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Climate Change and the American People

Climate change, once considered an issue for a distant future, has moved firmly into the present.
This report of the National Climate Assessment and Development Advisory Committee
concludes that the evidence for a changing climate has strengthened considerably since the last
National Climate Assessment report, written in 2009. Many more impacts of human-caused
climate change have now been observed. Corn producers in lowa, oyster growers in Washington
State, and maple syrup producers in Vermont have observed changes in their local climate that
are outside of their experience. So, too, have coastal planners from Florida to Maine, water
managers in the arid Southwest and parts of the Southeast, and Native Americans on tribal lands
across the nation.

Americans are noticing changes all around them. Summers are longer and hotter, and periods of
extreme heat last longer than any living American has ever experienced. Winters are generally
shorter and warmer. Rain comes in heavier downpours, though in many regions there are longer
dry spells in between.

Other changes are even more dramatic. Residents of some coastal cities see their streets flood
more regularly during storms and high tides. Inland cities near large rivers also experience more
flooding, especially in the Midwest and Northeast. Hotter and drier weather and earlier snow
melt mean that wildfires in the West start earlier in the year, last later into the fall, threaten more
homes, cause more evacuations, and burn more acreage. In Alaska, the summer sea ice that once
protected the coasts has receded, and fall storms now cause more erosion and damage that is
severe enough that some communities are already facing relocation.

Scientists studying climate change confirm that these observations are consistent with Earth’s
climatic trends. Long-term, independent records from weather stations, satellites, ocean buoys,
tide gauges, and many other data sources all confirm the fact that our nation, like the rest of the
world, is warming, precipitation patterns are changing, sea level is rising, and some types of
extreme weather events are increasing. These and other observed climatic changes are having
wide-ranging impacts in every region of our country and most sectors of our economy. Some of
these changes can be beneficial, such as longer growing seasons in many regions and a longer
shipping season on the Great Lakes. But many more have already proven to be detrimental,
largely because society and its infrastructure were designed for the climate of the past, not for the
rapidly changing climate of the present or the future.

This National Climate Assessment collects, integrates, and assesses observations and research
from around the country, helping to show what is actually happening and what it means for
peoples’ lives, livelihoods, and future. This report includes analyses of impacts on seven selected
sectors: human health, water, energy, transportation, agriculture, forests, and ecosystems and
biodiversity. This report additionally focuses on the interactions among several sectors at the
national level. It also assesses key impacts on the regions of the U.S.: Northeast, Southeast and
Caribbean, Midwest, Great Plains, Southwest, Northwest, Alaska and the Arctic, Hawai‘i and the
Pacific Islands; as well as coastal areas, oceans, and marine resources. Finally, this report is the
first to explicitly assess the current state of adaptation, mitigation, and decision support activities.
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Climate change presents a major challenge for society. This report and the sustained assessment
process that is being developed represent steps forward in advancing our understanding of that
challenge and its far-reaching implications for our nation and the world.

The National Climate Assessment and Development Advisory Committee
Jerry Melillo, Chair
Terese Neu Richmond, Vice Chair

Gary Yohe, Vice Chair
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Executive Summary

Climate change is already affecting the American people. Certain types of weather events have
become more frequent and/or intense, including heat waves, heavy downpours, and, in some
regions, floods and droughts. Sea level is rising, oceans are becoming more acidic, and glaciers
and arctic sea ice are melting. These changes are part of the pattern of global climate change,
which is primarily driven by human activity.

Many impacts associated with these changes are important to Americans’ health and livelihoods
and the ecosystems that sustain us. These impacts are the subject of this report. The impacts are
often most significant for communities that already face economic or health-related challenges,
and for species and habitats that are already facing other pressures. While some changes will
bring potential benefits, such as longer growing seasons, many will be disruptive to society
because our institutions and infrastructure have been designed for the relatively stable climate of
the past, not the changing one of the present and future. Similarly, the natural ecosystems that
sustain us will be challenged by changing conditions. Using scientific information to prepare for
these changes in advance provides economic opportunities, and proactively managing the risks
will reduce costs over time.

Evidence for climate change abounds, from the top of the atmosphere to the depths of the oceans.
This evidence has been compiled by scientists and engineers from around the world, using
satellites, weather balloons, thermometers, buoys, and other observing systems. The sum total of
this evidence tells an unambiguous story: the planet is warming.

U.S. average temperature has increased by about 1.5°F since 1895; more than 80% of this
increase has occurred since 1980. The most recent decade was the nation’s hottest on record.
Though most regions of the U.S. are experiencing warming, the changes in temperature are not
uniform. In general, temperatures are rising more quickly at higher latitudes, but there is
considerable observed variability across the regions of the U.S.

U.S. temperatures will continue to rise, with the next few decades projected to see another 2°F
to 4°F of warming in most areas. The amount of warming by the end of the century is projected
to correspond closely to the cumulative global emissions of greenhouse gases up to that time:
roughly 3°F to 5°F under a lower emissions scenario involving substantial reductions in
emissions after 2050 (referred to as the “B1 scenario”), and 5°F to 10°F for a higher emissions
scenario assuming continued increases in emissions (referred to as the “A2 scenario”) (Ch. 2).

The chances of record-breaking high temperature extremes will continue to increase as the
climate continues to change. There has been an increasing trend in persistently high nighttime
temperatures, which have widespread impacts because people and livestock get no respite from
the heat. In other places, prolonged periods of record high temperatures associated with droughts
contribute to conditions that are driving larger and more frequent wildfires. There is strong
evidence to indicate that human influence on the climate has already roughly doubled the
probability of extreme heat events like the record-breaking summer of 2011 in Texas and
Oklahoma (Ch. 2,3,6,9,20).
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Human-induced climate change means much more than just hotter weather. Increases in ocean
and freshwater temperatures, frost-free days, and heavy downpours have all been documented.
Sea level has risen, and there have been large reductions in snow-cover extent, glaciers,
permafrost, and sea ice. Winter storms along the west coast and the coast of New England have
increased slightly in frequency and intensity. These changes and other climatic changes have
affected and will continue to affect human health, water supply, agriculture, transportation,
energy, and many other aspects of society (Ch. 2,3,4,5,6,10,12,16,20,24,25).

Some of the changes discussed in this report are common to many regions. For example, very
heavy precipitation has increased over the past century in many parts of the country. The largest
increases have occurred in the Northeast, Midwest, and Great Plains, where heavy downpours
have exceeded the capacity of infrastructure such as storm drains, and have led to flooding
events and accelerated erosion. Other impacts, such as those associated with the rapid thawing of
permafrost in Alaska, are unique to one U.S. region (Ch. 2,16,18,19,20,21,22,23).

Some impacts that occur in one region have more wide-ranging effects. For example, the
dramatic decline of summer sea ice in the Arctic — a loss of ice cover roughly equal to half of the
continental U.S. — exacerbates global warming by reducing the reflectivity of Earth’s surface and
increasing the amount of heat the Arctic absorbs. There is some evidence that this affects
weather patterns farther south in the United States. Similarly, wildfires in one region can trigger
poor air quality in far-away regions, and new evidence suggests the particulate matter in the
atmosphere affects global circulation, leading to more persistent periods of anomalous weather.
Major storms that hit the Gulf Coast affect the entire country through their cascading effects on
oil and gas production and distribution (Ch. 2,4,16,17,18,19,20,22).

Sea level rise, combined with coastal storms, has increased the risk of erosion, storm-surge
damage, and flooding for coastal communities, especially along the Gulf of Mexico, the Atlantic
seaboard, and Alaska. In the Southeast, coastal infrastructure including roads, rail lines, energy
infrastructure, and port facilities including naval bases, are at risk from storm surge that is
exacerbated by rising sea level. Over the past century, global sea level has risen by about 8
inches. Since 1992, the rate of global sea level rise measured by satellites has been roughly twice
the rate observed over the last century. Sea level is projected to rise by another 1 to 4 feet in this
century. A wider range of scenarios, ranging from 8 inches to 6.6 feet of rise by 2100, has been
suggested for use in risk-based analyses. In general, higher emissions scenarios that lead to more
warming would be expected to lead to sea level rise toward the upper end of the projected range.
The stakes are high, as nearly five million Americans live within four feet of the local high-tide
level (Ch. 2,4,10,16,17,20, 22,25).

In addition to changing climate, carbon dioxide from fossil fuel burning has a direct effect on the
world’s oceans. Carbon dioxide interacts with ocean water to form carbonic acid, lowering the
ocean’s pH. Ocean surface waters have become 30% more acidic as they have absorbed large
amounts of carbon dioxide from the atmosphere. This ocean acidification reduces the capacity of
marine organisms with shells or skeletons made of calcium carbonate (such as corals, krill,
oysters, clams, and crabs) to survive, grow, and reproduce, which in turn will affect the entire
marine food chain (Ch. 2,8,23,24,25).
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Climate change produces a variety of stresses on society, affecting human health, natural
ecosystems, built environments, and existing social, institutional, and legal agreements. These
stresses interact with each other and with other non-climate stresses, such as habitat
fragmentation, pollution, increased consumption patterns, and biodiversity loss. Addressing these
multiple stresses requires the assessment of composite threats as well as tradeoffs among the
costs, benefits, and risks of available response options (Ch.
3,5,8,9,10,11,14,16,19,20,25,26,27,28).

Climate change will influence human health in many ways; some existing health threats will
intensify, and new health threats will emerge. Some of the key drivers of health impacts include:
increasingly frequent and intense extreme heat, which causes heat-related illnesses and deaths
and over time, worsens drought and wildfire risks, and intensifies air pollution; increasingly
frequent extreme precipitation and associated flooding that can lead to injuries and increases in
marine and freshwater-borne disease; and rising sea levels that intensify coastal flooding and
storm surge. Certain groups of people are more vulnerable to the range of climate change-related
health impacts, including the elderly, children, the poor, and the sick. Others are vulnerable
because of where they live, including those in floodplains, coastal zones, and some urban areas.
In fact, U.S. population growth has been greatest in coastal zones and in the arid Southwest,
areas that already have been affected by increased risks from climate change. Just as some
choices can make us more vulnerable, other choices can make us more resilient. Maintaining a
robust public health infrastructure will be critical to managing the potential health impacts of
climate change (Ch. 2,7,9,11,12,13,16,18,20,25).

Climate change affects the entire living world, including people, through changes in ecosystems
and biodiversity. Ecosystems provide a rich array of benefits to humanity, including fisheries,
drinking water, fertile soils for growing crops, buffering from climate impacts, and aesthetic and
cultural values. These benefits are not always easy to quantify, but they translate into jobs,
economic growth, health, and human well-being. Climate change-driven perturbations to
ecosystems that have direct human impacts include reduced water supply and quality, the loss of
iconic species and landscapes, distorted rhythms of nature, and the potential for extreme events
to eliminate the capacity of ecosystems to provide benefits (Ch. 3, 6, 8, 12, 14, 23, 24).

Climate change and other human modifications of ecosystems and landscapes often increase
their vulnerability to damage from extreme events while at the same time reducing their natural
capacity to modulate the impacts of such events. Salt marshes, reefs, mangrove forests, and
barrier islands defend coastal ecosystems and infrastructure, including roads and buildings,
against storm surges; their losses from coastal development, erosion, and sea level rise increase
the risk of catastrophic damage during or after extreme weather events. Floodplain wetlands,
although greatly reduced from their historical extent, absorb floodwaters and reduce the effects
of high flows on river-margin lands. Extreme weather events that produce sudden increases in
water flow, often carrying debris and pollutants, can decrease the natural capacity of ecosystems
to process pollutants (Ch. 3, 7, 8, 25).

As climate change and its impacts are becoming more prevalent, Americans face choices. As a
result of past emissions of heat-trapping gases, some amount of additional climate change and
related impacts is now unavoidable. This is due to the long-lived nature of many of these gases,
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the amount of heat absorbed and retained by the oceans, and other responses within the climate
system. However, beyond the next few decades, the amount of climate change will still largely
be determined by choices society makes about emissions. Lower emissions mean less future
warming and less severe impacts; higher emissions would mean more warming and more severe
impacts. The choices about emissions pathway fall into a category of response options usually
referred to as “mitigation” — ways to reduce the amount and speed of future climate change by
reducing emissions of heat-trapping gases (Ch. 2, 26, 27).

The other major category of response options is known as “adaptation” and refers to changes
made to better respond to new conditions, thereby reducing harm or taking advantage of
opportunity. Mitigation and adaptation are linked, in that effective mitigation reduces the need
for adaptation. Both are essential parts of a comprehensive response strategy. The threat of
irreversible impacts makes the timing of mitigation efforts particularly critical. This report
includes chapters on Mitigation, Adaptation, and Decision Support that offer an overview of the
kinds of options and activities being planned or implemented around the country as governments
at local, state, federal, and tribal levels, businesses, other organizations, and individuals begin to
respond to climate change (Ch. 26, 27, 28).

Large reductions in global emissions, similar to the lower emissions scenario (B1) analyzed in
this assessment, would be necessary to avoid some of the worst impacts and risks of climate
change. The targets called for in international agreements would require even larger reductions
than those outlined in scenario B1 (Figure 1). Meanwhile, global emissions are still rising, and
are on track to be even higher than the high emissions scenario (A2) analyzed in this report. The
current U.S. contribution to global emissions is about 20%. Voluntary efforts, the recent shift
from coal to natural gas for electricity generation, and governmental actions in city, state,
regional, and federal programs under way and have contributed to reducing U.S. emissions in
the last few years. Some of these actions are motivated by climate concerns, sometimes with
non-climate co-benefits, while others are motivated primarily by non-climate objectives. These
U.S. actions and others that might be undertaken in the future are described in the Mitigation
chapter of this report; at present they are not sufficient to reduce total U.S. emissions to a level
that would be consistent with scenario B1 or the targets in international agreements (Ch. 2, 4,
27).

With regard to adaptation, the pace and magnitude of observed and projected changes emphasize
the need for being prepared for a wide variety and intensity of climate impacts. Because of the
influence of human activities, the past climate is no longer a sufficient indicator of future
conditions. Planning and managing based on the climate of the last century means that tolerances
of some infrastructure and species will be exceeded. For example, building codes and
landscaping ordinances will likely need to be updated not only for energy efficiency, but also to
conserve water supplies, protect against insects that spread disease, reduce susceptibility to heat
stress, and improve protection against extreme events. The knowledge that climate change is real
and accelerating points to the need to develop and refine approaches that enable decision-
making and increase flexibility, robustness, and resilience in the face of ongoing and future
impacts. Being prepared for such events paves the way for economic opportunities (Ch. 2, 3, 5,
9,11, 13, 26, 27, 28).
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Adaptation considerations include local, state, regional, national, and international jurisdictional
issues. For example, in managing water supplies to adapt to a changing climate, the implications
of international treaties should be considered in the context of managing the Great Lakes, the
Columbia River, and the Colorado River to deal with increased drought risk. Both “bottom up”
community planning and “top down” national strategies may help regions deal with impacts such
as increases in electrical brownouts, heat stress, floods, and wildfires. Such a mix of approaches
will require cross-boundary coordination at multiple levels as operational agencies integrate
adaptation planning into their programs (Ch. 3, 7, 9, 10, 18, 20, 21, 26, 28).

Proactively preparing for climate change can reduce impacts, while also facilitating a more rapid
and efficient response to changes as they happen. The Adaptation chapter in this report
highlights efforts at the federal, regional, state, tribal, and local levels, as well as initiatives in the
corporate and non-governmental sectors to build adaptive capacity and resilience towards
climate change (Ch. 28).

This report identifies a number of areas for which improved scientific information or
understanding would enhance the capacity to estimate future climate change impacts. For
example, knowledge of the mechanisms controlling the rate of ice loss in Greenland and
Antarctica is limited, making it difficult for scientists to narrow the range of future sea level rise.
Research on ecological responses to climate change is limited, as is understanding of social
responses and how ecological and social responses will interact (Ch. 29).

There is also a section on creating a sustained climate assessment process to more efficiently
collect and synthesize the rapidly evolving science and to help supply timely and relevant
information to decision-makers. Results from all of these efforts will continue to build our
understanding of the interactions of human and natural systems in the context of a changing
climate (Ch. 30).
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Report Findings

1. Global climate is changing, and this is apparent across the U.S. in a wide range of

O IN NI W~

11
12
13
14
15

16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31
32
33

34
35
36
37
38
39
40
41

observations. The climate change of the past 50 years is due primarily to human activities,
predominantly the burning of fossil fuels.

U.S. average temperature has increased by about 1.5°F since 1895, with more than 80% of
this increase occurring since 1980. The most recent decade was the nation’s warmest on
record. Because human-induced warming is superimposed on a naturally varying climate,
rising temperatures are not evenly distributed across the country or over time (Ch. 2).

Some extreme weather and climate events have increased in recent decades, and there is
new and stronger evidence that many of these increases are related to human activities.
Changes in extreme events are the primary way in which most people experience climate
change. Human-induced climate change has already increased the frequency and intensity of
some extremes. Over the last 50 years, much of the U.S. has seen an increase in prolonged
stretches of excessively high temperatures, more heavy downpours, and in some regions
more severe droughts (Ch. 2, 16, 17, 18, 19, 20, 23).

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

Heat-trapping gases already in the atmosphere have committed us to a hotter future with
more climate-related impacts over the next few decades. The magnitude of climate change
beyond the next few decades depends primarily on the amount of heat-trapping gases emitted
globally, now and in the future (Ch. 2, 27).

Impacts related to climate change are already evident in many sectors and are expected
to become increasingly challenging across the nation throughout this century and beyond.
Climate change is already affecting human health, infrastructure, water resources,
agriculture, energy, the natural environment, and other factors — locally, nationally, and
internationally. Climate change interacts with other environmental and societal factors in a
variety of ways that either moderate or exacerbate the ultimate impacts. The types and
magnitudes of these effects vary across the nation and through time. Several populations —
including children, the elderly, the sick, the poor, tribes and other indigenous people — are
especially vulnerable to one or more aspects of climate change. There is mounting evidence
that the costs to the nation are already high and will increase very substantially in the future,
unless global emissions of heat-trapping gases are strongly reduced (Ch. 3,4, 5,6, 7, 8,9, 10,
11,12, 13,14, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25).

Climate change threatens human health and well-being in many ways, including impacts
from increased extreme weather events, wildfire, decreased air quality, diseases
transmitted by insects, food, and water, and threats to mental health.

Climate change is increasing the risks of heat stress, respiratory stress from poor air quality,
and the spread of waterborne diseases. Food security is emerging as an issue of concern, both
within the U.S. and across the globe, and is affected by climate change. Large-scale changes
in the environment due to climate change and extreme weather events are also increasing the
risk of the emergence or reemergence of unfamiliar health threats (Ch. 2, 6,9, 11, 12, 16, 19,
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20, 22, 23).

Infrastructure across the U.S. is being adversely affected by phenomena associated with
climate change, including sea level rise, storm surge, heavy downpours, and extreme
heat.

Sea level rise and storm surges, in combination with the pattern of heavy development in
coastal areas, are already resulting in damage to infrastructure such as roads, buildings, ports,
and energy facilities. Infrastructure associated with military installations is also at risk from
climate change impacts. Floods along the nation’s rivers, inside cities, and on lakes following
heavy downpours, prolonged rains, and rapid melting of snowpack are damaging
infrastructure in towns and cities, farmlands, and a variety of other places across the nation.
Extreme heat is damaging transportation infrastructure such as roads, rail lines, and airport
runways. Rapid warming in Alaska has resulted in infrastructure impacts due to thawing of
permafrost and the loss of coastal sea ice that once protected shorelines from storms and
wave-driven coastal erosion (Ch. 2, 3,5, 6, 11, 16, 17, 18, 19, 20, 21, 22, 23, 25).

Reliability of water supplies is being reduced by climate change in a variety of ways that
affect ecosystems and livelihoods in many regions, particularly the Southwest, the Great
Plains, the Southeast, and the islands of the Caribbean and the Pacific, including the state
of Hawai'i.

Surface and groundwater supplies in many regions are already stressed by increasing demand
for water as well as declining runoff and groundwater recharge. In many regions, climate
change increases the likelihood of water shortages and competition for water among
agricultural, municipal, and environmental uses. The western U.S. relies heavily on mountain
snowpack for water storage, and spring snowpack is declining in most of the West. There is
an increasing risk of seasonal water shortages in many parts of the U.S., even where total
precipitation is projected to increase. Water quality challenges are also increasing,
particularly sediment and contaminant concentrations after heavy downpours (Ch. 2, 3, 12,
16, 17, 18, 19, 20, 21, 23).

. Adverse impacts to crops and livestock over the next 100 years are expected. Over the

next 25 years or so, the agriculture sector is projected to be relatively resilient, even
though there will be increasing disruptions from extreme heat, drought, and heavy
downpours. U.S. food security and farm incomes will also depend on how agricultural
systems adapt to climate changes in other regions of the world.

Near-term resilience of U.S. agriculture is enhanced by adaptive actions, including expansion
of irrigated acreage in response to drought, regional shifts in crops and cropped acreage,
continued technological advancements, and other adjustments. By mid-century, however,
when temperature increases and precipitation extremes are further intensified, yields of major
U.S. crops are expected to decline, threatening both U.S. and international food security. The
U.S. food system also depends on imports, so food security and commodity pricing will be
affected by agricultural adaptation to climate changes and other conditions around the world
(Ch. 2,6, 12,13, 14, 18, 19).
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Natural ecosystems are being directly affected by climate change, including changes in
biodiversity and location of species. As a result, the capacity of ecosystems to moderate
the consequences of disturbances such as droughts, floods, and severe storms is being
diminished.

In addition to climate changes that directly affect habitats, events such as droughts, floods,
wildfires, and pest outbreaks associated with climate change are already disrupting
ecosystem structures and functions in a variety of direct and indirect ways. These changes
limit the capacity of ecosystems such as forests, barrier beaches, and coastal- and freshwater-
wetlands to adapt and continue to play important roles in reducing the impacts of these
extreme events on infrastructure, human communities, and other valued resources (Ch. 2, 3,
6,7,8,10,11, 14, 15, 19, 25).

Life in the oceans is changing as ocean waters become warmer and more acidic.

Warming ocean waters and ocean acidification across the globe and within U.S. marine
territories are broadly affecting marine life. Warmer and more acidic waters are changing the
distribution of fish and other mobile sea life, and stressing those, such as corals, that cannot
move. Warmer and more acidic ocean waters combine with other stresses, such as
overfishing and coastal and marine pollution, to negatively affect marine-based food
production and fishing communities (Ch. 2, 23, 24, 25).

Planning for adaptation (to address and prepare for impacts) and mitigation (to reduce
emissions) is increasing, but progress with implementation is limited.

In recent years, climate adaptation and mitigation activities have begun to emerge in many
sectors and at all levels of government; however barriers to implementation of these activities
are significant. The level of current efforts is insufficient to avoid increasingly serious
impacts of climate change that have large social, environmental, and economic
consequences. Well-planned and implemented actions to limit emissions and increase
resilience to impacts that are unavoidable can improve public health, economic development
opportunities, natural system protection, and overall quality of life (Ch. 6, 7, 8, 9, 10, 13, 15,
26, 27, 28).
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Table 1.1: Regional Observations of Climate Change

Regional Observations of Climate Change

Northeast

Heat waves, coastal flooding due to sea level rise and storm surge, and
river flooding due to more extreme precipitation events are affecting
communities in the region.

Southeast

Decreased water availability, exacerbated by population growth and land-
use change, is causing increased competition for water; risks associated
with extreme events like hurricanes are increasing.

Midwest

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

Great Plains

Rising temperatures are leading to increased demand for water and energy
and impacts on agricultural practices.

Southwest

Drought and increased warming have fostered wildfires and increased
competition for scarce water resources for people and ecosystems.

Northwest

Changes in the timing of streamflow related to earlier snowmelt have
already been observed and are reducing the supply of water in summer,
causing far-reaching ecological and socioeconomic consequences.

Alaska

Summer sea ice is receding rapidly, glaciers are shrinking, and permafrost
is thawing, causing damage to infrastructure and major changes to
ecosystems; impacts to Alaska native communities are increasing.

Hawaii

Increasingly constrained freshwater supplies, coupled with increased
temperatures, are stressing both people and ecosystems, and decreasing
food and water security.

Coasts

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

Oceans

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

There are several themes that run throughout the assessment. These include: the “multiple
stresses context” in which climate change impacts must be interpreted; the effects of
socioeconomic and cultural decisions on vulnerabilities to climate change; and the importance of
considering climate-change impacts on the U.S. in an international context.

1. Climate change should be considered in the context of multiple factors

Climate change and its impacts cannot be adequately assessed in isolation. Rather, they are part
of a broader context including many other factors such as: land-use change, local economies, air
and water pollution, and rates of consumption of resources. This perspective has implications for
assessments of climate change impacts and the design of research questions at the national,
regional, and local scales. This assessment begins to explore the consequences of interacting
factors by focusing on sets of crosscutting issues in a series of six chapters: Water, Energy, and
Land Use; Biogeochemical Cycles; Impacts of Climate Change on Tribal Lands and Resources;
Urban Infrastructure and Vulnerability; Land Use and Land Cover Change; and Impacts on Rural
Communities. This Assessment also includes discussions of cascading impacts in several
chapters (particularly in the Urban Infrastructure and Vulnerability Chapter and the Water,
Energy, and Land Use Chapter), and emphasizes that many of the impacts identified in the
Assessment will occur in parallel, not in isolation from one another. As illustrated by recent
events, this greatly stresses the capacity to respond to a series of climate-related crises that occur
simultaneously or soon after one another.

2. Societal choices affect vulnerability to climate change impacts.

Because environmental, cultural and socioeconomic systems are tightly coupled, climate change
impacts can either be amplified or reduced by cultural and/or socioeconomic decisions. In the
context of the “risk-based framing” for their chapters, the authors of this report were asked to
focus on attributes of regions and sectors most likely to experience significant impacts. In many
chapters, it is clear that societal decisions have the greatest impact on valued resources. For
example, rapid population growth and development in areas that are particularly susceptible to
climate change impacts can amplify those impacts. Recognition of these couplings, together with
recognition of the multiple-stresses perspective, helps identify the information needs of decision-
makers as they manage risk.

3. Importance of the international context

Climate change is a global phenomenon; the causes and the impacts involve energy-use and risk-
management decisions across the globe. Impacts, vulnerabilities, and opportunities in the U.S.
are related in complex and interactive ways with changes outside the U.S., and vice versa. In
order for U.S. concerns related to climate change to be addressed comprehensively, the
international context must be considered. U.S. security, foreign assistance, and economic
interests are affected by climate changes experienced in other parts of the world. Although there
is significantly more work to be done in this area, this report does identify some initial
implications of global and international trends that can be more fully investigated in future
assessments.
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4. Thresholds, Tipping Points, and Surprises

A significant issue in studying and preparing for global climate change is the fact that changes in
human, social, and physical systems do not always occur gradually. Same changes may occur in
a relatively predictable way, while others involve unexpected break-points or thresholds beyond
which there are irreversible changes or changes of higher magnitudes than expected based on
previous experience. These “tipping points” are very hard to predict, as there are many
uncertainties associated with understanding future conditions. These uncertainties come from a
number of sources, including insufficient data associated with low probability/high consequence
events, models that are not yet able to represent the interactions of multiple stresses, incomplete
understanding of physical climate mechanisms related to tipping points, and a multitude of issues
associated with human behavior, risk management, and decision-making.

5. Weather and Climate Extremes

Understanding how climate is changing requires consideration of changes in the average climate
as well as changes in “extremes” — weather and climate events like hot spells, heavy rains,
periods of drought and flooding, and severe storms. The climate change impacts expected to
have the greatest consequences are those involving extremes: changes in the frequency, intensity,
timing, duration, and spatial extent of such extremes, as well as through the occurrence of
unprecedented extremes.

29 <6

Terms like “weather-extremes,” “climate extremes,” “heat waves,” and “heavy downpours” need
to be defined when used in a scientific context. Researchers use different definitions depending
on which characteristics of extremes they are choosing to explore at any one time, in the context
of the particular issue they are studying. Nevertheless, most of the scientific literature on
extremes uses definitions that fall roughly into two categories (IPCC 2012): those related to the
probability of occurrence of a certain type of event, and those related to exceeding a particular
threshold.

For example, common measures of extremes include the number, percentage, or fraction of days
in a month, season, or year with maximum (or minimum) temperature above the 90th, 95th, or
99th percentile compared to a reference time period (for example, 1961-1990) — or alternatively,
how often a threshold temperature (for example, 32°F or 90°F) is exceeded during a given
decade. Alternative definitions refer to how often, on average, an event of a specific magnitude
occurs (sometimes called the “return period”) — for example, how frequently we might expect to
see daily rainfall exceeding two inches in a given region.

In addition, extremes occur over different time periods, ranging from events lasting a few days to
a few weeks, like a heat wave or cold snap, to those that happen over longer timescales, such as a
period of drought or an unusually hot summer.

Changes in extremes are often more difficult to study than changes in the average climate
because of the smaller data sample for particularly rare events. This is less of an issue for so-
called “moderate extremes,” such as those occurring as often as 5% to 10% of the time. For more
“extreme extremes,” statistical methods are often used to overcome these sampling issues.

For any given aspect of climate, such as temperature or precipitation, it is important to look at a
variety of measures to get an overall picture of the changes in extremes. For the several types of
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extremes discussed in Chapter 2: Our Changing Climate under Key Messages 6, 7, and 8, for
example, the cited studies address different, complementary aspects of each of these phenomena.
In the impact studies cited in other chapters, the word “extreme” is often defined differently
within different sectors, such as water or health. However, collectively, these studies paint a
consistent picture of changes in average climate as well as changes across a range of weather and
climate extremes in the United States.
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About This Report

The development of this draft National Climate Assessment (NCA) report was overseen by the
60-member National Climate Assessment and Development Advisory Committee (NCADAC), a
Federal Advisory Committee (FAC) appointed by the Secretary of Commerce at the request of
the National Science and Technology Council (NSTC). The NSTC is required, under the 1990
Global Change Research Act (GCRA, Title 15 USC Sec 2921 2012), to provide such reports
periodically to the President and the Congress. The report, which assesses current scientific
findings about the observed and projected impacts of climate change on the United States, relies
heavily on the findings of the U.S. Global Change Research Program (USGCRP) (USGCRP
2012). USGCRP activities include observations, monitoring, modeling, process research, and
data management focused on discerning global change impacts and informing response options
such as adaptation and mitigation. After government review, this report is expected to become
the third National Climate Assessment (Karl et al. 2009; USGCRP 2000).

As required by Section 106 of the GCRA, the NCA integrates, evaluates, and synthesizes the
science of climate and global change and the observed and projected impacts of climate change
on the U.S. The assessment integrates the findings of USGCRP with climate-change research
and scientific observations from around the world. Major topics in the assessment include
evaluating current understanding of climate change science as well as related impacts on various
societal and environmental sectors and regions across the nation. The goal of this assessment
report is to establish a scientific and credible foundation of information that is useful for a variety
of science and policy applications related to managing risk and maximizing opportunities in a
changing climate. The report also documents some societal responses to climate changes, and
gives public and private decision-makers a better understanding of how climate change is
affecting us now and what is in store for the future.

Authorship and Review and Approval Process

A team of more than 240 experts operating under the authority of the NCADAC wrote this
document. The NCADAC was assisted by the staff of the USGCRP National Coordination
Office, a Technical Support Unit located at the NOAA National Climatic Data Center, and
communication specialists in development of this draft report. The report will be extensively
reviewed and revised based on comments from the National Research Council of the National
Academies of Science and the public. It will then be submitted for review and approval by the
National Oceanic and Atmospheric Administration, other agencies of the Subcommittee on
Global Change Research, the Committee on the Environment and Natural Resources of the
NSTC, and the NSTC itself. Upon approval, the report will be transmitted to Congress and the
President. The entire process is designed to ensure that the report meets all federal requirements
associated with the Information Quality Act, including those pertaining to public comment and
transparency (OMB 2012).

Stakeholder Engagement

This third National Climate Assessment effort has included extensive involvement of
stakeholders in providing inputs to the structure and substance of the report. Teams of regional
and sectoral experts, decision-makers, and stakeholders were formed to provide technical input
and data to the Assessment process. Stakeholder and expert groups participated in more than 70
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workshops and listening sessions. Participants included public and private decision-makers,
resource and environmental managers, researchers, non-governmental organizations, and the
general public (USCGCRP 2012). Stakeholders from various regions and sectors identified
climate-change issues and information they asked to be considered in the assessment. In
addition, a number of stakeholder groups submitted data and written reports related to their
knowledge about specific climate change issues in response to a request for such input through
the Federal Register. A communications and engagement workgroup of the FAC provided
oversight and advice regarding the events and engagement processes that led to this report.

Sources of Information

The report draws from a large body of scientific peer-reviewed research published or in press by
July 31, 2012. This new work was carefully reviewed by the author teams to ensure a reliable
assessment of the state of scientific understanding. Another important source of information for
this report was a set of technical input reports produced by federal agencies and other interested
parties in response to a request for information by the Assessment’s federal advisory committee
(USGCRP 2012). In addition, other peer-reviewed scientific assessments were used, including
those of the Intergovernmental Panel on Climate Change, the U.S. National Assessment’s 2009
report, Global Climate Change Impacts in the United States (Karl et al. 2009), the National
Academy of Science’s America’s Climate Choices reports (NRC 2011), and a variety of regional
climate impact assessments. These assessments were augmented with government statistics as
necessary (such as population census and energy usage) as well as publicly available
observations. The final version of this report will be deployed electronically as an “e-book,”
allowing for linkages across and within topics and chapters as well as transparent, clickable
access to the data and references behind each of the conclusions.

Responding to Climate Change

While the primary focus of this report is on the impacts of climate change in the U.S., it also
documents 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 reducing emissions of heat-trapping gases
and particles, or increasing removal of carbon dioxide from the atmosphere. The second involves
“adaptation” measures to improve society’s ability to cope with or avoid harmful impacts and
take advantage of beneficial ones, now and in the future. At this point, both of these response
activities are necessary to limit the magnitude and impact of global climate change on the United
States. More effective mitigation measures can reduce the amount of climate change, and
therefore the need for adaptation in the future.

This report underscores the effect of mitigation by comparing impacts resulting from higher
versus lower emissions scenarios. This shows that choices made about emissions in the next few
decades will have far-reaching consequences for climate change impacts in the middle to latter
part of this century. 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 effectiveness of various approaches. These issues are the subject of ongoing studies by the
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U.S. Government’s Climate Change Technology Program and several federal agencies including
the Department of Energy, Environmental Protection Agency, Department of Transportation, and
Department of Agriculture. The range of mitigation responses being studied by these agencies
includes, but is not limited to, more efficient production and use of energy, increased use of non-
carbon-emitting energy sources, and carbon capture and storage.

Adaptation actions are complementary to mitigation options. They are focused on moderating
harmful impacts of current and future climate variability and change, and taking advantage of
possible beneficial opportunities arising from climate change. While this report does assess the
current state of adaptation actions and planning across the country, the implementation of
adaptive actions is still nascent, and a comprehensive assessment of actions taken, and of their
effectiveness, is not yet possible. This report documents actions currently being pursued to
address impacts such as increased urban heat extremes and air pollution, and describes the
challenges decision makers face in planning for and implementing adaptation responses.

Risk-Based Framing

Authors of this assessment were asked to approach it from the perspective of a decision-maker
trying to limit risk to valued systems, resources, and communities (and to consider opportunities
as well). For each chapter, they were asked to frame a number of key questions or issues that
address the most important information needs of stakeholders, and consider the decisions
stakeholders are facing. The criteria provided for identifying key vulnerabilities in their sector or
region included: magnitude, timing, persistence/reversibility, distributional aspects, likelihood,
and importance of impacts (based on the perceptions of relevant parties) as well as the potential
for adaptation. For the purposes of this assessment, risk was defined as the product of likelihood
and consequence, and authors were encouraged to think about these topics from both a
quantitative and qualitative perspective, and to consider the influence of multiple stresses if
possible.

Assessing Confidence

The level of confidence the chapter authors have in the key findings they report is given in
“traceable accounts” that accompany each chapter. A traceable account is intended to: 1)
document the process the authors used to come to the conclusions in their key messages; 2)
provide additional information to reviewers about the quality of the information used; and 3)
allow traceability to data and resources. The authors have assessed a wide range of information
in the scientific literature and previous technical reports. In assessing confidence, they have
considered the strength and consistency of the observed evidence, the skill, range, and
consistency of model projections, and insights about processes and climate from peer-reviewed
sources.

Assessing Likelihood

When it is considered scientifically justified to report the likelihood of particular impacts within
the range of possible outcomes, this report takes a plain-language approach to expressing the
expert judgment of the author team based on the best available evidence. For example, an
outcome termed “likely” has at least a two-thirds chance of occurring; an outcome termed “very
likely,” at least a 90% chance. Key sources of information used to develop these
characterizations of uncertainty are referenced.
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Addressing Incomplete Scientific Understanding

Within each traceable account, the authors identify areas where a lack of information and/or
scientific uncertainty limits their ability to estimate future climate change and its impacts. The
section on “An Agenda for Climate Impacts Science” at the end of this report highlights some of
the areas suggested for additional research.

Scenarios

Scenarios are ways to help understand what future conditions might be, with each scenario an
example of what might happen under particular assumptions. Scenarios are not predictions or
forecasts. Instead, scenarios provide a starting point for examining questions about an uncertain
future and help us to visualize alternative futures in concrete and human terms. The military and
businesses frequently use these powerful tools for future planning in high-stakes situations. We
use scenarios to help identify future vulnerabilities as well as to support decision-makers who are
focused on limiting risk and maximizing opportunities. Three types of scenarios are used in this
assessment — emissions scenarios (including population and land use components), climate
scenarios, and sea level rise scenarios.

Emissions Scenarios

Emissions scenarios quantitatively illustrate potential additions to the atmosphere of substances
that alter natural climate patterns. Emissions result from essential human activities, including
energy production and use, agriculture, and other activities that change land use. These scenarios
are developed using a wide range of assumptions about population growth, economic
development, the evolution of technology, and decisions about environmental protection, among
other factors. A wide range of assumptions is used because future trends are uncertain and
depend on unpredictable human choices. These assumptions about the future include a wide
array of considerations — not only emissions, but also the extent to which changes in climate will
have impacts on society and natural resources, and capacity for adaptation.

Perspectives on “plausible” emissions scenarios evolve over time. The Intergovernmental Panel
on Climate Change (IPCC) has been a leader in developing scenarios and has released three
different sets since 1990. In 2000, the IPCC released a Special Report on Emission Scenarios
(Nakicenovic et al. 2000) that provided its most recent set of scenarios (known as SRES) that
described a wide range of socioeconomic futures and resulting emissions. In the higher end of
the range, the SRES A2 scenario represents a divided world with high population growth, low
economic growth, slower technology improvements and diffusion, and other factors that
contribute to high emissions and lower adaptive capacity (for example, low per capita wealth).
At the lower end of the range, the B1 scenario represents a world with lower population growth,
higher economic development, a shift to low-emitting efficient energy technologies that are
diffused rapidly around the world through free trade, and other conditions that reduce the rate
and magnitude of changes in climate averages and extremes as well as increased capacity for
adaptation. Recently, a new set of scenarios (Representative Concentration Pathways — RCPs)
has been prepared and released by scientists who study emissions, climate, and potential impacts
(Moss et al. 2010). This new set incorporates recent observations and research and includes a
wider range of future conditions and emissions. Because climate model results are just now
being prepared using the new scenarios, and there are few impacts studies that employ them,
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when scenarios are needed, the report uses the SRES B1 and A2 to span a range of potential
futures.

Scientists cannot predict which of these scenarios is most likely because the future emissions
pathway is a function of human choices. A wide range of societal decisions and policy choices
will ultimately influence how the world’s emissions evolve, and ultimately, the composition of
the atmosphere and the state of the climate system.

Climate Scenarios

Global models that simulate the Earth’s climate system are used, among other things, to evaluate
the effects of human activities on climate. Since the second U.S. National Climate Assessment
report in 2009, a new set of model simulations has been introduced that include more Earth
system physics and chemistry and have higher resolution.

These models use emissions scenarios to project expected climate change given different
assumptions about how human activities and/or associated emissions levels might change.

The range of potential increases in global average temperature in the newest climate model
simulations is wider because a wider range of options for future human behavior is considered.
For example, one of the new RCP scenarios assumes rapid emission reductions that would limit
the global temperature increase to about 3.7°F, a much lower level than in previous scenarios.
However, it is noteworthy that the emissions trajectory in RCP 8.5 is similar to SRES A2 and
RCP 4.5 is roughly comparable to SRES B1 (see figure comparing SRES and RCP scenarios
below).
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U.S. Average Temperature Projections
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Figure 1.1: U.S. Average Temperature Projections

Caption: Projected average annual temperature changes (°F) over the contiguous U.S. for
multiple future emissions scenarios, relative to the 1901-1960 average temperature. The
dashed lines are results from the SRES scenarios and the previous simulations. The solid
lines are results from RCPs and the most recent simulations. (Figure source: Michael
Wehner, LBNL. Data from CMIP3, CMIP5, and NOAA..)

Box: Emissions Scenarios

In this report, the two SRES emissions scenarios recommended for use in impact studies are a
higher emissions scenario (the A2 scenario from SRES) and a lower emissions scenario (the Bl
scenario from SRES). These two scenarios do not encompass the full range of possible futures:
emissions can change less than those scenarios imply, or they can change even more. Recent
carbon dioxide emissions are, in fact, above the A2 scenario. Whether this will continue is
unknown.

-- end box --

Sea Level Rise Scenarios

After at least two thousand years of little change, sea level rose by roughly 8 inches over the last
century, and satellite data provide evidence that the rate of rise over the past 20 years has roughly
doubled. In the U.S., millions of people and many of the nation’s assets related to military
readiness, energy, transportation, commerce, and ecosystems are located in areas at risk of
coastal flooding because of sea level rise and storm surge.

Sea level is rising because ocean water expands as it heats up and because water is added to the
oceans from melting glaciers and ice sheets. Sea level is projected to rise an additional 1 to 4 feet
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in this century. Scientists are unable to narrow this range at present because the processes
affecting the loss of ice mass from the large ice sheets are dynamic and still the subject of intense
study. Some impact assessments in this report use a set of sea level rise scenarios within this
range, while others consider sea level rise as high as 6.6 feet.

Sea Level Rise: Past, Present, Future
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Figure 1.2: Sea Level Rise: Past, Present, and Future

Caption: Historical, observed, and possible future amounts of global sea level rise from
1800 to 2100. Historical estimates (Kemp et al. 2012) (based on sediment records and
other proxies) are shown in red (pink band shows uncertainty range), tide gauge
measurements in blue (Church and White 2011), and satellite observations are shown in
green (Nerem et al. 2010). The future scenarios range from 0.66 feet to 6.6 feet in 2100
(Parris et al. 2012). Higher or lower amounts of sea level rise are considered implausible
by 2100, as represented by the gray shading. The orange line at right shows the currently
projected range of sea level rise of 1 to 4 feet by 2100, which falls within the larger risk-
based scenario range. The large projected range of scenarios reflects uncertainty about
how ice sheets will respond to the warming ocean and atmosphere, and to changing
winds and currents. Figure source: Josh Willis, NASA Jet Propulsion Laboratory, based
on cited data sources.
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24 Tim Lenton, Exeter University
25 John Kennedy, UK Meteorological Office

26  Key Messages

27 1. Global climate is changing now and this change is apparent across a wide
28 range of observations. Much of the climate change of the past 50 years is

29 primarily due to human activities.

30 2. Global climate is projected to continue to change over this century and

31 beyond. The magnitude of climate change beyond the next few decades

32 depends primarily on the amount of heat-trapping gases emitted globally,
33 and how sensitive the climate is to those emissions.

34 3. U.S. average temperature has increased by about 1.5°F since record keeping
35 began in 1895; more than 80% of this increase has occurred since 1980. The
36 most recent decade was the nation’s warmest on record. U.S. temperatures
37 are expected to continue to rise. Because human-induced warming is

38 superimposed on a naturally varying climate, the temperature rise has not
39 been, and will not be, smooth across the country or over time.

40 4. The length of the frost-free season (and the corresponding growing season)
41 has been increasing nationally since the 1980s, with the largest increases
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occurring in the western U.S., affecting ecosystems and agriculture.
Continued lengthening of the growing season across the U.S. is projected.

Precipitation averaged over the entire U.S. has increased during the period
since 1900, but regionally some areas have had increases greater than the
national average, and some areas have had decreases. The largest increases
have been in the Midwest, southern Great Plains, and Northeast. Portions of
the Southeast, the Southwest, and the Rocky Mountain states have
experienced decreases. More winter and spring precipitation is projected for
the northern U.S., and less for the Southwest, over this century.

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

Certain types of extreme weather events have become more frequent and
intense, including heat waves, floods, and droughts in some regions. The
increased intensity of heat waves has been most prevalent in the western
parts of the country, while the intensity of flooding events has been more
prevalent over the eastern parts. Droughts in the Southwest and heat waves
everywhere are projected to become more intense in the future.

There has been an increase in the overall strength of hurricanes and in the
number of strong (Category 4 and 5) hurricanes in the North Atlantic since
the early 1980s. The intensity of the strongest hurricanes is projected to
continue to increase as the oceans continue to warm; ocean cycles will also
affect the amount of warming at any given time. With regard to other types
of storms that affect the U.S., winter storms have increased slightly in
frequency and intensity, and their tracks have shifted northward over the
U.S. Other trends in severe storms, including the numbers of hurricanes and
the intensity and frequency of tornadoes, hail, and damaging thunderstorm
winds are uncertain and are being studied intensively.

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

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

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

This chapter summarizes how climate is changing, why it is changing, and what is
projected for the future. While the focus is on changes in the United States, the need to
provide context requires a broader geographical perspective in some parts of the
discussion. Additional geographic detail is presented in the regional chapters of this
report. Further details on the topics of this chapter are provided in the Appendix.

Since the previous national climate assessment was published in 2009, the climate has
continued to change, with resulting effects on the U.S. The trends described in the 2009
report have continued, and our understanding of the data and ability to model the many
facets of the climate system have increased substantially. Several noteworthy advances
are mentioned below.

What’s New?

e Continued warming and an increased understanding of the U.S. temperature
record, as well as multiple other sources of evidence, have strengthened our
confidence in the conclusions that the warming trend is clear and primarily the
result of human activities.

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

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

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

e New approaches to building scenarios of the future have allowed for
investigations of the implications of deliberate reductions in heat-trapping gas
emissions.

Eleven key messages are presented below, together with supporting evidence. The
discussion of each key message begins with a summary of recent variations or trends,
followed by information on the corresponding changes projected for the future.
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Observed Climate Change

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

Many aspects of the global climate are changing rapidly, and the primary drivers of that
change are human in origin. Evidence for climate change abounds, from the top of the
atmosphere to the depths of the oceans (Kennedy et al. 2010). This evidence has been
painstakingly compiled by scientists and engineers from around the world using satellites,
weather balloons, thermometers at surface stations, and many other types of observing
systems that monitor the Earth’s climate system. The sum total of this evidence tells an
unambiguous story: the planet is warming. Temperatures at the surface, in the
troposphere (the active weather layer extending up to about 8 to 12 miles above the
ground), and in the oceans have all increased over recent decades. Snow and ice cover
have decreased in most areas. Atmospheric water vapor due to increased evaporation
from the warmer surface has been increasing in the lower atmosphere, as have sea levels.
Changes in other climate-relevant indicators such as growing season length have been
observed in many areas. Worldwide, the observed changes in average conditions have
been accompanied by trends in extremes of heat, cold, drought, and heavy precipitation
events (Alexander et al. 2006).

Climate model simulations reinforce scientific understanding that observed variations in
global average surface temperature over the past century can only be explained through a
combination of human and natural factors. However, natural drivers of climate cannot
explain the recent observed warming; over the last five decades, natural factors (solar
forcing and volcanoes) alone would actually have led to a slight cooling (Gillett et al.
2012). Natural variability, including the effects of El Nifio and La Nifia events and
various ocean cycles, also affects climate, but the changes observed over the past 50
years are far larger than natural variability can account for. The majority of the warming
can only be explained by the effects of human influences (Gillett et al. 2012; Stott et al.
2010), especially the emissions from burning of fossil fuels such as coal, oil, and natural
gas. This robust scientific attribution of observed changes to human influence extends to
many other climate quantities, such as precipitation (Min et al. 2011; Pall et al. 2011),
humidity (Santer et al. 2007; Willett et al. 2007), pressure (Gillett and Stott 2009), ocean
heat content (AchutaRao et al. 2006), and tropospheric and stratospheric temperature
(Santer et al. 2012) in addition to surface temperature. Further discussion of attribution is
provided in the Appendix.

Natural variations in climate include the effects of the natural cycles mentioned above,
plus the 11-year sunspot cycle and other changes in the radiation from the Sun, as well as
the effects of volcanic eruptions. Natural variations can be as large as human-induced
climate change over timescales of up to a decade or two at the global scale. As a result,
global temperature does not always increase steadily, as evidenced, for example, by the
period between 1998 and 2007, which showed little change. This time period is too short
to signify a change in the warming trend, as climate trends are measured over periods of
decades, not years (Easterling and Wehner 2009; Foster and Rahmstorf 2011; Knight et
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al. 2009; Rahmstorf et al. 2012; Santer et al. 2011). Over the time scale of multiple
decades, the human influence has been dominant, and the most recent 10-year period is
clearly the hottest on record. Note that changes in temperature at local scales, such as
urban areas, can be quite different than those at larger spatial scales, in part because of
local land-use patterns.

Box: Models Used in the Assessment

Throughout the 2013 National Climate Assessment report, there are references to
projections from models of the physical processes affecting the Earth’s climate system.
Three distinct sets of model simulations are discussed:

e Climate Model Intercomparison Project, 3 phase (CMIP3): global model
analyses done for the 2007 IPCC assessment. Spatial resolutions typically vary
from 125 to 187 miles (at mid-latitudes); approximately 25 representations of
different models (not all are used in all studies). CMIP3 findings are the
foundation for most of the impact assessments included in this report.

e Climate Model Intercomparison Project, 5™ phase (CMIP5): Newer global model
analyses done for the 2013 IPCC assessment. Spatial resolutions typically vary
from 62 to 125 miles; about 30 representations of different models (not all are
used in all studies); this new information was not available in time for it to serve
as the foundation for the impacts assessments in this report, and information from
CMIPS is primarily provided for comparison purposes.

e North American Regional Climate Change Assessment Program (NARCCAP): 6
regional climate model analyses (and one global model) for the continental U.S.
run at about 30-mile horizontal resolution.

-- end box --
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Ten Indicators of a Warming World

A il

Air Temperature Near Surface (Troposherej

Glaciers

Sea Surface Temperature

\ 4

t Temperature Over Land
y Ocean Heat Content

Figure 2.1: Ten Indicators of a Warming World

Caption: These are just some of the many indicators that have been measured
globally over many decades and that show that Earth’s climate is warming. White
arrows indicate increasing trends, black arrows indicate decreasing trends. All the
indicators expected to increase in a warming world are increasing, and all those
expected to decrease in a warming world are decreasing. (Figure source: NOAA
NCDC)
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Global Temperature and Carbon Dioxide
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Figure 2.2: Global Temperature and Carbon Dioxide

Caption: Global annual average temperature (as measured over both land and
oceans; scale on left) has increased by more than 1.4°F (0.8°C) since 1880. Red
bars show temperatures above the long-term average, and blue bars indicate
temperatures below the long-term average. The black line shows atmospheric
carbon dioxide (CO,) concentration in parts per million (ppm); scale on right.
While there is a clear long-term global warming trend, some years do not show a
temperature increase relative to the previous year, and some years show greater
changes than others. These year-to-year fluctuations in temperature are due to
natural processes, such as the effects of El Nifios, La Nifas, and the eruption of
large volcanoes. (Figure source: NOAA NCDC. Temperature data from NOAA
NCDC 2012; CO2 data from NOAA ESRL 2012.)

Future Climate Change

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

A certain amount of continued warming of the planet is projected to occur as a result of
human-induced emissions to date; another 0.5°F increase would occur even if all

emissions from human activities were suddenly stopped (Matthews and Zickfeld 2012).
However, choices made now and in the next few decades will determine the amount of
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additional future warming. Beyond mid-century, lower levels of heat-trapping gases in
scenarios with reduced emissions will lead to noticeably less future warming. Higher
emissions levels will result in more warming, and thus more severe impacts on many
aspects of human society and the natural world.

Our confidence in projections of future climate change has increased. The wider range of
potential changes in global average temperature in the latest generation of climate model
simulations (Taylor et al. 2012) used in the IPCC’s current assessment versus those in the
previous assessment (IPCC 2007) is simply a result of considering more options for
future human behavior. For example, one of the scenarios included in the IPCC’s latest
assessment assumes aggressive emissions reduction designed to limit the global
temperature increase to 3.6°F (2°C) above pre-industrial levels (Schnellnhuber et al.
2006). This path would require emission reductions (more than 70% reduction in human-
related emissions by 2050 — see Appendix, Key Message 5) sufficient to achieve heat-
trapping gas concentrations well below those of any of the scenarios considered by the
IPCC in its 2007 assessment. Such scenarios enable the investigation of climate impacts
that would be avoided by deliberate, substantial, and aggressive reductions in heat-
trapping gas emissions.

Projections of changes in precipitation largely follow recently observed patterns of
change, with overall increases in the global average but substantial shifts in where and
how precipitation falls. Generally, areas closest to the poles are projected to receive more
precipitation, while the dry belt that lies just outside the tropics (greater than 23°N/S)
expands further poleward and receives less rain. Increases in tropical precipitation are
projected during rainy seasons (such as monsoons), especially over the tropical Pacific.
Certain regions, including the western U.S. (especially the Southwest (Karl et al. 2009))
and the Mediterranean, are already dry and are expected to become drier. The widespread
trend toward more heavy downpours is expected to continue, with precipitation becoming
less frequent but more intense. The patterns of the projected changes of precipitation do
not contain the spatial details that characterize observed precipitation, especially in
mountainous terrain, because the projections are averages from multiple models and
because the resolution of global climate models is typically about 60 miles.
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Average Global Temperature Projections

9 T T T I 9
8- == == Historical (CMIP3) —8
= == SRES A2
| SRES A1B

4 == == SRES B1 77 [
s Historical (CMIP5) 7/ >
RCP 6.0 &
5L e RCP 4.5 / -5 5
. —
4 NOAA Observations Ve ={ 4 %
@
Q.
e
()
|_

| | | | | | |
1900 1925 1950 1975 2000 2025 2050 2075 2100
Year

Figure 2.3: Average Global Temperature Projections

Caption: Projected global average annual temperature changes (°F) for multiple
future emissions scenarios relative to the 1901-1960 average temperature. The
dashed lines are results from the previous generation of climate models using the
previous generation of emissions scenarios (the SRES set). The solid lines are
results from the most recent generation of climate models using the most recent
emissions scenarios (the RCP set), some of which consider explicit climate
policies, which the older ones did not. Differences among these projections are
principally a result of differences in the emissions scenarios rather than
differences among the climate models. (Figure source: Michael Wehner, LBNL.
Data from CMIP3, CMIP5, and NOAA, 2012.)
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Largest Temperature Increases Over Continents

Low Pathway (RCP 2.6) High Pathway (RCP 8.5)

P

Figure 2.4: Largest Temperature Increases Over Continents

Caption: Projected change (°F) in annual average temperature over the period
2071-2099 (compared to the period 1971-2000) under a low emissions pathway
(RCP 2.6, left graph) that assumes rapid reductions in emissions and a high
pathway (RCP 8.5, right graph) that assumes continued increases in emissions.
(Figure source: NOAA NCDC / CICS-NC. Data from CMIP5.)

Generally, Wet Get Wetter and Dry Get Drier
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Figure 2.5: Generally, Wet Get Wetter and Dry Get Drier

Caption: Projected percent change in annual average precipitation over the period
2071-2099 (compared to the period 1901-1960) under a low emissions pathway
(RCP 2.6) that assumes rapid reductions in emissions and a high pathway (RCP
8.5) that assumes continued increases in emissions. Teal indicates precipitation
increases, and brown, decrcases. Hatched areas indicate confidence that the
projected changes are large and are consistently wetter or drier. White areas
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indicate confidence that the changes are small. Wet regions generally tend to
become wetter while dry regions become drier. In general, the northern parts of
the U.S. (especially the Northeast and Alaska) are projected to see more
precipitation, while the southern part (especially the Southwest) is projected to see
less. (Figure source: NOAA NCDC / CICS-NC. Data from CMIP5, analyzed by
Michael Wehner, LBNL.) (note: to be redone with base period 1971-2000)

Recent U.S. Temperature Trends

U.S. average temperature has increased by about 1.5°F since record keeping began
in 1895; more than 80% of this increase has occurred since 1980. The most recent
decade was the nation’s warmest on record. U.S. temperatures are expected to
continue to rise. Because human-induced warming is superimposed on a naturally
varying climate, the temperature rise has not been, and will not be, smooth across
the country or over time.

There have been substantial advances in our understanding of the U.S. temperature record
since the 2009 assessment (Fall et al. 2010; Fall et al. 2011; Karl et al. 2009; Menne and
Williams Jr 2009; Menne et al. 2009; Menne et al. 2010; Vose et al. 2012; Williams et al.
2012) (Appendix, Key Message 6 for more information). These advances, together with
the continued warming, have strengthened our confidence in, and understanding of the
reasons for, the warming. They also confirm that the average annual temperatures have
increased over most of the U.S. by about 1.5°F since 1895 (Menne et al. 2009). However,
this increase was not constant over time. In particular, temperatures generally rose until
about 1940, declined until about 1980, then increased rapidly thereafter, with 80% of the
total increase occurring after 1980. Over even shorter time scales up to a decade or more,
natural variability (see the Appendix) can reduce the rate of warming or even create a
temporary cooling. The cooling in mid-century that was especially prevalent over the
eastern half of the U.S. may also have stemmed partly from the cooling effects of sulfate
particles from coal burning power plants (Leibensperger et al. 2012), before these sulfur
emissions were regulated to address health and acid rain concerns.

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

The cooling in mid-century extended over most of the southern and eastern U.S., and
temperatures decreased slightly in parts of the Southeast if measured as a trend over the
full century 1900-2000 (in contrast to almost all other global land areas, which warmed
over that period). Such regional cooling can occur occasionally because natural variations
can be larger than human influences over small areas for periods of decades. However,
the Southeast has warmed over the past few decades and warming is ultimately projected
for all parts of the nation during this century. In the next few decades, this warming will
be roughly 2°F to 4°F in most areas. By the end of the century, U.S. warming is projected
to correspond closely to the level of global emissions: roughly 3°F to 5°F under lower
emissions scenarios (B1 or RCP 4.5) involving substantial reductions in emissions, and
5°F to 10°F for higher emissions scenarios (A2 or RCP 8.5) that assume continued
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increases in emissions; the largest temperature increases are projected for the upper
Midwest and Alaska.

Observed U.S. Temperature Change
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Figure 2.6: Observed U.S. Temperature Change

Caption: The colors on the map show temperature changes over the past 20 years
in °F (1991-2011) compared to the 1901-1960 average. The bars on the graphs
show the average temperature changes by decade for 1901-2011 (relative to the
1901-1960 average) for each region. The far right bar in each graph (2000s
decade) includes 2011. The period from 2001 to 2011 was warmer than any
previous decade in every region. (Figure source: NOAA NCDC / CICS-NC. Data
from NOAA NCDC.)

Future human-induced warming depends on both past and future emissions of heat-
trapping gases and changes in the amount of particle pollution. The amount of climate
change (aside from natural variability) expected for the next two to three decades is a
combination of the warming already built into the climate system by the past history of
human emissions of heat-trapping gases, and the expected ongoing increases of emissions
of those gases. The amount of warming over the next few decades is projected to be
similar regardless of emissions scenario. However, the magnitude of temperature
increases over the second half of this century, both in the U.S. and globally, will be
primarily determined by future emissions, and there are substantial differences between
higher, fossil-fuel intensive scenarios compared to scenarios in which emissions are
reduced. The most recent model projections of climate change due to human activities
expand the range of future scenarios considered (particularly at the lower end), but are
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entirely consistent with the older model results. This consistency increases our
confidence in the projections.

Projected Temperature Change

Lower Emissions (B1) Higher Emissions (A2)

Figure 2.7: Projected Temperature Change

Caption: Maps show projected change in average surface air temperature in the
later part of this century (2070-2099) relative to the later part of the last century
(1971-1999) under a scenario that assumes substantial reductions in heat trapping
gases (B1, left) and a higher emissions scenario that assumes continued increases
in global emissions (A2, right). These scenarios are used throughout this report
for assessing impacts under lower and higher emissions. Projected changes are
averages from 15 CMIP3 models for the A2 scenario and 14 models for the Bl
scenario. (See Appendix, Key Message 5 for a discussion of temperature changes
under a wider range of future scenarios for various periods of this century).
(Figure source: adapted from (Kunkel et al. 2012).)
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BOX: Newer Simulations for Projected Temperature (CMIP5 models)
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Figure 2.8:

Caption: The largest uncertainty in projecting future climate change is the level
of emissions. The most recent model projections (shown above) take into account
a wider range of options with regard to human behavior; these include a lower
emissions scenario (RCP 2.6, top left) than has been considered before. This
scenario assumes rapid reductions in emissions — more than 70% cuts from
current levels by 2050 — and the corresponding smaller amount of warming. On
the high end, they include a scenario that assumes continued increases in
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emissions (RCP 8.5, bottom right) and the corresponding greater amount of
warming. Also shown are temperature changes (°F) for the intermediate scenarios
RCP 4.5 (top right, which is most similar to B1) and RCP 6.0 (bottom left, which
is most similar to A1B; see the Appendix). Projections show change in average
surface air temperature in the later part of this century (2071-2099) relative to the
late part of the last century (1971-2000). (Figure source: NOAA NCDC / CICS-
NC. Data from CMIP5.)

-- end box --

Lengthening Frost-free Season

The length of the frost-free season (and the corresponding growing season) has been
increasing nationally since the 1980s, with the largest increases occurring in the
western U.S., affecting ecosystems and agriculture. Continued lengthening of the
growing season across the U.S. is projected.

The length of the frost-free season (or growing season, in common usage) iS a major
determinant of the types of plants and crops that are well-adapted to a particular region.
The frost-free season length has been gradually increasing since the 1980s (U.S.
Environmental Protection Agency 2010). The last occurrence of 32°F in the spring has
been occurring earlier in the year, and the first occurrence of 32°F in the fall has been
happening later. During 1991-2011, the average frost-free season was about 10 days
longer than during 1901-1960. These observed climate changes have been mirrored by
changes in the biosphere, including increases in forest productivity (Dragoni et al. 2011),
satellite estimates of the length of the growing season (Jeong et al. 2011), and length of
the ragweed pollen season (Ziska et al. 2011). A longer growing season can mean greater
evaporation and loss of moisture through plant transpiration associated with higher
temperatures so that even with a longer frost-free season, crops could be negatively
affected by drying. Likewise, increases in forest productivity can be offset by drying,
leading to an earlier and longer fire season and more intense fires.

The lengthening of the frost-free season has been somewhat greater in the western U.S.
than the eastern U.S. (Karl et al. 2009), increasing by 2 to 3 weeks in the Northwest and
Southwest, 1 to 2 weeks in the Midwest, Great Plains, and Northeast, and slightly less
than 1 week in the Southeast. These differences mirror the overall trend of more warming
in the north and west and less warming in the Southeast.

In a future in which heat-trapping gas emissions continue to grow, increases of a month
or more in the lengths of the frost-free and growing seasons are projected across most of
the U.S. by the end of the century, with slightly smaller increases in the northern Great
Plains. The largest increases in the frost-free season (more than 8 weeks) are projected
for the western U.S., particularly in high elevation and coastal areas, consistent with
rising sea surface temperatures. The increases would be considerably smaller if heat-
trapping gas emissions are reduced, although still substantial. These increases are
projected to be much greater than the normal year-to-year variability experienced today.
The projected changes also imply that the southern boundary of the seasonal freeze zone
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1 will move north, with increasing frequencies of years without subfreezing temperatures in
2 the most southern parts of the U.S.

Observed Changes in Frost-Free Season

Increases in Annual Number of Days

[ [ .

<5 5-10 1115 16-20 >20

B~ W

Figure 2.9: Observed Changes in Frost-Free Season

Caption: The frost-free season length, defined as the period between the last
occurrence of 32°F in the spring and the first occurrence of 32°F in the fall, has
increased in each U.S. region during 1991-2011 relative to 1901-1960. Increases
in frost-free days correspond to similar increases in growing season length.
(Figure source: NOAA/NCDC / CICS-NC. Data from Kunkel et al. 2012a, 2012b,
2012¢, 2012d, 2012e, 2012f1).

S O 0 J N W

DRAFT FOR PUBLIC COMMENT

40



\S}

SOOI N B~ W

—

Draft for Public Comment Chapter 2 — Our Changing Climate
(v. 11 Jan 2013)

Projected Changes in Frost-Free Season
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Figure 2.10: Projected Changes in Frost-Free Season

Caption: The maps show projected increases in frost-free days for the last three
decades of this century (2070-2099 as compared to 1971-2000) under two
emissions scenarios, one in which heat-trapping gas emissions continue to grow
(A2, top map) and one in which emissions are rapidly reduced (B1, bottom map).
Increases in the frost-free season correspond to similar increases in the growing
season. (Figure source: NOAA NCDC / CICS-NC. Data from CMIP3 Daily
Statistically Downscaled; Hayhoe et al. 2008; Hayhoe et al. 2004; Kunkel et al.
2012)
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U.S. Precipitation Change

Precipitation averaged over the entire U.S. has increased during the period since
1900, but regionally some areas have had increases greater than the national
average, and some areas have had decreases. The largest increases have been in the
Midwest, southern Great Plains, and Northeast. Portions of the Southeast, the
Southwest, and the Rocky Mountain states have experienced decreases. More winter
and spring precipitation is projected for the northern U.S., and less for the
Southwest, over this century.

Since 1900, average annual precipitation over the U.S. has increased by roughly 5%. This
increase reflects, in part, the major droughts of the 1930s and 1950s, which made the
early half of the record drier. There are important regional differences. For instance,
precipitation since 1991 (relative to 1901-1960) increased the most in the Northeast (8%),
Midwest (9%), and southern Great Plains (8%), while much of the Southeast and
Southwest had a mix of areas of increases and decreases (McRoberts and Nielsen-
Gammon 2011; Peterson et al. 2012)

Observed U.S. Precipitation Change
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Figure 2.11: Observed U.S. Precipitation Change

Caption: The colors on the map show annual total precipitation changes (percent)
for 1991-2011 compared to the 1901-1960 average, and show wetter conditions in
most areas (McRoberts and Nielsen-Gammon 2011). The bars on the graphs show
average precipitation differences by decade for 1901-2011 (relative to the 1901-
1960 average) for each region. The far right bar is for 2001-2011. (Figure source:
NOAA NCDC / CICS-NC. Data from NOAA NCDC.)
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While significant trends in average precipitation have been detected, the fraction of these
trends attributable to human activity is difficult to quantify because the range of natural
variability in precipitation is large. However, if emissions of heat-trapping gases continue
their upward trend, clear patterns of precipitation change are projected to emerge. The
northern U.S. is projected to experience more precipitation in the winter and spring
(except for the Northwest in the spring), while the Southwest is projected to experience
less, particularly in the spring.

The projected changes in the northern U.S. are a consequence of both a warmer
atmosphere and associated large-scale circulation changes. Warmer air can hold more
moisture than colder air, leading to more intense rainfall. The projected reduction in
Southwest precipitation is a result of large-scale circulation changes caused by increased
heating of the global atmosphere. Recent improvements in the understanding of these
mechanisms of change increase confidence in these projections (Held and Soden, 2008).
The patterns of the projected changes of precipitation resulting from human alterations of
the climate are geographically smoother in these maps than what will actually be
observed because: 1) natural variations can not be projected far into the future; and 2)
current climate models are too coarse to capture fine topographic details, especially in
mountainous terrain. Hence, there is considerably more confidence in the large-scale
patterns of change than in the small details.
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Projected Precipitation Change by Season
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Figure 2.12: Projected Precipitation Change by Season

Caption: Projected percent change in seasonal precipitation for 2070-2099
(compared to the period 1901-1960) under an emissions scenario that assumes
continued increases in emissions (A2). Teal indicates precipitation increases, and
brown, decreases. Hatched areas indicate confidence that the projected changes
are large and are consistently wetter or drier. White areas indicate confidence that
the changes are small. Wet regions tend to become wetter while dry regions
become drier. In general, the northern part of the U.S. is projected to see more
winter and spring precipitation, while the Southwest is projected to experience
less precipitation in the spring. (Figure source: NOAA NCDC / CICS-NC. Data
from CMIP3; analyzed by Michael Wehner, LBNL.) (note: to be redone with
base period 1971-2000)
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In general, a comparison of the various sources of climate model data used in this
assessment provides a consistent picture of the large-scale projected precipitation changes
across the U.S. These include the global models used in the Coupled Model
Intercomparison Project, versions 3 and 5 (CMIP3, CMIP5) as well as the suite of
regional models (from the North American Regional Climate Change Assessment
Program, NARCCAP). Multi-model average changes in all three of these sources show a
general pattern of wetter future conditions in the north and drier conditions in the south,
but the regional suite generally shows conditions that are overall somewhat wetter in the
wet areas and not as dry in the dry areas. The general pattern agreement among these
three sources, with the wide variations in their spatial resolution, provides confidence that
this pattern is robust and not sensitive to the limited spatial resolution of the models. The
slightly different conditions in the North American NARCCAP regional suite for the U.S.
appear to arise partially or wholly from the choice of the four global climate models used
to drive the regional simulations. These four models, averaged together, project average
changes that are slightly (2%) wetter than the average of the suite of global models used
in CMIP3.

The patterns of precipitation change in the newer CMIP5 simulations are essentially the
same as in the earlier CMIP3 and NARCCAP simulations used in impact analyses
throughout this report, increasing confidence in our scientific understanding. The subtle
differences between these two sets of projections are mostly due to the wider range of
future emissions scenarios considered in the more recent simulations. Thus, the overall
picture remains the same: wetter conditions in the north and drier conditions in the
Southwest in the winter and spring. Drier conditions in the summer are projected in most
areas of the contiguous U.S. but, outside of the Northwest and south-central region, there
is generally not high confidence that the changes will be large compared to natural
variability. In all models and scenarios, a transition zone between drier (to the south) and
wetter (to the north) shifts northward from the southern U.S. in winter to southern Canada
in summer. Wetter conditions are projected for Alaska and northern Canada in all
seasons.
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1 BOX: Newer Simulations for Projected Precipitation Change (CMIPS models)
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4 Projected seasonal precipitation change (percent) for 2071-2099 (compared to

5 1901-1960) as projected by recent simulations that include a wider range of

6 emissions scenarios. The maps on the left (RCP 2.6) assume rapid reductions in

7 emissions — more than 70% cuts from current levels by 2050 — and a

8 corresponding much smaller amount of warming and far less precipitation change.

9 On the right, RCP 8.5 assumes continued increases in emissions, with associated
10 large increases in warming and major precipitation changes. These would include,
11 for example, large reductions in spring precipitation in the Southwest and large
12 increases in the Northeast and Midwest. Rapid emissions reductions could be
13 expected to yield the more modest changes in the maps on the left. In these
14 seasonal projections, teal indicates precipitation increases, and brown, decreases.
15 Hatched areas indicate confidence that the projected changes are large and are
16 consistently wetter or drier. White areas indicate confidence that the changes are
17 small. (Figure source: NOAA NCDC / CICS-NC. Data from CMIPS5; analyzed by
18 Michael Wehner, LBNL.) (note: to be redone with base period 1971-2000)

19 --end box --
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Heavy Downpours Increasing

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

Across most of the U.S., the heaviest rainfall events have become heavier and more
frequent. The amount of rain falling on the heaviest rain days has also increased over the
past few decades. Since 1991, the amount of rain falling in very heavy precipitation
events has been above average in every region of the country, except Hawaii. This
increase has been greatest in the Northeast, Midwest, and Great Plains — more than 30%
above the 1901-1960 average (Karl et al. 2009). There has also been an increase in
flooding events in the Midwest and Northeast where the largest increases in heavy rain
amounts have occurred.

Warmer air can contain more water vapor than cooler air. Global analyses show that the
amount of water vapor in the atmosphere has in fact increased over both land and oceans
(Dai 2006; Simmons et al. 2010; Willett et al. 2008). Climate change also alters
dynamical characteristics of the atmosphere that in turn affect weather patterns and
storms. In the mid-latitudes, where most of the continental U.S. is located, there is an
upward trend in extreme precipitation in the vicinity of fronts associated with mid-
latitude storms (Kunkel et al. 2012h).

Projections of future climate over the U.S. suggest that the recent trend towards a greater
percentage of precipitation falling in heavy rain events will continue. In regions of
increasing precipitation, such as the northern U.S., increasingly large percentages of the
total precipitation will come from heavy downpours. In these areas, heavy-precipitation
events that are presently rare will become more common in the future. Moreover, heavy
downpours will account for increasingly large portions of the total precipitation in
regions such as the Southwest, where total precipitation is projected to decrease (Kunkel
et al. 2012h; Wehner 2012; Wuebbles et al. 2012).
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Observed U.S. Trends in Heavy Precipitation
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Figure 2.14: Observed U.S. Trends in Heavy Precipitation

Caption: One measure of a heavy-precipitation event is a 2-day precipitation total
that is exceeded on average only once in a five year period, also known as the
once-in-five-year event. As this extreme precipitation index for 1901-2011 shows,
the occurrence of such events has become much more common in recent decades.
Changes are compared to the period 1901-1960 and do not include Alaska or
Hawaii. The 2000s decade (far right bar) includes 2001-2011. (Figure source:
adapted from (Kunkel et al. 2012)
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Observed Changes in Very Heavy Precipitation
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Figure 2.15: Observed Changes in Very Heavy Precipitation

Caption: Percent changes in the annual amount of precipitation falling in very
heavy events, defined as the heaviest 1% of all daily events from 1901 to 2011 for
each region. The far right bar is for 2001-2011. In recent decades there have been
increases everywhere, except for the Southwest, Northwest, and Hawaii, with the
largest increases in the Northeast, Great Plains, Midwest, and Southeast. Changes
are compared to the 1901-1960 average for all regions except Alaska and Hawaii,
which are relative to the 1951-1980 average. (Figure source: NOAA NCDC /
CICS-NC)
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Percentage Change in Very Heavy Precipitation
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Figure 2.16: Percentage Change in Very Heavy Precipitation

Caption: The map shows percent increases in the amount of precipitation falling
in very heavy events (defined as the heaviest 1% of all daily events) from 1958 to
2011 for each region. There are clear trends toward a greater amount of very
heavy precipitation for the nation as a whole, and particularly in the Northeast and
Midwest. (Figure source: updated from (Karl et al. 2009) with data from NCDC)
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Rare Heavy Precipitation Events Become More Common

Low Pathway (RCP 2.6) High Pathway (RCP 8.5)

Figure 2.17: Rare Heavy Precipitation Events Become More Common

Caption: Maps show the increase in frequency of extreme daily precipitation
events (now occurring about once every twenty years) by the later part of this
century (2081-2100) compared to later part of last century (1981-2000). Such
extreme events are projected to occur more frequently everywhere in the U.S.
Under the rapid emissions reduction scenario (RCP 2.6, left), these events would
occur up to about twice as often. For the scenario assuming continued increases in
emissions (RCP 8.5, right), these events would occur up to five times as often.
(Figure source: NOAA NCDC / CICS-NC. Data from CMIPS; analysis by
Michael Wehner, LBNL; based on methods from (Kharin et al. submitted)

Extreme Weather

Certain types of extreme weather events have become more frequent and intense,
including heat waves, floods, and droughts in some regions. The increased intensity
of heat waves has been most prevalent in the western parts of the country, while the
intensity of flooding events has been more prevalent over the eastern parts.
Droughts in the Southwest and heat waves everywhere are projected to become
more intense in the future.

Heat waves are periods of abnormally and uncomfortably hot weather lasting days to
weeks (Kunkel et al. 1999). Heat waves have generally become more frequent across the
U.S. in recent decades, with western regions (including Alaska) setting records for
numbers of these events in the 2000s. Tree ring data suggests that the drought over the
last decade in the western U.S. represents the driest conditions in 800 years (Karl et al.
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2009; Schwalm et al. 2012). Most other regions in the country had their highest number
of short-duration heat waves in the 1930s, when the multi-year severe drought of the Dust
Bowl period, combined with deleterious land-use practices (Cook et al. 2009),
contributed to the intense summer heat through depletion of soil moisture and reduction
of the moderating effects of evaporation (Kunkel et al. 2008). However, recent prolonged
(multi-month) extreme heat has been unprecedented. The 2011 and 2012 events set
records for highest monthly average temperatures, exceeding in some cases records set in
the 1930s, including the highest monthly temperature on record (July 2012, breaking the
July 1936 record); for the spring and summer months, 2012 had the largest area of
record-setting monthly average temperatures, including both hot daytime maximum
temperatures and warm nighttime minimum temperatures (Karl et al. 2012).
Corresponding with this increase in extreme heat, the number of cold waves has reached
the lowest levels on record.

In the past 3 to 4 decades in the U.S. the ratio of record daily high temperatures to record
daily low temperatures has steadily increased (also see Meehl et al. 2009). This ratio is
now higher than in the 1930s, mostly due to the rapidly declining number of low
temperature records. During this same period there has been an increasing trend in
persistently high nighttime temperatures (Karl et al. 2009). In some areas, prolonged
periods of record high temperatures associated with droughts contribute to dry conditions
that are driving wildfires (Trenberth 2011). Numerous studies have documented that
human-induced climate change has increased the frequency and severity of heat waves
across the globe (Christidis et al. 2011; Stott et al. 2010).

There is emerging evidence that most of the increases of heat wave severity over the U.S.
are likely due to human activity (Hansen et al. 2012; Meehl et al. 2007);, with a
detectable human influence in recent heat waves in the southern Great Plains (Karl et al.
2009; Rupp et al. 2012) as well as in Europe (Stott et al. 2010; Trenberth 2011) and
Russia (Christidis et al. 2011; Duffy and Tebaldi 2012; Meehl et al. 2009). Research has
found that the human contribution to climate change approximately doubled the
probability of the record heat in Texas in the summer of 2011 (Hoerling et al. 2012a). So
while this Texas heat wave and drought could have occurred naturally, the likelihood of
record-breaking temperature extremes has increased and will continue to increase as the
global climate warms. Generally, the changes in climate are increasing the likelihood for
these types of severe events.
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Ratio of Record Daily High to Record Daily Low Temperatures
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Figure 2.18: Ratio of Record Daily High to Record Daily Low Temperatures

Caption: The ratio of record daily high temperatures to record daily lows for
1911-2010 (relative to the entire history of observations) at about 1,800 weather
stations in the 48 contiguous United States has increased from about 1:1 in the
1950s to about 2:1 in the most recent decade, and is higher than the ratio of 1.6:1
in the 1930s, primarily due to very small numbers of low temperature records.
The ratios were even higher in 2011 and 2012, which are not shown here. (Figure
source: NOAA NCDC / CICS-NC. Data from NOAA NCDC.)

Expectations for future heat wave occurrences in the U.S. are shaped by two important
considerations. First, the average as well as extreme summer temperatures occurring
during individual years of the past decade have approached or exceeded those of the
decade of the 1930s over much of the U.S; hence summer temperatures are already
moving out of their historical bounds. Second, summer drying is projected for much of
the western and central U.S. As discussed below, drying exacerbates heat waves.
Accordingly, the number of extremely hot days is projected to continue to increase
dramatically over much of the U.S., especially by late century. Climate models project
that the same summertime temperatures that ranked among the hottest 5% in 1950-1979
will occur at least 70% of the time by 2035-2064 in the U.S. if global emissions of heat-
trapping gases continue to grow (as in the A2 scenario) (Duffy and Tebaldi 2012). By the
end of this century, what have previously been once-in-20-year heat waves (4-day events)
are projected to occur every two or three years over most of the U.S. (Karl et al. 2008). In
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other words, what now seems like an extreme heat wave will become commonplace.
Confidence has risen in computer model projections because recent observations are
consistent with past model projections.

Projected Changes in Rare Temperature Events

Rare Cold Events
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Figure 2.19: Projected Change in Rare Temperature Events

Caption: These maps show that both the hottest and coldest days are projected to
be warmer. They show the projected changes in surface air temperature at the end
of this century (2081-2100) relative to the end of the last century (1981-2000) on
very rare cold and hot days, under a scenario that assumes rapid reductions in
emissions (RCP 2.6, left) and a scenario that assumes continued increases in
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emissions (RCP 8.5, right). In this analysis, very rare cold and hot days are
defined as those having a 5% chance of occurring during any given year. The
projected temperature increases on such very cold days as well as for very hot
days are larger than for the average temperature. In particular, the largest
temperature increases will be on rare cold days meaning that bitter cold winter
days will be much less frequent across most of the contiguous U.S. (Figure
source: NOAA NCDC / CICS-NC. Data from CMIP5; analysis by Michael
Wehner, LBNL; based on method from (Kharin et al. submitted).)

In the U.S., flooding in the northern half of the eastern Great Plains and much of the
Midwest has been increasing, especially over the last several decades. Flooding has
decreased in the Southwest, although there have been small increases in other western
states. In the areas of increased flooding, increases in both total precipitation and extreme
precipitation are contributing to the flooding increases. Attribution of flood events is a
relatively new area of research. There is evidence of a detectable human influence in the
timing and magnitude of snowmelt and resulting streamflow in some western U.S. states
(Barnett et al. 2008; Hidalgo et al. 2009; Pierce et al. 2008), in recent flooding events in
England and Wales (Pall et al. 2011), and in other specific events around the globe during
2011 (Peterson et al. 2012). In general, heavier rains lead to a larger fraction of rainfall
running off and, depending on the situation, more potential for flooding. While a 2-inch
rain may not cause major impacts in the Southeast where such an event can occur several
times a year, it can be disastrous if it occurs in the northern Great Plains.
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Trends in Flood Magnitude
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Figure 2.20: Trends in Flood Magnitude

Caption: Trend magnitude (triangle size) and direction (green = increasing trend,
brown = decreasing trend) of annual flood magnitude from the 1920s through
2008. (Source: Hirsch and Ryberg 2012).

Projected higher temperatures cause increases in evaporation and loss of moisture
through plant leaves, leading to drier soils. Precipitation has already declined in some
areas within the Southwest and the Rocky Mountain states, and decreases in precipitation
are projected to intensify in those areas and spread northward and eastward in summer
(see Key Message 5). However, even in areas where precipitation does not decrease,
projected higher air temperatures will cause increases in surface evaporation and loss of
water from plants, leading to drier soils. As soil dries out, a larger proportion of the
incoming heat from the sun goes into heating the soil and adjacent air rather than
evaporating its moisture, resulting in hotter summers under drier climatic conditions
(Mueller and Seneviratne 2012). Under higher emissions scenarios, widespread drought
is projected to become more common over most of the central and southern U.S. (Cayan
et al. 2010; Dai 2012; Hoerling et al. 2012b ; Liang et al. 1996; Liang et al. 1994; Maurer
et al. 2002; Nijssen et al. 1997; Schwalm et al. 2012; Wehner et al. 2011; Wood and
Lettenmaier 2006; Wood et al. 2005)
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Extreme Drought in the U.S. and Mexico, Past and Future
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Figure 2.21: Extreme Drought in the U.S. and Mexico, Past and Future

Caption: The percentage area of the U.S. and Mexico in extreme drought
according to projections of the Palmer Drought Severity Index under a mid-range
emissions scenario (SRES A1B). The Palmer Drought Severity Index is the most
widely used measure of drought, although it is more sensitive to temperature than
other drought indices and may over-estimate the magnitude of drought increases.
The red line is based on observed temperature and precipitation. The blue line is
from the average of 19 different climate models. The gray lines in the background
are individual results from over 70 different simulations from these models. These
results suggest an increasing probability of drought over this century throughout
most of the U.S. Source: (Wehner et al. 2011)
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Figure 2.22: Pattern of Projected Changes in Soil Moisture

Caption: Average percent change in soil moisture compared to 1971-2000, as
projected in the middle of this century (2041-2070) and late this century (2071-
2100) under two emissions scenarios, a lower scenario assuming significant
reductions in emissions (B1) and a higher scenario (A2) assuming that emissions
continue to grow (Dai 2012; Liang et al. 1996; Liang et al. 1994; Maurer et al.
2002; Nijssen et al. 1997; Wood and Lettenmaier 2006; Wood et al. 2005). The
future drying of soils in most areas simulated by this sophisticated hydrologic
model (VIC model) is consistent with the future drought increases using the
simpler Palmer Drought Severity Index (PDSI) metric. (Figure source: NOAA
NCDC / CICS-NC. Data from VIC model.)
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Changes in Storms

There has been an increase in the overall strength of hurricanes and in the number
of strong (Category 4 and 5) hurricanes in the North Atlantic since the early 1980s.
The intensity of the strongest hurricanes is projected to continue to increase as the
oceans continue to warm. With regard to other types of storms that affect the U.S.,
winter storms have increased slightly in frequency and intensity, and their tracks
have shifted northward over the U.S. Other trends in severe storms, including the
numbers of hurricanes and the intensity and frequency of tornadoes, hail, and
damaging thunderstorm winds are uncertain and are being studied intensively.

Trends in the occurrences of storms, ranging from severe thunderstorms to winter storms
to hurricanes, are subject to much greater uncertainties than trends in temperature and
variables that are directly related to temperature (snow and ice cover, ocean heat content,
sea level). Recognizing that the impacts of changes in the frequency and intensity of
these storms can easily exceed the impacts of changes in average temperature or
precipitation, climate scientists are actively researching the connections between climate
change and severe storms.

Hurricanes

There has been a substantial increase in virtually every measure of hurricane activity in
the Atlantic since the 1970s. These increases are linked, in part, to higher sea surface
temperatures in the region that Atlantic hurricanes form in and move through. Numerous
factors influence these local sea surface temperatures, including human-induced
emissions of heat-trapping gases and particulate pollution and natural variability (Booth
et al. 2012; Camargo et al. 2012; Evan et al. 2012; Evan et al. 2011; Evan et al. 2009;
Mann and Emanuel 2006; Ting et al. 2009; Zhang and Delworth 2009). However,
hurricanes respond to more than just sea surface temperature. How hurricanes respond
also depends on how the local atmosphere responds to changes in local sea surface
temperatures, and this atmospheric response depends critically on the cause of the change
(Emmanuel 2012; Zhang and Delworth 2009);. For example, the atmosphere responds
differently when local sea surface temperatures increase due to a local decrease of
particulate pollution that allows more sunlight through to warm the ocean, versus when
sea surface temperatures increase more uniformly around the world due to increased
amounts of heat-trapping gases. So the link between hurricanes and ocean temperatures is
complex and this is an active area of research. Climate models that incorporate the best
understanding of all these factors project further increases in the frequency and intensity
of the strongest Atlantic hurricanes, as well as increased rainfall rates in response to
continued warming of the tropical oceans by heat-trapping gases. Hurricane activity in
other ocean basins has not shown such clear increases as those found in the Atlantic.
Consequently, there is much greater uncertainty that hurricane activity in those basins has
increased substantially in the past 40 years or so. Reducing these uncertainties is another
active area of research.
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Severe Convective Storms

Tornadoes and other severe thunderstorm phenomena frequently cause as much annual
property damage in the U.S. as do hurricanes, and often cause more deaths. Although
recent research has yielded insights into the connections between global warming and the
factors that cause tornados and severe thunderstorms (such as atmospheric instability and
increases in wind speed with altitude (Del Genio et al. 2007; Trapp et al. 2007)), these
relationships remain mostly unexplored, largely because of the challenges in observing
thunderstorms and tornadoes and simulating them with computer models.

Winter Storms

Over the U.S., changes in winter storm frequency and intensity are small and not
significant, with the exception that there is limited evidence of an overall increase in
storm activity near the northeast and northwest U.S. coastlines during the second half of
the 1950-2010 period (Vose, 2012). However, for the Northern Hemisphere as a whole,
there is evidence of an increase in both storm frequency and intensity during the cold
season since 1950 (Vose, 2012), with storm tracks having shifted slightly towards the
poles (Wang et al. 2006; Wang et al. 2012). Extremely heavy snowstorms increased in
number during the last century in northern and eastern parts of the U.S., but have been
less frequent since 2000 (Kunkel et al. 2012h; Squires et al. 2009). Total seasonal
snowfall has generally decreased in southern and some western areas (Kunkel et al.
2009b), increased in the northern Plains and Great Lakes (Kunkel et al. 2009a, 2009b),
and not changed in other areas, such as the Sierra Nevada (Christy 2012). Very snowy
winters have generally been decreasing in frequency in most regions over the last 10 to
20 years, although the Northeast has been seeing a normal number of such winters
(Kunkel et al. 2009). Heavier-than-normal snowfalls recently observed in the Midwest
and Northeast U.S. in some years, with little snow in other years, are consistent with
indications of increased blocking of the wintertime circulation of the Northern
Hemisphere (Francis and Vavrus 2012). Overall snow cover has decreased in the
Northern Hemisphere, due in part to higher temperatures that shorten the time snow
spends on the ground (BAMS 2012).
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Observed Trends in Hurricane Intensity
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Figure 2.23: Observed Trends in Hurricane Intensity

Caption: Recent variations of the Power Dissipation Index (PDI), a measure of
overall hurricane intensity in a hurricane season. Historical and satellite
observations show a significant upward trend in the strength of hurricanes and in
the number of strong hurricanes (Category 4 and 5) in the North Atlantic from
1983 to 2009. A significant decreasing trend in hurricane intensity is detected for
the eastern North Pacific from 1984 to 2009, but no trend in the number of storms
is apparent. Updated from (Kossin et al. 2007)
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Projected Changes in Atlantic Hurricane Frequency by Category
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Figure 2.24: Projected Changes in Atlantic Hurricane Frequency by Category

Caption: Model projections of percentage changes in Atlantic hurricane and
tropical storm frequencies for different storm categories, by the late this century.
Projected changes are for the period 2081-2100 compared with the period 2001-
2020. (Figure source: NOAA GFDL)
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Sea Level Rise

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

The oceans are absorbing over 90% of the increased atmospheric heat associated with
emissions from human activity (Church et al. 2011). Like mercury in a thermometer,
water expands as it warms up (this is referred to as “thermal expansion’) causing sea
levels to rise. Melting of glaciers and ice sheets is also contributing to sea level rise at
increasing rates (Arctic Monitoring and Assessment Programme 2011).

Since the late 1800s, tide gauges throughout the world have shown that global sea level
has risen by about 8 inches. Proxy data have shown that this rate of sea level rise is faster
than at any time in at least the past 2000 years (Kemp et al. 2012). Since 1992, the rate of
global sea level rise measured by satellites has been roughly twice the rate observed over
the last century, providing evidence that the current rate is faster still (Church and White
2011a).

Projecting future rates of sea level rise is challenging. Even the most sophisticated
climate models, which explicitly represent Earth’s physical processes, cannot simulate
recent rapid changes in ice sheet dynamics, and thus tend to underestimate sea level rise.
In recent years, “semi-empirical” models, based on statistical relationships between
historical rates of global warming and sea level rise, have been developed. Early efforts at
semi-empirical models suggested much higher rates of sea level rise (as much as 6 feet by
2100) (Jevrejeva et al. 2010; Vermeer and Rahmstorf 2009). More recent semi-empirical
models have suggested upper ends closer to 3 or 4 feet by 2100 (Jevrejeva et al. 2012;
Rahmstorf et al. 2012). It is not clear, however, whether these statistical relationships will
hold in the future.

Scientists are working to narrow the range of sea level rise projections for this century.
Recent projections show that for even the lowest emissions scenarios, thermal expansion
of ocean waters (Yin 2012) and the melting of small mountain glaciers (Marzeion et al.
2012) will result in 11 inches of sea level rise by 2100, even without any contribution
from the ice sheets in Greenland and Antarctica. This suggests that about 1 foot of global
sea level rise by 2100 is probably a realistic low end. On the high end, recent work
suggests that 4 feet is plausible. (Gladstone et al. 2012; Jevrejeva et al. 2012; Joughin et
al. 2010; Katsman et al. 2011; Rahmstorf et al. 2012). In the context of risk-based
analysis, some decision makers may wish to use a wider range of scenarios, from 8
inches to 6.6 feet by 2100 (Burkett and Davidson 2012; Parris et al. 2012). In particular,
the high end of these scenarios may be useful for decision makers with a low tolerance
for risk (Burkett and Davidson 2012; Parris et al. 2012) (see figure on global sea level
rise). Although scientists cannot yet assign likelihood to any particular scenario, in
general, higher emissions scenarios that lead to more warming would be expected to lead
to higher amounts of sea level rise.

Nearly 5 million people in the U.S. live within 4 feet of the local high-tide level. In the
next several decades, storm surges and high tides could combine with sea level rise and
land subsidence to further increase flooding in many of these regions (Strauss et al.
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2012). Sea level rise is not expected to stop in 2100. The oceans take a very long time to
respond to warmer conditions at the Earth’s surface. Ocean waters will therefore continue
to warm and sea level will continue to rise for many centuries.

North Carolina SLR from Proxies
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Figure 2.25

Caption: Rates of sea level change in the North Atlantic Ocean based on data
collected from the U.S. East Coast (Kemp et al. 2012) (red line, pink band shows
the uncertainty range) compared with a reconstruction of global sea level rise
based on tide gauge data (Jevrejeva et al. 2008) (blue line). (Figure source: Josh
Willis, NASA Jet Propulsion Laboratory)
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Figure 2.26: Global Sea Level Rise

Caption: Estimated, observed and possible amounts of global sea level rise from
1800 to 2100. Proxy estimates (Kemp et al. 2012) (for example, based on
sediment records) are shown in red (pink band shows uncertainty), tide gauge data
in blue (Church and White 2011a), and satellite observations are shown in green
(Nerem et al. 2010). The future scenarios range from 0.66 feet to 6.6 feet in 2100
(Parris et al. 2012). Higher or lower amounts of sea level rise are considered
implausible, as represented by the gray shading. The orange line at right shows
the currently projected range of sea level rise of 1 to 4 feet by 2100, which falls
within the larger risk-based scenario range. The large projected range reflects
uncertainty about how glaciers and ice sheets will react to the warming ocean, the
warming atmosphere, and changing winds and currents. As seen in the
observations, there are year-to-year variations in the trend. (Figure source: Josh
Willis, NASA Jet Propulsion Laboratory)
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Melting Ice

Rising temperatures are reducing ice on land, lakes, and sea. This loss of ice is
expected to continue.

Rising temperatures across the U.S. have reduced lake ice, sea ice, glaciers, and seasonal
snow cover over the last few decades (Arctic Monitoring and Assessment Programme
2011). In the Great Lakes, for example, total winter ice coverage has decreased by 63%
since the early 1970s (Wang et al. 2011).
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Figure 2.27: Great Lakes Ice Coverage Decline

Caption: Blue line shows annual average Great Lakes ice coverage from 1973 to
2011 and red line shows the trend. (Figure source updated from Wang et al. 2011)
Satellite images show Lake Superior in a high ice year and a more recent low ice
year. (Satellite images courtesy of NASA)

Sea ice in the Arctic has also decreased dramatically since the late 1970s, particularly in
summer and autumn. Since the satellite record began in 1978, minimum Arctic sea ice
extent (which occurs in early to mid September) has decreased by more than 40%
(NSIDC 2012). This decline is unprecedented in the historical record and is consistent
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with human-induced climate change. The 2012 sea ice minimum broke the preceding
record (set in 2007) by more than 200,000 square miles. Ice loss increases Arctic
warming by replacing white, reflective ice with dark water that absorbs more energy from
the sun. More open water can also increase snowfall over northern land areas and
increase the north-south meanders of the jet stream, consistent with the occurrence of
unusually cold and snowy winters at mid-latitudes in several recent years (Francis and
Vavrus 2012; Liu et al. 2012).

Arctic Sea Ice Decline
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Figure 2.28: Arctic Sea Ice Decline

Caption: Summer Arctic sea ice has declined dramatically since satellites began
measuring it in 1979. The extent of sea ice in September 2012, shown in white in
the figure on the left, was more than 40% below the median for 1979-2000. It is
also notable that the ice has become much thinner in recent years, so its total
volume has declined even more rapidly than the extent shown here (Arctic
Monitoring and Assessment Programme 2011). The graph on the right shows
annual variations in September Arctic sea ice extent for 1979-2012. (Figure and
data from National Snow and Ice Data Center)

The loss of sea ice has been greater in summer than in winter. The Bering Sea, for
example, experiences sea ice only in the winter-spring portion of the year, and shows no
trend in ice coverage over the past 30 years. However, seasonal ice in the Bering Sea and
elsewhere in the Arctic is thin and susceptible to rapid melt during the following summer.
Sea ice in the Antarctic is largely seasonal and has shown a slight increase in extent since
1979.

This seasonal pattern of observed ice loss is generally consistent with simulations by
global climate models, in which the extent of sea ice decreases more rapidly in summer
than in winter. However, the models tend to underestimate the amount of decrease since
2007. Projections by these models indicate that summer sea ice in the Arctic Ocean could
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disappear before mid-century under scenarios that assume continued growth in global
emissions, although sea ice would still form in winter (Stroeve et al. 2012; Wang and
Overland 2009). Even during a long-term decrease, occasional temporary increases in
Arctic summer ice can be expected over timescales of a decade or so because of internal
variability (Kay et al. 2011).
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Figure 2.29: Projected Arctic Sea Ice Decline

Caption: Model simulations of Arctic sea ice extent for September, 1900-2100,
based on observed concentrations of heat-trapping gases and particles (through
2005) and four emissions scenarios: RCP 2.6 (green line), RCP 4.5 (blue line),
RCP 6.0 (yellow line), and RCP 8.5 (red line); numbers in parentheses denote
number of models represented. Colored lines for RCP scenarios are model
averages (CMIPS). Shading shows ranges among models (pink for RCP 8.5
simulations, blue for RCP 4.5 simulations). The thick black line shows observed
data for 1953-2012. These newer model simulations project acceleration in sea ice
loss relative to older simulations. (Figure source: adapted from Stroeve et al.
2012).

The surface of the Greenland Ice Sheet has been experiencing summer melting over
increasingly large areas during the past several decades. In the decade of the 2000s, the
daily melt area summed over the warm season was double the corresponding amounts of
the 1970s (Fettweis et al. 2011), culminating in summer melt that was far greater (97% of
the Greenland Ice Sheet area) in 2012 than in any year since the satellite record began in
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1979. More importantly, the rate of mass loss from the Greenland Ice Sheet has
accelerated in recent decades, increasing Greenland’s contribution to sea level rise (Dahl-
Jensen et al. 2011). The proportion of global sea level rise coming from Greenland is
expected to continue to increase (Dahl-Jensen et al. 2011). However, the dynamics of the
Greenland Ice Sheet are generally not included in present global climate models.

Glaciers are retreating and/or thinning in Alaska and in the lower 48 states. In addition,
permafrost temperatures are increasing over Alaska and much of the Arctic. Regions of
discontinuous permafrost in interior Alaska (where annual average soil temperatures are
already close to 32°F) are highly vulnerable to thaw. Thawing permafrost releases carbon
dioxide and methane, heat-trapping gases that contribute to even more warming. Methane
emissions have been detected from Alaskan lakes underlain by permafrost (Walter et al.
2007), and measurements suggest potentially even greater releases from the Arctic
continental shelf in the East Siberian Sea (Shakhova et al. 2010).

Ocean Acidification

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

As human-induced emissions of carbon dioxide (CO;) build up in the atmosphere, excess
CO, is dissolving into the oceans where it reacts with seawater to form carbonic acid,
lowering ocean pH levels (“acidification’) and threatening a number of marine
ecosystems (Doney et al. 2009). Currently, the oceans absorbs about a quarter of the CO,
humans produce every year (Le Quere et al. 2009). Over the last 250 years, the oceans
have absorbed 530 billion tons of CO,, increasing the acidity of surface waters by 30%
(Caldeira and Wickett 2003; Hall-Spencer et al. 2008; Honisch et al. 2012). Although the
average oceanic pH can vary on interglacial timescales (Caldeira and Wickett 2003), the
current observed rate of change is roughly 50 times faster than known historical change
(Byrne et al. 2010). Regional factors such as coastal upwelling (Feely et al. 2008),
changes in riverine and glacial discharge rates (Mathis et al. 2011), sea ice loss
(Yamamoto-Kawai et al. 2009), and urbanization (Feely et al. 2010) have created “ocean
acidification hotspots” where changes are occurring at even faster rates.

The acidification of the oceans has already caused a suppression of carbonate mineral
concentrations that are critical for marine calcifying animals such as corals, zooplankton,
and shellfish. Many of these animals form the foundation of the marine food web. Today,
more than a billion people worldwide rely on food from the ocean as their primary source
of protein. Ocean acidification puts this important resource at risk.

Observations have shown that the northeastern Pacific Ocean, including the arctic and
sub-arctic seas, is particularly susceptible to significant shifts in pH and calcium
carbonate concentrations. Recent analyses show that large areas of the oceans along the
U.S. west coast (Gruber et al. 2012), the Bering Sea, and the western Arctic Ocean (Orr
et al. 2005) will become difficult for calcifying animals within the next 50 years. In
particular, animals that form calcium carbonate shells, including corals, crabs, clams,
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oysters, and tiny free-swimming snails called pteropods, could be particularly vulnerable,
especially during the larval stage (Doney et al. 2012; Fabry et al. 2009).

Projections indicate that in a high emissions scenario such as SRES A2 or RCP 8.5,
current pH could be reduced from the current level of 8.07 to as low as 7.67 by the end of
the century, roughly five times the amount of acidification that has already occurred
(NOAA 2012). Such large changes in ocean pH have probably not been experienced on
the planet for the past 21 million years, and scientists are unsure whether and how
quickly ocean life could adapt to such rapid acidification.

As Oceans Absorb CO2, They Become More Acidic
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Figure 2.30: As Oceans Absorb CO,, They Become More Acidic

Caption: The correlation between rising levels of carbon dioxide in the
atmosphere at Mauna Loa with rising carbon dioxide levels and falling pH in the
nearby ocean at Station Aloha. As carbon dioxide accumulates in the ocean, the
water becomes more acidic. Figure source: modified from (Feel.y et al. 2008).
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Shells Dissolve in Acidified Ocean Water
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Figure 2.31: Shells Dissolve in Acidified Ocean Water

Caption: The Pteropod, or “sea butterfly”, is a tiny sea creature about the size of
a small pea. Pteropods are eaten by marine species ranging in size from krill to
whales and are a major source of food for North Pacific young salmon. The
photos above show what happens to a pteropod’s shell when placed in seawater
with pH and carbonate levels projected for the year 2100. The shell slowly
dissolves after 45 days. (Photo credit: National Geographic Images)
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Traceable Accounts

Chapter 2: Our Changing Climate

Key Message Process: Development of the key messages involved: 1) discussions of the lead authors and
accompanying analyses conducted via one in-person meeting plus a number of teleconferences over the last
8 months (from February thru September 2012) including reviews of the scientific literature; and 2) the
findings from four special workshops that related to the latest science understanding of climate extremes.
Each workshop had a different theme related to climate extremes, had approximately 30 attendees (the
CMIPS5 meeting had more than 100), and resulted in a paper submitted to BAMS (2012). The first was held
in July 2011, titled Monitoring Changes in Extreme Storm Statistics: State of Knowledge
(https://sites.google.com/a/noaa.gov/severe-storms-workshop/). The second was held in November 2011,
titled November 2011 — Forum on Trends and Causes of Observed Changes in Heatwaves, Coldwaves,
Floods, and Drought (https://sites.google.com/a/noaa.gov/heatwaves-coldwaves-floods-droughts/). The
third was held in January 2012, titled Forum on Trends in Extreme Winds, Waves, and Extratropical
Storms along the Coasts (https://sites.google.com/a/noaa.gov/extreme=winds-waves-extratropical-storms/).
The fourth, the CMIPS results workshop, was held in March 2012 in Hawaii.

In developing key messages, the Chapter Author Team engaged in multiple technical discussions over the
last 8 months via teleconferences and emails as they reviewed over 80 technical inputs provided by the
public, as well as other published literature, and professional judgment. These discussions were supported
by targeted consultation with additional experts, and they were based on criteria that help define “key
vulnerabilities.” A consensus-based approach was used for final key message selection.

Key message #1/11 | Global climate is changing now and this change is apparent across a wide range
of observations. The climate change of the past 50 years is primarily due to
human activities.

Description of The key message and supporting text summarizes extensive evidence documented in
evidence base the climate science literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal Register Notice
solicitation for public input. Generally, those reports did not add much to the author
team’s process in the way of observation and model data analyses and their use of
the peer-reviewed literature.

Evidence for changes in global climate arises from multiple analyses of data from in-
situ, satellite, and other records undertaken by many groups over several decades
(Kennedy et al. 2010). Changes in the mean state have been accompanied by
changes in the frequency and nature of extreme events (Alexander et al. 2006) . A
substantial body of analysis comparing the observed changes to a broad range of
climate simulations consistently points to the necessity of invoking human-caused
changes to adequately explain the observed climate system behavior(Gillett et al.
2012; Stott et al. 2010). The influence of human impacts on the climate system was
also observed in a number of individual climate variables (AchutaRao et al. 2006;
Gillett and Stott 2009; Min et al. 2011; Pall et al. 2011; Santer et al. 2007; Santer
2012; Willett et al. 2007) .

New information Key remaining uncertainties relate to the precise magnitude and nature of changes at
and remaining global, and particularly regional, scales, and especially for extreme events and our
ability to simulate and attribute such changes using climate models. Innovative new

uncertainties approaches to climate data analysis, continued improvements in climate modeling,
and instigation and maintenance of reference quality observation networks such as
the US Climate Reference Network can all reduce uncertainties.

Assessment of There is very high confidence that global climate is changing and this change is

confidence based apparent across a wide range of observations given the evidence base and remaining
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on evidence

uncertainties. All observational evidence is consistent with a warming climate since
the late 1800’s.

There is very high confidence that the climate change of the past 50 years is
primarily due to human activities given the evidence base and remaining
uncertainties. Recent changes have been consistently attributed in large part to
human factors across a very broad range of climate system characteristics.

CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 2: Climate Science

Key Message Process: See KM#1.

Key message #2/11

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

Description of
evidence base

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

Evidence of continued global warming is based on past observations of climate
change and our knowledge of the climate system’s response to heat-trapping gases.
Models have projected increased temperature under a number of different scenarios
(IPCC 2007; Schnellnhuber et al. 2006; Taylor et al. 2012).

Evidence that the planet has warmed is “‘unequivocal” (IPCC 2007) , and is
corroborated though multiple lines of evidence, as is the conclusion that the causes
are very likely human in origin. The evidence for future warming is based on
fundamental understanding of the behavior of heat-trapping gases in the atmosphere.
Model simulations provide bounds on the estimates of this warming.

New information
and remaining
uncertainties

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

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

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

Uncertainty in how sensitive the climate is to increased concentrations of heat-
trapping gases is especially important beyond the next few decades.

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

Assessment of
confidence based
on evidence

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

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 2: Climate Science

Key Message Process: See KM#1.

Key message #3/11

U.S. average temperature has increased by about 1.5 degrees F since record
keeping began in 1895; more than 80% of this increase has occurred since 1980.
The most recent decade was the nation’s warmest on record. U.S. temperatures
are expected to continue to rise. Because human-induced warming is
superimposed on a naturally varying climate, the temperature rise has not
been, and will not be, smooth across the country or over time.

Description of
evidence base

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

Evidence for the long-term increase in temperature is based on analysis of daily
maximum and minimum temperature observations from the U.S. Cooperative
Observer Network. With the increasing understanding of U.S. temperature
measurements, (Fall et al. 2010; Fall etal. 2011; Karl et al. 1986; Menne and
Williams Jr 2009; Menne et al. 2009; Menne et al. 2010; Vose et al. 2012; Williams
et al. 2012) a temperature increase has been observed and is projected to continue
rising (Menne et al. 2009). Observations show that the last decade was the warmest
in over a century. A number of climate model simulations were performed to assess
past, and to forecast future changes in climate; temperatures are generally projected
to increase across the U.S.

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

New information
and remaining
uncertainties

There have been substantial advances in our understanding of the U.S. temperature
record since the previous National Climate Assessment (Fall et al. 2010; Fall et al.
2011; Karl et al. 2009; Menne and Williams Jr 2009; Menne et al. 2009; Menne et
al. 2010; Vose et al. 2012; Williams et al. 2012).

A potential uncertainty is the sensitivity of temperature trends to bias adjustments
that account for historical changes in station location, temperature instrumentation,
observing practice, and siting conditions. However, quality analyses of these
uncertainties have not found any major issues of concern affecting the conclusions
made in the key message

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

Assessment of
confidence based
on evidence

Given the evidence base and remaining uncertainties, confidence is very high that
because human-induced warming is superimposed on a naturally varying climate,
the temperature rise has not been, and will not be, smooth across the country or over
time.
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CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 2: Climate Science

Key Message Process: See KM#1.

Key message #4/11

The length of the frost-free season (and the corresponding growing season) is
increasing nationally, with the largest increases occurring in the western U.S.,
affecting ecosystems and agriculture. Continued lengthening of the growing
seasons across the U.S. is projected.

Description of
evidence base

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

Evidence that the length of the frost-free season is lengthening is based on extensive
analysis of daily minimum temperature observations from the U.S. Cooperative
Observer Network. The geographic variations of increasing number of frost-free
days are similar to changes in mean temperature. Separate analysis of surface data
also indicates a trend towards an earlier onset of spring. Key references: U.S.
Environmental Protection Agency (2010), Dragoni et al. (2011), Jeong et al.(2011),
Ziska et al.(2011).

Nearly all studies to date published in the peer-reviewed literature (e.g., Dragoni et
al. (2011), U.S. Environmental Protection Agency (2010), Jeong et al.(2011)) agree
that the freeze-free and growing seasons have lengthened. This is most apparent in
the western U.S. Peer-reviewed studies also indicate that continued lengthening will
occur if concentrations of heat-trapping gases continue to rise. The magnitude of
future changes based on model simulations is large in the context of historical
variations.

New information
and remaining
uncertainties

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

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

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

Assessment of
confidence based
on evidence

Given the evidence base and remaining uncertainties, confidence is very high that
the length of the frost-free season (also referred to as the growing season) is
increasing nationally, with the largest increases occurring in the western U.S,
affecting ecosystems, gardening, and agriculture. Confidence is very high that there
will be continued lengthening of these seasons across the U.S. given the evidence
base.

DRAFT FOR PUBLIC COMMENT

77




Draft for Public Comment

Chapter 2 — Our Changing Climate

(v. 11 Jan 2013)

CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 2: Climate Science

Key Message Process: See KM#1.

Key message #5/11

Precipitation over the U.S. has increased on average during the period since
1900, with the largest increases the Midwest, southern Great Plains, and
Northeast. Portions of the Southeast, the Southwest, and the Rocky Mountain
states have experienced decreases. More winter and spring precipitation is
projected for the northern U.S., and less for the Southwest, over this century.

Description of
evidence base

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

Evidence of long-term change in precipitation is based on analysis of daily
observations from the U.S. Cooperative Observer Network. Published work shows
the regional differences in precipitation (McRoberts and Nielsen-Gammon 2011;
Peterson et al. 2012) . Evidence of future change is based on our knowledge of the
climate system’s response to heat-trapping gases and an understanding of the
regional mechanisms behind the projected changes (e.g., IPCC 2007).

New information
and remaining
uncertainties

A key issue (uncertainty) is the sensitivity of observed precipitation trends to
historical changes in station location, rain gauges, and observing practice. A second
key issue is the extent to which observed regional variations will persist into the
future.

An uncertainty in projected precipitation concerns the extent of the drying of the
Southwest.

Shifts in precipitation patterns due to changes in pollution are uncertain and is an
active research topic.

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

A number of peer-reviewed studies (e.g., (McRoberts and Nielsen-Gammon 2011;
Peterson et al. 2012) ) document precipitation increases at the national scale as well
as regional-scale increases and decreases. The variation in magnitude and pattern of
future changes from climate model simulations is large relative to observed (and
modeled) historical variations.

Assessment of
confidence based
on evidence

Given the evidence base and remaining uncertainties, confidence is high that
precipitation over the U.S. has increased on average during the period since 1900,
with the largest increases the Midwest, southern Great Plains, and Northeast.

Confidence is high given the evidence base and uncertainties that portions of the
Southeast, the Southwest, and the Rocky Mountain states have experienced
precipitation decreases. There is less certainty for Southwest mountain states
because they sit in the transition region.

Confidence is high given the evidence base and uncertainties that more winter and
spring precipitation is projected for the northern U.S., and less for the Southwest,
over this century.
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CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 2: Climate Science

Key Message Process: See KM#1.

Key message #6/11

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

most U.S. areas.

Description of
evidence base

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

Evidence that extreme precipitation is increasing is based primarily on analysis of
hourly and daily precipitation observations from the U.S. Cooperative Observer
Network and is supported by observed increases in atmospheric water vapor (Dai
2012). Recent publications have projected an increase in extreme precipitation
events (Kunkel et al. 2012h; Wang and Overland 2009), with some areas getting
larger increases (Karl et al. 2009) and some getting decreases (Wehner 2012;
Wuebbles et al. 2012).

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

New information
and remaining

uncertainties

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

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

Assessment of
confidence based

on evidence

Given the evidence base and uncertainties, confidence is high that heavy downpours
are increasing nationally, with especially large increases in the Midwest and
Northeast.

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

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Key Message Process: See KM#1.

Key message #7/11

Certain types of extreme weather events have become more frequent and
intense, including heat waves, floods, and droughts in some regions. The
increased intensity of heat waves has been most prevalent in the western parts
of the country, while the intensity of flooding events has been more prevalent
over the eastern parts. Droughts in the Southwest and heat waves everywhere
are projected to become more intense in the future.

Description of
evidence base

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

Analysis of U.S. temperature records indicates that record cold events are becoming
progressively less frequent relative to record high events. Evidence for these trends
in the United States is provided by Meehl et al.(2009). Cited papers by Stott et al.
(2010) and Christidis et al.(2011) contain evidence for the corresponding trends in a
global framework. A number of publications have explored the increasing trend of
heat waves (Karl et al. 2008; Stott et al. 2010; Trenberth 2011). Additionally, heat
waves observed in the southern Great Plains (Karl et al. 2009), Europe (Stott et al.
2010; Trenberth 2011) and Russia (Christidis et al. 2011; Duffy and Tebaldi 2012;
Meehl et al. 2009) have now been shown to have a higher probability of having
occurred because of human-induced climate change. Some parts of the U.S. have
been seeing changing trends for floods and droughts over the last 50 years, with
some evidence for human influence (Barnett et al. 2008; Hidalgo et al. 2009; Pall et
al. 2011; Peterson et al. 2012; Pierce et al. 2008). Further evidence for these trends is
provided by Trenberth (2011). Projections of increased drought are supported by the
results of Wehner et al.(2011), with a number of publications projecting drought as
becoming a more normal condition over much of the southern and central U.S. (most
recent references: Dai 2012; Hoerling et al. 2012b ).

Analyses of U.S. daily temperature records indicate that low records are being
broken at a much smaller rate than high records, and at the smallest rate in the
historical record. However, in certain localized regions, natural variations can be as
large or larger than the human induced change.

New information
and remaining
uncertainties

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

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

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

Assessment of
confidence based
on evidence

Give the evidence base and uncertainties:

Heat waves have become more frequent and intense, and confidence is high that
these trends are projected to continue.

Droughts have become more frequent and intense in some regions, and confidence is
high that these trends are projected to continue.
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Floods have become more frequent and intense in some regions, and confidence is
medium to high that these trends are projected to continue.

CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Key Message Process: See KM#1.

Key message #8/11

There has been an increase in the overall strength of hurricanes and in the
number of strong (Category 4 and 5) hurricanes in the North Atlantic since the
early 1980s. The intensity of the strongest hurricanes is projected to continue to
increase as the oceans continue to warm. With regard to other types of storms
that affect the U.S., winter storms have increased slightly in frequency and
intensity, and their tracks have shifted northward over the U.S. Other trends in
severe storms, including the numbers of hurricanes and the intensity and
frequency of tornadoes, hail, and damaging thunderstorm winds are uncertain
and are being studied intensively.

Description of
evidence base

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

Recent studies suggest that the most intense Atlantic hurricanes have become
stronger since the early 1980s, as documented by (Kossin et al. 2007) . While this is
still the subject of active research, this trend is projected to continue (Bender et al.
2010). Current work by Vose et al. (2012) has provided evidence in the increase in
frequency and intensity of winter storms, with the storm tracks shifting poleward
(Wang et al. 2006; Wang et al. 2012), but some areas have experienced a decrease in
winter storm frequency (Karl et al. 2009). Some recent research has provided insight
into the connection of global warming to tornados and severe thunderstorms (Del
Genio et al. 2007; Trapp et al. 2007).

New information
and remaining
uncertainties

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

Significant uncertainties remain in making projections of hurricane number and
intensity. While the best analyses to date suggest an increase in intensity and in the
number of most intense storms over the century, there remain significant
uncertainties. The figure in the chapter for KM#8 that shows projected changes in
occurrences of hurricanes of different intensities includes data points from different
models, illustrating the spread.

Other types of storms have even greater uncertainties in their recent trends and
projections. The text for this key message explicitly acknowledges the state of
knowledge, pointing out “what we don’t know”.

Assessment of
confidence based

on evidence

Given the evidence and uncertainties, confidence is medium that the strongest
hurricanes are projected to increase in intensity as the oceans warm due to more
available energy. Confidence is low regarding other trends in severe storms due to
the many uncertainties that remain about frequency and intensity of other types of
storms.
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CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Key message #9/11 | Global sea level has risen by about 8 inches since reliable record keeping began
in 1880. It is projected to rise another 1 to 4 feet by 2100.

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

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

Tide gauges throughout the world have documented rising sea levels during the last
130 years. This rise has been further confirmed over the past 20 years by satellite
observations, which are highly accurate and have nearly global coverage. Recent
studies have shown current sea level rise rates are increasing (Kemp et al. 2012;
Parris et al. 2012) and project that future sea level rise over the rest of this century
will be faster than those of the last 100 years (Parris et al. 2012; Willis et al. 2010).

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

uncertainties

Early efforts at semi-empirical models suggested much higher rates of sea level rise
(as much as 6 feet by 2100) (Jevrejeva et al. 2010; Vermeer and Rahmstorf 2009).
More recent semi-empirical models have suggested upper bounds closer to 3 or 4
feet (Jevrejeva et al. 2012; Rahmstorf et al. 2012). It is not clear, however, whether
these statistical relationships will hold in the future.

More recent work suggests that a high-end of 3 to 4 feet is more plausible.
(Gladstone et al. 2012; Jevrejeva et al. 2012; Joughin et al. 2010; Katsman et al.
2011; Rahmstorf et al. 2012). Some decision makers may wish to consider a broader
range of scenarios such as 8 inches or 6.6 feet by 2100 in the context of risk-based
analysis (Burkett and Davidson 2012; Parris et al. 2012) .

Assessment of Given the evidence and uncertainties, confidence is very high that global sea level
confidence based has risen during the past century, and that it will continue to rise over this century.

on evidence Given the evidence and uncertainties about ice sheet dynamics, confidence is high
that the rate of global sea level rise has been faster since the early 1990s, but there is
medium confidence in global sea level rise will be in the range of 1 to 4 feet by
2100.
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CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Key message
#10/11

Rising temperatures are reducing ice on land, lakes, and sea. This loss of ice is
expected to continue.

Description of
evidence base

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

There have been a number of publications reporting decreases in ice on land
(Fettweis et al. 2011) and glacier recession . Evidence that winter lake ice and
summer sea ice are rapidly declining is based on satellite data and is incontrovertible
(for lake ice Arctic Monitoring and Assessment Programme 2011; Wang et al.
2012).

Nearly all studies to date published in the peer-reviewed literature agree that summer
Arctic sea ice extent is rapidly declining and that if heat-trapping gas concentrations
continue to rise, an essentially ice-free Arctic ocean will be realized sometime
during this century (e.g., Stroeve etal. 2012; KM 10). September 2012 has the
lowest levels of Arctic ice in recorded history. Great Lakes ice should follow a
similar trajectory. Glaciers will generally retreat, except for a small percentage of
glaciers that experience dynamical surging (Arctic Monitoring and Assessment
Programme 2011). The rate of permafrost degradation is complicated by changes in
snow cover and vegetation.

New information
and remaining
uncertainties

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

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

Assessment of
confidence based
on evidence

Given the evidence base and uncertainties, confidence is very high that rising
temperatures are melting sea ice, lake ice, and glaciers and that this melting is
expected to continue.

Given the evidence base and uncertainties, confidence is high that rising
temperatures are thawing permafrost and that this thawing is expected to continue.

CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Key message
#11/11

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

Description of
evidence base

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

Work done by LeQuere et al. 2009 reported that the oceans currently absorb a
quarter of anthropogenic CO,. Publications have shown that this absorption causes
the ocean to become more acidic (Doney et al. 2009). Recent publications
demonstrate the adverse effects further acidification will have on marine life (Doney
et al. 2012; Fabry et al. 2009; Gruber et al. 2012; Orr et al. 2005).

New information
and remaining
uncertainties

The key issue is to understand how future levels of ocean acidity will affect marine
ecosystems. Absorption of anthropogenic CO,, reduced pH, and lower calcium
carbonate (CaCO3) saturation in surface waters, where the bulk of oceanic
production occurs, are well verified from models, hydrographic surveys, and time
series data(Orr et al. 2005).

Assessment of
confidence based
on evidence

Very high for trend of ocean acidification; low-te-medium for ecological
consequences. Our present understanding of potential ocean acidification impacts on
marine organisms stems largely from short-term laboratory and mesocosm
experiments; consequently, the response of individual organisms, populations, and
communities to more realistic gradual changes is largely unknown.

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

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Introduction to the Sectors

Every sector of the U.S. economy is affected in some way, either directly or indirectly, by
climate changes, including changes in temperature, rising sea levels, and more extreme
precipitation events and droughts. But none of these sectors exist in isolation, and each sector
connects directly and indirectly to other sectors. Forestry activities affect, and are affected by,
water supply, changing ecosystems, impacts to biological diversity, and energy availability.
Water supply and energy use are completely intertwined, since water is used to generate energy
and energy is used to pump, treat, and deliver water. Human health is affected by water supply,
agricultural practices, transportation systems, energy availability, and land use — among other
factors. Human social systems and communities are also directly affected by extreme weather
events and changes in natural resources like water; they are also affected both directly and
indirectly by ecosystem health.

The 2013 National Climate Assessment addresses some of these topics individually, and others
using a cross-sectoral approach that focuses on the climate-related risks and opportunities that
occur across sectors — as well as within them. For example, there are specific chapters focusing
on water, energy production and use, agriculture, human health, and ecosystems and biological
diversity. Six cross-cutting chapters address how climate change can interact with multiple
sectors. These cover the following topics:

e Water, energy, and land use

e Tribal culture, lands, and resources

e Land use and land cover

e Biogeochemical cycles and implications for ecosystems
e Rural communities

e Urban infrastructure and vulnerability

A common thread across these chapters is the connections across the sectors and the way that
changes in one sector are amplified or attenuated through connections with other sectors.
Another theme considers how decisions that people make daily can influence a cascade of events
that affect individual and national vulnerability and/or resiliency to climate changes across
multiple sectors. This “systems approach” tries to connect, for example, how adaptation and
mitigation strategies are themselves dynamic and interrelated systems that intersect with the
sectors described here, like the way adaptation plans for future coastal infrastructure are
correlated to the kinds of mitigation strategies that are put into place today. These chapters also
address the importance of underlying vulnerabilities and the ways they may influence the risks
associated with climate change.

The chapters in the following section start with an assessment of what is at risk within the
selected sectors, and include both observations of existing impacts associated with climate
change and impacts that are expected to result from climatic changes projected by climate
models.
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3. Water Resources

Convening Lead Authors:
Aris Georgakakos, Georgia Tech
Paul Fleming, Seattle Public Utilities

Lead Authors:
Michael Dettinger, U.S. Geological Survey
Christa Peters-Lidard, National Aeronautics and Space Administration
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Ken Reckhow, Duke University
Kathleen White, U.S. Army Corps of Engineers
David Yates, University Corporation for Atmospheric Research

The cycle of life is intricately joined with the cycle of water.
Jacques-Yves Cousteau

Key Messages

Climate Change Impacts on the Water Cycle

1.

Annual precipitation and runoff increases are observed now in the Midwest and
Northeast regions and are projected to continue or develop in northern states;
decreases are observed and projected in southern states.

Summer droughts are expected to intensify in most regions of the U.S., with longer
term reductions in water availability in the Southwest, Southeast, and Hawai‘i in
response to both rising temperatures and changes in precipitation.

Floods are projected to intensify in most regions of the U.S., even in areas where
average annual precipitation is projected to decline, but especially in areas that are
expected to become wetter, such as the Midwest and the Northeast.

Expected changes in precipitation and land use in aquifer recharge areas, combined
with changes in demand for groundwater over time, will affect groundwater
availability in ways that are not well monitored or understood.

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

Air and water temperatures, precipitation intensity, and droughts affect water
quality in rivers and lakes. More intense runoff and precipitation generally increase
river sediment, nitrogen, and pollutant loads. Increasing water temperatures and
intensifying droughts can decrease lake mixing, reduce oxygen in bottom waters,
and increase the length of time pollutants remain in water bodies.
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Climate Change Impacts on Water Resources

7. In the Southwest, parts of the Southeast, the Great Plains, and the islands of the
Caribbean and the Pacific, including the state of Hawai‘i, surface and groundwater
supplies are already affected and are expected to be reduced further by declining
runoff and groundwater recharge trends, increasing the likelihood of water
shortages for many off-stream and in-stream water uses.

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

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

10. Increasing resilience and enhancing adaptive capacity are useful strategies for water
resources management and planning in the face of climate change. Challenges
include: competing demands for water; a variety of institutional constraints; lack of
scientific information or access to it; considerable scientific and economic
uncertainties; inadequate information useful for practical applications; and
difficulties in engaging stakeholders.

Climate Change Impacts on the Water Cycle

Water cycles constantly from the atmosphere to the land and the oceans (through precipitation
and runoff) and back to the atmosphere (through evaporation, and the release of water to
atmosphere through plant leaves, called “transpiration”), setting the stage for all life to exist. The
water cycle is dynamic and naturally variable, and societies and ecosystems are adapted to this
variability. However, climate change is altering the water cycle in multiple ways, presenting
unfamiliar risks and opportunities.

Changing Rain, Snow, and Runoff

Annual precipitation and runoff increases are observed now in the Midwest and Northeast
regions and are projected to continue or develop in the northern states; decreases are
observed and projected in southern states.

Annual average precipitation over the continental U.S. as a whole increased by more than 2
inches (0.2 inches per decade) between 1895 and 2011 (Bales et al. 2012; NCDC 2011). In
recent decades, annual average precipitation increases have been observed across the upper
Midwest, northern Great Plains, and Northeast, moderate increases in the Northwest, and
decreases in Hawai‘i and parts of the Southeast and Southwest (IPCC 2007; NCDC 2011).
Increases in the north and decreases in the Southwest are projected to continue in this century
(Orlowsky and Seneviratne 2012).

Historically, the number and intensity of heavy precipitation events (top 1% or greater) have
been increasing in all U.S. regions except the Southwest, Northwest, and Hawai‘i. Further, the
volume of precipitation from the heaviest daily events has increased across the U.S. (see Ch. 2:
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Our Changing Climate). For example, during 1950-2007, daily precipitation totals with 2-, 5-,
and 10-year return periods increased in the Northeast and western Great Lakes (DeGaetano
2009; Mishra and Lettenmaier 2011). Extreme daily precipitation events are projected to increase
everywhere (see Ch. 2: Our Changing Climate), such that a heavy precipitation event that
historically occurred once in 20 years would arrive as frequently as every 5 to 15 years by late in
this century (Groisman et al. 2012; Wang and Zhang 2008).

Snowpack and snowmelt-fed rivers in much of the western U.S. have changed in response to
warming trends since the middle of the last century, including the past decade (Fritze et al. 2011;
Hoerling et al. 2012; Mote 2006; Pierce et al. 2008), showing declines in spring snowpack,
earlier snowmelt-fed streamflow, more precipitation falling as rain instead of snow, and striking
reductions in lake ice cover (Wang et al. 2012); several of these trends have now been shown to
be due to human-induced warming trends (Barnett et al. 2008; Bonfils et al. 2008; Hidalgo et al.
2009; Pierce et al. 2008; Ch. 2: Our Changing Climate). Similar historical trends have been
observed in the northern Great Plains, Midwest, and Northeast. Permafrost is thawing in many
parts of Alaska, a trend that not only affects habitats and infrastructure, but also mobilizes
subsurface water and reroutes surface water in ways not previously witnessed (Romanovsky et
al. 2011; Smith et al. 2010). All of these trends are projected to become even more pronounced
as the climate continues to warm.
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Changes in Snow, Runoff, and Soil Moisture
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Figure 3.1: Changes in Snow, Runoff, and Soil Moisture

Caption: These projections, assuming continued increases in heat-trapping gas emissions
(A2 scenario), illustrate: a) major losses in the water content of snowpack that fills
western rivers (snow water equivalent, or SWE); b) significant reductions in runoff in
California, Arizona, and the Central Rocky Mountains; and c) reductions in soil moisture
across the Southwest. The changes shown are for mid-century (2041-2070) as percentage
changes from 1970-2000 conditions (Cayan et al. 2012).

Evapotranspiration (evaporation of water from soil and the release of water to the air from
plant leaves) is the second largest component of the water cycle after precipitation. The
evapotranspiration process responds to both solar energy and moisture availability at the land
surface and regulates the amounts of soil moisture, groundwater recharge, and runoff (Mueller et
al. 2011). This coupling of energy and water processes complicates the estimation of regional
evapotranspiration and its modeling. Actual evapotranspiration depends on the potential of the
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atmosphere to absorb water vapor as well as on water availability for evapotranspiration at the
land surface. The atmospheric potential for evapotranspiration is generally strongly dependent on
temperature (Vautard et al. 2010); however, even though the Earth’s surface temperature
increased during the past 50 years, potential evaporation rates (as measured by pan-evaporation)
have declined in many places (Peterson et al. 1995), including the U.S. (Roderick and Farquhar
2002). Decreasing wind speed (Vautard et al. 2010) has been proposed as a factor for this
decreased evaporative demand (McVicar et al. 2012 ), while reduced solar irradiance at the land
surface associated with increased cloud cover and aerosol concentration (Roderick and Farquhar
2002) and increasing humidity have also been identified as possible contributing factors in other
parts of the globe (McVicar et al. 2012 ). In addition to the factors controlling evaporative
demand, actual evapotranspiration also depends on the availability of soil moisture, which
appears to have been declining over much of North America during the past few decades (BAMS
2012). However, much more research is needed to confidently identify historical trends, causes,
and implications for future evapotranspiration trends. This represents a critical uncertainty in
projecting the impacts of climate change on regional water cycles.

Soil moisture, on a regional scale, has historically been difficult to monitor and has often been
inferred from models, but it is well-recognized that soil moisture plays a major role in the water
cycle. In the last 20 years, soil moisture appears to have declined in parts of the Southeast
(Georgakakos and Zhang 2011; Hamlet et al. 2007), southern Great Plains, and Southwest, and
increased in the Northeast (Liu et al. 2011; Su et al. 2010). Based mostly on hydrologic
simulations, soil moisture, especially in summer, is expected to decline with higher temperatures
and attendant increases in the potential for evapotranspiration in much of the country, especially
in the Southwest (Cayan et al. 2010; Ch. 2: Our Changing Climate) and Southeast (Georgakakos
and Zhang 2011; Wehner et al. 2011).

Runoff and streamflow, at regional scales, declined during the last century in the Northwest
(Luce and Holden 2009) and increased in the Mississippi basin and Northeast, with no clear
trends in much of the rest of the continental U.S. (McCabe and Wolock 2011). Annual runoff in
the Colorado River Basin has declined (U.S. Bureau of Reclamation 2011c¢), although tree-ring
studies in the Colorado River basin and Southeast U.S. indicate that these regions have
experienced even drier conditions in the past two thousand years (Hoerling et al. 2012; Meko et
al. 2007; Woodhouse et al. 2006). Similarly, runoff from the Missouri River basin was greater
and less variable during the 20th century than in previous centuries (Watson et al. 2009).
Projected changes in runoff for eight basins in the Pacific Northwest, northern Great Plains, and
Southwest are illustrated below.
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Figure 3.2: Streamflow Projections for River Basins in the Western U.S.

Caption: Streamflow projections associated with an ensemble of emissions scenarios and
climate projections for eight river basins in the western U.S. The panels show percentage
changes in average runoff, with projected increases above the zero line and decreases
below. Projections are for annual, cool, and warm seasons, for three future decades
(2020s, 2050s, and 2070s) relative to baseline conditions (1990s).

Basins in the southwestern U.S. to southern Rockies (for example, the Rio Grande and
Colorado River basins) are projected to experience gradual runoff declines during the this
century, while basins in the Northwest to north-central U.S. (for example, the Columbia
and the Missouri River basins) are projected to experience little change through the
middle of this century, and increases by late this century.

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

Warm season runoff is projected to decrease substantially over a region spanning
southern Oregon, the southwestern U.S., and southern Rockies (for example, the
Klamath, Sacramento, San Joaquin, Truckee, Rio Grande, and the Colorado River
basins), and change little or increase slightly north of this region (for example, the
Columbia and Missouri River basins). The projected streamflow changes and associated
uncertainties have water management implications, as the existing management systems
have been designed to operate within the historical range of variability. (Source: U.S.
Bureau of Reclamation 2011a).

Summer Droughts Intensify

Summer droughts are expected to intensify in most regions of the U.S., with longer-term
reductions in water availability in the Southwest, Southeast, and Hawai‘i in response to
both rising temperatures and changes in precipitation.

Averaged over recent climate models, annual runoff and streamflow are projected to decline in
the Southwest (Milly et al. 2008; U.S. Bureau of Reclamation 2011b) and Southeast
(Georgakakos and Zhang 2011), and to increase in the Northeast, Alaska, Northwest, and upper
Midwest regions (Brekke 2011; Elsner et al. 2010; IPCC 2007; Markstrom et al. 2011; Milly et
al. 2008; Moser et al. 2008; U.S. Bureau of Reclamation 2011b). Broadly, as warming changes
the water cycle processes, the amount of runoff generated by each unit of precipitation is
expected to decline (McCabe and Wolock 2011).

There has been no universal trend in the overall extent of drought across the continental U.S.
since 1900. However, in the Southwest, there has been a trend towards more widespread drought
during the 1901 to 2010 period, reflecting both precipitation deficits and higher temperatures
(Hoerling et al. 2012). Drought conditions are also projected to increase in the Southeast,
Hawai‘i, and the Pacific Islands. Generally — except where increases in summer precipitation
compensate — summer droughts (see Ch. 2: Our Changing Climate) are expected to intensify
almost everywhere in the continental U.S. (Trenberth et al. 2004). Basins watered by glacial melt
in the Sierra Nevada, Glacier National Park, and Alaska may experience increased summer
streamflows in the short term, until the amounts of glacial ice become too small (Basagic and
Fountain 2011; Hall and Fagre 2003; Hodgkins et al. 2005).

Floods Intensify in Most Regions

Floods are projected to intensify in most regions of the U.S., even in areas where average
annual precipitation is projected to decline, but especially in areas that are expected to
become wetter, such as the Midwest and the Northeast.

Heavy precipitation increased over recent decades (Gutowski et al. 2008; Karl and Knight 1998)
in most regions of the country, but floods are basin specific and dependent on existing moisture
conditions among other factors. Annual flood magnitude trends (see figure in Ch. 2: Our
Changing Climate) generally follow annual streamflow, except for the Northwest where there
has been no trend in annual flood magnitude. Annual peak flows have increased at gauges in the
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upper Midwest and in the Northeast during the past 85 years, and have declined in the Rocky
Mountains and the Southwest U.S., with other regions showing no consistent trends (Hirsch and
Ryberg 2012). Seasonality of precipitation and antecedent conditions (especially soil moisture)
are important determinants of runoff volume. If storms continue to intensify and catchment areas
receive increasingly more precipitation as rain rather than snow, or more rain on snowpacks
(Knowles et al. 2006; McCabe et al. 2007; Mote 2003, 2006), floods in some cases are expected
to increase — even where precipitation and overall stream flows decline (see Ch. 2: Our Changing
Climate).

Groundwater Availability

Expected changes in precipitation and land use in aquifer recharge areas, combined with
changes in demand for groundwater over time, will affect groundwater availability in ways
that are not well monitored or understood.

Groundwater storage or flow responses to climate change are not well understood. Despite their
critical national importance as water supply sources, aquifers are not generally monitored in
ways that allow for clear identification of climatic influences on groundwater storage or flows.
Nearly all monitoring is focused in areas and aquifers where variations are dominated by
groundwater pumping, which largely masks climatic influences (Hanson et al. 2006). In addition,
climate models do not, in general, yet include dynamic representations of the groundwater
reservoir and its connections to streams, the soil-vegetation system, and the atmosphere,
hampering progress in understanding the potential impacts on groundwater and groundwater-
reliant systems of climate change (Fan et al. 2007; Maxwell and Kollet 2008; Schaller and Fan
2009). Thus far, there have been few observations and projections of groundwater responses to
climate change (Hanson et al. 2012), but surface water declines already have resulted in higher
groundwater use in some areas (for example, in the Central Valley of California and the
Southeast) and even more stress on both groundwater and surface water systems (NRC 2004). In
many mountainous areas of the U.S., groundwater recharge derives disproportionately from
snowmelt infiltration (Earman et al. 2006), suggesting that the loss of snowpack is likely to
disrupt or change recharge rates and patterns (Earman and Dettinger 2011).

Spotlight on Groundwater

Groundwater is the only perennial source of fresh water in many regions and provides a buffer
against climate extremes. As such it is essential to water and food security and in sustaining
ecosystems. Over the 2001 to 2008 period, the groundwater depletion rate was estimated at 145
+39 km®/yr worldwide, and 26+7 km®/yr in North America (Konikow 2011; Taylor et al. 2012).
Though groundwater occurs in most areas of the U.S., the capacity of aquifers to store water
varies depending on the geology of the region.

During the 2006 — 2009 California drought, when the source of irrigation shifted from surface
water to predominantly groundwater, the groundwater storage in the California Central Valley
declined by 24 km® to 31 km’, equivalent to the storage capacity of Lake Mead, the largest
reservoir in the U.S. (Famiglietti et al. 2011).

As the risk of drought increases, groundwater can play a key role in enabling adaptation to
climate variability and change — for example, through conjunctive management strategies that
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use surface water for irrigation and water supply during wet periods, and groundwater during
drought. However, the current understanding of the dynamic relationship between groundwater
and climate is limited by the dearth of measurements of groundwater recharge and discharge
variations and changes.

Major U.S. Groundwater Aquifers

Figure 3.3: Major U.S. Groundwater Aquifers

Caption: Groundwater aquifers are found throughout the U.S., but they vary dramatically
in terms of ability to store and recharge water. On this map, differences in geology are
illustrated: blue is unconsolidated sand and gravel; yellow is semi-consolidated sand;
green is sandstone; brown is carbonate-rock; and red is igneous and metamorphic rock.

(Source: DOI2012)

Risks to Coastal Aquifers and Wetlands

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

With so much of the nation’s population concentrated near coasts, coastal aquifers and wetlands
are precious resources. These aquifers and wetlands, which are extremely important from a
biological/biodiversity perspective (see Ch. 8: Ecosystems and Biodiversity, Ch. 25: Coastal
Zone), may be particularly at risk due to the combined effects of inland droughts, increased
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surface water impoundments and diversions, increased groundwater pumping, and accelerating
sea level rise and greater storm surges (Chang et al. 2011; Heimlich and Bloetscher 2011).
Several coastal areas (see Ch. 25: Coastal Zone), including Apalachicola Bay in Florida, the
Mississippi River delta in Louisiana, and the delta of the Sacramento-San Joaquin rivers in
northern California, are particularly vulnerable.

Lakes and Rivers at Risk

Air and water temperatures, precipitation intensity, and droughts affect water quality in
rivers and lakes. More intense runoff and precipitation generally increase river sediment,
nitrogen, and pollutant loads. Increasing water temperatures and intensifying droughts can
decrease lake mixing, reduce oxygen in bottom waters, and increase the length of time
pollutants remain in water bodies.

Water temperature has increased in many rivers (Kaushal et al. 2010), a trend generally expected
to persist with climate warming (Cloern et al. 2011; Van Vliet et al. 2011). Thermal lake and
reservoir stratification is increasing with increased air and water temperatures (Sahoo and
Schladow 2008; Sahoo et al. 2012; Schneider and Hook 2010), and mixing may be eliminated in
shallow lakes, decreasing dissolved oxygen and releasing excess nutrients (nitrogen and
phosphorous), heavy metals (such as mercury), and other toxics into lake waters (Sahoo and
Schladow 2008; Sahoo et al. 2012; Schneider and Hook 2010).

Observed Changes in Lake Stratification, Lake Tahoe
220
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Figure 3.4: Observed Changes in Lake Stratification, Lake Tahoe

Caption: Thermal stratification of lakes, in this case, Lake Tahoe, has been increasing
since the 1960s in response to increasing air and surface water temperatures. Temperature
differences cause changes in density, leading to longer stratification seasons (on average,
by 20 days in Lake Tahoe), decreasing the opportunities for deep lake mixing, reducing

DRAFT FOR PUBLIC COMMENT

116



N —

03N DN W

11
12
13
14
15

Draft for Public Comment Chapter 3 — Water Resources
(v. 11 Jan 2013)

oxygen levels, and causing impacts to many species and numerous aspects of aquatic
ecosytems. (UC Davis and Tahoe Environmental Research Center 2012)

Increased low flows under drought conditions as well as increased overland flow during floods
have the potential to worsen water quality. Increasing precipitation intensity, along with the
effects of wildfires and fertilizer use, are increasing sediment, nutrient, and contaminant loads in
surface waters for downstream water users (Pruski and Nearing 2002a, 2002b) and ecosystems.
Mineral weathering products, like calcium, magnesium, sodium, and silicon and nitrogen loads
(Justic et al. 2005; Mclsaac et al. 2002) have been increasing with higher streamflows (Godsey et
al. 2009). Changing land cover, flood frequencies, and flood magnitudes are expected to increase
mobilization of sediments in large river basins (Osterkamp and Hupp 2010). Changes in
sediment transport will vary regionally and by land-use type, but may increase by 25% to 55%
over the next century (Nearing et al. 2005). Increased frequency and duration of droughts, and
associated low water levels, increase nutrient concentrations and residence times in streams,
potentially increasing the likelihood of harmful algal blooms and low oxygen conditions
(Whitehead et al. 2009).
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Climate Change Impacts on Water Resources

Climate change-induced water cycle changes are affecting water supplies in a variety of ways
that affect ecosystems and livelihoods by altering reliability of water availability, demand,
competition between sectors, and management responses in many regions. The direction and
magnitude of the projected impacts are expected to vary by type of use, region, and adaptation
responses.

Water benefits derive from freshwater withdrawals (from streams, rivers, lakes, and aquifers) for
municipal, industrial, agricultural, and re-circulating electric power plant cooling water supply
(off-stream water uses). Water benefits also come from in-stream water flows, levels, and quality
suitable for hydropower production, once-through electric power plant cooling water supply,
navigation, recreation, and healthy ecosystems. Climate change, acting concurrently with
demographic, land-use, energy generation and use, and socioeconomic changes, is challenging
existing water management practices by affecting water availability and demand and by
exacerbating competition among uses and users (see Ch. 13: Land Use and Land Cover Change,
Ch. 4: Energy Supply and Use, and Ch. 6: Agriculture). In some regions, these current and
expected impacts are hastening efficiency improvements in water withdrawal and use, the
deployment of more proactive water management and adaptation approaches, and the re-
assessment of the water infrastructure and institutional responses (Bales et al. 2012).

Off-stream Water Uses

At the national level, total freshwater withdrawals (including both water that is withdrawn and
eventually consumed and amounts that return to the original surface or groundwater source) and
consumptive uses have leveled off since 1980 at 350 and 100 billion gallons per day
respectively, despite the addition of 68 million people from 1980 to 2005 (Kenny et al. 2009).
Irrigation and all electric power plant cooling withdrawals currently account for approximately
77% of total withdrawals, municipal and industrial for 20%, and livestock and aquaculture for
3%. Most thermoelectric withdrawals are returned back to rivers after cooling, while most
irrigation withdrawals are used up by the processes of evapotranspiration and plant growth.
Thus, consumptive water use is dominated by irrigation (81%) followed distantly by municipal
and industrial (8%) and the remaining water uses (5%).
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U.S. Freshwater Withdrawals
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Figure 3.5: U.S. Freshwater Withdrawals

Caption: Trends in total freshwater withdrawal (equal to the sum of consumptive use and
return flows to rivers) and population in the contiguous U.S. This graph illustrates the
remarkable change in the relationship between water use and population growth since
about 1980. Reductions in per capita water withdrawals are directly related to increases in
irrigation efficiency for agriculture; more efficient cooling processes in electrical
generation; and, in many areas, reductions in exterior landscape watering in commercial
and residential properties. While efficiency improvements have effectively decoupled
water use from population growth and have resulted in more flexibility in meeting water
demand, in some cases they have also reduced the flexibility to scale back water use in
times of drought. With drought stress projected to increase in summer months in most of
the U.S., drought vulnerability is also expected to rise (Bales et al. 2012).
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Freshwater Withdrawals by Sector
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Figure 3.6: Freshwater Withdrawals by Sector

Caption: Total water withdrawals in the U.S. are dominated by agriculture and energy
production, though the primary use of water for thermoelectric production is for cooling,
where water is often returned to lakes and rivers after use (return flows) (Figure source:
USGS, 2005.)

Per capita water withdrawal and use are decreasing due to many factors, including (Brown et al.
2012): demand management, efficiency improvement programs, and pricing strategies (Groves et
al. 2008; Jeffcoat et al. 2009; Rockaway et al. 2011) (in the municipal sector); changes from
water intensive manufacturing and other heavy industrial activities to service-oriented businesses
(David 1990), and enhanced water use efficiencies in response to environmental pollution
legislation (in the industrial and commercial sector); replacement of older once-through-cooling
electric power plants by plants that recycle their cooling water (in the thermoelectric sector);
switching from flood irrigation to more efficient methods in the western U.S. (Brown 2000; Foti
et al. 2012a) (in the irrigation sector); and decreasing consumer demands for meat (Haley 2001)
(in the livestock sector). Notwithstanding the overall national trends, regional water withdrawal
and use are strongly correlated with climate (Balling and Gober 2007); hotter and drier regions
tend to have higher per capita usage, and water demand is affected by both temperature and
precipitation on a seasonal basis.

In the absence of climate change but in response to a projected 60% to 85% population increase,
simulations indicate that the demand for water withdrawals in the U.S. will increase respectively
by 3% to 8% over the next 50 years (Foti et al. 2012; USFS 2012). If, however, climate-change
projections are also factored in, the increase in demand for water withdrawals has been estimated
to rise by 25% to 35% (Foti et al. 2012) over the same period, with three-quarters of the increase
attributed to irrigation demand and the rest to landscape watering and electricity generation.
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Projected Changes in Water Withdrawal
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Figure 3.7: Projected Changes in Water Withdrawals

Caption: Percent change from 2005 to 2060 in projected withdrawals assuming no
change in climate (left) and continued growth in heat-trapping gas emissions (A2
scenario, right). The effects of climate change, primarily associated with increasing
temperatures, are projected to significantly increase water demand across most of the
U.S. (Foti et al. 2012).
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Power plant cooling is expected to be affected by changes in water supply availability in areas
where surface water supplies are diminishing and by increasing water temperatures. Higher
water temperatures affect both the effectiveness of electric generation and cooling processes and
the ability to discharge heated water to streams from once-through cooled power systems due to
regulatory requirements and concerns about ecosystem impacts (see Ch. 4: Energy Supply and
Use) (Wilbanks and al. 2007)).

Flooding and Instream Water Uses

Extreme precipitation events have intensified in recent decades in most U.S. regions, and this
trend is projected to continue (Ch. 2: Our Changing Climate). Reported flood frequency and
severity increases are generally consistent with observed and projected water cycle changes in
many U.S. regions (Brekke et al. 2009a; Das et al. 2012; Raff et al. 2009; Shaw and Riha 2011;
Walker et al. 2011), especially in the Northeast and Midwest. This trend, combined with the
devastating toll of large floods (in human life, property, environment, and infrastructure; see
“Spotlight on Flooding”), suggests that proactive management measures could minimize
changing future flood risks and consequences. New York, Boston, Miami, Savannah, New
Orleans, the San Francisco Bay area, and many other U.S. cities located along coasts are
threatened by flooding and seawater intrusion due to sea level rise. Increasing flooding risk may
also increase health risk, and poses safety risks, when critical infrastructure fails (Ebi et al. 2006;
Kessler 2011; Patz et al. 2000; Wright et al. 2012). Though numerous flood risk reduction
measures are possible, including levees, land-use zoning, flood insurance, and restoration of
natural flood plain retention capacity (FEMA 1994), economic conditions may constrain
implementation. The effective use of these measures would require significant investment in
many cases, as well as updating policies and methods to account for climate change (Milly et al.
2008; Villarini et al. 2011) in the planning, design, operation, and maintenance of flood risk
reduction infrastructure (Brekke et al. 2009a; Yang 2010).
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Spotlight on Flooding

The 2011 floods in the Northeast and the
Mississippi basin, and the 2009 floods in
the Southeast set new precipitation and
flood stage records in many locations,
causing fatalities, property damage, and
devastating economic losses of several
billion dollars.

There was widespread flooding along the
Susquehanna River in Binghamton, N.Y.
in September 2011, disrupting road and
rail transportation (top; photo credit: NWS
Forecast Office, Binghamton, NY); the
Fort Calhoun Nuclear Power Plant in
eastern Nebraska was surrounded by a
Missouri River flood, June 8, 2011, that
also affected Louisiana, Mississippi,
Missouri, Illinois, Kentucky, Tennessee,
and Arkansas (middle; photo credit: Larry
Geiger); and the R.M. Clayton sewage
treatment plant in Atlanta, Georgia,
September 23, 2009, was engulfed by
floodwaters forcing it to shut down and
discharge raw sewage into the
Chattahoochee River.

The 2009 Southeast floods affected several
counties throughout northern Georgia
(bottom; photo credit: NASA), Tennessee,
Alabama, Mississippi and Arkansas,
caused eleven fatalities, and cost more than
a billion dollars (NOAA, Southeast Floods,
18-23 2009). Interestingly, the 2009
Southeast flood occurred in the wake of a
record setting drought (2006-2008),
illustrating the continuing potential high
risks and vulnerabilities associated with
both floods and droughts.

DRAFT FOR PUBLIC COMMENT

123



0O\ Wn B~ W -

—
o - OO

[\SZN ST \O I \O BN \O RN \O I O I S R s e
NN NPk WO, OOV N =W

L L L LW L LW W W NN
NN N kW~ O O ®

A bA A DWW
W= O O

Draft for Public Comment Chapter 3 — Water Resources
(v. 11 Jan 2013)

Hydropower contributes 6% of electricity generation nationwide, but up to 60% to 70% in the
Northwest and 20% in California, Alaska, and the Northeast (EIA 2011). Climate change is
expected to affect hydropower directly through changes in runoff (average, extremes, and
seasonality) and indirectly through increased competition with other water uses. Based on runoff
projections, hydropower is expected to decline in the southern U.S. (especially the Southwest)
and increase in the Northeast and Midwest though actual gains or losses will depend on facility
size and changes in runoff volume and timing. Where non-power water demands are expected to
increase (as in the southern U.S.), hydropower generation, dependable capacity, and ancillary
services are likely to decrease. One-quarter of all hydropower facilities nationwide, especially in
the Southeast, Southwest, and the Great Plains, are expected to face water availability constraints
(EPRI 2011), and these challenges will rise as aging hydropower infrastructure needs to be
replaced (Brekke 2011).

Inland navigation, most notably in the Great Lakes and the Missouri, Mississippi, and Ohio
River systems, is particularly important for agricultural commodities (transported from the
Midwest to the Gulf coast and on to global food markets), coal, and iron ore (Bales et al. 2012;
DOT 2011). Navigation is affected by ice cover and by floods and droughts. Seasonal ice cover
on the Great Lakes has been decreasing (Wang et al. 2012) and may allow increased shipping
(Millerd 2011). However, lake level declines are also possible in the long term, decreasing vessel
draft and cargo capacity, but projections of lake levels are uncertain, with even the direction of
change undetermined (see Ch. 18: Midwest and Ch. 6: Transportation). Similarly, although the
river ice cover period has been decreasing (Hodgkins et al. 2005) (extending the inland
navigation season), seasonal ice cover changes (Beltaos and Prowse 2009; Hawkes et al. 2010;
Prowse et al. 2011; Weyhenmeyer et al. 2011) could impede lock operations (Hawkes et al.
2010). Intensified floods are likely to hinder shipping by causing waterway closures and
damaging or destroying ports and locks. Intensified droughts can decrease reliability of flows or
channel depth. Both floods and droughts can disrupt rail and road traffic and increase shipping
costs (DOT 2012) and result in commodity price volatility (Ch. 19: Great Plains).

Recreation activities associated with water resources, including boating, fishing, swimming,
skiing, camping, and wildlife watching, are a strong regional and national economic driver,
valued at between $700 billion and $1.1 trillion annually (DOC 2012; U.S. Census Bureau
2012). Recreation is sensitive to weather and climate (Yu et al. 2009), and climate change
impacts to recreation can be difficult to project (Scott and Becken 2010). Rising temperatures
affect extent of snowcover and mountain snowpack, with impacts on skiing (Dawson et al. 2009)
and snowmobiling (Frumhoff et al. 2008). As the climate warms, changes in precipitation and
runoff are expected to result in both beneficial (in some regions) and adverse impacts (Yu et al.
2009) to water sports, with potential for considerable economic and job losses (Frumhoff et al.
2008; Union of Concerned Scientists 2009).

Changing climate conditions are projected to impact water and wastewater treatment and
disposal in several ways, both positively and negatively. Elevated stream temperatures,
combined with lower flows, may require wastewater facilities to increase treatment to meet
stream water quality standards (EPA 2011). More intense precipitation and floods, combined
with escalating urbanization and associated increasing impermeable surfaces, may amplify the
likelihood of contaminated overland flow or combined sewer overflows (Whitehead et al. 2009).
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Conversely, increasing, but not extreme, precipitation could result in increased stream flows,
improving capacity to absorb wastewater in some regions. Sea level rise and more frequent
coastal flooding could damage wastewater utility infrastructure and lower treatment efficiency
(Flood and Cahoon 2011; Ch. 25: Coastal Zone).

Changes in streamflow temperature and flow regimes can affect aquatic ecosystem structure and
function (see Ch. 8: Ecosystems and Biodiversity). Water temperature directly regulates the
physiology, metabolism, and energy of individual aquatic organisms, as well as entire
ecosystems. Streamflow quantity influences the extent of available aquatic habitats, and
streamflow variability regulates species abundance and persistence. Flow also influences water
temperature, sediment, and nutrient concentrations (Maurer et al. 2010). Hydrologic alterations
due to human interventions have without doubt impaired riverine ecosystems in most U.S.
regions and globally (Poff et al. 2010). If the rate of climate change (Loarie et al. 2009) outpaces
plant and animal species adjustment to temperature change, additional biodiversity loss may
occur. Furthermore, climate-induced water cycle alterations may exacerbate existing ecosystem
vulnerability, especially in the western U.S. (Falke et al. 2011; Rood et al. 2008; Stromberg et al.
2010; Thomson et al. 2010) where droughts and shortages are likely to rise. But areas receiving
additional precipitation, such as the northern Great Plains, may benefit.

Major Water Resource Vulnerabilities and Challenges

Many U.S. regions are expected to face increased drought and flood vulnerabilities and
exacerbated water management challenges. This section highlights regions where such issues are
expected to be particularly intense.

Drought is Affecting Water Supplies

In the Southwest, the Southeast, the Great Plains, and the islands of the Caribbean and the
Pacific, including the state of Hawai‘i, surface and groundwater supplies are already
affected and expected to be reduced by declining runoff and groundwater recharge trends,
increasing the risk of water shortages for many off-stream and in-stream water uses.

Many southwestern and western watersheds, including the Colorado, Rio Grande (U.S. Bureau
of Reclamation 2011b, 2011c; Ward et al. 2006), and Sacramento-San Joaquin (Brekke et al.
2009b; Connell-Buck et al. 2012; Georgakakos et al. 2012), are experiencing increasingly drier
conditions with even larger runoff reductions (in the range of 10% to 20%) expected over some
of these watersheds the next 50 years (Cayan et al. 2010). Declining runoff and groundwater
recharge are expected to affect surface and groundwater supplies (Earman and Dettinger 2011)
and increase the risk of water shortages for many off-stream and in-stream water uses. Changes
in streamflow timing will exacerbate a growing mismatch between supply and demand (because
peak flows are occurring earlier in the spring, while demand is highest in mid-summer) and will
challenge the management of reservoirs, aquifers, and other water infrastructure (Rajagopalan et
al. 2009). Rising stream temperatures and longer low flow periods may make electric power
plant cooling water withdrawals unreliable, and may affect aquatic and riparian ecosystems by
degrading habitats and favoring invasive, non-native species (Backlund et al. 2008).
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Flood Effects on People and Communities

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

Observations and projections suggest that heavy precipitation, peak flows, and flooding may
become more frequent and intense in this century across the country and even more pronounced
in the Midwest and Northeast, and that sea levels will continue to rise.

Flooding affects critical water, wastewater, power, transportation, and communications
infrastructure in ways that are difficult to foresee and can result in interconnected and cascading
failures (see “Spotlight on Flooding”). Climate change and its impacts on water supply can result
in both increased uncertainty and decreased accuracy of flood forecasting, in the short term (Raff
et al. 2012) and long term (Brekke 2011). This will hinder effective preparedness (such as
evacuations) and the effectiveness of structural and nonstructural flood risk reduction measures.
Increasing flooding risk will also exacerbate human health risks associated with failure of critical
infrastructure (Ebi et al. 2006; Huang et al. 2011; Kessler 2011; Patz et al. 2000; Wright et al.
2012), waterborne disease (Curriero et al. 2001; Ch. 9: Health), and airborne diseases (Ziska et
al. 2008). Thus, effective climate change adaptation planning requires an integrated approach
(Frumhoff et al. 2008; Kundzewicz et al. 2002; Moser et al. 2008) that addresses public health
and safety issues (City of New York 2012; Kirshen et al. 2008). The long lead time needed for
the planning, design, and construction of critical infrastructure that provides resilience to floods
means that consideration of long-term changes should begin soon. Lastly, in coastal areas, sea
level rise may act in parallel with inland climate changes to exacerbate water use impacts and
challenges (Obeysekera et al. 2011; Ch. 17: Southeast).

Water Resources Management

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

Water managers and planners strive to balance water availability and demand and secure
adequate supplies for all off-stream and in-stream water uses and users. The management process
involves complex tradeoffs among water use benefits, consequences, and risks, and, by altering
water availability and demand, climate change is likely to present new challenges. For example,
the California Bay-Delta experience indicates that managing risks and sharing benefits requires
re-assessment of very complex ecosystems, infrastructure systems, water rights, stakeholder
preferences, reservoir operation strategies, and significant investments, all of which are subject
to large uncertainties (NRC 2010, 2011b, 2012). To some extent, all U.S. regions are susceptible,
but the Southeast and Southwest are highly vulnerable because climate change is projected to
reduce water availability, increase demand, and exacerbate shortages (see “Spotlight on Water
Management”).

Recent assessments illustrate the water management challenges facing California (Brekke et al.
2009b; Connell-Buck et al. 2012; Georgakakos et al. 2007; Georgakakos et al. 2012; Vicuna et
al. 2010), the Southwest (Barnett and Pierce 2009; Rajagopalan et al. 2009), Southeast
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(Georgakakos et al. 2010; Obeysekera et al. 2011; Ch. 17: Southeast), Northwest (Payne et al.
2004; Vano et al. 2010a; Vano et al. 2010b), Great Plains (Brikowski 2008), and Great Lakes
(International Upper Great Lakes Study Board 2012). A number of these assessments
demonstrate that while expanding supplies and storage may still be possible in some regions,
effective climate adaptation strategies can benefit from: demand management; more flexible,
risk-based, better-informed, and adaptive operating rules; and combined surface and groundwater
resources management (Brekke et al. 2009b; Georgakakos et al. 2007; Means et al. 2010a; NRC
2011a; Vicuna et al. 2010). Water management and planning would benefit from better
coordination between the national, state, and local levels, with participation of all relevant
stakeholders in well-informed, fair, and equitable decision-making processes.
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1 Spotlight on Water Management

Seminole Basin: Projected Change in Monthly Soil
Moisture and Runoff
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Figure 3.8: Water Challenges in a Southeast River Basin
Caption: The Apalachicola-Chattahoochee-Flint (ACF) River Basin faces several
climate-related challenges. Top: Comparison of monthly simulated soil moisture and
runoff for 50 historical (1960-2009) and future years (2050-2099) based on a scenario of
continued increases in emissions (A2) for the Seminole sub-basin of the ACF Basin in the
southeastern U.S. Mean soil moisture is projected to decline in all months (droughts),
especially during the crop growing season from April to October. Mean runoff declines
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are also projected throughout the year and especially from November to May. Runoff is
projected to exhibit higher wet extremes and flooding risks (not shown). Similar findings
apply to all other ACF sub-basins. Bottom: Historical (1960-2010; thick red line) and
projected Lake Lanier levels under the A2 emission scenario and projected water
demands (2050-2099). The frequency curve comparison shows that future lake levels are
projected to be lower (by as much as 15 feet) than historical levels throughout the
frequency range, particularly during droughts. Figure provided by A. Georgakakis.

Adaptation and Institutional Responses

Increasing resilience and enhancing adaptive capacity are useful strategies for water
resources management and planning in the face of climate change. Challenges include:
competing demands for water; a variety of institutional constraints; lack of scientific
information or access to it; considerable scientific and economic uncertainties; inadequate
information useful for practical applications; and difficulties in engaging stakeholders.

Climate change will stress the nation’s aging water infrastructure to varying degrees by location
and over time. Current drainage infrastructure may be overwhelmed during heavy precipitation
and high runoff events anticipated as a result of climate change. Large percentage increases in
combined sewage overflow volumes, associated with increased intensity of precipitation events,
have been projected for selected watersheds by the end of this century in the absence of adaptive
measures (Nilsen et al. 2011; Wilbanks et al. 2012). Infrastructure planning can be improved by
incorporating climate change as a factor in new design standards and in asset management and
rehabilitation of critical and aging facilities, emphasizing flexibility, redundancy, and resiliency
(Brekke et al. 2009a; Means et al. 2010b; Wilbanks et al. 2012).

Adaptation strategies for water infrastructure may include elements of structural and non-
structural approaches (for example, instituting operational and/or demand management changes)
that focus on both adapting physical structures and innovative management (Brekke et al. 2009a;
Brown 2010; Wilbanks et al. 2012). Such strategies could take advantage of conventional
(“gray”) infrastructure upgrades, adjustments to reservoir operating rules, new demand
management strategies, land-use management that enhances adaptive capacity, increased reliance
on benefits achieved through ecosystem restoration and watershed management, hybrid
strategies that blend “green” infrastructure with gray infrastructure, and pricing strategies (Bales
et al. 2012; Brekke et al. 2009a; Solecki and Rosenzweig 2012; Wilbanks et al. 2012; Wilby and
Keenan 2012).

In addition to physical adaptation, capacity-building activities can build knowledge and enhance
communication and collaboration within and across sectors (Bales et al. 2012; Liverman et al.
2012; Wilby and Keenan 2012). In particular, building networks, partnerships, and support
systems has been identified as a major asset in building adaptive capacity (Lackstrom et al. 2012;
Ch. 26: Decision Support; Ch. 28: Adaptation).

Just as climate change may stress the physical infrastructure of water systems, it also may
challenge water laws that are based on an assumption of unchanging regimes of stream flows,
water levels, water temperature, or water quality. Existing laws, policies, and regulations, and
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their current implementation, may limit water management capacity in the context of novel and
dynamic conditions (Berry 2012; Brekke et al. 2009a).

The basic paradigms of environmental and natural resources law are preservation and restoration,
both of which are based on the assumption that natural systems fluctuate within an unchanging
envelope of variability (“stationarity’’) (Craig 2010). However, climate change is now projected
to affect water supplies during the multi-decade lifetime of major water infrastructure projects in
wide-ranging and pervasive ways (Brekke et al. 2009a). As a result, stationarity is no longer
reliable as the central assumption in water-resource risk assessment and planning (Craig 2010).
Instead, a new paradigm that provides additional flexibility in institutional and legal processes
will need to be developed, rather than relying on one that narrowly optimizes the distribution of
water based on historical experience (Craig 2010).

In the past few years, many federal, state, and local agencies have begun to address climate
change adaptation, including it in existing decision-making, planning, or infrastructure-
improvement processes (Adelsman and Ekrem 2012; NOAA 2011; State of Oregon 2010; U.S.
Bureau of Reclamation 2011b; Ch. 28: Adaptation). Water utilities are increasingly utilizing
climate information to prepare assessments of their supplies (EPA 2010), and utility associations
and alliances, such as the Water Utility Climate Alliance, have undertaken original research to
better understand the implications of climate change on behalf of some of the largest municipal
water utilities in the U.S. (Barsugli et al. 2009; Carpenter 2011; EPA 2011; Means et al. 2010a).

The economic, social, and environmental implications of climate change-induced water cycle
changes are very significant, as is the cost of inaction. Adaptation responses will need to: address
considerable uncertainties in the short-, medium-, and long-term; be proactive, integrated, and
iterative; and be developed through well-informed stakeholder decision processes functioning
within a flexible institutional and legal environment.
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Traceable Accounts

Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: The chapter author team engaged in multiple technical discussions via teleconferences from
March — June 2012. These discussions followed a thorough review of the literature, which included an inter-agency
prepared foundational document (Bales et al. 2012), over 500 technical inputs provided by the public, as well as
other published literature. The author team met in Seattle, Washington in May, 2012 for expert deliberation of draft
key messages by the authors wherein each message was defended before the entire author team before this key
message was selected for inclusion in the Chapter; these discussions were supported by targeted consultation with
additional experts by the lead author of each message, and they were based on criteria that help define “key
vulnerabilities.” Key messages were further refined following input from the NCADAC report integration team and
authors of Ch. 2: Our Changing Climate.

Key message Annual precipitation and runoff increases are observed now in the Midwest and

#1/10 Northeast regions and are projected to continue or develop in northern states;
decreases are observed and projected in southern states.

Description of The key message and supporting chapter text summarizes extensive evidence

evidence base documented in the inter-agency prepared foundational document (Bales. et al, 2012),

Ch. 2: Our Changing Climate and Ch. 20: Southwest (2013), (Bales et al. 2012;
Garfin et al. 2012; Kunkel et al. 2012a) Garfin et al, 2012, Kunkel et al, 2012, and
over 500 technical inputs on a wide range of topics that were received as part of the
Federal Register Notice solicitation for public input.

Numerous peer-reviewed publications describe precipitation and runoff trends (Diaz
et al. 2005; Garfin et al. 2012; Georgakakos and Zhang 2011); see Ch. 2: Our
Changing Climate. Notably, the broad trends described in this message and in Ch. 2:
Our Changing Climate and Ch. 20: Southwest are trends that are shared by the
majority of projections by available climate models and projections (Orlowsky and
Seneviratne 2012), lending confidence that the projected precipitation responses
(trends) to increasing greenhouse gases are robust in a wide variety of models and
depictions of climate at the geographic scale described.

There are also many long-term NWS/NCDC weather monitoring networks, USGS
streamflow monitoring networks, and analyses of records therefrom, most recently
for precipitation as part of NCDC (2011) report and Ch. 2: Our Changing Climate
and numerous studies including McCabe and Wolock (2011), Georgakakos & Zhang
(2011), and Luce and Holden (2009), that have identified these broad observed trends
in precipitation and runoff increases. Projections by ensembles of climate models,
reported by Milly et al. (2008), Orlowsky & Seneviratne (2012), and Ch. 2: Our
Changing Climate and Ch. 20: Southwest (2013), and Garfin et al. (2012), are basis
for the reported projections of trends.

New information | Important new evidence (cited above) confirmed many of the findings from the prior
and remaining National Climate Assessment
uncertainties (http://www.globalchange.gov/publications/reports/scientific-assessments/saps).

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

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

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

Climate models used to make projections of future trends are continually increasing
in number, resolution, and in number of additional external and internal influences
that might be confounding current projections (for example, much more of all three
of these directions for improvement are already evident in projection archives for the
next IPCC assessment).

Assessment of
confidence based
on evidence

Observed trends have been demonstrated by a broad range of methods over the past
20+ years based on best available data; projected precipitation and runoff responses
to greenhouse-gas increases are robust across large majorities of available climate
(and hydrologic) models from scientific teams around the world.

Confidence is therefore judged to be high that precipitation and runoff increases will
continue in northern states with increasing fractions of precipitation falling as rain
than snow.

Confidence is therefore judged to be high that precipitation and runoff decreases will
continue in southern states.

CONFIDENCE LEVEL

Very High High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high
consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or
methods not tested, etc.),
disagreement or lack of
opinions among experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message Summer droughts are expected to intensify in most regions of the U.S., with
#2/10 longer term reductions in water availability in the Southwest, Southeast, and
Hawai‘i in response to both rising temperatures and changes in precipitation.
Description of The key message and supporting chapter text summarizes extensive evidence
evidence base documented in the inter-agency prepared foundational document Bales et al.,(2012),

Garfin et al., (2012), Ch. 16: Northeast, Ch 17: Southeast and Caribbean, Ch. 2: Our
Changing Climate, Ch. 18: Midwest, Ch. 19: Great Plains, Ch, 20 Southwest, Ch. 21:
Northwest, and Ch. 23: Hawaii and Pacific Islands, and over 500 technical inputs on
a wide range of topics that were received as part of the Federal Register Notice
solicitation for public input.

Projected drought trends derive directly from climate models in some studies (e.g.,
Wehner et al. (2011), from hydrologic models responding to projected climate trends
in others (e.g., Reclamation, (2011c); Cayan et al (2010)), from considerations of the
interactions between precipitation deficits and either warmer or cooler temperatures
in historical (observed) droughts (Cayan et al. 2010) and from combinations of these
approaches (for example, (Trenberth et al. 2004; Trenberth and Dai 2007)) in still
other studies.

New information | Important new evidence (cited above) confirmed many of the findings from the prior
and remaining National Climate Assessment

uncertainties (http://www.globalchange.gov/publications/reports/scientific-assessments/saps).
Warmer temperatures, especially in summer and in interior parts of North America,
are robustly projected by essentially all climate models, with what are generally
expected to be directly attendant increases in the potentials for greater
evapotranspiration, or ET (although it is possible that current estimates of future ET
are overly influenced by temperatures at the expense of other climate variables, like
wind speed, humidity, and net surface radiation, that might change in ways that could
partly ameliorate rising ET demands). As a consequence, there is a widespread
expectation that more water from precipitation will be evaporated or transpired in the
warmer future, so that except in regions where precipitation increases more than ET
potential increases, less overall water will remain on the landscape and droughts will
intensify and become more common

Assessment of The expectation of future intensification of droughts is supported strongly in the
confidence based | southern regions by a strong consensus of existing climate models towards less
on evidence precipitation, along with the expectation that ET demands will increase nearly

everywhere with rising temperatures. In the northern regions, uncertainties regarding
the eventual balance between increased ET demands and increased precipitation
(discussed previously), leads to the greatest reductions in confidence in the
expectation of more intense drought regimes (although there is still confidence about
increasing drought conditions in the summer). Other uncertainties derive from the
possibility that changes in other variables or influences of CO,-fertilization may also
partly ameliorate drought intensification. Furthermore in many parts of the country,
El Nino-Southern Oscillation (and other oceanic) influences on droughts and floods
are large, and can overwhelm climate-change effects during the next few decades. At
present, however, the future of these oceanic climate influences remains uncertain.
Confidence in the expectation of future intensification of droughts is therefore judged
to be medium-high except in the Southwest and the lower Great Plains where it is
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high.

CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message Floods are projected to intensify in most regions of the U.S., even in areas where
#3/10 average annual precipitation is projected to decline, but especially in areas are
expected to be wetter, such as the Midwest and the Northeast.

Description of The key message and supporting chapter text summarizes extensive evidence
evidence base documented in the inter-agency prepared foundational document Bales et al.(2012),
Garfin et al.(2012), Ch. 16: Northeast, Ch 17: Southeast and Caribbean, Ch. 2: Our
Changing Climate, Ch. 18: Midwest, Ch. 19: Great Plains, Ch, 20 Southwest, Ch. 21:
Northwest, and Ch. 23: Hawaii and Pacific Islands, and over 500 technical inputs on
a wide range of topics that were received as part of the Federal Register Notice
solicitation for public input.

Annual peak-flow records from 200 USGS streamflow gaging stations measuring
flows from catchments that are minimally influenced by upstream water uses,
diversions, impoundments, or land-use changes (from the USGS HCDN network),
with more than 85 years of records, were the basis for careful national-scale flood-
trend analysis by Hirsch & Rhyberg (2012), which provide the principal
observational basis for the flood message. Projections of future flood-frequency
changes result from detailed hydrologic (for example (Walker et al. 2011); Das et al.
(2012); Raff et al. (2009)) models of rivers that simulate responses to projected
precipitation and temperature changes from climate models; such simulations have
only recently begun to emerge in the peer-reviewed literature.

New information | Important new evidence (cited above) confirmed many of the findings from the prior
and remaining National Climate Assessment

uncertainties (http://www.globalchange.gov/publications/reports/scientific-assessments/saps).
Large uncertainties still exist as to how well climate models can represent and project
future extremes of precipitation, which has—until recently—limited attempts to be
specific about future flood frequencies by using climate-model outputs directly or as
direct inputs to hydrologic models. However, precipitation extremes are expected to
intensify as the atmosphere warms, and many floods result from larger portions of
catchment areas receiving rain as snowlines recede upward. As rain runs off more
quickly than snowfall this results in increased flood potential; furthermore occasional
rain-on-snow events exacerbates this effect. This trend is broadly expected to
increase in frequency under general warming trends, particularly in mountainous
catchments. Rising sea levels and potentials for intensification of tropical storms and
hurricanes provide first-principles bases for expecting intensified flood regimes in
Florida and other Southeastern coastal settings (see Ch. 2: Our Changing Climate).

Assessment of Future changes in flood frequencies and intensities will depend on a complex
confidence based | combination of local to regional climatic influences, and the details of complex
on evidence surface-hydrologic conditions in each catchment (for example, topography, land

cover, upstream managements). Consequently, flood frequency changes may not be
simple nor regionally homogeneous, and basin by basin projections may need to be
developed. Nonetheless, the early results now appearing in the literature have most
often projected intensifications of flood regimes, in large part as responses to
projections of more intense storms and increasingly rainy (rather than snowy) storms
in previously snow-dominated settings. Confidence in current estimates of future
changes in flood frequencies and intensities is therefore judged to be medium.
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CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message
#4/10

Expected changes in precipitation and land use in aquifer recharge areas,
combined with changes in demand for groundwater over time, will affect
groundwater supplies in ways that are not well monitored or understood.

Description of
evidence base

The key message and supporting chapter text summarizes extensive evidence
documented in the inter-agency prepared foundational document Bales et al.(2012),
Garfin et al.(2012), NCA regional chapters (2013), and over 500 technical inputs on
a wide range of topics that were received as part of the Federal Register Notice
solicitation for public input.

For many aquifers in the Southwest region, there is a growing literature of
geochemical studies that fingerprint various properties of groundwater and that are
demonstrating that most western groundwater derives preferentially from snowmelt,
rather than rainfall or other sources (Earman and Phillips 2003; Earman et al. 2006;
Liu et al. 2004; Manning and Solomon 2003; Manning et al. 2012; Phillips et al.
2004; Rademacher et al. 2002; Rose et al. 2003); this finding suggests that much
western recharge may be at risk of changes and disruptions from projected losses of
snowpack, but as yet provides relatively little indication whether the net effects will
be recharge declines, increases, and simply spatial redistribution.

New information
and remaining
uncertainties

The observations and, even, modeling evidence for making projections of future
responses of groundwater recharge and discharge to long-term climate changes are
thus far very limited, primarily because of limitations in data availability and in the
models themselves. Additional monitoring and modeling studies of the responses of
groundwater recharge and discharge to climate change are needed to increase
confidence. Despite the low confidence about the specifics of climate change impacts
on groundwater, impacts of reduced groundwater supply and quality would likely be
detrimental to the nation.

Assessment of
confidence based
on evidence

New forms and networks of observations, and new modeling approaches and tools,
are needed to provide projections of the likely influences of climate changes on
groundwater systems. The nature of these changes, however, remains unexplored.

Confidence is therefore judged to be high that groundwater aquifers will be
influenced by climate change at aquifer recharge areas and by increased groundwater
use in ways that remain unexplored.

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high
consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or
methods not tested, etc.),
disagreement or lack of
opinions among experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message
#5/10

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

Description of
evidence base

Considerable historical experience with seawater intrusion into many of the Nation’s
coastal aquifers under the influence of heavy pumpage, some experience with the
influences of droughts and some storms on seawater intrusion in at least some coastal
aquifers, and experience with seepage of seawater into shallow coastal aquifers under
storm and storm surges conditions that lead to coastal inundations with seawater
provide a strong basis for both practical, and theoretical, expectations expressed by
this message. The likely influences of sea level rise on seawater intrusion into coastal
(and island) aquifers are somewhat less certain, as discussed below, although it is
often assumed that sea level rise may increase tendencies for higher sea levels to
increase opportunities for saltwater intrusion (see Ch. 25: Coastal Zone).

New information
and remaining
uncertainties

Chang et al. (2011) have recently provided theoretical and modeling arguments that
sea level rise need not generally induce significantly greater seawater intrusion
unless freshwater recharge and discharge also change. In essence, Chang et al. (2011)
show that the lens of freshwater in coastal aquifers may essentially float atop the
rising saline waters in ways that preserve the lens and prevent significant intrusion,
unless the water balance of the freshwater lens is altered by changing recharge and/or
water use patterns.

Other than the findings of Chang et al. (2011), there are few published studies
describing the kinds of groundwater quality and flow modeling that are necessary to
assess the real-world potentials for sea level rise to affect seawater intrusion. Studies
in the literature and historical experience demonstrate the detrimental impacts of
alterations to the water budgets of the freshwater lenses in coastal aquifers (most
often, by groundwater development) around the world, but few evaluate the impacts
of sea level rise alone. More studies with real-world aquifer geometries and
development regimes are needed to reduce the current uncertainty of the potential
interactions of sea level rise and seawater intrusion.

Assessment of
confidence based
on evidence

Confidence is high that sea level rise, intensifying storms and larger storm surges
may challenge the sustainability of coastal freshwater aquifers and wetlands (see Ch.
25: Coastal Zone).

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message Air and water temperatures, precipitation intensity, and droughts affect water
#6/10 quality in rivers and lakes. More intense runoff and precipitation generally
increase river sediment, nitrogen, and pollutant loads. Increasing water
temperatures and intensifying droughts can decrease lake mixing, reduce
oxygen in bottom waters, and increase the length of time pollutants remain in
water bodies.

Description of The key message and supporting chapter text summarizes extensive evidence
evidence base documented in the inter-agency prepared foundational document Bales et al.,(2012),
Ch. 8: Ecosystems and Biodiversity, Ch. 15: Biogeochemical Cycles, and over 500
technical inputs on a wide range of topics that were reviewed as part of the Federal
Register Notice solicitation for public input.

Thermal stratification of deep lakes and reservoirs has been observed to increase with
increased air and water temperatures (Bales et al. 2012; Coats et al. 2006; Sahoo and
Schladow 2008; Sahoo et al. 2011; Schneider and Hook 2010), and may be
eliminated in shallow lakes. Increased stratification reduces mixing, resulting in
reduced oxygen in bottom waters. Oxygen solubility decreases as temperature
increases (Wetzel 2001). Deeper set-up of vertical thermal stratification in lakes and
reservoirs may reduce or eliminate a bottom cold water zone; this coupled with lower
oxygen concentration result in a degraded aquatic ecosystem. Major precipitation
events and resultant water flows increase watershed pollutant scour and thus increase
pollutant loads.

Models predict and observations confirm that continued warming will have
increasingly negative effects on lake water quality and ecosystem health (Sahoo and
Schladow 2008; Sahoo et al. 2011). Although not yet observed, warming lake water
has the potential to cross important temperature thresholds, allowing invasion by
non-native species.

In the Mississippi drainage basin, increased precipitation has resulted in increased
nitrogen loads contributing to hypoxia in the Gulf of Mexico (Justic et al. 2005;
Mclsaac et al. 2002). Fluxes of mineral weathering products (e.g., Ca, Mg, Na, and
Si) have also been shown to increase in response to higher discharge (Godsey et al.
2009).

Future re-mobilization of sediment stored in large river basins will be influenced by
changes in flood frequencies and magnitudes, as well as on vegetation changes in the
context of climate and other anthropogenic factors (Osterkamp and Hupp 2010).
Model projections suggest that changes in sediment delivery will vary regionally and
by land-use type, but on average could increase by 25% to 55% (Nearing et al. 2005).

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

uncertainties It is also uncertain whether the absolute temperature differential with depth will

remain constant, even with overall lake/reservoir water temperature increases;
further, it is uncertain if greater mixing with depth will eliminate thermal
stratification in shallow, previously stratified lakes. Although recent studies of Lake
Tahoe provide an example of this, other lakes in other settings and with other
geometries may not exhibit the same response.

Many factors influence stream water temperature, including air temperature, forest
canopy cover, and ratio of baseflow to streamflow. However, projected declines in
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summer flows mean that there will be less water to heat in the months when the
water is warmest (Cayan et al. 2001; Leppi et al. 2011).

Assessment of Based on the evidence base:
confidence based

. 1) Confidence is very high that lake temperatures will increase and dissolved
on evidence

oxygen will decrease due to climate change. Confidence is very high that
temperatures will increase and dissolved oxygen will decline in many
streams; however, place to place (among streams and along streams)
differences are likely.

2) Confidence is high there will be decreases in mixing in some lakes and
reservoirs due to climate change.

3) Confidence is medium that sediment, nitrogen, and pollutant loads will
increase due to climate change.

CONFIDENCE LEVEL
Very High High Medium Low
Strong evidence (established Moderate evidence (several Suggestive evidence (a few Inconclusive evidence (limited
theory, multiple sources, sources, some consistency, sources, limited consistency, sources, extrapolations,
consistent results, well methods vary and/or models incomplete, methods inconsistent findings, poor
documented and accepted documentation limited, etc.), emerging, etc.), competing documentation and/or
methods, etc.), high medium consensus schools of thought methods not tested, etc.),
consensus disagreement or lack of
opinions among experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message In the Southwest, parts of the Southeast, the Great Plains, and the islands of the
#7/10 Caribbean and the Pacific, including the state of Hawai‘i, surface and
groundwater supplies are already affected and expected to be reduced by
declining runoff and groundwater recharge trends, increasing the likelihood of
water shortages for many off-stream and in-stream water uses.

Description of The key message and supporting chapter text summarizes extensive evidence
evidence base documented in the inter-agency prepared foundational document, Bales. et al. (2012),
Ch. 2: Our Changing Climate, Ch. 17: Southeast and Caribbean, Ch. 19: Great
Plains, Ch. 20: Southwest, Ch. 23: Hawaii and Pacific Islands (2013), Garfin et al.
(2012), and over 500 technical inputs on a wide range of topics that were received
and reviewed as part of the Federal Register Notice solicitation for public input.

Observed Trends: Observations suggest that the water cycle in the Southwest, Great
Plains, and Southeast U.S. has been changing toward dryer conditions (Barnett and
Pierce 2009; Georgakakos et al. 2010; Hirsch and Ryberg 2012; Rajagopalan et al.
2009; Ch. 17: Southeast). Furthermore, paleo-climate tree-ring reconstructions
indicate that drought in previous centuries has been more intense and of longer
duration than the most extreme drought of the 20th and 21st centuries (Meko et al.
2007).

Projected Trends and Consequences: GCM projections indicate that this trend is
likely to persist, with runoff reductions in the range 10-20% over the next 50 years,
and intensifying droughts (Cayan et al. 2010).

The drying water cycle is expected to affect all human and ecological water uses,
especially in the Southwest. This region extends over six states (Colorado, New
Mexico, Utah, Arizona, Nevada, and California) and is inhabited by more than 60
million people. Decreasing precipitation, rising temperatures, and drying soils are
projected to increase irrigation and outdoor watering demand (which account for
nearly 90% of consumptive water use) by as much as 35% by 2060 under the A2
climate scenario (Foti et al. 2012). Decreasing runoff and groundwater recharge are
expected to reduce surface and groundwater supplies (Earman and Dettinger 2011),
increasing the annual risk of water shortages from 25 to 50% by 2060 (Rajagopalan
et al. 2009). Changes in streamflow timing will increase the mismatch of supply and
demand. Earlier and declining streamflow and rising demands will make it more
difficult to manage reservoirs, aquifers, and other water infrastructure (Rajagopalan
et al. 2009). Rising water temperatures and longer low flow periods may make
thermoelectric water withdrawals unreliable, and aquatic and riparian ecosystems
susceptible to degraded habitats and invasive, non-native species (Backlund et al.
2008).

Such impacts and consequences have been identified for several Southwest river
basins including the Colorado (U.S. Bureau of Reclamation 2011¢), Rio Grande
(Ward et al. 2006), and Sacramento-San Joaquin (Brekke et al. 2009b; Connell-Buck
et al. 2012; Georgakakos et al. 2012).

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

GCMs continue to be uncertain with respect to precipitation, but they are very
consistent with respect to temperature. Runoff, streamflow, and soil moisture depend
on both variables and are thus less susceptible to GCM precipitation uncertainty. The
observed trends and the general GCM agreement that the southern states will
continue to experience streamflow and soil moisture reductions(Georgakakos and
Zhang 2011; U.S. Bureau of Reclamation 2011a) provides confidence that these
projections are robust.

Confidence is high that in the Southwest, the Southeast, the Great Plains, and the
islands of the Caribbean and the Pacific, including the state of Hawai‘i, surface and
groundwater supplies will be affected by declining runoff and uncertain groundwater
recharge changes, increasing the risk of water shortages for many groundwater, off-
stream, and in-stream water uses.

Assessment of
confidence based
on evidence

CONFIDENCE LEVEL

Very High High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),

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

emerging, etc.), competing

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or

methods not tested, etc.),
disagreement or lack of
opinions among experts

methods, etc.), high medium consensus schools of thought

consensus
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message Increasing flooding risk affects human safety and health, property,

#8/10 infrastructure, economy, and ecology in many basins across the U.S.
Description of The key message and supporting chapter text summarizes extensive evidence
evidence base documented in the inter-agency prepared foundational document (Bales. et al, 2012),

the the chapters Our Changing Climate, Northwest, Great Plains, Midwest, Northeast
and multiple others (2013), and over 500 technical inputs on a wide range of topics
that were received as part of the Federal Register Notice solicitation for public input.

Observed Trends: Annual peak-flow records from 200 USGS streamflow gaging
stations measuring flows from catchments that are minimally influenced by upstream
water uses, diversions, impoundments, or land-use changes (from the USGS HCDN
network), with more than 85 years of records, were the basis for careful national-
scale flood-trend analysis (Hirsch and Ryberg 2012), providing the observational
basis for this message. Additional observational evidence that heavy precipitation
events are increasing in the northern states can be found in Ch. 2: Our Changing
Climate.

Projected Trends: Projections of future flood-frequency changes result from
detailed hydrologic (Das et al. 2012; Raff et al. 2009; Walker et al. 2011) and
hydraulic models of rivers that simulate responses to projected precipitation and
temperature changes from climate models.

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

Projected changes in flood frequency and severity can bring new challenges in flood
risk management. For urban areas in particular, flooding impacts critical
infrastructure in ways that are difficult to foresee and can result in interconnected and
cascading failures (for example, failure of electrical generating lines can cause pump
failure, additional flooding, and failure of evacuation services). Increasing likelihood
of flooding also brings with it human health risks associated with failure of critical
infrastructure (Ebi et al. 2006; Kessler 2011; Patz et al. 2000; Wright et al. 2012) (see
Ch. 11 Urban and Infrastructure), from waterborne disease that can persist well
beyond the occurrence of extreme precipitation (Curriero et al. 2001) (see Ch. 9:
Human Health), from water outages associated with infrastructure failures that cause
decreased sanitary conditions (Huang et al. 2011), and also from ecosystem changes
that can affect airborne diseases (Ziska et al. 2008; Ch. 8: Ecosystems and

Biodiversity).
New information | Large uncertainties still exist as to how well climate models can represent and project
and remaining future precipitation extremes. However, precipitation extremes are expected to
uncertainties intensify as the atmosphere warms, and many floods result from larger portions of

catchment areas receiving rain as snowlines recede upward. As rain runs off more
quickly than snowfall this results in increased flood potential; furthermore occasional
rain-on-snow events exacerbates this effect. This trend is broadly expected to
increase in frequency under general warming trends, particularly in mountainous
catchments.
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Assessment of Future changes in flood frequencies and intensities will depend on a complex
confidence based | combination of local to regional climatic influences, and the details of complex
on evidence surface-hydrologic conditions in each catchment (for example, topography, land

cover, upstream managements). Consequently, flood frequency changes may not be
simple nor regionally homogeneous, and basin by basin projections may need to be
developed. Nonetheless, early results now appearing in the literature have most often
projected intensifications of flood regimes, in large part as responses to projections
of more intense storms and more rainfall runoff from previously snowbound
catchments and settings.

Therefore confidence is judged to be medium that flooding risk will increase,
potentially affecting human safety and health, property, infrastructure, economy, and
ecology in most regions across the U.S.

CONFIDENCE LEVEL
Very High High Medium Low
Strong evidence (established Moderate evidence (several Suggestive evidence (a few Inconclusive evidence (limited
theory, multiple sources, sources, some consistency, sources, limited consistency, sources, extrapolations,
consistent results, well methods vary and/or models incomplete, methods inconsistent findings, poor
documented and accepted documentation limited, etc.), emerging, etc.), competing documentation and/or
methods, etc.), high medium consensus schools of thought methods not tested, etc.),
consensus disagreement or lack of
opinions among experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message In most U.S. regions, water resources managers and planners will encounter

#9/10 new risks, vulnerabilities, and opportunities that may not be properly managed
with existing practices.

Description of The key message and supporting chapter text summarizes extensive evidence

evidence base documented in the inter-agency prepared foundational document (Bales et al. 2012),

NCA chapters (2013), and over 500 technical inputs on a wide range of topics that
were received as part of the Federal Register Notice solicitation for public input.

Observed and Projected Trends: Many U.S. regions are facing critical water
management and planning challenges. South Florida’s groundwater supplies,
ecology, and coastal communities are becoming increasingly vulnerable to sea level
rise and drought impacts, but many GCMs cannot capture the regional climate trends
(Obeysekera et al. 2011). The Sacramento — San Joaquin Bay Delta is already
threatened by flooding, sea water intrusion, and changing needs for environmental,
municipal, and agricultural water uses. Managing these risks and uses requires re-
assessment of a very complex system of water rights, levees, stakeholder consensus
processes, reservoir system operations, and significant investments, all of which are
subject to large uncertainties (NRC 2010, 2011b, 2012). Given the projected climate
changes in this area (Cayan et al. 2008; Cloern et al. 2011), adherence to historical
management and planning practices may not be a long-term viable option (Brekke et
al. 2009b; Georgakakos et al. 2012), but the supporting science is not yet fully
actionable (Milly et al. 2008), and a flexible legal and policy framework embracing
change and uncertainty is lacking. The Apalachicola-Chattahoochee-Flint (ACF)
River basin in Georgia, Alabama, and Florida supports a wide range of water uses
and the regional economy, but it has been fraught by litigious conflicts for more than
20 years. An inclusive stakeholder coalition offers new hope that a shared vision plan
may still be formulated, but climate change presents new stresses and uncertainties
(Georgakakos et al. 2010). Intense water management challenges have also been
reported in the Southwest (Barnett and Pierce 2009; Rajagopalan et al. 2009),
Northwest (Vano et al. 2010a; Vano et al. 2010b), Great Plains, and Great Lakes
(International Upper Great Lakes Study Board 2012).

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

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

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

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high
consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or
methods not tested, etc.),
disagreement or lack of
opinions among experts
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Chapter 3: Water Resources (Climate Change Impacts on the Water Cycle)

Key Message Process: See key message #1.

Key message Increasing resilience and enhancing adaptive capacity are useful strategies for
#10/10 water resources management and planning in the face of climate change.
Challenges include: competing demands for water; a variety of institutional
constraints; lack of scientific information or access to it; considerable scientific
and economic uncertainties; inadequate information useful for practical
applications; and difficulties in engaging stakeholders.

Description of The key message and supporting chapter text summarizes extensive evidence
evidence base documented in the inter-agency prepared foundational document (Bales et al. 2012),
Garfin et al.(2012), and over 500 technical inputs on a wide range of topics that were
received as part of the Federal Register Notice solicitation for public input.

The key message is a restatement of conclusions derived from the peer-reviewed
literature as cited in the reference list for the chapter. The two parts of the key
message are described separately below.

Increasing resilience and adaptive capacity is a crucial and low-regrets strategy for
water resources management and planning in the face of climate change.

Water utilities appear to be benefiting from various efforts to assess their potential
vulnerabilities and long term planning options for responding to climate change
(EPA 2010).

Building human and social capital through networks and partnerships is identified as
both major assets and continued needs; building networks of colleagues is identified
as important sources of accessible, relevant and trusted information (Lackstrom et al.
2012).

Building adaptive capacity ultimately increases the ability to develop and implement
adaptation strategies and is considered a no-regrets strategy (Bales et al. 2012).

A very useful strategy for risk management in an uncertain future “is to build the
capacity to address climate change impacts in the future, including improving
understanding of the problem, educating and building awareness among citizens,
establishing collaborative ties with others, improving data sharing and
communication, setting up stakeholder engagement processes, and developing
funding mechanism” (Liverman et al. 2012).

Challenges include competing water uses; considerable uncertainties; insufficient
actionable science ready for practical application; the challenges of stakeholder
engagement; and a lack of agreement on alternative paradigms to “post-stationarity”
on which to base water laws, regulations, and policies.

Additional support for this part of this key message is as follows:

Climate change will stress the current state-based water allocation systems and create
new conflicts between consumptive and non-consumptive, especially environmental,
uses (Tarlock 2010). With a very few exceptions, water users have no right to take
water other than in accordance with state law. Laws differ from the East’s
riparianism and regulated riparianism, to the West’s prior appropriation doctrines,
with differing ability to accommodate the stress of climate change (Adler 2010; Hall
and Abrams 2010).

Adaptation management will have to cope with many layers of government, because
many adaptation problems and strategies will be local in implementation while
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adaptation principles and goals may arise and be organized at larger state, watershed,
regional or national scales. Key principles suggested for adaption legal regimes are
to: 1) increase monitoring and study; 2) eliminate or reduce non-climate change
stress and promote resilience; 3) encompasses immediate, “no regrets” changes; 4)
plan for the long term increased coordination across media, sectors, interests, and
governments; 5) promote principled flexibility in regulatory goals and natural
resource management, and 6) accept that adaptation may require loss (Craig 2010).

There are many examples of federal, state and local adaptation efforts including
interstate institutions (Hall and Abrams 2010), regionalization of supplies (Heimlich
et al. 2009), adaptive management of existing supply systems (Short et al. 2012;
Solecki and Rosenzweig 2012), decision support planning methods (Adams et al.
2012), initiatives to balance instream and off stream benefits (Hall and Abrams 2010;
Tarlock 2010; U.S. Bureau of Reclamation 2012; Washington State Department of
Ecology 2011) and innovative international engagement with Mexico (IBWC 2010;
Megdal and Scott 2011; Transboundary Aquifer Assessment Act 2009; Vickery
2009; Wilder et al. 2012). (see Ch. 28: Adaptation).

New information
and remaining
uncertainties

Jurisdictions at the state and local level are addressing climate change related legal
and institutional issues on an individual basis. An on-going assessment of these
efforts may show more agreement and practical applications.

Assessment of
confidence based
on evidence

Confidence is very high that increasing resilience and adaptive capacity is a useful
strategy for water resources management and planning in the face of climate change.

Confidence is very high that there are challenges to realizing increased resilience
and adaptive capacity.

CONFIDENCE LEVEL

Very High High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high
consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or
methods not tested, etc.),
disagreement or lack of
opinions among experts
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Key Messages

1. Extreme weather events are affecting energy production and delivery facilities,
causing supply disruptions of varying lengths and magnitudes and affecting other
infrastructure that depends on energy supply. The frequency and intensity of
extreme weather events are expected to increase.

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

3. Both episodic and long-lasting changes in water availability will constrain different
forms of energy production.

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

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

Introduction

The U.S. energy supply system is diverse and robust in its ability to provide a secure supply of
energy with only occasional interruptions. However, projected impacts of climate change will
amplify seasonal patterns of energy use and affect energy infrastructure, posing additional risks
to energy security. Extreme weather events and water shortages are already interrupting energy
supply, and impacts are expected to increase in the future. Most vulnerabilities and risks to
energy supply and use are unique to local situations; others are national in scope.

The impacts of climate change in other countries will also affect U.S. energy systems through
global and regional cross-border markets and policies. Increased energy demand within global
markets due to industrialization, population growth, and other factors will influence U.S. energy
costs through competition for imported and exported energy products.
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Adaptation actions can allow energy infrastructure to adjust more readily to climate change, and
many investments toward adaptation provide short-term paybacks because they address current
vulnerabilities as well as future risks, and thus, entail “no regrets.” Such actions can include a
focus on increased efficiency of energy use as well as improvements in the reliability of
production and transmission of energy.

Disruptions from Extreme Weather

Extreme weather events are affecting energy production and delivery facilities, causing
supply disruptions of varying lengths and magnitudes and affecting other infrastructure
that depends on energy supply. The frequency and intensity of extreme weather events are
expected to increase.

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

Climate change has begun to affect the frequency, intensity, and length of many extreme weather
events (Peterson et al. 2012; Solomon et al. 2007). What is considered an extreme weather or
climate event varies from place to place (See Ch. 2: Our Changing Climate). Across the U.S.,
observed changes include increased frequency and intensity of extreme precipitation events,
winter storms, heat waves, and droughts.

Most areas in the U.S. are projected to experience increases in the number of days with
precipitation exceeding one inch. It is projected that future climate change will include increases
in some types of extreme weather events, particularly heat waves, wildfire, flooding, longer and
more intense drought, heavy precipitation in winter storms, and extreme coastal high water due
to storm events and sea level rise which will increasingly disrupt infrastructure services in some
locations (Wilbanks et al. 2012a). Disruptions in services in one infrastructure system (such as
energy) will lead to disruptions in one or more other infrastructures (such as communications and
transportation) that depend on other affected systems. Infrastructure that is located in areas
exposed to extreme weather, where it is also stressed by age or by demand levels that exceed
what it was designed to deliver, is particularly vulnerable (See Ch. 11: Urban and Infrastructure).

Like much of the nation’s infrastructure that has been affected by the increasing occurrence of
“billion dollar weather events” (NOAA 2011), U.S. energy facilities and systems, especially
those located in coastal areas, are vulnerable to extreme weather events. Wind and storm surge
damage by hurricanes already causes significant infrastructure losses on the Gulf Coast.

Economic losses arising from weather and climate events are large and have been increasing.
Damage to oil and gas production and delivery infrastructure by Hurricanes Katrina and Rita
affected natural gas, oil, and electricity markets in most parts of the U.S. (Entergy Corporation
2012; Wilbanks et al. 2012a). Market impacts were felt as far away as New York and New
England (Hibbard 2006; Rosenzweig et al. 2009), highlighting the interdependencies among
various types of infrastructure that can amplify the vulnerabilities of energy infrastructure alone
to climate-related impacts.

DRAFT FOR PUBLIC COMMENT

168



DN AW N =

(e BEN [e)\

11
12
13

Draft for Public Comment Chapter 4 — Energy Supply and Use
(v. 11 Jan 2013)

Paths of Hurricanes Katrina and Rita Relative to Energy Production Facilities

@  Oilornatural gas platiorm
e Storm track for eye of Katrina
Storm track for eye of Rita
[ Hunricane Force Winds — Katrina
[ Hurricane Force Winds — Rita

Source: GAD analysis of data provided by the National Weather Service and the Minerals Management Service.

Figure 4.1: Paths of Hurricanes Katrina and Rita Relative to Energy Production Facilities

Caption: A substantial portion of U.S. energy facilities are located on the Gulf Coast as
well as offshore in the Gulf of Mexico, where they are particularly vulnerable to
hurricanes and other storms and sea level rise. (Source: Wilbanks et al. 2012a).

Various aspects of climate change will affect energy systems. It is projected that wildfires will
affect extensive portions of California’s electricity transmission grid (Sathaye et al. 2011).
Extreme surge events at high tides are expected to increase (Cayan et al. 2003), raising the risk
of inundating energy facilities such as power plants, refineries and pipelines. Rail transportation
lines that carry coal to power plants, which produced 42% of U.S. electricity in 2011, often
follow riverbeds, especially in the Appalachian region. More intense rainstorms, both observed

and projected, can lead to river flooding that degrades or washes out nearby railroads and
roadbeds.

DRAFT FOR PUBLIC COMMENT

169



O 0 JIN Wb W —

10
11

12
13
14
15
16
17
18
19
20

21
22
23
24

Draft for Public Comment Chapter 4 — Energy Supply and Use
(v. 11 Jan 2013)

Climate Change and Seasonal Energy Demands

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

Over the last 20 years, annual average temperatures typically have been higher than the long-
term average; nationally, temperatures were above average during 12 of the last 14 summers
(Kunkel et al. 2012a; Ch. 2: Our Changing Climate). These increased temperatures are already
affecting the demand for energy needed to cool buildings within the U.S.

Increase in Cooling Demand and Decrease in Heating Demand

5 4
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Figure 4.2: Increase in Cooling Demand and Decrease in Heating Demand

Caption: The amount of energy needed to cool (or warm) buildings is proportional to
cooling (or heating) degree days. The figure shows increases in “cooling degree days,”
which result in increased air conditioning use, and decreases in “heating degree days,”
meaning less energy required to heat buildings in winter, compared to the average for
1970-2000. Cooling degree days are defined as the number of degrees that a day’s
average temperature is above 65°F, while heating degree days are the number of degrees
a day’s temperature is below 65°F. As shown, the increase in cooling needs is greater than
the decrease in heating needs (Source: EIA 2008; 2009; U.S. Department of Energy
2012; National Climatic Data Center 2012).

The rate of temperature change has increased in recent decades. In response, the Energy
Information Administration began using 10-year average weather data instead of 30-year data in
order to estimate energy demands for heating and cooling purposes. The shorter period is more
consistent with the observed trend of warmer winters and summers (EIA 2008).
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Figure 4.3: Increasing Numbers of Cooling Degree Days

Caption: A recent analysis (Kunkel et al. 2012b) projects continued increases in cooling
degree days (and decreases in heating degree days) over the next several decades. The
higher the number of cooling degree days, the more people tend to use air conditioning.

These maps show projected average changes in cooling degree days compared to the
baseline period (1971-2000) for two periods in the rest of this century (2021-2050 and
2070-2099), assuming climate change associated with continued increases in emissions
(A2, top maps) and significant reductions in emissions of heat-trapping gases (B1, bottom
maps).

The projections show significant regional variations, with the greatest increases in the
southern U.S. By the end of this century, the increases in cooling degree days will be
more pronounced for the higher emissions (A2) scenario. Furthermore, projections
suggest continued population shifts toward areas that require air conditioning in the
summer, thereby increasing the impact of temperature changes on increased energy
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demand (U.S. Census Bureau 2012). (Figure source: NOAA NCDC / CICS-NC. Data
from CMIP3 Daily Statistically Downscaled. )

While recognizing that many factors besides climate change affect energy demand (including
population changes, economic conditions, energy prices, consumer behavior, conservation
programs, and changes in energy-using equipment), increases in temperature will result in
increased energy use for cooling and decreased energy use for heating. These impacts differ
among regions of the country and indicate a shift from predominantly heating to predominantly
cooling in some regions with moderate climates. For example, in the Pacific Northwest, energy
demand for cooling is projected to increase over the next century due to population growth,
increased cooling degree days, and increased use of air conditioners as an adaptation response to
higher temperatures (Hamlet et al. 2010). Population growth is also expected to increase energy
demand for heating. However, the projected increase in energy demand for heating is about half
as much when the effects of a warming climate are considered along with population growth
(Hamlet et al. 2010).
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Table 4.1: Changing Energy Use for Heating and Cooling Will Vary by Region

Consequences: Challenges and Opportunities

Electricity Use Natural Gas (Heating)
Physical Warmer and longer summers Warmer winters
Irr_lpacts - Number of Additional Extreme Number of Fewer Extreme
II:I'IIghI'h d Days(> 95°F) and % Increase (< 10°F) Cold Days and %
ikelihoo in Cooling Degree Days in Decrease in Heating Degree
2041-2070 Days in 2041-2070

above 1971-2000 Level below 1971-2000 Level
Northeast + 10 days, +77% - 12 days, - 17%
Southeast +23 days, 43% -2 days, - 19%
Midwest + 33 days, +64% - 14 days, - 15%
Great Plains + 22 days, +37% - 4 days, -18%
Southwest + 20 days, +44% - 3 days, - 20%
Northwest + 5 days, +89% - 7 days, - 15%
Alaska Assumed Neutral - Not Assumed - Not modeled

modeled

Pacific Assumed - Not modeled Assumed Neutral — Not
Islands modeled

Red cells denote negative impacts; green cells denote positive impacts.

Title: Changing Energy Use for Heating and Cooling Will Vary by Region

Caption: Warmer and longer summers will increase the amount of electricity necessary
to run air conditioning, especially in the Southeast and Southwest. Warmer winters will
decrease the amount of natural gas required to heat buildings, especially in the Northeast,
Midwest and Northwest. Table information is adapted from multi-model means from 8
NARCCAP regional climate simulations for the high (A2) emissions scenario considered
in this report, (Figure Source: adapted from Kunkel et al. 2012f, 2012g; Kunkel et al.
2012h; Kunkel et al. 2012¢; Kunkel et al. 2012d; Kunkel et al. 2012¢) weighted by
population.

Increases in average temperatures and temperature extremes are expected to lead to increasing
demands for electricity for cooling in every U.S. region. Virtually all cooling load is handled by
the electrical grid, while the heating load is distributed among electricity, natural gas, heating oil,
passive solar, and biofuel. In order to meet increased demands for peak electricity, additional
generating and distribution facilities will be needed, or demand will have to be managed through
a variety of mechanisms. Electricity at peak demand typically is more expensive to supply than
at average demand (Wilbanks et al. 2012b). Because the balance between heating and cooling
differs by location, the balance of energy use among delivery forms and fuel types will likely
shift — from natural gas and fuel oil used for heating, to electricity used for air conditioning. In
hotter conditions, more fuel and energy are required to generate and deliver electricity; so a shift
to more air conditioning in regions with moderate climates will increase primary energy
demands. Also, because of greater energy losses for generating and delivering energy in hotter
conditions, the expected shift (due to climate change) from heating to cooling in regions with
moderate climates can increase primary energy demand (Wilbanks et al. 2012a).
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Climate-related temperature shifts are expected to cause a net increase in residential energy use.
Increased energy demands for cooling exceed energy savings resulting from lower energy
demands for heating. One study examining state-level energy consumption, weather data, and
high emission scenarios (SRES A1Fi and A2) found a net increase of 11% in residential energy
demand (Deschénes and Greenstone 2011). Another study reported annual increases in net
energy expenditures for cooling and heating of about 10% ($26 billion in 1990 U.S. dollars) by
the end of this century for 4.5°F of warming, and 22% ($57 billion in 1990 dollars) for overall
warming of about 9°F (Mansur et al. 2008). New energy efficient technology could help to offset
growth in demand.

Several studies suggest that if substantial reductions in emissions of heat-trapping gases were
required, the electricity generating sector would decarbonize first, given the multiple options
available to generate electricity from sources that do not emit heat-trapping gases, such as wind
and solar power. Under these circumstances, electricity would displace direct use of fossil fuels
for some applications, such as heating, to reduce overall emissions of heat-trapping gases (Clarke
et al. 2007; Wei 2012; Williams et al. 2012). The implications for peak electricity demand could
be significant. In California, for example, the estimated increase in use of electricity for space
heating would shift the peak in electricity demand from the summer to the winter (Wei 2012).

Implications of Less Water for Energy Production

Both episodic and long-lasting changes in water availability will constrain different forms
of energy production.

Producing energy from fossil fuels (coal, oil, and natural gas), nuclear power, biofuels,
hydropower, and some solar power systems often depends on the availability of adequate and
sustainable supplies of water. Issues related to water already pose challenges to production
from existing power plants and the permitting of new facilities (Averyt et al. 2011; Wilbanks
et al. 2012b; Ch. 10: Water, Energy, and Land Use).

In the future, long-term precipitation changes, drought, and reduced snowpack are projected
to alter water availability. Recent climate data indicate an overall upward trend in annual
precipitation across most of the nation (Ch. 2: Our Changing Climate). However, the Southwest
faces lower precipitation year round. The widespread trend toward more heavy downpours is
expected to continue, with precipitation becoming less frequent but more intense. Most of the
U.S. is projected to have 15 more days per year with little precipitation.
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Projected Changes in Seasonal Precipitation
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Figure 4.4: Projected Changes in Seasonal Precipitation

Caption: Climate change affects precipitation patterns as well as temperatures. The maps
show projected changes (percent) in average precipitation by season for 2041-2070
compared to 1971-2000, assuming emissions of heat-trapping gases continue to rise (A2
scenario). Note significantly drier conditions in the Southwest spring and Northwest
summer, as well as significantly more precipitation (some of which could fall as snow)
projected for northern states in winter and spring.

(Figure source: NOAA NCDC / CICS-NC. Data from NARCCAP.)

Reduced availability of water for cooling, for hydropower, or for absorbing warm water
discharges into water bodies without exceeding temperature limits, will continue to constrain
power production at existing facilities and permitting of new power plants. Increases in water
temperatures may reduce the efficiency of thermal power plant cooling technologies, potentially
leading to warmer water discharge from some power plants, which in turn can affect aquatic
biota. Studies conducted during 2012 indicate that water shortages are more likely to limit
power plant electricity production in many regions (Skaggs et al. 2012; Wilbanks et al. 2012b).
Regional or seasonal water constraints, particularly in the Southwest and Southeast, will result from
chronic or seasonal drought, growing populations, and increasing demand for water for various
uses (Averyt et al. 2011; Ch. 10: Water, Energy, and Land Use).
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Hydropower plants in the West depend on the seasonal cycle of snowmelt to provide steady
output throughout the year. Expected reductions in snowpack in parts of the West will reduce
hydropower production. There will also be increases in energy (primarily electricity) demand in
order to pump water for irrigated agriculture and to pump and treat water for municipal uses.
(Wilbanks et al. 2012b).

The Electric Power Research Institute’s (EPRI) scenario-based technical projections of water
demand in 2030 find that one-quarter of existing power generation facilities (about 240,000
megawatts) nationwide are in counties that face some type of water sustainability (EPRI 2011).
Many regions face water sustainability concerns, with the most significant water-related stresses
in the Southeast, Southwest, and Great Plains regions.

Sea Level Rise and Infrastructure Damage

In the longer term, sea level rise will affect coastal facilities and infrastructure on which
many energy systems, markets, and consumers depend.

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

Global sea level has risen by about 8 inches since reliable record keeping began in 1880,
affecting countries throughout the world, including the U.S. The rate of rise increased in recent
decades and is not expected to slow. Global average sea level is projected to rise 1 to 4 feet by
2100, though considering potential increases of up to 6.6 feet during this century may be useful
for decision makers with a low tolerance for risk (Ch.2: Our Changing Climate). Sea level
change at any particular location can deviate substantially from this global average (Parris et al.
2012; Ch. 2: Our Changing Climate) .

Rising sea levels, combined with normal and potentially more intense coastal storms and local
land subsidence, threaten coastal energy equipment as a result of inundation, flooding, or
erosion. In particular, sea level rise and coastal storms pose a danger to the dense network of
Outer Continental Shelf marine and coastal facilities in the central Gulf Coast region (Burkett
2011). Many of California’s power plants are at risk from sea level rise and the more extensive
coastal storm flooding that results, especially in the low-lying San Francisco Bay area. Power
plants and energy infrastructure in the coastal areas of U.S. regions face similar risks.
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Figure 4.5: California Power Plants Potentially at Risk from Sea Level Rise and Coastal

Storm Flooding

Caption: Rising sea levels will combine with storm surges and high tides to threaten
power-generating facilities located in California coastal communities and around the San
Francisco Bay (Source: Sathaye et al. 2011)

Possible Climate Resiliency and Adaptation Actions in Energy Sector

Table 2 summarizes actions that can be taken to increase the ease with which energy systems can
adjust to climate change. Many of these adaptation investments entail “no regrets,” providing
short-term paybacks because they address current vulnerabilities as well as future risks.
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Table 4.2. Possible Climate Resilience and Adaptation Actions in Energy Sector

Caption: Future energy production will be affected by a range of climate change
impacts. Chart shows possible responses to anticipate and respond to these changes.

Key Challenges Addressed

Possible Actions Extreme Increase in Water Sea Level
Weather Events | Peak Energy Constraints Rise
Loads on Energy
Production

Supply: System and Operational Planning

Diversifying Supply Chains X X X X

Strengthening and Coordinating Emergency X X X
Response Plans

Providing remote/protected emergency- X
response coordination centers

Developing flood-management plans or X X
improving stormwater management

Developing drought-management plans for X
reduced cooling flows

Developing hydropower management X
plans/policies addressing extremes

Supply: Existing Equipment Modifications

Hardening/building redundancy into X X
facilities
Elevating water-sensitive equipment or X X

redesigning elevation of intake structures

Building coastal barriers, dikes, or levees X X

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

Insulating equipment for temperature X
extremes
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Implementing dry (air-cooled) or low-water
hybrid (or recirculating) cooling systems
for power plants

Adding technologies/systems to pre-cool
water discharges

Using non-fresh water supplies: municipal
effluent, brackish or seawater

Relocating vulnerable facilities

Supply: New Equipment

Adding peak generation, power storage
capacity, and distributed generation

Adding back-up power supply for grid
interruptions

Increasing transmission capacity within
and between regions

Use: Reduce Energy Demand

Improving building energy, cooling-system
and manufacturing efficiencies, and
demand-response capabilities (for
example, smart grid)

Setting higher ambient temperatures in
buildings

Improving irrigation and water
distribution/reuse efficiency

Allowing flexible work schedules to
transfer energy use to off-peak hours
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Future Energy Systems

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

Today’s energy systems vary significantly by region, with differences in climate-related impacts
also introducing considerable variation by locale. Table 3 shows projected impacts of climate
change on, and potential risks to, energy systems as they currently exist in different regions.
Most vulnerabilities and risks for energy supply and use are unique to local situations, but others
are national in scope. For example, biofuels production in three regions (Midwest, Great Plains
and Southwest) could be impacted by the projected decrease in precipitation during the critical
growing season in the summer months (Ch. 10: Water, Energy, and Land Use; Ch. 7: Forestry).

One certainty about energy systems in the future is that they will be different than today’s, but in
ways not yet known. Many uncertainties — financial, economic, regulatory, technological, and so
on — will affect private and public consumption and investment decisions on energy fuels,
infrastructure, and systems. Energy systems will evolve over time, depending upon myriad
choices made by countless decision-makers responding to changing conditions in markets,
technologies, policies, consumer preferences, and climate. A key challenge to understanding the
nature and intensity of climate impacts on future energy systems is the amount of uncertainty
regarding future choices about energy technologies and their deployment. An evolving energy
system is also an opportunity to develop an energy system that is less vulnerable to climate
change.
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Table 4.3: Energy Supply: Summary of National and Regional Impacts, Challenges and Opportunities
Caption: Increased temperatures, changing precipitation patterns, and sea level rise will affect many sectors and regions, including
energy production, agriculture yields, and infrastructure damage.

Consequences': Challenges and Opportunities

Fuel Extraction, Production, and Fuel Distri- Electricity Generation Electricity
Refining Bution Distribution
Trans-port/ Hydro- Solar PV
Hydrocarbons? Biofuels Pipelines power Wind Thermal Power Generation®
Physical Increased Increased Coastal Increased & Increased Increased Coastal Hot summer
Impacts — High | ambient extremes in erosion extremes £ ambient extremes in erosion and periods
Likelihood temperature of water and sea in water E temperature of water sea level rise
air and water availability level rise availability E= air and water availability

National Trend | Decreased Decreased Damage to | Reduced .‘g Reduced plant Interruptions | Damage to Reduced
Summary®" production and agricultural facilities electricity 0 efficiency and to cooling facilities capacity/
Consequence refining capacity | yields production | G cooling systems damage to

o capacity lines

()
Key Indicator Mean Annual Summer Sea Level Days <0.1 2 Mean Annual Summer Sea Level # Days > 90F%7
(2071-2099 vs | Temperature* Precipitation® | Rise® inch® S Temperature® Precipitation* | Rise® (2055)
1971-2000) (2100) (2055) g (2100)
Northeast +43t079F -5t0+6% 05-12m +1 day 2 +43t079F -5t0o+6% 0.5-12m + 13 days

©
Southeast +43t079F -22to+ 9% 05-12m + 2 days -% +43t079F -22to+ 9% 05-12m + 31 days
Midwest +45t081F -22to + 6% No coast + 0 days g' +45t081F -22to + 6% No coast + 19 days
Great Plains +45t08F -27t0+ 5% 05-12m + 3 days § +45t08 F -27to + 5% 05-12m + 20 days
Southwest +45t083F -13 to +3% 05-12m + 10 days i +45t083F -13 to +3% 05-12m + 24 days
Northwest +42t079F -34to-11% 05-12m + 6 days +42t079F -34to—11% 05-12m + 4 days
Alaska +44t0+8.1F +14 to +25% 05-12m No +44t081F +14 to +25% 0.5-12m No projection.

projection
Pacific Islands +25t0+45F Range from 05-12m No +25t0+45F Range from 05-12m No projection
little change to projection little change to
increases increases
Notes
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1. Excludes extreme weather events.
2. Hydrocarbons includes coal, oil, and gas including shales.
3. Thermal power generation includes power plants fired from nuclear, coal, gas, oil, biomass fuels, solar thermal, and geothermal

energy.

4. CMIP3 15 GCM Models: 2070-2099 Median Projection SRES B1 — A2 (versus 1971-2000)

5. 2100: Low Intermediate to High Intermediate Scenario from Sea Level Change Scenarios for the US National Climate Assessment
(Parris et al. 2012). Range is similar to the 1 to 4 feet of sea level rise projected in Ch. 2: Our Changing Climate, Key Message 9.
2055 NARCCAP

References: (Clarke et al. 2007; Wilbanks et al. 2012a)

8. Notes: Red cells denote negative impacts; green cells denote positive impacts.

N
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Very different future energy supply portfolios are possible depending upon key economic
assumptions including what a carbon management program, if any, looks like (Clarke et al.
2007; EIA 2008; EPRI 2011), and whether significant changes in consumption patterns occur for
a variety of other reasons. Renewable energy sources, including solar, wind, and biofuels, are
meeting a larger portion of U.S. demand, and there is the opportunity for this contribution to
increase in the future (Ch. 6: Agriculture; Ch. 7: Forestry). This fundamental uncertainty about
the evolving character of energy systems contributes another layer of complexity to
understanding how climate changes will impact energy systems.

As they consider actions to enhance the resiliency of energy systems, decision makers confront
issues with current energy systems as well as possible future configurations. The systems will
evolve, and will be more resilient over time if actions tied to today’s systems features do not
make future systems less resilient as a result. For example, if moving toward biomass as an
energy source involves more water-consumptive energy supplies that could be constrained by
drier future climate conditions, then decisions about energy choices should be made in the
context of understanding these trends.

Because U.S. energy decisions tend to be made in regulated markets rather than centrally
planned, these decisions are unpredictable, even though they can be expected to evolve with the
changing climate conditions. These trends in use patterns may continue into the future; this is an
opportunity to increase resilience but also a major uncertainty for energy utilities and policy
makers. Energy infrastructure tends to be long-lived, so resiliency can be enhanced by more
deliberate applications of risk-management techniques and information about anticipated climate
impacts and trends (NRC 2011).

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

Chapter 4. Energy Supply and Use

Key Message Process: The author team met bi-weekly by teleconference. Early in the development of key
messages and a chapter outline, the authors reviewed all relevant technical input reports. Selected authors
participated in a DOE sponsored workshop on Energy Supply and Use, December 29-30, 2011 in Washington, D.C.
The workshop was organized specifically to inform a DOE technical input report and the 2013 NCA and to engage
stakeholders in this process. The authors selected key messages based on the risk and likelihood of impacts,
associated consequences, and available evidence. Relevance to decision support within the energy sector was also an
important criteria.

The U.S. maintains extensive data on energy supply and use. The Energy Information Administration (EIA) of the
U.S. Department of Energy is a primary organization in this activity, and data with quality control, quality
assurance, and expert review are available through EIA Web pages.

Key message #1/5 | Extreme weather events are affecting energy production and delivery facilities,
causing supply disruptions of varying lengths and magnitudes and affecting
other infrastructure that depends on energy supply. The frequency and
intensity of extreme weather events are expected to increase.

Description of A series of NCA workshops reviewed potential influences of climate change thus far
evidence base on the frequency and intensity of extreme events (Peterson et al. 2012). Numerous
past extreme events demonstrate damage to energy facilities and infrastructure. Data
assembled and reviewed by the Federal Government summarize typical costs
associated with damage to energy facilities by major extreme events. State and
regional reports as well as data provided by public utilities document specific
examples.

Damage to Gulf Coast energy facilities and infrastructure by Hurricanes Katrina and
Rita provides excellent examples to support this key message (Entergy Corporation
2012; Hibbard 2006; Rosenzweig et al. 2009). Wildfire also damages transmission
grids (Sathaye et al. 2011).

The authors benefited from Agency sponsored technical input reports summarizing
relevant data and information on energy supply and use as well as urban systems and
infrastructure(Wilbanks et al. 2012b; Wilbanks et al. 2012a). A number of other
technical input reports were relevant as well. These were reviewed carefully,
particularly with regard to the identification of key messages.

New information A series of NCA workshops provided a summary of current evidence for influences
and remaining of climate change on the frequency and intensity of extreme events. These
uncertainties summaries provide succinct evidence that certain extreme events that damage energy
facilities and infrastructure can be expected to increase in number and intensity with
climate change. Documentation of damage to energy facilities and infrastructure
continues to accumulate, increasing confidence in this key message (EIA 2008;
NOAA 2011).

The regional and local character of extreme events varies substantially, and this
variability is a source of significant uncertainty regarding the impacts of climate
change and consequences in terms of damage to energy facilities by extreme events.
Additionally, damage to energy infrastructure in a specific location can have far-
reaching consequences for energy production and distribution, and synthesis of such
indirect consequences for production and distribution does not yet support detailed
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projections.

Assessment of
confidence based
on evidence

High. There is high consensus with moderate evidence that extreme weather events
associated with climate change will increase disruptions of infrastructure services in
some locations.

CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 4: Energy Supply and Use

Key Message Process: See key message #1.

Key message #2/5 | Higher summer temperatures will increase electricity use, causing higher
summer peak loads, while warmer winters will decrease energy demands for
heating. Net energy use is projected to increase as rising demands for cooling

outpace declining heating energy demands.

The key message and supporting text summarizes extensive evidence documented in
the energy supply and use technical input (Wilbanks et al. 2012a). Global climate
models simulate increases in summer temperatures, and the NCA climate outlooks
(Kunkel et al., 2012) describe this aspect of climate change projections for use in
preparing the 2013 report (Ch. 2: Our Changing Climate). Data used by (Kunkel et
al. 2012a) and Census Bureau population data, synthesized by the EIA were the
basis for calculating population-weighted heating and cooling degree-days over the
historic period as well as projections assuming SRES B1 and A2 scenarios.

Description of
evidence base

(Kunkel et al. 2012a) projects an increase in the number of cooling days and
decrease in heating days, with peak electricity demand in some regions shifting from
winter to summer (Wei 2012) and shifting to electricity needs for cooling instead of
fossil fuels for heating (Clarke et al. 2007; Wei 2012; Williams et al. 2012).

New information
and remaining
uncertainties

While there is little uncertainty that peak electricity demands will increase with
warming by climate change, substantial regional variability is expected. Climate
change projections do not provide sufficient spatial and temporal detail to fully
analyze these consequences. Socioeconomic factors including population changes,
economic conditions, energy prices as well as technological developments in
electricity generation and industrial equipment will have a strong bearing on
electricity demands, specific to each region of the country.

Assessment of
confidence based
on evidence

High. Assuming specific climate change scenarios, the consequences for heating and
cooling buildings are reasonably predictable, especially for the residential sector.
With a shift to higher summer demands for electricity, peak demands for electricity
can be expected to increase.

CONFIDENCE LEVEL

Very High High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 4: Energy Supply and Use

Key Message Process: See key message #1.

Key message #3/5

Both episodic and long-lasting changes in water availability will constrain
different forms of energy production.

Description of
evidence base

Technical input reports summarize data and studies showing that changes in water
availability will affect energy production (Skaggs et al. 2012; Wilbanks et al.

2012a), and more specifically, that water shortages will constrain electricity
production (Averyt et al. 2011). Ch. 10: Water, Energy, and Land Use describes the
impacts of drought in Texas during 2011 as an example of the consequences of water
shortages for energy production as well as other uses (Ch. 10: Water, Energy, and
Land Use). Electric utility industry reports document potential consequences for
operation of generating facilities (EPRI 2011). A number of power plants across the
country have experienced interruptions due to water shortages.

Climate outlooks prepared for the NCA (Kunkel et al. 2012a) describe decreases in
precipitation under the SRES A2 scenario, with the largest decreases across the
Northwest and Southwest in the spring and summer.

New information
and remaining
uncertainties

An increasing number of documented incidents of interruptions in energy production
due to water shortages provide stronger evidence that decreased precipitation or
drought will have consequences for energy production.

There is little uncertainty that water shortages due to climate change would affect
energy production. But uncertainty about changes in precipitation and moisture
regimes simulated by global climate models is significantly higher than for
simulated warming. Additionally, climate change simulations lack the spatial and
temporal detail required to analyze the consequences for water availability at scales
relevant to decisions about changes in energy facilities to reduce risk or adapt to
water shortages associated with climate change.

Assessment of
confidence based
on evidence

High. The evidence is compelling that insufficient water availability with climate
change will affect energy production; however, simulations of climate change lack
the detail needed to provide more specific information for decision support.

CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 4: Energy Supply and Use

Key Message Process: See key message #1.

Key message #4/5 | In the longer term, sea level rise will affect coastal facilities and infrastructure

on which many energy systems, markets, and consumers depend.

Description of
evidence base

The sea level change scenario report prepared for the NCA (Parris et al. 2012, in
press) and Ch. 2: Our Changing Climate provide further information about sea level
change. Data available through the EIA provide high-quality information about the
locations and distribution of energy facilities.

A substantial portion of the Nation’s energy facilities and infrastructure are located
along coasts or off-shore, and sea level rise will affect these facilities (Burkett 2011;
Sathaye et al. 2011; Wilbanks et al. 2012b; Wilbanks et al. 2012a).

New information
and remaining
uncertainties

Projections of sea level change are relatively uncertain compared to other aspects of
climate change. More importantly, there will be substantial variability in region and
local sea level change, and facilities exposed to more frequent and intense extreme
wind and precipitation events will be at higher risk. Data and analyses to understand
regional and local sea level change are improving, but substantial uncertainty
remains and decision support for adaptation is challenged by these limitations.

Assessment of
confidence based
on evidence

High. There is high confidence that increases in global mean sea level will affect
coastal energy facilities; however, regional and local details are less certain.

CONFIDENCE LEVEL

Very High High Medium Low

Strong evidence (established Moderate evidence (several Suggestive evidence (a few Inconclusive evidence (limited

theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

sources, limited consistency,

models incomplete, methods

emerging, etc.), competing
schools of thought

sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 4: Energy Supply and Use

Key Message Process: See key message #1.

Key message #5/5 | As new investments in energy technologies occur, future energy systems will
differ from today’s in uncertain ways — depending on the character of changes
in the energy mix, climate change will introduce new risks as well as

opportunities.
Description of A number of studies describe U.S. energy system configurations in terms of supply
evidence base and use assuming different scenarios of climate change, including SRES B1 and A2

(Clarke et al. 2007; ETA 2008; EPRI 2011). A technical input report to the NCA by
DOE (Wilbanks et al. 2012b; Wilbanks et al. 2012a) provides details and updates
earlier studies. The potential role of biofuels is described within Chapters 6 and 7 of
this report (Ch. 6: Agriculture; Ch. 7: Forestry).

New information As the EIA and other organizations update data and information about U.S. energy
and remaining systems as well as projections of the mix of primary energy under various
uncertainties assumptions about demographic, economic, and factors, understanding of options for
future energy supply and use within the U.S. improves. With additional data and
better models, alternative energy mixes can be explored with respect to climate
change adaptation and mitigation. But numerous factors that are very difficult to
predict affect the deployment of actual facilities and infrastructure.

Assessment of High. There is high confidence that U.S. energy systems will evolve in ways that
confidence based affect risk with respect to climate change and options for adaptation or mitigation.
on evidence

CONFIDENCE LEVEL
Very High High Medium Low
Strong evidence (established Moderate evidence (several Suggestive evidence (a few Inconclusive evidence (limited
theory, multiple sources, sources, some consistency, sources, limited consistency, sources, extrapolations,

consistent results, well methods vary and/or models incomplete, methods inconsistent findings, poor
documented and accepted documentation limited, etc.), emerging, etc.), competing documentation and/or methods
methods, etc.), high consensus medium consensus schools of thought not tested, etc.), disagreement

or lack of opinions among

experts
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5. Transportation

Convening Lead Authors
Henry G. Schwartz, HGS Consulting, LLC
Michael Meyer, Parsons Brinckerhoff
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Edmond J Russo, U.S. Army Corps of Engineers
Arthur Rypinski, U.S. Department of Transportation

Key Messages:

1.

The impacts from sea level rise and storm surge, extreme weather events, higher
temperatures and heat waves, precipitation changes, Arctic warming, and other
climatic conditions are reducing the reliability and capacity of the U.S.
transportation system in many ways.

Sea level rise, coupled with storm surge, will continue to increase the risk of major
coastal impacts, including both temporary and permanent flooding of airports,
ports and harbors, roads, rail lines, tunnels, and bridges.

Extreme weather events currently disrupt transportation networks in all areas of
the country; projections indicate that such disruptions will increase.

Climate change impacts will increase costs to transportation systems and their
users, but these impacts can be reduced through rerouting, mode change, and a
wide range of adaptive actions.

The U.S. economy depends on the personal and freight mobility provided by the country’s
transportation system. Essential products and services like energy, food, manufacturing, and
trade all depend in interrelated ways on the reliable functioning of these transportation
components. Disruptions to transportation systems, therefore, can cause large economic and
personal losses. The national transportation system is composed of four main components that
are increasingly vulnerable to climate-change impacts:

Fixed node infrastructure, such as ports, airports, and rail terminals

Fixed route infrastructure, such as roads, bridges, locks, canals/channels, railways, and
pipelines, mostly publicly owned and/or managed

Vehicles, such as cars, buses, and trucks; railcars and locomotives; ships and barges; and
aircraft — all mostly privately owned

The people, institutions, laws, policies, and information systems that convert
infrastructure and vehicles into working transportation networks
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Transportation systems influence future climate characteristics and are also affected by changes
in the climate. In 2010, the U.S. transportation sector accounted for 27% of U.S. greenhouse gas
emissions (also called heat-trapping gas emissions) (Source: EPA 2011). Petroleum accounts for
93% of the nation’s transportation energy use (EIA 2011), while cars and trucks account for 65%
of transportation emissions (EPA 2011).

Transportation systems are already experiencing costly climate change related impacts. Many
inland states — for example, Vermont, Tennessee, lowa, and Missouri — have experienced severe
precipitation events and flooding during the past three years, damaging roads, bridges, and rail
systems. Over the coming decades, all modes and regions will be affected by increasing
temperatures, more extreme weather events, and changes in precipitation. Concentrated
transportation impacts are likely in Alaska and along seacoasts.

Transportation systems require expensive and long-lived (typically 50 to 100 years)
infrastructure. The estimated value of U.S. transportation facilities in 2010 was $4.1 trillion (U.S.
Bureau of Economic Analysis 2011). As climatic conditions shift, portions of this infrastructure
will increasingly be subject to climatic stresses that will reduce the reliability and capacity of
transportation systems (NRC 2008). Transportation systems are also vulnerable to interruptions
in fuel and electricity supply, as well as communications disruptions — which are also subject to
climatic stresses (NRC 2008). Power outages resulting from Hurricane Katrina shut down three
major petroleum pipelines for two days, and the systems operated at reduced capacities for two
weeks (Wilbanks et al. 2012) .

Climate change will affect transportation systems directly, through infrastructure damage, and
indirectly, through changes in trade flows, agriculture, energy use, and settlement patterns. If, for
instance, corn cultivation shifts northward in response to rising temperatures, U.S. agricultural
products may flow to markets from different origins by different routes (Vedenov et al. 2011). If
policy measures and technological changes reduce greenhouse gas emissions by affecting fuel
types, there will likely be significant impacts on the transportation of energy supplies (pipelines,
coal trains, and so on) and on the cost of transportation to freight and passenger users (CCSP
2008).

Disruptions to transportation system capacity and reliability can be partially offset by
adaptations. Transportation systems as networks may use alternative routes around damaged
elements or shift traffic to undamaged modes. Other adaptation actions include: new
infrastructure designs for future climate conditions, asset management programs, at-risk asset
protection, operational changes, and abandoning/relocating infrastructure assets that would be
too expensive to protect.
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Reliability and Capacity at Risk

The impacts from sea level rise and storm surge, extreme weather events, higher
temperatures and heat waves, precipitation changes, Arctic warming, and other climatic
conditions are reducing the reliability and capacity of the U.S. transportation system in
many ways.

Global climate change has both gradual and extreme event implications. A gradually warmer
climate and increased drought in the Southeast and the Southwest will affect slope stability and
cause pavement buckling that will damage infrastructure like roads and rail lines. Streamflows
based on increasingly more frequent and intense rainfall instead of slower snowmelt could
increase the likelihood of bridge damage from faster-flowing streams. However, less snow in
some areas will reduce snow removal costs and extend construction seasons. Shifts in
agricultural production patterns will necessitate changes in transportation routes and modes.

Climate models project that extreme heat and heat waves will become more intense, longer
lasting, and more frequent. By 2080-2100, average temperatures are expected to increase by 3°F
to 6°F for the continental U.S., assuming emissions reductions from current trends (B1 scenario),
while continued increases in emissions (A2 scenario) would lead to an increase in average
temperatures ranging from 5°F in Florida to 9°F in the upper Midwest (Kunkel et al. 2012a).

The impact on transportation systems not designed for such high temperatures would be severe.
Expansion joints on bridges and highways are stressed and asphalt pavements deteriorate more
rapidly at higher temperatures (Meyer et al. 2010). Rail track stresses and track buckling will
increase (Hodges 2011; Rossetti 2002). Lift-off limits at hot-weather and high-altitude airports
will reduce aircraft operations (Kulesa 2003).

Construction crews may have to operate on altered time schedules to avoid the heat of the day,
with greater safety risks for workers (NIOSH 1986). The construction season may lengthen in

many localities. Similarly, higher temperatures (and precipitation changes) are likely to affect

transit ridership, bicycling, and walking in various ways.

Climate change is most severe at high northern latitudes. Alaska has experienced a 3°F rise in
average temperatures since 1949 (Stewart et al. 2012), double the rest of the country. Winter
temperatures have risen by 5°F. On the North Slope, sea ice formerly provided protection to the
shoreline against strong fall/winter winds and storms. Retreating ice reduces this protection,
eroding the shoreline and endangering villages. Thawing permafrost is causing pavement,
runway, rail, and pipeline displacements, creating problems for operation and maintenance, and
requiring reconstruction of key facilities. Arctic warming is also projected to allow the seasonal
opening of the Northwest Passage to freight shipment (Arctic Council 2009).
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Box 1: Thawing Alaska

Permafrost — soil saturated with frozen water — is a key feature of the Alaskan landscape. Frozen
permafrost is a suitable base for transportation infrastructure such as roads and airfields. In
rapidly warming Alaska, however, as permafrost thaws into mud, road shoulders slump, highway
cuts slide, and runways sink. Alaska currently spends an extra $10 million per year repairing
permafrost damage (Adaptation Advisory Committee 2010).

A recent study, which examined potential climate damage to Alaskan public infrastructure using
results from three different climate models (Larsen 2007), considered 253 airports, 853 bridges,
131 harbors, 819 miles of railroad, 4,576 miles of paved, and 5,000 miles of unpaved road that
could be affected by climate change. The present value of additional public infrastructure costs
due to climate change impacts was estimated at $5.6 to $7.6 billion through 2080, or 10% to 12%
of total public infrastructure costs in Alaska, which might be reduced by 40% with strong
adaptation actions (Larsen 2007; Larsen et al. 2008).

-- end box --

DRAFT FOR PUBLIC COMMENT

198



O 01NNk W N —

Draft for Public Comment Chapter 5 — Transportation
(v. 11 Jan 2013)

Impact of Sea Level Rise and Storm Surge on Mobile, Alabama
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Figure 5.1: Impact of Sea Level Rise and Storm Surge on Mobile, Alabama

Caption: Many coastal areas in the U.S., including the Gulf Coast, are especially
vulnerable to sea level rise impacts on transportation systems. This map shows that many
parts of Mobile, Alabama, including critical roads, rail lines, and pipelines, would
be exposed to storm surge under a scenario of a 30-inch sea level rise combined with a
storm similar to Hurricane Katrina. A 30-inch sea level scenario is within the range
projected for global sea level rise (Ch. 2: Our Changing Climate, Key Message 9).
(Source: DOT 2012).
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Coastal Impacts

Sea level rise, coupled with storm surge, will continue to increase the risk of major coastal
impacts, including both temporary and permanent flooding of airports, ports and harbors,
roads, rail lines, tunnels, and bridges.

The transportation impacts of rising sea levels, which are expected to continue rising by an
additional 1 to 4 feet in this century (See also Ch. 2: Our Changing Climate, Key Message 9)
(NCA/SLCS Team 2011), will vary widely by location and geography. When sea level rise is
coupled with intense storms, the resulting storm surges will be greater, extend farther inland, and
cause more extensive damage. Ports and harbors will need to be reconfigured to accommodate
higher seas. Many of the nation’s largest ports are along the Gulf Coast, which is especially
vulnerable due to a combination of sea level rise, storm surges, erosion, and land subsidence. In
2011, the U.S. had net imports of 45% of oil consumed and 56% of the imports passed through
Gulf Coast ports (EIA 2012).

More frequent disruptions and damage to roads, tracks, runways, and navigation channels are
projected in coastal areas beyond the Gulf Coast. Thirteen of the nation’s largest airports have at
least one runway with an elevation within 12 feet of current sea levels (Airnav LLC 2012). Most
ocean-going ports are in low-lying coastal areas, including two of the most important for imports
and exports: Los Angeles/Long Beach and Galveston/Houston. Many federally maintained
navigation channels have deteriorated in recent years to dimensions less than those authorized,
which has resulted in reduced levels of service that affect navigation safety and reliability (U.S.
Army Research and Development Center 2009). Extreme floods and storms associated with
climate change will lead to increased movement of sediment and build up of sandy formations in
channels. Channels that are not well maintained and have less sedimentation storage volume will
thus be more vulnerable to significant, abrupt losses in navigation service levels. Additional
channel storage capacity that may be created by sea level rise will also increase water depths and
increase sedimentation in channels. See Ch. 25: Coastal Zone Development and Ecosystems for
additional discussion of coastal transportation impacts.
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Airport Runways Near Sea Level
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Figure 5.2: Airport Runways Near Sea Level

Caption: Thirteen of the largest airports in the U.S. have at least one runway with an
elevation within 12 feet of current sea level (Reference: www.airnav.com/airports). Sea
level rise will pose a threat to low-lying infrastructure such as these. The inset is U.S.
Geological Survey data of San Francisco Bay showing areas (in blue) which are
susceptible to 16 inches of sea level rise by 2050 (San Francisco Bay Conservation and
Development Commission), which is within the range projected for global sea level rise
in Ch. 2: Our Changing Climate.
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Weather Disruptions

Extreme weather events currently disrupt transportation networks in all areas of the
country; projections indicate that such disruptions will increase.

Changes in precipitation patterns, particularly more intense storms and drought, will affect
transportation systems across the country. Severe storm delays disrupt almost all types of
transportation. Storm drainage systems for highways, tunnels, airports, and city streets could
prove inadequate, resulting in localized flooding. Bridge piers are subject to scour as runoff
increases stream and river flows, potentially weakening bridge foundations. Severe storms will
disrupt highway traffic leading to more accidents and delays. More airline traffic will be delayed
or canceled.

Inland waterways may well experience greater floods, with high flow velocities that are unsafe
for navigation and shut channels down intermittently. Numerous studies indicate that there is
increasing severity and frequency of flooding throughout much of the Mississippi and Missouri
River Basins (Black 2008; Criss and Schock 2001). In the Upper Mississippi/Missouri Rivers,
there have been two 300- to 500-year floods over the past 20 years (Holmes et al. 2008). Drought
increases the probability of wildfires, which affect visibility severely enough to close roads and
airports. Drought can lower vessel drafts on navigable rivers and associated lock and dam pools.
Less ice formation on navigable waterways has the potential to increase seasonal windows for
passage of navigation.

Hurricanes in the Atlantic are expected to increase in intensity and frequency (see Ch. 2: Our
Changing Climate, Key Message 8). As hurricanes approach landfall, they create storm surge,
which may carry water far inland. The resulting flooding, wind damage, and bridge destruction
disrupts virtually all transportation systems in the affected area.
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Gulf Coast Transportation Hubs at Risk
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Figure 5.3: Gulf Coast Transportation Hubs at Risk

Caption: Within this century, 2,400 miles of major roadway are projected to be
inundated by sea level rise in the Gulf Coast region. The map shows roadways at risk in
the event of a sea level rise of about 4 feet, which is within the range of projections for
this region in this century (see also Ch. 2: Our Changing Climate, Key Message 9). In
total, 24% of interstate highway miles and 28% of secondary road miles in the Gulf Coast
region are at elevations below 4 feet. Source: 2009 NCA/CCSP SAP 4.7

Box 2: Hurricane Sandy

On October 29, 2012, Hurricane Sandy dealt the transportation systems of New Jersey and New
York and environs a massive blow, much in line with vulnerability assessments conducted over
the past four years (Jacob et al. 2008; New York State 2011; New York State Sea Level Rise
Task Force 2010; Zimmerman and Faris 2010). All tunnels and most bridges leading into New
York City were closed during the storm. A nearly fourteen-foot storm surge (The New York
Times 2012) flooded the Queens Midtown, Holland, and Carey (Brooklyn Battery) tunnels,
which remained closed for at least one week (two weeks for the Carey Tunnel) while floodwaters
were being pumped out and power restored. The three major airports, Kennedy, Newark, and
LaGuardia, flooded, with LaGuardia absorbing the worst impact and closing for three days (The
Port Authority of New York & New Jersey 2012a). Almost 7.5 million passengers per day ride
the New York City subways and buses (Metropolitan Transportation Authority 2012a). Much of
the New York City subway system below 34™ Street was flooded, including all seven tunnels
under the East River to Brooklyn and Queens. In addition to removing the floodwaters, all
electrical signaling and power systems (the third rails) had to be cleaned, inspected, and repaired.
Service on most Lower Manhattan subways was suspended for at least one week (Vantuono
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2012), as was the PATH system to New Jersey (The Port Authority of New York & New Jersey
2012b). Commuter rail service with over 500,000 passengers per day (Metropolitan
Transportation Authority 2012a) to New Jersey, Long Island, and northern suburbs was similarly
affected for days or weeks with flooded tunnels, downed trees and large debris on tracks, and
loss of electrical power (Metropolitan Transportation Authority 2012b). All of this disruption
was in addition to the miles of local roads, streets, underpasses, parking garages, and bridges
flooded and/or badly damaged in the region, and countless parked vehicles that sustained water
damage. Flooded roadways prevented the New York Fire Department from responding to a fire
that destroyed over 100 homes in the Breezy Point neighborhood of Brooklyn (Hampson 2012).

Hurricane Sandy’s storm surge produced nearly four feet of floodwaters throughout the Port of
New York and New Jersey, damaging electrical systems, highways and rail track, and port cargo,
displacing hundreds of shipping containers, and causing ships to run aground (The Port
Authority of New York & New Jersey 2012c). Floating debris, wrecks, and obstructions in the
channel had to be cleared before the Port was able to reopen to incoming vessels within a week
(U.S. Army Corps of Egineers 2012, personal communication). Pleasure boats were damaged at
marinas throughout the region. On a positive note, the vulnerability analyses prepared by the
metropolitan New York authorities and referenced above provided a framework for efforts to
control the damage and restore service more rapidly. Noteworthy are the efforts of the
Metropolitan Transit Authority to protect vital electrical systems and restore subway service to
much of New York within four days.

The impacts of this extraordinary storm on one of the nation’s most important transportation
nodes were felt across the country. Airline schedules throughout the U.S. and internationally
were snarled; Amtrak rail service along the East Coast and as far away as Buffalo and Montreal
was curtailed; and freight shipments in and out of the hurricane impact zone were delayed. The
resultant direct costs to the community and indirect costs to the economy will undoubtedly rise
into the tens of billions of dollars. While the storm cannot be tied directly to climate change,
given that tropical storms have hit the northeast before as late as December (Burt 2012), it is
nevertheless indicative of what powerful tropical storms and higher sea levels could bring on a
more frequent basis in the future.
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Hurricane Sandy Causes Flooding in New York City Subway Stations

Figure 5.4: Hurricane Sandy Causes Flooding in New York City Subway Stations

Caption: The nation’s busiest subway system sustained the worst damage in its 108
years of operation on October 29, 2012, as a result of Hurricane Sandy. Millions of
people were left without service for at least one week after the storm, as the Metropolitan
Transportation Authority rapidly worked to repair extensive flood damage (Vantuono
2012).

-- end box --

Risks and Consequences

Risk is a function of both likelihood of impact and the consequences of that impact. Table 1 is an
illustrative application of a risk matrix adapted from the Port Authority of New York and New
Jersey. As shown, different types of climate-related incidents/events can have associated with
them a likelihood of occurrence and a magnitude of the consequences if the incident does occur.

In assessing consequences, the intensity of system use, as well as the existence or lack of
alternative routes, must be taken into account. Disabling a transportation facility can have ripple
effects across a network, with trunk lines and hubs having the most widespread impacts
(McLaughlin et al. 2011).
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Table 5.1: Illustrative Risks of Climate-related Impacts

Likelihood of Occurrence

Magnitude of Consequences

(v. 11 Jan 2013)

Increased Major localized Inundation of
Subway and widespread flooding | flooding disrupts | coastal assets
tunnel flooding of transportation transportation due to storm
facilities systems surge
Increased Increased Short.-term road
. . . . . flooding and
rock/mud slides Train derailment due | disruption of
. . . blocked culverts
blocking road and | to rail buckling barge traffic due
. o . due to
rail facilities to flooding
extreme events
Northward shift of
e icultural P t
Lower visibility K\ . "< ave.rnen )
. production places heaving and Inundation of
from wildfires
more demand and reduced pavement | local roads due
due to drought . . .
. stress on roads and | life due to high to sea level rise
conditions
systems not prepared | temperatures
for higher volumes
Reduced
Reduced L 1
Reduced flight i . uee Great Lakes onger seasona
. maintenance costs . opening of
cancellations due . Freezing,
for highways and . Northwest
to . leading to longer
. airports due to o Passage
fewer blizzards . shipping
warmer winters
season

Note: Table 1 relates to overall national expectations. This kind of matrix is likely to be
most valuable and accurate if used at the state/regional/local levels.

(Source: Adapted from McLaughlin et al. 2011).

Assessing the consequences of climate change should encompass the broad array of factors that
influence the nation’s transportation system, and should consider changes in population, society,
technology, prices, regulation, and the economy that eventually affect transportation system
performance (Jaroszweski et al. 2010). For example, the trend in recent years in the U.S.
economy of adopting just-in-time logistics increases the vulnerability of businesses to day-to-day
disruptions caused by weather and flooding.
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Costs and Adaptation Options

Climate change impacts will increase costs to transportation systems and their users, but
these impacts can be reduced through rerouting, mode change, and a wide range of
adaptive actions.

Adaptation strategies can be employed to reduce the impact of climate change related events and
the resulting consequences. Consideration of adaptation strategies in the transportation sector is

NN W -

O o0

11
12

13
14

15
16

17
18

19
20

especially important in the following five areas:

e Transportation and land-use planning: deciding what infrastructure to build and where

to build it, as well as planning for vulnerable areas of the community and impacts on
specific population groups.

¢ Vulnerability and risk assessment: identifying existing vulnerable facilities and
systems, together with the expected consequences.

e New infrastructure design: adapting new infrastructure designs that anticipate changing

environmental and operational conditions.

e Asset management: adapting existing infrastructure and operations that respond to

current and anticipated conditions, including changed maintenance practices and retrofits.

e Emergency response: anticipating expected disruptions from extreme weather events,
and developing emergency response capability.

Role of Adaptive Strategies in Reducing Impacts and Consequences

(CIimate Changes — | Impacts on Transportation — — BeJi 1Yo [ (110
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Figure 5.5: Role of Adaptive Strategies in Reducing Impacts and Consequences
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Caption: Many projected climate change impacts and resulting consequences on
transportation systems can be reduced through a combination of infrastructure
modifications, improved information systems, and policy changes.

Adaptation takes place at multiple levels, from individual households and private businesses to
federal, state, and local governments. The impacts associated with climate change are not new,
since flooding, storm surge, and extreme heat have long been challenges. What is new is the
changing frequency, intensity, and location/geography of impacts and hazards.

Responding effectively to present and future environmental challenges enhances the resilience of
communities. Examples include improvements in storm water management, coastal zone
management, and coastal evacuation plans.

At the national level, the transportation network has some capability to adjust to climate-related
disruptions due to the presence of network redundancy — multiple routes are often possible for
long-distance travel, and more than one mode of transportation may be used for travel. However,
in some cases, only one major route connects major destinations, such as Interstate 5 between
Seattle and San Francisco; movements along such links are particularly vulnerable to disruption.

Box 3: Winter Storm-Related Closures of I-5 and I-90 in Washington State, 2007—08

In December, 2007 heavy rainfall west of I-5, combined with melting snow from the mountains,
created extremely high floodwaters in western Washington State. Six-hour rainfall amounts were
near a 100-year event for areas in Southwest Washington. High winds, heavy rains, mudslides,
and falling trees made travel unsafe on highways. Downed power lines blocked roads, and, in
many urban areas, rainwater overwhelmed drainage systems and flooded roadways.

The combined economic impact in the I-5 and I-90 corridors was estimated at almost $75
million, of which some $47 million was associated with the I-5 disruption and $28 million with
the 1-90 corridor. Estimated highway damage from the winter storm was $18 million for state
routes and another $39 million for city and county roads (WSDOT 2008).

-- end box --

Disruptions to the nation’s inland water system from floods or droughts can, and has, totally
disrupted barge traffic. Severe droughts throughout the upper Midwest in 2012 reduced flows in
the Missouri and Mississippi Rivers to near record levels, impacting barge traffic. Further flow
decreases occasioned by reductions in discharges from the upper Missouri River dams are
projected to close the rivers to barge traffic above St Louis by year-end 2012 (The Associated
Press 2012). While alternative modes, such as rail and truck, may alleviate some of these
disruptions, it is impractical to shift major product shipments such as Midwest grain to other
modes of transportation — at least in the near term (Rypinski 2011). While extreme weather
events will continue to cause flight cancellations and delays, many weather delays from non-
extreme events are compounded by inadequacies in the current national air traffic management
system (Oster and Strong 2008). Improvements in the air traffic system, such as those anticipated
in the FAA’s NextGEN (www.faa.gov/nextgen/), should reduce weather-related delays.
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At the state and local level, there is less resilience to be gained by alternative routing, and
impacts may be more intense. For example, significant local and regional disruption and
economic costs could result from the flooding of assets as diverse as New York’s subways,
Iowa’s roads, San Francisco’s airports, and Vermont’s bridges.

Climate change is one of many factors, and an increasingly important one, that must be
addressed by state, regional, and local agencies as they plan for new and rehabilitated facilities.
By incorporating climate change routinely into the planning process, governments can reduce the
vulnerability to climate change impacts and take actions that enhance the resilience of the
transportation system to adverse weather conditions. Indeed, governments at various levels are
taking action as described below.

Land-use planning can reduce risk by avoiding new development in flood-prone areas;
conserving open space to enhance drainage; and relocating or abandoning structures or roads that
have experienced repeated flooding. The National Flood Insurance Program encourages buyouts
of repetitive loss structures and preservation of open space by reducing flood insurance rates for
communities that adopt these practices.

An important step in devising an adaptation plan is to assess vulnerabilities. The Federal
Highway Administration funded pilot projects in five coastal states to test a conceptual
framework for evaluating risk (DOT 2005). The framework identifies transportation assets,
evaluates the likelihood of impact on specific assets, and assesses the seriousness of such
impacts.

Several state and local governments have conducted additional vulnerability assessments that
identify potential impacts to transportation systems, especially in coastal areas. Detailed work
has been undertaken by New York City (Jacob et al. 2008; New York State Sea Level Rise Task
Force 2010; Rosenzweig et al. 2011b; Zimmerman and Faris 2010), California (California
Natural Resources Agency 2009), Massachusetts (Massachusetts Energy and Environmental
Affairs 2011), Washington (Washington State University 2012), Florida, and Boston (City of
Boston 2011).

Box 4: Planning for Climate Change

The Metropolitan Planning Organization in Charlotte County-Punta Gorda, Florida conducted
long-range scenario planning that integrated climate change (CCMPO 2010). A “smart growth”
scenario that concentrated growth in urban centers was compared with a “resilient growth”
scenario that steered development away from areas vulnerable to sea level rise. Planners
evaluated the scenarios based on projected transportation performance outcomes and selected a
preferred scenario reflecting aspects of each alternative. Charlotte County exemplifies how local
governments can incorporate aspects of climate change into transportation planning.

-- end box --

Non-coastal states and regions have also begun to produce vulnerability assessments.
Midwestern states including Wisconsin (WICCI 2011), Iowa (Iowa Climate Change Impacts
Committee 2011), and Michigan (Michigan Department of Transportation 2012) have addressed
increasing risk of flooded roadways and other impacts.

DRAFT FOR PUBLIC COMMENT

209



EENEVS I S

(e BN B e V)|

11
12
13
14
15
16
17
18

19
20
21
22

23
24
25
26
27
28

29
30
31

32
33
34
35

36
37
38
39

Draft for Public Comment Chapter 5 — Transportation
(v. 11 Jan 2013)

Transit systems are already implementing measures that reduce vulnerability to climate impacts,
including rail buckling. Portland’s transit agency has been installing expansion joints at
vulnerable locations, improving reliability of rail service (Hodges 2011). In New York,
ventilation grates are being elevated to reduce the risk of flooding (Jacob et al. 2008).

Transportation agencies are incorporating climate change into ongoing design activities. For
example, the Alaska Department of Transportation spends more than $10 million annually on
shoreline protection, relocations, and permafrost protection for roadways (see “Thawing Alaska”
above) (Adaptation Advisory Committee 2010). In May 2011, the California Department of
Transportation (Caltrans) issued guidance to their staff on whether and how to incorporate sea
level rise into new project designs (Caltrans 2011).

States have begun to integrate climate impacts into Transportation Asset Management, a
systematic process for monitoring the conditions of roads and transit facilities (Meyer et al.
2010; Radow and Neudorff 2011). Maryland is working to prioritize assets taking sea level rise
and increased storm intensity into account, and is developing a tool to track assets and assess
vulnerability (Slater 2011). Florida DOT continually monitors conditions on roads and bridges,
and 1s developing a statewide inventory and action plan for high-risk bridges (Jacobs 2009).
Among inland states, Michigan DOT has identified a wide range of operational and asset
management changes to adjust to climate change (Michigan Department of Transportation 2012).

The risk of flooding for transportation infrastructure can be reduced by effective stormwater and
stream/river management. Following Tropical Storm Irene, Vermont state agencies are working
on stream and river management to reduce conditions that exacerbate flooding impacts on
transportation (Tetreault 2011, Interview).

Box 5: Tropical Storm Irene Devastates Vermont Transportation in August 2011

In August of 2011, Vermont was inundated with rain and massive flooding from Tropical Storm
Irene, closing down 146 segments of the state road system along with more than 200 bridges, at
an estimated cost of up to $175 to $200 million for rebuilding state highways and bridges. An
additional 2,000 or more municipal roads and nearly 1,000 culverts were damaged, and more
than 200 miles of state-owned rail required repair (VANR 2012).

The volume of water was unprecedented, as was the power of the water in the rivers running
through the state. Culverts and bridges were affected and slope stability was threatened as a
result of the immense amount and power of water and subsequent flooding.

When asked about the lessons learned, VTrans indicated the importance of good maintenance of
riverbeds as well as roads. VTrans is working with the Vermont Agency of Natural Resources,
looking upstream and downstream at the structure of the rivers, recognizing that risk reduction
may involve managing rivers as much as changing bridges or roadways.

Rich Tetreault of VTrans emphasized that “Certainly we will be looking to right-size the bridges
and culverts that need to be replaced ... Knowing that we do not have the funds to begin
wholesale rebuilding of the entire highway network to withstand future flooding, we will also
enhance our ability to respond” when future flooding occurs (Tetreault 2011, Interview).
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Tropical Storm Impact on Vermont Road

Figure 5.6: Tropical Storm Impact on Vermont Road

Caption: Vermont Route 131, outside Cavendish, a week after Tropical Storm Irene
unleashed severe precipitation and flooding that damaged many Vermont roads, bridges,
and rail lines. Photo courtesy of Vermont Agency of Transportation.

-- end box --

Effective asset management requires significant data and monitoring of transportation assets.
Improved weather and road-condition information systems enable transportation system
managers to anticipate and detect problems better and faster — enabling them to close systems if
needed, alert motorists, and dispatch maintenance and snow-removal crews. As Michigan DOT
has noted, the increasing changes in snowstorms means that existing models used for snow and
ice removal procedures are no longer reliable, requiring better monitoring and new models, as
well as better roadway condition detection systems (Michigan Department of Transportation
2012).

Similarly, regular maintenance and cleaning of urban levee and culvert systems reduces the risk
of roads and rails being inundated by flooding.

Extreme weather, such as hurricanes or intense storms, stresses transportation at precisely the
time when smooth operation is critical. Effective evacuation planning, including early warning
systems, coordination across jurisdictional boundaries, and creating multiple evacuation routes
builds preparedness. Identifying areas with high concentrations of vulnerable and special-needs
populations (including elderly, disabled, and transit-dependent groups) enhances readiness, as
does identifying assets such as school buses that can be deployed for households that do not own
vehicles.

DRAFT FOR PUBLIC COMMENT

211



OIS N =W \S)

Draft for Public Comment Chapter 5 — Transportation
(v. 11 Jan 2013)

Traceable Accounts

Chapter 5: Transportation

Key Message Process: In developing key messages, the chapter author team engaged, via teleconference, in
multiple technical discussions from January through May 2012 as they reviewed numerous peer reviewed
publications. The author teams review included a foundational Technical Input Report for the National Climate
Assessment, “Climate Impacts and U.S. Transportation (DOT 2012)”, and approximately 20 additional technical
inputs to the NCA. Other published literature and professional judgment were also considered as the chapter key
messages were developed. The chapter author team met in St. Louis, MO in April 2012 for expert deliberation and
finalization of key messages.

Key message #1/4 The impacts from sea level rise and storm surge, extreme weather events,
higher temperatures and heat waves, precipitation changes, Arctic
warming, and other climatic conditions are reducing the reliability and
capacity of the U.S. transportation system in many ways.

Description of Climate impacts in the form of sea level rise, changing frequency of extreme

evidence base weather events, heat waves, precipitation changes, Arctic warming, and other
climatic conditions are documented in Ch. 2: Our Changing Climate of this
report.

Climate can be described as the frequency distribution of weather over time.

The authors believe that climate change will affect the reliability and capacity of
U.S. transportations systems because existing weather conditions, flooding and
storm surge demonstrably affect U.S. transportation systems, and that,
consequently, changes in the frequency of these conditions will inevitably affect
transportation systems. This view is supported by multiple studies of the
impacts of weather and climate change on particular transportation systems or
particular regions.

An aggregate summary of impacts of climate change on U.S. transportation can
be found in (NRC 2008). A paper commissioned for this effort considers
specific impacts of various forms of climate change on infrastructure: (Meyer
2008). The effects of climate on transit systems are summarized in (Hodges
2011). The impact of heat and other climate effects on rail systems are described
by (Rossetti and Johnsen 2011).

Future impacts of sea level rise and other climatic effects on transportation
systems in the Gulf Coast were examined by (CCSP 2008) The impacts of
climate change on New York State, including transportation system were
undertaken by (Rosenzweig et al. 2011b).

Weather impacts on road systems are discussed in (DOT 2012) and numerous
other sources. Weather impacts on aviation operations are discussed in
(Kulesa 2003) and numerous other sources.

In addition, the key message and supporting text summarize extensive evidence
documented in “Climate Impacts and U.S. Transportation (DOT 2012)”.
Technical Input reports (21) on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for public input.

Additional peer-reviewed publications discuss that Arctic warming is affecting
existing Alaskan transportation infrastructure today, and is projected to allow
the seasonal opening of the Northwest Passage to freight shipment (Arctic
Council 2009) .
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New information and
remaining
uncertainties

Recent changes in global sea level rise estimates documented in Ch.2: Our
Changing Climate, Key Message 9 of this report have not been incorporated into
existing regional studies of coastal areas. In addition, recent research by USGS
on the interaction between seal level rise, wave action, and local geology have
been incorporated in only a few studies (Gutierrez 2011).

Specific estimate of climate change impacts on transportation are acutely
sensitive to regional projections of climate change, and, in particular, to the
scale, timing, and type of predicted precipitation. New (CMIP5-based) regional
climate projections will therefore affect most existing specific estimates of
climate change impacts on transportation. Transportation planning in the face of
uncertainties about regional-scale climate impacts present particular challenges.

Impacts of climate on transportation system operations, including safety and
congestion, both on road systems and in aviation, have been little studied to
date.

The future evolution of society and the transportation systems that serve society
is itself uncertain, making the evaluation of impacts on an uncertain future
system itself uncertain.

Adaptation can significantly ameliorate impacts on the transportation sector,
however, evaluation of adaptation costs and strategies for the transportation
sector is at a relatively early stage.

Assessment of
confidence based on
evidence

Given the evidence described above, the authors are highly confident that
climate change will affect transportation systems. Confidence is high, given
current climate projections, particularly sea level rise and extreme weather
events, that transportation systems will be affected by climate change.

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 5: Transportation

Key Message Process: See key message #1.

Key message #2/4 Sea level rise coupled with storm surge will continue to increase the risk of
major coastal impacts, including both temporary and permanent flooding
of airports, ports and harbors, roads, rail lines, tunnels, and bridges.

Description of evidence | Estimates of sea level rise are documented in Ch. 2: Our Changing Climate,
base Key Message 9 of this report.

The prospective impact of sea level rise and storm surge on transportation
systems is illustrated by the impact of recent hurricanes on U.S. coastlines. In
addition, research on impacts of sea level rise and storm surge on
transportation assets in particular regions of the United States demonstrate the
potential for major coastal impacts (CCSP 2008; Rosenzweig et al. 2011b)
(Suarez et al. 2005), and numerous other reports. Note that most existing
literature on storm surge and sea level rise impacts on transportation systems is
based on a global sea level rise of less than one meter (about 3 feet).

In addition, the key message and supporting text summarize extensive evidence
documented in “Climate Impacts and U.S. Transportation (DOT 2012).
Technical Input reports (21) on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for public input.

New information and As noted above, new estimates of sea level rise have overtaken most of the
remaining uncertainties | existing literature on transportation and sea level rise in the United States. In
addition, it is not clear that the existing literature reflects recent USGS work on
interactions between sea level rise, wave action, and local geology (Gutierrez
2011).

New global sea level rise estimates will require development of new regional
sea level rise estimates, as well as revision of erosion modeling, since
transportation and other infrastructure impacts must necessarily be studied in a
local context.

Generally speaking, modeling of sea level rise impacts using existing USGS
NED data has well-understood limitations. Since NED data is freely and easily
available, it is often used for preliminary modeling. More accurate and more
recent elevation data may be captured via LIDAR campaigns, and this data
collection effort will be necessary for accurate understanding of regional and
local sea level rise and storm surge impacts (See CCSP 2009b).

Accurate understanding of transportation impacts is specific to particular
infrastructure elements, so detailed inventories of local and regional
infrastructure must be combined with detailed and accurate elevation data and
the best available predictions of local sea level rise and storm surge. Therefore,
national assessments of sea level rise must be built on detailed local and
regional assessments.

Improved modeling is needed on the interaction between sea level rise, storm
surge, tidal movement and wave action to get a better understanding of the
dynamics of the phenomenon.

Assessment of The authors have high confidence that sea levels are rising and that storm surge
confidence based on on top of these higher sea levels pose risks to coastal transportation, based
evidence
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CONFIDENCE LEVEL

Very High

High

Medium

Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 5: Transportation

Key Message Process: See key message #1.

Key message #3/4 Extreme weather events currently disrupt transportation networks in all
areas of the country; projections indicate that such disruptions will
increase.

Description of evidence | The key message and supporting text summarize extensive evidence

base documented in “Climate Impacts and U.S. Transportation (DOT 2012)”.
Technical Input reports (21) on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for public input.

Specific regional climate impacts can be identified in each NCA region of the
country. Specific climate impacts on transportation by region include:

In Alaska, rising temperatures cause permafrost to melt, causing damage to
roadbeds, airfields, pipelines, and other transportation infrastructure (Adaptation
Advisory Committee 2010)

In the Northeast, the Chesapeake region is likely to experience particularly
severe local sea level rise due to geologic subsidence (CCSP 2009b), and
increased precipitation generally (see Ch. 2: Our Changing Climate, Key
Message 5, and Ch.16: Northeast), along with an increased incidence of extreme
weather events. The presence of large populations with associated transportation
system in coastal areas increased the potential impacts of sea level rise, storm
surge, and precipitation-induced flooding.

The Southeast includes Virginia, so it shares the threat of regional sea level rise
in the Chesapeake, as well as significant threat to transportation infrastructure of
national significance in Louisiana (CCSP 2008), as well as the interacting
effects of sea level rise and increased precipitation, and extreme events.

Midwest transportation infrastructure is subject to changing water levels on the
Great Lakes (Angel and Kunkel 2010) and barge traffic disruptions due to
flooding or drought on the Mississippi/Missouri/Ohio river system, as might be
induced by changes in precipitation patterns.

In the Southwest, rail and highway systems may be exposed to increased heat
damage from the higher temperatures. The key risk is that declining
precipitation (see Ch. 2: Our Changing Climate, Key Message 5) may induce
changes in the economy and society of the Southwest that will affect the
transportation systems that serve this region. San Francisco Bay, which
encompasses two major airports and numerous key transportation links, is at
risk for sea level rise and storm surge (California Natural Resources Agency
2009).

Much of the economy of the Northwest is built around electricity and irrigation
from a network of dams. The performance of this system may be affected by
changing precipitation patterns, with potential consequences for agriculture and
industry, and, consequently for transportation systems. In addition, the Seattle
area may be affected by sea level rise (Washington State University 2012)

Many relevant and recent climate data and models predict more intense
precipitation events in much of the U. S. especially the Great Plains, Midwest,
Northeast, and Southeast with decreased precipitation in parts of the Southwest
and Southeast (see Ch. 2: Our Changing Climate, Key Message 5).

New information and New regional climate model data from CMIP5 will have a significant impact on
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remaining uncertainties

regional impact assessments.

Climate data desired by transportation planners may be different than the
projections generated by regional climate models. This presents a number of
challenges:

Regional scale transportation impacts are often determined by flood risk and by
water flows on rivers and streams. Flooding is, of course, linked to precipitation,
but the linkage between precipitation and hydrology is very complex.
Precipitation, as represented in climate models, is often difficult to reduce to
predictions of future flooding, which is what infrastructure designers would like
to have.

Similarly, an ice storm would be an extreme event for a transportation planner,
but the frequency of ice storms probably cannot be derived from climate
models. More generally, improved methods of deriving the frequency
infrastructure-affecting weather events from regional climate models may be
helpful in assessing climate impacts on transportation systems.

Recent data clearly show and climate models further substantiate an increase in
the intensity of precipitation events throughout much of the U.S.

There is a need for a better definition of the magnitude of increased storm
intensity so that accurate return frequency curves can be established.

There are uncertainties associated with the correlation between a warming
climate and increased hurricane intensity.

In regions likely to see decreased precipitation, especially those areas subject to
drought, stronger correlations to fire threat and lowered water levels in major
waterways are needed.

Assessment of
confidence based on
evidence

Given the evidence base and remaining uncertainties, confidence is high that
extreme weather events will affect transportation in all areas of the country.

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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Chapter 5: Transportation

Key Message Process: See key message #1.

Key message #4/4 Climate change impacts will increase costs to transportation systems and their
users, but these impacts can be reduced through rerouting, mode change, and a
wide range of adaptive actions.

Description of evidence | The economic cost of climate change to the transportation sector has been little

base studied. However, there is substantial evidence that costs will be significant A recent
study of climate change in New York indicated that a storm surge severe enough to
flood Manhattan tunnels might cost as much as $100 billion (Rosenzweig et al.
2011b) A study of the risk to specific infrastructure elements in Alaska (Larsen
2007) a estimated the net present value of the extra cost from climate change at $2-
$4 billion through 2030, and $4-$8 billion through 2080.

The indirect evidence for significant costs from climate change impacts begin with
the consequences of recent hurricanes, particularly on the Eastern Seaboard, where
Hurricane Irene, a rather minor storm, produced unexpectedly heavy infrastructure
damage from heavy rains. The economic cost of infrastructure damage is often
greater than the cost of repairing or replacing infrastructure. For example, when the
[-35W bridge collapsed in 2007, the State of Minnesota estimated the economic cost
of lost use at $0.4 million per day, while the replacement cost of the bridge was $234
million (Haugen 2008; Xie and Levinson 2011)

In addition a recent study of on-road congestion estimates the annual cost of
highway congestion at about $100 billion (Schrank et al. 2011) the Federal Highway
Administration estimates that weather accounts for about 15 percent of total delay
(Cambridge Systematics and Texas Transportation Institute 2005). Similarly, a
recent study of aviation congestion indicates that the annual cost of airline delay is
about $33 billion (Ball et al. 2010) and that weather accounts for more than a third of
airline delays. There is a strong circumstantial case to be made that increased
frequency of extreme events (as defined by climate scientists) will produce increase
traffic and aviation delays. Given the scale of current costs, even small changes in
delay can have substantial economic costs.

There is little published material on transportation adaption costs and benefits in the
literature, in part because “adaptation” is an abstraction. Climate change is statistical
weather, and manifests itself as a change in the frequency of events that would still
occur (but with lower frequency) in the absence of climate change. Transportation
agencies decide to protect (or not) specific pieces of infrastructure based on a range
of considerations, including age and condition, extent of current and future usage,
and cost of protection, as well as changing weather patterns. The authors, however,
are aware, that transportation systems have always been required to adapt to
changing conditions, and that, in general, it is almost always far less expensive to
protect useful infrastructure than to wait for it to collapse. This professional
experience, based on examination of multitudes of individual engineering studies, is
the basis for the conclusion in the report,

There are numerous examples of actions taken by state and local governments to
enhance resilience and reduce climate impact costs on transportation including land-
use planning to discourage development in vulnerable areas, establishment of design
guidelines to reduce vulnerability to sea level rise, use of effective stormwater
management techniques and coordinated emergency response systems.

New information and There is relatively little information on the costs of climate change in the
transportation sector, and less on the benefits of adaptation. Much of the available
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remaining uncertainties

research is focused on costs of replacing particular assets, with far less effort devoted
to impacts of climate change on transportation systems.

Calculating climate impact and adaptation costs and benefits is an exceptionally
complex problem, particularly at high levels of aggregation, since both costs and
benefits accrue based on a multitude of location specific events. In addition, all of
the methodological issues that are confronted by any long-term forecasting exercise
are present. The problem may be more manageable at the local and regional scales at
which most transportation decisions are usually made.

Assessment of
confidence based on
evidence

The authors have high confidence that climate impacts will be costly to the
transportation sector, but are far less confident in assessing the exact magnitude of
costs, based on the available evidence and their experience. The authors also have
high confidence, based upon their experience, that costs may be significantly
reduced by adaptation action, though, as noted the magnitude of such potential
reductions on a national scale would be difficult to determine.

CONFIDENCE LEVEL

Very High

High Medium Low

Strong evidence (established
theory, multiple sources,
consistent results, well
documented and accepted
methods, etc.), high consensus

Moderate evidence (several
sources, some consistency,
methods vary and/or
documentation limited, etc.),
medium consensus

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

emerging, etc.), competing

schools of thought

Inconclusive evidence (limited
sources, extrapolations,
inconsistent findings, poor
documentation and/or methods
not tested, etc.), disagreement
or lack of opinions among
experts
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6. Agriculture
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Key Messages

1. Climate disruptions to agricultural production have increased in the recent past and
are projected to increase further over the next 25 years. By mid-century and
beyond, these impacts will be increasingly negative on most crops and livestock.

2. Many agricultural regions will experience declines in crop and livestock production
from increased stress due to weeds, diseases, insect pests, and other climate change-
induced stresses.

3. Current loss and degradation of critical agricultural soil and water assets by
increasing extremes in precipitation will continue to challenge both rain-fed and
irrigated agriculture unless innovative conservation methods are implemented.

4. The rising incidence of weather extremes will have increasingly negative impacts on
crop and livestock productivity because critical thresholds are already being
exceeded.

5. Agriculture has been able to adapt to recent changes in climate; however, increased
innovation will be needed to ensure the rate of adaptation of agriculture and the
associated socioeconomic system can keep pace with future climate change.

6. Climate change effects on agriculture will have consequences for food security both
in the U.S. and globally, not only through changes in crop yields, but also changes in
the ways climate affects food processing, storage, transportation, and retailing.

The United States produces nearly $300 billion per year in agricultural commodities, with the
contributions from livestock accounting for roughly half of that value. Production of all
commodities will be vulnerable to direct impacts from changing climate conditions on crop and
livestock development and yield, and indirect impacts through increasing pressures from pests
and pathogens that will benefit from a changing climate. Agriculture continually adapts to
climate change through changes in crop rotations, planting times, genetic selection, water
management, and shifts in areas of crop production. These have proven to be effective strategies
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to allow agricultural production to increase as evidenced by the continued increase in production
and efficiency of production across the U.S.

Climate change poses a major challenge to U.S. agriculture, because of the critical dependence
of the agricultural system on climate and because of the complex role agriculture plays in rural
and national social and economic systems. Climate change has the potential to both positively
and negatively affect the patterns and productivity of crop, livestock, and fishery systems at the
local, national, and global scales. It will also alter the stability of food supplies and create new
food security challenges for the United States as the world seeks to feed nine billion people by
2050. U.S. agriculture exists as part of the global economy and agricultural exports have
outpaced imports as part of the overall balance of trade; however, climate change will affect the
quantity of produce available for export and import as well as the prices.

The cumulative impacts of climate change will ultimately depend on changing global market
conditions as well as responses to local climate stressors, including farmers adjusting planting
patterns in response to altered crop yields, seed producers investing in drought-tolerant varieties,
and nations restricting trade to protect food security. Adaptive actions in the areas of
consumption, production, education, and research include seizing opportunities to increase
profitability and minimizing threats posed by unfavorable conditions.

Increasing Impacts on Agriculture

Climate disruptions to agricultural production have increased in the recent past and are
projected to increase further over the next 25 years. By mid-century and beyond, these
impacts will be increasingly negative on most crops and livestock.

Strategies are available to producers for adapting to mean temperature and precipitation changes
projected (Malcolm et al. 2012; Ch. 2: Our Changing Climate) for the next 25 years. Future
changes in extremes are less well understood however, and increases could lead to disruption of
national food production and prices. These strategies include continued technological
advancements, expansion of irrigated acreage, regional shifts in crop acreage, other adjustments
in inputs and outputs, and changes in livestock management practices caused by changing
climate patterns (Adams et al. 1987; Darwin et al. 1995; Mendelsohn et al. 1994; Reilly et al.
2003; Rosenzweig and Parry 1994; Sands and Edmonds 2005). However, such projections often
fail to consider the impacts from weeds, insects, and diseases that accompany changes in both
trends and extremes, which can increase losses significantly (Malcolm et al. 2012). By mid-
century, when temperature increases are projected to exceed 1.8°F to 5.4°F and precipitation
extremes are further intensified, yields of major U.S. crops and farm profits are expected to
decline (IPCC 2007; Ortiz et al. 2008; Schlenker et al. 2005). There have been detectable
impacts on production already due to the increasing temperatures (Lobell et al. 2011). Climate
change is expected to increase the annual variation in crop and livestock production because of
its effects on weather patterns and because of increases in numbers of extreme weather events,
resulting in more variation in production over time (Hatfield et al. 2011; Lobell and Gourdji
2012). The overall implications for production are for increased uncertainty in production totals,
which affect both domestic and international markets and food prices. This will affect the
potential for adequate food, feed, fiber, and fuel derived from agricultural production systems.
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Figure 6.1: U.S. Agriculture

Caption: U.S. agriculture includes 300 different commodities with a nearly equal
division between crop and livestock products. This chart shows a breakdown of U.S.
agriculture products by category, based on the values of the respective products. (Data
from 2007 Census of Agriculture, USDA National Agricultural Statistics Service, 2008)
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Figure 6.2: Agricultural Distribution

Caption: Agriculture is distributed across the United States with market value and crop
types varying by region. In 2007, the total market value was nearly $300 billion dollars.
The wide distribution of agricultural commodities across the U.S. is expected to result in
differing effects of climate change on these commodities. (Source: 2007 Census of
Agriculture, USDA National Agricultural Statistics Service, 2008)
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Figure 6.3: U.S. Agricultural Trade

Caption: U.S. agriculture exists in the context of global markets. Climate is among the
important factors that affect these markets. For example, the increase in U.S. food exports
in the 1970s is attributed to a combination of rising incomes in other nations, changes in
national currency values and farm policies, and poor harvests in many nations in which
climate was a factor. Through impacts on harvests and other impacts, climate change will
continue to be a factor in global markets. (Data from USDA, Economic Research Service,
2012)

Plant response to climate change is dictated by complex interactions among carbon dioxide
(COy), temperature, solar radiation, and precipitation. Each crop species has a given set of
temperature thresholds that define the upper and lower boundaries for growth, along with an
optimum temperature (Hatfield et al. 2011). Plants are currently grown in areas where

temperatures match their thresholds. As temperatures increase over this century, crop production

areas may shift to follow the temperature range for optimal growth and yield of grain or fruit.
Temperature effects on crop production are only one component, and production over years in a
given location is more affected by available soil water during the growing season than
temperature (Hatfield et al. 2011; Walthall et al. 2012).
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Crop Yield Response to Warming in California’s Central Valley
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Figure 6.4: Crop Yield Response to Warming in California’s Central Valley

Caption: Changes in climate through this century will affect crops differently because
individual species respond differently to warming. Crop yield responses for eight crops in
the central valley of California are projected under two emissions scenarios, one in which
heat-trapping gas emissions are substantially reduced (B1, in gold) and another in which
these emissions continue to grow (A2, in red). The crop model used in this analysis
(DAYCENT) assumes that water supplies and nutrients are maintained at adequate levels.
The lines show five-year moving averages for the period from 2000 to 2097 with the
yield changes shown as differences from the 2000 baseline. Yield response varies among
crops with alfalfa showing only year-to-year variation across the whole period, while
cotton, maize, wheat, and sunflower begin to show yield declines early in the period. Rice
and tomato do not show a yield response until the latter half of the period with the higher
emissions scenario resulting in a larger yield response (Lee et al. 2011).
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One critical period in which temperatures are a major factor is the pollination stage; pollen
release triggers development of fruit, grain, or fiber. Exposure to high temperatures during this
period can greatly reduce crop yields and increase the risk of total crop failure. Plants exposed to
high nighttime temperatures during the grain, fiber, or fruit production period experience lower
productivity and reduced quality (Walthall et al. 2012). These effects have already begun to
occur; corn yields were affected by high nighttime temperatures in 2010 and 2012 across the
Corn Belt, and with the number of nights with hot temperatures projected to increase as much as
30%, yield reductions will become more prevalent. (Hatfield 2012, personal communication;
Hatfield et al. 2011; Ch. 2: Our Changing Climate).
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