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June 2009
Members of Congress:

On behalf of the National Science and Technology Council, the U.S. Global Change Research Program is pleased to
transmit to the President and the Congress this state of knowledge report: “Global Climate Change Impacts in the United
States.” This report summarizes the science of climate change and the impacts of climate change on the United States,

now and in the future.

As our nation strives to develop effective policies to respond to climate change, it is critical to have the latest and best
scientific information to inform decision making. More than a year in the making, this report provides that information.
It is the first report in almost a decade to provide an extensive evaluation of climate change impacts on the United States
at the regional level.

An expert team of scientists operating under the authority of the Federal Advisory Committee Act, assisted by
communication specialists, wrote the document. The report was reviewed and revised based on comments from experts
and the public in accordance with the Information Quality Act guidelines issued by the Department of Commerce and
the National Oceanic and Atmospheric Administration.

We highly commend the authors and support personnel of both this report and the underlying Synthesis and Assessment
Products for the outstanding quality of their work in providing sound and thorough science-based information for policy
formulation and climate change research priority setting. We intend to use the essential information contained in this
report as we make policies and decisions about the future, and we recommend others do the same.

Sincerely,
m % C/
Ld
Dr. John Holdren Dr. Jane Lubchenco
Director, Administrator,

Office of Science and Technology Policy National Oceanic and Atmospheric Administration
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About

What is this report?

This report summarizes the science of climate change
and the impacts of climate change on the United States,
now and in the future. It is largely based on results of
the U.S. Global Change Research Program (USGCRP),*
and integrates those results with related research from
around the world. This report discusses climate-related
impacts for various societal and environmental sec-
tors and regions across the nation. It is an authoritative
scientific report written in plain language, with the goal
of better informing public and private decision making
at all levels.

Who called for it, who wrote it, and who
approved it?

The USGCRP called for this report. An expert team of
scientists operating under the authority of the Federal
Advisory Committee Act, assisted by communication
specialists, wrote the document. The report was exten-
sively reviewed and revised based on comments from
experts and the public. The report was approved by its
lead USGCRP Agency, the National Oceanic and Atmo-
spheric Administration, the other USGCRP agencies,
and the Committee on the Environment and Natural Re-
sources on behalf of the National Science and Technol-
ogy Council.” This report meets all Federal requirements
associated with the Information Quality Act, including
those pertaining to public comment and transparency.
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About this Report

this Report

What are its sources?

The report draws from a large body of scientific in-
formation. The foundation of this report is a set of 21
Synthesis and Assessment Products (SAPs), which were
designed to address key policy-relevant issues in climate
science (see page 161); several of these were also sum-
marized in the Scientific Assessment of the Effects of
Climate Change on the United States published in 2008.
In addition, other peer-reviewed scientific assessments
were used, including those of the Intergovernmental
Panel on Climate Change, the U.S. National Assessment
of the Consequences of Climate Variability and Change,
the Arctic Climate Impact Assessment, the National
Research Council’s Transportation Research Board
report on the Potential Impacts of Climate Change on
U.S. Transportation, and a variety of regional climate
impact assessments. These assessments were augmented
with government statistics as necessary (such as popula-
tion census and energy usage) as well as publicly avail-
able observations and peer-reviewed research published
through the end of 2008. This new work was carefully
selected by the author team with advice from expert re-
viewers to update key aspects of climate change science
relevant to this report. The icons on the bottom of this
page represent some of the major sources drawn upon
for this synthesis report.

On the first page of each major section, the sources
primarily drawn upon for that section are shown using
these icons. Endnotes, indicated by superscript numbers
and compiled at the end of the book, are used for specific
references throughout the report.
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See page 161 for descriptions of these sources.

% The U.S. Global Change Research Program (USGCRP), which was established in 1990 by the Global Change Research Act, encompasses the Climate Change

Science Program (CCSP).

b. A description of the National Science and Technology Council (NSTC) can be found at www.ostp.gov/cs/nstc.
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Does this report deal with options for
responding to climate change?

While the primary focus of this report is on the
impacts of climate change in the United States,

it also deals with some of the actions society is
already taking or can take to respond to the climate
challenge. Responses to climate change fall into two
broad categories. The first involves “mitigation”
measures to reduce climate change by, for example,
reducing emissions of heat-trapping gases and par-
ticles, or increasing removal of heat-trapping gases
from the atmosphere. The second involves “adapta-
tion” measures to improve our ability to cope with
or avoid harmful impacts and take advantage of
beneficial ones, now and in the future. Both of these
are necessary elements of an effective response
strategy. These two types of responses are linked in
that more effective mitigation measures reduce the
amount of climate change, and therefore the need
for adaptation.

This report underscores the importance of mitiga-
tion by comparing impacts resulting from higher
versus lower emissions scenarios. The report shows
that choices made about emissions in the next few
decades will have far-reaching consequences for
climate change impacts. Over the long term, lower
emissions will lessen both the magnitude of climate
change impacts and the rate at which they appear.

While the report underscores the importance of
mitigation as an essential part of the nation’s climate
change strategy, it does not evaluate mitigation
technologies or undertake an analysis of the ef-
fectiveness of various approaches. These issues are
the subject of ongoing studies by the U.S. Govern-
ment’s Climate Change Technology Program and
several federal agencies including the Department
of Energy, Environmental Protection Agency,
National Oceanic and Atmospheric Administration,
Department of Transportation, and Department of
Agriculture. The range of mitigation responses be-
ing studied includes more efficient production and
use of energy, increased use of non-carbon-emitting
energy sources, and carbon capture and storage.

Adaptation options also have the potential to moder-
ate harmful impacts of current and future climate
variability and change. While this report does ad-
dress adaptation, it does not do so comprehensively.

Global Climate Change Impacts in the United States

Rather, in the context of impacts, this report identi-
fies examples of actions currently being pursued

in various sectors and regions to address climate
change, as well as other environmental problems
that could be exacerbated by climate change such as
urban air pollution and heat waves. In most cases,
there is currently insufficient peer-reviewed infor-
mation to evaluate the practicality, effectiveness,
costs, or benefits of these measures, highlighting a
need for research in this area. Thus, the discussion
of various public and private adaptation examples
should not be viewed as an endorsement of any
particular option, but rather as illustrative examples
of approaches being tried.

How is the likelihood of various
outcomes expressed given that the
future is not certain?

When it is considered necessary to express a range
of possible outcomes and identify the likelihood

of particular impacts, this report takes a plain-
language approach to expressing the expert judg-
ment 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
outcome termed “very likely,” at least a 90 percent
chance.' In using these terms, the Federal Advisory
Committee has taken into consideration a wide
range of information, including the strength and
consistency of the observed evidence, the range and
consistency of model projections, the reliability of
particular models as tested by various methods, and
most importantly, the body of work addressed in
earlier synthesis and assessment reports. Key sourc-
es of information used to develop these character-
izations of uncertainty are referenced in endnotes.

How does this report address
incomplete scientific understanding?

This assessment identifies areas in which scientific
uncertainty limits our ability to estimate future
climate change and its impacts. The section on 4n
Agenda for Climate Impacts Science at the end of
this report highlights some of these areas.



Executive Summary

Observations show that warming of the climate is unequivocal. The global
warming observed over the past 50 years is due primarily to human-induced
emissions of heat-trapping gases. These emissions come mainly from the
burning of fossil fuels (coal, oil, and gas), with important contributions from
the clearing of forests, agricultural practices, and other activities.

Warming over this century is projected to be considerably greater than
over the last century. The global average temperature since 1900 has risen
by about 1.5°F. By 2100, it is projected to rise another 2 to 11.5°F. The U.S.
average temperature has risen by a comparable amount and is very likely
to rise more than the global average over this century, with some variation
from place to place. Several factors will determine future temperature
increases. Increases at the lower end of this range are more likely if global
heat-trapping gas emissions are cut substantially. If emissions continue to
rise at or near current rates, temperature increases are more likely to be near
the upper end of the range. Volcanic eruptions or other natural variations
could temporarily counteract some of the human-induced warming, slowing the rise in global
temperature, but these effects would only last a few years.

Reducing emissions of carbon dioxide would lessen warming over this century and beyond. Siz-
able early cuts in emissions would significantly reduce the pace and the overall amount of climate
change. Earlier cuts in emissions would have a greater effect in reducing climate change than com-
parable reductions made later. In addition, reducing emissions of some shorter-lived heat-trapping
gases, such as methane, and some types of particles, such as soot, would begin to reduce warming
within weeks to decades.

Climate-related changes have already been observed globally and in the United States. These
include increases in air and water temperatures, reduced frost days, increased frequency and inten-
sity of heavy downpours, a rise in sea level, and reduced snow cover, glaciers, permafrost, and sea
ice. A longer ice-free period on lakes and rivers, lengthening of the growing season, and increased
water vapor in the atmosphere have also been observed. Over the past 30 years, temperatures have
risen faster in winter than in any other season, with average winter temperatures in the Midwest
and northern Great Plains increasing more than 7°F. Some of the changes have been faster than
previous assessments had suggested.

These climate-related changes are expected to continue while new ones develop. Likely future
changes for the United States and surrounding coastal waters include more intense hurricanes with
related increases in wind, rain, and storm surges (but not necessarily an increase in the number of
these storms that make landfall), as well as drier conditions in the Southwest and Caribbean. These
changes will affect human health, water supply, agriculture, coastal areas, and many other aspects
of society and the natural environment.

This report synthesizes information from a wide variety of scientific assessments (see page 7) and
recently published research to summarize what is known about the observed and projected conse-
quences of climate change on the United States. It combines analysis of impacts on various sectors
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such as energy, water, and transportation at the
national level with an assessment of key impacts on
specific regions of the United States. For example,
sea-level rise will increase risks of erosion, storm
surge damage, and flooding for coastal communi-
ties, especially in the Southeast and parts of Alaska.
Reduced snowpack and earlier snow melt will alter
the timing and amount of water supplies, posing
significant challenges for water resource manage-
ment in the West.

Society and ecosystems can adjust to some climatic
changes, but this takes time. The projected rapid
rate and large amount of climate change over this
century will challenge the ability of society and
natural systems to adapt. For example, it is difficult
and expensive to alter or replace infrastructure
designed to last for decades (such as buildings,
bridges, roads, airports, reservoirs, and ports) in re-
sponse to continuous and/or abrupt climate change.

Impacts are expected to become increasingly severe
for more people and places as the amount of warm-
ing increases. Rapid rates of warming would lead
to particularly large impacts on natural ecosystems
and the benefits they provide to humanity. Some of
the impacts of climate change will be irreversible,
such as species extinctions and coastal land lost to
rising seas.

Unanticipated impacts of increasing carbon dioxide
and climate change have already occurred and

more are possible in the future. For example, it has
recently been observed that the increase in atmo-
spheric carbon dioxide concentration is causing an
increase in ocean acidity. This reduces the ability of
corals and other sea life to build shells and skeletons
out of calcium carbonate. Additional impacts in the
future might stem from unforeseen changes in the
climate system, such as major alterations in oceans,
ice, or storms; and unexpected consequences of
ecological changes, such as massive dislocations

of species or pest outbreaks. Unexpected social or
economic changes, including major shifts in wealth,
technology, or societal priorities would also affect
our ability to respond to climate change. Both
anticipated and unanticipated impacts become more
challenging with increased warming.

Global Climate Change Impacts in the United States

Projections of future climate change come from
careful analyses of outputs from global climate
models run on the world’s most advanced comput-
ers. The model simulations analyzed in this report
used plausible scenarios of human activity that
generally lead to further increases in heat-trapping
emissions. None of the scenarios used in this report
assumes adoption of policies explicitly designed to
address climate change. However, the level of emis-
sions varies among scenarios because of differences
in assumptions about population, economic activity,
choice of energy technologies, and other factors.
Scenarios cover a range of emissions of heat-trap-
ping gases, and the associated climate projections
illustrate that lower emissions result in less climate
change and thus reduced impacts over this century
and beyond. Under all scenarios considered in

this report, however, relatively large and sustained
changes in many aspects of climate are projected by
the middle of this century, with even larger changes
by the end of this century, especially under higher
emissions scenarios.

In projecting future conditions, there is always
some level of uncertainty. For example, there is a
high degree of confidence in projections that future
temperature increases will be greatest in the Arctic
and in the middle of continents. For precipitation,
there is high confidence in projections of continued
increases in the Arctic and sub-Arctic (including
Alaska) and decreases in the regions just outside
the tropics, but the precise location of the transition
between these is less certain. At local to regional
scales and on time frames up to a few years, natural
climate variations can be relatively large and can
temporarily mask the progressive nature of global
climate change. However, the science of making
skillful projections at these scales has progressed
considerably, allowing useful information to be
drawn from regional climate studies such as those
highlighted in this report.

This report focuses on observed and projected
climate change and its impacts on the United States.
However, a discussion of these issues would be
incomplete without mentioning some of the actions
society can take to respond to the climate chal-
lenge. The two major categories are “mitigation”
and “adaptation.” Mitigation refers to options for
limiting climate change by, for example, reducing



heat-trapping emissions such as carbon dioxide,
methane, nitrous oxide, and halocarbons, or re-
moving some of the heat-trapping gases from the
atmosphere. Adaptation refers to changes made

to better respond to present or future climatic and
other environmental conditions, thereby reducing
harm or taking advantage of opportunity. Effective
mitigation measures reduce the need for adaptation.
Mitigation and adaptation are both essential parts of
a comprehensive climate change response strategy.

Carbon dioxide emissions are a primary focus of
mitigation strategies. These include improving
energy efficiency, using energy sources that do not
produce carbon dioxide or produce less of it, captur-
ing and storing carbon dioxide from fossil fuel use,
and so on. Choices made about emissions reductions
now and over the next few decades will have far-
reaching consequences for climate-change impacts.
The importance of mitigation is clear in compari-
sons of impacts resulting from higher versus lower
emissions scenarios considered in this report. Over
the long term, lower emissions will lessen both the
magnitude of climate-change impacts and the rate
at which they appear. Smaller climate changes that
come more slowly make the adaptation challenge
more tractable.

However, no matter how aggressively heat-trapping
emissions are reduced, some amount of climate
change and resulting impacts will continue due to
the effects of gases that have already been released.
This is true for several reasons. First, some of these
gases are very long-lived and the levels of atmo-
spheric heat-trapping gases will remain elevated for
hundreds of years or more. Second, the Earth’s vast
oceans have absorbed much of the heat added to the
climate system due to the increase in heat-trapping
gases, and will retain that heat for many decades.
In addition, the factors that determine emissions,
such as energy-supply systems, cannot be changed
overnight. Consequently, there is also a need

for adaptation.

Adaptation can include a wide range of activities.
Examples include a farmer switching to growing
a different crop variety better suited to warmer or
drier conditions; a company relocating key busi-
ness centers away from coastal areas vulnerable
to sea-level rise and hurricanes; and a community

Executive Summary

altering its zoning and building codes to place fewer E
structures in harm’s way and making buildings _L"’___

less vulnerable to damage from floods, fires, and
other extreme events. Some adaptation options that
are currently being pursued in various regions and
sectors to deal with climate change and/or other
environmental issues are identified in this report.
However, it is clear that there are limits to how
much adaptation can achieve.

Humans have adapted to changing climatic condi-
tions in the past, but in the future, adaptations will
be particularly challenging because society won’t be
adapting to a new steady state but rather to a rapidly
moving target. Climate will be continually chang-
ing, moving at a relatively rapid rate, outside the
range to which society has adapted in the past. The
precise amounts and timing of these changes will
not be known with certainty.

In an increasingly interdependent world, U.S.
vulnerability to climate change is linked to the fates
of other nations. For example, conflicts or mass
migrations of people resulting from food scarcity
and other resource limits, health impacts, or envi-
ronmental stresses in other parts of the world could
threaten U.S. national security. It is thus difficult to
fully evaluate the impacts of climate change on the
United States without considering the consequences
of climate change elsewhere. However, such analy-
sis is beyond the scope of this report.

Finally, this report identifies a number of areas in
which inadequate information or understanding
hampers our ability to estimate future climate
change and its impacts. For example, our knowl-
edge of changes in tornadoes, hail, and ice storms

is quite limited, making it difficult to know if

and how such events have changed as climate has
warmed, and how they might change in the future.
Research on ecological responses to climate change
is also limited, as is our understanding of social
responses. The section titled An Agenda for Climate
Impacts Science at the end of this report offers some
thoughts on the most important ways to improve our
knowledge. Results from such efforts would inform
future assessments that continue building our
understanding of humanity’s impacts on climate,
and climate’s impacts on us.
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Global Climate Change Impacts in the United States

Key Findings

I. Global warming is unequivocal and primarily human-induced.
Global temperature has increased over the past 50 years. This observed increase is due primarily to human-
induced emissions of heat-trapping gases. (p. 13)

2. Climate changes are underway in the United States and are projected to grow.

Climate-related changes are already observed in the United States and its coastal waters. These include increases
in heavy downpours, rising temperature and sea level, rapidly retreating glaciers, thawing permafrost, lengthening
growing seasons, lengthening ice-free seasons in the ocean and on lakes and rivers, earlier snowmelt, and
alterations in river flows. These changes are projected to grow. (p. 27)

3. Widespread climate-related impacts are occurring now and are expected to increase.
Climate changes are already affecting water, energy, transportation, agriculture, ecosystems, and health. These
impacts are different from region to region and will grow under projected climate change. (p. 41-106, 107-152)

4. Climate change will stress water resources.

Water is an issue in every region, but the nature of the potential impacts varies. Drought, related to reduced
precipitation, increased evaporation, and increased water loss from plants, is an important issue in many regions,
especially in the West. Floods and water quality problems are likely to be amplified by climate change in most
regions. Declines in mountain snowpack are important in the West and Alaska where snowpack provides vital
natural water storage. (p. 41, 129, 135, 139)

5. Crop and livestock production will be increasingly challenged.

Many crops show positive responses to elevated carbon dioxide and low levels of warming, but higher levels of
warming often negatively affect growth and yields. Increased pests, water stress, diseases, and weather extremes
will pose adaptation challenges for crop and livestock production. (p. 71)

6. Coastal areas are at increasing risk from sea-level rise and storm surge.

Sea-level rise and storm surge place many U.S. coastal areas at increasing risk of erosion and flooding, especially
along the Atlantic and Gulf Coasts, Pacific Islands, and parts of Alaska. Energy and transportation infrastructure
and other property in coastal areas are very likely to be adversely affected. (p. 111, 139, 145, 149)

7. Risks to human health will increase.

Harmful health impacts of climate change are related to increasing heat stress, waterborne diseases, poor air qual-
ity, extreme weather events, and diseases transmitted by insects and rodents. Reduced cold stress provides some
benefits. Robust public health infrastructure can reduce the potential for negative impacts. (p. 89)

8. Climate change will interact with many social and environmental stresses.
Climate change will combine with pollution, population growth, overuse of resources, urbanization, and other
social, economic, and environmental stresses to create larger impacts than from any of these factors alone. (p. 99)

9. Thresholds will be crossed, leading to large changes in climate and ecosystems.

There are a variety of thresholds in the climate system and ecosystems. These thresholds determine, for example,
the presence of sea ice and permafrost, and the survival of species, from fish to insect pests, with implications for
society. With further climate change, the crossing of additional thresholds is expected. (p. 76, 82, 115, 137, 142)

10. Future climate change and its impacts depend on choices made today.

The amount and rate of future climate change depend primarily on current and future human-caused emissions
of heat-trapping gases and airborne particles. Responses involve reducing emissions to limit future warming, and
adapting to the changes that are unavoidable. (p. 25, 29)
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Key Messages:
* Human activities have led to large increases in heat-trapping gases over the

past century.
Global average temperature and sea level have increased, and precipitation

patterns have changed.
The global warming of the past 50 years is due primarily to human-induced

increases in heat-trapping gases. Human “fingerprints” also have been
identified in many other aspects of the climate system, including changes in
ocean heat content, precipitation, atmospheric moisture, and Arctic sea ice.
Global temperatures are projected to continue to rise over this century; by
how much and for how long depends on a number of factors, including the
amount of heat-trapping gas emissions and how sensitive the climate is to
those emissions.
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This introduction to global climate
change explains very briefly what has

800,000 Year Record of Carbon Dioxide Concentration

been happening to the world’s climate -
and why, and what is projected to 2100 Higher Emissions Scenario™ 0 900
happen in the future. While this report - 800 _
focuses on climate change impacts in [ 700 §
the United States, understanding these 3 =
changes and their impacts requires 2100 Lower Emissions Scenario™ & | 00 g_
an understanding of the global | 500 E,
climate system. w00 E
2
Many changes have been observed in 300 §
global climate over the past century. 200 g
The nature and causes of these changes L -
have been comprehensively chronicled - 1o
in a variety of recent reports, such as P U R RS IS ST S T L 0
those by the Intergovernmental Panel 200,000 700,000 -500,000 500,000 -400,000 -300.000 -200,000 -100.000 O™
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on Climate Change (IPCC) and the

U.S. Climate Change Science Program Analysis of air bubbles trapped in an Antarctic ice core extending back 800,000 years

(CCSP). This section does not intend to
duplicate these comprehensive efforts,
but rather to provide a brief synthesis,
and to integrate more recent work with
the assessments of the IPCC, CCSP,
and others.

documents the Earth’s changing carbon dioxide concentration. Over this long period,
natural factors have caused the atmospheric carbon dioxide concentration to vary
within a range of about 170 to 300 parts per million (ppm). Temperature-related data
make clear that these variations have played a central role in determining the global
climate. As a result of human activities, the present carbon dioxide concentration of
about 385 ppm is about 30 percent above its highest level over at least the last 800,000
years. In the absence of strong control measures, emissions projected for this century
would result in the carbon dioxide concentration increasing to a level that is roughly
2 to 3 times the highest level occurring over the glacial-interglacial era that spans the
last 800,000 or more years.
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Human activities have led to large
increases in heat-trapping gases over
the past century.

The Earth’s climate depends on the functioning of a
natural “greenhouse effect.” This effect is the result
of heat-trapping gases (also known as greenhouse
gases) like water vapor, carbon dioxide, ozone,
methane, and nitrous oxide, which absorb heat radi-
ated from the Earth’s surface and lower atmosphere
and then radiate much of the energy back toward
the surface. Without this natural greenhouse effect,
the average surface temperature of the Earth would
be about 60°F colder. However, human activities
have been releasing additional heat-trapping gases,
intensifying the natural greenhouse effect, thereby
changing the Earth’s climate.

Climate is influenced by a variety of factors, both
human-induced and natural. The increase in the
carbon dioxide concentration has been the principal
factor causing warming over the past 50 years. Its
concentration has been building up in the Earth’s
atmosphere since the beginning of the industrial
era in the mid-1700s, primarily due to the burn-
ing of fossil fuels (coal, oil, and natural gas) and
the clearing of forests. Human activities have also
increased the emissions of other greenhouse gases,
such as methane, nitrous oxide, and halocarbons.?

Global Climate Change Impacts in the United States

These emissions are thickening the blanket of
heat-trapping gases in Earth’s atmosphere, causing
surface temperatures to rise.

Heat-trapping gases

Carbon dioxide concentration has increased due
to the use of fossil fuels in electricity generation,
transportation, and industrial and household uses.
It is also produced as a by-product during the
manufacturing of cement. Deforestation provides a
source of carbon dioxide and reduces its uptake by
trees and other plants. Globally, over the past sev-
eral decades, about 80 percent of human-induced
carbon dioxide emissions came from the burning
of fossil fuels, while about 20 percent resulted from
deforestation and associated agricultural practices.
The concentration of carbon dioxide in the atmo-
sphere has increased by roughly 35 percent since
the start of the industrial revolution.?

Methane concentration has increased mainly as

a result of agriculture; raising livestock (which
produce methane in their digestive tracts); mining,
transportation, and use of certain fossil fuels; sew-
age; and decomposing garbage in landfills. About
70 percent of the emissions of atmospheric methane
are now related to human activities.*

Nitrous oxide concentration is increasing as a re-
sult of fertilizer use and fossil fuel burning.

2,000 Years of Greenhouse Gas Concentrations
Halocarbon emissions come from the
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house gases, and their concentrations
are increasing.®

Increases in concentrations of these gases since 1750 are due to human activities
in the industrial era. Concentration units are parts per million (ppm) or parts per
billion (ppb), indicating the number of molecules of the greenhouse gas per million
or billion molecules of air.



Ozone is a greenhouse gas, and is continually pro-
duced and destroyed in the atmosphere by chemical
reactions. In the troposphere, the lowest 5 to 10
miles of the atmosphere near the surface, human
activities have increased the ozone concentration
through the release of gases such as carbon mon-
oxide, hydrocarbons, and nitrogen oxides. These
gases undergo chemical reactions to produce ozone
in the presence of sunlight. In addition to trapping
heat, excess ozone in the troposphere causes respi-
ratory illnesses and other human health problems.

In the stratosphere, the layer above the troposphere,
ozone exists naturally and protects life on Earth
from exposure to excessive ultraviolet radiation
from the Sun. As mentioned previously, halocar-
bons released by human activities destroy ozone

in the stratosphere and have caused the ozone hole
over Antarctica.® Changes in the stratospheric
ozone layer have contributed to changes in wind
patterns and regional climates in Antarctica.’

Water vapor is the most important and abundant
greenhouse gas in the atmosphere. Human activi-
ties produce only a very small increase in water
vapor through irrigation and combustion process-
es.” However, the surface warming caused by hu-
man-produced increases in other greenhouse gases
leads to an increase in atmospheric water vapor,
since a warmer climate increases evaporation and
allows the atmosphere to hold more moisture. This
creates an amplifying “feedback loop,” leading to
more warming,

Other human influences

In addition to the global-scale climate effects of
heat-trapping gases, human activities also produce
additional local and regional effects. Some of these
activities partially offset the warming caused by
greenhouse gases, while others increase the warm-
ing. One such influence on climate is caused by
tiny particles called “aerosols” (not to be confused
with aerosol spray cans). For example, the burning
of coal produces emissions of sulfur-containing
compounds. These compounds form “sulfate aero-
sol” particles, which reflect some of the incoming
sunlight away from the Earth, causing a cooling
influence at the surface. Sulfate aerosols also tend
to make clouds more efficient at reflecting sun-
light, causing an additional indirect cooling effect.

Global Climate Change

Another type of aerosol, often referred to as soot
or black carbon, absorbs incoming sunlight and
traps heat in the atmosphere. Thus, depending on
their type, aerosols can either mask or increase the
warming caused by increased levels of greenhouse
gases."” On a globally averaged basis, the sum of
these aerosol effects offsets some of the warming
caused by heat-trapping gases.'’

The effects of various greenhouse gases and
aerosol particles on Earth’s climate depend in part
on how long these gases and particles remain in
the atmosphere. After emission, the atmospheric
concentration of carbon dioxide remains elevated
for thousands of years, and that of methane for
decades, while the elevated concentrations of aero-
sols only persist for days to weeks."'? The climate
effects of reductions in emissions of carbon dioxide
and other long-lived gases do not become apparent
for at least several decades. In contrast, reductions
in emissions of short-lived compounds can have a
rapid, but complex effect since the geographic pat-
terns of their climatic influence and the resulting
surface temperature responses are quite different.
One modeling study found that while the greatest
emissions of short-lived pollutants in summertime
by late this century are projected to come from
Asia, the strongest climate response is projected to
be over the central United States."

Human activities have also changed the land sur-
face in ways that alter how much heat is reflected
or absorbed by the surface. Such changes include
the cutting and burning of forests, the replacement
of other areas of natural vegetation with agricul-
ture and cities, and large-scale irrigation. These
transformations of the land surface can cause local
(and even regional) warming or cooling. Globally,
the net effect of these changes has probably been a
slight cooling of the Earth’s surface over the past
100 years.'*!

Natural influences

Two important natural factors also influence cli-
mate: the Sun and volcanic eruptions. Over the past
three decades, human influences on climate have
become increasingly obvious, and global tempera-
tures have risen sharply. During the same period,
the Sun’s energy output (as measured by satellites
since 1979) has followed its historical 11-year cycle
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of small ups and downs, but with no net increase
(see figure page 20)."° The two major volcanic erup-
tions of the past 30 years have had short-term cool-
ing effects on climate, lasting 2 to 3 years."” Thus,
these natural factors cannot explain the warming of
recent decades; in fact, their net effect on climate
has probably been a slight cooling influence over
this period. Slow changes in Earth’s orbit around
the Sun and its tilt toward or away from the Sun

are also a purely natural influence on climate, but
are only important on timescales from thousands to
many tens of thousands of years.

The climate changes that have occurred over the
last century are not solely caused by the human and
natural factors described above. In addition to these

Major Warming and Cooling Influences on Climate

influences, there are also fluctuations in climate
that occur even in the absence of changes in human
activities, the Sun, or volcanoes. One example is
the El Nifio phenomenon, which has important
influences on many aspects of regional and global
climate. Many other modes of variability have been
identified by climate scientists and their effects

on climate occur at the same time as the effects of
human activities, the Sun, and volcanoes.

Carbon release and uptake

Once carbon dioxide is emitted to the atmosphere,
some of it is absorbed by the oceans and taken up
by vegetation, although this storage may be tempo-
rary. About 45 percent of the carbon dioxide emit-
ted by human activities in the last 50 years is now
stored in the oceans and vegetation. The
rest has remained in the air, increasing
the atmospheric concentration.>*!® It is
thus important to understand not only
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how much carbon dioxide is emitted,
but also how much is taken up, over
what time scales, and how these sources
and “sinks” of carbon dioxide might
change as climate continues to warm.
For example, it is known from long
records of Earth’s climate history that
under warmer conditions, carbon tends
to be released, for instance, from thaw-
ing permafrost, initiating a feedback
loop in which more carbon release leads
to more warming which leads to further
release, and so on.'>?

Global emissions of carbon dioxide
have been accelerating. The growth rate

Total natural
influences
(solar output)

*“Total net
(human activities)

increased from 1.3 percent per year in
the 1990s to 3.3 percent per year be-
tween 2000 and 2006.* The increasing
emissions of carbon dioxide are the pri-

-2

The figure above shows the amount of warming influence (red bars) or cooling influence
(blue bars) that different factors have had on Earth’s climate over the industrial age
(from about 1750 to the present). Results are in watts per square meter. The longer the
bar, the greater the influence on climate. The top part of the box includes all the major
human-induced factors, while the second part of the box includes the Sun, the only
major natural factor with a long-term effect on climate. The cooling effect of individual
volcanoes is also natural, but is relatively short-lived (2 to 3 years), thus their influence
is not included in this figure. The bottom part of the box shows that the total net effect

Forster et al.®

mary cause of the increased concentra-
tion of carbon dioxide observed in the
atmosphere. There is also evidence that
a smaller fraction of the annual human-
induced emissions is now being taken
up than in the past, leading to a greater
fraction remaining in the atmosphere
and an accelerating rate of increase in
the carbon dioxide concentration.?

(warming influences minus cooling influences) of human activities is a strong warming
influence. The thin lines on each bar provide an estimate of the range of uncertainty.



Ocean acidification

As the ocean absorbs carbon dioxide from the
atmosphere, seawater is becoming less alkaline

(its pH is decreasing) through a process gener-

ally referred to as ocean acidification. The pH of
seawater has decreased significantly since 1750,2%%
and is projected to drop much more dramatically by
the end of the century if carbon dioxide concentra-
tions continue to increase.** Such ocean acidifica-
tion is essentially irreversible over a time scale of
centuries. As discussed in the Ecosystems sector
and Coasts region, ocean acidification affects the
process of calcification by which living things cre-
ate shells and skeletons, with substantial negative
consequences for coral reefs, mollusks, and some
plankton species important to ocean food chains.?

Global average temperature and sea
level have increased, and precipitation
patterns have changed.

Temperatures are rising

Global average surface air temperature has in-
creased substantially since 1970.% The estimated
change in the average temperature of Earth’s
surface is based on measurements from thousands
of weather stations, ships, and buoys around the
world, as well as from satellites. These measure-
ments are independently compiled, analyzed, and
processed by different research groups. There are a
number of important steps in the data processing.
These include identifying and adjusting for the ef-
fects of changes in the instruments used to measure
temperature, the measurement times and loca-
tions, the local environment around the measuring
site, and such factors as satellite orbital drift. For
instance, the growth of cities can cause localized
“urban heat island” effects.

A number of research groups around the world
have produced estimates of global-scale changes
in surface temperature. The warming trend that is
apparent in all of these temperature records is con-
firmed by other independent observations, such as
the melting of Arctic sea ice, the retreat of moun-
tain glaciers on every continent,”’ reductions in the
extent of snow cover, earlier blooming of plants

in spring, and increased melting of the Greenland
and Antarctic ice sheets.”®? Because snow and ice
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Global annual average temperature (as measured over both land
and oceans). Red bars indicate temperatures above and blue bars
indicate temperatures below the average temperature for the period
1901-2000. The black line shows atmospheric carbon dioxide (CO,)
concentration in parts per million (ppm). While there is a clear long-
term global warming trend, each individual year does 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 Nifos, La Nifas, and the eruption of large volcanoes.

reflect the Sun’s heat, this melting causes more heat
to be absorbed, which causes more melting, result-
ing in another feedback loop.?

Additionally, temperature measurements above the
surface have been made by weather balloons since
the late 1940s, and from satellites since 1979. These
measurements show warming of the troposphere,
consistent with the surface warming.***' They also
reveal cooling in the stratosphere.’® This pattern

of tropospheric warming and stratospheric cooling
agrees with our understanding of how atmospheric
temperature would be expected to change in re-
sponse to increasing greenhouse gas concentrations
and the observed depletion of stratospheric ozone.!'*

Precipitation patterns are changing
Precipitation is not distributed evenly over the
globe. Its average distribution is governed primarily
by atmospheric circulation patterns, the availability
of moisture, and surface terrain effects. The first
two of these factors are influenced by temperature.
Thus, human-caused changes in temperature are
expected to alter precipitation patterns.
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Observations show that such shifts are occur-

ring. Changes have been observed in the amount,
intensity, frequency, and type of precipitation.
Pronounced increases in precipitation over the past
100 years have been observed in eastern North
America, southern South America, and northern
Europe. Decreases have been seen in the Mediter-
ranean, most of Africa, and southern Asia. Changes
in the geographical distribution of droughts and
flooding have been complex. In some regions, there
have been increases in the occurrences of both
droughts and floods.?® As the world warms, north-
ern regions and mountainous areas are experienc-
ing more precipitation falling as rain rather than
snow.** Widespread increases in heavy precipitation
events have occurred, even in places where total
rain amounts have decreased. These changes are
associated with the fact that warmer air holds more
water vapor evaporating from the world’s oceans
and land surface.’' This increase in atmospheric
water vapor has been observed from satellites, and
is primarily due to human influences.*

Sea level is rising

After at least 2,000 years of little change, sea level
rose by roughly 8 inches over the past century.
Satellite data available over the past 15 years show
sea level rising at a rate roughly double the rate
observed over the past century.’’

There are two principal ways in which
global warming causes sea level to
rise. First, ocean water expands as it
warms, and therefore takes up more
space. Warming has been observed in
each of the world’s major ocean basins,
and has been directly linked to human
influences.***

Second, warming leads to the melting
of glaciers and ice sheets, which raises
sea level by adding water to the oceans.
Glaciers have been retreating worldwide
for at least the last century, and the

rate of retreat has increased in the past
decade.?®* Only a few glaciers are actu- 2500
ally advancing (in locations that were

Total Glacier lce Decline
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well below freezing, and where increased precipi-
tation has outpaced melting). The total volume of
glaciers on Earth is declining sharply. The progres-
sive disappearance of glaciers has implications not
only for the rise in global sea level, but also for
water supplies in certain densely populated regions
of Asia and South America.

The Earth has major ice sheets on Greenland and
Antarctica. These ice sheets are currently losing
ice volume by increased melting and calving of
icebergs, contributing to sea-level rise. The Green-
land Ice Sheet has also been experiencing record
amounts of surface melting, and a large increase in
the rate of mass loss in the past decade.* If the en-
tire Greenland Ice Sheet melted, it would raise sea
level by about 20 feet. The Antarctic Ice Sheet con-
sists of two portions, the West Antarctic Ice Sheet
and the East Antarctic Ice Sheet. The West Antarc-
tic Ice Sheet, the more vulnerable to melting of the
two, contains enough water to raise global sea lev-
els by about 16 to 20 feet.” If the East Antarctic Ice
Sheet melted entirely, it would raise global sea level
by about 200 feet. Complete melting of these ice
sheets over this century or the next is thought to be
virtually impossible, although past climate records
provide precedent for very significant decreases in
ice volume, and therefore increases in sea level.*>*

Cumulative Decrease in Global Glacier Ice
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As temperatures have risen, glaciers around the world have shrunk. The graph
shows the cumulative decline in glacier ice worldwide.



The global warming of the past 50 years
is due primarily to human-induced
increases in heat-trapping gases. Human
‘“fingerprints’’ also have been identified
in many other aspects of the climate
system, including changes in ocean heat
content, precipitation, atmospheric
moisture, and Arctic sea ice.

In 1996, the IPCC Second Assessment Report*
cautiously concluded that “the balance of evi-
dence suggests a discernible human influence on
global climate.” Since then, a number of national
and international assessments have come to much
stronger conclusions about the reality of human
effects on climate. Recent scientific assessments
find that most of the warming of the Earth’s surface
over the past 50 years has been caused by human
activities. 4

This conclusion rests on multiple lines of evi-
dence. Like the warming “signal” that has gradu-
ally emerged from the “noise” of natural climate
variability, the scientific evidence for a human
influence on global climate has accumulated over
the past several decades, from many hundreds of
studies. No single study is a “smoking gun.” Nor
has any single study or combination of studies
undermined the large body of evidence supporting
the conclusion that human activity is the primary
driver of recent warming.

The first line of evidence is our basic physical
understanding of how greenhouse gases trap heat,
how the climate system responds to increases in
greenhouse gases, and how other human and natu-
ral factors influence climate. The second line of ev-
idence is from indirect estimates of climate changes
over the last 1,000 to 2,000 years. These records are
obtained from living things and their remains (like
tree rings and corals) and from physical quantities
(like the ratio between lighter and heavier isotopes
of oxygen in ice cores) which change in measurable
ways as climate changes. The lesson from these
data is that global surface temperatures over the
last several decades are clearly unusual, in that they
were higher than at any time during at least the
past 400 years.*” For the Northern Hemisphere, the
recent temperature rise is clearly unusual in at least
the last 1,000 years.**

Global Climate Change

The third line of evidence is based on the broad,
qualitative consistency between observed changes
in climate and the computer model simulations

of how climate would be expected to change in
response to human activities. For example, when
climate models are run with historical increases

in greenhouse gases, they show gradual warming
of the Earth and ocean surface, increases in ocean
heat content and the temperature of the lower atmo-
sphere, a rise in global sea level, retreat of

sea ice and snow cover, cooling of the stratosphere,
an increase in the amount of atmospheric water
vapor, and changes in large-scale precipitation and
pressure patterns. These and other aspects

of modeled climate change are in agreement

with observations.'*#

Finally, there is extensive statistical evidence

from so-called “fingerprint” studies. Each fac-

tor that affects climate produces a unique pattern
of climate response, much as each person has a
unique fingerprint. Fingerprint studies exploit these
unique signatures, and allow detailed comparisons
of modeled and observed climate change patterns.**
Scientists rely on such studies to attribute observed
changes in climate to a particular cause or set of
causes. In the real world, the climate changes that
have occurred since the start of the Industrial Revo-
lution are due to a complex mixture of human and
natural causes. The importance of each individual
influence in this mixture changes over time. Of
course, there are not multiple Earths, which would
allow an experimenter to change one factor at a
time on each Earth, thus helping to isolate different
fingerprints. Therefore, climate models are used

to study how individual factors affect climate. For
example, a single factor (like greenhouse gases) or
a set of factors can be varied, and the response of
the modeled climate system to these individual or
combined changes can thus be studied.™

For example, when climate model simulations of
the last century include all of the major influences
on climate, both human-induced and natural, they
can reproduce many important features of observed
climate change patterns. When human influences
are removed from the model experiments, results
suggest that the surface of the Earth would actu-
ally have cooled slightly over the last 50 years. The
clear message from fingerprint studies is that the
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Separating Human and
Natural Influences on Climate
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The blue band shows how global average temperatures would
have changed due to natural forces only, as simulated by climate
models. The red band shows model projections of the effects
of human and natural forces combined. The black line shows
actual observed global average temperatures. As the blue band
indicates, without human influences, temperature over the
past century would actually have first warmed and then cooled
slightly over recent decades.*®

observed warming over the last half-century can-
not be explained by natural factors, and is instead
caused primarily by human factors.'*>

Another fingerprint of human effects on
climate has been identified by looking at a
slice through the layers of the atmosphere, and
studying the pattern of temperature changes
from the surface up through the stratosphere.
In all climate models, increases in carbon di-
oxide cause warming at the surface and in the
troposphere, but lead to cooling of the strato-
sphere. For straightforward physical reasons,
models also calculate that the human-caused
depletion of stratospheric ozone has had a
strong cooling effect in the stratosphere. There
is a good match between the model fingerprint
in response to combined carbon dioxide and
ozone changes and the observed pattern of tro-
pospheric warming and stratospheric cooling
(see figure on next page).'*

In contrast, if most of the observed tempera-
ture change had been due to an increase in
solar output rather than an increase in green-
house gases, Earth’s atmosphere would have
warmed throughout its full vertical extent,
including the stratosphere.” The observed pat-

Global Climate Change Impacts in the United States

tern of atmospheric temperature changes, with its
pronounced cooling in the stratosphere, is therefore
inconsistent with the hypothesis that changes in the
Sun can explain the warming of recent decades.
Moreover, direct satellite measurements of solar
output show slight decreases during the recent
period of warming.

The earliest fingerprint work® focused on changes
in surface and atmospheric temperature. Scientists
then applied fingerprint methods to a whole range
of climate variables,>*>? identifying human-caused
climate signals in the heat content of the oceans,*
the height of the tropopause® (the boundary be-
tween the troposphere and stratosphere, which has
shifted upward by hundreds of feet in recent de-
cades), the geographical patterns of precipitation,>
drought,® surface pressure,*® and the runoff from
major river basins.”’

Studies published after the appearance of the

IPCC Fourth Assessment Report in 2007 have also

found human fingerprints in the increased levels of
atmospheric moisture®¢ (both close to the surface

and over the full extent of the atmosphere), in the

Measurements of Surface Temperature
and Sun’s Energy
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decline of Arctic sea ice extent,®' and in the
patterns of changes in Arctic and Antarctic
surface temperatures.®

The message from this entire body of work is that
the climate system is telling a consistent story

of increasingly dominant human influence — the
changes in temperature, ice extent, moisture, and
circulation patterns fit together in a physically con-
sistent way, like pieces in a complex puzzle.

Increasingly, this type of fingerprint work is shift-
ing its emphasis. As noted, clear and compelling
scientific evidence supports the case for a pro-
nounced human influence
on global climate. Much
of the recent attention is
now on climate changes at
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In the tropics, all models predicted that with a rise in
greenhouse gases, the troposphere would be expected
to warm more rapidly than the surface. Observa-
tions from weather balloons, satellites, and surface
thermometers seemed to show the opposite behavior
(more rapid warming of the surface than the tropo-
sphere). This issue was a stumbling block in our un-
derstanding of the causes of climate change. It is now
largely resolved.”" Research showed that there were
large uncertainties in the satellite and weather balloon
data. When uncertainties in models and observations
are properly accounted for, newer observational data
sets (with better treatment of known problems) are in
agreement with climate model results.*'727

Patterns of Temperature Change
Produced by Various Atmospheric Factors, 1958-1999
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of the climate change story
seemed to show a signifi-
cant difference between
models and observations.**

Climate simulations of the vertical profile of temperature change due to various factors, and the effect
due to all factors taken together. The panels above represent a cross-section of the atmosphere from
the north pole to the south pole, and from the surface up into the stratosphere. The black lines show
the location of the tropopause, the boundary between the lower atmosphere (troposphere) and the
stratosphere.
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This does not mean, however, that all remain-

ing differences between models and observations
have been resolved. The observed changes in some
climate variables, such as Arctic sea ice,*’® some
aspects of precipitation,®*’” and patterns of surface
pressure,>® appear to be proceeding much more
rapidly than models have projected. The reasons for
these differences are not well understood. Never-
theless, the bottom-line conclusion from climate
fingerprinting is that most of the observed changes
studied to date are consistent with each other, and
are also consistent with our scientific understand-
ing of how the climate system would be expected
to respond to the increase in heat-trapping gases
resulting from human activities.'**

Scientists are sometimes asked whether extreme
weather events can be linked to human activities.?*
Scientific research has concluded that human influ-
ences on climate are indeed changing the likelihood
of certain types of extreme events. For example,

an analysis of the European summer heat wave of
2003 found that the risk of such a heat wave is now
roughly four times greater than it would

have been in the absence of human-induced

climate change.®*7

Like fingerprint work, such analyses of human-
caused changes in the risks of extreme events rely
on information from climate models, and on our
understanding of the physics of the climate system.
All of the models used in this work have imperfec-
tions in their representation of the complexities of
the “real world” climate system.”3" These are due
to both limits in our understanding of the climate
system, and in our ability to represent its com-
plex behavior with available computer resources.
Despite this, models are extremely useful, for a
number of reasons.

First, despite remaining imperfections, the current
generation of climate models accurately portrays
many important aspects of today’s weather pat-
terns and climate.””*® Models are constantly being
improved, and are routinely tested against many
observations of Earth’s climate system. Second,
the fingerprint work shows that models capture not
only our present-day climate, but also key features
of the observed climate changes over the past cen-
tury.¥ Third, many of the large-scale observed cli-
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mate changes (such as the warming of the surface
and troposphere, and the increase in the amount

of moisture in the atmosphere) are driven by very
basic physics, which is well-represented in mod-
els.® Fourth, climate models can be used to predict
changes in climate that can be verified in the real
world. Examples include the short-term global
cooling subsequent to the eruption of Mount Pi-
natubo and the stratospheric cooling with increas-
ing carbon dioxide. Finally, models are the only
tools that exist for trying to understand the climate
changes likely to be experienced over the course of
this century. No period in Earth’s geological history
provides an exact analogue for the climate condi-
tions that will unfold in the coming decades.?

Global temperatures are projected to
continue to rise over this century; by
how much and for how long depends
on a number of factors, including the
amount of heat-trapping gas emissions
and how sensitive the climate is to
those emissions.

Some continued warming of the planet is projected
over the next few decades due to past emissions.
Choices made now will influence the amount of fu-
ture warming. Lower levels of heat-trapping emis-
sions will yield less future warming, while higher
levels will result in more warming, and more severe
impacts on society and the natural world.

Emissions scenarios

The IPCC developed a set of scenarios in a Special
Report on Emissions Scenarios (SRES).3! These
have been extensively used to explore the potential
for future climate change. None of these scenarios,
not even the one called “lower”, includes imple-
mentation of policies to limit climate change or

to stabilize atmospheric concentrations of heat-
trapping gases. Rather, differences among these
scenarios are due to different assumptions about
changes in population, rate of adoption of new
technologies, economic growth, and other factors.

The IPCC emission scenarios also do not encom-
pass the full range of possible futures: emissions
can change less than those scenarios imply, or they
can change more. Recent carbon dioxide emissions



are, in fact, above the highest emissions scenario
developed by the IPCC?? (see figure below). Wheth-
er this will continue is uncertain.

There are also lower possible emissions paths than
those put forth by the IPCC. The Framework Con-
vention on Climate Change, to which the United
States and 191 other countries are signatories,
calls for stabilizing concentrations of greenhouse
gases in the atmosphere at a level that would avoid
dangerous human interference with the climate
system. What exactly constitutes such interference
is subject to interpretation.

A variety of research studies suggest that a further
2°F increase (relative to the 1980-1999 period)
would lead to severe, widespread, and irreversible
impacts.®*-* To have a good chance (but not a guar-
antee) of avoiding temperatures above those levels,

Global Climate Change

it has been estimated that atmospheric concentra-
tion of carbon dioxide would need to stabilize in
the long term at around today’s levels.*¢-%

Reducing emissions of carbon dioxide would re-
duce warming over this century and beyond. Imple-
menting sizable and sustained reductions in carbon
dioxide emissions as soon as possible would signif-
icantly reduce the pace and the overall amount of
climate change, and would be more effective than
reductions of the same size initiated later. Reducing
emissions of some shorter-lived greenhouse gases,
such as methane, and some types of particles, such
as soot, would begin to reduce the warming influ-
ence within weeks to decades.”

The graphs below show emissions scenarios and
resulting carbon dioxide concentrations for three
IPCC scenarios®’' and one stabilization scenario.?

Scenarios of Future Carbon Dioxide
Global Emissions and Concentrations
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The graphs show recent and projected global emissions of carbon dioxide in gigatons of carbon, on the left, and atmospheric
concentrations on the right under five emissions scenarios. The top three in the key are IPCC scenarios that assume no explicit
climate policies (these are used in model projections that appear throughout this report). The bottom line is a “stabilization
scenario,” designed to stabilize atmospheric carbon dioxide concentration at 450 parts per million. The inset expanded below
these charts shows emissions for 1990-2010 under the three IPCC scenarios along with actual emissions to 2007 (in black).
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The stabilization scenario is aimed at stabilizing
the atmospheric carbon dioxide concentration at
roughly 450 parts per million (ppm); this is 70 ppm
above the 2008 concentration of 385 ppm. Result-
ing temperature changes depend on atmospheric
concentrations of greenhouse gases and particles
and the climate’s sensitivity to those concentra-
tions.?” Of those shown on the previous page, only
the 450 ppm stabilization target has the potential to
keep the global temperature rise at or below about
3.5°F from pre-industrial levels and 2°F above the
current average temperature, a level beyond which
many concerns have been raised about dangerous
human interference with the climate system.**
Scenarios that stabilize carbon dioxide below 450
ppm (not shown in the figure) offer an increased
chance of avoiding dangerous climate change.’%%

Carbon dioxide is not the only greenhouse gas of
concern. Concentrations of other heat-trapping
gases like methane and nitrous oxide and particles
like soot will also have to be stabilized at low
enough levels to prevent global temperatures from
rising higher than the level mentioned above. When
these other gases are added, including the offsetting
cooling effects of sulfate aerosol particles, analyses
suggest that stabilizing concentrations around 400
parts per million of “equivalent carbon dioxide”
would yield about an 80 percent chance of avoid-
ing exceeding the 2°F above present temperature
threshold. This would be true even if concentra-
tions temporarily peaked as high as 475 parts per
million and then stabilized at 400 parts per million
roughly a century later.”>#:893-9 Reductions in
sulfate aerosol particles would necessitate lower
equivalent carbon dioxide targets.

Rising global temperature

All climate models project that human-caused
emissions of heat-trapping gases will cause further
warming in the future. Based on scenarios that

do not assume explicit climate policies to reduce
greenhouse gas emissions, global average tempera-
ture is projected to rise by 2 to 11.5°F by the end
of this century® (relative to the 1980-1999 time
period). Whether the actual warming in 2100 will
be closer to the low or the high end of this range
depends primarily on two factors: first, the fu-
ture level of emissions of heat-trapping gases, and
second, how sensitive climate is to past and future
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emissions. The range of possible outcomes has
been explored using a range of different emissions
scenarios, and a variety of climate models that en-
compass the known range of climate sensitivity.

Changing precipitation patterns

Projections of changes in precipitation largely
follow recently observed patterns of change, with
overall increases in the global average but substan-
tial shifts in where and how precipitation falls.”
Generally, higher latitudes are projected to receive
more precipitation, while the dry belt that lies just
outside the tropics expands further poleward,’®’
and also receives less rain. Increases in tropical
precipitation are projected during rainy seasons
(such as monsoons), and especially over the tropical
Pacific. Certain regions, including the U.S. West
(especially the Southwest) and the Mediterranean,
are expected to become drier. The widespread
trend toward more heavy downpours is expected to
continue, with precipitation becoming less frequent
but more intense.”® More precipitation is expected
to fall as rain rather than snow.

Currently rare extreme events are becoming
more common

In a warmer future climate, models project there
will be an increased risk of more intense, more
frequent, and longer-lasting heat waves.*® The
European heat wave of 2003 is an example of the
type of extreme heat event that is likely to become
much more common.”® If greenhouse gas emissions
continue to increase, by the 2040s more than half
of European summers will be hotter than the
summer of 2003, and by the end of this century, a
summer as hot as that of 2003 will be considered
unusually cool.”®

Increased extremes of summer dryness and winter
wetness are projected for much of the globe, mean-
ing a generally greater risk of droughts and floods.
This has already been observed,* and is projected

to continue. In a warmer world, precipitation tends
to be concentrated into heavier events, with longer
dry periods in between.”

Models project a general tendency for more intense
but fewer storms overall outside the tropics, with
more extreme wind events and higher ocean waves
in a number of regions in association with those



storms. Models also project a shift of storm tracks
toward the poles in both hemispheres.”

Changes in hurricanes are difficult to project be-
cause there are countervailing forces. Higher ocean
temperatures lead to stronger storms with higher
wind speeds and more rainfall.”® But changes in
wind speed and direction with height are also pro-
jected to increase in some regions, and this tends
to work against storm formation and growth.?*-1°! Tt
currently appears that stronger, more rain-produc-
ing tropical storms and hurricanes are generally

Global Average Temperature
1900 to 2100

8 [ = 1800 to 2008 observations
1900 to 2000 simulation
— Lower emissions scenario™
6 | — Higher emissions scenaric™
— Ewven higher emissions scenaric™

Degreas Fahrenbsit

1500 1825 1850 1975 2000 2025 2050 2075 2100
Wear
Smith et al.”%; CMIP3-A”

Observed and projected changes in the global average
temperature under three IPCC no-policy emissions
scenarios. The shaded areas show the likely ranges
while the lines show the central projections from a set
of climate models. A wider range of model types shows
outcomes from 2 to 11.5°F.%® Changes are relative to the
1960-1979 average.
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models. Changes are relative to the 1960-1979 average.
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more likely, though more research is required on
these issues.®® More discussion of Atlantic hurri-
canes, which most affect the United States, appears
on page 34 in the National Climate Change section.

Sea level will continue to rise

Projecting future sea-level rise presents special
challenges. Scientists have a well-developed under-
standing of the contributions of thermal expansion
and melting glaciers to sea-level rise, so the models
used to project sea-level rise include these process-
es. However, the contributions to past and future
sea-level rise from ice sheets are less well under-
stood. Recent observations of the polar ice sheets
show that a number of complex processes control
the movement of ice to the sea, and thus affect the
contributions of ice sheets to sea-level rise.” Some
of these processes are already producing substantial
loss of ice mass. Because these processes are not
well understood it is difficult to predict their future
contributions to sea-level rise.'*

Because of this uncertainty, the 2007 assessment
by the IPCC could not quantify the contributions to
sea-level rise due to changes in ice sheet dynamics,
and thus projected a rise of the world’s oceans from
8 inches to 2 feet by the end of this century.”

More recent research has attempted to quantify
the potential contribution to sea-level rise from
the accelerated flow of ice sheets to the sea®’** or
to estimate future sea level based on its observed
relationship to temperature.!® The resulting esti-
mates exceed those of the IPCC, and the average
estimates under higher emissions scenarios are for
sea-level rise between 3 and 4 feet by the end of
this century. An important question that is often
asked is, what is the upper bound of sea-level rise
expected over this century? Few analyses have
focused on this question. There is some evidence
to suggest that it would be virtually impossible to
have a rise of sea level higher than about 6.5 feet by
the end of this century.*

The changes in sea level experienced at any par-
ticular location along the coast depend not only on
the increase in the global average sea level, but also
on changes in regional currents and winds, prox-
imity to the mass of melting ice sheets, and on the
vertical movements of the land due to geological
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forces.!* The consequences of sea-level rise at any
particular location depend on the amount of sea-
level rise relative to the adjoining land. Although
some parts of the U.S. coast are undergoing uplift
(rising), most shorelines are subsiding (sinking) to
various degrees — from a few inches to over 2 feet
per century.

Abrupt climate change

There is also the possibility of even larger changes
in climate than current scenarios and models
project. Not all changes in the climate are gradual.
The long record of climate found in ice cores, tree
rings, and other natural records show that Earth’s
climate patterns have undergone rapid shifts from
one stable state to another within as short a period
as a decade. The occurrence of abrupt changes in
climate becomes increasingly likely as the human
disturbance of the climate system grows.”® Such
changes can occur so rapidly that they would chal-
lenge the ability of human and natural systems to
adapt.'” Examples of such changes are abrupt shifts
in drought frequency and duration. Ancient climate
records suggest that in the United States, the South-
west may be at greatest risk for this kind of change,
but that other regions including the Midwest and
Great Plains have also had these kinds of abrupt
shifts in the past and could experience them again
in the future.

Rapid ice sheet collapse with related sea-level rise
is another type of abrupt change that is not well
understood or modeled and that poses a risk for
the future. Recent observations show that melt-

ing on the surface of an ice sheet produces water
that flows down through large cracks that create
conduits through the ice to the base of the ice sheet
where it lubricates ice previously frozen to the rock
below.? Further, the interaction with warm ocean
water, where ice meets the sea, can lead to sudden
losses in ice mass and accompanying rapid global
sea-level rise. Observations indicate that ice loss
has increased dramatically over the last decade,
though scientists are not yet confident that they
can project how the ice sheets will respond in

the future.

There are also concerns regarding the potential for
abrupt release of methane from thawing of frozen
soils, from the sea floor, and from wetlands in the
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tropics and the Arctic. While analyses suggest that
an abrupt release of methane is very unlikely to oc-
cur within 100 years, it is very likely that warming
will accelerate the pace of chronic methane emis-
sions from these sources, potentially increasing the
rate of global temperature rise.!%

A third major area of concern regarding pos-

sible abrupt change involves the operation of the
ocean currents that transport vast quantities of
heat around the globe. One branch of the ocean
circulation is in the North Atlantic. In this region,
warm water flows northward from the tropics to
the North Atlantic in the upper layer of the ocean,
while cold water flows back from the North Atlan-
tic to the tropics in the ocean’s deep layers, creating
a “conveyor belt” for heat. Changes in this circula-
tion have profound impacts on the global climate
system, from changes in African and Indian mon-
soon rainfall, to atmospheric circulation relevant
to hurricanes, to changes in climate over North
America and Western Europe.

Recent findings indicate that it is very likely that
the strength of this North Atlantic circulation will
decrease over the course of this century in response
to increasing greenhouse gases. This is expected
because warming increases the melting of glaciers
and ice sheets and the resulting runoff of fresh-
water to the sea. This additional water is virtually
salt-free, which makes it less dense than sea water.
Increased precipitation also contributes fresh, less-
dense water to the ocean. As a result, less surface
water is dense enough to sink, thereby reducing the
conveyor belt’s transport of heat. The best estimate
is that the strength of this circulation will decrease
25 to 30 percent in this century, leading to a reduc-
tion in heat transfer to the North Atlantic. It is
considered very unlikely that this circulation would
collapse entirely during the next 100 years or so,
though it cannot be ruled out. While very unlikely,
the potential consequences of such an abrupt event
would be severe. Impacts would likely include
sea-level rise around the North Atlantic of up to 2.5
feet (in addition to the rise expected from thermal
expansion and melting glaciers and ice sheets),
changes in atmospheric circulation conditions that
influence hurricane activity, a southward shift of
tropical rainfall belts with resulting agricultural
impacts, and disruptions to marine ecosystems.”
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Key Messages:

* U.S. average temperature has risen more than 2°F over the past 50 years and is
projected to rise more in the future; how much more depends primarily on the
amount of heat-trapping gases emitted globally and how sensitive the climate is
to those emissions.

Precipitation has increased an average of about 5 percent over the past 50 years.
Projections of future precipitation generally indicate that northern areas will
become wetter, and southern areas, particularly in the West, will become drier.
The amount of rain falling in the heaviest downpours has increased approximately
20 percent on average in the past century, and this trend is very likely to
continue, with the largest increases in the wettest places.

Many types of extreme weather events, such as heat waves and regional
droughts, have become more frequent and intense during the past 40 to 50 years.
The destructive energy of Atlantic hurricanes has increased in recent decades.
The intensity of these storms is likely to increase in this century.

In the eastern Pacific, the strongest hurricanes have become stronger since the
1980s, even while the total number of storms has decreased.

Sea level has risen along most of the U.S. coast over the last 50 years, and will
rise more in the future.

Cold-season storm tracks are shifting northward and the strongest storms are
likely to become stronger and more frequent.

Arctic sea ice is declining rapidly and this is very likely to continue.
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U.S. average temperature has risen
more than 2°F over the past 50 years
and is projected to rise more in the
future; how much more depends
primarily on the amount of heat-
trapping gases emitted globally

and how sensitive the climate is to
those emissions.

The series of maps and thermometers on these two
pages shows the magnitude of the observed and
projected changes in annual average temperature.
The map for the period around 2000 shows that
most areas of the United States have warmed 1 to
2°F compared to the 1960s and 1970s. Although
not reflected in these maps of annual average tem-
perature, this warming has generally resulted

in longer warm seasons and shorter, less intense
cold seasons.

The remaining maps show projected warming over
the course of this century under a lower emissions
scenario and a higher emissions scenario’ (see
Global Climate Change section, page 23). Tempera-

Present-Day (1993-2008)
Average Change (°F)
from 1961-1979 Baseline
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tures will continue to rise throughout the century
under both emissions scenarios,” although higher
emissions result in more warming by the middle of
the century and significantly more by the end of
the century.

Temperature increases in the next couple of de-
cades will be primarily determined by past emis-
sions of heat-trapping gases. As a result, there is
little difference in projected temperature between
the higher and lower emissions scenarios’ in the
near-term (around 2020), so only a single map is
shown for this timeframe. Increases after the next
couple of decades will be primarily determined by
future emissions.”® This is clearly evident in greater
projected warming in the higher emissions sce-
nario’! by the middle (around 2050) and end of this
century (around 2090).

On a seasonal basis, most of the United States is
projected to experience greater warming in sum-
mer than in winter, while Alaska experiences far
more warming in winter than summer.'®

Near-Term (2010-2029)
Projected Average Change (°F)
from 1961-1979 Baseline
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The maps and thermometers on this page and the next page show temperature differences (either measured or projected) from
conditions as they existed during the period from 1961-1979. Comparisons to this period are made because the influence on climate
from increasing greenhouse gas emissions has been greatest during the past five decades. The present-day map is based on the aver-
age observed temperatures from 1993-2008 minus the average from 1961-1979. Projected temperatures are based on results from 16
climate models for the periods 2010-2029, 2040-2059, and 2080-2099. The brackets on the thermometers represent the likely range
of model projections, though lower or higher outcomes are possible. The mid-century and end-of-century maps show projections
for both the higher and lower emission scenarios.” The projection for the near-term is the average of the higher and lower emission
scenarios’ because there is little difference in that timeframe.
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The average warming for the country as a whole is shown on the thermometers adjacent to each map. By the end
of the century, the average U.S. temperature is projected to increase by approximately 7 to 11°F under the higher
emissions scenario’ and by approximately 4 to 6.5°F under the lower emissions scenario.”’ These ranges are due
to differences among climate model results for the same emissions scenarios. Emissions scenarios even lower
than the lower scenario shown here, such as the 450 ppm stabilization scenario described on pages 23-24, would
yield lower temperature increases than those shown below.?

Higher Emissions Scenario® Projected Temperature Change (°F)
from 1961-1979 Baseline
Mid-Century (2040-2059 average) End-of-Century (2080-2099 average)
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Lower Emissions Scenario®' Projected Temperature Change (°F)

from 1961-1979 Baseline
Mid-Century (2040-2059 average) End-of-Century (2080-2099 average)

cMmip3-c'®? cMmip3-c'®?

12 3 4 5 & T & 8 10 =10
The maps on this page and the previous page are based on projections of future temperature by 16 of the Coupled Model
Intercomparison Project Three (CMIP3) climate models using two emissions scenarios from the Intergovernmental Panel on Climate
Change (IPCC), Special Report on Emission Scenarios (SRES).” The “lower” scenario here is B1, while the “higher” is A2.°' The brackets
on the thermometers represent the likely range of model projections, though lower or higher outcomes are possible. Additional
information on these scenarios is on pages 22 and 23 in the previous section, Global Climate Change. These maps, and others in this

report, show projections at national, regional, and sub-regional scales, using well-established techniques.''
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Precipitation has increased an average
of about 5 percent over the past 50
years. Projections of future precipitation
generally indicate that northern areas
will become wetter, and southern

areas, particularly in the West, will
become drier.

While precipitation over the United States as a
whole has increased, there have been important
regional and seasonal differences. Increasing trends
throughout much of the year have been predomi-
nant in the Northeast and large parts of the Plains
and Midwest. Decreases occurred in much of the
Southeast in all but the fall season and in the North-
west in all seasons except spring. Precipitation also
generally decreased during the summer and fall in
the Southwest, while winter and spring, which are
the wettest seasons in states such as California and
Nevada, have had increases in precipitation.'!

Future changes in total precipitation due to human-
induced warming are more difficult to project than
changes in temperature. In some seasons, some
areas will experience an increase in precipitation,
other areas will experience a decrease, and others
will see little discernible change. The difficulty
arises in predicting the extent of those areas and the
amount of change. Model projections of future pre-

Observed Change in Annual Average Precipitation
1958 to 2008
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cipitation generally indicate that northern areas will
become wetter, and southern areas, particularly in
the West, will become drier.””!%8

Confidence in projected changes is higher for
winter and spring than for summer and fall. In
winter and spring, northern areas are expected

to receive significantly more precipitation than
they do now, because the interaction of warm and
moist air coming from the south with colder air
from the north is projected to occur farther north
than it did on average in the last century. The more
northward incursions of warmer and moister air
masses are expected to be particularly noticeable
in northern regions that will change from very
cold and dry atmospheric conditions to warmer but
moister conditions.®® Alaska, the Great Plains, the
upper Midwest, and the Northeast are beginning
to experience such changes for at least part of the
year, with the likelihood of these changes increas-
ing over time.

In some northern areas, warmer conditions will re-
sult in more precipitation falling as rain and less as
snow. In addition, potential water resource benefits
from increasing precipitation could be countered
by the competing influences of increasing evapo-
ration and runoff. In southern areas, significant
reductions in precipitation are projected in winter
and spring as the subtropical dry
belt expands.'”® This is particularly
pronounced in the Southwest,
where it would have serious rami-
fications for water resources.

o
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While U.S. annual average precipitation has increased about 5 percent over the past 50
years, there have been important regional differences as shown above.
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Projected Change in North American Precipitation
by 2080-2099
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The maps show projected future changes in precipitation relative to the recent past as simulated by 15 climate models. The simulations
are for late this century, under a higher emissions scenario.”’ For example, in the spring, climate models agree that northern areas are
likely to get wetter, and southern areas drier. There is less confidence in exactly where the transition between wetter and drier areas

will occur. Confidence in the projected changes is highest in the hatched areas.
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Increases in Amounts of Very Heavy
Precipitation (1958 to 2007)
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Updated from Groisman et al'"3
The map shows percent increases in the amount falling
in very heavy precipitation events (defined as the heavi-
est 1 percent of all daily events) from 1958 to 2007 for
each region. There are clear trends toward more very
heavy precipitation for the nation as a whole, and par-
ticularly in the Northeast and Midwest.

Global Climate Change Impacts in the United States

The amount of rain falling in the heaviest
downpours has increased approximately 20
percent on average in the past century, and this
trend is very likely to continue, with the largest
increases in the wettest places.

One of the clearest precipitation trends in the United States is the
increasing frequency and intensity of heavy downpours. This in-
crease was responsible for most of the observed increase in over-
all precipitation during the last 50 years. In fact, there has been
little change or a decrease in the frequency of light and moderate
precipitation during the past 30 years, while heavy precipita-
tion has increased. In addition, while total average precipitation
over the nation as a whole increased by about 7 percent over the
past century, the amount of precipitation falling in the heaviest 1
percent of rain events increased nearly 20 percent.!'?

During the past 50 years, the greatest increases in heavy precipi-
tation occurred in the Northeast and the Midwest. There have
also been increases in heavy downpours in the other regions of
the continental United States, as well as Alaska, Hawaii, and
Puerto Rico.!'?

Climate models project continued increases in the heaviest downpours during this century, while the lightest pre-
cipitation is projected to decrease. Heavy downpours that are now 1-in-20-year occurrences are projected to occur
about every 4 to 15 years by the end of this century, depending on location, and the intensity of heavy downpours is
also expected to increase. The 1-in-20-year heavy downpour is expected to be between 10 and 25 percent heavier by

the end of the century than it is now.!?

Changes in these kinds of extreme weather and cli-
mate events are among the most serious challenges
to our nation in coping with a changing climate.

Many types of extreme weather
events, such as heat waves and regional
droughts, have become more frequent
and intense during the past 40 to

50 years.

Many extremes and their associated impacts are
now changing. For example, in recent decades
most of North America has been experienc-

ing more unusually hot days and nights, fewer
unusually cold days and nights, and fewer frost
days. Droughts are becoming more severe in
some regions. The power and frequency of
Atlantic hurricanes have increased substan-
tially in recent decades. The number of North
American mainland landfalling hurricanes does

Projected Changes in Light, Moderate, and Heavy
Precipitation (by 2090s)
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The figure shows projected changes from the 1990s average to the
2090s average in the amount of precipitation falling in light, moderate,
and heavy events in North America. Projected changes are displayed in 5
percent increments from the lightest drizzles to the heaviest downpours.
As shown here, the lightest precipitation is projected to decrease, while
the heaviest will increase, continuing the observed trend. The higher
emission scenario®' yields larger changes. Projections are based on the
models used in the IPCC 2007 Fourth Assessment Report.
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not appear to have increased over the past Observed Spring Snowmelt Dates

century. Outside the tropics, cold-season 50° 13;“’ s
storm tracks are shifting northward and B
the strongest storms are becoming even @ 20+ days earlier
stronger. These trends in storms outside the 45° |— @ 1520 days eatler
tropics are projected to continue throughout — _
this century. 51214 ) 10-15 days earlier
40° — 510 days earlier
Drought 5-10 days later
Like precipitation, trends in drought have ag @ 10-15 days later
strong regional variations. In much of the @ 1520 days later .
Southeast and large parts of the West, the @ 20+ days later N T
frequency of drought has increased coinci- 5 .
dent with rising temperatures over the past 50 UsGs''®

Date of onset of spring runoff pulse. Reddish-brown circles indicate significant
trends toward onsets more than 20 days earlier. Lighter circles indicate less advance
of the onset. Blue circles indicate later onset. The changes depend on a number of

years. In other regions, such as the Midwest
and Great Plains, there has been a reduction

in drought frequency. factors in addition to temperature, including altitude and timing of snowfall.
Although there has been an overall increase 3 to 4 decades, there has been an increasing trend
in precipitation and no clear trend in drought for in high-humidity heat waves, which are character-
the nation as a whole, increasing temperatures ized by the persistence of extremely high nighttime
have made droughts more severe and widespread temperatures.''?

than they would have otherwise been. Without the

observed increase in precipitation, higher tempera- As average temperatures continue to rise through-
tures would have led to an increase in the area of out this century, the frequency of cold extremes
the contiguous United States in severe to extreme will decrease and the frequency and intensity of
drought, with some estimates of a 30 percent high temperature extremes will increase.!'> The
increase.!'? In the future, droughts are likely to be- number of days with high temperatures above

come more frequent and severe in some regions.®

The Southwest, in particular, is expected to experi- Projected Frequency of Extreme Heat
ence increasing drought as changes in atmospheric (2080-2099 Average)

circulation patterns cause the dry zone just outside
the tropics to expand farther northward into the "‘ﬂ'ﬁg
United States.”” e 3

Rising temperatures have also led to earlier melt-
ing of the snowpack in the western United States.*’
Because snowpack runoff is critical to the water
resources in the western United States, changes in
the timing and amount of runoff can exacerbate
problems with already limited water supplies in

»e

the region.
Heat waves ! f‘ﬂ,..r -
A heat wave is a period of several days to weeks [Ty ST A (BT

. . . L
of abnormally hot weather, often with high humid- 1 2 3 4 5 B T & 9 10210 CMIP3-A
ity. During the 1930s, Fhere Wa.s a high frequency Simulations for 2080-2099 indicate how currently rare extremes (a
of heat waves due to high daytime temperatures 1-in-20-year event) are projected to become more commonplace.
resulting in large part from an extended multi-year A day so hot that it is currently experienced once every 20 years

would occur every other year or more frequently by the end of

period of intense drought. By contrast, in the past the century under the higher emissions scenario.”
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Days Above 90°F

Recent Past
(1961-1971 Average)
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Projected End-of-Century under
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Projected End-of-Century under
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(2080-2099 Average)
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The average number of days per year when the maximum tem-
perature exceeded 90°F from 1961-1979 (top) and the projected
number of days per year above 90°F by the 2080s and 2090s for
lower emissions (middle) and higher emissions (bottom).”’ Much of
the southern United States is projected to have more than twice
as many days per year above 90°F by the end of this century.

Global Climate Change Impacts in the United States

90°F is projected to increase throughout the country

as illustrated in the maps on the left. Parts of the South
that currently have about 60 days per year with tem-
peratures over 90°F are projected to experience 150 or
more days a year above 90°F by the end of this century,
under a higher emissions scenario.”! There is higher
confidence in the regional patterns than in results for
any specific location (see An Agenda for Climate Im-
pacts Science section).

With rising high temperatures, extreme heat waves that
are currently considered rare will occur more fre-
quently in the future. Recent studies using an ensemble
of models show that events that now occur once every
20 years are projected to occur about every other year
in much of the country by the end of this century. In
addition to occurring more frequently, at the end of this
century these very hot days are projected to be about
10°F hotter than they are today.*®

The destructive energy of Atlantic
hurricanes has increased in recent decades.
The intensity of these storms is likely to
increase in this century.

Of all the world’s tropical storm and hurricane basins,
the North Atlantic has been the most thoroughly moni-
tored and studied. The advent of routine aircraft moni-
toring in the 1940s and the use of satellite observations
since the 1960s have greatly aided monitoring of tropi-
cal storms and hurricanes. In addition, observations of
tropical storm and hurricane strength made from island
and mainland weather stations and from ships at sea
began in the 1800s and continue today. Because of new
and evolving observing techniques and technologies,
scientists pay careful attention to ensuring consistency
in tropical storm and hurricane records from the earli-
est manual observations to today’s automated mea-
surements. This is accomplished through collection,
analysis, and cross-referencing of data from numer-
ous sources and, where necessary, the application of
adjustment techniques to account for differences in
observing and reporting methodologies through time.
Nevertheless, data uncertainty is larger in the early
part of the record. Confidence in the tropical storm and
hurricane record increases after 1900 and is greatest
during the satellite era, from 1965 to the present.'?
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The total number of hurricanes and strongest hur-
ricanes (Category 4 and 5) observed from 1881
through 2008 shows multi-decade periods of above
average activity in the 1800s, the mid-1900s, and
since 1995. The power and frequency of Atlantic
hurricanes have increased substantially in recent
decades."? There has been little change in the total
number of landfalling hurricanes, in part because
a variety of factors affect whether a hurricane will
make landfall. These include large-scale steer-

ing winds, atmospheric stability, wind shear, and

ocean heat content. This highlights the importance
of understanding the broader changes occurring
throughout the Atlantic Basin beyond the storms
making landfall along the U.S. coast.'?

Tropical storms and hurricanes develop and gain
strength over warm ocean waters. As oceans
warm, they provide a source of energy for hurri-
cane growth. During the past 30 years, annual sea
surface temperatures in the main Atlantic hurricane
development region increased nearly 2°F. This

Atlantic Tropical Storms and Hurricanes
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Top: Total numbers of Atlantic Basin
North Atlantic named — girongest Hurricanes
storms (tropical storms and
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U.S. landfalling hurricanes 18| M U5 ledtaling strongest huricanes
(yellow) in 5-year periods 16[
based on annual data from 141

1881 to 2008. The bar for the
last 5-year period is based
on the assumption that the
level of activity from 2006 to
2008 persists through 2010.
In the era before satellites,
indicated by the arrow above,
the total number of named
storms is less certain and
has been adjusted upward to
account for missing storms.
Adjustments are based on relationships established during the satellite
era between the number of observed storms and the number that
would have been missed if satellite data had not been available.
Bottom: Total number of strongest (Category 4 and 5) North Atlan-
tic basin hurricanes (purple) and strongest U.S. landfalling hurricanes
(orange) in 5-year periods based on annual data from 1946 to 2008.
The bar for the last 5-year period is based on the assumption that
the level of activity from 2006 to 2008 persists through 2010. From
1946 to the mid-1960s, as indicated by the arrow above, hurricane
intensity was measured primarily by aircraft reconnaissance. Data
prior to aircraft reconnaissance are not shown due to the greater
uncertainty in estimates of a hurricane's maximum intensity. Satellites
have increased the reliability of hurricane intensity estimates since
the mid-1960s.
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warming coincided with an increase in the
destructive energy (as defined by the Power
Dissipation Index, a combination of intensity,
duration, and frequency) of Atlantic tropical
storms and hurricanes. The strongest hurri-
canes (Category 4 and 5) have, in particular,
increased in intensity.'"> The graph below
shows the strong correlation between hur-
ricane power and sea surface temperature in
the Atlantic and the overall increase in both
during the past 30 years. Climate models
project that hurricane intensity will continue
to increase, though at a lesser rate than that
observed in recent decades.'”

New evidence has emerged recently for other
temperature related linkages that can help

Observed Relationship Between

Sea Surface Temperatures and
Hurricane Power in the North Atlantic Ocean
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Observed sea surface temperature (blue) and the Power
Dissipation Index (green), which combines frequency, intensity
and duration for North Atlantic hurricanes.'”® Hurricane rainfall
and wind speeds are likely to increase in response to human-
caused warming. Analyses of model simulations suggest that
for each 1.8°F increase in tropical sea surface temperatures,
rainfall rates will increase by 6 to 18 percent.®
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explain the increase in Atlantic hurricane activity.
This includes the contrast in sea surface tempera-
ture between the main hurricane development
region and the broader tropical ocean.?*!8:11?

Other causes beyond the rise in ocean temperature,
such as atmospheric stability and circulation,

can also influence hurricane power. For these and
other reasons, a confident assessment requires
further study.®®

Evidence of increasing hurricane strength in the
Atlantic and other oceans with linkages to rising
sea surface temperatures is also supported by satel-
lite records dating back to 1981. An increase in the
maximum wind speeds of the strongest hurricanes
has been documented and linked to increasing sea
surface temperatures.'??

Projections are that sea surface temperatures in the
main Atlantic hurricane development region will
increase at even faster rates during the second half
of this century under higher emissions scenarios.
This highlights the need to better understand the
relationship between increasing temperatures

and hurricane intensity. As ocean temperatures
continue to increase in the future, it is likely that
hurricane rainfall and wind speeds will increase

in response to human-caused warming.®® Analyses

Observed and Projected Sea
Surface Temperature Change
Atlantic Hurricane Formation Region

— WOAA Observations

18900 to 2000 simulation
— Higher emissions scenario™
— Lower emissions scenarig™
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Observed (black) and projected temperatures (blue = lower scenario;
red = higher scenario) in the Atlantic hurricane formation region. Increased
intensity of hurricanes is linked to rising sea surface temperatures in the
region of the ocean where hurricanes form. The shaded areas show the
likely ranges while the lines show the central projections from a set of
climate models.

Global Climate Change Impacts in the United States

of model simulations suggest that for each 1.8°F
increase in tropical sea surface temperatures, core
rainfall rates will increase by 6 to 18 percent and
the surface wind speeds of the strongest hurri-
canes will increase by about 1 to 8 percent.!"* Even
without further coastal development, storm surge
levels and hurricane damages are likely to increase
because of increasing hurricane intensity coupled
with sea-level rise, the latter being a virtually cer-
tain outcome of the warming global climate.®

In the eastern Pacific, the strongest
hurricanes have become stronger since
the 1980s, even while the total number
of storms has decreased.

Although on average more hurricanes form in the
eastern Pacific than the Atlantic each year, cool
ocean waters along the U.S. West Coast and atmo-
spheric steering patterns help protect the contigu-
ous U.S. from landfalls. Threats to the Hawaiian
Islands are greater, but landfalling storms are rare
in comparison to those of the U.S. East and Gulf
Coasts. Nevertheless, changes in hurricane inten-
sity and frequency could influence the impact of
landfalling Pacific hurricanes in the future.

The total number of tropical storms and hurricanes
in the eastern Pacific on seasonal to multi-decade
time periods is generally opposite to that observed
in the Atlantic. For example, during El Nifio events
it is common for hurricanes in the Atlantic to be
suppressed while the eastern Pacific is more active.
This reflects the large-scale atmospheric circulation
patterns that extend across both the Atlantic and the
Pacific oceans.!**!2*

Within the past three decades the total number of
tropical storms and hurricanes and their destructive
energy have decreased in the eastern Pacific.t%!%*
However, satellite observations have shown that
like the Atlantic, the strongest hurricanes (the top

5 percent), have gotten stronger since the early
1980s.1221%5 As ocean temperatures rise, the stron-
gest hurricanes are likely to increase in both the
eastern Pacific and the Atlantic.®®



Sea level has risen along most of the
U.S. coast over the past 50 years, and
will rise more in the future.

Recent global sea-level rise has been caused by the
warming-induced expansion of the oceans, ac-
celerated melting of most of the world’s glaciers,
and loss of ice on the Greenland and Antarctic ice
sheets.”” There is strong evidence that global sea
level is currently rising at an increased rate.*”!26 A
warming global climate will cause further sea-
level rise over this century and beyond.**!%

During the past 50 years, sea level has risen up to
8 inches or more along some coastal areas of the
United States, and has fallen in other locations.
The amount of relative sea-level rise experienced
along different parts of the U.S. coast depends on
the changes in elevation of the land that occur as a
result of subsidence (sinking) or uplift (rising), as
well as increases in global sea level due to warm-
ing. In addition, atmospheric and oceanic circula-
tion, which will be affected by climate change, will
influence regional sea level. Regional differences

National Climate Change

in sea-level rise are also expected to be related to
where the meltwater originates.'*

Human-induced sea-level rise is occurring globally.
Large parts of the Atlantic Coast and Gulf of Mexico
Coast have experienced significantly higher rates of
relative sea-level rise than the global average during
the last 50 years, with the local differences mainly
due to land subsidence.'?’ Portions of the Northwest
and Alaska coast have, on the other hand, experi-
enced slightly falling sea level as a result of long-
term uplift as a consequence of glacier melting and
other geological processes.

Regional variations in relative sea-level rise are
expected in the future. For example, assuming
historical geological forces continue, a 2-foot rise in
global sea level (which is within the range of recent
estimates) by the end of this century would result

in a relative sea-level rise of 2.3 feet at New York
City, 2.9 feet at Hampton Roads, Virginia, 3.5 feet at
Galveston, Texas, and 1 foot at Neah Bay in Wash-
ington state.'?®

Relative Sea-Level Changes on U.S. Coastlines, 1958 to 2008
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Observed changes in relative sea level from 1958 to 2008 for locations on the U.S. coast. Some areas along the Atlantic
and Gulf coasts saw increases greater than 8 inches over the past 50 years.
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Cold-season storm tracks are shifting
northward and the strongest storms are
likely to become stronger and

more frequent.

Large-scale storm systems are the dominant
weather phenomenon during the cold season in

the United States. Although the analysis of these
storms is complicated by a relatively short length of
most observational records and by the highly vari-
able nature of strong storms, some clear patterns
have emerged.!!?

Storm tracks have shifted northward over the

last 50 years as evidenced by a decrease in the
frequency of storms in mid-latitude areas of the
Northern Hemisphere, while high-latitude activity
has increased. There is also evidence of an increase
in the intensity of storms in both the mid- and high-
latitude areas of the Northern Hemisphere, with
greater confidence in the increases occurring in
high latitudes.!”? The northward shift is projected to
continue, and strong cold season storms are likely
to become stronger and more frequent, with greater
wind speeds and more extreme wave heights.®

Snowstorms

The northward shift in storm tracks is reflected

in regional changes in the frequency of snow-
storms. The South and lower Midwest saw reduced
snowstorm frequency during the last century. In
contrast, the Northeast and upper Midwest saw
increases in snowstorms, although considerable
decade-to-decade variations were present in all
regions, influenced, for example, by the frequency
of El Nifio events.!?

There is also evidence of an increase in lake-effect
snowfall along and near the southern and eastern
shores of the Great Lakes since 1950.°7 Lake-effect
snow is produced by the strong flow of cold air
across large areas of relatively warmer ice-free
water. As the climate has warmed, ice coverage on
the Great Lakes has fallen. The maximum seasonal
coverage of Great Lakes ice decreased at a rate of
8.4 percent per decade from 1973 through 2008,
amounting to a roughly 30 percent decrease in ice
coverage (see Midwest region). This has created
conditions conducive to greater evaporation of

Global Climate Change Impacts in the United States

Areas in New York state east of Lake Ontario received
over 10 feet of lake-effect snow during a 10-day period
in early February 2007.

moisture and thus heavier snowstorms. Among re-
cent extreme lake-effect snow events was a Febru-
ary 2007 10-day storm total of over 10 feet of snow
in western New York state. Climate models suggest
that lake-effect snowfalls are likely to increase over
the next few decades."* In the longer term, lake-
effect snows are likely to decrease as temperatures
continue to rise, with the precipitation then falling

as rain.'®

Tornadoes and severe thunderstorms

Reports of severe weather including tornadoes and
severe thunderstorms have increased during the
past 50 years. However, the increase in the number
of reports is widely believed to be due to improve-
ments in monitoring technologies such as Doppler
radars combined with changes in population and
increasing public awareness. When adjusted to ac-
count for these factors, there is no clear trend in the
frequency or strength of tornadoes since the 1950s
for the United States as a whole.'?

The distribution by intensity for the strongest 10
percent of hail and wind reports is little changed,
providing no evidence of an observed increase in
the severity of events.!'> Climate models project
future increases in the frequency of environmental
conditions favorable to severe thunderstorms.”' But
the inability to adequately model the small-scale
conditions involved in thunderstorm development
remains a limiting factor in projecting the future
character of severe thunderstorms and other small-
scale weather phenomena.®®



Arctic sea ice is declining rapidly and
this is very likely to continue.

Sea ice is a very important part of the climate
system. In addition to direct impacts on coastal
areas of Alaska, it more broadly affects surface
reflectivity, ocean currents, cloudiness, humid-
ity, and the exchange of heat and moisture at the
ocean’s surface. Open ocean water is darker in
color than sea ice, which causes it to absorb more
of the Sun’s heat, which increases the warming of
the water even more.**!3?

The most complete record of sea ice is provided
by satellite observations of sea ice extent since the
1970s. Prior to that, aircraft, ship, and coastal ob-
servations in the Arctic make it possible to extend
the record of Northern Hemisphere sea ice extent
back to at least 1900, although there is a lower
level of confidence in the data prior to 1953.4°

Arctic sea ice extent has fallen at a rate of 3 to 4
percent per decade over the last three decades.
End-of-summer Arctic sea ice has fallen at an
even faster rate of more than 11 percent per
decade in that time. The observed decline in
Arctic sea ice has been more rapid than projected
by climate models.'** Year-to-year changes in
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Arctic sea ice reaches its annual minimum in September. The
satellite images above show September Arctic sea ice in 1979,
the first year these data were available, and 2007.

sea ice extent and record low amounts are influenced by natural variations in atmospheric pressure and
wind patterns.’** However, clear linkages between rising greenhouse gas concentrations and declines in
Arctic sea ice have been identified in the climate record as far back as the early 1990s.%' The extreme loss
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Observations of annual average Arctic sea ice extent for

the period 1900 to 2008. The gray shading indicates less
confidence in the data before 1953.

in Arctic sea ice that occurred in 2007 would not
have been possible without the long-term reductions
that have coincided with a sustained increase in the
atmospheric concentration of carbon dioxide and the
rapid rise in global temperatures that have occurred
since the mid-1970s."*> Although the 2007 record
low was not eclipsed in 2008, the 2008 sea ice extent
is well below the long-term average, reflecting a
continuation of the long-term decline in Arctic sea
ice. In addition, the total volume of Arctic sea ice

in 2008 was likely a record low because the ice was
unusually thin."¢

It is expected that declines in Arctic sea ice will
continue in the coming decades with year-to-year
fluctuations influenced by natural atmospheric vari-
ability. The overall rate of decline will be influenced
mainly by the rate at which carbon dioxide and other
greenhouse gas concentrations increase.'’
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U.S. Emission and Absorption of Heat-Trapping Gases

Since the industrial revolution, the United States has been
the world’s largest emitter of heat-trapping gases. With
4.5 percent of world's population, the United States is
responsible for about 28 percent of the human-induced
heat-trapping gases in the atmosphere today."** Although
China has recently surpassed the United States in current
total annual emissions, per capita emissions remain much

1500 | by
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Annual Emissions
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higher in the United States. Carbon dioxide, the most 500 | J
important of the heat-trapping gases produced directly by

human activities, is a cumulative problem because it has a

long atmospheric lifetime. Roughly one-half of the carbon 0 1E.IU|:| 1850 19100 15;5[5 Eﬂ;}n
dioxide released from fossil fuel burning remains in the Year Marland et al'4!
atmosphere after 100 years, and roughly one-fifth of it U.S. annual emissions of CO, from fossil-fuel use.'*!

remains after 1,000 years.”

U.S. carbon dioxide emissions grew dramatically over the past century. These emissions come almost
entirely from burning fossil fuels. These sources of carbon dioxide are one side of the equation and on the
other side are “sinks” that take up carbon dioxide. The growth of trees and other plants is an important
natural carbon sink. In recent years, it is estimated that about 20 percent of U.S. carbon dioxide emissions
have been offset by U.S. forest growth and other sinks (see figure below).'* It is not known whether

U.S. forests and other sinks will continue to take up roughly this amount of carbon dioxide in the future
as climate change alters carbon release and uptake. For example, a warming-induced lengthening of the
growing season would tend to increase carbon uptake. On the other hand, the increases in forest fires and
in the decomposition rate of dead plant matter would decrease uptake, and might convert the carbon sink
into a source.'"*

The amount of carbon released and taken up by natural sources varies considerably from year to year
depending on climatic and other conditions. For example, fires release carbon dioxide, so years with many
large fires result in more carbon release and less uptake as natural sinks (the vegetation) are lost. Similarly,
the trees destroyed by intense
Emittod Absorbed storms or droughts release carbon
o dioxide as they decompose, and the
| loss results in reduced strength of
J_ 1  natural sinks until regrowth is well
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storage in the long run will depend
Modified from CCSP SAP 2.2'° on how much is taken up by the

U.S. carbon dioxide emissions and uptake in millions of tons of carbon per regrowth as well as how much was
year in 2003. The bar marked “Emitted” indicates the amount of carbon as |.a|eased by the original disturbance.
carbon dioxide added to the atmosphere from U.S. emissions. The bars marked

“Absorbed” indicate amounts of carbon as carbon dioxide removed from the

atmosphere. The thin lines on each bar indicate estimates of uncertainty.
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Changes in the water cycle, which are consistent
with the warming observed over the past several
decades, include:

» changes in precipitation patterns and intensity
» changes in the incidence of drought

* widespread melting of snow and ice

* increasing atmospheric water vapor

* increasing evaporation

* increasing water temperatures

* reductions in lake and river ice

» changes in soil moisture and runoff

For the future, marked regional differences are
projected, with increases in annual precipitation,
runoff, and soil moisture in much of the Midwest
and Northeast, and declines in much of the West,
especially the Southwest.

ot

Skagit River and surrounding mountains in the Northwest
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Water Resources

The impacts of climate change include too little wa-
ter in some places, too much water in other places,
and degraded water quality. Some locations are ex-
pected to be subject to all of these conditions during
different times of the year. Water cycle changes are
expected to continue and to adversely affect energy
production and use, human health, transportation,
agriculture, and ecosystems (see table on page 50).'+

Climate change has already altered, and
will continue to alter, the water cycle,
affecting where, when, and how much
water is available for all uses.

Substantial changes to the water cycle are expected
as the planet warms because the movement of water
in the atmosphere and oceans is one of the primary
mechanisms for the redistribution of heat around the
world. Evidence is mounting that human-induced
climate change is already altering many of the exist-
ing patterns of precipitation in the United States,
including when, where, how much, and what kind of
precipitation falls.®*!*? A warmer climate increases
evaporation of water from land and sea, and allows
more moisture to be held in the atmosphere. For ev-
ery 1°F rise in temperature, the water holding capac-
ity of the atmosphere increases by about 4 percent.*
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Projected Changes in the Water Cycle

Hotter/Drier Conditions (Interior West) Hotter/Wetter Conditions (NE and Coasts)

Heat Tra i1 A Warmer Atmosphere Holds

and More

The water cycle exhibits many changes as the Earth warms. Wet and dry areas respond differently. NOAA/NCDC

In addition, changes in atmospheric circulation will tend to move storm tracks northward with the result that dry
areas will become drier and wet areas wetter. Hence, the arid Southwest is projected to experience longer and more
severe droughts from the combination of increased evaporation and reductions in precipitation.'®®

The additional atmospheric moisture

Changes in Snowfall Contributions to Wintertime Precipitation C.ontr.lbutes to more °Ve“%” precipita-

1949 to 2005 tion in some areas, e.:spec1a11y in much
of the Northeast, Midwest, and Alas-
ka. Over the past 50 years, precipita-
tion and streamflow have increased in
much of the Northeast and Midwest,
with a reduction in drought duration
and severity. Much of the South-
east and West has had reductions in
precipitation and increases in drought
severity and duration, especially in
the Southwest.

@ Less snow

B More snow
\Q\ *Y  Fengand Hu'®? In most areas of the country, the frac-

Trends in winter snow-to-total precipitation ratio from 1949 to 2005. Red circles indicate tion of precipitation falling as rain
less snow, while blue squares indicate more snow. Large circles and squares indicate versus snow has increased during
the most significant trends.'*® Areas south of 37°N latitude were excluded from the the last 50 years. Despite this general
analysis because most of that area receives little snowfall. White areas above that line

) ) : shift from snow to rain, snowfalls
have inadequate data for this analysis.
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Observed Water-Related Changes During the Last Century'¥

Observed Change

One to four week earlier peak streamflow

Direction of Change

Region Affected

due to earlier warming-driven snowmelt Farlier West and Northeast

Proportion of precipitation falling as snow Decreasing West and Northeast

Duration and extent of snow cover Decreasing Most of the United States

Mountain snow water equivalent Decreasing West

Annual precipitation Increasing Most of the United States

Annual precipitation Decreasing Southwest

Frequency of heavy precipitation events Increasing Most of the United States

Runoff and streamflow Decreasing CoIPrado and Columbia River
Basins

Streamflow Increasing Most of East

Amount of ice in mountain glaciers Decreasing U.S. western mountains,
Alaska

Water temperature of lakes and streams Increasing Most of the United States

Ice cover on lakes and rivers Decreasing Great Lakes and Northeast

Periods of drought Increasing Parts of West and East

Salinization of surface waters Increasing Florida, Louisiana

Widespread thawing of permafrost Increasing Alaska

Observed Drought Trends 1958 to 2007

e

Increaéing drought

=

Decreasing drought

Guttman and QuayleI44

Trends in end-of-summer drought as measured by the Palmer Drought Severity Index from 1958 to
2007 in each of 344 U.S. climate divisions.'** Hatching indicates significant trends.
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along the downwind coasts of the Great Lakes
have increased. Factors contributing to this
increase include reduced ice cover due to
warming, which lengthens the period of open
water. In addition, cold air moving over rela-
tively warm, open lake water induces strong
evaporation, often causing heavy lake-effect
snow. Heavy snowfall and snowstorm fre-
quency have increased in many northern parts
of the United States. In the South however,
where temperatures are already marginal for
heavy snowfall, climate warming has led to

a reduction in heavy snowfall and snowstorm
frequency. These trends suggest a northward
shift in snowstorm occurrence.®®

Floods and droughts are likely to
become more common and more
intense as regional and seasonal
precipitation patterns change, and
rainfall becomes more concentrated
into heavy events (with longer,
hotter dry periods in between).

Global Climate Change Impacts in the United States

Increases in the Number of Days with

Very Heavy Precipitation (1958 to 2007)
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Updated from Groisman et al'®

The map shows the percentage increases in the average number
of days with very heavy precipitation (defined as the heaviest
| percent of all events) from 1958 to 2007 for each region. There
are clear trends toward more days with very heavy precipitation
for the nation as a whole, and particularly in the Northeast

and Midwest.

While it sounds counterintuitive, a warmer

world produces both wetter and drier conditions.
Even though total global precipitation increases, the
regional and seasonal distribution of precipitation
changes, and more precipitation comes in heavier
rains (which can cause flooding) rather than light
events. In the past century, averaged over the
United States, total precipitation has increased by
about 7 percent, while the heaviest 1 percent of rain
events increased by nearly 20 percent.®® This has
been especially noteworthy in the Northeast, where
the annual number of days with very heavy precipi-
tation has increased most in the past 50 years, as
shown in the adjacent figure. Flooding often occurs
when heavy precipitation persists for weeks to
months in large river basins. Such extended periods
of heavy precipitation have also been increasing
over the past century, most notably in the past two
to three decades in the United States."?

Observations also show that over the past several
decades, extended dry periods have become more
frequent in parts of the United States, especially
the Southwest and the eastern United States.'**!¥
Longer periods between rainfalls, combined with

higher air temperatures, dry out soils and vegeta-
tion, causing drought.

For the future, precipitation intensity is projected
to increase everywhere, with the largest increases
occurring in areas in which average precipitation
increases the most. For example, the Midwest and
Northeast, where total precipitation is expected

to increase the most, would also experience the
largest increases in heavy precipitation events. The
number of dry days between precipitation events

is also projected to increase, especially in the more
arid areas. Mid-continental areas and the Southwest
are particularly threatened by future drought. The
magnitude of the projected changes in extremes is
expected to be greater than changes in averages,
and hence detectable sooner.**6890.142.148
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Precipitation and runoff are likely Projected Changes in Annual Runoff

to increase in the Northeast and
Midwest in winter and spring,
and decrease in the West,
especially the Southwest, in
spring and summer.

Runoff, which accumulates as streamflow,
is the amount of precipitation that is not
evaporated, stored as snowpack or soil
moisture, or filtered down to groundwater.
The proportion of precipitation that runs off
is determined by a variety of factors includ-

4020 -10 5 -2 2 5 10 20 40

ing temperature, wind speed, humidity, solar Percent Milly et al'>
intensity at the ground, vegetation, and soil Projected changes in median runoff for 2041-2060, relative to a 1901-1970
moisture. While runoff generally tracks baseline, are mapped by water-resource region. Colors indicate percentage

changes in runoff. Hatched areas indicate greater confidence due to strong
agreement among model projections. White areas indicate divergence among
model projections. Results are based on emissions in between the lower and

precipitation, increases and decreases in
precipitation do not necessarily lead to equal

increases and decreases in runoff. For ex- higher emissions scenarios.”"

ample, droughts cause soil moisture reduc-

tions that can reduce expected runoff until years, there have been widespread temperature-
soil moisture is replenished. Conversely, water-sat- related reductions in snowpack in the West, with
urated soils can generate floods with only moderate the largest reductions occurring in lower elevation
additional precipitation. During the last century, mountains in the Northwest and California where
consistent increases in precipitation have been snowfall occurs at temperatures close to the freez-
found in the Midwest and Northeast along with ing point.'>!5 The Northeast has also experienced
increased runoff.'**° Climate models consistently snowpack reductions during a similar period.
project that the East will experience increased run- Observations indicate a transition to more rain and
off, while there will be substantial declines in the less snow in both the West and Northeast in the last
interior West, especially the Southwest. Projections 50 years.!*13+156 Runoff in snowmelt-dominated
for runoff in California and other parts of the West areas is occurring up to 20 days earlier in the West,
also show reductions, although less than in the and up to 14 days earlier in the Northeast."”’!** Fu-
interior West. In short, wet areas are projected to ture projections for most snowmelt-dominated ba-
get wetter and dry areas drier. Climate models also sins in the West consistently indicate earlier spring
consistently project heat-related summer soil

moisture reductions in the middle of Simulated Changes in Annual Runoff Pattern

the Continent 115,142,146,149

—— Present
—— End-of-century

In areas where snowpack
dominates, the timing of runoff will
continue to shift to earlier in the
spring and flows will be lower in
late summer.

River Flow
Ieas f—e. TICHE

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Large portions of the West and some ar- Month Christensen o ol 152

eas in the Northeast rely on snowpack as a . ;
General schematic of changes in the annual pattern of runoff for snowmelt-

natural reservoir to hold winter precipita- dominated streams. Compared to the historical pattern, runoff peak is projected
tion until it later runs off as streamflow in to shift to earlier in the spring and late summer flows are expected to be lower. The
spring, summer, and fall. Over the last 50 above example is for the Green River, which is part of the Colorado River watershed.
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Trends in Peak Streamflow Timing

Observed Trends
1948 to 2002
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Stewart et al.

Top map shows changes in runoff timing in snowmelt-driven streams
from 1948 to 2002 with red circles indicating earlier runoff, and blue
circles indicating later runoff. Bottom map shows projected changes
in snowmelt-driven streams by 2080-2099, compared to 1951-1980,
under a higher emissions scenario.”

runoff, in some cases up to 60 days earlier.”’>* For
the Northeast, projections indicate spring runoff
will advance by up to 14 days.!"*® Earlier runoff
produces lower late-summer streamflows, which
stress human and environmental systems through
less water availability and higher water tempera-
tures.'* Scientific analyses to determine the causes
of recent changes in snowpack, runoff timing, and
increased winter temperatures have attributed these
changes to human-caused climate change.3#160-16!

Global Climate Change Impacts in the United States

Surface water quality and groundwater
quantity will be affected by a
changing climate.

Changes in water quality

Increased air temperatures lead to higher water
temperatures, which have already been detected in
many streams, especially during low-flow periods.
In lakes and reservoirs, higher water temperatures
lead to longer periods of summer stratification
(when surface and bottom waters do not mix).
Dissolved oxygen is reduced in lakes, reservoirs,
and rivers at higher temperatures. Oxygen is an
essential resource for many living things, and its
availability is reduced at higher temperatures both
because the amount that can be dissolved in water
is lower and because respiration rates of living
things are higher. Low oxygen stresses aquatic
animals such as coldwater fish and the insects and
crustaceans on which they feed.'? Lower oxygen
levels also decrease the self-purification capabili-
ties of rivers.

The negative effects of water pollution, includ-

ing sediments, nitrogen from agriculture, disease
pathogens, pesticides, herbicides, salt, and ther-
mal pollution, will be amplified by observed and
projected increases in precipitation intensity and
longer periods when streamflows are low.'*¢ The
U.S. Environmental Protection Agency expects the
number of waterways considered “impaired” by
water pollution to increase.'®> Heavy downpours
lead to increased sediment in runoff and outbreaks
of waterborne diseases.'*'* Increases in pollution
carried to lakes, estuaries, and the coastal ocean,
especially when coupled with increased tempera-
ture, can result in blooms of harmful algae and
bacteria. However, pollution has the potential

of being diluted in regions that experience
increased streamflow.

Water-quality changes during the last century were
probably due to causes other than climate change,
primarily changes in pollutants.'*

Changes in groundwater

Many parts of the United States are heavily de-
pendent on groundwater for drinking, residential,
and agricultural water supplies.'®* How climate
change will affect groundwater is not well known,



.

Heavy rain can cause sediments to become suspended in water,
reducing its quality, as seen in the brown swath above in New
York City’s Ashokan reservoir following Hurricane Floyd in
September 1999.

but increased water demands by society in regions
that already rely on groundwater will clearly stress
this resource, which is often drawn down faster
than it can be recharged.'** In many locations,
groundwater is closely connected to surface water
and thus trends in surface water supplies over time
affect groundwater. Changes in the water cycle that
reduce precipitation or increase evaporation and
runoff would reduce the amount of water avail-
able for recharge. Changes in vegetation and soils
that occur as temperature changes or due to fire or
pest outbreaks are also likely to affect recharge by
altering evaporation and infiltration rates. More
frequent and larger floods are likely to increase
groundwater recharge in semi-arid and arid areas,

Lake Superior Summer Air and Water Temperatures

1979 to 2006
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The recent large jump in summer water temperature is related to the

recent large reduction in ice cover (see Midwest region).

Austin and Colman'

Water Resources

where most recharge occurs through dry stream-
beds after heavy rainfalls and floods.'**

Sea-level rise is expected to increase saltwater
intrusion into coastal freshwater aquifers, making
some unusable without desalination."¢ Increased
evaporation or reduced recharge into coastal
aquifers exacerbates saltwater intrusion. Shallow
groundwater aquifers that exchange water with
streams are likely to be the most sensitive part of
the groundwater system to climate change. Small
reductions in groundwater levels can lead to large
reductions in streamflow and increases in ground-
water levels can increase streamflow.'® Further,
the interface between streams and groundwater is
an important site for pollution removal by microor-
ganisms. Their activity will change in response to
increased temperature and increased or decreased
streamflow as climate changes, and this will affect
water quality. Like water quality, research on the
impacts of climate change on groundwater has
been minimal.'¥

Climate change will place additional
burdens on already stressed
water systems.

In many places, the nation’s water systems are al-
ready taxed due to aging infrastructure, population
increases, and competition among water needs for
farming, municipalities, hydropower, recre-
ation, and ecosystems.!¢'® Climate change
will add another factor to existing water
management challenges, thus increasing
vulnerability.””” The U.S. Bureau of Recla-
mation has identified many areas in the West
that are already at risk for serious conflict
over water, even in the absence of climate
change'” (see figure next page).

Adapting to gradual changes, such as
changes in average amounts of precipitation,
is less difficult than adapting to changes in
extremes. Where extreme events, such as
droughts or floods, become more intense or
more frequent with climate change, the eco-
nomic and social costs of these events will
increase.'”? Water systems have life spans

of many years and are designed with spare

66
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capacity. These systems are thus able to cope with small changes in average conditions.'”> Water resource
planning today considers a broad range of stresses and hence adaptation to climate change will be one factor

among many in deciding what actions will be taken to minimize vulnerability.

Rapid regional population growth

172-174

The U.S. population is estimated to have grown to more than 300 million people, nearly a 7 percent increase
since the 2000 Census. Current Census Bureau projections are for this growth rate to continue, with the
national population projected to reach 350 million by 2025 and 420

million by 2050. The highest rates of population growth to 2025 are
projected to occur in areas such as the Southwest that are at risk for

reductions in water supplies due to climate change.'®’

Aging water infrastructure

The nation’s drinking water and wastewater infrastructure is aging.
In older cities, some buried water mains are over 100 years old and
breaks of these lines are a significant problem. Sewer overflows re-
sulting in the discharge of untreated wastewater also occur frequently.
Heavier downpours will exacerbate existing problems in many cities,

Damage to the city water system in Asheville,
North Carolina, due to heavy rain in 2004.

especially where stormwater catchments and sewers are combined.
Drinking water and sewer infrastructure is very expensive to install and maintain. Climate change will
present a new set of challenges for designing upgrades to the nation’s water delivery and sewage

removal infrastructure.'®®

Potential Water Supply Conflicts by 2025
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The map shows regions in the West where water supply conflicts are likely to occur
by 2025 based on a combination of factors including population trends and potential
endangered species’ needs for water. The red zones are where the conflicts are
most likely to occur. This analysis does not factor in the effects of climate change,
which is expected to exacerbate many of these already-identified issues.'”'

Existing water disputes across

the country

Many locations in the United States are
already undergoing water stress. The Great
Lakes states are establishing an interstate
compact to protect against reductions in
lake levels and potential water exports.
Georgia, Alabama, and Florida are in a
dispute over water for drinking, recreation,
farming, environmental purposes, and
hydropower in the Apalachicola—Chatta-
hoochee—Flint River system.!”>!76

The State Water Project in California is
facing a variety of problems in the Sacra-
mento Delta, including endangered species,
saltwater intrusion, and potential loss of
islands due to flood- or earthquake-caused
levee failures.””82 A dispute over endan-
gered fish in the Rio Grande has been on-
going for many years.!®* The Klamath River
in Oregon and California has been the
location of a multi-year disagreement over
native fish, hydropower, and farming.'$4!83
The Colorado River has been the site of
numerous interstate quarrels over the last
century.818” Large, unquantified Native



American water rights challenge existing uses in
the West (see Southwest region)."® By changing
the existing patterns of precipitation and runoff,
climate change will add another stress to
existing problems.

Changing water demands

Water demands are expected to change with in-
creased temperatures. Evaporation is projected to
increase over most of the United States as tempera-
tures rise. Higher temperatures and longer dry peri-
ods are expected to lead to increased water demand
for irrigation. This may be partially offset by more
efficient use of water by plants due to rising atmo-
spheric carbon dioxide. Higher temperatures are
projected to increase cooling water withdrawals by
electrical generating stations. In addition, greater
cooling requirements in summer will increase elec-
tricity use, which in turn will require more cooling
water for power plants. Industrial and municipal
demands are expected to increase slightly.!*¢

The past century is no longer a
reasonable guide to the future for
water management.

Water planning and management have been based
on historical fluctuations in records of stream
flows, lake levels, precipitation, temperature,
and water demands. All aspects of water
management including reservoir sizing,
reservoir flood operations, maximum urban
stormwater runoff amounts, and projected
water demands have been based on these
records. Water managers have proven adept
at balancing supplies and demand through
the significant climate variability of the

past century.'*> Because climate change

will significantly modify many aspects

of the water cycle, the assumption of an
unchanging climate is no longer appropriate

100
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century was significantly wetter than most other
centuries. Multi-decade “megadroughts” in the
years 900 to 1300 were substantially worse than
the worst droughts of the last century, including
the Dust Bowl era. The causes of these events are
only partially known; if they were to reoccur, they
would clearly stress water management, even in the
absence of climate change (see figure below).””1418

The intersection of substantial changes in the water
cycle with multiple stresses such as population
growth and competition for water supplies means
that water planning will be doubly challenging.
The ability to modify operational rules and water
allocations is likely to be critical for the protection
of infrastructure, for public safety, to ensure reli-
ability of water delivery, and to protect the environ-
ment. There are, however, many institutional and
legal barriers to such changes in both the short and
long term."® Four examples:

*  The allocation of the water in many interstate
rivers is governed by compacts, international
treaties, federal laws, court decrees, and other
agreements that are difficult to modify.

* Reservoir operations are governed by “rule

curves” that require a certain amount of space
to be saved in a reservoir at certain times of

Long-Term Aridity Changes in the West

More area in drought

Less area in drought

800 800 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

for many aspects of water planning. Past Year Cook et al'8?
assumptions derived from the historical The black line shows the percentage of the area affected by drought (Palmer
record about supply and demand will need to Drought Severity Index less than —I) in the West over the past 1,200 years.

be revisited for existing and proposed water

The red line indicates the average drought area in the years 900 to 1300. The
blue horizontal line in the yellow box indicates the average during the period

projects." 1317 from 1900 to 2000, illustrating that the most recent period, during which
population and water infrastructure grew rapidly in the West, was wetter
Drought studies that consider the past 1,200 than the long-term average (thin horizontal black line).'®® Droughts shown in

years indicate that in the West, the last

the period 1100-1300 significantly exceed those that have occurred over the
past 100 years.
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year to capture a potential flood. Devel- * In most parts of the West, water is allocated
oped by the U.S. Army Corps of Engineers based on a “first in time means first in right”
based on historical flood data, many of these system, and because agriculture was developed
rule curves have never been modified, and before cities were established, large volumes
modifications might require Environmental of water typically are allocated to agriculture.

Impact Statements.!!

Transferring agricultural rights to municipali-
ties, even for short periods during drought, can

involve substantial expense and time
Highlights of Water-Related Impacts by Sector and can be socially divisive.

Sector Examples of Impacts

) o . » Conserving water does not neces-
Heavy downpours increase incidence of waterborne dis-

sarily lead to a right to that saved
Human Health ease and floods, resulting in potential hazards to human life Y .g .. .
and health 163 water, thus creating a disincentive

for conservation.

Hydropower production is reduced due to low flows in

Energy Supply some regions. Power generation is reduced in fossil fuel [ Total U.S. water diversions peaked in
and Use and nuclear plants due to increased water temperatures | the 1980s, which implies that expand-
and reduced cooling water availability."' ing supplies in many areas to meet new

needs are unlikely to be a viable option,
especially in arid areas likely to experi-
ence less precipitation. However, over
the last 30 years, per capita water use

Intense precipitation can delay spring planting and damage | has decreased significantly (due, for
crops. Earlier spring snowmelt leads to increased number | example, to more efficient technologies

Floods and droughts disrupt transportation. Heavy down-
Transportation pours affect harbor infrastructure and inland waterways.
Declining Great Lakes levels reduce freight capacity.'”?

Agriculture and

Forests " S " .
of forest fires.'” such as drip irrigation) and it is antici-
pated that per capita use will continue
B s Coldwater fish threatened by rising water temperatures. | . decrease, thus easing stress.*?

Some warmwater fish will expand ranges.”

Adaptation: New York City Begins Planning for Climate Change

The New York City Department of Environmental Protection (DEP), the agency in charge of
providing the city’s drinking water and wastewater treatment, is beginning to alter its planning to

take into account the effects of climate change — sea-level rise, higher temperatures, increases in
extreme events, and changing precipitation patterns — on the city’s water systems. In partnership with
Columbia University, DEP is evaluating climate change projections, impacts, indicators, and adaptation
and mitigation strategies.

City planners have begun to address these issues by defining risks using probabilistic climate scenarios
and considering potential adaptations that relate to operations/management, infrastructure, and policy.
For example, DEP is examining the feasibility of relocating critical control systems to higher floors in
low-lying buildings or to higher ground, building flood walls, and modifying design criteria to reflect
changing hydrologic processes.

Important near-term goals of the overall effort include updating the existing 100-year flood elevations
using climate model projections and identifying additional monitoring stations needed to track changes.
DEP will also establish a system for reporting the impacts of extreme weather events on the City’s
watershed and infrastructure. In the immediate future, DEP will evaluate flood protection measures
for three existing water pollution control plants that are scheduled for renovation.'*
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Spotlight on the

Colorado River : - . The Colorado River system supplies water

=~ to over 30 million people in the Southwest

including Los Angeles, Phoenix, Las Vegas, and

Denver. Reservoirs in the system, including the

giant lakes Mead and Powell, were nearly full in

1999, with almost four times the annual flow of

the river stored. By 2007, the system had lost
approximately half of that storage after enduring t i
the worst drought in 100 years of record g
keeping.?” Runoff was reduced due to low winter
precipitation, and warm, dry, and windy spring

seasons that substantially reduced snowpack.

Numerous studies over the last 30 years have
indicated that the river is likely to experience
reductions in runoff due to climate change. In
addition, diversions from the river to meet the
needs of cities and agriculture are approaching
its average flow. Under current conditions,
even without climate change, large year-to-year
fluctuations in reservoir storage are possible.'*2
If reductions in flow projected to accompany
global climate change occur, water managers will
be challenged to satisfy all existing demands, let
alone the increasing demands of a rapidly
growing population.'¢”!%

Efforts are underway to address these challenges.
In 2005, the Department of Interior’s Bureau

of Reclamation began a process to formalize

R e 23,2003 operating rules for lakes Mead and Powell during
- times of low flows and to apportion limited water
among the states.'*

Matching photographs taken I8 months apart during the most
serious period of recent drought show a significant decrease in
Lake Powell.

Change in Water Volume of Lakes Mead and Powell
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The filling of Lake Mead (green) was initiated in 1935, and that of Lake Powell
(blue) in 1963. In 1999, the lakes were nearly full, but by 2007, the lakes had lost
nearly half of their storage water after the worst drought in 100 years.
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Woater and Energy Connections
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Water and energy are tightly interconnected; water systems use large
amounts of energy, and energy systems use large amounts of water.
Both are expected to be under increasing pressure in the future

and both will be affected by a changing climate. In the energy sector,
water is used directly for hydropower, and cooling water is critical for
nearly all other forms of electrical power generation. Withdrawals

of freshwater used to cool power plants that use heat to generate
electricity are very large, nearly equaling the water withdrawn for
irrigation. Water consumption by power plants is about 20 percent of
all non-agricultural uses, or half that of all domestic use.'”’

In the water sector, two very unusual attributes of water, significant weight due to its relatively

high density, and high heat capacity, make water use energy intensive. Large amounts of energy

are needed for pumping, heating, and treating drinking water and wastewater. VWater supply and
treatment consumes roughly 4 percent of the nation’s power supply, and electricity accounts for
about 75 percent of the cost of municipal water processing and transport. In California, 30 percent
of all non-power plant natural gas is used for water-related activities.'”®'*” The energy required

to provide water depends on its source (groundwater, surface water, desalinated water, treated
wastewater, or recycled water), the distance the water is conveyed, the amount of water moved, and
the local topography. Surface water often requires more treatment than groundwater. Desalination
requires large amounts of energy to produce freshwater. Treated wastewater and recycled water
(used primarily for agriculture and industry) require energy for treatment, but little energy for supply
and conveyance. Conserving water has the dual benefit of conserving energy and potentially reducing
greenhouse gas emissions if fossil fuels are the predominant source of that energy.

p—

(f U.s. DOE'

Water and energy are intimately connected. Water is used by the power generation sector for cooling, and energy is used
by the water sector for pumping, drinking water treatment, and wastewater treatment. Without energy, there would be
limited water distribution, and without water, there would be limited energy production.



Energy Supply and Use

Energy Supply
and Use

Key Messages:
*  Warming will be accompanied by decreases in demand for heating energy and

increases in demand for cooling energy. The latter will result in significant
Key Sources

increases in electricity use and higher peak demand in most regions.
CESE CCSP' C Energy production is likely to be constrained by rising temperatures and limited

water supplies in many regions.

Energy production and delivery systems are exposed to sea-level rise and
extreme weather events in vulnerable regions.
Climate change is likely to affect some renewable energy sources across the

IPCC IPCC

ACIA NAST

CCrT

nation, such as hydropower production in regions subject to changing patterns
of precipitation or snowmelt.

T

Energy is at the heart of the global warming
challenge.’ It is humanity’s production and use of
energy that is the primary cause of global warming,
and in turn, climate change will eventually affect
our production and use of energy. The vast majority
of U.S. greenhouse gas emissions, about 87 percent,
come from energy production and use.?*

At the same time, other U.S. trends are increasing
energy use: population shifts to the South, espe-
cially the Southwest, where
air conditioning use is high,
an increase in the square
footage built per person,

increased electrification of ‘Jm;&
the residential and commer- Agricuture 6.2%

cial sectors, and increased
market penetration of
air conditioning.>"!

Many of the effects of
climate change on energy
production and use in the
United States are not well
studied. Some of the effects

Soturces

Processess 4.5%

-

energy production and use. For instance, rising
temperatures are expected to increase energy re-
quirements for cooling and reduce energy require-
ments for heating.'****! Changes in precipitation
have the potential to affect prospects for hydropow-
er, positively or negatively.?’! Increases in hurricane
intensity are likely to cause further disruptions

to oil and gas operations in the Gulf, like those
experienced in 2005 with Hurricane Katrina and in
2008 with Hurricane Ike.**' Concerns about climate

Sources of U.S. Greenhouse Emissions (2003)

Breakdown
Industrial

Miscellaneous

o Emissions 3.0% ) ne 8%
\\

Nitrous Oxide i% H?hcarbons 2%

Adapted from U.S. EPA202

About 87 percent of U.S. greenhouse gas emissions come from energy production and use, as
shown in the left pie chart. The right pie chart breaks down these emissions by greenhouse gas.

of climate change, however,
have clear implications for
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Prlma_ry Energy Consumption change impacts will almost certainly alter percep-

by Major Source (1949 to 2007) tions and valuations of energy technology alterna-
45 tives. These effects are very likely to be relevant
for energy policies, decisions, and institutions in
Patroleurn the United States, affecting courses of action and
appropriate strategies for risk management.?”!

The overall scale of the national energy economy
is very large, and the energy industry has both
the financial and the managerial resources to be
adaptive. Impacts due to climate change are likely
to be most apparent at sub-national scales, such as
regional effects of extreme weather events and re-
duced water availability, and effects of increased
cooling demands on especially vulnerable places
and populations.?%*

CQuadrillion Btu

Hydroelectric Power' -

_J/—:W Warming will be accompanied by

oo decreases in demand for heating energy

1850 1860 187 1880 1880 2000 H H H
" Cotreatiional hydrosechls power. £A203 and increases in demand for cooling

U.S. energy supply is dominated by fossil fuels. Petroleum, energy. The latter will result in significant
the top source of energy shown above, is primarily used for increases in electricity use and higher

transportation (70 percent of oil use). Natural gas is used in peak demand in most regions.
roughly equal parts to generate electricity, power industrial

processes, and heat water and buildings. Coal is primarily used .
to generate electricity (91 percent of coal use). Nuclear power Research on the effects of climate change on en-

is used entirely for electricity generation. ergy production and use has largely been limited
to impacts on energy use in buildings. These
o studies have considered effects of global warmin
U.S. Electricity Sources (2007) on energy requirements for heating and cooling ¢
Other 0.3% in buildings in the United States.?”® They find that
| the demand for cooling energy increases from 5
to 20 percent per 1.8°F of warming, and the de-
y mand for heating energy drops by 3 to 15 percent
Petroleum & per 1.8°F of warming.?”® These ranges reflect
16% different assumptions about factors such as the
\ Nucfey rate of market tration of i d buildi
Other Gases 19.4% penetration of improved building

0.4% —— ﬂ,_ﬁ-ﬁ\ equipment technologies.

Other ,«/

Renewabies 2.4% Hyu!lmelectric Since nearly all of the cooling of buildings is

7.0% E1A203 provided by electricity use, whereas the vast

Coal, natural gas, and nuclear power plants together account for majority of the heating ofbulldlngs 18 prov1ded
about 90 percent of current U.S. electricity production. by natural gas and fuel 0il,?°"-?% the projected

Studies project that temperature increases due to
global warming are very likely to increase peak
demand for electricity in most regions of the
country.’”> An increase in peak demand can lead
to a disproportionate increase in energy infra-
structure investment.?”
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changes imply increased demands
for electricity. This is especially the
case where climate change would
result in significant increases in the
heat index in summer, and where
relatively little space cooling has
been needed in the past, but demands
are likely to increase in the future.”®
The increase in electricity demand is
likely to be accelerated by population
movements to the South and South-
west, which are regions of especially
high per capita electricity use, due to
demands for cooling in commercial
buildings and households.?*> Because
nearly half of the nation’s electric-
ity is currently generated from coal,
these factors have the potential to
increase total national carbon dioxide
emissions in the absence of improved
energy efficiency, development of
non-carbon energy sources, and/or
carbon capture and storage.?®

Energy Supply and Use

Change in Population
from 1970 to 2008

Population Change in Percent
0-49% M50-99% 100 -249% 250 - 499% M= 500%
U.S. Census2%’

M < -50% =48 - -1%
The map above, showing percentage changes in county population between 1970 and
2008, graphically illustrates the large increases in places that require air conditioning.
Areas with very large increases are shown in orange, red, and maroon. Some places had

enormous growth, in the hundreds of thousands of people. For example, counties in the
vicinity of South Florida, Atlanta, Los Angeles, Phoenix, Las Vegas, Denver, Dallas, and
Other effects of climate change on Houston all had very large increases.
energy consumption are less clear,
because little research has been done.
For instance, in addition to cooling,
air conditioners also remove moisture
from the air; thus the
increase in humidity

projected to accompany

205

Shifting Energy Demand in the United States by 2080-2099

C 7000
global warming is likely Cooling Degree Days
to increase electric- 6000 Historical
. . Lower Emissions
1ty consgrpptmn by coos .
air conditioners even ] Highar Emissions
205 @ Scenario®
further.®® As other ex- B 4000
amples, warming would 2
increase the use of air S 3000
conditioners in high- Heating Degree Days
: 2000 Histarical
way vehicles, and water Lower Emissions
: : : - Scanario™
scarcity in some regions 1000 W Hicher Emissions
has the potential to in- Scenario’
crease energy demands 0-
Mew York Chicago Dallas Los Angeles cmip3-g'!?

for water pumping. It is
important to improve
the information avail-
able about these other
kinds of effects.

“Degree days” are a way of measuring the energy needed for heating and cooling by adding up how many
degrees hotter or colder each day’s average temperature is from 65°F over the course of a year. Colder
locations have high numbers of heating degree days and low numbers of cooling degree days, while hotter
locations have high numbers of cooling degree days and low numbers of heating degree days. Nationally,
the demand for energy will increase in summer and decrease in winter. Cooling uses electricity while
heating uses a combination of energy sources, so the overall effect nationally and in most regions will be
an increased need for electricity. The projections shown in the chart are for late this century. The higher
emissions scenario® used here is referred to as “even higher” on page 23.
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Energy production is likely to be
constrained by rising temperatures and
limited water supplies in many regions.

In some regions, reductions in water supply due

to decreases in precipitation and/or water from
melting snowpack are likely to be significant,
increasing the competition for water among vari-
ous sectors including energy production (see Water
Resources sector).!?!:208

The production of energy from fossil fuels (coal,
oil, and natural gas) is inextricably linked to the
availability of adequate and sustainable supplies of
water.'”2% While providing the United States with
the majority of its annual energy needs, fossil fuels
also place a high demand on the nation’s water
resources in terms of both quantity and quality
impacts.'”2% Generation of electricity in thermal
power plants (coal, nuclear, gas, or oil) is water
intensive. Power plants rank only slightly behind
irrigation in terms of freshwater withdrawals in the
United States."”!

There is a high likelihood that water shortages will
limit power plant electricity production in many
regions. Future water constraints on electricity
production in thermal power plants are projected
for Arizona, Utah, Texas, Louisiana, Georgia, Ala-
bama, Florida, California, Oregon, and Washington
state by 2025."" Additional parts of the United
States could face similar constraints as a result

of drought, growing populations, and increasing
demand for water for various uses, at least season-
ally.?” Situations where the development of new
power plants is being slowed down or halted due
to inadequate cooling water are becoming more
frequent throughout the nation.""

The issue of competition among various water uses
is dealt with in more detail in the Water Resources
sector. In connection with these issues and other re-
gional water scarcity impacts, energy is likely to be
needed to move and manage water. This is one of
many examples of interactions among the impacts
of climate change on various sectors that, in this
case, affects energy requirements.

Global Climate Change Impacts in the United States

Nuclear, coal, and natural gas power plants require large
191

amounts of water for cooling.

In addition to the problem of water availability,
there are issues related to an increase in water
temperature. Use of warmer water reduces the effi-
ciency of thermal power plant cooling technologies.
And, warmer water discharged from power plants
can alter species composition in aquatic ecosys-
tems.”® Large coal and nuclear plants have been
limited in their operations by reduced river levels
caused by higher temperatures and thermal limits
on water discharge."!

The efficiency of thermal power plants, fossil

or nuclear, is sensitive to ambient air and water
temperatures; higher temperatures reduce power
outputs by affecting the efficiency of cooling.!!
Although this effect is not large in percentage
terms, even a relatively small change could have
significant implications for total national electric
power supply.”®! For example, an average reduction
of 1 percent in electricity generated by thermal
power plants nationwide would mean a loss of 25
billion kilowatt-hours per year,?'! about the amount
of electricity consumed by 2 million Americans, a
loss that would need to be supplied in some other
way or offset through measures that improve
energy efficiency.



Energy production and delivery
systems are exposed to sea-level
rise and extreme weather events in
vulnerable regions.

Sea-level rise

A significant fraction of America’s energy infra-
structure is located near the coasts, from power
plants, to oil refineries, to facilities that receive oil
and gas deliveries.””! Rising sea levels are likely to
lead to direct losses, such as equipment damage
from flooding or erosion, and indirect effects, such
as the costs of raising vulnerable assets to higher
levels or building new facilities farther inland, in-
creasing transportation costs.'”! The U.S. East Coast
and Gulf Coast have been identified as particularly
vulnerable to sea-level rise because the land is rela-
tively flat and also sinking in many places."!

Extreme events

Observed and projected increases in a variety of
extreme events will have significant impacts on the
energy sector. As witnessed in 2005, hurricanes

Energy Supply and Use

the Louisiana coast) was forced to close for six
months following Hurricane Katrina, resulting in
lost revenues to the plant’s owners and employees,
and higher prices to consumers, as gas had to be
procured from other sources.'!

The impacts of an increase in severe weather are
not limited to hurricane-prone areas. For example,
rail transportation lines, which carry approxi-
mately two-thirds of the coal to the nation’s power
plants,?'? often follow riverbeds, especially in the
Appalachian region."”! More intense rainstorms,
which have been observed and projected,®®!'? can
lead to rivers flooding, which can “wash out” or
degrade nearby railbeds and roadbeds."! This is
also a problem in the Midwest, which experienced
major flooding of the Mississippi River in 1993
and 2008.2"

Development of new energy facilities could be re-
stricted by siting concerns related to sea-level rise,
exposure to extreme events, and increased capital

costs resulting from a need to provide greater pro-

can have a debilitating impact on energy infrastruc- tection from extreme events.'!
ture. Direct losses to the energy industry in 2005
are estimated at $15 billion,"' with millions more
in restoration and recovery costs. As one example,

the Yscloskey Gas Processing Plant (located on

The electricity grid is also vulnerable to climate
change effects, from temperature changes to severe
weather events.'”! The most familiar example is

Regional Spotlight: Gulf Coast

The Gulf Coast is home to the U.S. oil and gas industries, representing

nearly 30 percent of the nation’s crude oil production and approximately
20 percent of its natural gas production. One-third of the national refining
and processing capacity lies on coastal plains adjacent to the Gulf of Mexico.

Several thousand offshore drilling platforms, dozens of refineries, and thousands
of miles of pipelines are vulnerable to damage and disruption due to sea-level rise
and the high winds and storm surge associated with hurricanes and other tropical
storms. For example, hurricanes Katrina and Rita halted all oil and gas production
from the Gulf, disrupted nearly 20 percent of the nation’s refinery capacity, and closed
many oil and gas pipelines.?* Relative sea-level rise in parts of the Gulf Coast region (Louisiana
and East Texas) is projected to be as high as 2 to 4 feet by 2050 to 2100, due to the combination

of global sea-level rise caused by warming oceans and melting ice and local land sinking.?'* Combined

with onshore and offshore storm activity, this would represent an increased threat to this regional energy

infrastructure. Some adaptations to these risks are beginning to emerge (see Adaptation box, page 58).

Oil and Gas

Offshore oil production is particularly susceptible to extreme weather events. Hurricane Ivan in 2004 destroyed
seven platforms in the Gulf of Mexico, significantly damaged 24 platforms, and damaged 102 pipelines. Hurricanes
Katrina and Rita in 2005 destroyed more than 100 platforms and damaged 558 pipelines. For example, Chevron’s
$250 million “Typhoon” platform was damaged beyond repair. Plans are being made to sink its remains to

the seafloor.
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Significant Weather-Related U.S. Electric Grid Disturbances
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The number of incidents caused by extreme weather has increased tenfold since 1992. The portion of all events
that are caused by weather-related phenomena has more than tripled from about 20 percent in the early 1990s
to about 65 percent in recent years. The weather-related events are more severe, with an average of about
180,000 customers affected per event compared to about 100,000 for non-weather-related events (and 50,000
excluding the massive blackout of August 2003).2°' The data shown include disturbances that occurred on the
nation’s large-scale “bulk” electric transmission systems. Most outages occur in local distribution networks and
are not included in the graph. Although the figure does not demonstrate a cause-effect relationship between
climate change and grid disruption, it does suggest that weather and climate extremes often have important
effects on grid disruptions. We do know that more frequent weather and climate extremes are likely in the
future,®® which poses unknown new risks for the electric grid.

Adaptation: Addressing Oil Infrastructure Vulnerabilities in the Gulf Coast

58

Port Fourchon, Louisiana, supports 75 percent of deepwater oil and gas
production in the Gulf of Mexico, and its role in supporting oil production
in the region is increasing. The Louisiana Offshore Oil Port, located

about 20 miles offshore, links daily imports of 1 million barrels of oil and
production of 300,000 barrels in the Gulf of Mexico to 50 percent of
national refining capacity. One road, Louisiana Highway 1, connects Port
Fourchon with the nation. It transports machinery, supplies, and workers
and is the evacuation route for onshore and offshore workers. Responding
to threats of storm surge and flooding, related in part to concerns about
climate change, Louisiana is currently upgrading Highway 1, including
elevating it above the 500-year flood level and building a higher bridge over
Bayou LaFourche and the Boudreaux Canal.?"”




Regional Spotlight: Florida’s

Energy Infrastructure

Energy Supply and Use

Florida’s energy infrastructure is particularly vulnerable to sea-level
rise and storm impacts. Most of the petroleum products consumed

P IR 2 in Florida are

recovery from recent major hurricanes.""

effects of severe weather events on power lines,
such as from ice storms, thunderstorms, and hur-
ricanes. In the summer heat wave of 2006, for
example, electric power transformers failed in
several areas (including St. Louis, Missouri, and
Queens, New York) due to high temperatures, caus-
ing interruptions of electric power supply. It is not
yet possible to project effects of climate change on
the grid, because so many of the effects would be
more localized than current climate change models
can depict; but, weather-related grid disturbances
are recognized as a challenge for strategic planning
and risk management.

Climate change is likely to affect some
renewable energy sources across the
nation, such as hydropower production
in regions subject to changing patterns
of precipitation or snowmelt.

Renewable sources currently account for about

9 percent of electricity production in the United
States.?”® Hydroelectric power is by far the largest
renewable contributor to electricity generation,'!
accounting for about 7 percent of total U.S. elec-
tricity.?'® Like many things discussed in this report,
renewable energy resources have strong interrela-
tionships with climate change; using renewable en-
ergy can reduce the magnitude of climate change,
while climate change can affect the prospects for
using some renewable energy sources.

Hydropower is a major source of electricity in
some regions of the United States, notably in the

delivered by barge to
three ports, two on
the east coast and one
on the west coast. The
interdependencies of natural
gas distribution, transportation
fuel distribution and delivery, and
electrical generation and distribution
were found to be major issues in Florida’s

! - _-"'-—-{_-
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Northwest."”! Tt is likely to be significantly affected
by climate change in regions subject to reduced
precipitation and/or water from melting snowpack.
Significant changes are already being detected in
the timing and amount of streamflows in many
western rivers,!%* consistent with the predicted ef-
fects of global warming. More precipitation coming
as rain rather than snow, reduced snowpack, earlier
peak runoff, and related effects are beginning to
affect hydropower availability.'**

Hydroelectric generation is very sensitive to chang-
es in precipitation and river discharge. For example,
every 1 percent decrease in precipitation results

in a 2 to 3 percent drop in streamflow;?"” every 1
percent decrease in streamflow in the Colorado
River Basin results in a 3 percent drop in power
generation.” Such magnifying sensitivities occur
because water flows through multiple power plants
in a river basin."”!

Climate impacts on hydropower occur when either
the total amount or the timing of runoff is altered,
such as when natural water storage in snowpack
and glaciers is reduced under hotter conditions.
Glaciers, snowpack, and their associated runoff are
already declining in the West, and larger declines
are projected.'®

Hydropower operations are also affected by chang-
es to air temperatures, humidity, or wind patterns
due to climate change."”! These variables cause
changes in water quantity and quality, including
water temperature. Warmer air and water generally
increase the evaporation of water from the surface
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of reservoirs, reducing the
amount of water available
for power production and
other uses. Huge reservoirs
with large surface areas,
located in arid, sunny parts
of the country, such as Lake
Mead (located on Arizona-
Nevada border on the Colo-
rado River), are particularly
susceptible to increased
evaporation due to warming,
meaning less water will be
available for all uses, includ-
ing hydropower."”! And,

where hydropower dams Hydroelectric dam in the Northwest
flow into waterways that
support trout, salmon or other coldwater fisheries, winds affect wind power, and temperature and wa-
warming of reservoir releases might have detrimen- ter availability affect biomass production (particu-
tal consequences that require changes in operations larly related to water requirements for biofuels)."”!
that reduce power production.'” Such impacts The limited research to date on these important is-
will increasingly translate into competition for sues does not support firm conclusions about where
water resources. such impacts would occur and how significant they
would be.?” This is an area that calls for much
Climate change is also likely to affect other renew- more study (see An Agenda for Climate Impacts
able energy sources. For example, changing cloud Science section, Recommendation 2).

cover affects solar energy resources, changes in

Regional Spotlight: Energy Significant impacts of warming on the energy sector can
Impacts of Alaska’s Rapid already be observed in Alaska, where temperatures have risen

Warming about twice as much as the rest of the nation. In Alaska, frozen
ground and ice roads are an important means of winter travel,
and warming has resulted in 2 much shorter cold season. Impacts
on the oil and natural gas industries on Alaska’s North Slope have
been one of the results. For example, the season during which oil
: and gas exploration and extraction equipment can be operated on the
~ tundra has been shortened due to warming. In addition, the thawing of
permafrost, on which buildings, pipelines, airfields, and coastal installations
supporting oil and gas development are located, adversely affects these structures
and increases the cost of maintaining them.'"'

Different energy impacts are expected in the marine environment as sea

ice continues to retreat and thin. These trends are expected to improve
shipping accessibility, including oil and gas transport by sea, around

the margins of the Arctic Basin, at least in the summer. The improved
accessibility, however, will not be uniform throughout the different

regions. Offshore oil exploration and extraction might benefit from -
less extensive and thinner sea ice, although equipment will have to be -
designed to withstand increased wave forces and ice movement.'?':22° —_
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Transportation

Transportation

Key Messages:
* Sea-level rise and storm surge will increase the risk of major coastal impacts,

including both temporary and permanent flooding of airports, roads, rail lines,

and tunnels.

Flooding from increasingly intense downpours will increase the risk of
disruptions and delays in air, rail, and road transportation, and damage from
mudslides in some areas.

The increase in extreme heat will limit some transportation operations and
cause pavement and track damage. Decreased extreme cold will provide some
benefits such as reduced snow and ice removal costs.

Increased intensity of strong hurricanes would lead to more evacuations,

infrastructure damage and failure, and transportation interruptions.
2y Arctic warming will continue to reduce sea ice, lengthening the ocean
- transport season, but also resulting in greater coastal erosion due to waves.

IF'L-G IPCC
| NRC ACIA NAST Permafrost thaw in Alaska will damage infrastructure. The ice road season will

L

s T | Arclic| | LS. become shorter.
M m e S

The U.S. transport sector is a significant source of greenhouse gases, accounting for 27 percent
of U.S. emissions.”?! While it is widely recognized that emissions from transportation have

a major impact on climate, climate change will also have a major impact
on transportation.

Climate change impacts pose significant challenges to our nation’s multi-
modal transportation system and cause disruptions in other sectors across

the economy. For example, major flooding in the Midwest in 1993 and 2008
restricted regional travel of all types, and disrupted freight and rail shipments
across the country, such as those bringing coal to power plants and chlorine
to water treatment systems. The U.S. transportation network is vital to the na-
tion’s economy, safety, and quality of life.

Extreme events present major challenges for transportation, and such events
are becoming more frequent and intense. Historical weather patterns are no
longer a reliable predictor of the future.?”? Transportation planners have not
typically accounted for climate change in their long-term planning and project
development. The longevity of transportation infrastructure, the long-term
nature of climate change, and the potential impacts identified by recent studies

Buildings and debris float up against
a railroad bridge on the Cedar River
during record flooding in June 2008,
warrant serious attention to climate change in planning new or rehabilitated in Cedar Rapids, lowa.

transportation systems.*>*

The strategic examination of national, regional, state, and local networks is an important step
toward understanding the risks posed by climate change. A range of adaptation responses can be
employed to reduce risks through redesign or relocation of infrastructure, increased redundancy
of critical services, and operational improvements. Adapting to climate change is an evolutionary
process. Through adoption of longer planning horizons, risk management, and adaptive respons-
es, vulnerable transportation infrastructure can be made more resilient.?
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Sea-level rise and storm surge will
increase the risk of major coastal
impacts, including both temporary and
permanent flooding of airports, roads,
rail lines, and tunnels.

Sea-level rise

Transportation infrastructure in U.S. coastal areas
is increasingly vulnerable to sea-level rise. Given
the high population density near the coasts, the
potential exposure of transportation infrastructure
to flooding is immense. Population swells in these
areas during the summer months because beaches
are very important tourist destinations.?*

In the Gulf Coast area alone, an estimated 2,400
miles of major roadway and 246 miles of freight
rail lines are at risk of permanent flooding

within 50 to 100 years as global warming and

land subsidence (sinking) combine to produce an
anticipated relative sea-level rise in the range of 4
feet.?” Since the Gulf Coast region’s transportation
network is interdependent and relies on minor roads
and other low-lying infrastructure, the risks of
service disruptions due to sea-level rise are likely to
be even greater.?”

Global Climate Change Impacts in the United States

Coastal areas are also major centers of economic
activity. Six of the nation’s top 10 freight gateways
(measured by the value of shipments) will be threat-
ened by sea-level rise.””? Seven of the 10 largest
ports (by tons of traffic) are located on the Gulf
Coast.?? The region is also home to the U.S. oil and
gas industry, with its offshore drilling platforms,
refineries, and pipelines. Roughly two-thirds of

all U.S. oil imports are transported through this
region®** (see Energy sector). Sea-level rise would
potentially affect commercial transportation activ-
ity valued in the hundreds of billions of dollars an-
nually through inundation of area roads, railroads,
airports, seaports, and pipelines.?'’

Storm surge

More intense storms, especially when coupled

with sea-level rise, will result in far-reaching and
damaging storm surges. An estimated 60,000 miles
of coastal highway are already exposed to periodic
flooding from coastal storms and high waves.?**
Some of these highways currently serve as evacu-
ation routes during hurricanes and other coastal
storms, and these routes could become seriously
compromised in the future.

Gulf Coast Area Roads at Risk from Sea-Level Rise
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Within 50 to 100 years, 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, within the range of projections for this region
in this century under medium- and high-emissions scenarios.”" In total, 24 percent of interstate highway miles and 28 percent
of secondary road miles in the Gulf Coast region are at elevations below 4 feet.2”



Regional
Spotlight:
Gulf Coast

Sea-level rise,
combined with high
rates of subsidence
in some areas,

will make much

of the existing
infrastructure more
prone to frequent
or permanent
inundation; 27
percent of the major roads, 9 percent of the rail
lines, and 72 percent of the ports in the area
shown on the map on the previous page are
built on land at or below 4 feet in elevation, a
level within the range of projections for relative
sea-level rise in this region in this century.
Increased storm intensity may lead to increased
service disruption and infrastructure damage.
More than half of the area’s major highways (64
percent of interstates, 57 percent of arterials),
almost half of the rail miles, 29 airports, and
virtually all of the ports, are below 23 feet in
elevation and subject to flooding and damage
due to hurricane storm surge. These factors
merit consideration in today’s transportation
decisions and planning processes.?"”

Coastal areas are projected to experience
continued development pressures as both
retirement and tourist destinations. Many of the
most populous counties of the Gulf Coast, which
already experience the effects of tropical storms,
are expected to grow rapidly in the coming
decades.?” This growth will generate demand for
more transportation infrastructure and services,
challenging transportation planners to meet the
demand, address current and future flooding, and
plan for future conditions.??

Land

More frequent inundation and interruptions in
travel on coastal and low-lying roadways and rail
lines due to storm surge are projected, potentially
requiring changes to minimize disruptions. More
frequent evacuations due to severe storm surges
are also likely. Across the United States, many
coastal cities have subways, tunnels, parking lots,
and other transportation infrastructure below

Transportation

ground. Underground tunnels and other low-lying
infrastructure will experience more frequent and

severe flooding. Higher sea levels and storm surges

will also erode road base and undermine bridge
supports. The loss of coastal wetlands and barrier
islands will lead to further coastal erosion due to
the loss of natural protection from wave action.

Water

Impacts on harbor infrastructure from wave dam-
age and storm surges are projected to increase.
Changes will be required in harbor and port
facilities to accommodate higher tides and storm

surges. There will be reduced clearance under some

waterway bridges for boat traffic. Changes in the
navigability of channels are expected; some will

become more accessible (and extend farther inland)

because of deeper waters, while others will be

restricted because of changes in sedimentation rates

and sandbar locations. In some areas, waterway
systems will become part of open water as barrier
islands disappear. Some channels are likely to have
to be dredged more frequently as has been done
across large open-water bodies in Texas.?*

Regional Spotlight:
New York
Metropolitan Area

With the potential for
significant sea-level rise
estimated under continued high levels of
emissions, the combined effects of sea-level
rise and storm surge are projected to increase
the frequency of flooding. What is currently
called a 100-year storm is projected to occur
as often as every 10 years by late this century.
Portions of lower Manhattan and coastal areas
of Brooklyn, Queens, Staten Island, and Nassau
County, would experience a marked increase
in flooding frequency. Much of the critical
transportation infrastructure, including tunnels,
subways, and airports, lies well within the range
of projected storm surge and would be flooded
during such events.?22:225:3¢9
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Air

Airports in coastal cities are often located adjacent
to rivers, estuaries, or open ocean. Airport runways
in coastal areas face inundation unless effective
protective measures are taken. There is the po-
tential for closure or restrictions for several of the
nation’s busiest airports that lie in coastal zones,
affecting service to the highest density populations
in the United States.

Flooding from increasingly intense
downpours will increase the risk of
disruptions and delays in air, rail, and
road transportation, and damage from
mudslides in some areas.

Heavy downpours have already increased substan-
tially in the United States; the heaviest 1 percent

of precipitation events increased by 20 percent,
while total precipitation increased by only 7 percent
over the past century."? Such intense precipitation
is likely to increase the frequency and severity

of events such as the Great Flood of 1993, which
caused catastrophic flooding along 500 miles of
the Mississippi and Missouri river system, paralyz-
ing surface transportation systems, including rail,
truck, and marine traffic. Major east-west traffic
was halted for roughly six weeks in an area stretch-
ing from St. Louis, Missouri, west to Kansas City,
Missouri and north to Chicago, Illinois, affecting
one-quarter of all U.S. freight, which either origi-
nated or terminated in the flood-affected region.?*

The June 2008 Midwest flood was the second
record-breaking flood in the past 15 years. Dozens
of levees were breached or overtopped in lowa,
Illinois, and Missouri, flooding huge areas, includ-
ing nine square miles in and around Cedar Rapids,
Iowa. Numerous highway and rail bridges were
impassable due to flooding of approaches and
transport was shut down along many stretches of
highway, rail lines, and normally navigable water-
ways.

Planners have generally relied on weather extremes
of the past as a guide to the future, planning, for
example, for a “100-year flood,” which is now
likely to come more frequently as a result of

Global Climate Change Impacts in the United States

climate change. Historical analysis of weather data
has thus become less reliable as a forecasting tool.
The accelerating changes in climate make it more
difficult to predict the frequency and intensity of
weather events that can affect transportation.??

Land

The increase in heavy precipitation will inevita-
bly cause increases in weather-related accidents,
delays, and traffic disruptions in a network already
challenged by increasing congestion.?'> There will
be increased flooding of evacuation routes, and
construction activities will be disrupted. Changes
in rain, snowfall, and seasonal flooding will impact
safety and maintenance operations on the nation’s
roads and railways. For example, if more precipita-
tion falls as rain rather than snow in winter and
spring, there will be an increased risk of landslides,
slope failures, and floods from the runoff, causing
road closures as well as the need for road repair and
reconstruction®?? (see Water Resources sector).

Increased flooding of roadways, rail lines, and
underground tunnels is expected. Drainage systems
will be overloaded more frequently and severely,
causing backups and street flooding. Areas where
flooding is already common will face more fre-
quent and severe problems. For example, Louisiana
Highway 1, a critical link in the transport of oil
from the Gulf of Mexico, has recently experienced
increased flooding, prompting authorities to elevate
the road (see Adaptation Box page 58).%!” Increases
in road washouts, damage to railbed support struc-
tures, and landslides and mudslides that damage
roads and other infrastructure are expected. If soil
moisture levels become too high, the structural
integrity of roads, bridges, and tunnels, which in
some cases are already under age-related stress and
in need of repair, could be compromised. Stand-
ing water will have adverse impacts on road base.
For example, damage due to long term submersion
of roadways in Louisiana was estimated to be $50
million for just 200 miles of state-owned highway.
The Louisiana Department of Transportation and
Development noted that a total of 1,800 miles of
roads were under water for long periods, requiring
costly repairs.””” Pipelines are likely to be damaged
because intense precipitation can cause the ground
to sink underneath the pipeline; in shallow river-
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Adaptation: ~ Climate Proofing a Road _—

Completion of a road around the 42-square mile
island of Kosrae in the U.S.-affiliated Federated
States of Micronesia provides a good example of
adaptation to climate change. A road around the
island’s perimeter existed, except for a 10-mile gap.
Filling this gap would provide all-weather land access
to a remote village and allow easier access to the
island’s interior.

In planning this new section of road, authorities decided to “climate-proof” it against
projected increases in heavy downpours and sea-level rise. This led to the section of road
being placed higher above sea level and with an improved drainage system to handle the
projected heavier rainfall. While there were additional capital costs for incorporating

this drainage system, the accumulated costs, including repairs and maintenance, would be
lower after about |5 years, equating to a good rate of return on investment. Adding this
improved drainage system to roads that are already built is more expensive than on new
construction, but still has been found to be cost effective.??

beds, pipelines are more exposed to the elements The increase in extreme heat will limit
and can be subject to scouring and shifting due to some transportation operations and
heavy precipitation.>'’ cause pavement and track damage.
Decreased extreme cold will provide
Water some benefits such as reduced snow and
Facilities on land at ports and harbors will be vul- ice removal costs.
nerable to short term flooding from heavy down-
pours, interrupting shipping service. Changes in Land
silt and debris buildup resulting from extreme pre- Longer periods of extreme heat in summer can
cipitation events will affect channel depth, increas- damage roads in several ways, including softening
ing dredging costs. The need to expand stormwater of asphalt that leads to rutting from heavy traffic.'**
treatment facilities, which can be a significant ex- Sustained air temperature over 90°F is a significant
pense for container and other terminals with large threshold for such problems (see maps page 34).
impermeable surfaces, will increase. Extreme heat can cause deformities in rail tracks,
at minimum resulting in speed restrictions and,
Air at worst, causing derailments. Air temperatures
Increased delays due to heavy downpours are above 100°F can lead to equipment failure (see
likely to affect operations, causing increasing flight maps page 90). Extreme heat also causes thermal
delays and cancellations.?”? Stormwater runoff that expansion of bridge joints, adversely affecting
exceeds the capacity of collection and drainage bridge operations and increasing maintenance
systems will cause flooding, delays, and airport costs. Vehicle overheating and tire deterioration are
closings. Heavy downpours will affect the struc- additional concerns.??> Higher temperatures will
tural integrity of airport facilities, such as through also increase refrigeration needs for goods during
flood damage to runways and other infrastructure. transport, particularly in the South, raising trans-
All of these impacts have implications for emer- portation costs.?!’
gency evacuation planning, facility maintenance,
and safety.”? Increases in very hot days and heat waves are ex-

pected to limit construction activities due to health
and safety concerns for highway workers. Guid-

65



U.S. Global Change Research Program

66

Regional Spotlight:
the Midwest

An example of intense precipitation affecting
transportation infrastructure was the record-
breaking 24-hour rainstorm in July 1996, which
resulted in flash flooding in Chicago and its
suburbs, with major impacts. Extensive travel
delays occurred on metropolitan highways and

railroads, and streets and bridges were damaged.

Commuters were unable to reach Chicago for
up to three days, and more than 300 freight
trains were delayed or rerouted.??

The June 2008 Midwest floods caused |-80

in eastern lowa to be closed for more than
five days, disrupting major east-west shipping
routes for trucks and the east-west rail lines
through lowa. These floods exemplify the kind
of extreme precipitation events and their direct
impacts on transportation that are likely to
become more frequent in a warming world.
These extremes create new and more difficult
problems that must be addressed in the design,
construction, rehabilitation, and operation of
the nation’s transportation infrastructure.

ance from the U.S. Occupational Safety and Health
Administration states that concern for heat stress
for moderate to heavy work begins at about 80°F
as measured by an index that combines tempera-
ture, wind, humidity, and direct sunlight. For dry
climates, such as Phoenix and Denver, National
Weather Service heat indices above 90°F might
allow work to proceed, while higher humidity areas
such as New Orleans or Miami should consider 80
to 85°F as an initial level for work restrictions.?”’
These trends and associated impacts will be exac-
erbated in many places by urban heat island effects
(see Human Health and Society sectors).

Global Climate Change Impacts in the United States

Wildfires are projected to increase, especially in
the Southwest (see Southwest region), threatening
communities and infrastructure directly and bring-
ing about road and rail closures in affected areas.

In many northern states, warmer winters will bring
about reductions in snow and ice removal costs,
lessen adverse environmental impacts from the use
of salt and chemicals on roads and bridges, extend
the construction season, and improve the mobility
and safety of passenger and freight travel through
reduced winter hazards. On the other hand, more
freeze-thaw conditions are projected to occur in
northern states, creating frost heaves and potholes
on road and bridge surfaces and resulting in load
restrictions on certain roads to minimize the dam-
age. With the expected earlier onset of seasonal
warming, the period of springtime load restrictions
might be reduced in some areas, but it is likely to
expand in others with shorter winters but longer
thaw seasons. Longer construction seasons will be
a benefit in colder locations.?*

Water

Warming is projected to mean a longer shipping
season but lower water levels for the Great Lakes
and St. Lawrence Seaway. Higher temperatures,
reduced lake ice, and increased evaporation are
expected to combine to produce lower water levels
as climate warming proceeds (see Midwest re-
gion). With lower lake levels, ships will be unable
to carry as much cargo and hence shipping costs
will increase. A recent study, for example, found
that the projected reduction in Great Lakes water
levels would result in an estimated 13 to 29 percent
increase in shipping costs for Canadian commercial
navigation by 2050, all else remaining equal.?*?

If low water levels become more common because
of drier conditions due to climate change, this could
create problems for river traffic, reminiscent of the
stranding of more than 4,000 barges on the Mis-
sissippi River during the drought in 1988. Freight
movements in the region could be seriously im-
paired, and extensive dredging could be required
to keep shipping channels open. On the other hand,
a longer shipping season afforded by a warmer
climate could offset some of the resulting adverse
economic effects.
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In cold areas, the projected decrease in very cold
days will mean less ice accumulation on vessels,
decks, riggings, and docks; less ice fog; and fewer
ice jams in ports.”?

Air

Rising temperatures will affect airport ground
facilities, runways in particular, in much the same
way they affect roads. Airports in some areas are
likely to benefit from reduction in the cost of snow
and ice removal and the impacts of salt and chemi-
cal use, though some locations have seen increases
in snowfall. Airlines could benefit from reduced
need to de-ice planes.

More heat extremes will create added operational
difficulties, for example, causing greater energy
consumption by planes on the ground. Extreme
heat also affects aircraft lift; because hotter air is
less dense, it reduces the lift produced by the wing
and the thrust produced by the engine — problems
exacerbated at high altitudes and high tempera-
tures. As a result, planes need to take off faster,
and if runways are not sufficiently long for aircraft
to build up enough speed to generate lift, aircraft
weight must be reduced. Thus, increases in ex-
treme heat will result in payload restrictions, could
cause flight cancellations and service disruptions

CCSP SAP 4.7
Inland waterways are an important part of the transportation network in
various parts of the United States. For example, these waterways provide
20 states with access to the Gulf of Mexico.2” As conditions become drier,
these main transportation pathways are likely to be adversely affected by the
resulting lower water levels, creating problems for river traffic. Names of

217 . . . .
Rising air temperatures increase

evaporation, contributing to dry
conditions, especially when accompa-
nied by decreasing precipitation. Even
where total annual precipitation does
not decrease, precipitation is projected
to become less frequent in many parts
of the country.®® Drought is expected to be an in-
creasing problem in some regions; this, in turn, has
impacts on transportation. For example, increased
susceptibility to wildfires during droughts could
threaten roads and other transportation infrastruc-
ture directly, or cause road closures due to fire
threat or reduced visibility such as has occurred

in Florida and California in recent years. There is
also increased susceptibility to mudslides in areas
deforested by wildfires. Airports could suffer from
decreased visibility due to wildfires. River trans-
port is seriously affected by drought, with reduc-
tions in the routes available, shipping season, and
cargo carrying capacity.

Increased intensity of strong hurricanes
would lead to more evacuations,
infrastructure damage and failure, and
transportation interruptions.

More intense hurricanes in some regions are a
projected effect of climate change. Three aspects
of tropical storms are relevant to transportation:
precipitation, winds, and wind-induced storm
surge. Stronger hurricanes have longer periods of
intense precipitation, higher wind speeds (dam-
age increases exponentially with wind speed??®),
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and higher storm surge and waves. Transporta-
tion planners, designers, and operators may need
to adopt probabilistic approaches to developing
transportation projects rather than relying on
standards and the deterministic approaches of the
past. The uncertainty associated with projecting
impacts over a 50- to 100-year time period makes
risk management a reasonable approach for realis-
tically incorporating climate change into decision
making and investment.*!

Land

There will be a greater probability of infrastruc-
ture failures such as highway and rail bridge
decks being displaced and railroad tracks being
washed away. Storms leave debris on roads and
rail lines, which can damage the infrastructure
and interrupt travel and shipments of goods. In
Louisiana, the Department of Transportation and

Spotlight on
Hurricane Katrina

Global Climate Change Impacts in the United States

Development spent $74 million for debris removal
alone in the wake of hurricanes Katrina and Rita.
The Mississippi Department of Transportation
expected to spend in excess of $1 billion to re-
place the Biloxi and Bay St. Louis bridges, repair
other portions of roadway, and remove debris. As
of June 2007, more than $672 million had

been spent.

There will be more frequent and potentially

more extensive emergency evacuations. Dam-

age to signs, lighting fixtures, and supports will
increase. The lifetime of highways that have been
exposed to flooding is expected to decrease. Road
and rail infrastructure for passenger and freight
services are likely to face increased flooding by
strong hurricanes. In the Gulf Coast, more than
one-third of the rail miles are likely to flood when
subjected to a storm surge of 18 feet.?”

Hurricane Katrina was one of the most
destructive and expensive natural disasters in
U.S. history, claiming more than 1,800 lives and

causing an estimated $134 billion in damage.?"?* It
also seriously disrupted transportation systems as key
highway and railroad bridges were heavily damaged or de-
stroyed, necessitating rerouting of traffic and placing increased
strain on other routes, particularly other rail lines. Replacement of
major infrastructure took from months to years. The CSX Gulf Coast line
was re-opened after five months and $250 million in reconstruction costs, while the

Biloxi-Ocean Springs Bridge took more than two years to reopen. Barge shipping was halted, as
was grain export out of the Port of New Orleans, the nation’s largest site of grain exports. The extensive
oil and gas pipeline network was shut down by the loss of electrical power, producing shortages of natural
gas and petroleum products. Total recovery costs for the roads, bridges, and utilities as well as debris

removal have been estimated at $15 billion to $18 billion.

Redundancies in the transportation system, as well as the storm
timing and track, helped keep the storm from having major or
long-lasting impacts on national-level freight flows. For example,
truck traffic was diverted from the collapsed bridge that carries
highway 1-10 over Lake Pontchartrain to highway I-12, which
parallels [-10 well north of the Gulf Coast. The primary north-
south highways that connect the Gulf Coast with major inland
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Hurricane Katrina damage to bridge

transportation hubs were not damaged and were open for nearly

full commercial freight movement within days. The railroads were

able to route some traffic not bound directly for New Orleans through Memphis and other Midwest rail
hubs. While a disaster of historic proportions, the effects of Hurricane Katrina could have been even
worse if not for the redundancy and resilience of the transportation network in the area.



Water

All aspects of shipping are disrupted by major
storms. For example, freight shipments need to

be diverted from the storm region. Activities at
offshore drilling sites and coastal pumping facili-
ties are generally suspended and extensive damage
to these facilities can occur, as was amply demon-
strated during the 2005 hurricane season. Refiner-
ies and pipelines are also vulnerable to damage
and disruption due to the high winds and storm
surge associated with hurricanes and other tropical
storms (see Energy sector). Barges that are unable
to get to safe harbors can be destroyed or severely
damaged. Waves and storm surge will damage
harbor infrastructure such as cranes, docks, and
other terminal facilities. There are implications for
emergency evacuation planning, facility mainte-
nance, and safety management.

Air

More frequent interruptions in air service and
airport closures can be expected. Airport facili-
ties including terminals, navigational equipment,
perimeter fencing, and signs are likely to sustain
increased wind damage. Airports are frequently
located in low-lying areas and can be expected to
flood with more intense storms. As a response to
this vulnerability, some airports, such as LaGuar-
dia in New York City, are already protected by
levees. Eight airports in the Gulf Coast region of
Louisiana and Texas are located in historical 100-
year flood plains; the 100-year flood events will be
more frequent in the future, creating the likelihood
of serious costs and disruption.?"”

Arctic warming will continue to
reduce sea ice, lengthening the ocean
transport season, but also resulting in
greater coastal erosion due to waves.
Permafrost thaw in Alaska will damage
infrastructure. The ice road season will
become shorter.

Special issues in Alaska

Warming has been most rapid in high northern
regions. As a result, Alaska is warming at twice the
rate of the rest of the nation, bringing both major
opportunities and major challenges. Alaska’s trans-
portation infrastructure differs sharply from that of

Transportation

the lower 48 states. Although Alaska is twice the
size of Texas, its population and road mileage are
more like Vermont’s. Only 30 percent of Alaska’s
roads are paved. Air travel is much more common
than in other states. Alaska has 84 commercial air-
ports and more than 3,000 airst