health impacts, 
including the elderly, children, the poor, and the sick. Others 
are vulnerable because of where they live, including those in 
floodplains, coastal zones, and some urban areas. Improving 
and properly supporting the public health infrastructure will 
be critical to managing the potential health impacts of climate 
change.10
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Increasing air and water temperatures, more intense precipitation 
and runoff, and intensifying droughts can decrease water quality 
in many ways. Here, middle school students in Colorado test 
water quality.

Climate change can exacerbate respiratory and asthma-related 
conditions through increases in pollen, ground-level ozone, and 
wildfire smoke.
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Certain groups of people are 
more vulnerable to the range of 
climate change related health 
impacts, including the elderly, 

children, the poor, and the sick.
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Climate change also affects the living world, including people, 
through changes in ecosystems and biodiversity. Ecosystems 
provide a rich array of benefits and services to humanity, in-
cluding habitat for fish and wildlife, drinking water storage 
and filtration, fertile soils for growing crops, buffering against 
a range of stressors including climate change impacts, and 
aesthetic and cultural values. These 
benefits are not always easy to quan-
tify, but they support jobs, economic 
growth, health, and human well-being. 
Climate change driven disruptions to 
ecosystems have direct and indirect 
human impacts, including reduced wa-
ter supply and quality, the loss of iconic 
species and landscapes, effects on food 
chains and the timing and success of 
species migrations, and the potential for extreme weather and 
climate events to destroy or degrade the ability of ecosystems 
to provide societal benefits.11

Human modifications of ecosystems and landscapes often 
increase their vulnerability to damage from extreme weather 
events, while simultaneously reducing their natural capacity to 
moderate the impacts of such events. For example, salt marsh-

es, reefs, mangrove forests, and barrier islands defend coastal 
ecosystems and infrastructure, such as roads and buildings, 
against storm surges. The loss of these natural buffers due to 
coastal development, erosion, and sea level rise increases the 
risk of catastrophic damage during or after extreme weather 
events. Although floodplain wetlands are greatly reduced 

from their historical extent, those that 
remain still absorb floodwaters and 
reduce the effects of high flows on 
river-margin lands. Extreme weather 
events that produce sudden increases 
in water flow, often carrying debris 
and pollutants, can decrease the natu-
ral capacity of ecosystems to cleanse 
contaminants.12

The climate change impacts being felt in the regions and sec-
tors of the United States are affected by global trends and 
economic decisions. In an increasingly interconnected world, 
U.S. vulnerability is linked to impacts in other nations. It is thus 
difficult to fully evaluate the impacts of climate change on the 
United States without considering consequences of climate 
change elsewhere.

Response Options
As the impacts of climate change are becoming more preva-
lent, Americans face choices. Especially because of past emis-
sions of long-lived heat-trapping gases, some additional cli-
mate change and related impacts are now unavoidable. This 
is due to the long-lived nature of many of these gases, as well 
as the amount of heat absorbed and retained by the oceans 
and other responses within the climate system. The amount of 
future climate change, however, will still largely be determined 
by choices society makes about emissions. Lower emissions of 
heat-trapping gases and particles mean less future warming 
and less-severe impacts; higher emissions mean more warming 
and more severe impacts. Efforts to limit emissions or increase 
carbon uptake fall into a category of response options known 
as “mitigation,” which refers to reducing the amount and speed 
of future climate change by reducing emissions of heat-trap-
ping gases or removing carbon dioxide from the atmosphere.13 
 
The other major category of response options is known as “ad-
aptation,” and refers to actions to prepare for and adjust to 
new conditions, thereby reducing harm or taking advantage 
of new opportunities. Mitigation and adaptation actions are 
linked in multiple ways, including that effective mitigation re-
duces the need for adaptation in the future. Both are essential 
parts of a comprehensive climate change response strategy. 
The threat of irreversible impacts makes the timing of mitiga-
tion efforts particularly critical. This report includes chapters 
on Mitigation, Adaptation, and Decision Support that offer 
an overview of the options and activities being planned or 
implemented around the country as local, state, federal, and 

tribal governments, as well as businesses, organizations, and 
individuals begin to respond to climate change. These chap-
ters conclude that while response actions are under develop-
ment, current implementation efforts are insufficient to avoid 
increasingly negative social, environmental, and economic 
consequences.14

Large reductions in global emissions of heat-trapping gases, 
similar to the lower emissions scenario (B1) analyzed in this 
assessment, would reduce the risks of some of the worst im-
pacts of climate change. Some targets called for in interna-
tional climate negotiations to date would require even larger 
reductions than those outlined in the B1 scenario. Meanwhile, 
global emissions are still rising and are on a path to be even 
higher than the high emissions scenario (A2) analyzed in this 
report. The recent U.S. contribution to annual global emissions 
is about 18%, but the U.S. contribution to cumulative global 
emissions over the last century is much higher. Carbon dioxide 
lasts for a long time in the atmosphere, and it is the cumu-
lative carbon emissions that determine the amount of global 
climate change. After decades of increases, U.S. CO2 emissions 
from energy use (which account for 97% of total U.S. emissions) 
declined by around 9% between 2008 and 2012, largely due to 
a shift from coal to less CO2-intensive natural gas for electricity 
production. Governmental actions in city, state, regional, and 
federal programs to promote energy efficiency have also con-
tributed to reducing U.S. carbon emissions. Many, if not most 
of these programs are motivated by other policy objectives, 
but some are directed specifically at greenhouse gas emissions. 

The amount of future climate 
change will still largely be deter-
mined by choices society makes 

about emissions. 
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These U.S. actions and others that might be undertaken in the 
future are described in the Mitigation chapter of this report. 
Over the remainder of this century, aggressive and sustained 
greenhouse gas emission reductions by the United States and 
by other nations would be needed to reduce global emissions 
to a level consistent with the lower scenario (B1) analyzed in 
this assessment.15

With regard to adaptation, the pace and magnitude of ob-
served and projected changes emphasize the need to be pre-
pared for a wide variety and intensity of impacts. Because of 
the growing influence of human activities, the climate of the 
past is not a good basis for future planning. For example, build-
ing codes and landscaping ordinances could be updated to 
improve energy efficiency, conserve water supplies, protect 
against insects that spread disease (such as dengue fever), 
reduce susceptibility to heat stress, and improve protection 
against extreme events. The fact that climate change impacts 
are increasing points to the urgent need to develop and refine 
approaches that enable decision-making and increase flexibil-
ity and resilience in the face of ongoing and future impacts. 
Reducing non-climate-related stresses that contribute to exist-
ing vulnerabilities can also be an effective approach to climate 
change adaptation.16

Adaptation can involve considering local, state, regional, na-
tional, and international jurisdictional objectives. For example, 
in managing water supplies to adapt to a changing climate, the 
implications of international treaties should be considered in 
the context of managing the Great Lakes, the Columbia River, 
and the Colorado River to deal with increased drought risk. Both 
“bottom up” community planning and “top down” national 
strategies may help regions deal with impacts such as increases 
in electrical brownouts, heat stress, floods, and wildfires.17

Proactively preparing for climate change can reduce impacts 
while also facilitating a more rapid and efficient response to 
changes as they happen. Such efforts are beginning at the fed-
eral, regional, state, tribal, and local levels, and in the corpo-
rate and non-governmental sectors, to build adaptive capacity 
and resilience to climate change impacts. Using scientific infor-
mation to prepare for climate changes in advance can provide 
economic opportunities, and proactively managing the risks 
can reduce impacts and costs over time.18

There are a number of areas where improved scientific infor-
mation or understanding would enhance the capacity to esti-
mate future climate change impacts. For example, knowledge 
of the mechanisms controlling the rate of ice loss in Greenland 
and Antarctica is limited, making it difficult for scientists to 
narrow the range of expected future sea level rise. Improved 
understanding of ecological and social responses to climate 
change is needed, as is understanding of how ecological and 
social responses will interact.19

A sustained climate assessment process could more efficiently 
collect and synthesize the rapidly evolving science and help 
supply timely and relevant information to decision-makers. 
Results from all of these efforts could continue to deepen our 
understanding of the interactions of human and natural sys-
tems in the context of a changing climate, enabling society to 
effectively respond and prepare for our future.20

The cumulative weight of the scientific evidence contained in 
this report confirms that climate change is affecting the Ameri-
can people now, and that choices we make will affect our fu-
ture and that of future generations.

Cities providing transportation options including bike lanes, buildings designed with energy saving features such as green roofs, and 
houses elevated to allow storm surges to pass underneath are among the many response options being pursued around the country.
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These findings distill important results that arise from this National Climate Assessment. They do not represent a 
full summary of all of the chapters’ findings, but rather a synthesis of particularly noteworthy conclusions.

1.  Global climate is changing and this is apparent across the United States in a 
wide range of observations. The global warming of the past 50 years is primarily 
due to human activities, predominantly the burning of fossil fuels.

Many independent lines of evidence confirm that human activities are affecting climate in 
unprecedented ways. U.S. average temperature has increased by 1.3°F to 1.9°F since record 
keeping began in 1895; most of this increase has occurred since about 1970. The most recent 
decade was the warmest on record. Because human-induced warming is superimposed on a 
naturally varying climate, rising temperatures are not evenly distributed across the country or 
over time.21 See page 18.

4.  Impacts related to climate change are already evident in many sectors and 
are expected to become increasingly disruptive across the nation throughout this 
century and beyond.

Climate change is already affecting societies and the natural world. Climate change interacts 
with other environmental and societal factors in ways that can either moderate or intensify 
these impacts. The types and magnitudes of impacts vary across the nation and through 
time. Children, the elderly, the sick, and the poor are especially vulnerable. There is 
mounting evidence that harm to the nation will increase substantially in the future unless 
global emissions of heat-trapping gases are greatly reduced.24 See page 32.

3.  Human-induced climate change is projected to continue, and it will accelerate 
significantly if global emissions of heat-trapping gases continue to increase.

Heat-trapping gases already in the atmosphere have committed us to a hotter future with 
more climate-related impacts over the next few decades. The magnitude of climate change 
beyond the next few decades depends primarily on the amount of heat-trapping gases that 
human activities emit globally, now and in the future.23 See page 28.

2.  Some extreme weather and climate events have increased in recent decades, 
and new and stronger evidence confirms that some of these increases are related 
to human activities.

Changes in extreme weather events are the primary way that most people experience climate 
change. Human-induced climate change has already increased the number and strength of 
some of these extreme events. Over the last 50 years, much of the United States has seen an 
increase in prolonged periods of excessively high temperatures, more heavy downpours, and 
in some regions, more severe droughts.22 See page 24.

Report Findings
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5.  Climate change threatens human health and well-being in many ways, including 
through more extreme weather events and wildfire, decreased air quality, and 
diseases transmitted by insects, food, and water.

Climate change is increasing the risks of heat stress, respiratory stress from poor air quality, 
and the spread of waterborne diseases. Extreme weather events often lead to fatalities and 
a variety of health impacts on vulnerable populations, including impacts on mental health, 
such as anxiety and post-traumatic stress disorder. Large-scale changes in the environment 
due to climate change and extreme weather events are increasing the risk of the emergence 
or reemergence of health threats that are currently uncommon in the United States, such as 
dengue fever.25 See page 34.

8.  Climate disruptions to agriculture have been increasing and are projected to 
become more severe over this century. 

Some areas are already experiencing climate-related disruptions, particularly due to extreme 
weather events. While some U.S. regions and some types of agricultural production will be 
relatively resilient to climate change over the next 25 years or so, others will increasingly suffer 
from stresses due to extreme heat, drought, disease, and heavy downpours. From mid-century 
on, climate change is projected to have more negative impacts on crops and livestock across 
the country – a trend that could diminish the security of our food supply.28  See page 46.

7.  Water quality and water supply reliability are jeopardized by climate change in 
a variety of ways that affect ecosystems and livelihoods.

Surface and groundwater supplies in some regions are already stressed by increasing demand 
for water as well as declining runoff and groundwater recharge. In some regions, particularly 
the southern part of the country and the Caribbean and Pacific Islands, climate change is 
increasing the likelihood of water shortages and competition for water among its many 
uses. Water quality is diminishing in many areas, particularly due to increasing sediment and 
contaminant concentrations after heavy downpours.27 See page 42.

6.  Infrastructure is being damaged by sea level rise, heavy downpours, and 
extreme heat; damages are projected to increase with continued climate change. 

Sea level rise, storm surge, and heavy downpours, in combination with the pattern of continued 
development in coastal areas, are increasing damage to U.S. infrastructure including roads, 
buildings, and industrial facilities, and are also increasing risks to ports and coastal military 
installations. Flooding along rivers, lakes, and in cities following heavy downpours, prolonged 
rains, and rapid melting of snowpack is exceeding the limits of flood protection infrastructure 
designed for historical conditions. Extreme heat is damaging transportation infrastructure such 
as roads, rail lines, and airport runways.26 See page 38.
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9.  Climate change poses particular threats to Indigenous Peoples’ health, well-
being, and ways of life. 

Chronic stresses such as extreme poverty are being exacerbated by climate change impacts 
such as reduced access to traditional foods, decreased water quality, and increasing exposure 
to health and safety hazards. In parts of Alaska, Louisiana, the Pacific Islands, and other 
coastal locations, climate change impacts (through erosion and inundation) are so severe that 
some communities are already relocating from historical homelands to which their traditions 
and cultural identities are tied. Particularly in Alaska, the rapid pace of temperature rise, ice 
and snow melt, and permafrost thaw are significantly affecting critical infrastructure and 
traditional livelihoods.29 See page 48.

12.  Planning for adaptation (to address and prepare for impacts) and mitigation 
(to reduce future climate change, for example by cutting emissions) is becoming 
more widespread, but current implementation efforts are insufficient to avoid 
increasingly negative social, environmental, and economic consequences.

Actions to reduce emissions, increase carbon uptake, adapt to a changing climate, and 
increase resilience to impacts that are unavoidable can improve public health, economic 
development, ecosystem protection, and quality of life.32 See page 62.

11.  Ocean waters are becoming warmer and more acidic, broadly affecting ocean 
circulation, chemistry, ecosystems, and marine life. 

More acidic waters inhibit the formation of shells, skeletons, and coral reefs. Warmer waters 
harm coral reefs and alter the distribution, abundance, and productivity of many marine 
species. The rising temperature and changing chemistry of ocean water combine with other 
stresses, such as overfishing and coastal and marine pollution, to alter marine-based food 
production and harm fishing communities.31 See page 58.

10.  Ecosystems and the benefits they provide to society are being affected by 
climate change. The capacity of ecosystems to buffer the impacts of extreme 
events like fires, floods, and severe storms is being overwhelmed.

Climate change impacts on biodiversity are already being observed in alteration of the timing 
of critical biological events such as spring bud burst and substantial range shifts of many 
species. In the longer term, there is an increased risk of species extinction. These changes 
have social, cultural, and economic effects. Events such as droughts, floods, wildfires, and 
pest outbreaks associated with climate change (for example, bark beetles in the West) are 
already disrupting ecosystems. These changes limit the capacity of ecosystems, such as 
forests, barrier beaches, and wetlands, to continue to play important roles in reducing the 
impacts of these extreme events on infrastructure, human communities, and other valued 
resources.30 See page 50.
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Key Messages
1.   Global climate is changing and this change is apparent across a wide range of observations. The   	

  global warming of the past 50 years is primarily due to human activities.

2.   Global climate is projected to continue to change over this century and beyond. The magnitude 	
  of climate change beyond the next few decades depends primarily on the amount of heat-	  	
  trapping gases emitted globally, and how sensitive the Earth’s climate is to those emissions. 

3.   U.S. average temperature has increased by 1.3°F to 1.9°F since record keeping began in 1895; 	
  most of this increase has occurred since about 1970. The most recent decade was the nation’s 	
  warmest on record. Temperatures in the United States are expected to continue to rise. Because 	
  human-induced warming is superimposed on a naturally varying climate, the temperature rise 	
  has not been, and will not be, uniform or smooth across the country or over time.

4.   The length of the frost-free season (and the corresponding growing season) has been increasing 	
  nationally since the 1980s, with the largest increases occurring in the western United States, 	
  affecting ecosystems and agriculture. Across the United States, the growing season is projected 	
  to continue to lengthen.

5.   Average U.S. precipitation has increased since 1900, but some areas have had increases 	   	
  greater than the national average, and some areas have had decreases. More winter and spring 	
  precipitation is projected for the northern United States, and less for the Southwest, over this 	
  century. 

6.   Heavy downpours are increasing nationally, especially over the last three to five decades. 	
  Largest increases are in the Midwest and Northeast. Increases in the frequency and intensity of 	
  extreme precipitation events are projected for all U.S. regions. 

7.   There have been changes in some types of extreme weather events over the last several 	     	
  decades. Heat waves have become more frequent and intense, especially in the West. Cold   	
  waves have become less frequent and intense across the nation. There have been regional 	
  trends in floods and droughts. Droughts in the Southwest and heat waves everywhere are 	  	
  projected to become more intense, and cold waves less intense everywhere. 

8.   The intensity, frequency, and duration of North Atlantic hurricanes, as well as the frequency   	
  of the strongest (Category 4 and 5) hurricanes, have all increased since the early 1980s. 	   	
  The relative contributions of human and natural causes to these increases are still uncertain. 	
  Hurricane-associated storm intensity and rainfall rates are projected to increase as the climate 	
  continues to warm. 

9.   Winter storms have increased in frequency and intensity since the 1950s, and their tracks have 	
  shifted northward over the United States. Other trends in severe storms, including the intensity 	
  and frequency of tornadoes, hail, and damaging thunderstorm winds, are uncertain and are being 	
  studied intensively.

Continued
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This chapter summarizes how climate is changing, why it is 
changing, and what is projected for the future. While the focus 
is on changes in the United States, the need to provide context 
sometimes requires a broader geographical perspective. Ad-
ditional geographic detail is presented in the regional chapters 
of this report. Further details on the topics covered by this 
chapter are provided in the Climate Science Supplement and 
Frequently Asked Questions Appendices.

Since the second National Climate Assessment was published 
in 2009,1 the climate has continued to change, with resulting 

effects on the United States. The trends described in the 2009 
report have continued, and our understanding of the data and 
ability to model the many facets of the climate system have in-
creased substantially. Several noteworthy advances are men-
tioned in the box below.

The 12 key messages presented above are repeated below, 
together with supporting evidence for those messages. The 
discussion of each key message begins with a summary of re-
cent variations or trends, followed by projections of the cor-
responding changes for the future.

Key Messages (Continued)
10. Global sea level has risen by about 8 inches since reliable record keeping began in 1880. It is 	

  projected to rise another 1 to 4 feet by 2100. 

11.  Rising temperatures are reducing ice volume and surface extent on land, lakes, and sea. This 	
  loss of ice is expected to continue. The Arctic Ocean is expected to become essentially ice free 	
  in summer before mid-century.

12.  The oceans are currently absorbing about a quarter of the carbon dioxide emitted to the 	
  atmosphere annually and are becoming more acidic as a result, leading to concerns about 	
  intensifying impacts on marine ecosystems.

What’s new?

•	 Continued warming and an increased understanding of the U.S. temperature record, as well as multiple other 
sources of evidence, have strengthened our confidence in the conclusions that the warming trend is clear and 
primarily the result of human activities. For the contiguous United States, the last decade was the warmest on 
record, and 2012 was the warmest year on record.

•	 Heavy precipitation and extreme heat events are increasing in a manner consistent with model projections; the 
risks of such extreme events will rise in the future.

•	 The sharp decline in summer Arctic sea ice has continued, is unprecedented, and is consistent with human-
induced climate change. A new record for minimum area of Arctic sea ice was set in 2012.

•	 A longer and better-quality history of sea level rise has increased confidence that recent trends are unusual and 
human-induced. Limited knowledge of ice sheet dynamics leads to a broad range for projected sea level rise over 
this century.

•	 New approaches to building scenarios of the future have allowed for investigations of the implications of larger 
reductions in heat trapping gas emissions than examined previously. 
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Key Message 1: Observed Climate Change 

Global climate is changing and this change is apparent across a wide range of 
observations. The global warming of the past 50 years is primarily due to human activities. 

Climate is defined as long-term 
averages and variations in weath-
er measured over a period of sev-
eral decades. The Earth’s climate 
system includes the land sur-
face, atmosphere, oceans, and 
ice. Many aspects of the global 
climate are changing rapidly, 
and the primary drivers of that 
change are human in origin. Evi-
dence for changes in the climate 
system abounds, from the top of 
the atmosphere to the depths of 
the oceans (Figure 2.1).3 Scien-
tists and engineers from around 
the world have compiled this evi-
dence using satellites, weather 
balloons, thermometers at sur-
face stations, and many other 
types of observing systems that 
monitor the Earth’s weather and 
climate. The sum total of this 
evidence tells an unambiguous 
story: the planet is warming. 

Temperatures at the surface, in the troposphere (the active 
weather layer extending up to about 5 to 10 miles above the 
ground), and in the oceans have all increased over recent 
decades (Figure 2.2). Consistent with our scientific under-
standing, the largest increases in temperature are occur-

ring closer to the poles, especially in the Arctic. Snow and 
ice cover have decreased in most areas. Atmospheric wa-
ter vapor is increasing in the lower atmosphere, because a 
warmer atmosphere can hold more water. Sea levels are also 
increasing (see Key Message 10). Changes in other climate-

Reference periods for graphs

Many of the graphs in this report illustrate historical changes and future trends in climate compared to some refer-
ence period, with the choice of this period determined by the purpose of the graph and the availability of data. The 
great majority of graphs are based on one of two reference periods. The period 1901-1960 is used for graphs that 
illustrate past changes in climate conditions, whether in observations or in model simulations. The choice of 1960 as 
the ending date of this period was based on past changes in human influences on the climate system. Human-induced 
forcing exhibited a slow rise during the early part of the last century but then accelerated after 1960.2 Thus, these 
graphs highlight observed changes in climate during the period of rapid increase in human-caused forcing and also 
reveal how well climate models simulate these observed changes. The beginning date of 1901 was chosen because 
earlier historical observations are less reliable and because many climate model simulations begin in 1900 or 1901. 
The other commonly used reference period is 1971-2000, which is consistent with the World Meteorological Organi-
zation’s recommended use of 30-year periods for climate statistics. This is used for graphs that illustrate projected 
future changes simulated by climate models. The purpose of these graphs is to show projected changes compared to 
a period that people have recently experienced and can remember; thus, the most recent available 30-year period was 
chosen (the historical period simulated by the CMIP3 models ends in 1999 or 2000).

Figure 2.1. These are just some of the indicators measured globally over many decades 
that show that the Earth’s climate is warming. White arrows indicate increasing trends, 
and black arrows indicate decreasing trends. All the indicators expected to increase in a 
warming world are, in fact, increasing, and all those expected to decrease in a warming 
world are decreasing. (Figure source: NOAA NCDC based on data updated from Kennedy 
et al. 20103).

Ten Indicators of a Warming World
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relevant indicators such as growing season 
length have been observed in many areas. 
Worldwide, the observed changes in aver-
age conditions have been accompanied by 
increasing trends in extremes of heat and 
heavy precipitation events, and decreases 
in extreme cold.4

Natural drivers of climate cannot explain 
the recent observed warming. Over the 
last five decades, natural factors (solar 
forcing and volcanoes) alone would actu-
ally have led to a slight cooling (see Figure 
2.3).5 

The majority of the warming at the global 
scale over the past 50 years can only be 
explained by the effects of human influ-
ences,5,6,7 especially the emissions from 
burning fossil fuels (coal, oil, and natural 
gas) and from deforestation. The emis-
sions from human influences that are 
affecting climate include heat-trapping 
gases such as carbon dioxide (CO2), meth-
ane, and nitrous oxide, and particles such 
as black carbon (soot), which has a warm-
ing influence, and sulfates, which have an 
overall cooling influence (see Appendix 3: 
Climate Science Supplement for further 
discussion).8,9 In addition to human-in-
duced global climate change, local climate 
can also be affected by other human fac-
tors (such as crop irrigation) and natural 
variability (for example, Ashley et al. 2012; 
DeAngelis et al. 2010; Degu et al. 2011; Lo 
and Famiglietti 201310).

The conclusion that human influences are 
the primary driver of recent climate change 
is based on multiple lines of independent 
evidence. The first line of evidence is 
our fundamental understanding of how 
certain gases trap heat, how the climate 
system responds to increases in these 
gases, and how other human and natural 
factors influence climate. The second line 
of evidence is from reconstructions of past 
climates using evidence such as tree rings, 
ice cores, and corals. These show that 
global surface temperatures over the last 
several decades are clearly unusual, with 
the last decade (2000-2009) warmer than 
any time in at least the last 1300 years and 
perhaps much longer.11 

Figure 2.2. Global annual average temperature (as measured over both land and 
oceans) has increased by more than 1.5°F (0.8°C) since 1880 (through 2012). Red bars 
show temperatures above the long-term average, and blue bars indicate temperatures 
below the long-term average. The black line shows atmospheric carbon dioxide (CO

2
) 

concentration in parts per million (ppm). While there is a clear long-term global warming 
trend, some years do not show a temperature increase relative to the previous year, 
and some years show greater changes than others. These year-to-year fluctuations in 
temperature are due to natural processes, such as the effects of El Niños, La Niñas, 
and volcanic eruptions. (Figure source: updated from Karl et al. 20091).

Global Temperature and Carbon Dioxide

Figure 2.3. Observed global average changes (black line), model simulations using 
only changes in natural factors (solar and volcanic) in green, and model simulations 
with the addition of human-induced emissions (blue). Climate changes since 1950 
cannot be explained by natural factors or variability, and can only be explained by 
human factors. (Figure source: adapted from Huber and Knutti29).

Separating Human and Natural Influences on Climate
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The third line of evidence comes from using climate models to 
simulate the climate of the past century, separating the human 
and natural factors that influence climate. When the human 
factors are removed, these models show that solar and volca-
nic activity would have tended to slightly cool the earth, and 
other natural variations are too small to explain the amount 
of warming. Only when the human influences are included do 
the models reproduce the warming observed over the past 50 
years (see Figure 2.3).

Another line of evidence involves so-called “fingerprint” stud-
ies that are able to attribute observed climate changes to par-
ticular causes. For example, the fact that the stratosphere (the 
layer above the troposphere) is cooling while the Earth’s sur-
face and lower atmosphere is warming is a fingerprint that the 
warming is due to increases in heat-trapping gases. In contrast, 
if the observed warming had been due to increases in solar 
output, Earth’s atmosphere would have warmed throughout 
its entire extent, including the stratosphere.6

In addition to such temperature analyses, scientific attribu-
tion of observed changes to human influence extends to many 
other aspects of climate, such as changing patterns in precipi-
tation,12,13 increasing humidity,14,15 changes in pressure,16 and 
increasing ocean heat content.17 Further discussion of how we 
know the recent changes in climate are caused by human activ-
ity is provided in Appendix 3: Climate Science Supplement.

Natural variations in climate include the effects of cycles such 
as El Niño, La Niña and other ocean cycles; the 11-year sunspot 
cycle and other changes in energy from the sun; and the ef-
fects of volcanic eruptions. Globally, natural variations can be 

as large as human-induced climate change over timescales of 
up to a few decades. However, changes in climate at the global 
scale observed over the past 50 years are far larger than can be 
accounted for by natural variability. Changes in climate at the 
local to regional scale can be influenced by natural variability 
for multiple decades.18 This can affect the interpretation of cli-
mate trends observed regionally across the U.S. (see Appendix 
3: Climate Science Supplement).

Globally averaged surface air temperature has slowed its rate 
of increase since the late 1990s. This is not in conflict with our 
basic understanding of global warming and its primary cause. 
The decade of 2000 to 2009 was still the warmest decade on 
record. In addition, global surface air temperature does not al-
ways increase steadily. This time period is too short to signify a 
change in the warming trend, as climate trends are measured 
over periods of decades, not years.19,20,21,22 Such decade-long 
slowdowns or even reversals in trend have occurred before in 
the global instrumental record (for example, 1900-1910 and 
1940-1950; see Figure 2.2), including three decade-long peri-
ods since 1970, each followed by a sharp temperature rise.23 
Nonetheless, satellite and ocean observations indicate that the 
Earth-atmosphere climate system has continued to gain heat 
energy.24

There are a number of possible contributions to the lower rate 
of increase over the last 15 years. First, the solar output during 
the latest 11-year solar cycle has been lower over the past 15 
years than the past 60 years. Second, a series of mildly explo-
sive volcanoes, which increased stratospheric particles, likely 
had more of a cooling effect than previously recognized.25 
Third, the high incidence of La Niña events in the last 15 years 

has played a role in the observed trends.20,26 Re-
cent analyses27 suggest that more of the increase 
in heat energy during this period has been trans-
ferred to the deep ocean than previously. While 
this might temporarily slow the rate of increase in 
surface air temperature, ultimately it will prolong 
the effects of global warming because the oceans 
hold heat for longer than the atmosphere does. 

Climate models are not intended to match the 
real-world timing of natural climate variations – 
instead, models have their own internal timing 
for such variations. Most modeling studies do 
not yet account for the observed changes in solar 
and volcanic forcing mentioned in the previous 
paragraph. Therefore, it is not surprising that the 
timing of such a slowdown in the rate of increase 
in the models would be different than that ob-
served, although it is important to note that such 
periods have been simulated by climate models, 
with the deep oceans absorbing the extra heat 
during those decades.28

Oil used for transportation and coal used for electricity generation are the  
largest contributors to the rise in carbon dioxide that is the primary driver of  
observed changes in climate over recent decades.
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Key Message 2: Future Climate Change

Global climate is projected to continue to change over this century and 
beyond. The magnitude of climate change beyond the next few decades 
depends primarily on the amount of heat-trapping gases emitted globally, 

and how sensitive the Earth’s climate is to those emissions. 

A certain amount of continued warming of the planet is pro-
jected to occur as a result of human-induced emissions to date; 
another 0.5°F increase would be expected over the next few 
decades even if all emissions from human activities suddenly 
stopped,30 although natural variability could still play an im-
portant role over this time period.31 However, choices made 
now and in the next few decades will determine the amount of 
additional future warming. Beyond mid-century, lower levels 
of heat-trapping gases in scenarios with reduced emissions will 
lead to noticeably less future warming. Higher emissions levels 
will result in more warming, and thus more severe impacts on 
human society and the natural world. 

Confidence in projections of future climate change has in-
creased. The wider range of potential changes in global av-
erage temperature in the latest generation of climate model 
simulations32 used in the Intergovernmental Panel on Climate 

Change’s (IPCC) current assessment – versus those in the previ-
ous assessment8 – is simply a result of considering more options 
for future human behavior. For example, one of the scenarios 
included in the IPCC’s latest assessment assumes aggressive 
emissions reductions designed to limit the global temperature 
increase to 3.6°F (2°C) above pre-industrial levels.33 This path 
would require rapid emissions reductions (more than 70% 
reduction in human-related emissions by 2050, and net nega-
tive emissions by 2100 – see the Appendix 3: Climate Science, 
Supplemental Message 5) sufficient to achieve heat-trapping 
gas concentrations well below those of any of the scenarios 
considered by the IPCC in its 2007 assessment. Such scenarios 
enable the investigation of climate impacts that would be 
avoided by deliberate, substantial reductions in heat-trapping 
gas emissions. 

Models used in the assessment

This report uses various projections from models of the physical processes affecting the Earth’s climate system, which 
are discussed further in Appendix 3: Climate Science Supplement. Three distinct sets of model simulations for past 
and projected changes in climate are used:

•	 Coupled Model Intercomparison Project, 3rd phase (CMIP3): global model analyses done for the Fourth 
Intergovernmental Panel on Climate Change (IPCC) assessment. Spatial resolutions typically vary from 125 
to 187 miles (at mid-latitudes); approximately 25 representations of different models (not all are used in all 
studies). CMIP3 findings are the foundation for most of the impact analyses included in this assessment.

•	 Coupled Model Intercomparison Project, 5th phase (CMIP5): newer global model analyses done for the 
Fifth IPCC assessment generally based on improved formulations of the CMIP3 models. Spatial resolutions 
typically vary from 62 to 125 miles; about 30 representations of different models (not all are used in all 
studies); this new information was not available in time to serve as the foundation for the impacts analyses 
in this assessment, and information from CMIP5 is primarily provided for comparison purposes.

•	 North American Regional Climate Change Assessment Program (NARCCAP): six regional climate model 
analyses (and limited time-slice analyses from two global models) for the continental U.S. run at about 30-
mile horizontal resolution. The analyses were done for past (1971-2000) and projected (2041-2070) time 
periods. Coarser resolution results from four of the CMIP3 models were used as the boundary conditions 
for the NARCCAP regional climate model studies, with each of the regional models doing analyses with 
boundary conditions from two of the CMIP3 models. 

The scenarios for future human-related emissions of the relevant gases and particles used in these models are further 
discussed in Appendix 3: Climate Science Supplement. The emissions in these scenarios depend on various assump-
tions about changes in global population, economic and technological development, and choices in transportation 
and energy use.
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Figure 2.4. Different amounts of heat-trapping gases released into the atmosphere by human activities produce different 
projected increases in Earth’s temperature. In the figure, each line represents a central estimate of global average 
temperature rise (relative to the 1901-1960 average) for a specific emissions pathway. Shading indicates the range (5th 
to 95th percentile) of results from a suite of climate models. Projections in 2099 for additional emissions pathways are 
indicated by the bars to the right of each panel. In all cases, temperatures are expected to rise, although the difference 
between lower and higher emissions pathways is substantial. (Left) The panel shows the two main scenarios (SRES – 
Special Report on Emissions Scenarios) used in this report: A2 assumes continued increases in emissions throughout 
this century, and B1 assumes much slower increases in emissions beginning now and significant emissions reductions 
beginning around 2050, though not due explicitly to climate change policies. (Right) The panel shows newer analyses, 
which are results from the most recent generation of climate models (CMIP5) using the most recent emissions pathways 
(RCPs – Representative Concentration Pathways). Some of these new projections explicitly consider climate policies 
that would result in emissions reductions, which the SRES set did not.35 The newest set includes both lower and higher 
pathways than did the previous set. The lowest emissions pathway shown here, RCP 2.6, assumes immediate and rapid 
reductions in emissions and would result in about 2.5°F of warming in this century. The highest pathway, RCP 8.5, roughly 
similar to a continuation of the current path of global emissions increases, is projected to lead to more than 8°F warming 
by 2100, with a high-end possibility of more than 11°F. (Data from CMIP3, CMIP5, and NOAA NCDC).

Emissions Levels Determine Temperature Rises

Projections of future changes in precipitation show small in-
creases in the global average but substantial shifts in where 
and how precipitation falls. Generally, areas closest to the 
poles are projected to receive more precipitation, while the 
dry subtropics (the region just outside the tropics, between 
23° and 35° on either side of the equator) expand toward the 
poles and receive less rain. Increases in tropical precipita-
tion are projected during rainy seasons (such as monsoons), 
especially over the tropical Pacific. Certain regions, including 
the western U.S. (especially the Southwest1) and the Mediter-

ranean, are presently dry and are expected to become drier. 
The widespread trend of increasing heavy downpours is ex-
pected to continue, with precipitation becoming less frequent 
but more intense.34 The patterns of the projected changes of 
precipitation do not contain the spatial details that character-
ize observed precipitation, especially in mountainous terrain, 
because the projections are averages from multiple models 
and because the effective resolution of global climate models 
is roughly 100-200 miles. 
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Figure 2.5. Projected change in average annual temperature over the period 2071-2099 (compared to the period 1970-1999) under a 
low scenario that assumes rapid reductions in emissions and concentrations of heat-trapping gases (RCP 2.6), and a higher scenario 
that assumes continued increases in emissions (RCP 8.5). (Figure source: NOAA NCDC / CICS-NC).

Projected Change in Average Annual Temperature

Figure 2.6. Projected change in average annual precipitation over the period 2071-2099 (compared to the period 1970-1999) under 
a low scenario that assumes rapid reductions in emissions and concentrations of heat-trapping gasses (RCP 2.6), and a higher 
scenario that assumes continued increases in emissions (RCP 8.5). Hatched areas indicate confidence that the projected changes 
are significant and consistent among models. White areas indicate that the changes are not projected to be larger than could be 
expected from natural variability. In general, northern parts of the U.S. (especially the Northeast and Alaska) are projected to receive 
more precipitation, while southern parts (especially the Southwest) are projected to receive less. (Figure source: NOAA NCDC / 
CICS-NC).

Projected Change in Average Annual Precipitation
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One important determinant of how much climate will 
change is the effect of so-called “feedbacks” in the climate 
system, which can either dampen or amplify the initial ef-
fect of human influences on temperature.  One important 
climate feedback is the loss of summer Arctic sea ice, al-
lowing absorption of substantially more of the sun’s heat 
in the Arctic, increasing warming, and possibly causing 
changes in weather patterns over the United States. 

The observed drastic reduction in sea ice can also lead to 
a “tipping point” – a point beyond which an abrupt or ir-
reversible transition to a different climatic state occurs. In 
this case, the dramatic loss of sea ice could tip the Arctic 
Ocean into a permanent, nearly ice-free state in summer, 
with repercussions that may extend far beyond the Arctic. 
Such potential “tipping points” have been identified in var-
ious components of the Earth’s climate system and could 
have important effects on future climate. The extent and 
magnitude of these potential effects are still unknown. 
These are discussed further in the Appendix 4: Frequently 
Asked Questions, under Question T.

Key Message 3: Recent U.S. Temperature Trends

U.S. average temperature has increased by 1.3°F to 1.9°F since record keeping 
began in 1895; most of this increase has occurred since about 1970. The most 
recent decade was the nation’s warmest on record. Temperatures in the United 

States are expected to continue to rise. Because human-induced warming 
is superimposed on a naturally varying climate, the temperature rise has not 

been, and will not be, uniform or smooth across the country or over time.

There have been substantial advances in our under-
standing of the U.S. temperature record since the 2009 
assessment (see Appendix 3: Climate Science, Supple-
mental Message 7 for more information). These advanc-
es confirm that the U.S. annually averaged temperature 
has increased by 1.3°F to 1.9°F since 1895.1,36,37,38 How-
ever, this increase was not constant over time. In par-
ticular, temperatures generally rose until about 1940, 
declined slightly until about 1970, then increased rapidly 
thereafter. The year 2012 was the warmest on record for 
the contiguous United States. Over shorter time scales 
(one to two decades), natural variability can reduce the 
rate of warming or even create a temporary cooling (see 
Appendix 3: Climate Science, Supplemental Message 3). 
The cooling in mid-century that was especially prevalent 
over the eastern half of the U.S. may have stemmed 
partly from such natural variations and partly from hu-
man influences, in particular the cooling effects of sul-
fate particles from coal-burning power plants,39 before 
these sulfur emissions were regulated to address health 
and acid rain concerns.

Climate sensitivity

“Climate sensitivity” is an important concept because it 
helps us estimate how much warming might be expected 
for a given increase in the amount of heat-trapping gases. 
It is defined as the amount of warming expected if carbon 
dioxide (CO2) concentrations doubled from pre-industrial 
levels and then remained constant until Earth’s tempera-
ture reached a new equilibrium over timescales of cen-
turies to millennia. Climate sensitivity accounts for feed-
backs in the climate system that can either dampen or 
amplify warming. The feedbacks primarily determining 
that response are related to water vapor, ice and snow re-
flectivity, and clouds.8 Cloud feedbacks have the largest 
uncertainty. The net effect of these feedbacks is expected 
to amplify warming.8

Climate sensitivity has long been estimated to be in the 
range of 2.7°F to 8.1°F. As discussed in Appendix 3: Cli-
mate Science Supplement, recent evidence lends further 
confidence in this range.

Quantifying u.s. temperature rise

Quantifying long-term increases of temperature in the U.S. in 
a single number is challenging because the increase has not 
been constant over time. The increase can be quantified in 
a number of ways, but all of them show significant warming 
over the U.S. since the instrumental record began in 1895. 
For example, fitting a linear trend over the period 1895 to 
2012 yields an increase in the range of 1.3 to 1.9°F. Another 
approach, comparing the average temperature during the 
first decade of record with the average during the last decade 
of record, yields a 1.9°F increase. A third approach, calcu-
lating the difference between the 1901-1960 average and 
the past decade average yields a change of 1.5°F. Thus, the 
temperature increase cited in this assessment is described 
as 1.3°F to 1.9°F since 1895. Notably, however, the rate of 
rise in temperature over the past 4 to 5 decades has been 
greater than the rate over earlier decades.
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Figure 2.7. The colors on the map show temperature changes over the past 22 years (1991-2012) compared to the 1901-1960 
average, and compared to the 1951-1980 average for Alaska and Hawai‘i. The bars on the graphs show the average temperature 
changes by decade for 1901-2012 (relative to the 1901-1960 average) for each region. The far right bar in each graph (2000s 
decade) includes 2011 and 2012. The period from 2001 to 2012 was warmer than any previous decade in every region. (Figure 
source: NOAA NCDC / CICS-NC).

Observed U.S. Temperature Change

Since 1991, temperatures have averaged 1°F to 1.5°F higher 
than 1901-1960 over most of the United States, except for the 
Southeast, where the warming has been less than 1°F. On a 
seasonal basis, long-term warming has been greatest in winter 
and spring.

Warming is ultimately projected for all parts of the nation dur-
ing this century. In the next few decades, this warming will be 
roughly 2°F to 4°F in most areas. By the end of the century, 
U.S. warming is projected to correspond closely to the level 
of global emissions: roughly 3°F to 5°F under lower emissions 
scenarios (B1 or RCP 4.5) involving substantial reductions in 
emissions, and 5°F to 10°F for higher emissions scenarios (A2 
or RCP 8.5) that assume continued increases in emissions; the 
largest temperature increases are projected for the upper Mid-
west and Alaska.

Future human-induced warming depends on both past and fu-
ture emissions of heat-trapping gases and changes in the amount 
of particle pollution. The amount of climate change (aside from 
natural variability) expected for the next two to three decades 
is a combination of the warming already built into the climate 
system by the past history of human emissions of heat-trapping 
gases, and the expected ongoing increases in emissions of those 
gases. However, the magnitude of temperature increases over 
the second half of this century, both in the U.S. and globally, will 
be primarily determined by the emissions produced now and 
over the next few decades, and there are substantial differences 
between higher, fossil-fuel intensive scenarios compared to sce-
narios in which emissions are reduced. The most recent model 
projections of climate change due to human activities expand 
the range of future scenarios considered (particularly at the low-
er end), but are entirely consistent with the older model results. 
This consistency increases our confidence in the projections. 
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Figure 2.8. Maps show projected change in average surface air temperature in the later part of this century (2071-2099) relative 
to the later part of the last century (1970-1999) under a scenario that assumes substantial reductions in heat trapping gases (B1, 
left) and a higher emissions scenario that assumes continued increases in global emissions (A2, right). (See Appendix 3: Climate 
Science, Supplemental Message 5 for a discussion of temperature changes under a wider range of future scenarios for various 
periods of this century). (Figure source: NOAA NCDC / CICS-NC).

Projected Temperature Change

Figure 2.9. The largest uncertainty in 
projecting climate change beyond the 
next few decades is the level of heat-
trapping gas emissions. The most recent 
model projections (CMIP5) take into 
account a wider range of options with 
regard to human behavior, including a 
lower scenario than has been considered 
before (RCP 2.6). This scenario assumes 
rapid reductions in emissions – more than 
70% cuts from current levels by 2050 and 
further large decreases by 2100 – and 
the corresponding smaller amount of 
warming. On the higher end, the scenarios 
include one that assumes continued 
increases in emissions (RCP 8.5) and the 
corresponding greater amount of warming. 
Also shown are temperature changes for 
the intermediate scenarios RCP 4.5 (which 
is most similar to B1) and RCP 6.0 (which 
is most similar to A1B; see Appendix 3: 
Climate Science Supplement). Projections 
show change in average temperature in 
the later part of this century (2071-2099) 
relative to the late part of last century 
(1970-1999). (Figure source: NOAA NCDC 
/ CICS-NC). 

Newer simulations for projected temperature (cmip5 models)
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Figure 2.10. The frost-free season length, defined as the 
period between the last occurrence of 32°F in the spring 
and the first occurrence of 32°F in the fall, has increased in 
each U.S. region during 1991-2012 relative to 1901-1960. 
Increases in frost-free season length correspond to similar 
increases in growing season length. (Figure source: NOAA 
NCDC / CICS-NC).

Observed Increase in Frost-Free Season Length

Figure 2.11.  The maps show projected increases in frost-free season length for the last three 
decades of this century (2070-2099 as compared to 1971-2000) under two emissions scenarios, 
one in which heat-trapping gas emissions continue to grow (A2) and one in which emissions 
peak in 2050 (B1). Increases in the frost-free season correspond to similar increases in the 
growing season. White areas are projected to experience no freezes for 2070-2099, and gray 
areas are projected to experience more than 10 frost-free years during the same period. (Figure 
source: NOAA NCDC / CICS-NC). 

Projected Changes in Frost-Free Season Length

Key Message 4: Lengthening Frost-free Season 

The length of the frost-free season (and the corresponding growing season) has 
been increasing nationally since the 1980s, with the largest increases occurring 
in the western United States, affecting ecosystems and agriculture. Across the 

United States, the growing season is projected to continue to lengthen.

The length of the frost-free season (and the corresponding 
growing season) is a major determinant of the types of plants 
and crops that do well in a particular region. The frost-free sea-
son length has been gradually increasing since the 1980s.40 The 
last occurrence of 32°F in the spring has been occurring earlier 
in the year, and the first occurrence of 32°F in the fall has been 
happening later. During 1991-2011, the average frost-free sea-
son was about 10 days longer than during 1901-1960. These 
observed climate changes have been mirrored by changes in 
the biosphere, including increases in forest productivity41,42 
and satellite-derived estimates of the length of the growing 
season.43 A longer growing season provides a longer period 
for plant growth and productivity and can slow the increase 
in atmospheric CO2 concentrations through increased CO2 
uptake by living things and their environment.44 The longer 
growing season can increase the growth of beneficial plants 
(such as crops and forests) as well as undesirable ones (such 
as ragweed).45 In some cases where moisture is limited, the 
greater evaporation and loss of moisture through plant tran-
spiration (release of water from plant leaves) associated with a 
longer growing season can mean less productivity because of 
increased drying46 and earlier and longer fire seasons.

The lengthening of the frost-free season has been somewhat 
greater in the western U.S. than the eastern United States,1 
increasing by 2 to 3 weeks in the Northwest and Southwest, 

1 to 2 weeks in the Midwest, Great Plains, and Northeast, and 
slightly less than 1 week in the Southeast. These differences 

mirror the overall trend of 
more warming in the north 
and west and less warming 
in the Southeast.

In a future in which heat-
trapping gas emissions 
continue to grow, increases 
of a month or more in the 
lengths of the frost-free and 
growing seasons are pro-
jected across most of the 
U.S. by the end of the cen-
tury, with slightly smaller 
increases in the northern 
Great Plains. The largest 
increases in the frost-free 
season (more than 8 weeks) 
are projected for the west-
ern U.S., particularly in high 
elevation and coastal areas. 
The increases will be con-
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Figure 2.12. The colors on the map show annual total precipitation changes for 1991-2012 compared to the 1901-1960 average, 
and show wetter conditions in most areas. The bars on the graphs show average precipitation differences by decade for 1901-2012 
(relative to the 1901-1960 average) for each region. The far right bar in each graph is for 2001-2012. (Figure source: adapted from 
Peterson et al. 201348).

Observed U.S. Precipitation Change

siderably smaller if heat-trapping gas emissions are reduced, 
although still substantial. These increases are projected to be 
much greater than the normal year-to-year variability experi-
enced today. The projected changes also imply that the south-

ern boundary of the seasonal freeze zone will move north-
ward, with increasing frequencies of years without subfreezing 
temperatures in the most southern parts of the United States.

Key Message 5: U.S. Precipitation Change

Average U.S. precipitation has increased since 1900, but some areas have 
had increases greater than the national average, and some areas have 

had decreases. More winter and spring precipitation is projected for the 
northern United States, and less for the Southwest, over this century. 

Since 1900, average annual precipitation over the U.S. has in-
creased by roughly 5%. This increase reflects, in part, the major 
droughts of the 1930s and 1950s, which made the early half 
of the record drier. There are important regional differences. 
For instance, precipitation since 1991 (relative to 1901-1960) 
increased the most in the Northeast (8%), Midwest (9%), and 
southern Great Plains (8%), while much of the Southeast and 
Southwest had a mix of areas of increases and decreases.47,48

While significant trends in average precipitation have been 
detected, the fraction of these trends attributable to human 
activity is difficult to quantify at regional scales because the 
range of natural variability in precipitation is large. Projected 
changes are generally small for central portions of the United 
States. However, if emissions of heat-trapping gases continue 
their upward trend, certain global patterns of precipitation 
change are projected to emerge that will affect northern and 
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southwestern areas of the United States. The northern U.S. 
is projected to experience more precipitation in the winter 
and spring (except for the Northwest in the spring), while the 
Southwest is projected to experience less, particularly in the 
spring. The contrast between wet and dry areas will increase 
both in the U.S. and globally – in other words, the wet areas 
will get wetter and the dry areas will get drier. As discussed in 

the next section, there has been an increase in the amount of 
precipitation falling in heavy events49 and this is projected to 
continue. 

The projected changes in the northern U.S. are a consequence 
of both a warmer atmosphere (which can hold more mois-
ture than a colder one) and associated changes in large-scale 

Uncertainties in regional projections

On the global scale, climate model simulations show consistent projections of future conditions under a range of emissions 
scenarios. For temperature, all models show warming by late this century that is much larger than historical variations 
nearly everywhere. For precipitation, models are in com-
plete agreement in showing decreases in precipitation in 
the subtropics and increases in precipitation at higher 
latitudes. 

Models unequivocally project large and historically un-
precedented future warming in every region of the U.S. 
under all of the scenarios used in this assessment. The 
amount of warming varies substantially between higher 
versus lower scenarios, and moderately from model to 
model, but the amount of projected warming is larger 
than the model-to-model range.

The contiguous U.S. straddles the transition zone between 
drier conditions in the sub-tropics (south) and wetter con-
ditions at higher latitudes (north). Because the precise 
location of this zone varies somewhat among models, pro-
jected changes in precipitation in central areas of the U.S. 
range from small increases to small decreases. A clear di-
rection of change only occurs in Alaska and the far north 
of the contiguous U.S. where increases are projected and 
in the far Southwest where decreases are projected. 

Although this means that changes in overall precipitation 
are uncertain in many U.S. areas, there is a high degree 
of certainty that the heaviest precipitation events will in-
crease everywhere, and by large amounts (Figure 2.13). 
This consistent model projection is well understood and is 
a direct outcome of the increase in atmospheric moisture 
caused by warming. There is also more certainty regarding 
dry spells. The annual maximum number of consecutive 
dry days is projected to increase in most areas, especially 
the southern and northwestern portions of the contiguous 
United States. Thus, both extreme wetness and extreme 
dryness are projected to increase in many areas.

Modeling methods that downscale (generate higher spa-
tial resolution) climate projections from coarser global 
model output can reduce the range of projections to the 
extent that they incorporate better representation of certain physical processes (such as the influence of topography and 
convection). However, a sizeable portion of the range is a result of the variations in large-scale patterns produced by the 
global models and so downscaling methods do not change this.

Figure 2.13. Top panels show simulated changes in the average 
amount of precipitation falling on the wettest day of the year for 
the period 2070-2099 as compared to 1971-2000 under a scenario 
that assumes rapid reductions in emissions (RCP 2.6) and one 
that assumes continued emissions increases (RCP 8.5). Bottom 
panels show simulated changes in the annual maximum number of 
consecutive dry days (days receiving less than 0.04 inches (1 mm) 
of precipitation) under the same two scenarios. Simulations are 
from CMIP5 models. Stippling indicates areas where changes are 
consistent among at least 80% of the models used in this analysis. 
(Figure source: NOAA NCDC / CICS-NC).
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weather patterns (which affect where precipitation occurs). 
The projected reduction in Southwest precipitation is a re-
sult of changes in large-scale weather patterns, including the 
northward expansion of the belt of high pressure in the sub-
tropics, which suppresses rainfall. Recent improvements in un-
derstanding these mechanisms of change increase confidence 
in these projections.50 The patterns of the projected changes 
of precipitation resulting from human alterations of the cli-
mate are geographically smoother in these maps than what 
will actually be observed because: 1) the precise locations of 

natural increases and decreases differ from model to model, 
and averaging across models smooths these differences; and 
2) the resolution of current climate models is too coarse to 
capture fine topographic details, especially in mountainous 
terrain. Hence, there is considerably more confidence in the 
large-scale patterns of change than in local details.

In general, a comparison of the various sources of climate 
model data used in this assessment provides a consistent 
picture of the large-scale projected precipitation changes 

Figure 2.14. Projected change in seasonal precipitation for 2071-2099 (compared to 1970-1999) under an emissions scenario that 
assumes continued increases in emissions (A2). Hatched areas indicate that the projected changes are significant and consistent 
among models. White areas indicate that the changes are not projected to be larger than could be expected from natural variability. 
In general, the northern part of the U.S. is projected to see more winter and spring precipitation, while the southwestern U.S. is 
projected to experience less precipitation in the spring. (Figure source: NOAA NCDC / CICS-NC). 

Projected Precipitation Change by Season
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Newer simulations for projected precipitation change (cmip5 models)

Figure 2.15.  Seasonal precipitation change for 2071-2099 (compared to 1970-1999) as projected by recent simulations that include 
a wider range of scenarios. The maps on the left (RCP 2.6) assume rapid reductions in emissions – more than 70% cuts from current 
levels by 2050 – and a corresponding much smaller amount of warming and far less precipitation change. On the right, RCP 8.5 
assumes continued increases in emissions, with associated large increases in warming and major precipitation changes. These would 
include, for example, large reductions in spring precipitation in the Southwest and large increases in the Northeast and Midwest. 
Rapid emissions reductions would be required for the more modest changes in the maps on the left. Hatched areas indicate that the 
projected changes are significant and consistent among models. White areas indicate that the changes are not projected to be larger 
than could be expected from natural variability. (Figure source: NOAA NCDC / CICS-NC). 

across the United States (see “Models Used in the Assess-
ment”). Multi-model average changes in all three of these 
sources show a general pattern of wetter future conditions in 
the north and drier conditions in the south. The regional suite 
generally shows conditions that are somewhat wetter overall 
in the wet areas and not as dry in the dry areas. The general 
pattern agreement among these three sources, with the wide 
variations in their spatial resolution, provides confidence that 
this pattern is robust and not sensitive to the limited spatial 
resolution of the models. The slightly different conditions in 
the North American NARCCAP regional analyses for the U.S. 
appear to arise partially or wholly from the choice of the four 
CMIP3 global climate models used to drive the regional simu-
lations. These four global models, averaged together, project 
average changes that are 2% wetter than the average of the 
suite of global models used in CMIP3. 

The patterns of precipitation change in the newer CMIP5 simu-
lations are essentially the same as in the earlier CMIP3 and 
NARCCAP simulations used in impact analyses throughout this 
report, increasing confidence in our scientific understanding. 
The subtle differences between these two sets of projections 
are mostly due to the wider range of future scenarios consid-
ered in the more recent simulations. Thus, the overall picture 
remains the same: wetter conditions in the north and drier con-
ditions in the Southwest in winter and spring. Drier conditions 
are projected for summer in most areas of the contiguous U.S. 
but, outside of the Northwest and south-central region, there 
is generally not high confidence that the changes will be large 
compared to natural variability. In all models and scenarios, 
a transition zone between drier (to the south) and wetter (to 
the north) shifts northward from the southern U.S. in winter to 
southern Canada in summer. Wetter conditions are projected 
for Alaska and northern Canada in all seasons. 
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Key Message 6: Heavy Downpours Increasing 

Heavy downpours are increasing nationally, especially over the last three to five decades. 
Largest increases are in the Midwest and Northeast. Increases in the frequency 
and intensity of extreme precipitation events are projected for all U.S. regions. 

Across most of the United States, the heaviest 
rainfall events have become heavier and more fre-
quent. The amount of rain falling on the heaviest 
rain days has also increased over the past few de-
cades. Since 1991, the amount of rain falling in very 
heavy precipitation events has been significantly 
above average. This increase has been greatest in 
the Northeast, Midwest, and upper Great Plains 
– more than 30% above the 1901-1960 average 
(see Figure 2.18). There has also been an increase 
in flooding events in the Midwest and Northeast 
where the largest increases in heavy rain amounts 
have occurred. 

Figure 2.16: One measure of 
a heavy precipitation event is 
a 2-day precipitation total that 
is exceeded on average only 
once in a five-year period, 
also known as a once-in-five-
year event. As this extreme 
precipitation index for 1901-
2012 shows, the occurrence 
of such events has become 
m u c h  m o r e  c o m m o n  i n 
recent decades. Changes are 
compared to the period 1901-

1960, and do not include Alaska or Hawai‘i. The 2000s decade (far right bar) 
includes 2001-2012. (Figure source: adapted from Kunkel et al. 201352). 

Observed U.S. Trend in Heavy Precipitation

Figure 2.17. Percent changes in the annual amount of precipitation falling in very heavy events, defined as the heaviest 1% of all daily 
events from 1901 to 2012 for each region. The far right bar is for 2001-2012. In recent decades there have been increases nationally, 
with the largest increases in the Northeast, Great Plains, Midwest, and Southeast. Changes are compared to the 1901-1960 average 
for all regions except Alaska and Hawai‘i, which are relative to the 1951-1980 average. (Figure source: NOAA NCDC / CICS-NC).

Observed Change in Very Heavy Precipitation
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Figure 2.18. The map shows percent increases in the amount 
of precipitation falling in very heavy events (defined as the 
heaviest 1% of all daily events) from 1958 to 2012 for each 
region of the continental United States. These trends are larger 
than natural variations for the Northeast, Midwest, Puerto Rico, 
Southeast, Great Plains, and Alaska. The trends are not larger 
than natural variations for the Southwest, Hawai‘i, and the 
Northwest. The changes shown in this figure are calculated 
from the beginning and end points of the trends for 1958 to 
2012. (Figure source: updated from Karl et al. 20091).

 Observed Change in Very Heavy Precipitation

Figure 2.19. Maps show the increase in frequency of extreme daily precipitation events (a daily amount that now occurs once in 20 
years) by the later part of this century (2081-2100) compared to the later part of last century (1981-2000). Such extreme events are 
projected to occur more frequently everywhere in the United States. Under the rapid emissions reduction scenario (RCP 2.6), these 
events would occur nearly twice as often. For the scenario assuming continued increases in emissions (RCP 8.5), these events would 
occur up to five times as often. (Figure source: NOAA NCDC / CICS-NC). 

Projected Change in Heavy Precipitation Events

Warmer air can contain more water vapor than cooler air. 
Global analyses show that the amount of water vapor in the at-
mosphere has in fact increased over both land and oceans.14,51 
Climate change also alters dynamical characteristics of the 
atmosphere that in turn affect weather patterns and storms. 
In the mid-latitudes, where most of the continental U.S. is lo-
cated, there is an upward trend in extreme precipitation in the 
vicinity of fronts associated with mid-latitude storms.52 Locally, 
natural variations can also be important.53  

Projections of future climate over the U.S. suggest that the 
recent trend towards increased heavy precipitation events 
will continue. This is projected to occur even in regions where 
total precipitation is projected to decrease, such as the South-
west.52,54,55
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Key Message 7: Extreme Weather 

There have been changes in some types of extreme weather events over the last several 
decades. Heat waves have become more frequent and intense, especially in the West. Cold 
waves have become less frequent and intense across the nation. There have been regional 

trends in floods and droughts. Droughts in the Southwest and heat waves everywhere 
are projected to become more intense, and cold waves less intense everywhere.

Heat waves are periods of abnormally hot weather lasting days 
to weeks.48 Heat waves have generally become more frequent 
across the U.S. in recent decades, with western regions (includ-
ing Alaska) setting records for numbers of these events in the 
2000s. Tree ring data suggests that the drought over the last 
decade in the western U.S. represents the driest conditions in 
800 years.1,56 Most other regions in the country had their high-
est number of short-duration heat waves in the 1930s, when 
the multi-year severe drought of the Dust Bowl period, com-
bined with deleterious land-use practices,57 contributed to the 
intense summer heat through depletion of soil moisture and 
reduction of the moderating effects of evaporation.58 Howev-
er, the recent prolonged (multi-month) extreme heat has been 
unprecedented since the start of reliable instrumental records 
in 1895. The recent heat waves and droughts in Texas (2011) 
and the Midwest (2012) set records for highest monthly aver-
age temperatures, exceeding in some cases records set in the 
1930s, including the highest monthly contiguous U.S. tempera-
ture on record (July 2012, breaking the July 1936 record) and 
the hottest summers on record in several states (New Mexico, 
Texas, Oklahoma, and Louisiana in 2011 and Colorado and 
Wyoming in 2012). For the spring and summer months, 2012 
had the second largest area of record-setting monthly average 
temperatures, including a 26-state area from Wyoming to the 
East Coast. The summer (June-August) temperatures of 2012 
ranked in the hottest 10% of the 118-year period of record in 
28 states covering the Rocky Mountain states, the Great Plains, 
the Upper Midwest, and the Northeast. The new records in-
cluded both hot daytime maximum temperatures and warm 
nighttime minimum temperatures.59 Corresponding with this 
increase in extreme heat, the number of extreme cold waves 
has reached the lowest levels on record (since 1895). 

Many more high temperature records are being broken as 
compared to low temperature records over the past three to 
four decades – another indicator of a warming climate.60 The 
number of record low monthly temperatures has declined to 
the lowest levels since 1911, while the number of record high 
monthly temperatures has increased to the highest level since 
the 1930s. During this same period, there has been an increas-
ing trend in persistently high nighttime temperature.1 There 
are various reasons why low temperatures have increased 
more than high temperatures.61 

In some areas, prolonged periods of record high temperatures 
associated with droughts contribute to dry conditions that are 
driving wildfires.62 The meteorological situations that cause 

heat waves are a natural part of the climate system.  Thus 
the timing and location of individual events may be largely a 
natural phenomenon, although even these may be affected by 
human-induced climate change.63 However, there is emerging 
evidence that most of the increases of heat wave severity over 
the U.S. are likely due to human activity,64 with a detectable 
human influence in recent heat waves in the southern Great 
Plains1,65 as well as in Europe7,62 and Russia.60,66,67 The summer 
2011 heat wave and drought in Texas was primarily driven by 
precipitation deficits, but the human contribution to climate 
change approximately doubled the probability that the heat 
was record-breaking.68 So while an event such as this Texas 
heat wave and drought could be triggered by a naturally oc-
curring event such as a deficit in precipitation, the chances for 
record-breaking temperature extremes has increased and will 
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Figure 2.20. Change in surface air temperature at the end of this century (2081-2100) relative to the turn of the last century (1986-2005) 
on the coldest and hottest days under a scenario that assumes a rapid reduction in heat trapping gases (RCP 2.6) and a scenario 
that assumes continued increases in these gases (RCP 8.5). This figure shows estimated changes in the average temperature of 
the hottest and coldest days in each 20-year period. In other words, the hottest days will get even hotter, and the coldest days will 
be less cold. (Figure source: NOAA NCDC / CICS-NC).

Projected Temperature Change of Hottest and Coldest Days

continue to increase as the global climate warms. Generally, 
the changes in climate are increasing the likelihood for these 
types of severe events.

The number of extremely hot days is projected to continue 
to increase over much of the United States, especially by late 
century. Summer temperatures are projected to continue ris-
ing, and a reduction of soil moisture, which exacerbates heat 
waves, is projected for much of the western and central U.S. in 
summer. Climate models project that the same summertime 

temperatures that ranked among the hottest 5% in 1950-1979 
will occur at least 70% of the time by 2035-2064 in the U.S. if 
global emissions of heat-trapping gases continue to grow (as in 
the A2 scenario).67 By the end of this century, what have previ-
ously been once-in-20-year extreme heat days (1-day events) 
are projected to occur every two or three years over most of 
the nation.69,70 In other words, what now seems like an ex-
tremely hot day will become commonplace. 
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Figure 2.21. Trend magnitude (triangle size) and direction (green = increasing trend, brown = 
decreasing trend) of annual flood magnitude from the 1920s through 2008. Local areas can be 
affected by land-use change (such as dams). Most significant are the increasing trend for floods in 
the Midwest and Northeast and the decreasing trend in the Southwest. (Figure source: Peterson 
et al. 201348).

Trends in Flood MagnitudeThere are significant trends 
in the magnitude of river 
flooding in many parts of the 
United States.  When aver-
aged over the entire nation, 
however, the increases and 
decreases cancel each other 
out and show no national 
level trend.71 River flood 
magnitudes have decreased 
in the Southwest and in-
creased in the eastern Great 
Plains, parts of the Midwest, 
and from the northern Appa-
lachians into New England.48 
Figure 2.21 shows increasing 
trends in floods in green and 
decreasing trends in brown. 
The magnitude of these 
trends is illustrated by the 
size of the triangles. 

These regional river flood 
trends are qualitatively con-
sistent with trends in climate 
conditions associated with 
flooding. For example, aver-
age annual precipitation has increased in the Midwest and 
Northeast and decreased in the Southwest (Figure 2.12).48 Re-
cent soil moisture trends show general drying in the Southwest 
and moistening in the Northeast and northern Great Plains and 
Midwest (Ch 3: Water, Figure 3.2). These trends are in general 
agreement with the flood trends. Although there is a strong 
national upward trend in extreme precipitation and not in river 
flooding, the regional variations are similar. Extreme precipita-
tion has been increasing strongly in the Great Plains, Midwest, 
and Northeast, where river flooding increases have been ob-
served, and there is little trend in the Southwest, where river 
flooding has decreased. An exact correspondence is not nec-
essarily expected since the seasonal timing of precipitation 
events makes a difference in whether river flooding occurs. 
The increase in extreme precipitation events has been concen-
trated in the summer and fall52 when soil moisture is season-
ally low and soils can absorb a greater fraction of rainfall. By 
contrast, many of the annual flood events occur in the spring 
when soil moisture is high. Thus, additional extreme rainfall 
events in summer and fall may not create sufficient runoff for 
the resulting streamflow to exceed spring flood magnitudes. 
However, these extreme precipitation events are often associ-
ated with local flash floods, a leading cause of death due to 
weather events (see “Flood Factors and Flood Types” in Ch. 3: 
Water).

Research into the effects of human-induced climate change on 
flood events is relatively new. There is evidence of a detect-
able human influence in recent flooding events in England and 
Wales13 and in other specific events around the globe during 
2011.48 In general, heavier rains lead to a larger fraction of 
rainfall running off and, depending on the surface conditions, 
more potential for flooding.

Higher temperatures lead to increased rates of evaporation, 
including more loss of moisture through plant leaves. Even in 
areas where precipitation does not decrease, these increases 
in surface evaporation and loss of water from plants lead to 
more rapid drying of soils if the effects of higher temperatures 
are not offset by other changes (such as in wind speed or hu-
midity).72 As soil dries out, a larger proportion of the incom-
ing heat from the sun goes into heating the soil and adjacent 
air rather than evaporating its moisture, resulting in hotter 
summers under drier climatic conditions.73 Under higher emis-
sions scenarios, widespread drought is projected to become 
more common over most of the central and southern United 
States.56,74,75,76,77
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Figure 2.22. Average change in 
soil moisture compared to 1971-
2000, as projected for the middle 
of this century (2041-2070) and 
late this century (2071-2100) under 
two emissions scenarios, a lower 
scenario (B1) and a higher scenario 
(A2).75,77 The future drying of soils 
in most areas simulated by this 
sophisticated hydrologic model 
(Variable Infiltration Capacity or VIC 
model) is consistent with the future 
drought increases using the simpler 
Palmer Drought Severity Index 
(PDSI) metric. Only the western 
U.S. is displayed because model 
simulations were only run for this 
area. (Figure source: NOAA NCDC 
/ CICS-NC).

Projected Changes in Soil Moisture for the Western U.S.

Key Message 8: Changes in Hurricanes 

The intensity, frequency, and duration of North Atlantic hurricanes, as well as 
the frequency of the strongest (Category 4 and 5) hurricanes, have all increased 
since the early 1980s. The relative contributions of human and natural causes 
to these increases are still uncertain. Hurricane-associated storm intensity and 

rainfall rates are projected to increase as the climate continues to warm.  

There has been a substantial increase in most measures of 
Atlantic hurricane activity since the early 1980s, the period 
during which high-quality satellite data are available.78,79 These 
include measures of intensity, frequency, and duration as well 
as the number of strongest (Category 4 and 5) storms. The abil-
ity to assess longer-term trends in hurricane activity is limited 
by the quality of available data. The historic record of Atlantic 
hurricanes dates back to the mid-1800s, and indicates other 
decades of high activity. However, there is considerable un-
certainty in the record prior to the satellite era (early 1970s), 
and the further back in time one goes, the more uncertain the 
record becomes.79 

The recent increases in activity are linked, in part, to higher 
sea surface temperatures in the region that Atlantic hurricanes 
form in and move through. Numerous factors have been shown 
to influence these local sea surface temperatures, including 
natural variability, human-induced emissions of heat-trapping 
gases, and particulate pollution. Quantifying the relative con-

tributions of natural and human-caused factors is an active 
focus of research. Some studies suggest that natural variabil-
ity, which includes the Atlantic Multidecadal Oscillation, is the 
dominant cause of the warming trend in the Atlantic since the 
1970s,80,81 while others argue that human-caused heat-trap-
ping gases and particulate pollution are more important.82

Hurricane development, however, is influenced by more than 
just sea surface temperature. How hurricanes develop also 
depends on how the local atmosphere responds to changes 
in local sea surface temperatures, and this atmospheric re-
sponse depends critically on the cause of the change.83 For 
example, the atmosphere responds differently when local sea 
surface temperatures increase due to a local decrease of par-
ticulate pollution that allows more sunlight through to warm 
the ocean, versus when sea surface temperatures increase 
more uniformly around the world due to increased amounts 
of human-caused heat-trapping gases.80,84 So the link between 
hurricanes and ocean temperatures is complex. Improving our 



42 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

2: OUR CHANGING CLIMATE

Figure 2.23. Recent variations of the Power Dissipation Index (PDI) in the North Atlantic and eastern North Pacific Oceans. 
PDI is an aggregate of storm intensity, frequency, and duration and provides a measure of total hurricane power over 
a hurricane season. There is a strong upward trend in Atlantic PDI, and a downward trend in the eastern North Pacific, 
both of which are well-supported by the reanalysis. Separate analyses (not shown) indicate a significant increase in 
the strength and in the number of the strongest hurricanes (Category 4 and 5) in the North Atlantic over this same time 
period. The PDI is calculated from historical data (IBTrACS92) and from reanalyses using satellite data (UW/NCDC & 
ADT-HURSAT93,94). IBTrACS is the International Best Track Archive for Climate Stewardship, UW/NCDC is the University 
of Wisconsin/NOAA National Climatic Data Center satellite-derived hurricane intensity dataset, and ADT-HURSAT is the 
Advanced Dvorak Technique–Hurricane Satellite dataset (Figure source: adapted from Kossin et al. 200793).

Observed Trends in Hurricane Power Dissipation

North Atlantic hurricanes have increased in intensity, frequency, and duration since 
the early 1980s.

understanding of the relationships between warming tropical 
oceans and tropical cyclones is another active area of research.

Changes in the average length and positions of Atlantic storm 
tracks are also associated with regional climate variability.85 
The locations and frequency of storms striking land have been 
argued to vary in opposing ways than basin-wide frequency. 
For example, fewer storms have been observed to strike land 
during warmer years even though overall activity is higher than 

average,86 which may help to explain the lack of any clear trend 
in landfall frequency along the U.S. eastern and Gulf coasts.87,88 
Climate models also project changes in hurricane tracks and 
where they strike land.89 The specific characteristics of the 
changes are being actively studied.

Other measures of Atlantic storm activity are projected to 
change as well.87,90,91 By late this century, models, on aver-
age, project a slight decrease in the annual number of tropi-

cal cyclones, but an increase in the number of 
the strongest (Category 4 and 5) hurricanes. 
These projected changes are based on an av-
erage of projections from a number of individ-
ual models, and they represent the most likely 
outcome. There is some uncertainty in this as 
the individual models do not always agree on 
the amount of projected change, and some 
models may project an increase where others 
project a decrease. The models are in better 
agreement when projecting changes in hurri-
cane precipitation – almost all existing studies 
project greater rainfall rates in hurricanes in 
a warmer climate, with projected increases of 
about 20% averaged near the center of hur-
ricanes.  
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Key Message 9: Changes in Storms

Winter storms have increased in frequency and intensity since the 1950s, and 
their tracks have shifted northward over the United States. Other trends in severe 

storms, including the intensity and frequency of tornadoes, hail, and damaging 
thunderstorm winds, are uncertain and are being studied intensively.

Trends in the occurrences of storms, ranging from severe thun-
derstorms to winter storms to hurricanes, are subject to much 
greater uncertainties than trends in temperature and variables 
that are directly related to temperature (such as snow and ice 
cover, ocean heat content, and sea level). Recognizing that the 
impacts of changes in the frequency and intensity of these 
storms can easily exceed the impacts of changes in average 

temperature or precipitation, climate scientists are actively re-
searching the connections between climate change and severe 
storms. There has been a sizeable upward trend in the number 
of storms causing large financial and other losses.95 However, 
there are societal contributions to this trend, such as increases 
in population and wealth.52

Severe Convective Storms
Tornadoes and other severe thunderstorm phenomena fre-
quently cause as much annual property damage in the U.S. as 
do hurricanes, and often cause more deaths. Recent research 
has yielded insights into the connections between global 
warming and the factors that cause tornadoes and severe 

thunderstorms (such as atmospheric instability and increases 
in wind speed with altitude96). Although these relationships 
are still being explored, a recent study suggests a projected 
increase in the frequency of conditions favorable for severe 
thunderstorms.97 

Winter Storms 
For the entire Northern Hemisphere, there is evidence of an 
increase in both storm frequency and intensity during the cold 
season since 1950,98 with storm tracks having shifted slightly 
towards the poles.99,100 Extremely heavy snowstorms increased 
in number during the last century in northern and eastern 
parts of the United States, but have been less frequent since 
2000.52,101 Total seasonal snowfall has generally decreased in 
southern and some western areas,102 increased in the northern 
Great Plains and Great Lakes region,102,103 and not changed in 
other areas, such as the Sierra Nevada, although snow is melt-
ing earlier in the year and more precipitation is falling as rain 
versus snow.104 Very snowy winters have generally been de-
creasing in frequency in most regions over the last 10 to 20 

years, although the Northeast has been seeing a normal num-
ber of such winters.105 Heavier-than-normal snowfalls recently 
observed in the Midwest and Northeast U.S. in some years, 
with little snow in other years, are consistent with indications 
of increased blocking (a large scale pressure pattern with little 
or no movement) of the wintertime circulation of the Northern 
Hemisphere.106 However, conclusions about trends in blocking 
have been found to depend on the method of analysis,107 so 
the assessment and attribution of trends in blocking remains 
an active research area. Overall snow cover has decreased in 
the Northern Hemisphere, due in part to higher temperatures 
that shorten the time snow spends on the ground.108
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Figure 2.24. Variation of winter storm frequency and intensity during the cold season (November-
March) for high latitudes (60-90°N) and mid-latitudes (30-60°N) of the Northern Hemisphere over 
the period 1949-2010. The bar for each decade represents the difference from the long-term 
average. Storm frequencies have increased in middle and high latitudes, and storm intensities 
have increased in middle latitudes. (Figure source: updated from CCSP 2008109).

Variation of Storm Frequency and Intensity
during the Cold Season (November – March)

Key Message 10: Sea Level Rise

Global sea level has risen by about 8 inches since reliable record keeping 
began in 1880. It is projected to rise another 1 to 4 feet by 2100.

The oceans are absorbing over 90% of the increased atmo-
spheric heat associated with emissions from human activity.110 
Like mercury in a thermometer, water expands as it warms up 
(this is referred to as “thermal expansion”) causing sea levels 
to rise. Melting of glaciers and ice sheets is also contributing to 
sea level rise at increasing rates.111 

Since the late 1800s, tide gauges throughout the world have 
shown that global sea level has risen by about 8 inches. A 
new data set (Figure 2.25) shows that this recent rise is much 
greater than at any time in at least the past 2000 years.112 Since 
1992, the rate of global sea level rise measured by satellites has 
been roughly twice the rate observed over the last century, 
providing evidence of additional acceleration.113
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Figure 2.25. Sea level change in the North Atlantic Ocean relative to the 
year 2000 based on data collected from North Carolina112 (red line, pink 
band shows the uncertainty range) compared with a reconstruction of global 
sea level rise based on tide gauge data from 1750 to present127 (blue line). 
(Figure source: NASA Jet Propulsion Laboratory).

North Atlantic Sea Level Change

Figure 2.26. Estimated, observed, and possible future 
amounts of global sea level rise from 1800 to 2100, 
relative to the year 2000. Estimates from proxy data112 
(for example, based on sediment records) are shown 
in red (1800-1890, pink band shows uncertainty), tide 
gauge data are shown in blue for 1880-2009,113 and 
satellite observations are shown in green from 1993 to 
2012. 128 The future scenarios range from 0.66 feet to 
6.6 feet in 2100.123 These scenarios are not based on 
climate model simulations, but rather reflect the range of 
possible scenarios based on other scientific studies. The 
orange line at right shows the currently projected range 
of sea level rise of 1 to 4 feet by 2100, which falls within 
the larger risk-based scenario range. The large projected 
range reflects uncertainty about how glaciers and ice 
sheets will react to the warming ocean, the warming 
atmosphere, and changing winds and currents. As seen 
in the observations, there are year-to-year variations in the 
trend. (Figure source: NASA Jet Propulsion Laboratory).

Past and Projected Changes in Global Sea Level Rise

Projecting future rates of sea level rise is challeng-
ing. Even the most sophisticated climate models, 
which explicitly represent Earth’s physical pro-
cesses, cannot simulate rapid changes in ice sheet 
dynamics, and thus are likely to underestimate 
future sea level rise. In recent years, “semi-em-
pirical” methods have been developed to project 
future rates of sea level rise based on a simple sta-
tistical relationship between past rates of globally 
averaged temperature change and sea level rise. 
These models suggest a range of additional sea 
level rise from about 2 feet to as much as 6 feet by 
2100, depending on emissions scenario.114,115,116,117 
It is not clear, however, whether these statistical 
relationships will hold in the future, or that they 
fully explain historical behavior.118 Regardless of 
the amount of change by 2100, however, sea level 
rise is expected to continue well beyond this cen-
tury as a result of both past and future emissions 
from human activities.

Scientists are working to narrow the range of sea level rise pro-
jections for this century. Recent projections show that for even 
the lowest emissions scenarios, thermal expansion of ocean 
waters119 and the melting of small mountain glaciers120 will re-
sult in 11 inches of sea level rise by 2100, even without any 
contribution from the ice sheets in Greenland and Antarctica. 
This suggests that about 1 foot of global sea level rise by 2100 
is probably a realistic low end. On the high end, recent work 
suggests that 4 feet is plausible.22,115,121 In the context of risk-
based analysis, some decision makers may wish to use a wider 
range of scenarios, from 8 inches to 6.6 feet by 2100.122,123 In 
particular, the high end of these scenarios may be useful for 
decision makers with a low tolerance for risk (see Figure 2.26 
on global sea level rise).122,123 Although scientists cannot yet 
assign likelihood to any particular scenario, in general, higher 

emissions scenarios that lead to more warming would be ex-
pected to lead to higher amounts of sea level rise.

Nearly 5 million people in the U.S. live within 4 feet of the local 
high-tide level (also known as mean higher high water). In the 
next several decades, storm surges and high tides could com-
bine with sea level rise and land subsidence to further increase 
flooding in many of these regions.124 Sea level rise will not stop 
in 2100 because the oceans take a very long time to respond 
to warmer conditions at the Earth’s surface. Ocean waters will 
therefore continue to warm and sea level will continue to rise 
for many centuries at rates equal to or higher than that of the 
current century.125 In fact, recent research has suggested that 
even present day carbon dioxide levels are sufficient to cause 
Greenland to melt completely over the next several thousand 
years.126
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Figure 2.27. Bars show decade averages of annual maximum Great Lakes ice 
coverage from the winter of 1962-1963, when reliable coverage of the entire 
Great Lakes began, to the winter of 2012-2013. Bar labels indicate the end 
year of the winter; for example, 1963-1972 indicates the winter of 1962-1963 
through the winter of 1971-1972. Only the most recent period includes the 
eleven years from 2003 to 2013. (Data updated from Bai and Wang, 2012130).

Ice Cover in the Great Lakes

Key Message 11: Melting Ice 

Rising temperatures are reducing ice volume and surface extent on land, 
lakes, and sea. This loss of ice is expected to continue. The Arctic Ocean is 

expected to become essentially ice free in summer before mid-century.

Rising temperatures across the U.S. have reduced lake ice, 
sea ice, glaciers, and seasonal snow cover over the last few 
decades.111 In the Great Lakes, for example, total winter ice 
coverage has decreased by 63% since the early 1970s.172 This 
includes the entire period since satellite data became avail-
able. When the record is extended back to 1963 using pre-
satellite data,129 the overall trend is less negative because the 
Great Lakes region experienced several extremely cold winters 
in the 1970s. 

Sea ice in the Arctic has also decreased dramatically since the 
late 1970s, particularly in summer and autumn. Since the satel-
lite record began in 1978, minimum Arctic sea ice extent (which 
occurs in early to mid-September) has decreased by more than 
40%.131 This decline is unprecedented in the historical record, 
and the reduction of ice volume and thickness is even greater. 
Ice thickness decreased by more than 50% from 1958-1976 to 
2003-2008,132 and the percentage of the March ice cover made 
up of thicker ice (ice that has survived a summer melt season) 
decreased from 75% in the mid-1980s to 45% in 2011.133 Recent 
analyses  indicate a decrease of 36% in autumn sea ice volume 
over the past decade.134 The 2012 sea ice mini-
mum broke the preceding record (set in 2007) 
by more than 200,000 square miles. Ice loss 
increases Arctic warming by replacing white, 
reflective ice with dark water that absorbs 
more energy from the sun. More open water 
can also increase snowfall over northern land 
areas135 and increase the north-south mean-
ders of the jet stream, consistent with the oc-
currence of unusually cold and snowy winters 
at mid-latitudes in several recent years.106,135 
Significant uncertainties remain at this time in 
interpreting the effect of Arctic ice changes on 
mid-latitudes.107

The loss of sea ice has been greater in summer 
than in winter. The Bering Sea, for example, has 
sea ice only in the winter-spring portion of the 
year, and shows no trend in surface area cov-
ered by ice over the past 30 years. However, 
seasonal ice in the Bering Sea and elsewhere in 
the Arctic is thin and susceptible to rapid melt 
during the following summer. 

The seasonal pattern of observed loss of Arctic 
sea ice is generally consistent with simulations 
by global climate models, in which the extent 
of sea ice decreases more rapidly in summer 

than in winter. However, the models tend to underestimate the 
amount of decrease since 2007. Projections by these models 
indicate that the Arctic Ocean is expected to become essen-
tially ice-free in summer before mid-century under scenarios 
that assume continued growth in global emissions, although 
sea ice would still form in winter.136,137 Models that best match 
historical trends project a nearly sea ice-free Arctic in summer 
by the 2030s,138 and extrapolation of the present observed 
trend suggests an even earlier ice-free Arctic in summer.139 
However, even during a long-term decrease, occasional tem-
porary increases in Arctic summer sea ice can be expected 
over timescales of a decade or so because of natural variabil-
ity.140 The projected reduction of winter sea ice is only about 
10% by 2030,141 indicating that the Arctic will shift to a more 
seasonal sea ice pattern. While this ice will be thinner, it will 
cover much of the same area now covered by sea ice in winter.

While the Arctic is an ocean surrounded by continents, Antarc-
tica is a continent surrounded by ocean. Nearly all of the sea 
ice in the Antarctic melts each summer, and changes there are 
more complicated than in the Arctic. While Arctic sea ice has 
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Figure 2.28. Summer Arctic sea ice has declined dramatically since satellites began measuring it in 1979. The extent of sea ice in 
September 2012, shown in white in the top figure, was more than 40% below the median for 1979-2000. The graph on the bottom 
left shows annual variations in September Arctic sea ice extent for 1979-2013. It is also notable that the ice has become much 
thinner in recent years, so its total volume (bottom right) has declined even more rapidly than the extent.111 (Figure and data from 
National Snow and Ice Data Center).

Decline in Arctic Sea Ice Extent

been strongly decreasing, there has been a slight increase in 
sea ice in Antarctica.142 Explanations for this include changes 
in winds that directly affect ice drift as well as the properties 
of the surrounding ocean,143 and that winds around Antarctica 
may have been affected by stratospheric ozone depletion.144

Snow cover on land has decreased over the past several de-
cades,145 especially in late spring.146 Each of five recent years 
(2008-2012) has set a new record for minimum snow extent 
in June in Eurasia, as did three of those five years in North 
America. 

The surface of the Greenland Ice Sheet has been experiencing 
summer melting over increasingly large areas during the past 
several decades. In the decade of the 2000s, the daily melt area 
summed over the warm season was double the corresponding 
amounts of the 1970s,147 culminating in summer surface melt 
that was far greater (97% of the Greenland Ice Sheet area) in 
2012 than in any year since the satellite record began in 1979. 
More importantly, the rate of mass loss from the Greenland 
Ice Sheet’s marine-terminating outlet glaciers has accelerated 
in recent decades, leading to predictions that the proportion 
of global sea level rise coming from Greenland will continue 
to increase.148 Glaciers terminating on ice shelves and on land 
are also losing mass, but the rate of loss has not accelerated 
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Figure 2.29. Model simulations of Arctic sea ice extent for September (1900-2100) 
based on observed concentrations of heat-trapping gases and particles (through 
2005) and four scenarios. Colored lines for RCP scenarios are model averages 
(CMIP5) and lighter shades of the line colors denote ranges among models for 
each scenario. Dotted gray line and gray shading denotes average and range of 
the historical simulations through 2005. The thick black line shows observed data 
for 1953-2012. These newer model (CMIP5) simulations project more rapid sea ice 
loss compared to the previous generation of models (CMIP3) under similar forcing 
scenarios, although the simulated September ice losses under all scenarios still 
lag the observed loss of the past decade. Extrapolation of the present observed 
trend suggests an essentially ice-free Arctic in summer before mid-century.139 The 
Arctic is considered essentially ice-free when the areal extent of ice is less than 
one million square kilometers. (Figure source: adapted from Stroeve et al. 2012136).

Projected Arctic Sea Ice Declineover the past decade.149 As discussed in Key 
Message 10, the dynamics of the Greenland 
Ice Sheet are generally not included in pres-
ent global climate models and sea level rise 
projections.

Glaciers are retreating and/or thinning in 
Alaska and in the lower 48 states. In addi-
tion, permafrost temperatures are increas-
ing over Alaska and much of the Arctic. 
Regions of discontinuous permafrost in 
interior Alaska (where annual average soil 
temperatures are already close to 32°F) are 
highly vulnerable to thaw. Thawing perma-
frost releases carbon dioxide and methane 
– heat-trapping gases that contribute to 
even more warming. Recent estimates sug-
gest that the potential release of carbon 
from permafrost soils could add as much 
as 0.4ºF to 0.6ºF of warming by 2100.150 
Methane emissions have been detected 
from Alaskan lakes underlain by perma-
frost,151 and measurements suggest poten-
tially even greater releases from thawing 
methane hydrates in the Arctic continental 
shelf of the East Siberian Sea.152 However, 
the response times of Arctic methane hy-
drates to climate change are quite long 
relative to methane’s lifetime in the atmo-
sphere (about a decade).153 More generally, 
the importance of Arctic methane sources 
relative to other methane sources, such as 
wetlands in warmer climates, is largely un-
known. The potential for a self-reinforcing feedback between 
permafrost thawing and additional warming contributes addi-
tional uncertainty to the high end of the range of future warm-

ing. The projections of future climate shown throughout this 
report do not include the additional increase in temperature 
associated with this thawing. 

Key Message 12: Ocean Acidification 

The oceans are currently absorbing about a quarter of the carbon dioxide 
emitted to the atmosphere annually and are becoming more acidic as a result, 

leading to concerns about intensifying impacts on marine ecosystems.

As human-induced emissions of carbon dioxide (CO2) build up 
in the atmosphere, excess CO2 is dissolving into the oceans 
where it reacts with seawater to form carbonic acid, lowering 
ocean pH levels (“acidification”) and threatening a number of 
marine ecosystems.154 Currently, the oceans absorbs about a 
quarter of the CO2 humans produce every year.155 Over the 
last 250 years, the oceans have absorbed 560 billion tons of 
CO2, increasing the acidity of surface waters by 30%.156,157,158 
Although the average oceanic pH can vary on interglacial tim-
escales,156 the current observed rate of change is roughly 50 

times faster than known historical change.159,160 Regional fac-
tors such as coastal upwelling,161 changes in discharge rates 
from rivers and glaciers,162 sea ice loss,163 and urbanization164 
have created “ocean acidification hotspots” where changes 
are occurring at even faster rates.

The acidification of the oceans has already caused a suppres-
sion of carbonate ion concentrations that are critical for marine 
calcifying animals such as corals, zooplankton, and shellfish. 
Many of these animals form the foundation of the marine food 
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Figure 2.30. The correlation between rising levels of CO2 in the atmosphere (red) at 
Mauna Loa and rising CO2 levels (blue) and falling pH (green) in the nearby ocean 
at Station Aloha. As CO2 accumulates in the ocean, the water becomes more acidic 
(the pH declines). (Figure source: modified from Feely et al. 2009157).

As Oceans Absorb CO2, They Become More Acidic 

Figure 2.31. Pteropods, or “sea butterflies,” are free-swimming sea snails about the size of a small pea. Pteropods 
are eaten by marine species ranging in size from tiny krill to whales and are an important source of food for North 
Pacific juvenile salmon. The photos above show what happens to a pteropod’s shell in seawater that is too acidic. 
The left panel shows a shell collected from a live pteropod from a region in the Southern Ocean where acidity is 
not too high. The shell on the right is from a pteropod collected in a region where the water is more acidic (Photo 
credits: (left) Bednaršek et al. 2012;168 (right) Nina Bednaršek).

Shells Dissolve in Acidified Ocean Water

web. Today, more than a billion people 
worldwide rely on food from the ocean 
as their primary source of protein. Ocean 
acidification puts this important resource 
at risk. 

Observations have shown that the north-
eastern Pacific Ocean, including the Arctic 
and sub-Arctic seas, is particularly suscep-
tible to significant shifts in pH and calcium 
carbonate saturation levels. Recent analy-
ses show that large areas of the oceans 
along the U.S. west coast,157,165 the Bering 
Sea, and the western Arctic Ocean158,166 
will become difficult for calcifying animals 
within the next 50 years. In particular, ani-
mals that form calcium carbonate shells, 
including corals, crabs, clams, oysters, and 
tiny free-swimming snails called ptero-
pods, could be particularly vulnerable, 
especially during the larval stage.167,168,169

Projections indicate that in higher emis-
sions pathways, such as SRES A2 or RCP 
8.5, current pH could be reduced from the 
current level of 8.1 to as low as 7.8 by the 
end of the century.158 Such large changes 
in ocean pH have probably not been ex-
perienced on the planet for the past 100 million years, and it 
is unclear whether and how quickly ocean life could adapt to 
such rapid acidification.159
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Process for Developing Key Messages
Development of the key messages involved discussions of the lead 
authors and accompanying analyses conducted via one in-person 
meeting plus multiple teleconferences and email exchanges from 
February thru September 2012. The authors reviewed 80 tech-
nical inputs provided by the public, as well as other published 
literature, and applied their professional judgment. 

Key message development also involved the findings from four spe-
cial workshops that related to the latest scientific understanding 
of climate extremes. Each workshop had a different theme related 
to climate extremes, had approximately 30 attendees (the CMIP5 
meeting had more than 100), and the workshops resulted in a pa-
per.

55
 The first workshop was held in July 2011, titled Monitoring 

Changes in Extreme Storm Statistics: State of Knowledge.
52

 The 
second was held in November 2011, titled Forum on Trends and 
Causes of Observed Changes in Heatwaves, Coldwaves, Floods, 
and Drought.

48
 The third was held in January 2012, titled Forum 

on Trends in Extreme Winds, Waves, and Extratropical Storms 
along the Coasts.

98
 The fourth, the CMIP5 results workshop, was 

held in March 2012 in Hawai‘i, and resulted in an analysis of 
CMIP5 results relative to climate extremes in the United States.

55

The Chapter Author Team’s discussions were supported by target-
ed consultation with additional experts. Professional expertise and 
judgment led to determining “key vulnerabilities.” A consensus-
based approach was used for final key message selection.

Key message #1 Traceable Account

Global climate is changing and this change is ap-
parent across a wide range of observations. The 
global warming of the past 50 years is primarily due 
to human activities. 

Description of evidence base
The key message and supporting text summarizes extensive 
evidence documented in the climate science literature. Technical 
Input reports (82) on a wide range of topics were also reviewed; 
they were received as part of the Federal Register Notice 
solicitation for public input. 

2: OUR CHANGING CLIMATE

Evidence for changes in global climate arises from multiple 
analyses of data from in-situ, satellite, and other records 
undertaken by many groups over several decades.

3
 Changes 

in the mean state have been accompanied by changes in the 
frequency and nature of extreme events.

4
 A substantial body of 

analysis comparing the observed changes to a broad range of 
climate simulations consistently points to the necessity of invoking 
human-caused changes to adequately explain the observed 
climate system behavior.

5,7
 The influence of human impacts on the 

climate system has also been observed in a number of individual 
climate variables.

6,12,13,14,15,16,17
 A discussion of the slowdown in 

temperature increase with associated references (for example, 
Balmaseda et al. 2013; Easterling and Wehner 2009

19,27
) is 

included in the chapter.

The Climate Science Supplement Appendix provides further 
discussion of types of emissions or heat-trapping gases and 
particles, and future projections of human-related emissions. 
Supplemental Message 4 of the Appendix provides further details 
on attribution of observed climate changes to human influence. 

New information and remaining 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. Innovative new 
approaches to climate data analysis, continued improvements in 
climate modeling, and instigation and maintenance of reference 
quality observation networks such as the U.S. Climate Reference 
Network (http://www.ncdc.noaa.gov/crn/) all have the potential to 
reduce uncertainties.

Assessment of confidence based on evidence 
There is very high confidence that global climate is changing and 
this change is apparent across a wide range of observations, given 
the evidence base and remaining uncertainties. All observational 
evidence is consistent with a warming climate since the late 
1800s.

There is very high confidence that the global climate change of 
the past 50 years is primarily due to human activities, given the 
evidence base and remaining uncertainties. Recent changes have 

SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
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been consistently attributed in large part to human factors across 
a very broad range of climate system characteristics. 

Key message #2 Traceable Account

Global climate is projected to continue to change 
over this century and beyond. The magnitude of 
climate change beyond the next few decades de-
pends primarily on the amount of heat-trapping gas-
es emitted globally, and how sensitive the Earth’s 
climate is to those emissions.

Description of evidence base
The key message and supporting text summarizes extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input. 

Evidence of continued global warming is based on past observations 
of climate change and our knowledge of the climate system’s 
response to heat-trapping gases. Models have projected increased 
temperature under a number of different scenarios.

8,32,33

That the planet has warmed is “unequivocal,”
8
 and is corroborated 

though multiple lines of evidence, as is the conclusion that the 
causes are very likely human in origin (see also Appendices 3 
and 4). The evidence for future warming is based on fundamental 
understanding of the behavior of heat-trapping gases in the 
atmosphere. Model simulations provide bounds on the estimates 
of this warming. 

New information and remaining uncertainties
The trends described in the 2009 report

1
 have continued, and our 

understanding of the data and ability to model the many facets of 
the climate system have increased substantially.

There are several major sources of uncertainty in making 
projections of climate change. The relative importance of these 
changes over time.

In the next few decades, the effects of natural variability will be 
an important source of uncertainty for climate change projections.

Uncertainty in future human emissions becomes the largest 
source of uncertainty by the end of this century.

Uncertainty in how sensitive the climate is to increased 
concentrations of heat-trapping gases is especially important 
beyond the next few decades. Recent evidence lends further 
confidence about climate sensitivity (see Appendix 3: Climate 
Science Supplement).

Uncertainty in natural climate drivers, for example how much solar 
output will change over this century, also affects the accuracy of 
projections.

Assessment of confidence based on evidence 
Given the evidence base and remaining uncertainties, confidence 
is very high that the global climate is projected to continue to 
change over this century and beyond. 

The statement on the magnitude of the effect also has very high 
confidence. 

Key message #3 Traceable Account

U.S. average temperature has increased by 1.3°F 
to 1.9°F since record keeping began in 1895; most 
of this increase has occurred since about 1970. 
The most recent decade was the nation’s warm-
est on record. Temperatures in the United States 
are expected to continue to rise. Because human-
induced warming is superimposed on a naturally 
varying climate, the temperature rise has not been, 
and will not be, uniform or smooth across the coun-
try or over time.

Description of evidence base
The key message and supporting text summarizes extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 

Confidence Level
Very High

Strong evidence (established 
theory, multiple sources, consistent 

results, well documented and 
accepted methods, etc.), high 

consensus

High

Moderate evidence (several sourc-
es, some consistency, methods 

vary and/or documentation limited, 
etc.), medium consensus

Medium

Suggestive evidence (a few 
sources, limited consistency, mod-
els incomplete, methods emerging, 
etc.), competing schools of thought

Low

Inconclusive evidence (limited 
sources, extrapolations, inconsis-
tent findings, poor documentation 
and/or methods not tested, etc.), 
disagreement or lack of opinions 

among experts
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were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Evidence for the long-term increase in temperature is based on 
analysis of daily maximum and minimum temperature observations 
from the U.S. Cooperative Observer Network (http://www.nws.
noaa.gov/om/coop/). With the increasing understanding of U.S. 
temperature measurements, a temperature increase has been 
observed, and temperature is projected to continue rising.

36,37,38
 

Observations show that the last decade was the warmest in over a 
century. A number of climate model simulations were performed 
to assess past, and to forecast future, changes in climate; 
temperatures are generally projected to increase across the United 
States.

The section entitled  “Quantifying U.S. Temperature Rise” explains 
the rational for using the range 1.3°F to 1.9°F in the key message. 

All peer-reviewed studies to date satisfying the assessment 
process agree that the U.S. has warmed over the past century 
and in the past several decades. Climate model simulations 
consistently project future warming and bracket the range of 
plausible increases.

New information and remaining uncertainties
Since the 2009 National Climate Assessment,

1
 there have been 

substantial advances in our understanding of the U.S. temperature 
record (Appendix 3: Climate Science, Supplemental Message 
7).

36,37,38

A potential uncertainty is the sensitivity of temperature trends to 
adjustments that account for historical changes in station location, 
temperature instrumentation, observing practice, and siting 
conditions. However, quality analyses of these uncertainties have 
not found any major issues of concern affecting the conclusions 
made in the key message (Appendix 3: Climate Science, 
Supplemental Message 7). (for example, Williams et al. 2012

38
).

While numerous studies (for example, Fall et al. 2011; Vose 
et al. 2012; Williams et al. 2012

37,38
) verify the efficacy of the 

adjustments, the information base can be improved in the future 
through continued refinements to the adjustment approach. Model 
biases are subject to changes in physical effects on climate; for 
example, model biases can be affected by snow cover and hence 
are subject to change as a warming climate changes snow cover. 

Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence 
is very high in the key message. Because human-induced warming 
is superimposed on a naturally varying climate, the temperature 
rise has not been, and will not be, uniform or smooth across the 
country or over time. 

Key message #4 Traceable Account

The length of the frost-free season (and the cor-
responding growing season) has been increasing 
nationally since the 1980s, with the largest increas-
es occurring in the western United States, affect-
ing ecosystems and agriculture. Across the United 
States, the growing season is projected to continue 
to lengthen.

Description of evidence base
The key message and supporting text summarizes extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Nearly all studies to date published in the peer-reviewed literature 
(for example, Dragoni et al. 2011; EPA 2012; Jeong et al. 
2011

40,41,43
) agree that the frost-free and growing seasons have 

lengthened. This is most apparent in the western United States. 
Peer-reviewed studies also indicate that continued lengthening 
will occur if concentrations of heat-trapping gases continue to rise. 
The magnitude of future changes based on model simulations is 
large in the context of historical variations. 

Evidence that the length of the frost-free season is lengthening 
is based on extensive analysis of daily minimum temperature 
observations from the U.S. Cooperative Observer Network. The 
geographic variations in increasing number of frost-free days are 
similar to the regional variations in mean temperature. Separate 
analysis of surface data also indicates a trend towards an earlier 
onset of spring.

40,41,43,45

New information and remaining uncertainties
A key issue (uncertainty) is the potential effect on observed trends 
of climate monitoring station inhomogeneities (differences), 
particularly those arising from instrumentation changes. A second 
key issue is the extent to which observed regional variations (more 
lengthening in the west/less in the east) will persist into the future.

Local temperature biases in climate models contribute to the 
uncertainty in projections.

Viable avenues to improving the information base are to investigate 
the sensitivity of observed trends to potential biases introduced by 
station inhomogeneities and to investigate the causes of observed 
regional variations.

Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence 
is very high that the length of the frost-free season (also referred 
to as the growing season) has been increasing nationally since 
the 1980s, with the largest increases occurring in the western 
U.S, affecting ecosystems, gardening, and agriculture. Given the 
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evidence base, confidence is very high that across the U.S., the 
growing season is projected to continue to lengthen.

Key message #5 Traceable Account

Average U.S. precipitation has increased since 
1900, but some areas have had increases greater 
than the national average, and some areas have had 
decreases. More winter and spring precipitation is 
projected for the northern United States, and less 
for the Southwest, over this century.

Description of evidence base
The key message and supporting text summarizes extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Evidence of long-term change in precipitation is based on analysis 
(for example, Kunkel et al. 2013

170
) of daily observations from 

the U.S. Cooperative Observer Network. Published work shows the 
regional differences in precipitation.

47,48
 Evidence of future change 

is based on our knowledge of the climate system’s response to heat-
trapping gases and an understanding of the regional mechanisms 
behind the projected changes (for example, IPCC 2007

8
). 

New information and remaining uncertainties
A key issue (uncertainty) is the sensitivity of observed precipitation 
trends to historical changes in station location, rain gauges, 
and observing practice. A second key issue is the ability of 
climate models to simulate precipitation. This is one of the 
more challenging aspects of modeling of the climate system, 
because precipitation involves not only large-scale processes 
that are well-resolved by models but small-scale process, 
such as convection, that must be parameterized in the current 
generation of global and regional climate models. However, our 
understanding of the physical basis for these changes has solidified 
and the newest set of climate model simulations (CMIP5) continues 
to show high-latitude increases and subtropical decreases in 
precipitation. For most of the contiguous U.S., studies

171
 indicate 

that the models currently do not detect a robust anthropogenic 
influence to observed changes, suggesting that observed changes 
are principally of natural origins. Thus, confident projections of 
precipitation changes are limited to the northern and southern 
areas of  the contiguous U.S. that are part of the global pattern 
of observed and robust projected changes that can be related to 
anthropogenic forcing. Furthermore, for the first time in the U.S. 
National Climate Assessment, a confidence statement is made 
that some projected precipitation changes are deemed small. 
It is incorrect to attempt to validate or invalidate climate model 
simulations of observed trends in these regions and/or seasons, as 
such simulations are not designed to forecast the precise timing 
of natural variations.

Shifts in precipitation patterns due to changes in other sources 
of air pollution, such as sulfate aerosols, are uncertain and are an 
active research topic.

Viable avenues to improving the information base are to investigate 
the sensitivity of observed trends to potential biases introduced 
by station changes, and to investigate the causes of observed 
regional variations.

A number of peer-reviewed studies (for example, McRoberts and 
Nielsen-Gammon 2011; Peterson et al. 2013

47,48
) document 

precipitation increases at the national scale as well as regional-
scale increases and decreases. The variation in magnitude and 
pattern of future changes from climate model simulations is large 
relative to observed (and modeled) historical variations.

Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence 
is high that average U.S. precipitation has increased since 1900, 
with some areas having had increases greater than the national 
average, and some areas having had decreases. 

Confidence is high, given the evidence base and uncertainties, 
that more winter and spring precipitation is projected for the 
northern U.S., and less for the Southwest, over this century in the 
higher emissions scenarios. Confidence is medium that human-
induced precipitation changes will be small compared to natural 
variations in all seasons over large portions of the U.S. in the lower 
emissions scenarios. Confidence is medium that human-induced 
precipitation changes will be small compared to natural variations 
in the summer and fall over large portions of the U.S. in the higher 
emissions scenarios. 

Key message #6 Traceable Account

Heavy downpours are increasing nationally, es-
pecially over the last three to five decades. Larg-
est increases are in the Midwest and Northeast. 
Increases in the frequency and intensity of extreme 
precipitation events are projected for all U.S. re-
gions.

Description of evidence base
The key message and supporting text summarizes extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Evidence that extreme precipitation is increasing is based primarily 
on analysis

52,55,170
 of hourly and daily precipitation observations 

from the U.S. Cooperative Observer Network, and is supported 
by observed increases in atmospheric water vapor.

75
 Recent 

publications have projected an increase in extreme precipitation 
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events,
52,137

 with some areas getting larger increases
1
 and some 

getting decreases.
54,55

Nearly all studies to date published in the peer-reviewed literature 
agree that extreme precipitation event number and intensity 
have risen, when averaged over the United States. The pattern 
of change for the wettest day of the year is projected to roughly 
follow that of the average precipitation, with both increases and 
decreases across the U.S. Extreme hydrologic events are projected 
to increase over most of the U.S.

New information and remaining uncertainties
A key issue (uncertainty) is the ability of climate models to 
simulate precipitation. This is one of the more challenging aspects 
of modeling of the climate system because precipitation involves 
not only large-scale processes that are well-resolved by models 
but also small-scale process, such as convection, that must be 
parameterized in the current generation of global and regional 
climate models.

Viable avenues to improving the information base are to perform 
some long, very high-resolution simulations of this century’s 
climate under different emissions scenarios.

Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is high that 
heavy downpours are increasing in most regions of the U.S., with 
especially large increases in the Midwest and Northeast. 

Confidence is high that further increases in the frequency and 
intensity of extreme precipitation events are projected for most 
U.S. areas, given the evidence base and uncertainties. 

Key message #7 Traceable Account

There have been changes in some types of ex-
treme weather events over the last several de-
cades. Heat waves have become more frequent 
and intense, especially in the West. Cold waves 
have become less frequent and intense across the 
nation. There have been regional trends in floods 
and droughts. Droughts in the Southwest and heat 
waves everywhere are projected to become more 
intense, and cold waves less intense everywhere.

Description of evidence base
The key message and supporting text summarizes extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Analysis of U.S. temperature records indicates that record cold 
events are becoming progressively less frequent relative to 

record high events.
60,170

 There is evidence for the corresponding 
trends in a global framework.

7,66
 A number of publications have 

explored the increasing trend of heat waves.
7,62,69

 Additionally, 
heat waves observed in the southern Great Plains,

1
 Europe,

7,62
 and 

Russia
60,66,67

 have now been shown to have a higher probability of 
having occurred because of human-induced climate change. 

Some parts of the U.S. have been seeing changing trends for 
floods and droughts over the last 50 years, with some evidence for 
human influence.

13,48,62
 In the areas of increased flooding in parts 

of the Great Plains, Midwest, and Northeast, increases in both 
total precipitation and extreme precipitation have been observed 
and may be contributing to the flooding increases. However, when 
averaging over the entire contiguous U.S., there is no overall trend 
in flood magnitudes.

71
 A number of publications project drought 

as becoming a more normal condition over much of the southern 
and central U.S. (most recent references: Dai 2012;  Hoerling et 
al. 2012; Wehner et al. 2011

75,76
).

Analyses of U.S. daily temperature records indicate that low 
records are being broken at a much smaller rate than high records, 
and at the smallest rate in the historical record.

60,170
 However, 

in certain localized regions, natural variations can be as large or 
larger than the human induced change.

New information and remaining uncertainties
The key uncertainty regarding projections of future drought is 
how soil moisture responds to precipitation changes and potential 
evaporation increases. Most studies indicate that many parts of 
the U.S. will experience drier soil conditions but the amount of 
that drying is uncertain.

Natural variability is also an uncertainty affecting projections of 
extreme event occurrences in shorter timescales (several years 
to decades), but the changes due to human influence become 
larger relative to natural variability as the timescale lengthens. 
Stakeholders should view the occurrence of extreme events in the 
context of increasing probabilities due to climate change.

Continuation of long term temperature and precipitation 
observations is critical to monitoring trends in extreme weather 
events.

Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is high for 
the entire key message.

Heat waves have become more frequent and intense, and confi-
dence is high that heat waves everywhere are projected to become 
more intense in the future.

Confidence is high that cold waves have become less frequent and 
intense across the nation. 
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Confidence is high that there have been regional trends in floods 
and droughts.

Confidence is high that droughts in the Southwest are projected 
to become more intense.

Key message #8 Traceable Account

The intensity, frequency, and duration of North 
Atlantic hurricanes, as well as the frequency of the 
strongest (Category 4 and 5) hurricanes, have all 
increased since the early 1980s. The relative con-
tributions of human and natural causes to these 
increases are still uncertain. Hurricane-associated 
storm intensity and rainfall rates are projected to 
increase as the climate continues to warm.

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Recent studies suggest that the most intense Atlantic hurricanes 
have become stronger since the early 1980s.

93
 While this is still the 

subject of active research, this trend is projected to continue.
90,91

New information and remaining uncertainties
Detecting trends in Atlantic and eastern North Pacific hurricane 
activity is challenged by a lack of consistent historical data and 
limited understanding of all of the complex interactions between 
the atmosphere and ocean that influence hurricanes.

87,88
  

While the best analyses to date
87,91

 suggest an increase in 
intensity and in the number of the most intense hurricanes over 
this century, there remain significant uncertainties. 

Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties:

High confidence that the intensity, frequency, and duration of 
North Atlantic hurricanes, as well as the frequency of the strongest 
(Category 4 and 5) hurricanes, have increased substantially since 
the early 1980s.

Low confidence in relative contributions of human and natural 
causes in the increases.

Medium confidence that hurricane intensity and rainfall rates are 
projected to increase as the climate continues to warm. 

Key message #9 Traceable Account

Winter storms have increased in frequency and 
intensity since the 1950s, and their tracks have 
shifted northward over the United States. Other 
trends in severe storms, including the intensity and 
frequency of tornadoes, hail, and damaging thun-
derstorm winds, are uncertain and are being stud-
ied intensively. 

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Current work
98

 has provided evidence of the increase in frequency 
and intensity of winter storms, with the storm tracks shifting 
poleward,

99,100
 but some areas have experienced a decrease in 

winter storm frequency.
1
 Although there are some indications 

of increased blocking (a large-scale pressure pattern with little 
or no movement) of the wintertime circulation of the Northern 
Hemisphere,

106
 the assessment and attribution of trends in 

blocking remain an active research area.
107

 Some recent research 
has provided insight into the connection of global warming to 
tornadoes and severe thunderstorms.

96

New information and remaining uncertainties
Winter storms and other types of severe storms have greater 
uncertainties in their recent trends and projections, compared 
to hurricanes (Key Message 8). The text for this key message 
explicitly acknowledges the state of knowledge, pointing out “what 
we don’t know.” There has been a sizeable upward trend in the 
number of storm events causing large financial and other losses.

95
 

Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties:

Confidence is medium that winter storms have increased slightly 
in frequency and intensity, and that their tracks have shifted 
northward over the U.S.

Confidence is low on other trends in severe storms, including the 
intensity and frequency of tornadoes, hail, and damaging thunder-
storm winds.	
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Key message #10 Traceable Account

Global sea level has risen by about 8 inches since 
reliable record keeping began in 1880. It is project-
ed to rise another 1 to 4 feet by 2100. 

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

Nearly all studies to date published in the peer-reviewed literature 
agree that global sea level has risen during the past century, and 
that it will continue to rise over the next century. 

Tide gauges throughout the world have documented rising sea 
levels during the last 130 years. This rise has been further 
confirmed over the past 20 years by satellite observations, which 
are highly accurate and have nearly global coverage. Recent 
studies have shown current sea level rise rates are increasing

112,123
 

and project that future sea level rise over the rest of this century 
will be faster than that of the last 100 years (Appendix 3: Climate 
Science, Supplemental Message 12).

123

New information and remaining uncertainties
The key issue in predicting future rates of global sea level rise 
is to understand and predict how ice sheets in Greenland and 
Antarctica will react to a warming climate. Current projections of 
global sea level rise do not account for the complicated behavior 
of these giant ice slabs as they interact with the atmosphere, the 
ocean and the land. Lack of knowledge about the ice sheets and 
their behavior is the primary reason that projections of global sea 
level rise includes such a wide range of plausible future conditions. 

Early efforts at semi-empirical models suggested much higher 
rates of sea level rise (as much as 6 feet by 2100).

115,117
 More 

recent work suggests that a high end of 3 to 4 feet is more 
plausible.

115,116,121
 It is not clear, however, whether these statistical 

relationships will hold in the future or that they are appropriate in 
modeling past behavior, thus calling their reliability into question.

118
 

Some decision-makers may wish to consider a broader range of 
scenarios such as 8 inches or 6.6 feet by 2100 in the context of 
risk-based analysis.

122,123

Assessment of confidence based on evidence
Given the evidence and uncertainties, confidence is very high that 
global sea level has risen during the past century, and that it will 
continue to rise over this century, with medium confidence that 
global sea level rise will be in the range of 1 to 4 feet by 2100.	

Key message #11 Traceable Account

Rising temperatures are reducing ice volume and 
surface extent on land, lakes, and sea. This loss of 
ice is expected to continue. The Arctic Ocean is 
expected to become essentially ice free in summer 
before mid-century.

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

There have been a number of publications reporting decreases in 
ice on land

147
 and glacier recession. Evidence that winter lake ice 

and summer sea ice are rapidly declining is based on satellite data 
and is incontrovertible.

111,172

Nearly all studies to date published in the peer-reviewed literature 
agree that summer Arctic sea ice extent is rapidly declining,

131
 

with even greater reductions in ice thickness
132,133

 and volume,
134

 
and that if heat-trapping gas concentrations continue to rise, an 
essentially ice-free Arctic ocean will be realized sometime during 
this century (for example, Stroeve et al. 2012

136
). September 

2012 had the lowest levels of Arctic ice in recorded history. Great 
Lakes ice should follow a similar trajectory. Glaciers will generally 
retreat, except for a small percentage of glaciers that experience 
dynamical surging.

111
 Snow cover on land has decreased over the 

past several decades.
145

 The rate of permafrost degradation is 
complicated by changes in snow cover and vegetation.

New information and remaining uncertainties
The rate of sea ice loss through this century is a key issue 
(uncertainty), which stems from a combination of large differences 
in projections between different climate models, natural climate 
variability and uncertainty about future rates of fossil fuel 
emissions. This uncertainty is illustrated in Figure 2.29, showing 
the CMIP5-based projections (adapted from Stroeve et al. 
2012

136
).

Viable avenues to improving the information base are determining 
the primary causes of the range of different climate model 
projections and determining which climate models exhibit the best 
ability to reproduce the observed rate of sea-ice loss.

Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is very 
high that rising temperatures are reducing ice volume and extent 
on land, lakes, and sea, and that this loss of ice is expected to 
continue. 
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Confidence is very high that the Arctic Ocean is projected to 
become virtually ice-free in summer by mid-century.	

Key message #12 Traceable Account

The oceans are currently absorbing about a quar-
ter of the carbon dioxide emitted to the atmosphere 
annually and are becoming more acidic as a result, 
leading to concerns about intensifying impacts on 
marine ecosystems. 

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the climate science peer-reviewed 
literature. Technical Input reports (82) on a wide range of topics 
were also reviewed; they were received as part of the Federal 
Register Notice solicitation for public input.

The oceans currently absorb a quarter of the CO2 the caused by 
human activities.

155
 Publications have shown that this absorption 

causes the ocean to become more acidic (for example, Doney et 
al. 2009

154
). Recent publications demonstrate the adverse effects 

further acidification will have on marine life.
158,165,169

New information and remaining uncertainties
Absorption of CO2 of human origin, reduced pH, and lower 
calcium carbonate (CaCO3) saturation in surface waters, where 
the bulk of oceanic production occurs, are well verified from 
models, hydrographic surveys, and time series data.

158
 The key 

issue (uncertainty) is how future levels of ocean acidity will affect 
marine ecosystems.

Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is very 
high that oceans are absorbing about a quarter of emitted CO2.

Very high for trend of ocean acidification; low-to-medium 
for intensifying impacts on marine ecosystems. Our present 
understanding of projected ocean acidification impacts on marine 
organisms stems largely from short-term laboratory and mesocosm 
experiments, although there are also examples based on actual 
ocean observations; consequently, the response of individual 



SECTORS
Cherry farmers in Michigan, insurance agents in Florida, and water managers in 
Arizona are among the millions of Americans already living with – and adapting to – a 
range of climate change impacts. Higher temperatures, rising sea levels, and more 
extreme precipitation events are altering the work of first responders, city planners, 
engineers, and others, influencing economic sectors from coast to coast. Agriculture, 
energy, transportation, and more, are all affected by climate change in concrete ways. 
American communities are contending with these changes now, and will be doing so 
increasingly in the future. 

Sectors of our economy do not exist in isolation. Forest management activities, for 
example, affect and are affected by water supply, changing ecosystems, impacts 
to biological diversity, and energy availability. Water supply and energy use are 
completely intertwined, since water is used to generate energy, and energy is required 
to pump, treat, and deliver water – which means that irrigation-dependent farmers 
and urban dwellers are linked as well. Human health is affected by water supply, 
agricultural practices, transportation systems, energy availability, and land use, among 
other factors – touching the lives of patients, nurses, county health administrators, 
and many others. Human social systems and communities are directly affected by 
extreme weather events and changes in natural resources such as water availability 
and quality; they are also affected both directly and indirectly by ecosystem health.

This report addresses some of these topics individually, focusing on the climate-
related risks and opportunities that occur within individual sectors, while others take a 
cross-sector approach. Single-sector chapters focus on:

Six crosscutting chapters address how climate change interacts with multiple sectors. 
These cover the following topics:

A common theme is that these sectors are interconnected in many ways. These 
intricate connections mean that changes in one sector are often amplified or reduced 
through links to other sectors. Another theme is how decisions can influence a 
cascade of events that affect individual and national vulnerability and/or resiliency 
to climate change across multiple sectors. This “systems approach” helps to reveal, 
for example, how adaptation and mitigation strategies are part of dynamic and 
interrelated systems. In this way, for example, adaptation plans for future coastal 
infrastructure are connected with the kinds of mitigation strategies that are – or 
are not – put into place today, since the amount of future sea level rise will differ 
according to various societal decisions about current and future emissions. These 
chapters also address the importance of underlying vulnerabilities and the ways they 
may influence risks associated with climate change. 

The chapters in the following section assess risks in the selected sectors, and include 
both observations of existing impacts associated with climate change, as well as 
projected impacts over the next several decades and beyond.

•	 Water resources
•	 Energy production and use
•	 Transportation
•	 Agriculture

•	 Forests
•	 Human health
•	 Ecosystems and biodiversity

•	 Energy, water, and land use
•	 Urban infrastructure and vulnerability
•	 Indigenous peoples, lands, and resources

•	 Land use and land cover
•	 Rural communities
•	 Biogeochemical cycles 
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Key Messages

1.	 Annual precipitation and river-flow increases are observed now in 
the Midwest and the Northeast regions. Very heavy precipitation 
events have increased nationally and are projected to increase in 
all regions. The length of dry spells is projected to increase in most 
areas, especially the southern and northwestern portions of the 
contiguous United States.

2.	 Short-term (seasonal or shorter) droughts are expected to intensify in 
most U.S. regions. Longer-term droughts are expected to intensify in 
large areas of the Southwest, southern Great Plains, and Southeast.

3.	 Flooding may intensify in many U.S. regions, even in areas where 
total precipitation is projected to decline. 

4.	 Climate change is expected to affect water demand, groundwater withdrawals, and aquifer 
recharge, reducing groundwater availability in some areas.

5.	 Sea level rise, storms and storm surges, and changes in surface and groundwater use patterns 
are expected to compromise the sustainability of coastal freshwater aquifers and wetlands.

6.	 Increasing air and water temperatures, more intense precipitation and runoff, and intensifying 
droughts can decrease river and lake water quality in many ways, including increases in 
sediment, nitrogen, and other pollutant loads.

7.	 Climate change affects water demand and the ways water is used within and across regions and 
economic sectors. The Southwest, Great Plains, and Southeast are particularly vulnerable to 
changes in water supply and demand.

8.	 Changes in precipitation and runoff, combined with changes in consumption and withdrawal, 
have reduced surface and groundwater supplies in many areas. These trends are expected to 
continue, increasing the likelihood of water shortages for many uses. 

9.	 Increasing flooding risk affects human safety and health, property, infrastructure, economies, 
and ecology in many basins across the United States.

10.	In most U.S. regions, water resources managers and planners will encounter new risks, 
vulnerabilities, and opportunities that may not be properly managed within existing practices. 

11.	Increasing resilience and enhancing adaptive capacity provide opportunities to strengthen water 
resources management and plan for climate change impacts. Many institutional, scientific, 
economic, and political barriers present challenges to implementing adaptive strategies.

WATER RESOURCES3

This chapter contains three main sections: climate change impacts on the water cycle, climate change impacts on water resources 
use and management, and adaptation and institutional responses. Key messages for each section are summarized above.

Climate Change Impacts on Water Resources Use and Managment

Climate Change Impacts on the Water Cycle

Adaptation and Institutional Responses
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3: WATER RESOURCES

Climate Change Impacts on the Water Cycle
Water cycles constantly from the atmosphere to the land and 
the oceans (through precipitation and runoff) and back to the 
atmosphere (through evaporation and the release of water 
from plant leaves), setting the stage for all life to exist. The 
water cycle is dynamic and naturally variable, and societies 

and ecosystems are accustomed to functioning within this vari-
ability. However, climate change is altering the water cycle in 
multiple ways over different time scales and geographic areas, 
presenting unfamiliar risks and opportunities. 

Key Message 1: Changing Rain, Snow, and Runoff

Annual precipitation and river-flow increases are observed now in the Midwest and the 
Northeast regions. Very heavy precipitation events have increased nationally and are 

projected to increase in all regions. The length of dry spells is projected to increase in most 
areas, especially the southern and northwestern portions of the contiguous United States.

Annual average precipitation over the continental U.S. as 
a whole increased by close to two inches (0.16 inches per 
decade) between 1895 and 2011.1,2 In recent decades, an-
nual average precipitation increases have been observed 
across the Midwest, Great Plains, the Northeast, and 
Alaska, while decreases have been observed in Hawai‘i 
and parts of the Southeast and Southwest (Ch. 2: Our 
Changing Climate, Figure 2.12). Average annual precipita-
tion is projected to increase across the northern U.S., and 
decrease in the southern U.S., especially the Southwest. 
(Ch. 2: Our Changing Climate, Figures 2.14 and 2.15).3

The number and intensity of very heavy precipitation 
events (defined as the heaviest 1% of all daily events from 
1901 to 2012) have been increasing significantly across 
most of the United States. The amount of precipitation 
falling in the heaviest daily events has also increased 
in most areas of the United States (Ch. 2: Our Changing 
Climate, Figure 2.17). For example, from 1950 to 2007, 
daily precipitation totals with 2-, 5-, and 10-year aver-
age recurrence periods increased in the Northeast and 
western Great Lakes.4 Very heavy precipitation events are 
projected to increase everywhere (Ch. 2: Our Changing 
Climate, Figure 2.19).5 Heavy precipitation events that his-
torically occurred once in 20 years are projected to occur 
as frequently as every 5 to 15 years by late this century.6 
The number and magnitude of the heaviest precipitation 
events is projected to increase everywhere in the United 
States (Ch. 2: Our Changing Climate, Figure 2.13).

Dry spells are also projected to increase in length in most 
regions, especially in the southern and northwestern por-
tions of the contiguous United States (Ch. 2: Our Changing 
Climate, Figure 2.13). Projected changes in total average 
annual precipitation are generally small in many areas, but 
both wet and dry extremes (heavy precipitation events 

The cycle of life is intricately joined with the cycle of water. 

— Jacques-Yves Cousteau

Figure 3.1. These projections, assuming continued increases in 
heat-trapping gas emissions (A2 scenario; Ch. 2: Our Changing 
Climate), illustrate: a) major losses in the water content of the 
snowpack that fills western rivers (snow water equivalent, or 
SWE); b) significant reductions in runoff in California, Arizona, 
and the central Rocky Mountains; and c) reductions in soil 
moisture across the Southwest. The changes shown are for 
mid-century (2041-2070) as percentage changes from 1971-
2000 conditions (Figure source: Cayan et al. 201318). 

Projected Changes in Snow, Runoff, and Soil Moisture
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and length of dry spells) are projected to increase substantially 
almost everywhere.

The timing of peak river levels has changed in response to 
warming trends. Snowpack and snowmelt-fed rivers in much 
of the western U.S. have earlier peak flow trends since the mid-
dle of the last century, including the past decade (Ch. 2: Our 
Changing Climate).7,8 This is related to declines in spring snow-
pack, earlier snowmelt-fed streamflow, and larger percentages 
of precipitation falling as rain instead of snow. These changes 
have taken place in the midst of considerable year-to-year 
variability and long-term natural fluctuations of the western 
U.S. climate, as well as other influences, such as the effects of 
dust and soot on snowpacks.7,9 There are both natural and hu-
man influences on the observed trends.10,11 However, in stud-
ies specifically designed to differentiate between natural and 
human-induced causes, up to 60% of these changes have been 
attributed to human-induced climate warming,10 but only 
among variables that are more responsive to warming than to 
precipitation variability, such as the effect of air temperature 
on snowpack.12

Other historical changes related to peak river-flow have been 
observed in the northern Great Plains, Midwest, and North-
east,13,14 along with striking reductions in lake ice cover (Ch. 2: 
Our Changing Climate).15,16

Permafrost is thawing in many parts of Alaska, a trend that not 
only affects habitats and infrastructure but also mobilizes sub-
surface water and reroutes surface water in ways not previ-
ously witnessed.17 Nationally, all of these trends are projected 
to become even more pronounced as the climate continues to 
warm (Figure 3.1).

Evapotranspiration (ET – the evaporation of moisture from soil, 
on plants and trees, and from water bodies; and transpiration, 
the use and release of water from plants), is the second largest 
component of the water cycle after precipitation. ET responds 
to temperature, solar energy, winds, atmospheric humidity, 
and moisture availability at the land surface and regulates 
amounts of soil moisture, groundwater recharge, and runoff.19 
Transpiration comprises between 80% and 90% of total ET 
on land (Ch. 6: Agriculture).20 In snowy settings, sublimation 
of snow and ice (loss of snow and ice directly into water va-
por without passing through a liquid stage) can increase these 
returns of water to the atmosphere, sometimes in significant 
amounts.21 These interactions complicate estimation and pro-
jection of regional losses of water from the land surface to the 
atmosphere.

Globally-averaged ET increased between 1982 and 1997 but 
stopped increasing, or has decreased, since about 1998.22 In 
North America, the observed ET decreases occurred in water-
rich rather than water-limited areas. Factors contributing to 
these ET decreases are thought to include decreasing wind 

Figure 3.2. Changes in annual surface soil moisture per year over the period 1988 to 2010 based on multi-
satellite datasets. Surface soil moisture exhibits wetting trends in the Northeast, Florida, upper Midwest, and 
Northwest, and drying trends almost everywhere else. (Images provided by W. Dorigo35). 

Annual Surface Soil Moisture Trends
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speed,23,24 decreasing solar energy at the land surface due to 
increasing cloud cover and concentration of small particles 
(aerosols),25 increasing humidity,23 and declining soil moisture 
(Figure 3.2).26 

Evapotranspiration projections vary by region,27,28,29,30 but the 
atmospheric potential for ET is expected to increase; actual ET 
will be affected by regional soil moisture changes. Much more 
research is needed to confidently identify historical trends, 
causes, and implications for future ET trends.31 This repre-
sents a critical uncertainty in projecting the impacts of climate 
change on regional water cycles. 

Soil moisture plays a major role in the water cycle, regulat-
ing the exchange of water, energy, and carbon between the 
land surface and the atmosphere,22 the production of runoff, 
and the recharge of groundwater aquifers. Soil moisture is 
projected to decline with higher temperatures and attendant 
increases in the potential for ET in much of the country, espe-
cially in the Great Plains,29 Southwest,18,32,33 and Southeast.28,34 

Runoff and streamflow at regional scales declined during the 
last half-century in the Northwest.36 Runoff and streamflow 
increased in the Mississippi Basin and Northeast, with no clear 
trends in much of the rest of the continental U.S.,37 although 
a declining trend is emerging in annual runoff in the Colorado 
River Basin.38 These changes need to be considered in the con-
text of tree-ring studies in California’s Central Valley, the Colo-
rado River and Wind River basins, and the southeastern U.S. 
that indicate that these regions have experienced prolonged, 
even drier and wetter conditions at various times in the past 
two thousand years.8,39,40 Human-caused climate change, when 
superimposed on past natural variability, may amplify these 
past extreme conditions. Projected changes in runoff for eight 
basins in the Northwest, northern Great Plains, and Southwest 
are illustrated in Figure 3.4.

Basins in the southwestern U.S. and southern Rockies (for ex-
ample, the Rio Grande and Colorado River basins) are project-
ed to experience gradual runoff declines during this century. 
Basins in the Northwest to north-central U.S. (for example, the 

Figure 3.3. Changes in seasonal surface soil moisture per year over the period 1988 to 2010 based on multi-satellite 
datasets.35 Seasonal drying is observed in central and lower Midwest and Southeast for most seasons (with the exception 
of the Southeast summer), and in most of the Southwest and West (with the exception of the Northwest) for spring 
and summer. Soil moisture in the upper Midwest, Northwest, and most of the Northeast is increasing in most seasons. 
(Images provided by W. Dorigo). 

Seasonal Surface Soil Moisture Trends
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Columbia and the Missouri River basins) are projected to ex-
perience little change through the middle of this century, and 
increases by late this century. 

Projected changes in runoff differ by season, with cool season 
runoff increasing over the west coast basins from California to 
Washington and over the north-central U.S. (for example, the 
San Joaquin, Sacramento, Klamath, Missouri, and Columbia 
River basins). Basins in the southwestern U.S. and southern 
Rockies are projected to see little change to slight decreases in 
the winter months. 

Warm season runoff is projected to decrease substantially over 
a region spanning southern Oregon, the southwestern U.S., 
and southern Rockies (for example, the Klamath, Sacramento, 
San Joaquin, Rio Grande, and the Colorado River basins), and 
change little or increase slightly north of this region (for ex-
ample, the Columbia and Missouri River basins).

In most of these western basins, these projected streamflow 
changes are outside the range of historical variability, especial-
ly by the 2050s and 2070s. The projected streamflow changes 
and associated uncertainties have water management implica-
tions (discussed below). 

Figure 3.4. Annual and seasonal streamflow projections based on the B1 (with substantial emissions reductions), A1B (with gradual 
reductions from current emission trends beginning around mid-century), and A2 (with continuation of current rising emissions trends) 
CMIP3 scenarios for eight river basins in the western United States. The panels show percentage changes in average runoff, with 
projected increases above the zero line and decreases below. Projections are for annual, cool, and warm seasons, for three future 
decades (2020s, 2050s, and 2070s) relative to the 1990s. (Source: U.S. Department of the Interior – Bureau of Reclamation 2011;41 
Data provided by L. Brekke, S. Gangopadhyay, and T. Pruitt)

Streamflow Projections for River Basins in the Western U.S.
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Key Message 2: Droughts Intensify 

Short-term (seasonal or shorter) droughts are expected to intensify in most  
U.S. regions. Longer-term droughts are expected to intensify in large areas of  

the Southwest, southern Great Plains, and Southeast. 

Annual runoff and related river-flow are projected to de-
cline in the Southwest42,43 and Southeast,34 and to increase 
in the Northeast, Alaska, Northwest, and upper Midwest re-
gions,42,43,44,45 broadly mirroring projected precipitation pat-
terns.46 Observational studies47 have shown that decadal fluc-
tuations in average temperature (up to 1.5°F) and precipitation 
changes of 10% have occurred in most areas of the U.S. during 
the last century. Fluctuations in river-flow indicate that effects 
of temperature are dominated by fluctuations in precipitation. 
Nevertheless, as warming affects water cycle processes, the 
amount of runoff generated by a given amount of precipitation 
is generally expected to decline.37 

Droughts occur on time scales ranging from season-to-season 
to multiple years and even multiple decades. There has been 
no universal trend in the overall extent of drought across the 
continental U.S. since 1900. However, in the Southwest, wide-

spread drought in the past decade has reflected both precipi-
tation deficits and higher temperatures8 in ways that resemble 
projected changes.48 Long-term (multi-seasonal) drought con-
ditions are also projected to increase in parts of the Southeast 
and possibly in Hawai‘i and the Pacific Islands (Ch. 23: Hawai‘i 
and Pacific Islands). Except in the few areas where increases 
in summer precipitation compensate, summer droughts (Ch. 
2: Our Changing Climate) are expected to intensify almost ev-
erywhere in the continental U.S.49 due to longer periods of dry 
weather and more extreme heat,33 leading to more moisture 
loss from plants and earlier soil moisture depletion in basins 
where snowmelt shifts to earlier in the year.50,51 Basins watered 
by glacial melt in the Sierra Nevada, Glacier National Park, and 
Alaska may experience increased summer river-flow in the 
next few decades, until the amounts of glacial ice become too 
small to contribute to river-flow.52,53

Key Message 3: Increased Risk of Flooding in Many Parts of the U.S.

Flooding may intensify in many U.S. regions, even in areas  
where total precipitation is projected to decline.  

There are various types of floods (see “Flood Factors and Flood 
Types”), some of which are projected to increase with contin-
ued climate change. Floods that are closely tied to heavy pre-
cipitation events, such as flash floods and urban floods, as well 
as coastal floods related to sea level rise and the resulting in-
crease in storm surge height and inland impacts, are expected 
to increase. Other types of floods result from a more complex 
set of causes. For example, river floods are basin specific and 
dependent not only on precipitation but also on pre-existing 
soil moisture conditions, topography, and other factors, in-
cluding important human-caused changes to watersheds and 
river courses across the United States.54,55,56,57  

Significant changes in annual precipitation (Ch. 2: Our Changing 
Climate) and soil moisture (Figures 3.2 and 3.3), among other 
factors, are expected to affect annual flood magnitudes (Fig-
ure 3.5) in many regions.58 River floods have been increasing in 
the Northeast and Midwest, and decreasing in the Southwest 
and Southeast.56,57,58,59 These decreases are not surprising, as 
short duration very heavy precipitation events often occur 
during the summer and autumn when rivers are generally low. 

However, these very heavy precipitation events can and do 
lead to flash floods, often exacerbated in urban areas by the 
effect of impervious surfaces on runoff. 

Heavy rainfall events are projected to increase, which is ex-
pected to increase the potential for flash flooding. Land cover, 
flow and water-supply management, soil moisture, and chan-
nel conditions are also important influences on flood genera-
tion55 and must be considered in projections of future flood 
risks. Region-specific storm mechanisms and seasonality also 
affect flood peaks.57 Because of this, and limited capacity to 
project future very heavy events with confidence, evaluations 
of the relative changes in various storm mechanisms may be 
useful.57,60,61 Warming is likely to directly affect flooding in 
many mountain settings, as catchment areas receive increas-
ingly more precipitation as rain rather than snow, or more 
rain falling on existing snowpack.62 In some such settings, river 
flooding may increase as a result – even where precipitation 
and overall river flows decline (Ch. 2: Our Changing Climate). 
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Key Message 4: Groundwater Availability

Climate change is expected to affect water demand, groundwater withdrawals,  
and aquifer recharge, reducing groundwater availability in some areas.

Groundwater is the only perennial source of fresh water in 
many regions and provides a buffer against climate extremes. 
As such, it is essential to water supplies, food security, and eco-
systems. Though groundwater occurs in most areas of the U.S., 
the capacity of aquifers to store water varies depending on the 
geology of the region. (Figure 3.6b illustrates the importance 
of groundwater aquifers.) In large regions of the Southwest, 
Great Plains, Midwest, Florida, and some other coastal areas, 
groundwater is the primary water supply. Groundwater aqui-
fers in these areas are susceptible to the combined stresses 
of climate and water-use changes. For example, during the 
2006–2009 California drought, when the source of irrigation 
shifted from surface water to predominantly groundwater, 
groundwater storage in California’s Central Valley declined by 
an amount roughly equivalent to the storage capacity of Lake 
Mead, the largest reservoir in the United States.64

Climate change impacts on groundwater storage are expected 
to vary from place to place and aquifer to aquifer. Although 
precise responses of groundwater storage and flow to climate 
change are not well understood nor readily generalizable, re-
cent and ongoing studies65,66,67,68 provide insights on various 
underlying mechanisms: 

1) 	 Precipitation is the key driver of aquifer recharge in water-
limited environments (like arid regions), while evapotrans-

piration (ET) is the key driver in energy-limited environ-
ments (like swamps or marshlands). 

2) 	 Climate change impacts on aquifer recharge depend on 
several factors, including basin geology, frequency and 
intensity of high-rainfall periods that drive recharge, sea-
sonal timing of recharge events, and strength of ground-
water-surface water interaction. 

3) 	 Changes in recharge rates are amplified relative to chang-
es in total precipitation, with greater amplification for 
drier areas. 

With these insights in mind, it is clear that certain groundwa-
ter-dependent regions are projected to incur significant cli-
mate change related challenges. In some portions of the coun-
try, groundwater provides nearly 100% of the water supply 
(Figure 3.6b). Seasonal soil moisture changes are a key aquifer 
recharge driver and may provide an early indication of general 
aquifer recharge trends. Thus, the observed regional reduc-
tions in seasonal soil moisture for winter and spring (Figure 
3.3) portend adverse recharge impacts for several U.S. regions, 
especially the Great Plains, Southwest, and Southeast. 

Despite their critical national importance as water supply 
sources (see Figure 3.6), aquifers are not generally monitored 

Figure 3.5. Trend magnitude (triangle size) and direction (green = increasing trend, brown = 
decreasing trend) of annual flood magnitude from the 1920s through 2008. Flooding in local 
areas can be affected by multiple factors, including land-use change, dams, and diversions of 
water for use. Most significant are increasing trends for floods in Midwest and Northeast, and 
a decreasing trend in the Southwest. (Figure source: Peterson et al. 201363).

Trends in Flood Magnitude
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in ways that allow for clear identification of climatic influences 
on groundwater recharge, storage, flows, and discharge. Near-
ly all monitoring is focused in areas and aquifers where varia-
tions are dominated by groundwater pumping, which largely 
masks climatic influences,69 highlighting the need for a national 
framework for groundwater monitoring.70

Generally, impacts of changing demands on groundwater sys-
tems, whether due directly to climate changes or indirectly 
through changes in land use or surface-water availability and 
management, are likely to have the most immediate effects on 
groundwater availability;67,71 changes in recharge and storage 
may be more subtle and take longer to emerge. Groundwater 
models have only recently begun to include detailed represen-

Figure 3.6. (a) Groundwater aquifers are found throughout the U.S., but they vary widely in terms of ability to store and recharge 
water. The colors on this map illustrate aquifer location and geology: blue colors indicate unconsolidated sand and gravel; yellow 
is semi-consolidated sand; green is sandstone; blue or purple is sandstone and carbonate‐rock; browns are carbonate-rock; red 
is igneous and metamorphic rock; and white is other aquifer types. (Figure source: USGS). (b) Ratio of groundwater withdrawals 
to total water withdrawals from all surface and groundwater sources by county. The map illustrates that aquifers are the main 
(and often exclusive) water supply source for many U.S. regions, especially in the Great Plains, Misssissippi Valley, east central 
U.S., Great Lakes region, Florida, and other coastal areas. Groundwater aquifers in these regions are prone to impacts due to 
combined climate and water-use change. (Data from USGS 2005).

Principal U.S. Groundwater Aquifers and Use
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tations of groundwater recharge and interactions with sur-
face-water and land-surface processes,50 with few projections 
of groundwater responses to climate change.68,72 However, sur-
face water declines have already resulted in larger groundwater 
withdrawals in some areas (for example, in the Central Valley 
of California and in the Southeast) and may be aggravated by 
climate change challenges.73 In many mountainous areas of the 
U.S., groundwater recharge is disproportionately generated 
from snowmelt infiltration, suggesting that the loss of snow-
pack will affect recharge rates and patterns.50,51,66,74 Models do 
not yet include dynamic representations of the groundwater 
reservoir and its connections to streams, the soil-vegetation 
system, and the atmosphere, limiting the understanding of the 

potential climate change impacts on groundwater and ground-
water-reliant systems.75 

As the risk of drought increases, groundwater can play a key 
role in enabling adaptation to climate variability and change. 
For example, groundwater can be augmented by surface wa-
ter during times of high flow through aquifer recharge strate-
gies, such as infiltration basins and injection wells. In addition, 
management strategies can be implemented that use surface 
water for irrigation and water supply during wet periods, and 
groundwater during drought, although these approaches face 
practical limitations within current management and institu-
tional frameworks.71,76  

Key Message 5: Risks to Coastal Aquifers and Wetlands

Sea level rise, storms and storm surges, and changes in surface and groundwater  
use patterns are expected to compromise the sustainability  

of coastal freshwater aquifers and wetlands.

With more than 50% of the nation’s population concentrated 
near coasts (Chapter 25: Coasts),77 coastal aquifers and wet-
lands are precious resources. These aquifers and wetlands, 
which are extremely important from a biological/biodiver-
sity perspective (see Ch. 8: Ecosystems; Ch. 25: Coasts), may 
be particularly at risk due to the combined effects of inland 
droughts and floods, increased surface water impoundments 
and diversions, increased groundwater withdrawals, and ac-
celerating sea level rise and greater storm surges.78,79 Estuaries 
are particularly vulnerable to changes in freshwater inflow and 
sea level rise by changing salinity and habitat of these areas.

Several coastal areas, including the Delaware, Susquehanna, 
and Potomac River deltas on the Northeast seaboard, most 
of Florida, the Apalachicola and Mobile River deltas and bays, 
the Mississippi River delta in Louisiana, and the delta of the 
Sacramento-San Joaquin rivers in northern California, are par-
ticularly vulnerable due to the combined effects of climate 
change and other human-caused stresses. In response, some 
coastal communities are among the nation’s most proactive in 
adaptation planning (Chapter 25: Coasts). 

Key Message 6: Water Quality Risks to Lakes and Rivers 

Increasing air and water temperatures, more intense precipitation and runoff, and intensifying 
droughts can decrease river and lake water quality in many ways, including increases in 

sediment, nitrogen, and other pollutant loads. 

Water temperature has been increasing in some rivers.80 The 
length of the season that lakes and reservoirs are thermally 
stratified (with separate density layers) is increasing with in-
creased air and water temperatures.81,82 In some cases, sea-
sonal mixing may be eliminated in shallow lakes, decreasing 
dissolved oxygen and leading to excess concentrations of 
nutrients (nitrogen and phosphorous), heavy metals (such as 
mercury), and other toxins in lake waters.81,82 

Lower and more persistent low flows under drought conditions 
as well as higher flows during floods can worsen water quality. 
Increasing precipitation intensity, along with the effects of wild-
fires and fertilizer use, are increasing sediment, nutrient, and 
contaminant loads in surface waters used by downstream wa-
ter users84 and ecosystems. Mineral weathering products, like 
calcium, magnesium, sodium, and silicon and nitrogen loads85 
have been increasing with higher streamflows.86 Changing land 

cover, flood frequencies, and flood magnitudes are expected 
to increase mobilization of sediments in large river basins.87 

Increasing air and water temperatures, more intense precipitation and 
runoff, and intensifying droughts can decrease water quality in many 
ways. Here, middle school students in Colorado learn about water quality.
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Changes in sediment transport are expected to vary regionally 
and by land-use type, with potentially large increases in some 
areas,88 resulting in alterations to reservoir storage and river 
channels, affecting flooding, navigation, water supply, and 
dredging. Increased frequency and duration of droughts, and 
associated low water levels, increase nutrient concentrations 
and residence times in streams, potentially increasing the like-

lihood of harmful algal blooms and low oxygen conditions.89 
Concerns over such impacts and their potential link to climate 
change are rising for many U.S. regions including the Great 
Lakes,90 Chesapeake Bay,91 and the Gulf of Mexico.85,86 Strat-
egies aiming to reduce sediment, nutrient, and contaminant 
loads at the source remain the most effective management 
responses.92

Relationship between Historical and Projected Water Cycle Changes
Natural climate variations occur on essentially all time scales 
from days to millennia, and the water cycle varies in much the 
same way. Observations of changes in the water cycle over 
time include responses to natural hydroclimatic variability as 
well as other, more local, human influences (like dam build-
ing or land-use changes), or combinations of these influences 
with  human-caused  climate change. Some recent studies 

have attributed specific observed changes in the water cycle 
to human-induced climate change (for example, Barnett et al. 
200810). For many other water cycle variables and impacts, the 
observed and projected responses are consistent with those 
expected by human-induced climate change and other hu-
man influences. Research aiming to formally attribute these 
responses to their underlying causes is ongoing. 

Figure 3.7. The length of the season in which differences in lake temperatures with depth cause stratification (separate density 
layers) is increasing in many lakes. In this case, measurements show stratification has been increasing in Lake Tahoe (top left) since 
the 1960s and in Lake Superior (top right) since the early 1900s in response to increasing air and surface water temperatures (see 
also Ch. 18: Midwest). In Lake Tahoe, because of its large size (relative to inflow) and resulting long water-residence times, other 
influences on stratification have been largely overwhelmed, and warming air and water temperatures have caused progressive 
declines in near-surface density, leading to longer stratification seasons (by an average of 20 days), decreasing the opportunities 
for deep lake mixing, reducing oxygen levels, and causing impacts to many species and numerous aspects of aquatic ecosytems.83 
Similar effects are observed in Lake Superior,16 where the stratification season is lengthening (top right) and annual ice-covered 
area is declining (bottom); both observed changes are consistent with increasing air and water temperatures.

Observed Changes in Lake Stratification and Ice Covered Area
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Flood factors and flood types

A flood is defined as any high flow, overflow, or inundation by water that causes or threatens damage.93 Floods are 
caused or amplified by both weather- and human-related factors. Major weather factors include heavy or prolonged 
precipitation, snowmelt, thunderstorms, storm surges from hurricanes, and ice or debris jams. Human factors in-
clude structural failures of dams and levees, inadequate drainage, and land cover alterations (such as pavement or 
deforestation) that reduce the capacity of the land surface to absorb water. Increasingly, humanity is also adding to 
weather-related factors, as human-induced warming increases heavy downpours, causes more extensive storm surges 
due to sea level rise, and leads to more rapid spring snowmelt.

Worldwide, from 1980 to 2009, floods caused more than 500,000 deaths and affected more than 2.8 billion 
people.94 In the U.S., floods caused 4,586 deaths from 1959 to 200595 while property and crop damage averaged 
nearly $8 billion per year (in 2011 dollars) over 1981 through 2011.93 The risks from future floods are significant, 
given expanded development in coastal areas and floodplains, unabated urbanization, land-use changes, and human-
induced climate change.94  

Major flood types include flash, urban, riverine, and coastal flooding: 

Flash floods occur in small and steep watersheds and waterways 
and can be caused by short-duration intense precipitation, dam 
or levee failure, or collapse of debris and ice jams. Snow cover 
and frozen ground conditions can exacerbate flash flooding dur-
ing winter and early spring by increasing the fraction of precipita-
tion that runs off. Flash floods develop within minutes or hours 
of the causative event, and can result in severe damage and loss 
of life due to high water velocity, heavy debris load, and limited 
warning. Most flood-related deaths in the U.S. are associated 
with flash floods.

Urban flooding can be caused by short-duration very heavy precip-
itation. Urbanization creates large areas of impervious surfaces 
(such as roads, pavement, parking lots, and buildings) and in-
creases immediate runoff. Stormwater drainage removes excess 
surface water as quickly as possible, but heavy downpours can 
exceed the capacity of drains and cause urban flooding. 

Flash floods and urban 
flooding are directly 
linked to heavy precipi-
tation and are expected 
to increase as a result 
of projected increases 
in heavy precipitation 
events. In mountainous 
watersheds, such in-
creases may be partial-
ly offset in winter and 
spring due to projected 
snowpack reduction.

Riverine flooding occurs 
when surface water 
drains from a water-
shed into a stream or 
a river exceeds channel 
capacity, overflows the 

Riverine Flooding: In many regions, infrastructure is currently vulnerable to flooding, as demonstrated 
in these photos. Left: The Fort Calhoun Nuclear Power Plant in eastern Nebraska was surrounded 
by a Missouri River flood on June 8, 2011, that also affected Louisiana, Mississippi, Missouri, Illinois, 
Kentucky, Tennessee, and Arkansas (photo credit: Larry Geiger). Right: The R.M. Clayton sewage 
treatment plant in Atlanta, Georgia, September 23, 2009, was engulfed by floodwaters forcing it to 
shut down and resulting in the discharge of raw sewage into the Chattahoochee River (photo credit: 
Reuters/David Tulis). Flooding also disrupts road and rail transportation, and inland navigation.

Flash Flooding: Cave Creek, Arizona
(Photo credit: Tom McGuire).

Continued
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Climate Change Impacts on Water Resource Uses and Management
People use water for many different purposes and benefits. 
Our water use falls into five main categories: 1) municipal use, 
which includes domestic water for drinking and bathing; 2) ag-
ricultural use, which includes irrigation and cattle operations; 
3) industrial use, which includes electricity production from 
coal- or gas-fired power plants that require water to keep the 
machinery cool; 4) providing ecosystem benefits, such as sup-
porting the water needs of plants and animals we depend on; 
and 5) recreational uses, such as boating and fishing. 

Water is supplied for these many uses from two main sources: 

•	 freshwater withdrawals (from streams, rivers, lakes, 
and aquifers), which supply water for municipal, in-
dustrial, agricultural, and recirculating thermoelectric 
plant cooling water supply;

•	 instream surface water flows, which support hydro-
power production, once-through thermoelectric plant 
cooling, navigation, recreation, and healthy ecosys-
tems. 

Flood factors and flood types (continued)
banks, and inundates adjacent low lying areas. Riverine flooding is commonly associated with large watersheds and riv-
ers, while flash and urban flooding occurs in smaller natural or urban watersheds. Because heavy precipitation is often 
localized, riverine flooding typically results from multiple heavy precipitation events over periods of several days, weeks, 
or even months. In large basins, existing soil moisture conditions and evapotranspiration rates also influence the onset 
and severity of flooding, as runoff increases with wetter soil and/or lower evapotranspiration conditions. Snow cover and 
frozen ground conditions can also exacerbate riverine flooding during winter and spring by increasing runoff associated 
with rain-on-snow events and by snowmelt, although these effects may diminish in the long term as snow accumulation 
decreases due to warming. Since riverine flooding depends on precipitation as well as many other factors, projections 
about changes in frequency or intensity are more uncertain than with flash and urban flooding.   

Coastal flooding is predominantly caused by storm surges that accompany hurricanes and other storms. Low storm 
pressure creates strong winds that create and push large sea water domes, often many miles across, toward the shore. 
The approaching domes can raise the water surface above normal tide levels (storm surge) by more than 25 feet, de-
pending on various storm and shoreline factors. 
Inundation, battering waves, and floating debris 
associated with storm surge can cause deaths, 
widespread infrastructure damage (to buildings, 
roads, bridges, marinas, piers, boardwalks, and 
sea walls), and severe beach erosion. Storm-
related rainfall can also cause inland flooding 
(flash, urban, or riverine) if, after landfall, the 
storm moves slowly or stalls over an area. Inland 
flooding can occur close to the shore or hun-
dreds of miles away and is responsible for more 
than half of the deaths associated with tropical 
storms.93 Climate change affects coastal flood-
ing through sea level rise and storm surge, in-
creases in heavy rainfall during hurricanes and 
other storms, and related increases in flooding in 
coastal rivers.

In some locations, early warning systems have helped reduce deaths, although property damage remains considerable 
(Ch. 28: Adaptation).  Further improvements can be made by more effective communication strategies and better land-
use planning.94    

Hurricane Sandy coastal flooding in Mantoloking, N.J.
(Photo credit: New Jersey National Guard/Scott Anema).
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Key Message 7: Changes to Water Demand and Use

Climate change affects water demand and the ways water is used within and across regions 
and economic sectors. The Southwest, Great Plains, and Southeast are  

particularly vulnerable to changes in water supply and demand.

Climate change, acting concurrently with demographic, land-
use, energy generation and use, and socioeconomic changes, is 
challenging existing water management practices by affecting 
water availability and demand and by exacerbating competi-
tion among uses and users (see Ch. 4: Energy; Ch. 6: Agriculture; 
Ch. 10: Energy, Water, and Land; Ch. 12: Indigenous Peoples; 

and Ch. 13: Land Use & Land Cover Change). In some regions, 
these current and expected impacts are hastening efficiency 
improvements in water withdrawal and use, the deployment 
of more proactive water management and adaptation ap-
proaches, and the reassessment of the water infrastructure 
and institutional responses.1

Water Withdrawals
Total freshwater withdrawals (including water that is with-
drawn and consumed as well as water that returns to the origi-
nal source) and consumptive uses have leveled off nationally  

since 1980 at 350 billion gallons of withdrawn water and 100 
billion gallons of consumptive water per day, despite the ad-
dition of 68 million people from 1980 to 2005 (Figure 3.8).96 
Irrigation and all electric power plant cooling withdrawals ac-
count for approximately 77% of total withdrawals, municipal 
and industrial for 20%, and livestock and aquaculture for 3%. 
Most thermoelectric withdrawals are returned back to rivers 
after cooling, while most irrigation withdrawals are consumed 
by the processes of evapotranspiration and plant growth. 
Thus, consumptive water use is dominated by irrigation (81%) 
followed distantly by municipal and industrial (8%) and the re-
maining water uses (5%). See Figure 3.9. 

Water sector withdrawals and uses vary significantly by region. 
There is a notable east-west water use pattern, with the larg-
est regional withdrawals occurring in western states (where 
the climate is drier) for agricultural irrigation (Figure 3.10a,d). 
In the east, water withdrawals mainly serve municipal, indus-
trial, and thermoelectric uses (Figure 3.10a,b,c). Irrigation is 
also dominant along the Mississippi Valley, in Florida, and in 
southeastern Texas. Groundwater withdrawals are especially 
intense in parts of the Southwest, Southeast, Northwest, and Figure 3.8. Trends in total freshwater withdrawal (equal 

to the sum of consumptive use and return flows to rivers) 
and population in the contiguous United States. This 
graph illustrates the remarkable change in the relationship 
between water use and population growth since about 
1980. Reductions in per capita water withdrawals are 
directly related to increases in irrigation efficiency for 
agriculture, more efficient cooling processes in electrical 
generation, and, in many areas, price signals, more 
efficient indoor plumbing fixtures and appliances, and 
reductions in exterior landscape watering, in addition to 
shifts in land-use patterns in some areas.97 Efficiency 
improvements have offset the demands of a growing 
population and have resulted in more flexibility in meeting 
water demand. In some cases these improvements 
have also reduced the flexibility to scale back water use 
in times of drought because some inefficiencies have 
already been removed from the system. With drought 
stress projected to increase in many U.S. regions, drought 
vulnerability is also expected to rise.1

U.S. Freshwater Withdrawal, Consumptive Use,  
and Population Trends

Figure 3.9. Total water withdrawals (groundwater and surface 
water) in the U.S. are dominated by agriculture and energy 
production, though the primary use of water for thermoelectric 
production is for cooling, where water is often returned to lakes 
and rivers after use (return flows). (Data from Kenny et al. 200996)

Freshwater Withdrawals by Sector
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Figure 3.10. Based on the most recent USGS water withdrawal data (2005). This figure illustrates water withdrawals at the U.S. 
county level: (a) total withdrawals (surface and groundwater) in thousands of gallons per day per square mile; (b) municipal and 
industrial (including golf course irrigation) withdrawals as percent of total; (c) irrigation, livestock, and aquaculture withdrawals as 
percent of total; (d) thermoelectric plant cooling withdrawals as percent of total; (e) counties with large surface water withdrawals; 
and (f) counties with large groundwater withdrawals. The largest withdrawals occur in the drier western states for crop irrigation. 
In the east, water withdrawals mainly serve municipal, industrial, and thermoelectric uses. Groundwater withdrawals are intense in 
parts of the Southwest and Northwest, the Great Plains, Mississippi Valley, Florida and South Georgia, and near the Great Lakes 
(Figure source: Georgia Water Resources Institute, Georgia Institute of Technology; Data from Kenny et al. 2009;96 USGS 201398). 

U.S. Water Withdrawal Distribution
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Great Plains, the Mississippi Valley, Florida and South Georgia, 
and near the Great Lakes (Figure 3.10f). Surface waters are 
most intensely used in all other U.S. regions. 

Per capita water withdrawal and use are decreasing due to 
many factors.99 These include demand management, new 
plumbing codes, water-efficient appliances, efficiency im-
provement programs, and pricing strategies, especially in the 
municipal sector.100 Other factors contributing to decreasing 
per capita water use include changes from water-intensive 
manufacturing and other heavy industrial activities to service-
oriented businesses,101 and enhanced water-use efficiencies in 
response to environmental pollution legislation (in the indus-
trial and commercial sector). In addition, replacement of older 
once-through-cooling electric power plants by plants that re-
cycle their cooling water, and switching from flood irrigation to 
more efficient methods in the western United States102 have 
also contributed to these trends. 

Notwithstanding the overall national trends, regional water 
withdrawal and use are strongly correlated with climate;103 
hotter and drier regions tend to have higher per capita usage, 
and water demand is affected by both temperature and pre-
cipitation on a seasonal basis (see also Ch. 28: Adaptation). 

Water demand is projected to increase as population grows, 
and will increase substantially more in some regions as a result 
of climate change. In the absence of climate change but in re-
sponse to a projected population increase of 80% and a 245% 
increase in total personal income from 2005 to 2060, simula-
tions under the A1B scenario indicate that total water demand 
in the U.S. would increase by 3%.99 Under these conditions, 
approximately half of the U.S. regions would experience an 
overall decrease in water demand, while the other half would 
experience an increase (Figure 3.11a). If, however, climate 
change projections based on the A1B emissions scenario (with 
gradual reductions from current emission trends beginning 
around mid-century) and three climate models are also fac-
tored in, the total water demand is projected to rise by an av-
erage of 26% over the same period (Figure 3.11b).99 Under the 
population increase scenario that also includes climate change, 
90% of the country is projected to experience a total demand 
increase, with decreases projected only in parts of the Mid-
west, Northeast and Southeast. Compared to an 8% increase in 
demand under a scenario without climate change, projections 
under the A2 emissions scenario (which assumes continued 
increases in global emissions) and three climate models over 
the 2005 to 2060 period result in a 34% increase in total water 
demand. By 2090, total water demand is projected to increase 
by 42% over 2005 levels under the A1B scenario and 82% under 
the higher A2 emissions scenario. 

Crop irrigation and landscape watering needs are directly af-
fected by climate change, especially by projected changes in 
temperature, potential evapotranspiration, and soil moisture. 
Consequently, the projected climate change impacts on water 
demand are larger in the western states, where irrigation dom-
inates total water withdrawals (see Figure 3.10). Uncertainties 
in the projections of these climate variables also affect water 
demand projections.99 However, it is clear that the impacts of 
projected population, socioeconomic, and climate changes 
amplify the effects on water demand in the Southwest and 
Southeast, where the observed and projected drying water cy-
cle trends already make these regions particularly vulnerable. 

This vulnerability will be exacerbated by physical and opera-
tional limitations of water storage and distribution systems. 
River reservoirs and associated dams are usually designed to 
handle larger-than-historical streamflow variability ranges. 
Some operating rules and procedures reflect historical sea-
sonal and interannual streamflow and water release patterns, 
while others include information about current and near-term 
conditions, such as snowpack depth and expected snowmelt 
volume. Climate change threatens to alter both the streamflow 
variability that these structures must accommodate and their 
opportunities to recover after doing so (due to permanent 
changes in average streamflow). Thus, as streamflow and de-
mand patterns change, historically based operating rules and 
procedures could become less effective in balancing water 
supply with other uses.104

Some of the highest water demand increases under climate 
change are projected in U.S. regions where groundwater aqui-
fers are the main water supply source (Figure 3.11b), including 
the Great Plains and parts of the Southwest and Southeast. 
The projected water demand increases combined with poten-
tially declining recharge rates (see water cycle section) further 
challenge the sustainability of the aquifers in these regions.       

Power plant cooling is a critical national water use, because 
nearly 90% of the U.S. electrical energy is produced by thermo-
electric power plants.105 Freshwater withdrawals per kilowatt 
hour have been falling in recent years due to the gradual re-
placement of once-through cooling of power plant towers with 
plants that recycle cooling water. Thermal plant cooling is prin-
cipally supported by surface water withdrawals (Figure 3.10e,f) 
and has already been affected by climate change in areas 
where temperatures are increasing and surface water supplies 
are diminishing, such as the southern United States. Higher 
water temperatures affect the efficiency of electric generation 
and cooling processes. It also limits the ability of utilities to 
discharge heated water to streams from once-through cooled 
power systems due to regulatory requirements and concerns 
about how the release of warmer water into rivers and streams 
affects ecosystems and biodiversity (see Ch. 4: Energy).106
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Instream Water Uses
Hydropower contributes 7% of electricity generation nation-
wide, but provides up to 70% in the Northwest and 20% in Cali-
fornia, Alaska, and the Northeast.107 Climate change is expect-
ed to affect hydropower directly through changes in runoff 
(average, extremes, and seasonality), and indirectly through 
increased competition with other water uses. Based on runoff 
projections, hydropower is expected to decline in the southern 
U.S. (especially the Southwest) and increase in the Northeast 
and Midwest (though actual gains or losses will depend on 
facility size and changes in runoff volume and timing). Where 
non-power water demands are expected to increase (as in the 
southern U.S.), hydropower generation, dependable capacity, 
and ancillary services are likely to decrease. Many hydropower 
facilities nationwide, especially in the Southeast, Southwest, 
and the Great Plains, are expected to face water availability 
constraints.108 While some hydropower facilities may face wa-
ter-related limitations, these could be offset to some degree 
by the use of more efficient turbines as well as innovative new 
hydropower technologies. 

Inland navigation, most notably in the Great Lakes and the 
Missouri, Mississippi, and Ohio River systems, is particularly 
important for agricultural commodities (transported from the 
Midwest to the Gulf Coast and on to global food markets), coal, 
and iron ore.1,109 Navigation is affected by ice cover and by 
floods and droughts. Seasonal ice cover on the Great Lakes has 
been decreasing16 which may allow increased shipping.110 How-
ever, lake level declines are also possible in the long term, de-
creasing vessel draft and cargo capacity. Future lake levels may 
also depend on non-climate factors and are uncertain both in 
direction and magnitude (see Ch. 2: Our Changing Climate; Ch. 
5: Transportation; and Ch. 18: Midwest). Similarly, although 

the river ice cover period has been decreasing53 (extending 
the inland navigation season), seasonal ice cover changes111,112 
could impede lock operations.112 Intensified floods are likely to 
hinder shipping by causing waterway closures and damaging or 
destroying ports and locks. Droughts have already been shown 
to decrease reliability of flows or channel depth, adversely 
impacting navigation (Ch. 5: Transportation). Both floods and 
droughts can disrupt rail and road traffic and increase shipping 
costs113 and result in commodity price volatility (Ch. 19: Great 
Plains). 

Recreational activities associated with water resources, includ-
ing boating, fishing, swimming, skiing, camping, and wildlife 
watching, are strong regional and national economic drivers.114 
Recreation is sensitive to weather and climate,115 and climate 
change impacts to recreation can be difficult to project.116 Ris-
ing temperatures affect extent of snowcover and mountain 
snowpack, with impacts on skiing117 and snowmobiling.118 As 
the climate warms, changes in precipitation and runoff are 
expected to result in both beneficial (in some regions) and ad-
verse impacts115 to water sports, with potential for consider-
able economic dislocation and job losses.118

Changing climate conditions are projected to affect water and 
wastewater treatment and disposal in ways that depend on 
system-specific and interacting attributes. For example, el-
evated stream temperatures, combined with lower flows, may 
require wastewater facilities to increase treatment to meet 
stream water quality standards.119 More intense precipitation 
and floods, combined with escalating urbanization and associ-
ated increasing impermeable surfaces, may amplify the likeli-
hood of contaminated overland flow or combined sewer over-

Figure 3.11. The effects of climate change, primarily associated with increasing temperatures and potential 
evapotranspiration, are projected to significantly increase water demand across most of the United States. Maps show 
percent change from 2005 to 2060 in projected demand for water assuming (a) change in population and socioeconomic 
conditions based on the underlying A1B emissions scenario, but with no change in climate, and (b) combined changes 
in population, socioeconomic conditions, and climate according to the A1B emissions scenario (gradual reductions from 
current emission trends beginning around mid-century). (Figure source: Brown et al. 201399). 

Projected Changes in Water Withdrawals
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flows.120 Moderate precipitation increases, however, could 
result in increased stream flows, improving capacity to dilute 
contaminants in some regions. Sea level rise and more fre-
quent coastal flooding could damage wastewater utility infra-
structure and reduce treatment efficiency (Ch. 25: Coasts).121

Changes in streamflow temperature and flow regimes can 
affect aquatic ecosystem structure and function (see Ch. 8: 
Ecosystems). Water temperature directly regulates the physi-
ology, metabolism, and energy of individual aquatic organisms, 
as well as entire ecosystems. Streamflow quantity influences 
the extent of available aquatic habitats, and streamflow vari-
ability regulates species abundance and persistence. Flow also 
influences water temperature, sediment, and nutrient con-
centrations.122 If the rate of climate change123 outpaces plant 
and animal species’ ability to adjust to temperature change, 

additional biodiversity loss may occur. Furthermore, climate 
change induced water cycle alterations may exacerbate exist-
ing ecosystem vulnerability, especially in the western United 
States124 where droughts and water shortages are likely to 
increase. But areas projected to receive additional precipita-
tion, such as the northern Great Plains, may benefit. Lastly, hy-
drologic alterations due to human interventions have without 
doubt impaired riverine ecosystems in most U.S. regions and 
globally.125 The projected escalation of water withdrawals and 
uses (see Figure 3.11) threatens to deepen and widen ecosys-
tem impairment, especially in southern states where climate 
change induced water cycle alterations are pointing toward 
drier conditions (see Ch. 8: Ecosystems). In these regions, bal-
ancing socioeconomic and environmental objectives will most 
likely require more deliberate management and institutional 
responses.  

Major Water Resource Vulnerabilities and Challenges 
Many U.S. regions are expected to face increased drought and flood vulnerabilities and exacerbated water management chal-
lenges. This section highlights regions where such issues are expected to be particularly intense. 

Key Message 8: Drought is Affecting Water Supplies  

Changes in precipitation and runoff, combined with changes in consumption and withdrawal, 
have reduced surface and groundwater supplies in many areas. These trends are expected  

to continue, increasing the likelihood of water shortages for many uses. 

Many southwestern and western watersheds, including 
the Colorado, Rio Grande,38,43,126 and Sacramento-San Joa-
quin,127,128 have recently experienced drier conditions. Even 
larger runoff reductions (about 10% to 20%) are projected 
over some of these watersheds in the next 50 years.48,129 In-
creasing evaporative losses, declining runoff and groundwater 
recharge, and changing groundwater pumpage are expected to 
affect  surface and groundwater  supplies65,66,67,71 and increase 
the risk of water shortages for many water uses. Changes in 

streamflow timing will exacerbate a growing mismatch be-
tween supply and demand (because peak flows are occurring 
earlier in the spring, while demand is highest in mid-summer) 
and will present challenges for the management of reservoirs, 
aquifers, and other water infrastructure.130 Rising stream 
temperatures and longer low flow periods may make electric 
power plant cooling water withdrawals unreliable, and may 
affect aquatic and riparian ecosystems by degrading habitats 
and favoring invasive, non-native species.131 

Key Message 9: Flood Effects on People and Communities

Increasing flooding risk affects human safety and health, property, infrastructure,  
economies, and ecology in many basins across the U.S.

Flooding affects critical water, wastewater, power, transporta-
tion, and communications infrastructure in ways that are dif-
ficult to foresee and can result in interconnected and cascad-
ing failures (see “Flood Factors and Flood Types”). Very heavy 
precipitation events have intensified in recent decades in most 
U.S. regions, and this trend is projected to continue (Ch. 2: Our 
Changing Climate). Increasing heavy precipitation is an impor-
tant contributing factor, but flood magnitude changes also de-
pend on specific watershed conditions (including soil moisture, 
impervious area, and other human-caused alterations). 

Projected changes in flood frequency based on climate projec-
tions and hydrologic models have recently begun to emerge 

(for example, Das et al. 2012;60 Brekke et al. 2009;132 Raff et 
al. 2009;133 Shaw and Riha 2011;134 Walker et al. 2011135), and 
suggest that flood frequency and severity increases may occur 
in the Northeast and Midwest (Ch. 16: Northeast; Ch. 18: Mid-
west). Flooding and sea water intrusion from sea level rise and 
increasing storm surge threaten New York, Boston, Philadel-
phia, Virginia Beach, Wilmington, Charleston, Miami, Tampa, 
Naples, Mobile, Houston, New Orleans, and many other cities 
on U.S. coasts (Chapter 25: Coasts). 

The devastating toll of large floods (human life, property, envi-
ronment, and infrastructure) suggests that proactive manage-
ment measures could minimize changing future flood risks and 
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consequences (Ch. 28: Adaptation). In coastal areas, sea level 
rise may act in parallel with inland climate changes to intensify 
water-use impacts and challenges (Ch. 12: Indigenous Peoples; 
Ch. 17: Southeast).136 Increasing flooding risk, both coastal and 
inland, could also exacerbate human health risks associated 
with failure of critical infrastructure,137,138 and an increase in 
both waterborne diseases (Ch. 9: Human Health)139 and air-
borne diseases.140 

Changes in land use, land cover, development, and population 
distribution can all affect flood frequency and intensity. The na-
ture and extent of these projected changes results in increased 
uncertainty and decreased accuracy of flood forecasting in 
both the short term133 and long term.141 This lack of certainty 
could hinder effective preparedness (such as evacuation plan-
ning) and the effectiveness of structural and non-structural 
flood risk reduction measures. However, many climate change 

projections are robust (Ch. 2: Our Changing Climate), and the 
long lead time needed for the planning, design, and construc-
tion of critical infrastructure that provides resilience to floods 
means that consideration of long-term changes is needed.

Effective climate change adaptation planning requires an in-
tegrated approach45,118,142 that addresses public health and 
safety issues (Ch. 28: Adaptation).143 Though numerous flood 
risk reduction measures are possible, including levees, land-
use zoning, flood insurance, and restoration of natural flood-
plain retention capacity,144 economic and institutional condi-
tions may constrain implementation. The effective use of 
these measures would require significant investment in many 
cases,145 as well as updating policies and methods to account 
for climate change42,146 in the planning, design, operation, and 
maintenance of flood risk reduction infrastructure.132,147  

Adaptation and Institutional Responses 

Key Message 10: Water Resources Management

In most U.S. regions, water resources managers and planners will encounter new risks, 
vulnerabilities, and opportunities that may not be properly managed within existing practices. 

Water managers and planners strive to balance water supply 
and demand across all water uses and users. The management 
process involves complex tradeoffs among water-use benefits, 
consequences, and risks. By altering water availability and 
demand, climate change is likely to present additional man-
agement challenges. One example is in the Sacramento-San 
Joaquin River Delta, where flooding, sea water intrusion, and 
changing needs for environmental, municipal, and agricultural 
water uses have created significant management challenges. 
This California Bay-Delta experience suggests that manag-
ing risks and sharing benefits requires re-assessment of very 
complex ecosystems, infrastructure systems, water rights, 
stakeholder preferences, and reservoir operation strategies – 
as well as significant investments. All of these considerations 
are subject to large uncertainties.54,148 To some extent, all U.S. 
regions are susceptible, but the Southeast and Southwest 
are highly vulnerable because climate change is projected to 
reduce water availability, increase demand, and exacerbate 
shortages (see “Water Management”). 

Recent assessments illustrate water management challenges 
facing California,127,129,149,150 the Southwest,130,151 Southeast (Ch. 

17: Southeast),136,152 Northwest,153 Great Plains,154 and Great 
Lakes.155 A number of these assessments demonstrate that 
while expanding supplies and storage may still be possible 
in some regions, effective climate adaptation strategies can 
benefit from innovative management strategies. These strate-
gies can include domestic water conservation programs that 
use pricing incentives to curb use; more flexible, risk-based, 
better-informed, and adaptive operating rules for reservoirs; 
the integrated use of combined surface and groundwater re-
sources; and better monitoring and assessment of statewide 
water use.129,149,156,157 Water management and planning would 
benefit from better coordination among public sectors at the 
national, state, and local levels (including regional partnerships 
and agreements), and the private sector, with participation of 
all relevant stakeholders in well-informed, fair, and equitable 
decision-making processes. Better coordination among hy-
drologists and atmospheric scientists, and among these scien-
tists and the professional water management community, is 
also needed to facilitate more effective translation of knowl-
edge from science to practice (Ch. 26: Decision Support; Ch. 
28: Adaptation).158
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Water challenges in a southeast river basin

Figure 3.12. The Apalachicola-Chattahoochee-Flint (ACF) River Basin supports many water uses and users, including municipal, 
industrial, and agricultural water supply; flood management; hydroelectric and thermoelectric energy generation; recreation; 
navigation; fisheries; and a rich diversity of environmental and ecological resources. In recent decades, water demands have risen 
rapidly in the Upper Chattahoochee River (due to urban growth) and Lower Chattahoochee and Flint Rivers (due to expansion 
of irrigated agriculture). At the same time, basin precipitation, soil moisture, and runoff are declining, creating challenging water 
sharing tradeoffs for the basin stakeholders.159 The historical water demand and supply trends are expected to continue in the 
coming decades. Climate assessments for 50 historical (1960-2009) and future years (2050-2099) based on a scenario of 
continued increases in emissions (A2) for the Seminole and all other ACF sub-basins152 show that soil moisture is projected to 
continue to decline in all months, especially during the crop growing season from April to October (bottom right). Mean monthly 
runoff decreases (up to 20%, not shown) are also projected throughout the year and especially during the wet season from 
November to May. The projected soil moisture and runoff shifts are even more significant in the extreme values of the respective 
distributions. In addition to reduced supplies, these projections imply higher water demands in the agricultural and other sectors, 
exacerbating management challenges. These challenges are reflected in the projected response of Lake Lanier, the main ACF 
regulation project, the levels of which are projected (for 2050-2099) to be lower, by as much as 15 feet, than its historical (1960-
2009) levels, particularly during droughts (top right). Recognizing these critical management challenges, the ACF stakeholders 
are earnestly working to develop a sustainable and equitable management plan that balances economic, ecological, and social 
values.160 (Figure source: Georgia Water Resources Institute, Georgia Institute of Technology.152).
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Key Message 11: Adaptation Opportunities and Challenges

Increasing resilience and enhancing adaptive capacity provide opportunities to  
strengthen water resources management and plan for climate change impacts.  

Many institutional, scientific, economic, and political barriers present  
challenges to implementing adaptive strategies. 

Climate adaptation involves both addressing the risks and le-
veraging the opportunities that may arise as a result of the cli-
mate impacts on the water cycle and water resources. Efforts 
to increase resiliency and enhance adaptive capacity may cre-
ate opportunities for a wide-ranging public discussion of water 
demands, improved collaboration around water use, increased 
public support for scientific and economic information, and 
the deployment of new technologies supporting adaptation. In 
addition, adaptation can promote the achievement of multiple 
water resource objectives through improved infrastructure 
planning, integrated regulation, and planning and manage-
ment approaches at regional, watershed, or ecosystem scales. 
Pursuing these opportunities may require assessing how cur-
rent institutional approaches support adaptation in light of the 
anticipated impacts of climate change.161

Climate change will stress the nation’s aging water infrastruc-
ture to varying degrees by location and over time. Much of 
the country’s current drainage infrastructure is already over-
whelmed during heavy precipitation and high runoff events, 
an impact that is projected to be exacerbated as a result of 
climate change, land-use change, and other factors. Large per-
centage increases in combined sewage overflow volumes, as-
sociated with increased intensity of precipitation events, have 
been projected for selected watersheds by the end of this 
century in the absence of adaptive measures.106,162 Infrastruc-
ture planning, especially for the long planning and operation 
horizons often associated with water resources infrastructure, 
can be improved by incorporating climate change as a factor 
in new design standards and in asset management and reha-
bilitation of critical and aging facilities, emphasizing flexibility, 
redundancy, and resiliency.106,132,163 

Adaptation strategies for water infrastructure include structur-
al and non-structural approaches. These may include changes 
in system operations and/or demand management changes, 
adopting water conserving plumbing codes, and improving 
flood forecasts, telecommunications, and early warning sys-
tems164 that focus on both adapting physical structures and 
innovative management.106,132,165 Such strategies could take 
advantage of conventional (“gray”) infrastructure upgrades 
(like raising flood control levees); adjustments to reservoir op-
erating rules; new demand management and incentive strate-
gies; land-use management that enhances adaptive capacity; 
protection and restoration at the scale of river basins, water-
sheds, and ecosystems; hybrid strategies that blend “green” 
infrastructure with gray infrastructure; and pricing strate-
gies.1,106,132,166,167 Green infrastructure approaches that are 

increasingly being implemented by municipalities across the 
country include green roofs, rain gardens, roadside plantings, 
porous pavement, and rainwater harvesting (Ch. 28: Adapta-
tion). These techniques typically utilize soils and vegetation 
in the built environment to absorb runoff close to where it 
falls, limiting flooding and sewer backups.168 There are numer-
ous non-infrastructure related adaptation strategies, some of 
which could include promoting drought-resistant crops, flood 
insurance reform, and building densely developed areas away 
from highly vulnerable areas.

In addition to physical adaptation, capacity-building activities 
can build knowledge and enhance communication and collabo-
ration within and across sectors.1,167,169  In particular, building 
networks, partnerships, and support systems has been iden-
tified as a major asset in building adaptive capacity (Ch. 26: 
Decision Support; Ch. 28: Adaptation).170

In addition to stressing the physical infrastructure of water 
systems, future impacts of climate change may reveal the 
weaknesses in existing water law regimes to accommodate 
novel and dynamic water management conditions. The basic 
paradigms of environmental and natural resources law are 
preservation and restoration, both of which are based on the 
assumption that natural systems fluctuate within an unchang-
ing envelope of variability (“stationarity”).171 However, climate 
change is now projected to affect water supplies during the 
multi-decade lifetime of major water infrastructure projects in 
wide-ranging and pervasive ways.132 Under these circumstanc-
es, stationarity will no longer be reliable as the central assump-
tion in water-resource risk assessment and planning.42,171 For 
example, in the future, water rights administrators may find it 
necessary to develop more flexible water rights systems con-
ditioned to address the uncertain impacts of climate change.172 
Agencies and courts may seek added flexibility in regulations 
and laws to achieve the highest and best uses of limited water 
resources and to enhance water management capacity in the 
context of new and dynamic conditions.132,173 

In the past few years, many federal, state, and local agen-
cies and tribal governments have begun to address climate 
change adaptation, integrating it into existing decision-mak-
ing, planning, or infrastructure-improvement processes (Ch. 
28: Adaptation).43,174 Drinking water utilities are increasingly 
utilizing climate information to prepare assessments of their 
supplies,175 and utility associations and alliances, such as the 
Water Research Foundation and Water Utility Climate Alliance, 
have undertaken original research to better understand the 
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implications of climate change on behalf of some of the largest 
municipal water utilities in the United States.119,156,176

The economic, social, and environmental implications of cli-
mate change induced water cycle changes are very significant, 
as is the cost of inaction. Adaptation responses need to address 
considerable uncertainties in the short-, medium-, and long-
term; be proactive, integrated, and iterative; and be developed 
through well-informed stakeholder decision processes func-
tioning within a flexible institutional and legal environment. 
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Process for Developing Key Messages: 
The chapter author team engaged in multiple technical discussions 
via teleconferences from March – June 2012. These discussions fol-
lowed a thorough review of the literature, which included an inter-
agency prepared foundational document,1 over 500 technical inputs 
provided by the public, as well as other published literature. The au-
thor team met in Seattle, Washington, in May 2012 for expert delib-
eration of draft key messages by the authors wherein each message 
was defended before the entire author team before this key message 
was selected for inclusion in the Chapter. These discussions were sup-
ported by targeted consultation with additional experts by the lead 
author of each message, and they were based on criteria that help 
define “key vulnerabilities.” Key messages were further refined fol-
lowing input from the NCADAC report integration team and authors 
of Ch. 2: Our Changing Climate.

Key message #1 Traceable Account

Annual precipitation and river-flow increases are 
observed now in the Midwest and the Northeast 
regions. Very heavy precipitation events have in-
creased nationally and are projected to increase in 
all regions. The length of dry spells is projected to 
increase in most areas, especially the southern and 
northwestern portions of the contiguous United 
States.  

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 Ch. 2: Our Changing Climate, Ch. 20: Southwest, other 
technical input reports,2 and over 500 technical inputs on a wide 
range of topics that were received as part of the Federal Register No-
tice solicitation for public input.

Numerous peer-reviewed publications describe precipitation trends 
(Ch. 2: Our Changing Climate)4,7,8,34 and river-flow trends.13,41 As dis-
cussed in Chapter 2, the majority of projections available from cli-
mate models (for example, Orlowsky and Seneviratne 2012;3 Kharin 
et al. 20135) indicate small projected changes in total average annual 
precipitation in many areas, while heavy precipitation6 and the length 
of dry spells are projected to increase across the entire country. Pro-
jected precipitation responses (such as changing extremes) to in-
creasing greenhouse gases are robust in a wide variety of models and 
depictions of climate.

The broad observed trends of precipitation and river-flow increases 
have been identified by many long-term National Weather Service 
(NWS)/National Climatic Data Center (NCDC) weather monitoring 
networks, USGS streamflow monitoring networks, and analyses of 
records therefrom (Ch. 2: Our Changing Climate;34,36,37). Ensembles 
of climate models3,42(see also Ch. 2: Our Changing Climate, Ch. 20: 
Southwest) are the basis for the reported projections. 

New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the find-
ings from the 2009 National Climate Assessment.177

 

Observed trends: Precipitation trends are generally embedded 
amidst large year-to-year natural variations and thus trends may be 
difficult to detect, may differ from site to site, and may be reflections 
of multi-decadal variations rather than external (human) forcings. 
Consequently, careful analyses of longest-term records from many 
stations across the country and addressing multiple potential expla-
nations are required and are cornerstones of the evidentiary studies 
described above. 

Efforts are underway to continually improve the stability, placement, 
and numbers of weather observations needed to document trends; 
scientists also regularly search for other previously unanalyzed data 
sources for use in testing these findings. 

Projected trends: The complexity of physical processes that result 
in precipitation and runoff reduces abilities to represent or predict 
them as accurately as would be desired and with the spatial and tem-
poral resolution required for many applications; however, as noted, 
the trends at the scale depicted in this message are very robust 
among a wide variety of climate models and projections, which lends 
confidence that the projections are appropriate lessons from current 
climate (and streamflow) models. Nonetheless, other influences not 
included in the climate change projections might influence future 
patterns of precipitation and runoff, including changes in land cover, 
water use (by humans and vegetation), and streamflow management.

Climate models used to make projections of future trends are con-
tinually increasing in number, resolution, and in the number of ad-
ditional external and internal influences that might be confounding 
current projections. For example, much more of all three of these 

SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
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directions for improvement are already evident in projection archives 
for the next IPCC assessment. 

Assessment of confidence based on evidence 
Observed trends have been demonstrated by a broad range of meth-
ods over the past 20+ years based on best available data; projected 
precipitation and river-flow responses to greenhouse gas increases 
are robust across large majorities of available climate (and hydro-
logic) models from scientific teams around the world.

Confidence is therefore judged to be high that annual precipitation 
and river-flow increases are observed now in the Midwest and the 
Northeast regions. 

Confidence is high that very heavy precipitation events have in-
creased nationally and are projected to increase in all regions. 

Confidence is high that the length of dry spells is projected to increase 
in most areas, especially the southern and northwestern portions of 
the contiguous United States.

Key message #2 Traceable Account

Short-term (seasonal or shorter) droughts are ex-
pected to intensify in most U.S. regions. Longer-
term droughts are expected to intensify in  large 
areas of the Southwest, southern Great Plains, and 
Southeast.

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 Ch. 16: Northeast, Ch 17: Southeast, Ch. 2: Our Chang-
ing Climate, Ch. 18: Midwest, Ch. 19: Great Plains, Ch. 20: Southwest, 
Ch. 21: Northwest, Ch. 23: Hawai‘i and Pacific Islands, and over 500 
technical inputs on a wide range of topics that were received as part 
of the Federal Register Notice solicitation for public input.

Projected drought trends derive directly from climate models in some 
studies (for example, Hoerling et al. 2012;8 Wehner et al. 2011;30 Gao 
et al. 2012;32 Gao et al. 2011;33), from hydrologic models responding 
to projected climate trends in others (for example, Georgakakos and 
Zhang 2011;38 Cayan et al. 2010;48), from considerations of the inter-
actions between precipitation deficits and either warmer or cooler 
temperatures in historical (observed) droughts,48 and from combina-
tions of these approaches (for example, Trenberth et al. 200449) in 
still other studies. 

New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the find-
ings from the 2009 National Climate Assessment.177

Warmer temperatures are robustly projected by essentially all cli-
mate models, with what are generally expected to be directly atten-
dant increases in the potentials for greater evapotranspiration, or ET 
(although it is possible that current estimates of future ET are overly 
influenced by temperatures at the expense of other climate variables, 
like wind speed, humidity, net surface radiation, and soil moisture 
that might change in ways that could partly ameliorate rising ET de-
mands). As a consequence, there is a widespread expectation that 
more water from precipitation will be evaporated or transpired in 
the warmer future, so that except in regions where precipitation in-
creases more than ET increases, less overall water will remain on the 
landscape and droughts will intensify and become more common. 
Another widespread expectation is that precipitation variability will 
increase, which may result in larger swings in moisture availability, 
with swings towards the deficit side resulting in increased frequen-
cies and intensities of drought conditions on seasonal time scales 
to times scales of multiple decades. An important remaining uncer-
tainty, discussed in the supporting text for Key Message #1, is the 
extent to which the types of models used to project future droughts 
may be influencing results with a notable recent tendency for studies 
with more complete, more resolved land-surface models, as well as 
climate models, to yield more moderate projected changes.

Confidence Level
Very High

Strong evidence (established 
theory, multiple sources, consistent 

results, well documented and 
accepted methods, etc.), high 

consensus

High

Moderate evidence (several sourc-
es, some consistency, methods 

vary and/or documentation limited, 
etc.), medium consensus

Medium

Suggestive evidence (a few 
sources, limited consistency, mod-
els incomplete, methods emerging, 
etc.), competing schools of thought

Low

Inconclusive evidence (limited 
sources, extrapolations, inconsis-
tent findings, poor documentation 
and/or methods not tested, etc.), 
disagreement or lack of opinions 

among experts
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Other uncertainties derive from the possibility that changes in other 
variables or influences of CO2-fertilization and/or land cover change 
may also partly ameliorate drought intensification. Furthermore in 
many parts of the country, El Niño-Southern Oscillation (and other 
oceanic) influences on droughts and floods are large, and can over-
whelm climate change effects during the next few decades. At pres-
ent, however, the future of these oceanic climate influences remains 
uncertain. 

Assessment of confidence based on evidence 
Given the evidence base and remaining uncertainties: 

Confidence is judged to be medium-high that short-term (seasonal or 
shorter) droughts are expected to intensify in most U.S. regions. Con-
fidence is high that longer-term droughts are expected to intensify in 
large areas of the Southwest, southern Great Plains, and Southeast. 

Key message #3 Traceable Account

Flooding may intensify in many U.S. regions, even 
in areas where total precipitation is projected to de-
cline. 

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 Ch. 16: Northeast, Ch 17: Southeast, Ch. 2: Our Chang-
ing Climate, Ch. 18: Midwest, Ch. 19: Great Plains, Ch. 20: Southwest, 
Ch. 21: Northwest, Ch. 23: Hawai‘i and Pacific Islands, and over 500 
technical inputs on a wide range of topics that were received as part 
of the Federal Register Notice solicitation for public input.

The principal observational bases for the key message are careful 
national-scale flood-trend analyses58 based on annual peak-flow re-
cords from a selection of 200 USGS streamflow gaging stations mea-
suring flows from catchments that are minimally influenced by up-
stream water uses, diversions, impoundments, or land-use changes 
with more than 85 years of records, and analyses of two other subsets 
of USGS gages with long records (including gages both impacted by 
human activities and less so), including one analysis of 50 gages na-
tionwide56 and a second analysis of 572 gages in the eastern United 
States.57 There is some correspondence among regions with signifi-
cant changes in annual precipitation (Ch. 2: Our Changing Climate) 
and soil moisture (Figures 3.2 and 3.3), and annual flood magnitudes 
(Figure 3.5).58

Projections of future flood-frequency changes result from de-
tailed hydrologic models (for example, Das et al. 2012;60 Raff et al. 
2009;133Walker et al. 2011135) of rivers that simulate responses to 
projected precipitation and temperature changes from climate mod-
els; such simulations have only recently begun to emerge in the peer-
reviewed literature.

New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the find-
ings from the 2009 National Climate Assessment.177 

Large uncertainties remain in efforts to detect flood-statistic changes 
attributable to climate change, because a wide range of local factors 
(such as dams, land-use changes, river channelization) also affect 
flood regimes and can mask, or proxy for, climate change induced 
alterations. Furthermore, it is especially difficult to detect any kinds 
of trends in what are, by definition, rare and extreme events. Finally, 
the response of floods to climate changes are expected to be fairly 
idiosyncratic from basin to basin, because of the strong influences 
of within-storm variations and local, basin-scale topographic, soil 
and vegetation, and river network characteristics that influence the 
size and extent of flooding associated with any given storm or sea-
son.54,55,56,57 

Large uncertainties still exist as to how well climate models can rep-
resent and project future extremes of precipitation. This has – until 
recently – limited attempts to make specific projections of future 
flood frequencies by using climate model outputs directly or as direct 
inputs to hydrologic models. However, precipitation extremes are ex-
pected to intensify as the atmosphere warms, and many floods result 
from larger portions of catchment areas receiving rain as snowlines 
recede upward. As rain runs off more quickly than snowfall this re-
sults in increased flood potential; furthermore, occasional rain-on-
snow events exacerbates this effect. This trend is broadly expected to 
increase in frequency under general warming trends, particularly in 
mountainous catchments.62 Rising sea levels and projected increase 
in hurricane-associated storm intensity and rainfall rates provide 
first-principles bases for expecting intensified flood regimes in coast-
al settings (see Ch. 2: Our Changing Climate).

Assessment of confidence based on evidence 
Future changes in flood frequencies and intensities will depend on a 
complex combination of local to regional climatic influences, and the 
details of complex surface-hydrologic conditions in each catchment 
(for example, topography, land cover, and upstream management). 
Consequently, flood frequency changes may be neither simple nor 
regionally homogeneous, and basin by basin projections may need to 
be developed. Early results now appearing in the literature have most 
often projected intensifications of flood regimes, in large part as re-
sponses to projections of more intense storms and increasingly rainy 
(rather than snowy) storms in previously snow-dominated settings. 
Confidence in current estimates of future changes in flood frequen-
cies and intensities is overall judged to be low.

Key message #4 Traceable Account

Climate change is expected to affect water de-
mand, groundwater withdrawals, and aquifer re-
charge, reducing groundwater availability in some 
areas. 
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Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 regional chapters of the NCA, and over 500 technical 
inputs on a wide range of topics that were received as part of the 
Federal Register Notice solicitation for public input.

Several recent studies65,66,67,68,71,72 have evaluated the potential im-
pacts of changes in groundwater use and recharge under scenarios 
including climate change, and generally they have illustrated the com-
mon-sense conclusion that changes in pumpage can have immediate 
and significant effects in the nation’s aquifers. This has certainly been 
the historical experience in most aquifers that have seen significant 
development; pumpage variations usually tend to yield more imme-
diate and often larger changes on many aquifers than do historical 
climate variations on time scales from years to decades. Meanwhile, 
for aquifers in the Southwest, there is a growing literature of geo-
chemical studies that fingerprint various properties of groundwater 
and that are demonstrating that most western groundwater derives 
preferentially from snowmelt, rather than rainfall or other sourc-
es.50,51,66,74 This finding suggests that much western recharge may be 
at risk of changes and disruptions from projected losses of snowpack, 
but as yet provides relatively little indication whether the net effects 
will be recharge declines, increases, or simply spatial redistribution.

New information and remaining uncertainties
The precise responses of groundwater storage and flow to climate 
change are not well understood, but recent and ongoing studies 
provide insights on underlying mechanisms.65,66,67 The observations 
and modeling evidence to make projections of future responses of 
groundwater recharge and discharge to climate change are thus far 
very limited, primarily because of limitations in data availability and 
in the models themselves. New forms and networks of observations 
and new modeling approaches and tools are needed to provide pro-
jections of the likely influences of climate changes on groundwater 
recharge and discharge. Despite the uncertainties about the specif-
ics of climate change impacts on groundwater, impacts of reduced 
groundwater supply and quality would likely be detrimental to the 
nation.

Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence 
is judged to be high that climate change is expected to affect water 
demand, groundwater withdrawals, and aquifer recharge, reducing 
groundwater availability in some areas. 

Key message #5 Traceable Account

Sea level rise, storms and storm surges, and 
changes in surface and groundwater use patterns 
are expected to compromise the sustainability of 
coastal freshwater aquifers and wetlands.

Description of evidence base
This message has a strong theoretical and observational basis, in-

cluding considerable historical experience with seawater intrusion 
into many of the nation’s coastal aquifers and wetlands under the 
influence of heavy pumpage, some experience with the influences 
of droughts and storms on seawater intrusion, and experience with 
seepage of seawater into shallow coastal aquifers under storm and 
storm surge conditions that lead to coastal inundations with seawa-
ter. The likely influences of sea level rise on seawater intrusion into 
coastal (and island) aquifers and wetlands are somewhat less certain, 
as discussed below, although it is projected that sea level rise may 
increase opportunities for saltwater intrusion (see Ch. 25: Coasts).

New information and remaining uncertainties
There are few published studies describing the kinds of groundwater 
quality and flow modeling that are necessary to assess the real-world 
potentials for sea level rise to affect seawater intrusion.78 Studies in 
the literature and historical experience demonstrate the detrimental 
impacts of alterations to the water budgets of the freshwater lenses 
in coastal aquifers and wetlands around the world (most often by 
groundwater development), but few evaluate the impacts of sea level 
rise alone. More studies with real-world aquifer geometries and de-
velopment regimes are needed to reduce the current uncertainty of 
the potential interactions of sea level rise and seawater intrusion. 

Assessment of confidence based on evidence 
Confidence is high that sea level rise, storms and storm surges, and 
changes in surface and groundwater use patterns are expected to 
compromise the sustainability of coastal freshwater aquifers and 
wetlands. 

Key message #6 Traceable Account

Increasing air and water temperatures, more in-
tense precipitation and runoff, and intensifying 
droughts can decrease river and lake water qual-
ity in many ways, including increases in sediment, 
nitrogen, and other pollutant loads.

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational doc-
ument,1 Ch. 8: Ecosystems, Ch. 15: Biogeochemical Cycles, and over 
500 technical inputs on a wide range of topics that were reviewed as 
part of the Federal Register Notice solicitation for public input.

Thermal stratification of deep lakes and reservoirs has been observed 
to increase with increased air and water temperatures,1,81,82 and may 
be eliminated in shallow lakes. Increased stratification reduces mix-
ing, resulting in reduced oxygen in bottom waters. Deeper set-up of 
vertical thermal stratification in lakes and reservoirs may reduce or 
eliminate a bottom cold water zone; this, coupled with lower oxygen 
concentration, results in a degraded aquatic ecosystem. 

Major precipitation events and resultant water flows increase wa-
tershed pollutant scour and thus increase pollutant loads.84 Fluxes 
of mineral weathering products (for example, calcium, magnesium, 
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sodium, and silicon) have also been shown to increase in response 
to higher discharge.86 In the Mississippi drainage basin, increased 
precipitation has resulted in increased nitrogen loads contributing 
to hypoxia in the Gulf of Mexico.85 Models predict and observations 
confirm that continued warming will have increasingly negative ef-
fects on lake water quality and ecosystem health.81 

Future re-mobilization of sediment stored in large river basins will be 
influenced by changes in flood frequencies and magnitudes, as well as 
on vegetation changes in the context of climate and other anthropo-
genic factors.87 Model projections suggest that changes in sediment 
delivery will vary regionally and by land-use type, but on average 
could increase by 25% to 55%.88

New information and remaining uncertainties
It is unclear whether increasing floods and droughts cancel each 
other out with respect to long-term pollutant loads. 

It is also uncertain whether the absolute temperature differential 
with depth will remain constant, even with overall lake and reservoir 
water temperature increases. Further, it is uncertain if greater mixing 
with depth will eliminate thermal stratification in shallow, previously 
stratified lakes. Although recent studies of Lake Tahoe provide an ex-
ample of longer stratification seasons,83 lakes in other settings and 
with other geometries may not exhibit the same response. 

Many factors influence stream water temperature, including air tem-
perature, forest canopy cover, and ratio of baseflow to streamflow. 

Assessment of confidence based on evidence 
Given the evidence base, confidence is medium that increasing air 
and water temperatures, more intense precipitation and runoff, and 
intensifying droughts can decrease river and lake water quality in 
many ways, including increases in sediment, nitrogen, and pollutant 
loads.

Key message #7 Traceable Account

Climate change affects water demand and the 
ways water is used within and across regions and 
economic sectors. The Southwest, Great Plains, 
and Southeast are particularly vulnerable to chang-
es in water supply and demand.

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 Ch. 2: Our Changing Climate, Ch. 17: Southeast, Ch. 19: 
Great Plains, Ch. 20: Southwest, Ch. 23: Hawai‘i and Pacific Islands, 
and many technical inputs on a wide range of topics that were re-
ceived and reviewed as part of the Federal Register Notice solicitation 
for public input.

Observed Trends: Historical water withdrawals by sector (for ex-
ample, municipal, industrial, agricultural, and thermoelectric) have 

been monitored and documented by USGS for over 40 years and 
represent a credible database to assess water-use trends, efficien-
cies, and underlying drivers. Water-use drivers principally include 
population, personal income, electricity consumption, irrigated area, 
mean annual temperature, growing season precipitation, and grow-
ing season potential evapotranspiration.99 Water-use efficiencies 
are also affected by many non-climate factors, including demand 
management, plumbing codes, water efficient appliances, efficiency 
improvement programs, and pricing strategies;100 changes from wa-
ter intensive manufacturing and other heavy industrial activities to 
service-oriented businesses,101 and enhanced water-use efficiencies 
in response to environmental pollution legislation; replacement of 
older once-through-cooling electric power plants by plants that re-
cycle their cooling water; and switching from flood irrigation to more 
efficient methods in the western United States.102  

Projected Trends and Consequences: Future projections have been 
carried out with and without climate change to first assess the wa-
ter demand impacts of projected population and socioeconomic 
increases, and subsequently combine them with climate change in-
duced impacts. The main findings are that in the absence of climate 
change total water withdrawals in the U.S. will increase by 3% in the 
coming 50 years,99 with approximately half of the U.S. experiencing 
a total water demand decrease and half an increase. If, however, cli-
mate change projections are also factored in, the demand for total 
water withdrawals is projected to rise by an average of 26%,99 with 
more than 90% of the U.S. projected to experience a total demand in-
crease, and decreases projected only in parts of the Midwest, North-
east, and Southeast. When coupled with the observed and projected 
drying water cycle trends (see key messages in “Climate Change Im-
pacts on the Water Cycle” section), the water demand impacts of pro-
jected population, socioeconomic, and climate changes intensify and 
compound in the Southwest and Southeast, rendering these regions 
particularly vulnerable in the coming decades. 

New information and remaining uncertainties
The studies of water demand in response to climate change and other 
stressors are very recent and constitute new information on their 
own merit.99 In addition, for the first time, these studies make it pos-
sible to piece together the regional implications of climate change in-
duced water cycle alterations in combination with projected changes 
in water demand. Such integrated assessments also constitute new 
information and knowledge building. 

Demand projections include various uncertain assumptions which 
become increasingly important in longer term (multi-decadal) pro-
jections. Because irrigation demand is the largest water demand 
component most sensitive to climate change, the most important 
climate-related uncertainties are precipitation and potential evapo-
transpiration over the growing season. Non-climatic uncertainties 
relate to future population distribution, socioeconomic changes, and 
water-use efficiency improvements.     
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Assessment of confidence based on evidence 
Considering that (a) droughts are projected to intensify in large ar-
eas of the Southwest, Great Plains, and the Southeast, and (b) that 
these same regions have experienced and are projected to experi-
ence continuing population and demand increases, confidence that 
these regions will become increasingly vulnerable to climate change 
is judged to be high.

Key message #8 Traceable Account

Changes in precipitation and runoff, combined 
with changes in consumption and withdrawal, have 
reduced surface and groundwater supplies in many 
areas. These trends are expected to continue, in-
creasing the likelihood of water shortages for many 
uses. 

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 Ch. 2: Our Changing Climate, Ch. 17: Southeast, Ch. 19: 
Great Plains, Ch. 20: Southwest, Ch. 23: Hawai‘i and Pacific Islands, 
and over 500 technical inputs on a wide range of topics that were 
received and reviewed as part of the Federal Register Notice solicita-
tion for public input.

Observed Trends: Observations suggest that the water cycle in the 
Southwest, Great Plains, and Southeast has been changing toward 
drier conditions (Ch. 17: Southeast).130,151,152 Furthermore, paleocli-
mate tree-ring reconstructions indicate that drought in previous cen-
turies has been more intense and of longer duration than the most 
extreme drought of the 20th and 21st centuries.40

Projected Trends and Consequences: Global Climate Model (GCM) 
projections indicate that this trend is likely to persist, with runoff 
reductions (in the range of 10% to 20% over the next 50 years) and 
intensifying droughts.48

The drying water cycle is expected to affect all human and ecologi-
cal water uses, especially in the Southwest. Decreasing precipitation, 
rising temperatures, and drying soils are projected to increase irriga-
tion and outdoor watering demand (which account for nearly 90% 
of consumptive water use) by as much as 34% by 2060 under the A2 
emissions scenario.99 Decreasing runoff and groundwater recharge 
are expected to reduce surface and groundwater supplies,66 increas-
ing the annual risk of water shortages from 25% to 50% by 2060.130 
Changes in streamflow timing will increase the mismatch of supply 
and demand. Earlier and declining streamflow and rising demands 
will make it more difficult to manage reservoirs, aquifers, and other 
water infrastructure.130 

Such impacts and consequences have been identified for several 
southwestern and western river basins including the Colorado,38 Rio 
Grande,126 and Sacramento-San Joaquin.127,128,129

New information and remaining uncertainties
The drying climate trend observed in the Southwest and Southeast in 
the last decades is consistent across all water cycle variables (precipi-
tation, temperature, snow cover, runoff, streamflow, reservoir levels, 
and soil moisture) and is not debatable. The debate is over whether 
this trend is part of a multi-decadal climate cycle and whether it will 
reverse direction at some future time. However, the rate of change 
and the comparative GCM assessment results with and without his-
torical CO2 forcing (Ch. 2: Our Changing Climate) support the view 
that the observed trends are due to both factors acting concurrently.

GCMs continue to be uncertain with respect to precipitation, but they 
are very consistent with respect to temperature. Runoff, streamflow, 
and soil moisture depend on both variables and are thus less sus-
ceptible to GCM precipitation uncertainty. The observed trends and 
the general GCM agreement that the southern states will continue 
to experience streamflow and soil moisture reductions34,41 provides 
confidence that these projections are robust.

Assessment of confidence based on evidence 
Given the evidence base and remaining uncertainties, confidence is 
high that changes in precipitation and runoff, combined with changes 
in consumption and withdrawal, have reduced surface and ground-
water supplies in many areas. Confidence is high that these trends are 
expected to continue, increasing the likelihood of water shortages for 
many uses. 

Key message #9 Traceable Account

Increasing flooding risk affects human safety and 
health, property, infrastructure, economies, and 
ecology in many basins across the U.S. 

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 Ch. 2: Our Changing Climate, Ch. 21: Northwest, Ch. 19: 
Great Plains, Ch. 18: Midwest, Ch. 16: Northeast, and over 500 techni-
cal inputs on a wide range of topics that were received as part of the 
Federal Register Notice solicitation for public input.

Observed Trends: Very heavy precipitation events have intensified 
in recent decades in most U.S. regions, and this trend is projected to 
continue (Ch. 2: Our Changing Climate). Increasing heavy precipita-
tion is an important contributing factor for floods, but flood magni-
tude changes also depend on specific watershed conditions (including 
soil moisture, impervious area, and other human-caused alterations).  
There is, however, some correspondence among regions with signifi-
cant changes in annual precipitation (Ch. 2: Our Changing Climate), 
soil moisture (Figures 3.2 and 3.3), and annual flood magnitudes (Fig-
ure 3.5).58 

Flooding and seawater intrusion from sea level rise and increas-
ing storm surge threaten New York, Boston, Philadelphia, Virginia 
Beach, Wilmington, Charleston, Miami, Tampa, Naples, Mobile, 
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Houston, New Orleans, and many other coastal cities (Chapter 25: 
Coasts). 

Projected Trends: Projections of future flood-frequency changes re-
sult from detailed hydrologic60,133,135 and hydraulic models of rivers 
that simulate responses to projected precipitation and temperature 
changes from climate models. 

Consequences: Floods already affect human health and safety and 
result in substantial economic, ecological, and infrastructure dam-
ages. Many cities are located along coasts and, in some of these cities 
(including New York, Boston, Miami, Savannah, and New Orleans), sea 
level rise is expected to exacerbate coastal flooding issues by backing 
up flood flows and impeding flood-management responses (see Ch. 
16: Northeast and Ch. 25: Coasts).136

Projected changes in flood frequency and severity can bring new 
challenges in flood risk management. For urban areas in particular, 
flooding impacts critical infrastructure in ways that are difficult to 
foresee and can result in interconnected and cascading failures (for 
example, failure of electrical generating lines can cause pump failure, 
additional flooding, and failure of evacuation services). Increasing 
likelihood of flooding also brings with it human health risks associ-
ated with failure of critical infrastructure (Ch. 11: Urban),137 from wa-
terborne disease that can persist well beyond the occurrence of very 
heavy precipitation (Ch. 9: Human Health),139 from water outages 
associated with infrastructure failures that cause decreased sanitary 
conditions,138 and from ecosystem changes that can affect airborne 
diseases (Ch. 8: Ecosystems).140

New information and remaining uncertainties
Large uncertainties still exist as to how well climate models can rep-
resent and project future precipitation extremes. However, precipita-
tion extremes are expected to intensify as the atmosphere warms, 
and many floods result from larger portions of catchment areas re-
ceiving rain as snowlines recede upward. As rain runs off more quickly 
than snowfall, this results in increased flood potential; furthermore 
occasional rain-on-snow events exacerbate this effect. This trend is 
broadly expected to increase in frequency under general warming 
trends, particularly in mountainous catchments.62

Assessment of confidence based on evidence 
Future changes in flood frequencies and intensities will depend on a 
complex combination of local to regional climatic influences and on 
the details of complex surface-hydrologic conditions in each catch-
ment (for example, topography, land cover, and upstream manage-
ments). Consequently, flood frequency changes may be neither 
simple nor regionally homogeneous, and basin by basin projections 
may need to be developed. Nonetheless, early results now appearing 
in the literature have most often projected intensifications of flood 

regimes, in large part as responses to projections of more intense 
storms and more rainfall runoff from previously snowbound catch-
ments and settings.

Therefore, confidence is judged to be medium that increasing flood-
ing risk affects human safety and health, property, infrastructure, 
economies, and ecology in many basins across the U.S. 

Key message #10 Traceable Account

In most U.S. regions, water resources managers 
and planners will encounter new risks, vulnerabili-
ties, and opportunities that may not be properly 
managed within existing practices.

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document,1 other chapters of the NCA, and over 500 technical inputs 
on a wide range of topics that were received as part of the Federal 
Register Notice solicitation for public input.

Observed and Projected Trends: Many U.S. regions are facing critical 
water management and planning challenges. Recent assessments il-
lustrate water management challenges facing California,127,128,129,149 
the Southwest,130,151 Southeast (Ch. 17: Southeast),136,152 North-
west,153 Great Plains,154 and Great Lakes.155

The Sacramento-San Joaquin Bay Delta is already threatened by 
flooding, seawater intrusion, and changing needs for environmental, 
municipal, and agricultural water uses. Managing these risks and uses 
requires reassessment of a very complex system of water rights, le-
vees, stakeholder consensus processes, reservoir system operations, 
and significant investments, all of which are subject to large uncer-
tainties.54,148 Given the projected climate changes in the Sacramen-
to-San Joaquin Bay Delta, adherence to historical management and 
planning practices may not be a long-term viable option,128,129 but the 
supporting science is not yet fully actionable,42 and a flexible legal 
and policy framework embracing change and uncertainty is lacking. 

The Apalachicola-Chattahoochee-Flint (ACF) River basin in Georgia, 
Alabama, and Florida supports a wide range of water uses and the 
regional economy, creating challenging water-sharing tradeoffs for 
the basin stakeholders. Climate change presents new stresses and 
uncertainties.152 ACF stakeholders are working to develop a manage-
ment plan that balances economic, ecological, and social values.160

New information and remaining uncertainties
Changes in climate, water demand, land use, and demography com-
bine to challenge water management in unprecedented ways. This is 
happening with a very high degree of certainty in most U.S. regions. 
Regardless of its underlying causes, climate change poses difficult 
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challenges for water management because it invalidates stationarity 
– the perception that climate varies around a predictable mean based 
on the experience of the last century – and increases hydrologic vari-
ability and uncertainty. These conditions suggest that past manage-
ment practices will become increasingly ineffective and that water 
management can benefit by the adoption of iterative, risk-based, and 
adaptive approaches. 

Assessment of confidence based on evidence 
The water resources literature is unanimous that water management 
should rely less on historical practices and responses and more on 
robust, risk-based, and adaptive decision approaches. 

Therefore confidence is very high that in most U.S. regions, water 
resources managers and planners will face new risks, vulnerabilities, 
and opportunities that may not be properly managed with existing 
practices. 

Key message #11 Traceable Account

Increasing resilience and enhancing adaptive ca-
pacity provide opportunities to strengthen water 
resources management and plan for climate change 
impacts. Many institutional, scientific, economic, 
and political barriers present challenges to imple-
menting adaptive strategies. 

Description of evidence base
The key message and supporting chapter text summarizes extensive 
evidence documented in the inter-agency prepared foundational 
document1 and over 500 technical inputs on a wide range of topics 
that were received as part of the Federal Register Notice solicitation 
for public input.

There are many examples of adaptive strategies for water infra-
structure106,132,164,165 as well as strategies for demand management, 

land-use and watershed management, and use of “green” infrastruc-
ture.1,106,132,166,167

Building adaptive capacity ultimately increases the ability to develop 
and implement adaptation strategies and is considered a no-regrets 
strategy.1,169 Building networks, partnerships, and support systems 
has been identified as a major asset in building adaptive capacity (Ch. 
26: Decision Support; Ch. 28: Adaptation).170

Water utility associations have undertaken original research to better 
understand the implications of climate change on behalf of some of 
the largest municipal water utilities in the United States.119,156,176

Challenges include “stationarity” no longer being reliable as the cen-
tral assumption in water-resource planning,171 considerable uncer-
tainties, insufficient actionable science ready for practical application, 
the challenges of stakeholder engagement, and a lack of agreement 
on “post-stationarity” paradigms on which to base water laws, regu-
lations, and policies.42 Water administrators may find it necessary to 
develop more flexible water rights and regulations.132,172,173

New information and remaining uncertainties
Jurisdictions at the state and local levels are addressing climate 
change related legal and institutional issues on an individual basis. 
An ongoing assessment of these efforts may show more practical ap-
plications. 

Assessment of confidence based on evidence 
Confidence is very high that increasing resilience and enhancing 
adaptive capacity provide opportunities to strengthen water resourc-
es management and plan for climate change impacts. 

Confidence is very high that many institutional, scientific, economic, 
and political barriers present challenges to implementing adaptive 
strategies.
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Key Messages
1.	 Extreme weather events are affecting energy production and delivery facilities, causing supply 	
	 disruptions of varying lengths and magnitudes and affecting other infrastructure that depends  
	 on energy supply. The frequency and intensity of certain types of extreme weather events are 	
	 expected to change.

2.	 Higher summer temperatures will increase electricity use, causing higher summer peak loads, 	
	 while warmer winters will decrease energy demands for heating. Net electricity use is projected 	
	 to increase.

3.	 Changes in water availability, both episodic and long-lasting, will constrain different forms of 	
	 energy production.

4.	 In the longer term, sea level rise, extreme storm surge events, and high tides will affect coastal 	
	 facilities and infrastructure on which many energy systems, markets, and consumers depend.

5.	 As new investments in energy technologies occur, future energy systems will differ from today’s 	
	 in uncertain ways. Depending on the character of changes in the energy mix, climate change will 	
	 introduce new risks as well as opportunities. 

ENERGY 
SUPPLY AND USE4

The U.S. energy supply system is diverse and robust in its abil-
ity to provide a secure supply of energy with only occasional in-
terruptions. However, projected impacts of climate change will 
increase energy use in the summer and pose additional risks 
to reliable energy supply. Extreme weather events and water 
shortages are already interrupting energy supply, and impacts 
are expected to increase in the future. Most vulnerabilities and 
risks to energy supply and use are unique to local situations; 
others are national in scope.

In addition to being vulnerable to the effects of climate change, 
electricity generation is a major source of the heat-trapping 

gases that contribute to climate change. Therefore, regulatory 
or policy efforts aimed at reducing emissions would also af-
fect the energy supply system. See Ch. 10: Energy, Water, and 
Land, Key Message 2; and Ch. 27: Mitigation for more on this 
topic. This chapter focuses on impacts of climate change to the 
energy sector.  

The impacts of climate change in other countries will also af-
fect U.S. energy systems through global and regional cross-
border markets and policies. Increased energy demand within 
global markets due to industrialization, population growth, 
and other factors will influence U.S. energy costs through 
competition for imported and exported energy products. The 
physical impacts of climate change on future energy systems 
in the 25- to 100-year timeframe will depend on how those en-
ergy systems evolve. That evolution will be driven by multiple 
factors, including technology innovations and carbon emission 
constraints.

Adaptation actions can allow energy infrastructure to adjust 
more readily to climate change. Many investments toward 
adaptation provide short-term benefits because they address 
current vulnerabilities as well as future risks, and thus entail 
“no regrets.” Such actions can include a focus on increased ef-
ficiency of energy use as well as improvements in the reliability 
of production and transmission of energy. The general concept 
of adaptation is presented in Chapter 28: Adaptation. 

Energy infrastructure around the country has been 
compromised by extreme weather events.
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4: ENERGY SUPPLY AND USE

Key Message 1: Disruptions from Extreme Weather

Extreme weather events are affecting energy production and delivery facilities, causing 
supply disruptions of varying lengths and magnitudes and affecting other infrastructure  

that depends on energy supply. The frequency and intensity of certain types  
of extreme weather events are expected to change.

Much of America’s energy infrastructure is vulnerable to ex-
treme weather events. Because so many components of U.S. 
energy supplies – like coal, oil, and electricity – move from 
one area to another, extreme weather events affecting energy 
infrastructure in one place can lead to supply consequences 
elsewhere.

Climate change has begun to affect the frequency, intensity, 
and length of certain types of extreme weather events.1,2,3 
What is considered an extreme weather or climate event var-
ies from place to place. Observed changes across most of the 
U.S. include increased frequency and intensity of extreme pre-
cipitation events, sustained summer heat, and in some regions, 
droughts and winter storms. The frequency of cold waves has 
decreased (Ch. 2: Our Changing Climate).

Projected climate changes include increases in various types 
of extreme weather events, particularly heat waves, wildfire, 
longer and more intense drought, more frequent and intense 
very heavy precipitation events, and extreme coastal high wa-
ter due to heavy-precipitation storm events coupled with sea 
level rise. Extreme coastal high water will increasingly disrupt 

infrastructure services in some locations.4 The frequency of 
cold waves is expected to continue decreasing. Disruptions 
in services in one infrastructure system (such as energy) will 
lead to disruptions in one or more other infrastructures (such 
as communications and transportation) that depend on other 
affected systems. Infrastructure exposed to extreme weather 
and also stressed by age or by demand that exceeds designed 
levels is particularly vulnerable (see Ch. 11: Urban).

Like much of the nation’s infrastructure affected by major 
weather events with estimated economic damages greater 
than $1 billion,5,6 U.S. energy facilities and systems, especially 
those located in coastal areas, are vulnerable to extreme 
weather events. Wind and storm surge damage by hurricanes 
already causes significant infrastructure losses on the Gulf 
Coast.

In 2005, damage to oil and gas production and delivery infra-
structure by Hurricanes Katrina and Rita affected natural gas, 
oil, and electricity markets in most parts of the United States. 4,7 
Market impacts were felt as far away as New York and New 
England,8,9 highlighting the significant indirect economic im-

pacts of climate-related events that 
go well beyond the direct damages 
to energy infrastructure.

Various aspects of climate change 
will affect and disrupt energy distri-
bution and energy production sys-
tems. It is projected that wildfires 
will affect extensive portions of 
California’s electricity transmission 
grid.10 Extreme storm surge events 
at high tides are expected to in-
crease,11 raising the risk of inundat-
ing energy facilities such as power 
plants, refineries, pipelines, and 
transmission and distribution net-
works. Rail transportation lines that 
carry coal to power plants, which 
produced 42% of U.S. electricity in 
2011, often follow riverbeds. More 
intense rainstorms can lead to river 
flooding that degrades or washes 
out nearby railroads and roadbeds, 
and increases in rainstorm intensity 
have been observed and are pro-
jected to continue.

Figure 4.1. A substantial portion of U.S. energy facilities is located on the Gulf Coast as 
well as offshore in the Gulf of Mexico, where they are particularly vulnerable to hurricanes 
and other storms and sea level rise. (Figure source: U.S. Government Accountability 
Office 2006).

Paths of Hurricanes Katrina and Rita Relative to  
Oil and Gas Production Facilities
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By learning from previous events, offshore operations can be 
made more resilient to the impacts of hurricanes. During Hur-
ricane Isaac in August 2012, the U.S. Bureau of Safety and En-
vironmental Enforcement reported that oil and gas production 
was safely shut down and restarted within days of the event.12

The geographical diversification of energy sources away from 
hurricane-prone areas such as the Gulf of Mexico has reduced 
vulnerability to hurricanes. The U.S. Energy Information Ad-
ministration (EIA) reports that the percentage of natural gas 
production from the Gulf of Mexico shifted from 20% in 2005 
to 7% in 2012.13 This is due to the development of shale gas 
production in other parts of the United States.

Key Message 2: Climate Change and Seasonal Energy Demands

Higher summer temperatures will increase electricity use, causing higher summer peak 
 loads, while warmer winters will decrease energy demands for heating. Net  

electricity use is projected to increase.

Over the last 20 years, annual average temperatures typically 
have been higher than the long-term average; nationally, tem-
peratures were above average during 12 of the last 14 sum-
mers (Ch. 2: Our Changing Climate).2 These increased tempera-
tures are already affecting the demand for energy needed to 
cool buildings in the United States.

Average temperatures have increased in recent decades. In 
response, the Energy Information Administration began us-
ing 10-year average weather data instead of 30-year average 
weather data in order to estimate energy demands for heating 
and cooling purposes. The shorter period is more consistent 
with the observed trend of warmer winters and summers,14 
but is still not necessarily optimal for anticipating near-term 
temperatures.17

While recognizing that many factors besides climate change af-
fect energy demand (including population changes, economic 

conditions, energy prices, consumer behavior, conservation 
programs, and changes in energy-using equipment), increases 
in temperature will result in increased energy use for cooling 
and decreased energy use for heating. These impacts differ 
among regions of the country and indicate a shift from pre-
dominantly heating to predominantly cooling in some regions 
with moderate climates. For example, in the Northwest, en-
ergy demand for cooling is projected to increase over the next 
century due to population growth, increased cooling degree 
days, and increased use of air conditioners as people adapt to 
higher temperatures.19 Population growth is also expected to 
increase energy demand for heating. However, the projected 
increase in energy demand for heating is about half as much 
when the effects of a warming climate are considered along 
with population growth.19 

Demands for electricity for cooling are expected to increase 
in every U.S. region as a result of increases in average tem-

peratures and high temperature extremes. 
The electrical grid handles virtually the en-
tire cooling load, while the heating load is 
distributed among electricity, natural gas, 
heating oil, passive solar, and biofuel. In 
order to meet increased demands for peak 
electricity, additional generation and distri-
bution facilities will be needed, or demand 
will have to be managed through a variety 
of mechanisms. Electricity at peak demand 
typically is more expensive to supply than 
at average demand.21 Because the balance 
between heating and cooling differs by lo-
cation, the balance of energy use among 
delivery forms and fuel types will likely 
shift from natural gas and fuel oil used for 
heating to electricity used for air condition-
ing. In hotter conditions, more fuel and en-
ergy are required to generate and deliver 
electricity, so increases in air conditioning 
use and shifts from heating to cooling in re-
gions with moderate climates will increase 
primary energy demands.4

Figure  4.2. The amount of energy needed to cool (or warm) buildings is proportional 
to cooling (or heating) degree days. The figure shows increases in population-weighted 
cooling degree days, which result in increased air conditioning use, and decreases 
in population-weighted heating degree days, meaning less energy required to heat 
buildings in winter, compared to the average for 1970-2000. Cooling degree days are 
defined as the number of degrees that a day’s average temperature is above 65ºF, 
while heating degree days are the number of degrees a day’s average temperature 
is below 65ºF. As shown, the increase in cooling needs is greater than the decrease 
in heating needs (Data from NOAA NCDC 201216). 

Increase in Cooling Demand and Decrease in Heating Demand
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Climate-related temperature shifts 
are expected to cause a net increase 
in residential electricity use.21,22 In-
creased electricity demands for cool-
ing will exceed electricity savings re-
sulting from lower energy demands 
for heating. One study examining 
state-level energy consumption, 
weather data, and high emission 
scenarios (A2 and A1FI; Appendix 3: 
Climate Science Supplement) found 
a net increase of 11% in residential 
energy demand.23 Another study 
reported annual increases in net 
energy expenditures for cooling and 
heating of about 10% ($26 billion in 
1990 U.S. dollars) by the end of this 
century for 4.5°F of warming, and 
22% ($57 billion in 1990 dollars) for 
overall warming of about 9°F.24 New 
energy-efficient technology could 
help to offset growth in demand.

Several studies suggest that if sub-
stantial reductions in emissions of 
heat-trapping gases were required, 
the electricity generating sector 
would switch to using alternative 
(non-fossil) fuel sources first, given 
the multiple options available to gen-
erate electricity from sources that do 
not emit heat-trapping gases, such as 
wind and solar power. Under these 
circumstances, electricity would 
displace direct use of fossil fuels for 
some applications, such as heating, 
to reduce overall emissions of heat-
trapping gases.25,26 The implications 
for peak electricity demand could be 
significant. In California, for example, 
the estimated increase in use of elec-
tricity for space heating would shift 
the peak in electricity demand from 
summer to winter.27 In addition, the 
fact that electricity from wind and 
solar is highly variable and may not 
be available when needed has the 
potential to decrease the reliability 
of the electricity system. However, 
some initial studies suggest that a 
well-designed electricity system 
with high penetration of renewable 
sources of energy should not de-
crease reliability (for example, Hand 
et al. 201228).

Figure 4.3. These maps show projected average changes in cooling degree days for two 
future time periods: 2021-2050 and 2070-2099 (as compared to the period 1971-2000). The 
top panel assumes climate change associated with continued increases in emissions of 
heat-trapping gases (A2), while the bottom panel assumes significant reductions (B1). The 
projections show significant regional variations, with the greatest increases in the southern 
United States by the end of this century under the higher emissions scenario. Furthermore, 
population projections suggest continued shifts toward areas that require air conditioning 
in the summer, thereby increasing the impact of temperature changes on increased energy 
demand.18 (Figure source: NOAA NCDC / CICS-NC).

Increase in Numbers of Cooling Degree Days

Table 4.1. Hotter and longer summers will increase the amount of electricity necessary to run air conditioning, 
especially in the Southeast and Southwest. Warmer winters will decrease the amount of natural gas required to 
heat buildings, especially in the Northeast, Midwest, and Northwest. Table information is adapted from multi-model 
means from 8 NARCCAP regional climate simulations for the higher emissions scenario (A2) considered in this 
report and is weighted by population. (Source: adapted from Regional Climate Trends and Scenarios reports20)

Changing Energy Use for Heating and Cooling Will Vary by Region

Consequences: Challenges and Opportunities
Region Cooling Heating

Physical Impacts - 
High Likelihood

Hotter and Longer Summers 
Number of additional extreme hot days 
(> 95°F) and % increase in cooling de-
gree days per year in 2041-2070 above 

1971-2000 level

Warmer Winters 
Number of fewer extreme cold 

days (< 10°F) and % decrease in 
heating degree days per year in 

2041-2070 below 1971-2000 level

Northeast +10 days, +77% -12 days, -17%

Southeast +23 days, +43% -2 days, -19%

Midwest +14 days, +64% -14 days, -15%

Great Plains +22 days, +37% -4 days, -18%

Southwest +20 days, +44% -3 days, -20%

Northwest +5 days, +89% -7 days, -15%

Alaska Not studied Not studied

Pacific Islands Not studied Not studied
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Key Message 3: Implications of Less Water for Energy Production

Changes in water availability, both episodic and long-lasting,  
will constrain different forms of energy production.

Producing energy from fossil fuels (coal, oil, and natural gas), 
nuclear power, biofuels, hydropower, and some solar power 
systems often requires adequate and sustainable supplies of 
water. Issues relatableted to water, including availability and 
restrictions on the temperature of cooling water returned to 
streams, already pose challenges to production from exist-
ing power plants and the ability to obtain permits to build 
new facilities (Ch. 10: Energy, Water, and Land).21,29,30

In the future, long-term precipitation changes, drought, and 
reduced snowpack are projected to alter water availability 
(Ch. 3: Water). Recent climate data indicate a national average 
increase in annual precipitation, owing to significant increases 
across the central and northeastern portions of the nation and 
a mix of increases and decreases elsewhere (Ch. 2: Our Chang-
ing Climate, Figure 2.12). Projected changes in precipitation are 
small in most areas of the United States, but vary both season-
ally and regionally (Figure 4.4). The number of heavy down-
pours has generally increased and 
is projected to increase for all re-
gions (Ch 2: Our Changing Climate, 
Figures 2.16, 2.17, 2.18, and 2.19). 

Different analyses of observed 
changes in dry spell length do not 
show clear trends,31 but longer dry 
spells are projected in southern 
regions and the Northwest (Ch. 2: 
Our Changing Climate, Figure 2.13) 
as a result of projected large-scale 
changes in circulation patterns.

Regional or seasonal water con-
straints, particularly in the South-
west and Southeast, will result 
from chronic or seasonal drought, 
growing populations, and increas-
ing demand for water for various 
uses (Ch. 2: Our Changing Cli-
mate; Ch. 10: Energy, Water, and 
Land).29,32 Reduced availability of 
water for cooling, for hydropower, 
or for absorbing warm water dis-
charges into water bodies without 
exceeding temperature limits, 
will continue to constrain power 

production at existing facilities and permitting of new power 
plants. Increases in water temperatures may reduce the effi-
ciency of thermal power plant cooling technologies, potentially 
leading to warmer water discharge from some power plants, 
which in turn can affect aquatic life. Studies conducted during 
2012 indicate that there is an increasing likelihood of water 
shortages limiting power plant electricity production in many 
regions.21,33 

Hydropower plants in the western United States depend 
on the seasonal cycle of snowmelt to provide steady output 
throughout the year. Expected reductions in snowpack in parts 
of the western U.S. will reduce hydropower production. There 
will also be increases in energy (primarily electricity) demand 
in order to pump water for irrigated agriculture and to pump 
and treat water for municipal uses.21

Figure 4.4. Climate change affects precipitation patterns as well as temperature patterns. The 
maps show projected changes in average precipitation by season for 2041–2070 compared to 
1971–1999, assuming emissions of heat-trapping gases continue to rise (A2 scenario). Note 
significantly drier conditions in the Southwest in spring and Northwest in summer, as well as 
significantly more precipitation (some of which could fall as snow) projected for northern areas 
in winter and spring. Hatched areas indicate that the projected changes are significant and 
consistent among models. White areas indicate that the changes are not projected to be larger 
than could be expected from natural variability. (Figure source: NOAA NCDC / CICS-NC).

Projected Changes in Seasonal Precipitation
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The Electric Power Research Institute’s (EPRI) scenario-based 
technical projections of water demand in 2030 find that one-
quarter of existing power generation facilities (about 240,000 
megawatts) nationwide are in counties that face some type 

of water sustainability issue.34 Many regions face water sus-
tainability concerns, with the most significant water-related 
stresses in the Southeast, Southwest, and Great Plains regions 
(Ch. 3: Water).34 

Key Message 4: Sea Level Rise and Infrastructure Damage

In the longer term, sea level rise, extreme storm surge events, and high tides will  
affect coastal facilities and infrastructure on which many energy systems,  

markets, and consumers depend.

Significant portions of the nation’s energy pro-
duction and delivery infrastructure are in low-
lying coastal areas; these facilities include oil and 
natural gas production and delivery facilities, 
refineries, power plants, and transmission lines.

Global sea level has risen by about 8 inches since 
reliable record keeping began in 1880, affecting 
countries throughout the world, including the 
United States. The rate of rise increased in recent 
decades and is not expected to slow. Global aver-
age sea level is projected to rise 1 to 4 feet by 
2100 and is expected to continue to rise well be-
yond this century (Ch. 2: Our Changing Climate). 
Sea level change at any particular location can 
deviate substantially from this global average 
(Ch. 2: Our Changing Climate).35

Rising sea levels, combined with normal and 
potentially more intense coastal storms, an in-
crease in very heavy precipitation events, and 
local land subsidence, threaten coastal energy 
equipment as a result of inundation, flooding, 
and erosion. This can be compounded in areas 
that are projected to receive more precipitation. 
In particular, sea level rise and coastal storms 
pose a danger to the dense network of Outer 
Continental Shelf marine and coastal facilities in 
the central Gulf Coast region.36 Many of Califor-
nia’s power plants are at risk from rising sea lev-
els, which result in more extensive coastal storm 
flooding, especially in the low-lying San Francisco 
Bay area (Figure 4.5). Power plants and energy 
infrastructure in coastal areas throughout the 
United States face similar risks.

Figure 4.5. Rising sea levels will combine with storm surges and high tides to 
threaten power-generating facilities located in California coastal communities 
and around the San Francisco Bay. Sea level rise and more intense heavy 
precipitation events increase the risk of coastal flooding and damages to 
infrastructure (Ch. 3: Water). (Figure source: Sathaye et al. 201137).

California Power Plants Potentially at 
Risk from Sea Level Rise
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Key Message 5: Future Energy Systems

As new investments in energy technologies occur, future energy systems will differ from 
today’s in uncertain ways. Depending on the character of changes in the energy mix,  

climate change will introduce new risks as well as opportunities. 

Countless aspects of the U.S. economy today are supported 
by reliable, affordable, and accessible energy supplies. Elec-
tricity and other forms of energy are necessary for telecom-
munications, water and sewer systems, banking, public safety, 
and more. Today’s energy systems vary significantly by region, 
however, with differences in climate-related impacts also in-
troducing considerable variation by locale. Table 4.3 shows 
projected impacts of climate change on, and potential risks 
to, energy systems as they currently exist in different regions. 
Most vulnerabilities and risks for energy supply and use are 
unique to local situations, but others are national in scope. For 
example, biofuels production in three regions (Midwest, Great 
Plains, and Southwest) could be affected by the projected de-
crease in precipitation during the critical growing season in 
the summer months (Ch. 10: Energy, Water, and Land; Ch. 7: 
Forests).

One certainty about future energy systems is that they will be 
different than today’s, but in ways not yet known. Many uncer-
tainties – financial, economic, regulatory, technological, and so 
on – will affect private and public consumption and investment 
decisions on energy fuels, infrastructure, and systems. Energy 
systems will evolve over time, depending upon myriad choices 
made by countless decision-makers responding to changing 
conditions in markets, technologies, policies, consumer pref-
erences, and climate. A key challenge to understanding the na-
ture and intensity of climate change impacts on future energy 
systems is the amount of uncertainty regarding future choices 
about energy technologies and their deployment. An evolving 
energy system is also an opportunity to develop an energy 
system that is more resilient and less vulnerable to climate 
change.

Very different future energy supply portfolios are possible 
depending upon key economic assumptions, including what 
climate legislation may look like,14,25,34 and whether significant 
changes in consumption patterns occur for a variety of other 
reasons. Renewable energy sources, including solar, wind, 
hydropower, biofuels, and geothermal are meeting a growing 
portion of U.S. demand, and there is the opportunity for this 
contribution to increase in the future (Ch. 6: Agriculture; Ch. 
7: Forests). This fundamental uncertainty about the evolving 

character of energy systems contributes another layer of com-
plexity to understanding how climate change will affect energy 
systems. 

As they consider actions to enhance the resiliency of energy 
systems, decision-makers confront issues with current energy 
systems as well as possible future configurations. The systems 
will evolve and will be more resilient over time if actions tied 
to features of today’s systems do not make future systems less 
resilient as a result. For example, if moving toward biomass as 
an energy source involves more water-consumptive energy 
supplies that could be constrained by drier future climate con-
ditions, then decisions about energy choices should be made 
with consideration of potential changes in climate conditions 
and the risks these changes present (See Ch. 26: Decision Sup-
port).

Because energy systems in the United States are not centrally 
planned, they tend to reflect energy decisions shaped by law, 
regulation, other policies, and economic, technological, and 
other factors in markets. Trends in use patterns may continue 
into the future; this is an opportunity to increase resilience but 
also a major uncertainty for energy utilities and policy makers. 
Energy infrastructure tends to be long-lived, so resiliency can 
be enhanced by more deliberate applications of risk-manage-
ment techniques and information about anticipated climate 
impacts and trends.38

For example, risk-management approaches informed by evolv-
ing climate conditions could be used to project the value of 
research and development on, or investments in, construction 
of dikes and barriers for coastal facilities or for dry-cooling 
technologies for power plants in regions where water is al-
ready in short supply. Solar and wind electricity generation fa-
cilities could be sited in areas that are initially more expensive 
(such as offshore areas) but less subject to large reductions in 
power plant output resulting from climatic changes. Targets 
for installed reserve margins for electric generating capacity 
and capacity of power lines can be established using certain 
temperature expectations, but adjusted as conditions unfold 
over time.
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Possible Climate Resilience and Adaptation Actions in Energy Sector

Possible Actions
Extreme 
Weather 
Events

Increase 
in Peak 
Energy 
Loads

Water 
Constraints 
on Energy 
Production

Sea 
Level 
Rise

Supply: System and Operational Planning
Diversifying supply chains X X X X

Strengthening and coordinating emergency response plans X X X

Providing remote/protected emergency-response coordination centers X

Developing flood-management plans or improving stormwater management X X

Developing drought-management plans for reduced cooling flows X

Developing hydropower management plans/policies addressing extremes X

Supply: Existing Equipment Modifications
Hardening/building redundancy into facilities X X

Elevating water-sensitive equipment or redesigning elevation of intake struc-
tures X X

Building coastal barriers, dikes, or levees X X

Improving reliability of grid systems through back-up power supply, intelligent 
controls, and distributed generation X X X

Insulating equipment for temperature extremes X
References to technical studies with case studies on many of these topics may be found in Wilbanks et al. 2012.4

Implementing dry (air-cooled) or low-water hybrid (or recirculating) cooling 
systems for power plants X

Adding technologies/systems to pre-cool water discharges X

Using non-fresh water supplies: municipal effluent, brackish or seawater X

Relocating vulnerable facilities X X X

Supply: New Equipment
Adding peak generation, power storage capacity, and distributed generation X X X X

Adding back-up power supply for grid interruptions X X X

Increasing transmission capacity within and between regions X X X X

Use: Reduce Energy Demand
Improving building energy, cooling-system and manufacturing efficiencies, 
and demand-response capabilities (for example, smart grid) X X

Setting higher ambient temperatures in buildings X X

Improving irrigation and water distribution/reuse efficiency X X

Allowing flexible work schedules to transfer energy use to off-peak hours X

A range of climate change impacts will affect future energy production. This table shows possible ways to anticipate and respond to 
these changes. Innovations in technologies may provide additional opportunities and benefits to these and other adaptation actions. 
Behavioral change by consumers can also promote resiliency.

Table 4.2 summarizes actions that can be taken to increase the ease with which energy systems can adjust to climate change. Many 
of these adaptation investments entail “no regrets” actions, providing short-term benefits because they address current vulnerabilities 
as well as future risks.

Key Challenges Addressed
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Energy Supply: Summary of National and Regional Impacts, Challenges, and Opportunities
Consequencesa: Challenges and Opportunities

Fuel Extraction, Production 
and Refining Fuel 

Distribution
Transport/
Pipelines

Electricity Generation
Electricity 

Distribution
Hydrocarbonsb Biofuels Thermal Power Generationc

Physical 
Impacts – 

High  
Likelihood

Increased Ambient 
Temperature of Air 

and Water

Increased 
Extremes in 

Water  
Availability

Coastal Erosion 
and Sea Level 

Rise

Increased 
Ambient Tem-
perature of Air 

and Water

Increased 
Extremes in 

Water  
Availability

Coastal 
Erosion 
and Sea 

Level Rise

Hot Summer 
Periods

National 
Trend  

Summaryf  

Consequence

Decreased  
Production and 

Refining Capacity

Decreased 
Agricultural 

Yields

Damage to 
Facilities

Reduced 
Plant 

Efficiency 
and Cooling 

Capacity

Interruptions 
to Cooling 
Systems

Damage to 
Facilities

Reduced Ca-
pacity/Damage 

to Lines

Key Indicator
(2071-2099 vs. 

1971-2000)

Mean Annual 
Temperatured

Summer 
Precipitationd

Sea level Risee 
(2100)

Mean  
Annual  

Temperatured

Summer 
Precipitationd

Sea Level 
Risee 
(2100)

# Days>90°Ff,g 
(2055)

Northeast +4°F to 9°F -5% to +6%

1.6–3.9 ft
(0.5–1.2m)

+4°F to 9°F -5% to +6%

1.6–3.9 ft.
(0.5–1.2m)

+13 days

Southeast +3°F to  8°F -22% to  +10% +3°F to  8°F -22% to  +10% +31 days

Midwest +4°F to  10°F -22% to +7% +4°F to  10°F -22% to  +7% +19 days

Great Plains +3°F to  9°F -27% to  +5% +3°F to  9°F -27% to  +5% +20 days

Southwest +4°F to  9°F -13% to  +3% +4°F to 9°F -13% to  +3% +24 days

Northwest +3°F to  8°F -34% to  -4% +3°F to  8°F -34% to  -4% +4 days

Alaska +4°F to 9°F +10% to  +25% +4°F to 9°F +10% to  
+25% No Projection

Pacific  
Islands +2°F to 5°F

Range from 
little change to 

increases
+2°F to 5°F

Range from 
little change to 

increases
No Projection

Notes
a) Excludes extreme weather events.
b) Hydrocarbons include coal, oil, and gas including shales.
c) Thermal power generation includes power plants fired from nuclear, coal, gas, oil, biomass fuels, solar thermal, and geothermal energy.
d) CMIP3 15 GCM Models: 2070–2099 Combined Interquartile Ranges of SRES B1 and A2 (versus 1971–2000), incorporating uncertainties from both 

differences in model climate sensitivity and differences between B1 and A2 in emissions trajectories
e) Range of sea level rise for 2100 is the Low Intermediate to High Intermediate Scenario from “Sea Level Change Scenarios for the U.S. National 

Climate Assessment.”
35

 Range is similar to the 1 to 4 feet of sea level rise projected in Ch. 2: Our Changing Climate, Key Message 10. There will 
be regional variations in sea level rise, and this category of impacts does not apply for the Midwest region.

f) 2055 NARCCAP
g) References:

 4,25
 

Table 4.3. Increased temperatures, changing precipitation patterns, and sea level rise will affect many sectors and regions, including 
energy production, agriculture yields, and infrastructure damage. Changes are also projected to affect hydropower, solar photovoltaic, 
and wind power, but the projected impacts are not well defined at this time.
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Process for Developing Key Messages: 
The author team met bi-weekly by teleconference during the 
months of March through July 2012. Early in the development 
of key messages and a chapter outline, the authors reviewed all 
of the four dozen relevant technical input reports that were re-
ceived in response to the Federal Register solicitation for pub-
lic input. Selected authors participated in a U.S. Department of 
Energy (DOE) sponsored workshop on Energy Supply and Use, 
December 29-30, 2011, in Washington, D.C. The workshop was 
organized specifically to inform a DOE technical input report and 
this National Climate Assessment and to engage stakeholders in 
this process. The authors selected key messages based on the risk 
and likelihood of impacts, associated consequences, and available 
evidence. Relevance to decision support within the energy sector 
was also an important criterion.

The U.S. maintains extensive data on energy supply and use. The 
Energy Information Administration (EIA) of the U.S. Department 
of Energy is a primary organization in this activity, and data with 
quality control, quality assurance, and expert review are available 
through EIA Web pages (for example, EIA 2012, EIA 2013

39
).

Key message #1 Traceable Account

Extreme weather events are affecting energy 
production and delivery facilities, causing supply 
disruptions of varying lengths and magnitudes and 
affecting other infrastructure that depends on en-
ergy supply. The frequency and intensity of certain 
types of extreme weather events are expected to 
change.

Description of evidence base
A series of NCA workshops reviewed potential influences of climate 
change thus far on the frequency and intensity of certain types 
of extreme events.

3
 Numerous past extreme events demonstrate 

damage to energy facilities and infrastructure. Data assembled 
and reviewed by the Federal Government summarize typical costs 
associated with damage to energy facilities by extreme events.

5
 

State and regional reports as well as data provided by public utili-
ties document specific examples.

4,9,10,26

Damage to Gulf Coast energy facilities and infrastructure by Hur-
ricanes Katrina and Rita in 2005 provides excellent examples to 
support this key message.

8,9
 Wildfire also damages transmission 

grids.
10

The authors benefited from Agency-sponsored technical input re-
ports summarizing relevant data and information on energy supply 
and use as well as urban systems and infrastructure.

4,21,25
 A num-

ber of other technical input reports were relevant as well. These 
were reviewed carefully, particularly with regard to the identifica-
tion of key messages.

New information and remaining uncertainties
The information provided through a series of NCA workshops pro-
vided new (and current) evidence for influences of climate change 
on the frequency and intensity of extreme events. The summa-
ries from those workshops provide succinct evidence that certain 
extreme events that damage energy facilities and infrastructure 
can be expected to increase in number and intensity with climate 
change (for example, Peterson et al. 2012

3
). Documentation of 

damage to energy facilities and infrastructure continues to accu-
mulate, increasing confidence in this key message.

5,14

The regional and local character of extreme events varies substan-
tially, and this variability is a source of significant uncertainty re-
garding the impacts of climate change and consequences in terms 
of damage to energy facilities by extreme events. Additionally, 
damage to energy infrastructure in a specific location can have 
far-reaching consequences for energy production and distribution, 
and synthesis of such indirect consequences for production and 
distribution does not yet support detailed projections.

Assessment of confidence based on evidence 
High. There is high consensus with moderate evidence that ex-
treme weather events associated with climate change will increase 
disruptions of energy infrastructure and services in some loca-
tions.
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Key message #2 Traceable Account

Higher summer temperatures will increase elec-
tricity use, causing higher summer peak loads, while 
warmer winters will decrease energy demands for 
heating. Net electricity use is projected to increase.

Description of evidence base
The key message and supporting text summarizes extensive evi-
dence documented in the energy supply and use technical input.

4
 

Global climate models simulate increases in summer tempera-
tures, and the NCA climate scenarios

2,20
 describe this aspect of 

climate change projections for use in preparing this report (Ch. 2: 
Our Changing Climate). Data used by Kunkel et al.

2
 and Census 

Bureau population data, synthesized by the EIA,
15

 were the basis 
for calculating population-weighted heating and cooling degree-
days over the historic period as well as projections assuming SRES 
B1 and A2 scenarios. 

The NCA climate scenarios
2
 project an increase in the number of 

cooling days and decrease in heating days, with peak electricity 
demand in some regions shifting from winter to summer

27
 and 

shifting to electricity needs for cooling instead of fossil fuels for 
heating.

25,26,27

New information and remaining uncertainties
While there is little uncertainty that peak electricity demands will 
increase with warming by climate change, substantial regional 
variability is expected. Climate change projections do not provide 
sufficient spatial and temporal detail to fully analyze these con-
sequences. Socioeconomic factors including population changes, 
economic conditions, and energy prices, as well as technological 
developments in electricity generation and industrial equipment, 
will have a strong bearing on electricity demands, specific to each 
region of the country. 

Assessment of confidence based on evidence 
High.Assuming specific climate change scenarios, the conse-
quences for heating and cooling buildings are reasonably predict-
able, especially for the residential sector. With a shift to higher 
summer demands for electricity, peak demands for electricity 
can be confidently expected to increase.

Key message #3 Traceable Account

Changes in water availability, both episodic and 
long-lasting, will constrain different forms of en-
ergy production.

Description of evidence base
Climate scenarios prepared for the NCA

2
 describe decreases in 

precipitation under the SRES A2 scenario, with the largest de-
creases across the Northwest and Southwest in the spring and 
summer.

Technical input reports (for example, Wilbanks et al.
4,21

)
 
summa-

rize data and studies show that changes in water availability will 
affect energy production,

33
 and more specifically, that water short-

ages will constrain electricity production (Ch. 2: Our Changing Cli-
mate).

29,32
 The impacts of drought in Texas during 2011 are an 

example of the consequences of water shortages for energy pro-
duction as well as other uses (Ch. 10: Energy, Water, and Land). 
Electric utility industry reports document potential consequences 
for operation of generating facilities.

34
 A number of power plants 

across the country have experienced interruptions due to water 
shortages.

New information and remaining uncertainties
An increasing number of documented incidents of interruptions in 
energy production due to water shortages provide strong evidence 
that decreased precipitation or drought will have consequences for 
energy production.

21

There is little uncertainty that water shortages due to climate 
change will affect energy production. But uncertainty about 
changes in precipitation and moisture regimes simulated by global 
climate models is significantly higher than for simulated warm-
ing. Additionally, climate change simulations lack the spatial and 
temporal detail required to analyze the consequences for water 
availability at finer scales (for example, local and regional). Finer-

Confidence Level
Very High

Strong evidence (established 
theory, multiple sources, con-

sistent results, well documented 
and accepted methods, etc.), 

high consensus

High
Moderate evidence (several 
sources, some consistency, 

methods vary and/or documen-
tation limited, etc.), medium 

consensus

Medium
Suggestive evidence (a few 
sources, limited consistency, 
models incomplete, methods 
emerging, etc.), competing 

schools of thought

Low
Inconclusive evidence (lim-
ited sources, extrapolations, 

inconsistent findings, poor docu-
mentation and/or methods not 
tested, etc.), disagreement or 

lack of opinions among experts
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scale projections would be relevant to decisions about changes in 
energy facilities to reduce risk or adapt to water shortages associ-
ated with climate change.

Assessment of confidence based on evidence 
High. The evidence is compelling that insufficient water availabil-
ity with climate change will affect energy production; however, 
simulations of climate change lack the detail needed to provide 
more specific information for decision support.

Key message #4 Traceable Account

In the longer term, sea level rise, extreme storm 
surge events, and high tides will affect coastal fa-
cilities and infrastructure on which many energy 
systems, markets, and consumers depend.

Description of evidence base
The sea level change scenario report prepared for the NCA (see 
also Ch. 2: Our Changing Climate)

35
 provides further information 

about sea level change. Extreme surge events at high tides are ex-
pected to increase,

11
 raising the risk of inundating energy facilities 

such as power plants, refineries, pipelines, and transmission and 
distribution networks (for example, Sathaye et al. 2013

10
) Data 

available through the EIA (for example, EIA 2010
15

 provide high-
quality information about the locations and distribution of energy 
facilities.

A substantial portion of the nation’s energy facilities and infra-
structure are located along coasts or offshore, and sea level rise 
will affect these facilities (Ch. 25: Coasts; Ch. 17: Southeast; Ch. 
5: Transportation).

4,10,21,36
 

New information and remaining uncertainties
Projections of sea level change are relatively uncertain compared 
to other aspects of climate change. More importantly, there will 
be substantial regional and local variability in sea level change, 
and facilities in locations exposed to more frequent and intense 
extreme wind and precipitation events will be at higher risk. Data 
and analyses to understand regional and local sea level change 
are improving, but substantial uncertainty remains and decision 
support for adaptation is challenged by these limitations.

Assessment of confidence based on evidence 
High. There is high confidence that increases in global mean sea 
level, extreme surge events, and high tides will affect coastal en-
ergy facilities; however, regional and local details are less certain. 

Key message #5 Traceable Account

As new investments in energy technologies oc-
cur, future energy systems will differ from today’s 
in uncertain ways. Depending on the character of 
changes in the energy mix, climate change will in-
troduce new risks as well as opportunities. 

Description of evidence base
A number of studies describe U.S. energy system configurations 
in terms of supply and use assuming different scenarios of climate 
change, including SRES B1 and A2.

14,25,34
 A technical input report 

to the NCA by DOE
4,21

 provides details and updates earlier studies. 
The potential role of biofuels is described within chapters 6 and 7 
of this report (Ch. 6: Agriculture; Ch. 7: Forests).

New information and remaining uncertainties
Understanding of options for future energy supply and use within 
the U.S. improves, as the EIA and other organizations update data 
and information about U.S. energy systems as well as projections 
of the mix of primary energy under various assumptions about 
demographic, economic, and other factors. With additional data 
and better models, alternative energy mixes can be explored with 
respect to climate change adaptation and mitigation. But numer-
ous factors that are very difficult to predict – financial, economic, 
regulatory, technological – affect the deployment of actual facili-
ties and infrastructure. 

Assessment of confidence based on evidence 
High. Given the evidence about climate change impacts and re-
maining uncertainties associated with the future configuration of 
energy systems and infrastructure, there is high confidence that 
U.S. energy systems will evolve in ways that affect risk with re-
spect to climate change and options for adaptation or mitigation.
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Key Messages
1.	 The impacts from sea level rise and storm surge, extreme weather events, higher temperatures 	
	 and heat waves, precipitation changes, Arctic warming, and other climatic conditions are 		
	 affecting the reliability and capacity of the U.S. transportation system in many ways. 

2.	 Sea level rise, coupled with storm surge, will continue to increase the risk of major coastal 	
	 impacts on transportation infrastructure, including both temporary and permanent flooding of 	
	 airports, ports and harbors, roads, rail lines, tunnels, and bridges.

3.	 Extreme weather events currently disrupt transportation networks in all areas of the country; 	
	 projections indicate that such disruptions will increase.

4.	 Climate change impacts will increase the total costs to the nation’s transportation systems and 	
	 their users, but these impacts can be reduced through rerouting, mode change, and a wide range 	
	 of adaptive actions.

TRANSPORTATION5

The U.S. economy depends on the personal and freight mobil-
ity provided by the country’s transportation system. Essential 
products and services like energy, food, manufacturing, and 
trade all depend in interrelated ways on the reliable function-
ing of these transportation components. Disruptions to trans-
portation systems, therefore, can cause large economic and 
personal losses.1 The national transportation system is com-
posed of four main components that are increasingly vulner-
able to climate change impacts:

•	 fixed node infrastructure, such as ports, airports, and 
rail terminals;

•	 fixed route infrastructure, such as roads, bridges, pe-
destrian/bicycle trails and lanes, locks, canals/channels, 
light rail, subways, freight and commuter railways, and 
pipelines, with mixed public and private ownership and 
management;

•	 vehicles, such as cars, transit buses, and trucks; transit 
and railcars and locomotives; ships and barges; and air-
craft – many privately owned; and

•	 the people, institutions, laws, policies, and information 
systems that convert infrastructure and vehicles into 
working transportation networks. 

Besides being affected by climate changes, transportation 
systems also contribute to changes in the climate through 
emissions. In 2010, the U.S. transportation sector accounted 
for 27% of total U.S. greenhouse gas emissions, with cars and 
trucks accounting for 65% of that total.2 Petroleum accounts 
for 93% of the nation’s transportation energy use.2 This means 
that policies and behavioral changes aimed at reducing green-

house gas emissions will have significant implications for the 
various components of the transportation sector.   

Weather events influence the daily and seasonal operation 
of transport systems.3,4,5 Transportation systems are already 
experiencing costly climate change related impacts. Many in-
land states – for example, Vermont, Tennessee, Iowa, and Mis-
souri – have experienced severe precipitation events, hail, and 
flooding during the past three years, damaging roads, bridges, 
and rail systems and the vehicles that use them. Over the com-
ing decades, all regions and modes of transportation will be 
affected by increasing temperatures, more extreme weather 
events, and changes in precipitation. Concentrated transpor-
tation impacts are likely in 
Alaska and along seacoasts. 

Climate trends affect the de-
sign of transport infrastruc-
ture, which is expensive and 
designed for long life (typically 
50 to 100 years). The estimat-
ed value of U.S. transportation 
facilities in 2010 was $4.1 tril-
lion.6 As climatic conditions 
shift, portions of this infra-
structure will increasingly be 
subject to climatic stresses 
that will reduce the reliability 
and capacity of transportation 
systems.7 Transportation sys-
tems are also vulnerable to 
interruptions in fuel and elec-
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tricity supply, as well as communications disruptions – which 
are also subject to climatic stresses.7,8 For example, power out-
ages resulting from Hurricane Katrina shut down three major 
petroleum pipelines for two days, and the systems operated at 
reduced capacities for two weeks.9 

Climate change will affect transportation systems directly, 
through infrastructure damage, and indirectly, through chang-
es in trade flows, agriculture, energy use, and settlement pat-
terns. If, for instance, corn cultivation shifts northward in re-
sponse to rising temperatures, U.S. agricultural products may 
flow to markets from different origins by different routes.10 If 
policy measures and technological changes reduce greenhouse 
gas emissions by affecting fuel types, there will likely be signifi-
cant impacts on the transportation of energy supplies (such as 
pipelines and coal trains) and on the cost of transportation to 
freight and passenger users.11 

Shifts in demographic trends, land-use patterns, and advances 
in transportation technology over the next few decades will 
have profound impacts on how the nation’s transportation sys-
tem functions, its design, and its spatial extent. As transporta-
tion officials shape the future transportation system to address 

new demands, future climate conditions should be considered 
as part of the planning and decision-making process.

Disruptions to transportation system capacity and reliability 
can be partially offset by adaptations. Transportation systems 
as networks may use alternative routes around damaged ele-
ments or shift traffic to undamaged modes. Other adaptation 
actions include new infrastructure designs for future climate 
conditions, asset management programs, at-risk asset protec-
tion, operational changes, and abandoning/relocating infra-
structure assets that would be too expensive to protect.12 As 
new and rehabilitated transportation systems are developed, 
climate change impacts should be routinely incorporated into 
the planning for these systems. 

There will be challenges in adapting transportation systems 
to climate related changes, particularly when factoring in pro-
jected growth in the transportation sector. A National Surface 
Transportation Policy and Revenue Commission in 2007 fore-
cast the following annual average growth rates: average an-
nual tonnage growth rates of 2.1% for trucks, 1.9% for rail, and 
1.2% for waterborne transportation, and an average annual 
passenger vehicle miles traveled growth rate of 1.82% through 
2035 and 1.72% through 2055.13

Key Message 1: Reliability and Capacity at Risk

The impacts from sea level rise and storm surge, extreme weather events,  
higher temperatures and heat waves, precipitation changes, Arctic warming, 

 and other climatic conditions are affecting the reliability and capacity  
of the U.S. transportation system in many ways.

Global climate change has both gradual and extreme event im-
plications. A gradually warming climate will accelerate asphalt 
deterioration and cause buckling of pavements and rail lines.14 
Streamflows based on increasingly more frequent and intense 
rainfall instead of slower snowmelt could increase the likeli-
hood of bridge damage from faster-flowing streams.15 How-
ever, less snow in some areas will reduce snow removal costs 
and extend construction seasons. 
Shifts in agricultural production 
patterns will necessitate changes in 
transportation routes and modes.16

Climate models project that ex-
treme heat and heat waves will 
become more intense, longer last-
ing, and more frequent (Ch. 2: Our 
Changing Climate). By 2080-2100, 
average temperatures are ex-
pected to increase by 3°F to 6°F for 
the continental United States, as-
suming emissions reductions from 
current trends (B1 scenario), while 
continued increases in emissions 

(A2 scenario) would lead to an increase in average tempera-
tures ranging from 5°F in Florida to 9°F in the upper Midwest.17 

The impact on transportation systems not designed for such 
extreme temperatures would be severe. At higher tempera-
tures, expansion joints on bridges and highways are stressed 
and some asphalt pavements deteriorate more rapidly.18 Rail 

Thawing alaska

Permafrost – soil saturated with frozen water – is a key feature of the Alaskan land-
scape. Frozen permafrost is a suitable base for transportation infrastructure such 
as roads and airfields. In rapidly warming Alaska, however, as permafrost thaws into 
mud, road shoulders slump, highway cuts slide, and runways sink. Alaska currently 
spends an extra $10 million per year repairing permafrost damage.25

A recent study, which examined potential climate damage to Alaskan public in-
frastructure using results from three different climate models,26 considered 253 
airports, 853 bridges, 131 harbors, 819 miles of railroad, 4,576 miles of paved 
road, and 5,000 miles of unpaved road that could be affected by climate change. 
The present value of additional public infrastructure costs due to climate change 
impacts was estimated at $5.6 to $7.6 billion through 2080, or 10% to 12% of 
total public infrastructure costs in Alaska. These costs might be reduced by 40% 
with strong adaptation actions.26
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track stresses and track buckling will increase.14,19 High air 
temperatures can affect aircraft performance; lift-off limits 
at hot-weather and high-altitude airports will reduce aircraft 
operations.20

Construction crews may have to operate on altered time 
schedules to avoid the heat of the day, with greater safety 
risks for workers.21 The construction season may lengthen in 
many localities. Similarly, higher temperatures (and precipita-
tion changes) are likely to affect transit ridership, bicycling, and 
walking.14,22

Climate change is most pronounced at high northern latitudes. 
Alaska has experienced a 3°F rise in average temperatures 
since 1949,23 double the rest of the country. Winter tempera-
tures have risen by 6°F.23 On the North Slope, sea ice formerly 

provided protection to the shoreline against strong fall/winter 
winds and storms (see Ch. 12: Indigenous Peoples). Retreat-
ing ice reduces this protection, eroding the shoreline and 
endangering coastal villages. Thawing permafrost is causing 
pavement, runway, rail, and pipeline displacements, creating 
problems for operation and maintenance, and requiring recon-
struction of key facilities. 

Arctic warming is also projected to allow the seasonal opening 
of the Northwest Passage to freight shipment.24 Global climate 
projections to 2100 show extensive open water areas during 
the summer around the Arctic basin. Retreat of Arctic sea ice 
has been observed in all seasons over the past five decades, 
with the most prominent retreat in summer.24 This has allowed 
a limited number of freighters, cruise ships, and smaller vessels 
to traverse the Northwest Passage for several years. 

Possible Future Flood Depths in Mobile, AL with Rising Sea Level
Figure 5.1. Many coastal areas in 
the United States, including the Gulf 
Coast, are especially vulnerable 
to  sea leve l  r i se  impac ts  on 
transportation systems.11,27,28 This is 
particularly true when one considers 
the interaction among sea level rise, 
wave action, and local geology.29 
This map shows that many parts of 
Mobile, Alabama, including critical 
roads, rail lines, and pipelines, would 
be exposed to storm surge under a 
scenario of a 30-inch sea level rise 
combined with a storm similar to 
Hurricane Katrina. Not all roads would 
be flooded if they merely run through 
low areas since some are built above 
flood levels. A 30-inch sea level rise 
scenario is within the range projected 
for global sea level rise (Ch. 2: Our 
Changing Climate, Key Message 10). 
(Figure source: U.S. Department of 
Transportation 201230).
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Key Message 2: Coastal Impacts

Sea level rise, coupled with storm surge, will continue to increase the risk of major coastal 
impacts on transportation infrastructure, including both temporary and permanent flooding of 

airports, ports and harbors, roads, rail lines, tunnels, and bridges.

The transportation impacts of rising global sea level, which is 
expected to continue to rise by an additional 1 to 4 feet by 
2100 (see also Ch. 2: Our Changing Climate, Key Message 10),31 
will vary widely by location and geography. When sea level 
rise is coupled with intense storms, the resulting storm surges 
will be greater, extend farther inland, and cause more exten-
sive damage. Relative sea level rise will be greater along some 
coasts (such as Louisiana, Texas, and parts of the Chesapeake 
Bay), and this will have significant effects on transportation 
infrastructure, even without the coupling with storms, due 
to regional land subsidence (land sinking or settling) (Ch. 25: 
Coasts). Ports and harbors will need to be reconfigured to ac-
commodate higher seas. Many of the nation’s largest ports are 
along the Gulf Coast, which is especially vulnerable due to a 
combination of sea level rise, storm surges, erosion, and land 
subsidence.11 Two additional impacts for ports include 1) as 
sea level rises, bridge clearance may not be adequate to al-
low safe passage of large vessels; 2)  even if the elevation of 
port facilities is adequate, any main access road that is not el-
evated will become more frequently inundated, thus affecting 
port operations. In 2011, the United States imported 45% of all 

oil consumed, and 56% of those imports passed through Gulf 
Coast ports.32

More frequent disruptions and damage to roads, tracks, run-
ways, and navigation channels are projected in coastal areas 
beyond the Gulf Coast. Thirteen of the nation’s 47 largest air-
ports have at least one runway with an elevation within 12 feet 
of current sea levels.33 Most ocean-going ports are in low-lying 
coastal areas, including three of the most important for im-
ports and exports: Los Angeles/Long Beach (which handles 31% 
of the U.S. port container movements) and the Port of South 
Louisiana and the Port of Galveston/Houston (which combined 
handle 25% of the tonnage handled by U.S. ports).34 Extreme 
floods and storms associated with climate change will lead to 
increased movement of sediment and buildup of sandy for-
mations in channels. For example, many federally maintained 
navigation channels have deteriorated in recent years to di-
mensions less than those authorized, in part due to floods and 
storms, which resulted in reduced levels of service that affect 
navigation safety and reliability.35 Channels that are not well 
maintained and have less sedimentation storage volume will 

thus be more vulnerable to 
significant, abrupt losses in 
navigation service levels. 
Additional channel storage 
capacity that may be cre-
ated by sea level rise will 
also increase water depths 
and increase sedimentation 
in some channels. (See Ch. 
25: Coasts for additional 
discussion of coastal trans-
portation impacts.)

Airports Vulnerable to Storm Surge

Figure 5.2. Thirteen of the nation’s 47 largest airports  have at least one runway with an elevation 
within the reach of moderate to high storm surge. Sea level rise will pose a threat to low-lying 
infrastructure, such as the airports shown here. (Data from Federal Aviation Administration 201233).
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Key Message 3: Weather Disruptions

Extreme weather events currently disrupt transportation networks in all areas of the country; 
projections indicate that such disruptions will increase.

Changes in precipitation patterns, particularly 
more extreme precipitation events and drought, 
will affect transportation systems across the 
country. Delays caused by severe storms disrupt 
almost all types of transportation. Storm drain-
age systems for highways, tunnels, airports, and 
city streets could prove inadequate, resulting 
in localized flooding. Bridge piers are subject to 
scour as runoff increases stream and river flows, 
potentially weakening bridge foundations. Se-
vere storms will disrupt highway traffic, leading 
to more accidents and delays. More airline traf-
fic will be delayed or canceled. 

Inland waterways may well experience greater 
floods, with high flow velocities that are unsafe 
for navigation and that cause channels to shut 
down intermittently. Numerous studies indicate 
increasing severity and frequency of flooding 
throughout much of the Mississippi and Missouri 
River Basins.36 Increases in flood risk reflect both 
changing precipitation and changing land-use patterns.37 In the 
Upper Mississippi/Missouri Rivers, there have been two 300- 
to 500-year floods over the past 20 years.38 Drought increases 
the probability of wildfires, which affect visibility severely 
enough to close roads and airports. Drought can lower vessel 

drafts on navigable rivers and associated lock and dam pools. 
On the other hand, less ice formation on navigable waterways 
has the potential to increase seasonal windows for passage of 
navigation. 

The frequency of the strongest 
hurricanes (Category 4 and 5) 
in the Atlantic is expected to 
increase (see Ch. 2: Our Chang-
ing Climate, Key Message 8). 
As hurricanes approach land-
fall, they create storm surge, 
which carries water farther 
inland. The resulting flooding, 
wind damage, and bridge de-
struction disrupts virtually all 
transportation systems in the 
affected area. Many of the na-
tion’s military installations are 
in areas that are vulnerable to 
extreme weather events, such 
as naval bases located in hurri-
cane-prone zones.

Infrastructure around the country has been compromised by extreme weather 
events such as heavy downpours. Road and bridge damage are among the 
infrastructure failures that have occurred during these extreme events. 
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Gulf Coast Transportation Hubs at Risk

Figure 5.3. Within this century, 2,400 miles of major roadway are projected to be inundated by 
sea level rise in the Gulf Coast region. The map shows roadways at risk in the event of a sea 
level rise of about 4 feet, which is within the range of projections for this region in this century 
(see also Ch. 2: Our Changing Climate, Key Message 10). In total, 24% of interstate highway 
miles and 28% of secondary road miles in the Gulf Coast region are at elevations below 4 feet. 
(Figure source: Kafalenos et al. 200839).
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Hurricane sandy

On October 29, 2012, Hurricane Sandy 
dealt the transportation systems of New Jer-
sey and New York and environs a massive 
blow (See also Ch.16: Northeast, “Hurri-
cane Vulnerability”; Ch. 11: Urban “Hurri-
cane Sandy”). The damages from Sandy are 
indicative of what powerful tropical storms 
and higher sea levels could bring on a more 
frequent basis in the future and were very 
much in line with vulnerability assessments 
conducted over the past four years.40,41,42 All 
tunnels and most bridges leading into New 
York City were closed during the storm. Storm 
tides of up to 14 feet43 flooded the Queens 
Midtown, Holland, and Carey (Brooklyn Bat-
tery) tunnels, which remained closed for at 
least one week (two weeks for the Carey Tun-
nel) while floodwaters were being pumped 
out and power restored. The three major 
airports (Kennedy, Newark, and LaGuardia) 
flooded, with LaGuardia absorbing the worst 
impact and closing for three days.44 

Almost 7.5 million passengers per day ride 
the New York City subways and buses.45 
Much of the New York City subway system 
below 34th Street was flooded, including 
all seven tunnels under the East River to 
Brooklyn and Queens. In addition to remov-
ing the floodwaters, all electrical signaling and power sys-
tems (the third rails) had to be cleaned, inspected, and 
repaired. Service on most Lower Manhattan subways was 
suspended for at least one week,46 as was the PATH system 
to New Jersey.47 Commuter rail service to New Jersey, Long 
Island, and northern suburbs, with more than 500,000 
passengers per day,45 was similarly affected for days or 
weeks with flooded tunnels, downed trees and large debris 
on tracks, and loss of electrical power.48 In addition, miles 
of local roads, streets, underpasses, parking garages, and 
bridges flooded and/or were badly damaged in the region, 
and an estimated 230,000 parked vehicles49 sustained 
water damage. Flooded roadways prevented the New York 
Fire Department from responding to a fire that destroyed 
more than 100 homes in Brooklyn’s Breezy Point neigh-
borhood.50

Hurricane Sandy’s storm surge produced nearly four feet 
of floodwaters throughout the Port of New York and New 
Jersey, damaging electrical systems, highways, rail track, 
and port cargo; displacing hundreds of shipping contain-
ers; and causing ships to run aground.51 Floating debris, 

wrecks, and obstructions in the channel had to be cleared 
before the Port was able to reopen to incoming vessels 
within a week.52 Pleasure boats were damaged at marinas 
throughout the region. On a positive note, the vulnerability 
analyses prepared by the metropolitan New York authori-
ties and referenced above provided a framework for efforts 
to control the damage and restore service more rapidly. 
Noteworthy are the efforts of the Metropolitan Transporta-
tion Authority to protect vital electrical systems and restore 
subway service to much of New York within four days.

The impacts of this extraordinary storm on one of the na-
tion’s most important transportation nodes were felt across 
the country. Airline schedules throughout the United States 
and internationally were snarled; Amtrak rail service along 
the East Coast and as far away as Buffalo and Montreal was 
curtailed; and freight shipments in and out of the hurricane 
impact zone were delayed. The resultant direct costs to the 
community and indirect costs to the economy will undoubt-
edly rise into the tens of billions of dollars (See also Ch. 
11: Urban, “Hurricane Sandy”).

Figure 5.4. The nation’s busiest subway system sustained the worst 
damage in its 108 years of operation on October 29, 2012, as a result of 
Hurricane Sandy. Millions of people were left without service for at least one 
week after the storm, as the Metropolitan Transportation Authority rapidly 
worked to repair extensive flood damage (Photo credit: William Vantuono, 
Railway Age Magazine, 201246).

Hurricane Sandy Causes Flooding in  
New York City Subway Stations
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Risks and Consequences

Risk is a function of both likelihood of impact and 
the consequences of that impact. Table 5.1 is an 
illustrative application of a risk matrix adapted 
from the Port Authority of New York and New Jer-
sey. As shown, different types of climate-related 
incidents/events can have associated with them a 
likelihood of occurrence and a magnitude of the 
consequences if the incident does occur. 

In assessing consequences, the intensity of system 
use, as well as the existence or lack of alternative 
routes, must be taken into account. Disabling 
a transportation facility can have ripple effects 
across a network, with trunk (main) lines and hubs 
having the most widespread impacts.53 Any com-
prehensive assessment of the consequences of cli-
mate change would need to encompass the broad 
array of factors that influence the nation’s trans-
portation system, and consider changes in popu-
lation, society, technology, prices, regulation, and 
the economy that eventually affect transportation 
system performance.55 For example, the trend 
in recent years in the U.S. economy of adopting 
just-in-time logistics increases the vulnerability of 
businesses to day-to-day disruptions caused by 
weather and flooding. 

Key Message 4: Costs and Adaptation Options
Climate change impacts will increase the total costs to the nation’s transportation systems 

and their users, but these impacts can be reduced through rerouting, mode change,  
and a wide range of adaptive actions.

Adaptation strategies can be employed to reduce the impact of 
climate change related events and the resulting consequences 
(see Ch. 28: Adaptation). Consideration of adaptation strate-
gies in the transportation sector is especially important in the 
following five areas:

•	 Transportation and land-use planning: deciding what 
infrastructure to build and where to build it, as well as 
planning for vulnerable areas of the community and im-
pacts on specific population groups.

•	 Vulnerability and risk assessment: identifying existing 
vulnerable facilities and systems, together with the ex-
pected consequences.

•	 New infrastructure design: adapting new infrastructure 
designs that anticipate changing environmental and op-
erational conditions.

•	 Asset management: adapting existing infrastructure 
and operations that respond to current and anticipated 
conditions, including changed maintenance practices 
and retrofits.

•	 Emergency response: anticipating expected disruptions 
from extreme weather events, and developing emer-
gency response capability.

Adaptation takes place at multiple levels, from individual 
households and private businesses to federal, state, and local 
governments. The impacts associated with climate change are 
not new, since flooding, storm surge, and extreme heat have 
long been challenges. What is new is the changing frequency, 
intensity, and location/geography of impacts and hazards. 

Responding effectively to present and future environmental 
challenges enhances the resilience of communities. Examples 

Table 5.1 relates to overall national expectations based on Angel and Kunkel 
201054 and as postulated by chapter authors. This kind of matrix is likely to be 
most valuable and accurate if used at the state/regional/local levels. (Source: 
Matrix format adapted from McLaughlin et al. 201153).

Illustrative Risks of Climate-related Impacts
Likelihood of Occurrence

Low Medium High Virtually  
Certain

Subway and  
tunnel flooding

Increased 
widespread 
flooding of 

transportation 
facilities
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systems
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to rail buckling
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Inundation of  
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blizzards
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winters
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Figure 5.5. Many projected climate change impacts and resulting consequences on transportation systems can be reduced through 
a combination of infrastructure modifications, improved information systems, and policy changes.

include improvements in storm water management, coastal 
zone management, and coastal evacuation plans. 

At the national level, the transportation network has some 
capability to adjust to climate-related disruptions due to the 
presence of network redundancy – multiple routes are often 
possible for long-distance travel, and more than one mode 
of transportation may be used for travel. However, in some 
cases, only one major route connects major destinations, such 
as Interstate 5 between Seattle and San Francisco; movements 
along such links are particularly vulnerable to disruption.

Disruptions to the nation’s inland water system from floods or 
droughts can, and has, totally disrupted barge traf-
fic. Severe droughts throughout the upper Midwest 
in 2012 reduced flows in the Missouri and Missis-
sippi Rivers to near record low levels, disrupting 
barge traffic. While alternative modes, such as rail 
and truck, may alleviate some of these disruptions, 
it is impractical to shift major product shipments 
such as Midwest grain to other modes of transpor-
tation – at least in the near term.57 

While extreme weather events will continue to 
cause flight cancellations and delays, many weather 
delays from non-extreme events are compounded 
by existing inadequacies in the current national air 
traffic management system.58 Improvements in the 
air traffic system, such as those anticipated in the 
FAA’s NextGEN (www.faa.gov/nextgen/), should 
reduce weather-related delays.

At the state and local level, there is less resilience to be gained 
by alternative routing, and impacts may be more intense. For 
example, significant local and regional disruption and eco-
nomic costs could result from the flooding of assets as diverse 
as New York’s subways, Iowa’s roads, San Francisco’s airports, 
and Vermont’s bridges. 

Climate change is one of many factors, and an increasingly im-
portant one, that many state, regional, and local agencies are 
considering as they plan for new and rehabilitated facilities. 
By incorporating climate change routinely into the planning 
process, governments can reduce the vulnerability to climate 
change impacts and take actions that enhance the resilience 

Role of Adaptive Strategies and Tactics in Reducing Impacts and Consequences

Winter storm-related closures of i-5 and 
i-90 in washington state, 2007-2008

In December 2007, heavy rainfall west of I-5, combined with melt-
ing snow from the mountains, created extremely high floodwaters 
in western Washington State. Six-hour rainfall amounts were near 
a 100-year event for areas in Southwest Washington. High winds, 
heavy rains, mudslides, and falling trees made travel unsafe on high-
ways. Downed power lines blocked roads, and, in many urban areas, 
rainwater overwhelmed drainage systems and flooded roadways.

The combined economic impact in the I-5 and I-90 corridors was 
estimated at almost $75 million, of which some $47 million was 
associated with the I-5 disruption and $28 million with the I-90 
corridor. Estimated highway damage from the winter storm was $18 
million for state routes and another $39 million for city and county 
roads.56 
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of the transportation system to adverse weather conditions. 
Governments at various levels are already taking action, as de-
scribed below. 

Land-use planning can reduce risk by avoiding new develop-
ment in flood-prone areas, conserving open space to enhance 
drainage, and relocating or abandoning structures or roads 
that have experienced repeated flooding. The National Flood 
Insurance Program encourages buyouts of repetitive loss 
structures and preservation of open space by reducing flood 
insurance rates for communities that adopt these practices.

An important step in devising an adaptation plan is 
to assess vulnerabilities (Ch. 26: Decision Support; 
Ch. 28: Adaptation). The Federal Highway Adminis-
tration funded pilot projects in five coastal states to 
test a conceptual framework for evaluating risk.59 
The framework identifies transportation assets, 
evaluates the likelihood of impact on specific as-
sets, and assesses the seriousness of such impacts. 

Several state and local governments have conduct-
ed additional vulnerability assessments that iden-
tify potential impacts to transportation systems, 
especially in coastal areas. Detailed assessment 
work has been undertaken by New York City,40,42,60 

California,61 Massachusetts,62 Washington,63 Florida, and Bos-
ton.64

Non-coastal states and regions have also begun to produce 
vulnerability assessments. Midwestern states, including Wis-
consin66 Iowa,67 and Michigan,68 have addressed increasing risk 
of flooded roadways and other impacts. 

Transit systems are already implementing measures that re-
duce vulnerability to climate impacts, including rail buckling. 
Portland, Oregon’s  transit agency has been installing expan-
sion joints at vulnerable locations, improving reliability of rail 

Planning for climate change

Charlotte County exemplifies how local governments can incorpo-
rate aspects of climate change into transportation planning. The 
Metropolitan Planning Organization in Charlotte County-Punta 
Gorda, Florida conducted long-range scenario planning that in-
tegrated climate change projections.65 A “smart growth” scenario 
that concentrated growth in urban centers was compared with a 
“resilient growth” scenario that steered development away from 
areas vulnerable to sea level rise. Planners evaluated the scenarios 
based on projected transportation performance outcomes and se-
lected a preferred scenario reflecting aspects of each alternative. 

Tropical storm irene devastates vermont transportation in august 2011

In August of 2011, Vermont was inundated with rain 
and massive flooding from Tropical Storm Irene (see 
also Ch.16: Northeast, “Hurricane Vulnerability”), 
closing down 146 segments of the state road sys-
tem along with more than 200 bridges, and costing 
an estimated $175 to $200 million to rebuild state 
highways and bridges. An additional 2,000 or more 
municipal roads and nearly 1,000 culverts were dam-
aged, and more than 200 miles of state-owned rail 
required repair.75

The volume of water was unprecedented, as was the 
power of the water in the rivers running through the 
state. Culverts and bridges were affected and slope 
stability was threatened as a result of the immense 
amount and power of water and subsequent flooding. 

When asked about the lessons learned, the Vermont Agen-
cy of Transportation (VTrans) indicated the importance of 
good maintenance of riverbeds as well as roads. VTrans is 
working with the Vermont Agency of Natural Resources, 
looking upstream and downstream at the structure of the 
rivers, recognizing that risk reduction may involve manag-
ing rivers as much as changing bridges or roadways. 

Rich Tetreault of VTrans emphasized that “Certainly we will 
be looking to right-size the bridges and culverts that need 
to be replaced … Knowing that we do not have the funds to 
begin wholesale rebuilding of the entire highway network to 
withstand future flooding, we will also enhance our ability 
to respond” when future flooding occurs.74

 Tropical Storm Impact on Vermont Road

Figure 5.6. Vermont Route 131, outside Cavendish, a week after Tropical 
Storm Irene unleashed severe precipitation and flooding that damaged 
many Vermont roads, bridges, and rail lines. (Photo credit: Vermont 
Agency of Transportation).
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service.14 In New York, ventilation grates are being elevated to 
reduce the risk of flooding.40 

Transportation agencies are incorporating climate change into 
ongoing design activities. For example, the Alaska Department 
of Transportation (DOT) spends more than $10 million annu-
ally on shoreline protection, relocations, and permafrost pro-
tection for roadways (see “Thawing Alaska”).25 In May 2011, 
the California Department of Transportation (Caltrans) issued 
guidance to their staff on whether and how to incorporate sea 
level rise into new project designs.69

States have begun to integrate climate impacts into Transpor-
tation Asset Management, a systematic process for monitoring 
the conditions of roads and transit facilities.18,70 Maryland is 
working to prioritize assets taking sea level rise and increased 
storm intensity into account and is developing a tool to track 
assets and assess vulnerability.71 Florida DOT continually moni-
tors conditions on roads and bridges and is developing a state-
wide inventory and action plan for high-risk bridges.72 Among 
inland states, Michigan DOT has identified a wide range of op-
erational and asset management changes to adjust to climate 

change.68 Planting street trees  has been 
shown to reduce the urban heat island effect 
and reduce heat stress on pavement.73

Effective stormwater and stream/river man-
agement can reduce the risk of flooding for 
transportation infrastructure. Following 
Tropical Storm Irene, Vermont state agencies 
are working on stream and river manage-
ment to reduce conditions that exacerbate 
flooding impacts on transportation.74

Effective asset management requires signifi-
cant data and monitoring of transportation 
assets. Improved weather and road-condi-
tion information systems enable transpor-
tation system managers to anticipate and 
detect problems better and faster – enabling 
them to close systems if needed, alert mo-

torists, and dispatch maintenance and snow-removal crews. 
As Michigan DOT has noted, an increase in lake-effect snows 
means that existing models used for snow and ice removal 
procedures are no longer reliable, requiring better monitoring 
and new models, as well as better roadway condition detec-
tion systems.68

Similarly, regular maintenance and cleaning of urban levee and 
culvert systems reduces the risk of roads and rails being inun-
dated by flooding.

Extreme weather, such as hurricanes or intense storms, stress-
es transportation at precisely the time when smooth opera-
tion is critical. Effective evacuation planning, including early 
warning systems, coordination across jurisdictional boundar-
ies, and creating multiple evacuation routes builds prepared-
ness. Identifying areas with high concentrations of vulnerable 
and special-needs populations (including elderly, disabled, and 
transit-dependent groups) enhances readiness, as does identi-
fying assets such as school buses or other transit vehicles that 
can be deployed for households that do not own vehicles. 

Storm surge on top of rising sea levels have damaged roads and other  
coastal infrastructure. 

A
P 

P
ho

to
/T

he
 V

irg
in

ia
n-

P
ilo

t, 
S

te
ve

 E
ar

le
y



141 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

1.	 Transportation Research Board, 2012: Methodologies to Estimate the 
Economic Impacts of Disruptions to the Goods Movement System, National 
Cooperative Highway Research Program Report 732. National Academy of 
Sciences, Transportation Research Board, 105 pp. [Available online 
at http://www.trb.org/Main/Blurbs/167969.aspx]

2.	 EPA, 2011: Inventory of U.S. Greenhouse Gas Emissions and Sinks: 
2000 – 2009. EPA 430-R-11-005, 459 pp., U.S. Environmental 
Protection Agency, Washington, D.C. [Available online at http://
www.epa.gov/cl imatechange/Downloads/ghgemissions/US-
GHG-Inventory-2011-Complete_Report.pdf]

3.	 Ball, M., C. Barnhart, M. Dresner, M. Hansen, K. Neels, A. Odoni, 
E. Peterson, L. Sherry, A. A. Trani, and B. Zou, 2010: Total Delay 
Impact Study: a Comprehensive Assessment of the Costs and 
Impacts of Flight Delay in the United States, 91 pp., NEXTOR. 
[Available online at http://its.berkeley.edu/sites/default/files/
NEXTOR_TDI_Report_Final_October_2010.pdf]

4.	 Cambridge Systematics Inc., and Texas Transportation Institute, 
2005: Traffic Congestion and Reliability: Trends and Advanced 
Strategies for Congestion Mitigation U.S. Department of 
Transportation, Federal Highway Administration. [Available 
online at http://ops.fhwa.dot.gov/congestion_report/congestion_
report_05.pdf]

5.	 Schrank, D. L., T. J. Lomax, and B. Eisele, 2011: 2011 The 
Urban Mobility Report. Texas Transportation Institute, The 
Texas A&M University System. [Available online at http://www.
cahighspeedrail.ca.gov/assets/0/152/302/312/429d5288-3505-
4618-bd64-ec9c87c41071.pdf]

6.	 U.S. Bureau of Economic Analysis, 2011: Fixed assets and consumer 
durable goods for 1997–2010. Survey of Current Business, 91, 27-40. 
[Available online at https://www.bea.gov/scb/pdf/2011/09%20
September/0911_fixed-assets.pdf ]

7.	 NRC, 2008: Potential Impacts of Climate Change on U.S. Transportation. 
Special Report 290. Transportation Research Board, National 
Research Council, Committee on Twenty-First Century Systems 
Agriculture. The National Academies Press, 280 pp. [Available 
online at http://www.nap.edu/catalog.php?record_id=12179]

8.	 Peterson, T. C., M. McGuirk, T. G. Houston, A. H. Horvitz, 
and M. F. Wehner, 2006: Climate Variability and Change with 
Implications for Transportation. Potential Impacts of Climate Change 
on U.S. Transportation. Special Report 290. Committee on Twenty-First 
Century Systems Agriculture, Transportation Research Board, National 
Research Council, 90. [Available online at http://onlinepubs.trb.
org/onlinepubs/sr/sr290Many.pdf]

9.	 Wilbanks, T., S. Fernandez, G. Backus, P. Garcia, K. Jonietz, 
P. Kirshen, M. Savonis, B. Solecki, and L. Toole, 2012: Climate 
Change and Infrastructure, Urban Systems, and Vulnerabilities. 
Technical Report to the U.S. Department of Energy in Support 
of the National Climate Assessment, 119 pp., Oak Ridge National 
Laboratory. U.S. Department of Energy, Office of Science, Oak 
Ridge, TN. [Available online at http://www.esd.ornl.gov/eess/
Infrastructure.pdf]

10.	 Vedenov, D. V., S. W. Fuller, B. A. McCarl, W. Attavanich, and 
Z. Ahmedov, 2011: Effect of Climate Change on Crop Production 
Patterns With Implications to Transport Flows and Inland 
Waterways, 82 pp., University Transportation Center for Mobility, 
Texas Transportation Institute. The Texas A&M University 
System, College Station, Texas; Washington, D.C. [Available 
online at http://utcm.tamu.edu/publications/final_reports/
Vedenov_10-54-51.pdf]

11.	 CCSP, 2008: Impacts of Climate Change and Variability on Transportation 
Systems and Infrastructure: Gulf Study, Phase I. A Report by the U.S. Climate 
Change Science Program and the Subcommittee on Global Change Research. 
Final Report of Synthesis and Assessment Product 4.7. M. J. Savonis, V. 
R. Burkett, and J. R. Potter, Eds., 445 pp., U.S. Department of 
Transportation, Washington, D.C. [Available online at http://
www.climatescience.gov/Library/sap/sap4-7/final-report/sap4-7-
final-all.pdf ]

12.	 Meyer, M. D., 2008: Design Standards for US Transportation 
Infrastructure: The Implications of Climate Change, 30 pp., 
Transportation Research Board, National Research Council, 
Washington, D.C. [Available online at http://onlinepubs.trb.org/
onlinepubs/sr/sr290Meyer.pdf ]

13.	 NSTPRC, 2007: Chapter 2: What are the future demands on 
the surface transportation system? Transportation for Tomorrow: 
Report of the National Surface Transportation Policy and Revenue Study 
Commission, National Surface Transportation Policy and Revenue 
Study Commission, 2-1 - 2-18. [Available online at http://
transportationfortomorrow.com/final_report/index.htm]

14.	 Hodges, T., 2011: Flooded Bus Barns and Buckled Rails: Public 
Transportation and Climate Change Adaptation. FTA Report 
No. 0001 128 pp., Federal Transit Administration, Office of 
Research, Demonstration and Innovation, U.S. Department of 
Transportation [Available online at http://www.fta.dot.gov/
documents/FTA_0001_-_Flooded_Bus_Barns_and_Buckled_
Rails.pdf ]

5: TRANSPORTATION

References



5: TRANSPORTATION
References

142 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

15.	 Khelifa, A., L. Garrow, M. Higgins, and M. Meyer, 2013: Impacts 
of climate change on scour-vulnerable bridges: Assessment based 
on HYRISK. Journal of Infrastructure Systems, 19, 138-146, doi:10.1061/
(ASCE)IS.1943-555X.0000109. 

16.	 Attavanich, W., B. A. McCarl, Z. Ahmedov, S. W. Fuller, and D. V. 
Vedenov, 2013: Effects of climate change on US grain transport. 
Nature Climate Change, 3, 638-643, doi:10.1038/nclimate1892. 

17.	 Kunkel, K. E., L. E. Stevens, S. E. Stevens, L. Sun, E. Janssen, D. 
Wuebbles, and J. G. Dobson, 2013: Regional Climate Trends and 
Scenarios for the U.S. National Climate Assessment: Part 9. Climate 
of the Contiguous United States. NOAA Technical Report NESDIS 
142-9. 85 pp., National Oceanic and Atmospheric Administration, 
National Environmental Satellite, Data, and Information Service, 
Washington, D.C. [Available online at http://www.nesdis.noaa.
gov/technical_reports/NOAA_NESDIS_Tech_Report_142-9-
Climate_of_the_Contiguous_United_States.pdf]

18.	 Meyer, M. D., A. Amekudzi, and J. P. O’Har, 2010: Transportation 
asset management systems and climate change. Transportation 
Research Record: Journal of the Transportation Research Board, 2160, 12-
20, doi:10.3141/2160-02. 

19.	 Rossetti, M., 2002: Potential impacts of climate change on railroads. 
The Potential Impacts of Climate Change on Transportation, Summary and 
Discussion Papers, Federal Research Partnership Workshop, October 1-2, 
2002, U.S. Department of Transportation Center for Climate 
Change and Environmental Forecasting, 209-224. [Available 
online at http://climate.dot.gov/documents/workshop1002/
workshop.pdf]

20.	 Kulesa, G., 2003: Weather and aviation: How does weather affect 
the safety and operations of airports and aviation, and how does 
FAA work to manage weather-related effects? The Potential Impacts of 
Climate Change on Transportation, Summary and Discussion Papers, Federal 
Research Partnership Workshop, October 1-2, 2002, U.S. Department of 
Transportation Center for Climate Change and Environmental 
Forecasting, 199-208. [Available online at http://climate.dot.gov/
documents/workshop1002/workshop.pdf]

21.	 NIOSH, 1986: Occupational Exposure to Hot Environments: 
Revised Criteria 1986. NIOSH Publication Number 86-113, 140 
pp., Department of Health and Human Services, National Institute 
for Occupational Safety and Health, Washington, D.C. [Available 
online at http://www.cdc.gov/niosh/docs/86-113/86-113.pdf]

22.	 Aultman-Hall, L., D. Lane, and R. R. Lambert, 2009: Assessing 
impact of weather and season on pedestrian traffic volumes. 
Transportation Research Record: Journal of the Transportation Research 
Board, 2140, 35-43, doi:10.3141/2140-04.  

	 Guo, Z., N. H. M. Wilson, and A. Rahbee, 2007: Impact of 
weather on transit ridership in Chicago, Illinois. Transportation 
Research Record: Journal of the Transportation Research Board, 2034, 3-10, 
doi:10.3141/2034-01. 

23.	 Stewart, B. C., K. E. Kunkel, L. E. Stevens, L. Sun, and J. E. Walsh, 
2013: Regional Climate Trends and Scenarios for the U.S. National 
Climate Assessment: Part 7. Climate of Alaska. NOAA Technical 
Report NESDIS 142-7. 60 pp. [Available online at http://www.
nesdis.noaa.gov/technical_reports/NOAA_NESDIS_Tech_
Report_142-7-Climate_of_Alaska.pdf]

24.	 Arctic Council, 2009: Arctic Marine Shipping Assessment Report 
2009. Arctic Council, Norwegian Chairmanship 2006-2009, 
Tromsø, Norway. [Available online at http://www.pame.is/images/
stories/AMSA_2009_Report/AMSA_2009_Report_2nd_print.
pdf]

25.	 Alaska Department of Environmental Conservation, 2010: 
Alaska’s Climate Change Strategy: Addressing Impacts in Alaska. 
Final Report Submitted by the Adaptation Advisory Group to 
the Alaska Climate Change Sub-Cabinet, 94 pp., State of Alaska, 
Juneau, AK. [Available online at www.climatechange.alaska.gov/
aag/docs/aag_all_rpt_27jan10.pdf]

26.	 Larsen, P. H., S. Goldsmith, O. Smith, M. L. Wilson, K. 
Strzepek, P. Chinowsky, and B. Saylor, 2008: Estimating future 
costs for Alaska public infrastructure at risk from climate 
change. Global Environmental Change, 18, 442-457, doi:10.1016/j.
gloenvcha.2008.03.005. [Available online at http://linkinghub.
elsevier.com/retrieve/pii/S0959378008000216]

27.	 CCSP, 2009: Coastal Sensitivity to Sea-Level Rise: A Focus on the Mid-
Atlantic Region. A Report by the U.S. Climate Change Science Program 
and the Subcommittee on Global Change Research. J. G. Titus, K. E. 
Anderson, D. R. Cahoon, D. B. Gesch, S. K. Gill, B. T. Gutierrez, 
E. R. Thieler, and S. J. Williams, Eds., 320 pp., U.S. Environmental 
Protection Agency, Washington, D.C. [Available online at http://
downloads.globalchange.gov/sap/sap4-1/sap4-1-final-report-all.
pdf]

28.	 Suarez, P., W. Anderson, V. Mahal, and T. Lakshmanan, 2005: 
Impacts of flooding and climate change on urban transportation: 
A systemwide performance assessment of the Boston Metro Area. 
Transportation Research Part D: Transport and Environment, 10, 231-244, 
doi:10.1016/j.trd.2005.04.007. 

29.	 Gutierrez, B. T., N. G. Plant, and E. R. Thieler, 2011: A Bayesian 
network to predict coastal vulnerability to sea level rise. Journal of 
Geophysical Research, 116, F02009, doi:10.1029/2010JF001891. 



5: TRANSPORTATION
References

143 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

30.	 DOT, 2012: Climate Variability and Change in Mobile, Alabama: 
Task 2 Final Report. Impacts of Climate Change and Variability 
on Transportation Systems and Infrastructure: The Gulf Coast 
Study, Phase 2. Report # FHWA-HEP-12-053, 228 pp., The U.S. 
Department of Transportation Center for Climate Change and 
Environmental Forecasting, Washington, D.C. [Available online 
at http://www.fhwa.dot.gov/environment/climate_change/
adaptation/ongoing_and_current_research/gulf_coast_study/
phase2_task2/mobile_variability/task2_main.pdf]

31.	 Parris, A., P. Bromirski, V. Burkett, D. Cayan, M. Culver, J. Hall, 
R. Horton, K. Knuuti, R. Moss, J. Obeysekera, A. Sallenger, and J. 
Weiss, 2012: Global Sea Level Rise Scenarios for the United States 
National Climate Assessment. NOAA Tech Memo OAR CPO-1, 
37 pp., National Oceanic and Atmospheric Administration, Silver 
Spring, MD. [Available online at http://scenarios.globalchange.
gov/sites/default/files/NOAA_SLR_r3_0.pdf ]

32.	 EIA, cited 2012: Petroleum and Other Liquids. U.S. Department 
of Energy, U.S. Energy Information Administration. [Available 
online at http://www.eia.gov/petroleum/data.cfm]

33.	 FAA, cited 2012: Federal Aviation Administration: U.S. & Territories 
Airport Lookup. Federal Aviation Administration. [Available 
online at https://nfdc.faa.gov/nfdcApps/airportLookup/]

34.	 U.S. Census Bureau, 2012: The 2012 Statistical Abstract: 
Transportation. U.S. Census Bureau, U.S Department of 
Commerce, Washington, D.C. [Available online at http://www.
census.gov/compendia/statab/2012/tables/12s1087.pdf]

35.	 Mitchell, K. N., 2009: Depth utilization analysis for estimating 
economic activity supported by dredging. Terra et Aqua, 116, 
22-30. [Available online at http://www.dtic.mil/cgi-bin/
GetTRDoc?AD=ADA508729]

36.	 Black, H., 2008: Unnatural disaster: Human factors in the 
Mississippi floods. Environmental Health Perspectives, 116, A390-393.  

	 Criss, R. E., and E. L. Schock, 2001: Flood enhancement through 
flood control. Geolog y, 29, 875-878, doi:10.1130/0091-7613(2001). 

37.	 Kusky, T., Q. Lei, A. Ghulam, and Y. Chen, 2009: Urbanization 
and changes to the Missouri River floodplain. Finding the Balance 
Between Floods, Flood Protection, and River Navigation. , R. E. Criss, 
and T. Kusky, Eds., Center for Environmental Sciences at Saint 
Louis University, 9-15. [Available online at http://ces.slu.edu/
annualreport/FloodForum_Book_final.pdf ]

38.	 Holmes, R. R., Jr., , T. A. Koenig, and K. A. Karstensen, 2008: 
Flooding in the United States Midwest. USGS Professional Paper 
1775, 64 pp., U.S. Geological Survey. [Available online at http://
pubs.usgs.gov/pp/1775/pdf/pp1775.pdf]

39.	 Kafalenos, R. S., K. J. Leonard, D. M. Beagan, V. R. Burkett, B. 
D. Keim, A. Meyers, D. T. Hunt, R. C. Hyman, M. K. Maynard, B. 
Fritsche, R. H. Henk, E. J. Seymour, L. E. Olson, J. R. Potter, and M. 
J. Savonis, 2008: Ch. 4: What are the implications of climate change 
and variability for Gulf Coast transportation? Impacts of Climate 
Change and Variability on Transportation Systems and Infrastructure: Gulf 
Study, Phase I. A report by the U.S. Climate Change Science Program and 
the Subcommittee on Global Change Research. Final Report of Synthesis and 
Assessment Product 4.7, M. J. Savonis, V. R. Burkett, and J. R. Potter, 
Eds., U.S. Department of Transportation. [Available online at 
http://www.climatescience.gov/Library/sap/sap4-7/final-report/
sap4-7-final-all.pdf ]

40.	 Jacob, K., C. Rosenzweig, R. Horton, D. Major, and V. Gornitz, 
2008: MTA Adaptations to Climate Change:  A Categorical 
Imperative State agency report, 48 pp., State of New York, 
Metropolitan Transportation Authority, New York, NY. [Available 
online at http://www.mta.info/sustainability/pdf/Jacob_et%20
al_MTA_Adaptation_Final_0309.pdf]

41.	 New York State, 2011: Responding to Climate Change in New York 
State: The ClimAID Integrated Assessment for Effective Climate Change 
Adaptation in New York State. Vol. 1244, Blackwell Publishing, 649 
pp. [Available online at http://onlinelibrary.wiley.com/doi/10.1111/
j.1749-6632.2011.06331.x/pdf]

42.	 New York State Sea Level Rise Task Force, 2010: Report to the 
Legislature, 102 pp., New York State Department of Environmental 
Conservation, Albany, NY. [Available online at http://www.dec.
ny.gov/docs/administration_pdf/slrtffinalrep.pdf ] 

	 Zimmerman, R., and C. Faris, 2010: Infrastructure impacts and 
adaptation challenges. Annals of the New York Academy of Sciences, 
1196, 63-86, doi:10.1111/j.1749-6632.2009.05318.x. 

43.	 Blake, E. S., T. B. Kimberlain, R. J. Berg, J. P. Cangialosi, and J. 
L. Beven, II 2013: Tropical Cyclone Report: Hurricane Sandy. 
(AL182012) 22 – 29 October 2012, 157 pp., National Oceanic and 
Atmospheric Administration, National Hurricane Center [Available 
online at http://www.nhc.noaa.gov/data/tcr/AL182012_Sandy.
pdf] 

	 The New York Times, cited 2012: Assessing the Damage from 
Hurricane Sandy. The New York Times Company. [Available online 
at http://www.nytimes.com/interactive/2012/10/30/nyregion/
hurricane-sandys-aftermath.html]

44.	 The Port Authority of New York & New Jersey, 2012: Port 
Authority Updates Conditions at Transportation Facilities. Press 
Release Number: 174-2012, November 1, 2012. The Port Authority 
of New York & New Jersey,. [Available online at http://www.
panynj.gov/press-room/press-item-print.cfm?headLine_id=1686]



5: TRANSPORTATION
References

144 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

45.	 MTA, cited 2012: Subway and Bus Ridership. Metropolitan Transit 
Authority. [Available online at http://www.mta.info/nyct/facts/
ridership/index.htm#atGlance_s]

46.	 Vantuono, W. C., 2012: Hurricane Sandy Devastates NY/NJ area 
passenger rail systems. Railway Age, October 31, 2012. Simmons-
Boardman Publishing, Inc. [Available online at http://www.
ra i lwayage.com/index.php/passenger/commuter-reg ional/
hurricane-sandy-devastates-ny-nj-area-passenger-rail-systems.
html]

47.	 The Port Authority of New York & New Jersey, 2012: Port 
Authority continues limited PATH service. Press release number: 
189-2012, November 6, 2012. The Port Authority of New York 
& New Jersey. [Available online at http://www.panynj.gov/press-
room/press-item.cfm?headLine_id=1701]

48.	 MTA, cited 2012: MTA Service Advisory. State of New York, 
Metropolitan Transportation Authority. [Available online at http://
alert.mta.info/]

49.	 National Insurance Crime Bureau, cited 2013: Sandy Vehicles 
Load Airport Runway. [Available online at https://www.nicb.org/
public-affairs/sandy-vehicles-load-airport-runway]

50.	 Hampson, R., 2012: Breezy Point: Drowned, burned, but 
unbowed. USA Today, November 26, 2012. Gannett Company. 
[Available online at http://www.usatoday.com/story/news/
nation/2012/11/25/breezy-point-destruction-salvation-rode-the-
whims-of-sandy/1724567/]

51.	 The Port Authority of New York & New Jersey, 2012: Port 
Elizabeth to Open for Business. Press Release Number: 179-2012, 
November 3, 2012. The Port Authority of New York & New Jersey. 
[Available online at http://www.panynj.gov/press-room/press-
item.cfm?headLine_id=1691]

52.	 USACE, 2012: U.S. Army Corps of Engineers, personal 
communication.

53.	 McLaughlin, B. J., S. D. Murrell, and S. DesRoches, 2011: Case 
Study: Assessment of the Vulnerability of Port Authority of NY 
& NJ Facilities to the Impacts of Climate Change. TD&I Congress 
2011:  Integrated Transportation and Development for a Better Tomorrow, 
Reston, VA, American Society of Civil Engineers. [Available online 
at http://ascelibrary.org/doi/abs/10.1061/41167%28398%2992]

54.	 Angel, J. R., and K. E. Kunkel, 2010: The response of Great 
Lakes water levels to future climate scenarios with an emphasis 
on Lake Michigan-Huron. Journal of Great Lakes Research, 36, 51-58, 
doi:10.1016/j.jglr.2009.09.006. 

55.	 Jaroszweski, D., L. Chapman, and J. Pettis, 2010: Assessing the 
potential impact of climate change on transportation: The need 
for an interdisciplinary approach. Journal of Transport Geography, 18, 
331-335, doi:10.1016/j.jtrangeo.2009.07.005. 

56.	 WSDOT, 2008: Storm-Related Closures of I-5 and I-90:  Freight 
Transportation Economic Impact Assessment Report, Winter 
2007-2008 Final Research Report WARD 708.1, 34 pp., 
Washington State Department of Transportation, Freight Systems 
Division, Olympia, WA. [Available online at http://www.wsdot.
wa.gov/research/reports/fullreports/708.1.pdf ]

57.	 DOT, 2012: Climate Impacts and U.S. Transportation: Technical 
Input Report for the National Climate Assessment. DOT 
OST/P-33. U.S. Department of Transportation. [Available online 
at http://data.globalchange.gov/report/dot-ostp-33-2012]

58.	 Oster, C. V., and J. Strong, 2008: Managing the Skies: Public Policy, 
Organization, and Financing of Air Traffic Management. Ashgate 
Publishing, 234 pp. 

59.	 Cambridge Systematics Inc., and Texas Transportation Institute, 
2005: Traffic Congestion and Reliability: Trends and Advanced 
Strategies for Congestion Mitigation U.S. Department of 
Transportation, Federal Highway Administration. [Available 
online at http://ops.fhwa.dot.gov/congestion_report/congestion_
report_05.pdf]

60.	 Rosenzweig, C., W. D. Solecki, R. Blake, M. Bowman, C. Faris, 
V. Gornitz, R. Horton, K. Jacob, A. LeBlanc, R. Leichenko, M. 
Linkin, D. Major, M. O’Grady, L. Patrick, E. Sussman, G. Yohe, 
and R. Zimmerman, 2011: Developing coastal adaptation to 
climate change in the New York City infrastructure-shed: Process, 
approach, tools, and strategies. Climatic Change, 106, 93-127, 
doi:10.1007/s10584-010-0002-8. [Available online at http://www.
ccrun.org/sites/ccrun/files/attached_files/2011_Rosenzweig_etal.
pdf]

61.	 California Natural Resources Agency, 2009: The California 
Climate Adaptation Strategy 2009: A Report to the Governor of 
the State of California in response to Executive Order S-13-2008, 
197 pp., California Natural Resources Agency,, Sacramento, CA. 
[Available online at http://resources.ca.gov/climate_adaptation/
docs/Statewide_Adaptation_Strategy.pdf]

62.	 Massachusetts Executive Office of Energy and Environmental 
Affairs and the Adaptation Advisory Committee, 2011: 
Massachusetts Climate Change Adaptation Report, 128 pp., 
Commonwealth of Massachusetts, Boston, MA. [Available online 
at http://www.mass.gov/eea/docs/eea/energy/cca/eea-climate-
adaptation-report.pdf ]



5: TRANSPORTATION
References

145 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

63.	 Adelsman, H., J. Ekrem, L. W. Binder, K. Cook, K. Cooper, L. M. 
Helbrecht, R. Jamison, J. D. Phillips, P. Pickett, C. L. Roalkvam, 
S. Salisbury, D. Siemann, and P. Speaks, 2012: Preparing for 
a Changing Climate. Washington State’s Integrated Climate 
Response Strategy. Publication No. 12-01-004. L. Geller, Ed., 
203 pp., State of Washington, Department of Ecology, Olympia, 
WA. [Available online at https://fortress.wa.gov/ecy/publications/
publications/1201004.pdf]

64.	 City of Boston, 2011: A Climate of Progress: City of Boston Climate 
Action Plan Update 2011, 43 pp, Boston, MA. [Available online 
at http://www.cityofboston.gov/Images_Documents/A%20
Climate%20of%20Progress%20-%20CAP%20Update%202011_
tcm3-25020.pdf]

65.	 CCMPO, 2010: Charlotte County-Punta Gorda Long Range 
Transportation Plan 2035: Summary Report. Charlotte County-
Punta Gorda Metropolitan Planning Organization, Punta Gorda, 
FL. [Available online at http://www.ccmpo.com/index.php/en/
plan/long-range-plan]

66.	 WICCI, 2011: Wisconsin’s Changing Climate Impacts and 
Adaptation. Wisconsin Initiative on Climate Change Impacts, 
Nelson Institute for Environmental Studies, University of 
Wisconsin-Madison, Wisconsin Department of Natural Resources, 
Madison, WI. [Available online at http://www.wicci.wisc.edu/
report/2011_WICCI-Report.pdf]

67.	 Iowa Climate Change Impacts Committee, 2011: Climate 
Change Impacts on Iowa 2010, 33 pp., Iowa Department of 
Natural Resources, Des Moines, IA. [Available online at http://
www.iowadnr.gov/porta ls/idnr/uploads/air/environment/
climatechange/complete_report.pdf?amp;tabid=1077]

68.	 Michigan Department of Transportation, 2011: Climate Change 
Adaptation Issues in Highway Operations. TRB Webinar. 
Transportation Research Board, Washington, D.C. 

69.	 Caltrans Climate Change Workshop, 2011: Guidance on 
Incorporating Sea-Level Rise: For Use in the Planning and 
Development of Project Initiation Documents.State government 
guidance report. 13 pp., California Department of Transportation, 
Sacramento, CA. [Available online at http://www.dot.ca.gov/ser/
downloads/sealevel/guide_incorp_slr.pdf]

70.	 Radow, L. J., and L. Neudorff, 2011: Transportation adaptation’s 
bearing on planning, systems management, operations, and 
emergency response. Adapting Transportation to the Impacts of Climate 
Change:  State of the Practice 2011, Transportation Research Circular Number 
E-C152, Transportation Research Board, 47-54. [Available online at 
http://onlinepubs.trb.org/onlinepubs/circulars/ec152.pdf]

71.	 Slater, G. I., 2011: Transportation Climate Adaptation Activities 
in Maryland TRB 90th Annual Meeting (January 23-27, 2011), 
Washington, D.C., Transportation Research Board. 

72.	 FHWA, 2009: FHWA/AASHTO Climate Change Adaptation Peer 
Exchange - December 2009. Schaumburg, IL, U.S. Department 
of Transportation, Federal Highway Administration. [Available 
online at http://www.fhwa.dot.gov/environment/climate_change/
adaptation/workshops_and_peer_exchanges/illinois_12_2009/]

73.	 Locke, D. H., J. M. Grove, J. W. T. Lu , A. Troy, J. P. M. O’Neil-
Dunne, and B. D. Beck, 2010: Prioritizing preferable locations 
for increasing urban tree canopy in New York city. Cities and the 
Environment, 3, 1-18. [Available online at http://digitalcommons.
lmu.edu/cgi/viewcontent.cgi?article=1066&context=cate] 

	 McPherson, E. G., J. R. Simpson, Q. Xiao, and C. Wu, 2011: Million 
trees Los Angeles canopy cover and benefit assessment. Landscape and 
Urban Planning, 99, 40-50, doi:10.1016/j.landurbplan.2010.08.011. 

74.	 Tetreault, R., 2011: AASHTO Climate Brief, Interview. American 
Association of State Highway and Transportation Officials, 
Washington, D.C. 

75.	 VANR, cited 2012: Tropical Storm Irene: By the Numbers. Vermont 
Agency of National Resources. [Available online at http://www.
anr.state.vt.us/anr/climatechange/irenebythenumbers.html



146 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

Process for Developing Key Messages 
In developing key messages, the chapter author team engaged, 
via teleconference, in multiple technical discussions from January 
through May 2012 as they reviewed numerous peer reviewed pub-
lications. Technical input reports (21) on a wide range of topics 
were also received and reviewed as part of the Federal Register 
Notice solicitation for public input. The author team’s review in-
cluded a foundational Technical Input Report for the National Cli-
mate Assessment, “Climate Impacts and U.S. Transportation.”

57
 

Other published literature and professional judgment were also 
considered as the chapter key messages were developed. The 
chapter author team met in St. Louis, MO, in April 2012 for expert 
deliberation and finalization of key messages.

Key Message #1 Traceable Account

The impacts from sea level rise and storm surge, 
extreme weather events, higher temperatures and 
heat waves, precipitation changes, Arctic warming, 
and other climatic conditions are affecting the reli-
ability and capacity of the U.S. transportation sys-
tem in many ways.

Description of evidence base
Climate impacts in the form of sea level rise, changing frequency 
of extreme weather events, heat waves, precipitation changes, 
Arctic warming, and other climatic conditions are documented in 
Ch. 2: Our Changing Climate of this report.

Climate can be described as the frequency distribution of weather 
over time. Existing weather conditions, flooding, and storm surge 
demonstrably affect U.S. transportation systems. By changing the 
frequency of these weather conditions, climate change will inevi-
tably affect the reliability and capacity of U.S. transportations sys-
tems. This view is supported by multiple studies of the impacts of 
weather and climate change on particular transportation systems 
or particular regions.

An aggregate summary of impacts of climate change on U.S. 
transportation can be found in NRC 2008.

7
 A paper commis-

sioned for NRC 2008 considers specific impacts of various forms 
of climate change on infrastructure, for example, possible future 

constraints on infrastructure.
12

 The effects of climate on transit 
systems are summarized in Hodges 2011.

14
 The impact of heat 

and other climate effects on rail systems are described by Hodges 
2011 and Rossetti 2002.

14,19

Future impacts of sea level rise and other climatic effects on 
transportation systems in the Gulf Coast were examined by CCSP 
2008.

11
 The impacts of climate change on New York State, includ-

ing its transportation system, were undertaken by Rosenzweig et 
al. 2011.

60
 Impacts of sea level rise on transportation infrastruc-

ture for the mid-Atlantic were also discussed in CCSP 2009 SAP 
4.1, Ch. 7.

27

Weather impacts on road systems are discussed in “Climate Im-
pacts and U.S. Transportation”

57
 and numerous other sources. 

Weather impacts on aviation operations are discussed in Kulesa 
200320 and numerous other sources.

In addition, the key message and supporting text summarize ex-
tensive evidence documented in “Climate Impacts and U.S. Trans-
portation.”

57
 

Additional peer-reviewed publications discuss the fact that Arctic 
warming is affecting existing Alaskan transportation infrastructure 
today, and is projected to allow the seasonal opening of the North-
west Passage to freight shipment.

24

New information and remaining uncertainties
Recent changes in global sea level rise estimates documented in 
this report (Ch.2: Our Changing Climate, Key Message 10) have 
not been incorporated into existing regional studies of coastal 
areas. In addition, recent research by USGS on the interaction 
between sea level rise, wave action, and local geology have been 
incorporated in only a few studies.

29

Specific estimates of climate change impacts on transportation 
are acutely sensitive to regional projections of climate change and, 
in particular, to the scale, timing, and type of predicted precipita-
tion. New (CMIP5-based) regional climate projections will there-
fore affect most existing specific estimates of climate change 
impacts on transportation. Transportation planning in the face of 
uncertainties about regional-scale climate impacts presents par-
ticular challenges.

5: TRANSPORTATION

SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS



5: TRANSPORTATION
Traceable Accounts

147 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

Impacts of climate on transportation system operations, including 
safety and congestion, both on road systems and in aviation, have 
been little studied to date. 

Future characteristics of society, such as land-use patterns, de-
mographics, and the use of information technology to alter trans-
portation patterns, and possible changes to the very nature of 
future transportation systems themselves all create uncertainty 
in evaluating climate impacts on the nation’s transportation net-
works. These societal changes will probably occur gradually, how-
ever, allowing the transportation systems to adapt. Adaptation can 
significantly ameliorate impacts on the transportation sector; how-
ever, evaluation of adaptation costs and strategies for the trans-
portation sector is at a relatively early stage.

Assessment of confidence based on evidence 
Confidence is high that transportation systems will be affected 
by climate change, given current climate projections, particularly 
regarding sea level rise and extreme weather events.

Key Message #2 Traceable Account

Sea level rise, coupled with storm surge, will con-
tinue to increase the risk of major coastal impacts 
on transportation infrastructure, including both tem-
porary and permanent flooding of airports, ports 
and harbors, roads, rail lines, tunnels, and bridges.

Description of evidence base
Estimates of global sea level rise are documented in Ch. 2: Our 
Changing Climate, Key Message 10 of this report. 

The prospective impact of sea level rise and storm surge on trans-
portation systems is illustrated by the impact of recent hurricanes 
on U.S. coastlines. In addition, research on impacts of sea level 
rise and storm surge on transportation assets in particular regions 
of the United States demonstrate the potential for major coastal 
impacts (for example, CCSP 2008, Rosenzweig et al. 2011, and 
Suarez et al. 2005

11,28,60
). Note that most existing literature on 

storm surge and sea level rise impacts on transportation systems 
is based on a global sea level rise of less than one meter (about 
3 feet). The most recent projections include a potentially greater 
rise in global sea level (Ch. 2: Our Changing Climate, Key Message 
10). 

In addition, the key message and supporting text summarize ex-
tensive evidence documented in “Climate Impacts and U.S. Trans-
portation.”

57
 

New information and remaining uncertainties
As noted above, new estimates of global sea level rise have over-
taken most of the existing literature on transportation and sea 
level rise in the United States. In addition, it is not clear that the 
existing transportation literature reflects recent USGS work on in-
teractions between sea level rise, wave action, and local geology.

29

New global sea level rise estimates will enable the development 
of new regional estimates, as well as revision of regional coastal 
erosion and flood modeling. Such smaller scale estimates are im-
portant because transportation and other infrastructure impacts 
must necessarily be studied in a local context. 

Generally speaking, modeling of sea level rise impacts using exist-
ing USGS National Elevation Dataset (NED) data has well-under-
stood limitations. Since NED data is freely and easily available, it 
is often used for preliminary modeling. More accurate and more 
recent elevation data may be captured via LIDAR campaigns, and 
this data collection effort will be necessary for accurate under-
standing of regional and local sea level rise and storm surge im-
pacts.

27

Accurate understanding of transportation impacts is specific to 
particular infrastructure elements, so detailed inventories of local 
and regional infrastructure must be combined with detailed and 
accurate elevation data and the best available predictions of local 
sea level rise and storm surge. Therefore, national assessments 
of sea level rise must be built on detailed local and regional as-
sessments. 

Improved modeling is needed on the interactions among sea level 
rise, storm surge, tidal movement, and wave action to get a better 
understanding of the dynamics of the phenomena.

Confidence Level
Very High

Strong evidence (established 
theory, multiple sources, con-

sistent results, well documented 
and accepted methods, etc.), 

high consensus

High
Moderate evidence (several 
sources, some consistency, 

methods vary and/or documen-
tation limited, etc.), medium 

consensus

Medium
Suggestive evidence (a few 
sources, limited consistency, 
models incomplete, methods 
emerging, etc.), competing 

schools of thought

Low
Inconclusive evidence (lim-
ited sources, extrapolations, 

inconsistent findings, poor docu-
mentation and/or methods not 
tested, etc.), disagreement or 

lack of opinions among experts
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Assessment of confidence based on evidence 
The authors have high confidence sea levels are rising and storm 
surge on top of these higher sea levels pose risks to coastal trans-
portation infrastructure.

Key Message #3 Traceable Account

Extreme weather events currently disrupt trans-
portation networks in all areas of the country; pro-
jections indicate that such disruptions will increase.

Description of evidence base
The key message and supporting text summarize extensive evi-
dence documented in “Climate Impacts and U.S. Transporta-
tion.”

57
 

Specific regional climate impacts can be identified in each NCA 
region of the country. Specific climate impacts on transportation 
by region include:

In Alaska, rising temperatures cause permafrost to melt, causing 
damage to roadbeds, airfields, pipelines, and other transportation 
infrastructure.

25
 

In the Northeast, the Chesapeake region is likely to experience 
particularly severe local sea level rise due to geologic subsid-
ence,

27
 and increased precipitation generally (see Ch. 2: Our 

Changing Climate, Key Message 5, and Ch.16: Northeast), along 
with an increased incidence of extreme weather events. The pres-
ence of large populations with associated transportation systems 
in coastal areas increases the potential impacts of sea level rise, 
storm surge, and precipitation-induced flooding.

The Southeast is subject to the interacting effects of sea level rise, 
increased precipitation, and other extreme events. The Southeast 
includes Virginia, so it shares the threat of regional sea level rise in 
the Chesapeake. In Louisiana, climate change poses a significant 
threat to transportation infrastructure of national significance.

11
 

Midwest transportation infrastructure is subject to changing wa-
ter levels on the Great Lakes.

54
 Barge traffic disruptions, due to 

flooding or drought on the Mississippi/Missouri/Ohio river system, 
might be induced by changes in precipitation patterns.

A major concern in the Southwest is that declining precipitation 
(see Ch. 2: Our Changing Climate, Key Message 5) may induce 
changes in the economy and society that will affect the transpor-
tation systems that serve this region. In the Southwest, rail and 
highway systems may be exposed to increased heat damage from 
the higher temperatures. San Francisco Bay, which encompasses 
two major airports and numerous key transportation links, is at 
risk for sea level rise and storm surge.

61

Much of the economy of the Northwest is built around electricity 
and irrigation from a network of dams. The performance of this 

system may be affected by changing precipitation patterns, with 
potential consequences for agriculture and industry, and, conse-
quently for transportation systems. In addition, the Seattle area 
may be affected by sea level rise.

63
 

Many relevant and recent climate data and models predict more 
intense precipitation events in much of the U.S., especially the 
Great Plains, Midwest, Northeast, and Southeast, with decreased 
precipitation in parts of the Southwest and Southeast (see Ch. 2: 
Our Changing Climate, Key Message 5).

New information and remaining uncertainties
Recent data clearly show – and climate models further substanti-
ate –  an increase in the intensity of precipitation events through-
out much of the U.S.

There is a need for a better definition of the magnitude of in-
creased storm intensity so that accurate return frequency curves 
can be established. 

New regional climate model data from CMIP5 will have a signifi-
cant impact on regional impact assessments.

Climate and impact data desired by transportation planners may 
be different from the projections generated by regional climate 
models. This presents a number of challenges:

Regional scale transportation impacts are often determined by 
flood risk and by water flows in rivers and streams. Flooding is, of 
course, linked to precipitation, but the linkage between precipita-
tion and hydrology is very complex. Precipitation, as projected by 
climate models, is often difficult to convert into predictions of 
future flooding, which is what infrastructure designers need. 

Similarly, an ice storm would be an extreme event for a transporta-
tion planner, but the frequency of ice storms has not yet been de-
rived from climate models. More generally, improved methods of 
deriving the frequency of infrastructure-affecting weather events 
from regional climate models may be helpful in assessing climate 
impacts on transportation systems.

There are uncertainties associated with the correlation between a 
warming climate and increased hurricane intensity.

In regions likely to see decreased precipitation, especially those 
areas subject to drought, stronger correlations to fire threat and 
lowered water levels in major waterways are needed as projections 
of climate models.

Planning tools and models can present a step-by-step process 
for connecting the risk of impact with specific planning strategies 
such as assessing the vulnerability of existing and proposed infra-
structure and then identifying key adaptation practices to address 
the risk.
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Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence 
is high that extreme weather events will affect transportation in all 
areas of the country.

Key Message #4 Traceable Account

Climate change impacts will increase the total 
costs to the nation’s transportation systems and 
their users, but these impacts can be reduced 
through rerouting, mode change, and a wide range 
of adaptive actions.

Description of evidence base
The economic cost of climate change to the transportation sec-
tor has been little studied. However, there is substantial evidence 
that costs will be significant. A recent study of climate change 
in New York indicated that a storm surge severe enough to flood 
Manhattan tunnels might cost as much as $100 billion.

60
  The 

actual experience of Hurricane Sandy, where multiple tunnels 
were flooded, attests to the scale of the costs and disruption that 
attend an event of this magnitude (See also Ch. 11: Urban; Box 
on Hurricane Sandy). A study of the risk to specific infrastructure 
elements in Alaska

26
 estimated the net present value of the extra 

cost from climate change at $2 to $4 billion through 2030, and 
$4 to $8 billion through 2080. 

The indirect evidence for significant costs from climate change 
impacts begin with the consequences of recent hurricanes, par-
ticularly on the Eastern seaboard, where Hurricane Irene, a rather 
minor storm, produced unexpectedly heavy infrastructure damage 
from heavy rains.

75
 The economic cost of infrastructure damage is 

often greater than the cost of repairing or replacing infrastructure.

In addition, a recent study of on-road congestion estimates the 
annual cost of highway congestion at about $100 billion,

5
 and 

the Federal Highway Administration estimates that weather ac-
counts for about 15% of total delay.

4
 Similarly, a recent study of 

aviation congestion indicates that the annual cost of airline delay 
is about $33 billion

3
 and that weather accounts for more than a 

third of airline delays. There is a strong circumstantial case to be 
made that increased frequency of extreme events (as defined by 
climate scientists) will produce increased traffic and aviation de-
lays. Given the scale of current costs, even small changes in delay 
can have substantial economic costs. 

There is little published material on transportation adaptation 
costs and benefits in the literature, in part because “adaptation” 
is an abstraction (see Ch. 28: Adaptation). Climate change is sta-
tistical weather, and manifests itself as a change in the frequency 
of events that would still occur (but with lower frequency) in the 
absence of climate change. Transportation agencies decide to pro-
tect (or not) specific pieces of infrastructure based on a range of 
considerations, including age and condition, extent of current and 
future usage, and cost of protection, as well as changing weather 

patterns. The authors, however, are aware, that transportation 
systems have always been required to adapt to changing condi-
tions, and that, in general, it is almost always far less expensive 
to protect useful infrastructure than to wait for it to collapse. This 
professional experience, based on examination of multitudes of 
individual engineering studies, is the basis for the conclusion in 
this report (for example, Caltrans Climate Change Workshop 2011, 
CCSP 2008, and Meyer 2008

11,12,69
). 

There are numerous examples of actions taken by state and 
local governments to enhance resilience and reduce climate 
impact costs on transportation, including land-use planning to 
discourage development in vulnerable areas, establishment of 
design guidelines to reduce vulnerability to sea level rise, use of 
effective stormwater management techniques, and coordinated 
emergency response systems.

7,69

New information and remaining uncertainties
There is relatively little information on the costs of climate change 
in the transportation sector, and less on the benefits of adap-
tation. Much of the available research is focused on the costs 
of replacing assets that are affected by extreme weather events, 
with far less effort devoted to both longer-term impacts of climate 
change on transportation systems (such as inundation of coastal 
roads due to sea level rise) and to the broader effects of disrupted 
facilities on network operations or on the community, for example, 
rerouting of traffic around bottlenecks or evacuation of sensitive 
populations from vulnerable areas.

Calculating climate impact and adaptation costs and benefits is an 
exceptionally complex problem, particularly at high levels of aggre-
gation, since both costs and benefits accrue based on a multitude 
of location-specific events. In addition, all of the methodological 
issues that are confronted by any long-term forecasting exercise 
are present. The forecasting problem may be more manageable at 
the local and regional scales at which most transportation deci-
sions are usually made.

Assessment of confidence based on evidence 
The authors have high confidence that climate impacts will be 
costly to the transportation sector, but are far less confident in 
assessing the exact magnitude of costs, based on the available 
evidence and their experience. The authors also have high confi-
dence, based upon their experience, that costs may be significant-
ly reduced by adaptation action, though, as noted, the magnitude 
of such potential reductions on a national scale would be difficult 
to determine. 
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Key Messages
1.	Climate disruptions to agricultural production have increased in the past 40 years and are 

projected to increase over the next 25 years. By mid-century and beyond, these impacts will be 
increasingly negative on most crops and livestock.

2.	Many agricultural regions will experience declines in crop and livestock production from 
increased stress due to weeds, diseases, insect pests, and other climate change induced 
stresses.

3.	Current loss and degradation of critical agricultural soil and water assets due to increasing 
extremes in precipitation will continue to challenge both rainfed and irrigated agriculture unless 
innovative conservation methods are implemented. 

4.	The rising incidence of weather extremes will have increasingly negative impacts on crop and 
livestock productivity because critical thresholds are already being exceeded.   

5.	Agriculture has been able to adapt to recent changes in climate; however, increased innovation 
will be needed to ensure the rate of adaptation of agriculture and the associated socioeconomic 
system can keep pace with climate change over the next 25 years.

6.	Climate change effects on agriculture will have consequences for food security, both in the U.S. 
and globally, through changes in crop yields and food prices and effects on food processing, 
storage, transportation, and retailing. Adaptation measures can help delay and reduce some of 
these impacts.

6 AGRICULTURE

The United States produces nearly $330 billion per year in ag-
ricultural commodities, with contributions from livestock ac-
counting for roughly half of that value (Figure 6.1).1 Production 
of all commodities will be vulnerable to direct impacts (from 
changes in crop and livestock development and yield due to 
changing climate conditions and extreme weather events) and 
indirect impacts (through increasing pressures from pests and 
pathogens that will benefit from a changing climate). The ag-
ricultural sector continually adapts to climate change through 
changes in crop rotations, planting times, genetic selection, 
fertilizer management, pest management, water management, 
and shifts in areas of crop production. These have proven to be 
effective strategies to allow previous agricultural production 
to increase, as evidenced by the continued growth in produc-
tion and efficiency across the United States. 

Climate change poses a major challenge to U.S. agriculture 
because of the critical dependence of the agricultural system 
on climate and because of the complex role agriculture plays 
in rural and national social and economic systems (Figure 6.2). 
Climate change has the potential to both positively and nega-

tively affect the location, timing, and productivity of crop, live-
stock, and fishery systems at local, national, and global scales. 
It will also alter the stability of food supplies and create new 
food security challenges for the United States as the world 
seeks to feed nine billion people by 2050. U.S. agriculture ex-
ists as part of the global economy and agricultural exports 
have outpaced imports as part of the overall balance of trade. 
However, climate change will affect the quantity of produce 
available for export and import as well as prices (Figure 6.3).

The cumulative impacts of climate change will ultimately 
depend on changing global market conditions as well as re-
sponses to local climate stressors, including farmers adjusting 
planting patterns in response to altered crop yields and crop 
species, seed producers investing in drought-tolerant varieties, 
and nations restricting trade to protect food security. Adaptive 
actions in the areas of consumption, production, education, 
and research involve seizing opportunities to avoid economic 
damages and decline in food quality, minimize threats posed 
by climate stress, and in some cases increase profitability.
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Key Message 1: Increasing Impacts on Agriculture

Climate disruptions to agricultural production have increased in the past 40 years 
and are projected to increase over the next 25 years. By mid-century and beyond, 

these impacts will be increasingly negative on most crops and livestock.

Impacts on Crop Production
Producers have many available strategies for adapting to the 
average temperature and precipitation changes projected (Ch. 
2: Our Changing Climate)2 for the next 25 years. These strate-
gies include continued technological advancements, expansion 
of irrigated acreage, regional shifts in crop acreage and crop 
species, other adjustments in inputs and outputs, and changes 
in livestock management practices in response to changing cli-
mate patterns.3,4 However, crop production projections often 
fail to consider the indirect impacts from weeds, insects, and 
diseases that accompany changes in both average trends and 
extreme events, which can increase losses significantly.2,5 By 
mid-century, when temperature increases are projected to 
be between 1.8°F and 5.4°F and precipitation extremes are 

further intensified, yields of major U.S. crops and farm profits 
are expected to decline.6,7 There have already been detect-
able impacts on production due to increasing temperatures.8 
Over time, climate change is expected to increase the annual 
variation in crop and livestock production because of its ef-
fects on weather patterns and because of increases in some 
types of extreme weather events.9,10 Overall implications for 
production are for increased uncertainty in production totals, 
which affects both domestic and international markets and 
food prices. Recent analysis suggests that climate change has 
an outsized influence on year-to-year swings in corn prices in 
the United States.11 

Figure 6.1. U.S. agriculture includes 
300 dif ferent commodities with 
a nearly equal division between 
crop and livestock products. This 
chart shows a breakdown of the 
monetary value of U.S. agriculture 
products by category. (Data from 
2007 Census of Agriculture, USDA 
National Agricultural Statistics 
Service 200812).

U.S. Agriculture
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Figure 6.2. Agricultural activity is distributed across the U.S. with market value and crop types varying by region. In 2010, the total 
market value was nearly $330 billion. Wide variability in climate, commodities, and practices across the U.S. will likely result in 
differing responses, both in terms of yield and management. (Figure source: USDA National Agricultural Statistics Service 200813).

Agricultural Distribution
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Plant response to climate change is dictated by complex 
interactions among carbon dioxide (CO2), temperature, 
solar radiation, and precipitation. Each crop species has 
a temperature range for growth, along with an optimum 
temperature.9 Plants have specific temperature toler-
ances, and can only be grown in areas where their tem-
perature thresholds are not exceeded. As temperatures 
increase over this century, crop production areas may 
shift to follow the temperature range for optimal growth 
and yield of grain or fruit. Temperature effects on crop 
production are only one component; production over 
years in a given location is more affected by available soil 
water during the growing season than by temperature, 
and increased variation in seasonal precipitation, coupled 
with shifting patterns of precipitation within the season, 
will create more variation in soil water availability.9,15 
The use of a model to evaluate the effect of changing 
temperatures in the absence of changes in water avail-
ability reveals that crops in California’s Central Valley will 
respond differently to projected temperature increases, 
as illustrated in Figure 6.4. This example demonstrates 
one of the methods available for studying the potential 
effects of climate change on agriculture. 

Figure 6.3. U.S. agriculture exists in the context of global markets. 
Climate is among the important factors that affect these markets. 
For example, the increase in U.S. food exports in the 1970s is 
attributed to a combination of rising incomes in other nations, 
changes in national currency values and farm policies, and poor 
harvests in many nations in which climate was a factor. Through 
seasonal weather impacts on harvests and other impacts, climate 
change will continue to be a factor in global markets. The graph 
shows U.S. imports and exports for 1935-2011 in adjusted dollar 
values. (Data from USDA Economic Research Service 201214).

U.S. Agricultural Trade

Figure 6.4. Changes in climate through this 
century will affect crops differently because 
individual species respond differently to 
warming. This figure is an example of the 
potential impacts on different crops within 
the same geographic region. Crop yield 
responses for eight crops in the Central Valley 
of California are projected under two emissions 
scenarios, one in which heat-trapping gas 
emissions are substantially reduced (B1) and 
another in which these emissions continue to 
grow (A2). This analysis assumes adequate 
water supplies (soil moisture) and nutrients 
are maintained while temperatures increase. 
The lines show five-year moving averages for 
the period from 2010 to 2094, with the yield 
changes shown as differences from the year 
2009. Yield response varies among crops, 
with cotton, maize, wheat, and sunflower 
showing yield declines early in the period. 
Alfalfa and safflower showed no yield declines 
during the period. Rice and tomato do not 
show a yield response until the latter half of 
the period, with the higher emissions scenario 
resulting in a larger yield response. (Figure 
source: adapted from Lee et al. 201116). 

Crop Yield Response to Warming in California’s Central Valley
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One critical period in which temperatures are a major factor is 
the pollination stage; pollen release is related to development 
of fruit, grain, or fiber. Exposure to high temperatures during 
this period can greatly reduce crop yields and increase the risk 
of total crop failure. Plants exposed to high nighttime tempera-
tures during the grain, fiber, or fruit production period experi-
ence lower productivity and reduced quality.15 These effects 
have already begun to occur; high nighttime temperatures 
affected corn yields in 2010 and 2012 across the Corn Belt. 
With the number of nights with hot temperatures projected to 
increase as much as 30%, yield reductions will become more 
prevalent.9

Temperature and precipitation 
changes will include an increase in 
both the number of consecutive dry 
days (days with less than 0.01 inches 
of precipitation) and the number of 
hot nights (Figure 6.5). The western 
and southern parts of the nation 
show the greatest projected increas-
es in consecutive dry days, while the 
number of hot nights is projected to 
increase throughout the U.S. These 
increases in consecutive dry days 
and hot nights will have negative 
impacts on crop and animal produc-
tion. High nighttime temperatures 
during the grain-filling period (the 
period between the fertilization of 
the ovule and the production of a 
mature seed in a plant) increase the 
rate of grain-filling and decrease the 
length of the grain-filling period, re-
sulting in reduced grain yields. Expo-
sure to multiple hot nights increases 
the degree of stress imposed on 
animals resulting in reduced rates of 
meat, milk, and egg production.17 

Though changes in temperature, CO2 
concentrations, and solar radiation 
may benefit plant growth rates, this 
does not equate to increased produc-
tion. Increasing temperatures cause 
cultivated plants to grow and mature 
more quickly. But because the soil 
may not be able to supply nutrients 
at required rates for faster growing 
plants, plants may be smaller, reduc-
ing grain, forage, fruit, or fiber pro-
duction. Reduction in solar radiation 
in agricultural areas due to increased 
clouds and humidity in the last 60 
years18 is projected to continue19 and 
may partially offset the acceleration 

Figure 6.5. Many climate variables affect agriculture. The maps above show projected 
changes in key climate variables affecting agricultural productivity for the end of the century 
(2070-2099) compared to 1971-2000. Changes in climate parameters critical to agriculture 
show lengthening of the frost-free or growing season and reductions in the number of frost 
days (days with minimum temperatures below freezing), under an emissions scenario that 
assumes continued increases in heat-trapping gases (A2). Changes in these two variables are 
not identical, with the length of the growing season increasing across most of the United States 
and more variation in the change in the number of frost days. Warmer-season crops, such as 
melons, would grow better in warmer areas, while other crops, such as cereals, would grow 
more quickly, meaning less time for the grain itself to mature, reducing productivity.9 Taking 
advantage of the increasing length of the growing season and changing planting dates could 
allow planting of more diverse crop rotations, which can be an effective adaptation strategy. 
On the frost-free map, white areas are projected to experience no freezes for 2070-2099, 
and gray areas are projected to experience more than 10 frost-free years during the same 
period. In the lower left graph, consecutive dry days are defined as the annual maximum 
number of consecutive days with less than 0.01 inches of precipitation. In the lower right 
graph, hot nights are defined as nights with a minimum temperature higher than 98% of the 
minimum temperatures between 1971 and 2000. (Figure source: NOAA NCDC / CICS-NC).

Projected Changes in Key Climate Variables
Affecting Agricultural Productivity
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of plant growth due to higher temperatures and CO2 levels, 
depending on the crop. In vegetables, exposure to tempera-
tures in the range of 1.8°F to 7.2°F above optimal moderately 
reduces yield, and exposure to temperatures more than 9°F 
to 12.6°F above optimal often leads to severe if not total pro-
duction losses. Selective breeding and genetic engineering for 
both plants and animals provides some opportunity for adapt-
ing to climate change; however, development of new varieties 
in perennial specialty crops commonly requires 15 to 30 years 
or more, greatly limiting adaptive opportunity, unless varieties 
could be introduced from other areas. Additionally, perennial 
crops require time to reach their production potential. 

A warmer climate will affect growing conditions, and the lack 
of cold temperatures may threaten perennial crop production 
(Figure 6.6). Perennial specialty crops have a winter chilling 
requirement (typically expressed as hours when temperatures 
are between 32°F and 50°F) ranging from 200 to 2,000 cumu-
lative hours. Yields decline if the chilling requirement is not 
completely satisfied, because flower emergence and viability 
is low.20 Projections show that chilling requirements for fruit 
and nut trees in California will not be met by the middle to the 
end of this century.21 For most of the Northeast, a 400-hour 
chilling requirement for apples is projected to continue to be 
met during this century, but crops with prolonged chilling re-

Figure 6.6. Many perennial plants (such as fruit trees and grape vines) require exposure to particular numbers of 
chilling hours (hours in which the temperatures are between 32°F and 50°F over the winter). This number varies 
among species, and many trees require chilling hours before flowering and fruit production can occur. With rising 
temperatures, chilling hours will be reduced. One example of this change is shown here for California’s Central Valley, 
assuming that observed climate trends in that area continue through 2050 and 2090. Under such a scenario, a rapid 
decrease in the number of chilling hours is projected to occur.

By 2000, the number of chilling hours in some regions was 30% lower than in 1950. Based on the A2 emissions 
scenario that assumes continued increases in heat-trapping gases relative to 1950, the number of chilling hours is 
projected to decline by 30% to 60% by 2050 and by up to 80% by 2100. These are very conservative estimates of 
the reductions in chilling hours because climate models project not just simple continuations of observed trends (as 
assumed here), but temperature trends rising at an increasing rate.21 To adapt to these kinds of changes, trees with 
a lower chilling requirement would have to be planted and reach productive age. 

Various trees and grape vines differ in their chilling requirements, with grapes requiring 90 hours, peaches 225, 
apples 400, and cherries more than 1,000.21 Increasing temperatures are likely to shift grape production for premium 
wines to different regions, but with a higher risk of extremely hot conditions that are detrimental to such varieties.24 
The area capable of consistently producing grapes required for the highest-quality wines is projected to decline by 
more than 50% by late this century.24 (Figure source: adapted from Luedeling et al. 200921).

Reduced Winter Chilling Projected for California 
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quirements, such as plums and cherries (with chilling require-
ments of more than 700 hours), could be negatively affected, 
particularly in southern parts of the Northeast.21,22 Warmer 
winters can lead to early bud burst or bloom of some perennial 
plants, resulting in frost damage when cold conditions occur in 
late spring15, as was the case with cherries in Michigan in 2012, 
leading to an economic impact of $220 million (Andresen 2012, 
personal communication).23  

The effects of elevated CO2 on grain and fruit yield and quality 
are mixed. Some experiments have documented that elevated 
CO2 concentrations can increase plant growth while increasing 
water use efficiency.25,26 The magnitude of CO2 growth stimu-
lation in the absence of other stressors has been extensively 
analyzed for crop and tree species27,28 and is relatively well 
understood; however, the interaction with changing tempera-
ture, ozone, and water and nutrient constraints creates uncer-
tainty in the magnitude of these responses.29 In plants such as 

soybean and alfalfa, elevated CO2 has been associated with 
reduced nitrogen and protein content, causing a reduction in 
grain and forage quality and reducing the ability of pasture and 
rangeland to support grazing livestock.30 The growth stimula-
tion effect of increased atmospheric CO2 concentrations has 
a disproportionately positive impact on several weed species. 
This effect will contribute to increased risk of crop loss due to 
weed pressure.28,31 

The advantage of increased water-use efficiency due to elevat-
ed CO2 in areas with limited soil water supply may be offset by 
other impacts from climate change. Rising average tempera-
tures, for instance, will increase crop water demand, increasing 
the rate of water use by the crop. Rising temperatures coupled 
with more extreme wet and dry events, or seasonal shifts in 
precipitation, will affect both crop water demand and plant 
production. 

Impacts on Animal Production from Temperature Extremes
Animal agriculture is a major component of the U.S. agriculture 
system (Figure 6.1). Changing climatic conditions affect animal 
agriculture in four primary ways: 1) feed-grain production, 
availability, and price; 2) pastures and forage crop production 
and quality; 3) animal health, growth, and reproduction; and 
4) disease and pest distributions.32 The optimal environmental 
conditions for livestock production include temperatures and 
other conditions for which animals do not need to significantly 
alter behavior or physiological functions to maintain relatively 
constant core body temperature. 

Optimum animal core body temperature is often maintained 
within a 4°F to 5°F range, while deviations from this range can 
cause animals to become stressed. This can disrupt perfor-
mance, production, and fertility, limiting the animals’ ability 
to produce meat, milk, or eggs. In many species, deviations in 
core body temperature in excess of 4°F to 5°F cause signifi-
cant reductions in productive performance, while deviations 
of 9°F to 12.6°F often result in death.33 For cattle that breed 
during spring and summer, exposure to high temperatures 
reduces conception rates. Livestock and dairy production are 
more affected by the number of days of extreme heat than by 
increases in average temperature.34 Elevated humidity exacer-
bates the impact of high temperatures on animal health and 
performance. 

Animals respond to extreme temperature events (hot or cold) 
by altering their metabolic rates and behavior. Increases in 
extreme temperature events may become more likely for ani-
mals, placing them under conditions where their efficiency in 
meat, milk, or egg production is affected. Projected increases 
in extreme heat events (Ch. 2: Our Changing Climate, Key Mes-
sage 7) will further increase the stress on animals, leading to 
the potential for greater impacts on production.34 Meat ani-
mals are managed for a high rate of weight gain (high metabol-
ic rate), which increases their potential risk when exposed to 
high temperature conditions. Exposure to heat stress disrupts 
metabolic functions in animals and alters their internal tem-
perature when exposure occurs. Exposure to high temperature 
events can be costly to producers, as was the case in 2011, 
when heat-related production losses exceeded $1 billion.35 

Livestock production systems that provide partial or total shel-
ter to reduce thermal environmental challenges can reduce 
the risk and vulnerability associated with extreme heat. In 
general, livestock such as poultry and swine are managed in 
housed systems where airflow can be controlled and housing 
temperature modified to minimize or buffer against adverse 
environmental conditions. However, management and energy 
costs associated with increased temperature regulation will 
increase for confined production enterprises and may require 
modification of shelter and increased water use for cooling. 
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Key Message 2: Weeds, Diseases, and Pests

Many agricultural regions will experience declines in crop and 
livestock production from increased stress due to weeds, diseases, 

insect pests, and other climate change induced stresses.

Weeds, insects, and diseases already have large negative im-
pacts on agricultural production, and climate change has the 
potential to increase these impacts. Current estimates of loss-
es in global crop production show that weeds cause the largest 
losses (34%), followed by insects (18%), and diseases (16%).36 
Further increases in temperature and changes in precipitation 
patterns will induce new conditions that will affect insect pop-
ulations, incidence of pathogens, and the geographic distribu-
tion of insects and diseases.15,37 Increasing CO2 boosts weed 
growth, adding to the potential for increased competition be-
tween crops and weeds.38 Several weed species benefit more 
than crops from higher temperatures and CO2 levels.28,31 

One concern involves the northward spread of invasive weeds 
like privet and kudzu, which are already present in the south-
ern states.39 Changing climate and changing trade patterns are 
likely to increase both the risks posed by, and the sources of, 
invasive species.40 Controlling weeds costs the U.S. more than 
$11 billion a year, with most of that spent on herbicides. Both 
herbicide use and costs are expected to increase as tempera-
tures and CO2 levels rise.41 Also, the most widely used herbicide 
in the United States, glyphosate (also known as RoundUp™ and 
other brand names), loses its efficacy on weeds grown at CO2 
levels projected to occur in the coming decades.42 Higher con-
centrations of the chemical and more frequent sprayings thus 
will be needed, increasing economic and environmental costs 
associated with chemical use.

Climate change effects on land-use patterns have the potential 
to create interactions among climate, diseases, and crops.37,43 
How climate change affects crop diseases depends upon the 
effect that a combination of climate changes has on both the 
host and the pathogen. One example of the complexity of the 
interactions among climate, host, and pathogen is aflatoxin 
(Aspergillus flavus). Temperature and moisture availability are 
crucial for the production of this toxin, and both pre-harvest 
and post-harvest conditions are critical in understanding the 
impacts of climate change. High temperatures and drought 
stress increase aflatoxin production and at the same time 
reduce the growth of host plants. The toxin’s impacts are 
augmented by the presence of insects, creating a potential 
for climate-toxin-insect-plant interactions that further affect 

crop production.44 Earlier spring and warmer winter conditions 
are also expected to increase the survival and proliferation of 
disease-causing agents and parasites. 

Insects are directly affected by temperature and synchronize 
their development and reproduction with warm periods and 
are dormant during cold periods.45 Higher winter tempera-
tures increase insect populations due to overwinter survival 
and, coupled with higher summer temperatures, increase 
reproductive rates and allow for multiple generations each 
year.46 An example of this has been observed in the European 
corn borer (Ostrinia nubialis) which produces one generation 
in the northern Corn Belt and two or more generations in the 
southern Corn Belt.47 Changes in the number of reproductive 
generations coupled with the shift in ranges of insects will alter 
insect pressure in a given region. 

Superimposed on these climate change related impacts on 
weed and insect proliferation will be ongoing land-use and 
land-cover changes (Ch. 13: Land Use & Land Cover Change). 
For example, northward movement of non-migratory butter-
flies in Europe and changes in the range of insects were associ-
ated with land-use patterns and climate change.48 

Livestock production faces additional climate change related 
impacts that can affect disease prevalence and range. Regional 
warming and changes in rainfall distribution have the poten-
tial to change the distributions of diseases that are sensitive 
to temperature and moisture, such as anthrax, blackleg, and 
hemorrhagic septicemia, and lead to increased incidence of 
ketosis, mastitis, and lameness in dairy cows.33,49

These observations illustrate some of the interactions among 
climate change, land-use patterns, and insect populations. 
Weeds, insects, and diseases thus cause a range of direct and 
indirect effects on plants and animals from climate change, 
although there are no simple models to predict the potential 
interactions. Given the economic impact of these pests and 
the potential implications for food security, research is critical 
to further understand these dynamics. 
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Key Message 3: Extreme Precipitation and Soil Erosion

Current loss and degradation of critical agricultural soil and water assets due to 
increasing extremes in precipitation will continue to challenge both rainfed and 
irrigated agriculture unless innovative conservation methods are implemented.

Several processes act to degrade soils, including erosion, com-
paction, acidification, salinization, toxification, and net loss 
of organic matter (Ch. 15: Biogeochemical Cycles). Several of 
these processes, particularly erosion, will be directly affected 
by climate change. Rainfall’s erosive power is expected to in-
crease as a result of increases in rainfall amount in northern 
portions of the United States (see Ch. 2: Our Changing Cli-
mate), accompanied by further increases in precipitation in-
tensity.50 Projected increases in rainfall intensity that include 
more extreme events will increase soil erosion in the absence 
of conservation practices.51,52 

Soil and water are essential resources for agricultural produc-
tion, and both are subject to new conditions as climate chang-
es. Precipitation and temperature affect the potential amount 
of water available, but the actual amount of available water 
also depends on soil type, soil water holding capacity, and the 
rate at which water filters through the soil (Figure 6.7 and 6.8). 
Such soil characteristics, however, are sensitive to changing 
climate conditions; changes in soil carbon content and soil loss 
will be affected by direct climate effects through changes in 
soil temperature, soil water availability, and the amount of 
organic matter input from plants.53 

It is all about the water! 

Soil is a critical component of agricultural systems, and the changing climate affects the amount, distribution, 
and intensity of precipitation. Soil erosion occurs when the rate of precipitation exceeds the ability of the soil to 
maintain an adequate infiltration rate. When this occurs, runoff from fields moves water and soil from the field 
into nearby water bodies. 

Water and soil that are lost from the field are no longer available to support crop growth. The increasing intensity 
of storms and the shifting of rainfall patterns toward more spring precipitation in the Midwest may lead to more 
scenes similar to this one (Figure 6.7). An analysis of the rainfall patterns across Iowa has shown there has not 
been an increase in total annual precipitation; however, there has been a large increase in the number of days 
with heavy rainfall (Figure 6.9). The increase in spring precipitation is evidenced by a decrease of three days 
in the number of workable days in the April to May period during 2001 through 2011 in Iowa compared to the 
period 1980-2000.15 To offset this increased precipitation, producers have been installing subsurface drainage to 
remove more water from the fields at a cost of $500 per acre (Figure 6.8). These are elaborate systems designed 
to move water from the landscape to allow agricultural operations to occur in the spring. Water erosion and runoff 
is only one portion of the spectrum of extreme precipitation. Wind erosion could increase in areas with persistent 
drought because of the reduction in vegetative cover. (Photo credit (left): USDA Natural Resources Conservation 
Service; Figure source (right): NOAA NCDC / CICS-NC).

Figure 6.7 Figure 6.8
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A few of the many important ecosystem services provided by 
soils include the provision of food, wood, fiber such as cot-
ton, and raw materials; flood mitigation; recycling of wastes; 
biological control of pests; regulation of carbon and other 
heat-trapping gases; physical support for roads and buildings; 
and cultural and aesthetic values.54 Productive soils are char-
acterized by levels of nutrients necessary for the production 
of healthy plants, moderately high levels of organic matter, a 
soil structure with good binding of the primary soil particles, 
moderate pH levels, thickness sufficient to store adequate wa-
ter for plants, a healthy microbial community, and the absence 
of elements or compounds in concentrations that are toxic for 
plant, animal, and microbial life.

Changes in production practices can have more effect than 
climate change on soil erosion; however, changes in climate 
will exacerbate the effects of management practices that do 
not protect the soil surface from the forces of rainfall. Erosion 
is managed through maintenance of cover on the soil surface 
to reduce the effect of rainfall intensity. Studies have shown 
that a reduction in projected crop biomass (and hence the 
amount of crop residue that remains on the surface over the 
winter) will increase soil loss.57,58 Expected increases in soil ero-
sion under climate change also will lead to increased off-site, 

non-point-source pollution. Soil conservation practices will 
therefore be an important element of agricultural adaptation 
to climate change.59

Rising temperatures and CO2 and shifting precipitation pat-
terns will alter crop-water requirements, crop-water avail-
ability, crop productivity, and costs of water access across the 
agricultural landscape. Higher temperatures are projected to 
increase both evaporative losses from land and water surfaces 
and transpiration losses (through plant leaves) from non-crop 
land cover, potentially reducing annual runoff and streamflow 
for a given amount of precipitation. The resulting shift in crop 
health will, in turn, drive changes in cropland allocations and 
production systems.

Figure 6.9. Iowa is the nation’s top corn and soybean producing state. These crops are planted in the 
spring. Heavy rain can delay planting and create problems in obtaining a good stand of plants, both 
of which can reduce crop productivity. In Iowa soils with even modest slopes, rainfall of more than 
1.25 inches in a single day leads to runoff that causes soil erosion and loss of nutrients and, under 
some circumstances, can lead to flooding. The figure shows the number of days per year during 
which more than 1.25 inches of rain fell in Des Moines, Iowa. Recent frequent occurrences of such 
events are consistent with the significant upward trend of heavy precipitation events documented 
in the Midwest.51,55 (Figure source: adapted from Takle 201156).

 Increasing Heavy Downpours in Iowa
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Key Message 4: Heat and Drought Damage

The rising incidence of weather extremes will have increasingly negative impacts on crop 
and livestock productivity because critical thresholds are already being exceeded. 

Climate change projections suggest an increase in extreme 
heat, severe drought, and heavy precipitation.60 Extreme cli-
mate conditions, such as dry spells, sustained droughts, and 
heat waves all have large effects on crops and livestock. The 
timing of extreme events will be critical because they may oc-
cur at sensitive stages in the life cycles of agricultural crops 
or reproductive stages for animals, diseases, and insects. Ex-
treme events at vulnerable times could result in major impacts 
on growth or productivity, such as hot-temperature extreme 
weather events on corn during pollination. By the end of this 
century, the occurrence of very hot nights and the duration of 
periods lacking agriculturally significant rainfall are projected 
to increase. Recent studies suggest that increased average 
temperatures and drier conditions will amplify future drought 
severity and temperature extremes.6,61,62 Crops and livestock 
will be at increased risk of exposure to extreme heat events. 
Projected increases in the occurrence of extreme heat events 
will expose production systems to conditions exceeding maxi-
mum thresholds for given species more frequently. Goats, 
sheep, beef cattle, and dairy cattle are the livestock species 
most widely managed in extensive outdoor facilities. Within 
physiological limits, animals can adapt to and cope with grad-
ual thermal changes, though shifts in thermoregulation may 
result in a loss of productivity.63 Lack of prior conditioning to 

rapidly changing or adverse weather events, however, often 
results in catastrophic deaths in domestic livestock and losses 
of productivity in surviving animals.34 

Key Message 5: Rate of Adaptation

Agriculture has been able to adapt to recent changes in climate; however, increased 
innovation will be needed to ensure the rate of adaptation of agriculture and the associated 

socioeconomic system can keep pace with climate change over the next 25 years.

There is emerging evidence about the economic impacts of 
climate change on agriculture and the potential for adaptive 
strategies.64 Much of the economic literature suggests that in 
the short term, producers will continue to adapt to weather 
changes and shocks as they always have, with changes in the 
timing of field operations, shifts in crops grown, and changing 
tillage or irrigation practices.64 In the longer term, however, ex-
isting adaptive technologies will likely not be sufficient to buf-
fer the impacts of climate change without significant impacts 
to domestic producers, consumers, or both. New strategies 
for building long-term resilience include both new technolo-
gies and new institutions to facilitate appropriate, informed 
producer response to a changing climate. Furthermore, there 
are both public and private costs to adjusting agricultural pro-
duction and infrastructure in a manner that enables adapta-
tion.2 Limits to public investment and constraints on private 
investment could slow the speed of adaptation, yet potential 
constraints and limits are not well understood or integrated 
into economic impact assessments. The economic implications 

of changing biotic pressures on crops and livestock, and on the 
agricultural system as a whole, are not well understood, either 
in the short or long term.15 Adaptation may also be limited 
by the availability of inputs (such as land or water), changing 
prices of other inputs with climate change (such as energy and 
fertilizer), and by the environmental implications of intensify-
ing or expanding agricultural production. 

Adaptation strategies currently used by U.S. farmers to cope 
with weather and climate changes include changing selection 
of crops, the timing of field operations, and the increasing use 
of pesticides to control increased pressure from pests. Tech-
nological innovation increases the tools available to farmers 
in some agricultural sectors. Diversifying crop rotations, inte-
grating livestock with crop production systems, improving soil 
quality, minimizing off-farm flows of nutrients and pesticides, 
and other practices typically associated with sustainable agri-
culture also increase the resiliency of the agricultural system 
to productivity impacts of climate change.65,66 In the Midwest, 
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there have been shifts in the distribution of crops and land-use 
change partially related to the increased demand for biofuels67 
(see also Ch. 10: Energy, Water, and Land for more discussion 
on biofuels). In California’s Central Valley, an adaptation plan 
consisting of integrated changes in crop mix, irrigation meth-
ods, fertilization practices, tillage practices, and land manage-
ment may be an effective approach to managing climate risk.68 
These practices are available to all agricultural regions of the 
United States as potential adaptation strategies. 

Based on projected climate change impacts in some areas of 
the United States, agricultural systems may have to undergo 
more transformative changes to remain productive and profit-
able in the long term.65 Research and development of sustain-
able natural resource management strategies inform adapta-
tion options for U.S. agriculture. More transformative adaptive 
strategies, such as conversion to integrated crop-livestock 
farming, may reduce environmental impacts, improve profit-
ability and sustainability, and enhance ecological resilience to 
climate change in U.S. livestock production systems.69 

There are many possible responses to climate change that will 
allow agriculture to adapt over the next 25 years; however, 
potential constraints to adaptation must be recognized and 
addressed. In addition to regional constraints on the availabil-
ity of critical basic resources such as land and water, there are 
potential constraints related to farm financing and credit avail-
ability in the U.S. and elsewhere. Research suggests that such 
constraints may be significant, especially for small family farms 
with little available capital.22,64,70 In addition to the technical 

and financial ability to adapt to changing average conditions, 
farm resilience to climate change is also a function of financial 
capacity to withstand increasing variability in production and 
returns, including catastrophic loss.71 As climate change inten-
sifies, “climate risk” from more frequent and intense weather 
events will add to the existing risks commonly managed by 
producers, such as those related to production, marketing, 
finances, regulation, and personal health and safety factors.72 
The role of innovative management techniques and govern-
ment policies as well as research and insurance programs will 
have a substantial impact on the degree to which the agricul-
tural sector increases climate resilience in the longer term.

Modern agriculture has continually adapted to many changing 
factors, both within and outside of agricultural systems. As a 
result, agriculture in the U.S. over the past century has steadily 
increased productivity and integration into world markets. Al-
though agriculture has a long history of successful adaptation 
to climate variability, the accelerating pace of climate change 
and the intensity of projected climate change represent new 
and unprecedented challenges to the sustainability of U.S. ag-
riculture. In the short term, existing and evolving adaptation 
strategies will provide substantial adaptive capacity, protect-
ing domestic producers and consumers from many of the 
impacts of climate change, except possibly the occurrence of 
protracted extreme events. In the longer term, adaptation will 
be more difficult and costly because the physiological limits 
of plant and animal species will be exceeded more frequently, 
and the productivity of crop and livestock systems will become 
more variable. 

Key Message 6: Food Security

Climate change effects on agriculture will have consequences for food 
security, both in the U.S. and globally, through changes in crop yields and food 
prices and effects on food processing, storage, transportation, and retailing. 

Adaptation measures can help delay and reduce some of these impacts.

Climate change impacts on agriculture will have consequences 
for food security both in the U.S. and globally. Food security 
includes four components: availability, stability, access, and 
utilization of food.73 Following this definition, in 2011, 14.9% 
of U.S. households did not have secure food supplies at some 
point during the year, with 5.7% of U.S. households experienc-
ing very low food security.74 Food security is affected by a vari-
ety of supply and demand-side pressures, including economic 
conditions, globalization of markets, safety and quality of food, 
land-use change, demographic change, and disease and pov-
erty.75,76 

Within the complex global food system, climate change is ex-
pected to affect food security in multiple ways.77 In addition 
to altering agricultural yields, projected rising temperatures, 
changing weather patterns, and increases in frequency of 
extreme weather events will affect distribution of food- and ©
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water-borne diseases as well as food trade and distribution.78 
This means that U.S. food security depends not only on how 
climate change affects crop yields at the local and national 
level, but also on how climate change and changes in extreme 
events affect food processing, storage, transportation, and 
retailing, through the disruption of transportation as well as 
the ability of consumers to purchase food. And because about 
one-fifth of all food consumed in the U.S. is imported, our food 
supply and security can be significantly affected by climate 
variations and changes in other parts of the world. The import 
share has increased over the last two decades, and the U.S. 
now imports 13% of grains, 20% of vegetables (much higher in 
winter months), almost 40% of fruit, 85% of fish and shellfish, 
and almost all tropical products such as coffee, tea, and banan-
as (Figure 6.3).79 Climate extremes in regions that supply these 
products to the U.S. can cause sharp reductions in production 
and increases in prices.

In an increasingly globalized food system with volatile food 
prices, climate events abroad may affect food security in the 
U.S. while climate events in the U.S. may affect food security 
globally. The globalized food system can buffer the local im-
pacts of weather events on food security, but can also increase 
the global vulnerability of food security by transmitting price 
shocks globally.80 

The connections of U.S. agriculture and food security to global 
conditions are clearly illustrated by the recent food price spikes 
in 2008 and 2011 that highlighted the complex connections of 
climate, land use, demand, and markets. The doubling of the 
United Nations Food and Agriculture Organization (FAO) food 
price index over just a few months in 2010 was caused partly 
by weather conditions in food-exporting countries such as 
Australia, Russia, and the United States, but was also driven by 
increased demand for meat and dairy in Asia, increased energy 
costs and demand for biofuels, and commodity speculation in 
financial markets.81  

Adapting food systems to limit the impacts of climate extremes 
and changes involves strategies to maintain supply and man-
age demand as well as an understanding of how other regions 
of the world adapt their food systems in ways that might affect 
U.S. agricultural competitiveness, imports, and prices. Supplies 
can be maintained through adaptations such as reducing waste 
in the food system, making food distribution systems more 
resilient to climate risks, protecting food quality and safety in 
higher temperatures, and policies to ensure food access for 
disadvantaged populations and during extreme events (Ch. 28 
Adaptation).15,75,76,80,81
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