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Executive Summary

“ Climate affects the design, construction, safety, operations, and maintenance of
transportation infrastructure and systems. The prospect of a changing climate raises
critical questions regarding how alterations in temperature, precipitation, storm events,
and other aspects of the climate could affect the nation’ s roads, airports, rail, transit
systems, pipelines, ports, and waterways.” CCSP 2008a

The changing climate poses serious challenges to the transportation community, given the
community’s need to watch over transportation systems and infrastructure designed to
last decades or longer. Transportation functions tied to construction, operations,
maintenance, and planning should be grounded in an understanding of the environment
expected to support transportation facilities. Decisions therefore need to be informed by
an understanding of potential future changes in climate. The understanding of climate
change science and the ability to model future change continues to advance, resulting in
more precise estimates of future changes in climate. However, the practitioner can be
overwhelmed by the sheer volume of information, including the ensemble of models
employed, the variety of emissions scenarios used to drive the modeling results, the
spatial resolution of the projected climate effects, and other parameters.

The purpose of this report is to provide the transportation community (including highway
engineers, planners, NEPA practitioners) with digestible, transparent, regional
information on projected climate change effects that are most relevant to the U.S.
highway system. This information is designed to inform assessments of the risks and
vulnerabilities facing the current transportation system, and can inform planning and
project development activities.

Why should the transportation community care about this information? The impacts of
climate change can include weakened bridges and road beds, temporarily or permanently
flooded roads, damaged pavements, and changes in road weather that can affect safety
and economic activity. Understanding and proactively addressing the potential impacts of
climate change can help avoid the potential damage, disruption in service, and safety
concerns that climate change may cause.

Climate change information is provided in this report by U.S. region, by time horizon,
and by climate variable or “climate effect” (i.e., changes in temperature, precipitation,
storm activity, and sea level). The multi-state regions are identical to those included in
the U.S. Global Change Research Program (USGCRP) climate impact analyses
(USGCRP 2000, 2009). Three time horizons were chosen for each region: near-term
(2010-2040), mid-century (2040-2070), and end-of-century (2070-2100).

FHWA'’s initial research efforts attempted to capture regional or sub-regional projections
from all publicly available, peer-reviewed studies for these climate effects. During the
course of this research, FHWA consulted with a range of nationally recognized climate
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scientists to ask for their insights and recommendations regarding the most credible
regional projections for use by State DOTs and local transportation agencies. As a result,
FHWA obtained key data sets not previously published in their entirety, including data
compiled from the CMIP3 database of climate model integrations by Michael Wehner of
the Lawrence Berkeley National Laboratory for the USGCRP’s Global Climate Change
Impacts in the United States (2009) report. These and other data sets were further
evaluated and scrutinized, and subsequently vetted with a set of regional climate experts.

The results of this research provide a two-part resource to transportation practitioners:

1. Projected climate change effects in narrative form, supported by tables and maps,
for variables of interest, for specific time horizons, representing consistent
emission scenarios and a consistent presentation of uncertainty.

2. Detailed climate change projections for regions and, to the extent possible, sub-
regional areas (e.g., cities, states) for all time horizons, uncertainty levels,
emission scenarios, and time horizons housed in the Climate Change Effects
Typology Matrix (Appendix C).

The process used to create this report and the Climate Change Effects Typology Matrix
has resulted in a unique quantitative and qualitative regional analysis of the best available
climate projections. It also serves as a platform for discussions between transportation
officials and climate scientists. Looking forward, the approach used here and the
relationships forged in creating this set of climate information will assist future efforts to
refine and disseminate information on climate effects to transportation practitioners.

Some of the findings of this report are briefly outlined below. These illustrative findings
are by region and mostly for mid-century (i.e., showing projected effects in 2040 to 2070
relative to a 1961 to 1979 baseline), unless otherwise noted, and are based on averages
from a multi-model ensemble for a low emission scenario (B1) as well as a moderately
high (“business as usual”) emission scenario (A2) (USGCRP 2009)":

0 The Northeast is projected to become substantially warmer with an annual
mean increase of 3.8 to 4.8°F, and wetter, particularly during the winter
months. The duration of heavy precipitation events (i.e., more than 2 inches
per day) is projected to increase along with the average amount of rain falling
within a given rainy day.

0 The Southeast is projected to undergo a 3.2 to 4.0°F increase in annual mean
temperature, with greater warming and reduced precipitation during the
summer and fall months.

0 The Midwest is projected to experience an annual mean temperature increase
of 4.0 to 5.0° F, with much wetter winters and springs and drier summers.

! For descriptions of emissions scenarios, see Appendix A.
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0 The Great Plains’ annual mean temperature is projected to increase by 3.8 to
4.7°F, with wetter winters and drier summers.

0 The Southwest is projected to experience an annual mean warming of 3.6 to
4.5°F, with summers and falls experiencing the greatest increases. The
Southwest’s winters are projected to be somewhat wetter, while the spring
months, in particular, are projected to be substantially drier.

o0 The Pacific Northwest is projected to experience an annual mean temperature
increase of 3.6 to 4.3°F, with the greatest warming and greatest reductions in
precipitation projected for the summer months.

0 Alaska is projected to experience the greatest warming of any U.S. region,
with increases in annual mean temperature of 4.3°F, and the greatest warming
expected during the winter months. Precipitation increases are projected year
round, ranging from 9 to 17%, depending on the season.

o0 Annual mean temperature on the Hawaiian Islands is projected to increase by
2.7 to 3.3°F. Hawaii’s precipitation is projected to increase during the fall
months while the other seasons are projected to experience a decrease.

Recent estimates of global average sea-level rise by the end of the century range from 7
to 79 inches (IPCC 2007a; Rahmstorf 2007; Grinsted et al. 2009; Rohling et al. 2008;
Pfeffer et al. 2008). Most coastal regions in the contiguous United States are expected to
experience sea-level rise of this general magnitude. However, relative sea level will rise
more than the global average in regions experiencing a greater rate of subsidence of
coastal land (e.g., the Gulf Coast), whereas in fewer areas (e.g., parts of Alaska) local
uplift will dominate and relative sea level will rise less than the global average. In
addition to projected changes in vertical motion, local sea-level rise may also be affected
by such factors as local changes in ocean circulation, ocean density, gravitational effects,
sedimentation, and erosion.

Assessing the potential harm related to these climate effects allows highway planners to
identify and address vulnerabilities. Many of the risks from climate change come from an
increased exposure to weather and climate extremes. Since the highway system is
engineered to withstand the historically expected range of weather stressors, small
changes in average climate are not expected to cause significant impacts. However,
because future climate change is projected to transcend the bounds of historic experience,
it is likely to expose vulnerabilities. Impacts could include abrupt and unanticipated
disruptions to the system (such as a road washing out), or more gradual disruption (such
as an increased need for road maintenance).

In particular, extreme heat days, heavy precipitation events, high wind, and storm surge
all pose significant risks to the highway system. For example, extreme heat causes
thermal expansion on bridge joints and paved surfaces, which can result in structural
degradation. Heavy precipitation events can cause flooding or mudslides that block and
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damage roads. High winds during severe storms can damage street lights, signs, and
overhead cables. Storm surge can cause erosion of the road base and bridge supports. At
the same time, climate change can reduce exposure to other risks, particularly those
related to cold weather extremes. Decision makers may not wish to respond to every
potential climate risk, but identifying those risks will allow them to anticipate potential
disruptions and prioritize their responses.

The information in this report can help decision makers begin to address the challenges
posed by climate change. It fills an important gap by providing the transportation
community with information on climate change and the range of future changes in a
usable format. It provides the most up-to-date information available, and is the place to
start when seeking to understand how climate change may affect transportation systems

and infrastructure. At the same time, this report does not answer every question on future

climate change effects; research continues to progress on improving techniques for

projecting and assessing climate effects and understanding extreme weather events. In the

coming years, model simulations of the effect of changes in greenhouse gas
concentrations on the climate will improve, and downscaling techniques that provide
finer-scale climate projections will continue to evolve.
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1 Introduction: Why Should the Transportation Community be
Concerned with Global Climate Change?

The changing climate poses serious challenges to the transportation community, given
our need to watch over transportation systems and infrastructure designed to last decades
or longer. Transportation functions tied to construction, operations, maintenance, and
planning need to be based on an understanding of the environment expected to support
transportation facilities. Decisions therefore need to be informed by an understanding of
potential future changes in climate.

Changes in the climate over the recent past have been documented by researchers,
including changes in temperature, precipitation, storm activity, sea level, and wind
speeds. These effects can in turn lead to impacts on transportation, such as weakened
bridges and road beds, permanently flooded roads, damaged pavements, and changes in
road weather that can affect safety (both positively and negatively) and economic
activity. Understanding and proactively addressing the potential impacts of climate
change can help avoid the potential damage, disruption in service, and safety concerns
that climate change may cause.

FHWA is releasing this report in order to provide the transportation community (i.e.,
highway and bridge engineers, planners, NEPA practitioners, etc.) with transparent and
reliable information on projected climate change effects that are most relevant to the U.S.
highway system to the extent that such information was available through the summer of
2009.

This report synthesizes available information to present a picture of how the climate
might change over the near term (2010-2040), by mid-century (2040-2070), and at the
end of this century (2070-2100) for the country divided into nine regions, and it
summarizes the current understanding of these projected effects primarily at the regional
level. The nine regions match those used in the U.S. Global Change Research Program’s
Global Climate Change Impacts in the United States (2009) report.

There are several objectives in preparing this information. It is designed to help
transportation practitioners better understand what climate change means for
transportation, generally, and it is also intended to be considered where appropriate in
state and metropolitan planning and project development. For example, information on
changes in seasonal precipitation can inform analysis of stream flow and scour.
Projections of changes in summer temperatures can inform decisions tied to infrastructure
design and maintenance.

On the other hand, it represents an initial step in outlining the type and range of potential
future climate change effects facing transportation in the United States, and is meant to
be a starting point in understanding how climate change may affect transportation. It does
not provide all the information needed. The science of projecting future climate is
evolving, and in time more and better information should become available.
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This report focuses on region-scale projections for temperature and precipitation, which
were assembled based on the results of global climate models. The data cited were
developed in support of the USGCRP document, but have not previously been published
in their entirety. This information exists for all regions of the country. Additionally, the
report includes the findings of a literature review in the Climate Change Effects
Typology Matrix (Appendix C). The Typology collects relevant projections of climate
change effects included in other reports and from peer-reviewed literature. Some of this
information is also included in the regional sections contained in chapter 3. This report
also includes results that were statistically downscaled from the results of climate models
to the sub-regional level. This information, which is presented in several figures in
Chapter 3 and Appendix B, is limited to the contiguous 48 states. The downscaling of
climate data is an area of continued development, with new techniques likely to become
available in the coming years.

While much of the information provided in this report applies to a region as a whole,
rates of change in a given location may or may not match projections for the larger
region. Thus, transportation agencies will need to work with environmental and
engineering staffs to determine what these regional projections mean for their local or
state level planning, programming, and maintenance efforts. The information in this
report can provide insights into the range of changes and trends that may influence the
state, local, or project level.

This report provides a first step in understanding the impacts that climate change may
have on existing and future transportation infrastructure and operations. Additional work
will be needed to understand how best to incorporate this information into project- and
system-level planning, to translate this information into specific impacts on
transportation, and to assess what if any modifications are necessary to the transportation
network to ensure its long-term ability to provide access and mobility for people and
goods. FHWA will undertake further work to develop tools, methods, and ultimately
guidance that can be used to apply climate change information to decision-making. We
will learn from further research (including our current work to develop preliminary tools
to assess the vulnerability and risk of transportation to the effects of climate change) and
the efforts of the transportation community, including State and local practitioners, on
how best to apply this information. Each program area—asset management, metropolitan
and statewide planning, project development, operations, safety, infrastructure, bridge,
pavements, etc.—may apply this information differently based on its specific needs, local
context, or other factors. As we gain more experience using this information, and the
science is updated and refined, we will provide additional guidance.

This chapter briefly examines climate variability experienced through the end of the 20"
century, focusing on the national level. It also summarizes a range of potential climate
impacts on the highway system that can result from changes in climate, and introduces
concepts such as risk and vulnerability. We have included this information early in the
report—before discussing the regional climate effects—to illustrate the importance of
examining the effects of climate change. Chapter 2 provides a brief overview of both the
methodology used to assemble the climate data for this report and the consultation
process with national and regional climate experts. (This methodology is treated in more
detail in Appendix A.) Chapter 3 summarizes and discusses the available data and
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literature of projected climate change effects, focusing on the national and regional
levels. This information serves as the foundation of this report; with the rest of the
information providing context. Appendix B illustrates the Chapter 3 tables describing
regional climate projections of annual and seasonal temperature and seasonal
precipitation. Chapter 4 discusses needed future work, and identifies climate projections
that are currently unavailable. Chapter 5 includes a glossary of terms used in the report.
Chapter 6 provides the list of references.

Appendix C provides the Climate Change Effects Typology Matrix and will be posted
online. It provides one-line summaries of the results of each current collected study or set
of modeled data for each of the main climate effects, by region, and time frame. It was
assembled while locating relevant information for this report. (Chapter 2 and Appendix A
provide a description of the methodology used in developing the Climate Change Effects
Typology Matrix.)

1.1 Observed Changes

This section provides a brief review of national-scale changes in temperature,
precipitation and storm activity, and sea level observed in recent decades. This
information is drawn largely from the IPCC (2007a), National Science and Technology
Council (2008), and USGCRP (2009) reports, and is based on satellite measurements and
data from thousands of weather stations, ships, and buoys around the world carefully
compiled by independent research groups.?

1.1.1 Temperature

Over the 20" century, the Earth’s annual average temperature has increased by
approximately 1.3 + 0.32°F (0.74 £ 0.18°C) (IPCC 2007a). The winter and spring
seasons in the Northern Hemisphere have experienced the greatest degree of warming,
with the United States experiencing a warming of near 0.58°F per decade over the past
few decades (National Science and Technology Council 2008). As the frequency of heat
waves has increased, the number of unusually cold days has decreased (National Science
and Technology Council 2008; USGCRP 2009). However, over the past few decades, the
diurnal temperature difference has not changed, with day and night temperatures rising at
similar rates (USGCRP 2009).

The impact of this warming on the natural system has already been well documented. For
example, the area of Arctic sea ice has shrunk at a rate of about 2.7 percent per decade,
with the summer months experiencing even greater reductions of 7.4 percent per decade.
This is a result of warming in the Arctic that is twice the average warming in the United
States (USGCRP 2009). In the continental United States and Alaska (the middle and high
latitudes), shifts in phenology—the timing of life cycles events of plants and animals—
have been noted. These phenological changes include an increase in the growing season

2 Differences caused by changes in instruments, measurement times and locations, etc. were taken into account during
data processing in the reports referenced.
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of approximately 2 weeks since 1950, and earlier annual occurrences of plant flowering
and animal spring migration (USGCRP 2009).

1.1.2 Precipitation and Storm Events

Over the 20™ century, the total average annual precipitation for the contiguous United
States increased by 6 percent (National Science and Technology Council 2008). During
the second half of the 20™ century, some regions across the United States have
experienced increases in drought severity and duration as temperatures have risen
(USGCRP 2009). The United States has experienced extreme drought events in the past,
such as during the mid-1930s when portions of the Great Plains became known as the
“dust bowl” due to wind erosion brought on by several years of drought and compounded
by the replacement of moisture-retaining natural vegetation with crops. Since the 1950s,
parts of the Southeast and West have experienced an increase in drought conditions,
while the Midwest and Great Plains have experienced a reduction.

During the last three decades of the 20™ century, the eastern United States experienced an
increase in heavy precipitation events® (National Science and Technology Council 2008),
and an increase in the proportion of total annual precipitation that falls during heavy
precipitation events.

While recent research indicates there is some likelihood that the number of tropical
storms and hurricanes each year in the North Atlantic has increased over the past 100
years (National Science and Technology Council 2008), the number of hurricanes that
make landfall has stayed relatively constant (USGCRP 2009). The intensity of the
strongest hurricanes is also likely to have increased in this region: sea surface warmth is a
strong contributor to tropical storm development, and climate change is considered to
have contributed to the increase of sea surface temperatures in the North Atlantic and
Northwest Pacific hurricane formation regions (CCSP 2008b). However, it is unclear if
and how other tropical storm development factors—such as temperature and moisture
profiles, wind shear, or near-surface ocean temperature stratification—have changed. The
trend is further complicated by multi-decadal variability and data-quality issues. For
smaller-scale phenomena such as tornadoes, hail, lightening, and dust storms, the IPCC
(2007a) concluded that there is insufficient evidence to determine the associated trends.

1.1.3 Sea-Level Rise

Over the 20" century, global average sea level has risen by 6.7 inches (0.17 meters)
(IPCC 2007a). Figure 1 below demonstrates how sea-level rise varies regionally across
the United States. These differences are due primarily to differences in vertical land
motions (USGCRP 2009). Relative sea level is rising 0.8 to 1.2 inches per decade along
most of the Atlantic and Gulf Coasts, with a few inches per decade occurring along the
Louisiana Coast due to land subsidence (National Science and Technology Council
2008). Other regions of the country, such as specific coastline locations for Alaska, are

% Heavy precipitation events are defined by the referenced reports as an event with at least 2 inches of precipitation per
day. For purposes of this report, heavy precipitation events constitute a storm event; however, given the limitation of
the information provided, no discussion of the type of storm, the associated phenomena such as winds, nor the related
stressors such as flooding can be determined.
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experiencing land uplift and a corresponding relative sea level decline of a few inches per
decade (National Science and Technology Council 2008). Sea-level rise increases the risk
of impact from storm surge and waves farther inland, causing shoreline erosion and local
damage.

Relative Sea-Level Changes on U.S. Coastlines, 1958 to 2008

Change in Inches

+ ¥ -~

£ to 6" £°to4" 4't0-2" 2t 0"k 4"to6" G"td8" g+"

Updated from Ze rvas'?

Figure 1: Observed changes in relative sea level from 1958 to 2008 for locations on the U.S. coast.
Some areas along the Atlantic and Gulf coasts saw increases greater than 8 inches over the past 50
years. (Source: Zervas 2001)

1.2 Potential Future Impacts

Assessing the potential harm of climate stressors allows vulnerabilities to be addressed
before they become problems. For example, knowing that a road used during emergency
evacuations will be at risk for failure due to erosion allows decision makers to decide
what to do before the road washes out. Transportation decision makers may decide to
take measures to prevent the road from washing out or find another route. They may also
decide that the costs of action are too great, and the risks are too low (or the likelihood of
damage is too low), to justify any action. However, in order to make such decisions, an
assessment of the climate-related risks is necessary.
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1.2.1 Connecting Climate Changes to Impacts

Projected changes in
temperature, precipitation,
storm activity, wind, and sea
level indicate the magnitude of
the stressors to which highway
infrastructure could be
exposed in the future.
However, these effects do not
in and of themselves indicate
what the ultimate
consequences to the highway
infrastructure will be. From a
highway operations
standpoint, does it actually
matter that temperatures or
rainfall might increase? And
would these effects translate to
beneficial or adverse impacts
on the highway system? The
answers depend on many
factors, such as the severity of
the climate stressor, the
engineering and design
characteristics of the

Vulnerability describes how susceptible a system is to the
adverse effects of climate change (IPCC 2007b).

Vulnerability Factors include the age of the infrastructure
element, condition/integrity of the infrastructure element,
proximity to other infrastructure elements/concentrations, and
the level of service (CCSP 2008).

Exposure is the degree to which a system comes into
contact with climate conditions or specific climate impacts
(CIG 2007), and the probability, or likelihood, that this stress
will affect transportation infrastructure (CCSP 2008a).

Risk characterizes both the probability of the event occurring
and the consequence of the event (Snover et al. 2007;
NZCCO 2004).

Potential Climate Impacts describes how projected climate
effects may affect the highway system through current or
newly introduced system exposures or sensitivities. It should
be noted that the uncertainties associated with projecting the
impacts continue to apply when considering risks (which also
have the additional uncertainty of conseguences).

structures, geographic and geologic characteristics, and operations and maintenance
activities. It is therefore important to consider all of these factors when assessing the
potential impacts of climate change.

While consideration of so many variables may seem daunting, it is important to
remember that highway structures are already being exposed to many climate- or

weather-related stressors. Climate change can exacerbate (or lessen) these same stressors.

Highway infrastructure is already exposed to (and, to a certain extent, designed to

withstand) the elements. An area that rarely experiences severe storms is unlikely to
suddenly experience frequent hurricanes. Instead, an area already exposed to severe
storms may experience more severe or more frequent storms. Since infrastructure is

designed to withstand locally expected climate stressors of the magnitude and frequency
that have historically been experienced, the risks from climate change can come from an
amplification of existing stressors (NRC 2008).

In some cases, climate changes will be sufficient to push some aspect of a transportation
system over a certain threshold. For example, rising sea levels can introduce erosion
problems to areas that previously had limited exposure to those threats, and thereby
undermine roadways that had previously been unaffected by erosion. For inland areas,
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falling lake levels can lead to erosion of bedrock due to wave impacts, causing roads to
fail.

Many of the risks from climate change come from an increased exposure to extremes in
weather and climate. One example is a projected increase in the number of days with
extremely high temperatures, which cause more stress than simply an increase in the
average temperature. Most infrastructures are engineered to withstand a normal or
expected range of climate or weather stressors, and small changes in average climate
won’t have significant impacts on the structures themselves (NRC 2008). However, as
the climate changes, the expected range of stressors may not accurately reflect actual
exposure. For example, bridges are often designed to withstand a certain level of flooding
(such as the height of a flood that normally has a 1% likelihood of occurring in a year,
i.e.,, a1 in 100 year flood event), a probability that is typically based on historical data.
Under some climate change scenarios, a flood level that has a true 1% annual likelihood
of occurring might actually be much more severe than the historical 1% return rate flood.

It is also important to note that not all climate change impacts are negative. In some
areas, climate change could reduce the frequency, duration, and/or severity of some cold-
weather extremes, for example. In these cases, shorter winters may lead to longer thaw
seasons, or higher temperatures could allow an extension in the work season—both of
which are potential benefits. But generally, it is useful to keep in mind that any deviation
from the climate for which infrastructure has been designed is likely to cause negative
impacts (CCSP 2008b; USGCRP 2009).

1.2.2 Potential Impacts to Highways

Climate change impacts on highway infrastructure can be sudden and severe, or may
occur more gradually. Floods and erosion can completely and abruptly shut down a road.
In contrast, an increase in the frequency and severity of extremely high temperatures can
lead to pavement deterioration and rutting. These more gradual problems can be
predicted and addressed through additional maintenance, but they are still costly and
disruptive to traffic flow. This difference is important to remember when assessing
priorities in climate adaptation. Are decision makers concerned primarily with sudden
and severe highway system failures, or more generally with minimizing costs and travel
disruptions?

When considering potential impacts on the highway system, it is also important to keep
in mind the interconnectivity of the highway system. When looking at a specific
geographic area, it can be tempting to dismiss climate stressors as not being relevant to
that area. But disruptions in highway systems in one location can affect the timely
delivery of goods in another location; they can also disrupt passenger travel.
Additionally, areas most affected by climate change might ultimately draw larger
amounts of money to repair damages and reduce future damages—diverting resources
that could have been applied elsewhere.

Highway infrastructure and operations/maintenance are affected by three key categories
of climate change effects: changes in temperature, changes in precipitation and storm
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events, and sea-level rise. This section continues by providing some example impacts that
these climate effects can have on highways. The information provided in the tables below
is based on a collection of existing reports and is provided for this discussion; however,
the tables do not represent all plausible potential impacts. Actual impacts would depend
on local conditions as well as the severity of climate change effects.

1.2.3 Changes in Temperatures

Small changes in average temperatures will not greatly affect highway systems; however,
by the end of the century some regions are projected to experience significant warming
that will affect highway planning, construction, and operations. Significant impacts may
also occur with increases in both the intensity (how high the high temperature is) and
duration of very hot periods, or decreases in the intensity and duration of periods with
very cold days. Extreme temperatures can cause both structural damage to highway assets
and challenges to the use and maintenance of the roads. As noted in Section 3, the
number of extreme heat days is project to increase in all regions of the continental United
States. Meanwhile, the shortening of the winter season could provide some benefits in
terms of lengthening the construction season and reducing snow/ice removal costs,
particularly in the more northern regions. However, the northern states are projected to
sustain increases in freeze-thaw conditions,* potentially increasing the occurrence of frost
heaves and potholes on road and bridge surfaces (USGCRP 2009). Table 1-1 provides a
summary of how changes in temperature may affect highway infrastructure and
operations.

Climate Effects Impacts on Infrastructure and Operations

Increases in very hot days | e Increased thermal expansion of bridge joints and paved surfaces,

and heat waves (higher causing possible degradation

high temperatures, e Concerns regarding pavement integrity, traffic-related rutting and
increased duration of heat migration of liquid asphalt, greater need for maintenance of roads and
waves) pavement

¢ Maintenance and construction costs for roads and bridges; stress on
bridge integrity due to temperature expansion of concrete joints, steel,
asphalt, protective cladding, coats, and sealants

e Asphalt degradation, resulting in possible short-term loss of public
access or increased congestion of sections of road and highway
during repair and replacement

e Limits on periods of construction activity, and more nighttime work

e Vehicle overheating and tire degradation

Decreases in very cold e Regional changes in snow and ice removal costs, environmental
days impacts from salt and chemical use

Changes in pavement designs

Fewer cold-related restrictions for maintenance workers
Changes in seasonal weight restrictions

Changes in seasonal fuel requirements

Later onset of seasonal
freeze and earlier onset of
seasonal thaw

* Freeze-thaw conditions refer to the number of days when the maximum temperature is greater than freezing and the
minimum temperature is below freezing.
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e Improved mobility and safety associated with a reduction in winter
weather

e Longer construction season in colder areas

Table 1-1: Impacts of temperature on highway operations and infrastructure. Sources: NRC (2008), CCSP
(2008a), CSIRO (2006), Department of Transport (U.K.) (2004)

1.2.4 Changes in Precipitation and Storm Events

Increased rains can cause disruptions in the use of highways (mainly due to flooding), as
well as structural damage. In some areas, however, drought conditions are expected to
increase, which can introduce other threats to the highway system. For example, summer
precipitation is expected to decrease for most regions (see Section 3), which could lead to
isolated pockets of increased drought-related impacts. Winter precipitation for most
regions is projected to increase, which could result in additional snow and ice removal
costs (particularly for the Northeast Great Plains and Midwest states).> However, in many
cases, those impacts are generally projected to be less in areas and at times of year that
are now just below freezing but projected to warm above freezing in the future.

Storms such as tropical cyclones, thunderstorms, and extratropical cyclones can cause
sudden, dramatic, and costly disruptions to the highway systems. Use of the highways
can be disrupted as a result of flooding or structural failures. Severe winds and rains can
also cause significant damage to structures. Table 1-2 provides a summary of how
changes in severe storm intensity may affect highway infrastructure and operations.

Climate Effects Impacts on Infrastructure and Operations

Increases in intense Increases in weather-related delays and traffic disruptions

precipitation events Increased flooding of evacuation routes

Increases in flooding of roadways and tunnels

Increases in road washout, landslides, and mudslides that damage

roadways

e Drainage systems likely to be overloaded more frequently and
severely, causing backups and street flooding

e Areas where flooding is already common will face more frequent and
severe problems

o If soil moisture levels become too high, structural integrity of roads,
bridges, and tunnels (especially where they are already under stress)
could be compromised

e Standing water may have adverse effects on road base

e Increased peak streamflow could affect scour rates and influence the
size requirement for bridges and culverts

Increases in drought e Increased susceptibility to wildfires, causing road closures due to fire
conditions threat or reduced visibility

e Increased risk of mudslides in areas deforested by wildfires
Changes in seasonal o Benefits for safety and reduced interruptions if frozen precipitation

® Personal communication with Michael Wehner of the Lawrence Berkeley National Laboratory.
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precipitation and stream shifts to rainfall

flow patterns e Increased risk of floods, landslides, gradual failures and damage to
roads if precipitation changes from snow to rain in winter and spring
thaws

e Increased variation in wet/dry spells and decrease in available
moisture may cause road foundations to degrade

e Degradation, failure, and replacement of road structures due to
increases in ground and foundation movement, shrinkage and
changes in groundwater

e Increased maintenance and replacement costs of road infrastructure

e Short-term loss of public access or increased congestion to sections
of road and highway

e Changes in access to floodplains during construction season and
mobilization periods

e Changes in wetland location and the associated natural protective
services that wetlands offer to infrastructure

Increases in coastal storm | e More frequent and potentially more extensive emergency
intensity (leading to higher evacuations

storm surges/wave heights, | o More debris on roads, interrupting travel and shipping

|rt10reased f.Iogdlng, e Bridges, signs, overhead cables and other tall structures are at risk
stronger winds) from increased wind speeds

e Increased storm surge and wave impacts on bridge structures
e Decreased expected lifetime of highways exposed to storm surge

e Risk of immediate flooding, damage caused by force of water, and
secondary damage caused by collisions with debris

e Erosion of land supporting coastal infrastructure and coastal
highways

e Damage to signs, lighting fixtures, and supports

e Reduced drainage rate of low-lying land after rainfall and flooding
events

e Damage to infrastructure caused by the loss of coastal wetlands and
barrier islands

Table 1-2: Impacts of precipitation on highway operations and infrastructure. Sources: NRC (2008),
CCSP (2008a), CSIRO (2006), personal communication with E. Robert Thieler.

1.2.5 Sea-Level Rise

Rising sea levels can permanently inundate coastal roads and cause damaging erosion.
Higher sea levels can exacerbate the effects of storm surge, causing storm surges to reach
greater heights and further inland, possibly inflicting additional damages on structures.
Sea-level rise presents significant risks to many regions, particularly those where land is
subsiding. Table 1-3 provides a summary of how changes in sea-level rise may affect
highway infrastructure and operations (as changes in storm surge are a function of both
storm activity and sea-level rise, the impacts provided in Table 1-3 overlap somewhat
with those at the end of Table 1-2).
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Climate Effects Impacts on Infrastructure and Operations
Rising sea levels e Exposes more areas to effects of storm surge/wave action, causing
(exacerbating effect of more frequent interruptions to coastal and low-lying roadway travel
higher storm surge, e Amplifies effect of storm surge, causing more severe storm surges
increased salinity of rivers requiring evacuation

and estuaries, flooding) e Permanent inundation of roads or low-lying feeder roads in coastal

areas. Reduces route options/redundancy

e More frequent or severe flooding of underground tunnels and low-
lying infrastructure, requiring increased pumping activity

e As the sea-level rises, the coastline will change and highways that
were not previously at risk to storm surge and wave damage may be
exposed in the future

e Erosion of road base and bridge supports/scour

e Highway embankments at risk of subsidence/heave

e Reduced clearance (including freeboard) under bridges

e Increased maintenance and replacement costs of tunnel infrastructure

Table 1-3: Impacts of sea-level rise on operations and highway infrastructure. Sources: NRC (2008),
CCSP (2008a), CSIRO (2006), ICF (2007)
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2 Methodology Overview

The projections of climate change effects presented in this report were developed through
a systematic process initiated by FHWA in the summer of 2009. This section describes
the key elements of FHWA’s methodology; Appendix A provides more details on the
approach, which provides climate change information by U.S. region, by time horizon,
and by climate variable. The regions are identical to those used in the U.S. Global
Change Research Program (USGCRP) climate impact analyses (USGCRP 2000, 2009).
Three time horizons were chosen for each region: near-term (2010-2040), mid-century
(2040-2070), and end-of-century (2070-2100). Projected changes in climate are reported
for temperature, precipitation, storm events, and sea-level rise.

As described below, initial research efforts attempted to capture regional or sub-regional
projections from all publicly available, peer-reviewed studies for these climate effects.
During the course of this research, FHWA consulted with a range of nationally
recognized climate scientists for their insights and recommendations regarding the most
credible regional projections for use by State DOTs and local transportation agencies. As
a result of these conversations, FHWA gained access to key data sets not previously
published in their entirety, including data compiled from the CMIP3 database that
underlies the USGCRP’s Global Climate Change Impactsin the United States (2009)
report. The tables of regional climate changes provided in this report were derived from
an analysis of that data set. That information is complemented with the results of an
extensive literature search and review, which is summarized in Appendix C. The search
was conducted using a variety of databases of journal articles, government reports, and
other peer-reviewed publications encompassing a variety of spatial scale information
from regional- to city-scale.

The conclusions and data sets revealed through these efforts were further evaluated and
scrutinized, and subsequently vetted with regional climate experts. A methodology was
developed that identified which studies in the Climate Change Effects Typology Matrix
correlated with optimum model characteristics, and these studies were then included in

the regional narrative in the main report.

It should be noted that each study cited in this report has a unique set of model
characteristics and associated uncertainty,® which makes comparing results across studies
challenging. Although all of the differences in assumptions and approaches among these

® As described by Hawkins and Sutton (2009), model uncertainty, natural variability uncertainty, and scenario (i.e.,
GHG emissions scenario) uncertainty contribute to the total uncertainty associated with each projection. The structure
of a modeling study helps define the associated uncertainty. For example, the magnitude of the uncertainty related to
each of the three factors varies according to the time horizon of the projections. Hawkins and Sutton (2009) find that
natural variability represents a large portion of the total uncertainty in applying climate projections in the near-term,
dropping off significantly by mid-century. Model uncertainty is also a significant contributor to total near-term
uncertainty and tends to stay relatively similar in magnitude through the projected century. For mid-century, the
scenario and model uncertainties are somewhat similar in magnitude. For end-of-century, the scenario uncertainty
contributes the greatest degree of uncertainty to the total. These uncertainties also change relative to each other when
projections are provided at a smaller spatial scale (i.e., global to regional). For finer scale analysis, natural variability,
in particular, significantly affects total uncertainty of a projection across all future time periods.
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studies are not explicitly described in this report, care was taken to ensure that only
logically comparable aspects of the studies are presented.

FHWA'’s methodology for identifying, categorizing, reviewing, and presenting
projections of climate change effects in this report involved the following steps:

(1) Selection of relevant climate effects: The climate change effects determined to
most affect highways and highway networks and discussed in this report include
changes in average and extreme temperature, changes in average and extreme
precipitation, and sea-level rise. Several recent reports have highlighted the
importance of these effects with respect to the U.S. transportation system and
highways in particular (NRC 2008; USGCRP 2009; CSIRO 2006; CIG 2007).
Extreme precipitation is associated with storm activity such as convective storms,
extratropical storms, or tropical storms. There is limited information available
pertaining to storm activity projections that describes changes in storm intensity,
frequency, and duration. Additional variables such as relative humidity, solar
radiation, and extreme cold events are also relevant, but regional information for
these variables was not available for inclusion in this report.

(2) Literature review: The compilation of regional projections began with a
literature search using relevant, carefully composed search terms across relevant
databases of publications on the environment, energy, technology, and
government.

(3) Screening literature review findings: The search was refined to include articles,
government reports, and peer-reviewed publications with a published date post-
2003 and available by June 2009. Effort was made to include seminal reports that
became available after this date. This approach was taken to ensure that the
versions of the climate models used were less likely to draw from out-of-date
parameterizations, and that the emission scenario projections used were more
likely to be based on the IPCC SRES scenarios used in the Fourth Assessment
Report.

(4) Populating the Climate Change Effects Typology Matrix: The literature was
organized into the Climate Change Effects Typology Matrix (located in Appendix
C) by U.S. region based on a recent panel-reviewed report (USGCRP 2009); by
time horizon where near-term represents 2010-2040, mid-century represents
2040-2070, and end-of-century represents 2070-2100; by climate effects (listed in
the order of temperature, precipitation, storm activity, and sea-level rise); and by
spatial coverage.

(5) Consultation with federal climate experts: A group of national federal climate
experts from organizations including NOAA’s National Climatic Data Center,
USGS, DOE and others provided guidance on the criteria used in this report for
determining whether a study would be included in the Section 3 regional
narratives. There was a strong consensus for providing a plausible range of
projections (tied to the low B1 and moderately high A2 IPCC greenhouse gas
emissions scenarios) as opposed to a single point value for the mid-century and
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end-of-century projections. Projections of seasonal and annual temperature and
seasonal precipitation compiled from CMIP3 database for use in the 2009
USGCRP report were used together with the results of the literature review (see
Appendix A for more information on the emissions scenarios).

(6) Additional data analysis and refinements to regional climate change data:
This report includes new analyses of the CMIP3 database of climate model
integrations compiled by Michael Wehner of the Lawrence Berkeley National
Laboratory and used in the USGCRP (2009) report.” Regional values are
determined by using the corresponding grid cells of each climate model that fall
within each region (Figure 6, for example, was developed using this collection of
projected data). Then for each region and each of the three time frames, the
following statistics have been computed for temperature and precipitation:
“mean,” “likely,” and *“very likely” (see below for a definition of terms). The
results are included in regional tables in Chapter 3, the regional maps in Appendix
B, and the Climate Change Effects Typology Matrix (Appendix C). These results
provide mean conditions (as opposed to variability) at the regional scale.

(7) Inclusion of downscaled data: High-resolution temperature and precipitation
projections for the continental United States developed through statistical
downscaling of the results of 16 climate models of the CMIP3 database were
provided to FHWA (Liang et al. 1994; Maurer et al. 2002).2 The projections are
provided for a low (B1) and moderately high (A2) emission scenarios for three
future projections including near-term (2010-2039), mid-century (2040-2069),
and end-of-century (2070-2099) relative to a 1971-2000 baseline. Figures of the
temperature projections are provided in Appendix B, while figures of thresholds
such as extreme temperature are provided within this report (Maurer et al. 2002;
Maurer et al. 2008). Downscaled data may be preferred when projections are
required for an area finer than the spatial resolution provided by the climate
models; particularly if the location is not well-represented by the larger-scale
averages. In addition, downscaling data provides a mechanism for translating
larger-temporally scaled climate model projections to finer-temporally scaled
climate variability.

(8) Consultation with regional climate experts: The Climate Change Effects
Typology Matrix was vetted with regional climate experts to discuss studies
included and identify any missing studies. Based on this review, some studies
were removed from the matrix or placed into the national section. The
consultation also included discussions of particular regional problematic climate
effects. There was a general consensus that it is important to not “cherry pick”

" These values are averaged for each region from the corresponding grid cells of each climate model in the CMIP3
database. This is appropriate as the information provides mean conditions of temperature and precipitation at the
regional scale. Statistical downscaling of the CMIP3 database for the continental United States is used in this report for
the figures of extremes (such as the days the maximum temperature reaches or surpasses 90°F); the downscaling results
are not available for locations outside the continental United States. See Appendix A for more information.

8 Bias-corrected and spatially downscaled climate projections derived from CMIP3 data, described by Maurer et al
(2007). We acknowledge the Program for Climate Model Diagnosis and Intercomparison (PCMDI) and the WCRP's
Working Group on Coupled Modelling (WGCM) for their roles in making available the WCRP CMIP3 multi-model
dataset. Support of this dataset is provided by the Office of Science, U.S. Department of Energy.
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climate models for calculating the mean and ranges from the USGCRP data.
Alaska is the exception where the general consensus was to draw results from the
five top performers identified by the Walsh et al. (2008) study.

(9) Treatment of uncertainty: There is always some degree of uncertainty
associated with model projections. The Climate Change Effects Typology Matrix
includes this information, when included in the source study, in a column labeled
“certainty.” In general, the model projections are more uncertain the further they
are into the future. A small range of uncertainty tends to exist in the near-term
time horizon, while a larger range of plausible values exists for the long-term. The
temperature and precipitation information from the USGCRP data set that are
presented for each region were quantitatively analyzed in this study to
characterize plausible future climate conditions and the associated uncertainty.
Each scenario/model combination produces a single data point. There are 15
models run for the A2 emission scenario to 19 models run for the B1 emission
scenario, producing 15 to 19 mean results for each variable in each time frame.
The following information is provided for precipitation and temperature for each
region (see Figure 2):

0 “Mean” — The mean range is the average of all of the simulations in the
lower emission scenario (B1) and the average of all of the simulations in
the higher emission scenario (A2). It is a simple measure of the central
tendency of the projections and the uncertainty associated with future
greenhouse gas (GHG) emission rates.

0 “Likely” — The likely range is computed by first determining the standard
deviation above and below the mean for each scenario.” Then, the
minimum and maximum of these four values (i.e., two from each scenario)
are defined as the likely range. The range is a measure of the differences
(and uncertainty) associated with the models that were used, as well as the
uncertainty of future GHG emission rates.

0 “Very Likely” — The very likely range is computed in the same way as the
likely range, except that two standard deviations are used instead of one. *°

® Assuming the data are well represented by a Gaussian distribution, the likely range represents about 68% of the values
extending from the 15" percentile to the 85" percentile.

10 Assuming the data are well represented by a Gaussian distribution, the very likely range represents about 95% of the
values extending from the 2.2 percentile to the 97.8™ percentile.
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Figure 2: This figure describes the process of creating the mean, likely, and very
likely ranges from the USGCRP data and reported in Section 4. A curve
represents an idealized version of connecting the points of results obtained from a
variety of climate models. The blue curve and associated labels represent the
mean, likely, and very likely values for a given emission scenario; likewise for the
green curve assuming a Gaussian distribution. Each curve describes model
uncertainty for the given emission scenario. The ranges provide the uncertainty
associated with both the emission scenario and the climate models.

(10) Developing Regional Narratives for Section 3: A methodology was
developed to synthesize the array of projections provided by the Climate Change
Effects Typology Matrix into a regional narrative discussion that can assist in
informing future analysis of climate impacts on the highway system. The criteria
used in this report for determining whether a study would be included in the
regional narratives of Section 3 were guided by discussions with climate experts
and are illustrated in Figure 3.
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Was the study conducted No
recently (e.g., post 2003)? L » Notincluded
v Yes

Does the study include a No

number of climate models L » Notincluded
(optimum models if identified for

that region)?

l Yes

Does the study include relevant

emission scenarios? No > Notincluded
v Yes
Are the data at the regional No

scale or downscaled for finer — Not included
spatial scale results?

l Yes

Include in regional discussion

Figure 3: Criteria used to assess whether a study is
included in the narrative regional discussions.
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3 Projected Climate Change by Geographic Region

This section begins with a brief review of national-scale changes in temperature,
precipitation, sea level, and storm activity. This information is drawn largely from the
USGCRP (2009) report. These national-scale descriptions are followed by the core of this
report: a series of sections providing the current state of the knowledge concerning the
aforementioned variables for every region in the country.** When possible, related
regional-scale information about extreme climate stressors is also provided to assist
highway planners in relating climate change impacts on infrastructure of concern. For
example, a given projection of changes in extreme events such as increases in heavy
precipitation or, conversely, drought, may stress a given infrastructure if the projected
conditions fall outside the design range. (The Climate Change Effects Typology Matrix
in Appendix C provides detailed information of the entire, and broader, set of studies
collected for this effort.) After discussion with climate experts, a set of inclusion criteria
was produced that determined which of the collected studies would be discussed in this
section (Section 2 and Appendix A provide further discussion of this step). As discussed
in Section 2, there is a large degree of uncertainty associated with climate projections
and, accordingly the projections are compiled from a number of climate models and
across emission scenarios to help bracket the range of plausible futures. These projections
are provided at varying degrees of uncertainty: “mean range,” the “likely range,” and the
“very likely” range (as discussed in Section 2). Temperature projections for all ranges
and regions are projected to rise. The plausible ranges for precipitation projections,
however, may extend from a reduction to an increase, which complicates the explanation
of regional precipitation patterns.

3.1 National projections

The following bullets provide a general overview of how temperature and precipitation
are projected to change for the United States (USGCRP 2009):

o Temperatures will continue to warm over the century with a projected average
increase by the end of the century of approximately 7 to 11° F under the high
emission scenario and 4 to 6.5°F under the low emission scenario.*?

o For the contiguous United States, summer months are projected to experience
greater warming nationally compared with winter months. Extreme heat days
(defined as a daily maximum temperature that currently has a 5% chance of
occurring each year) will grow in number while extreme cold will decrease.
By the end of the century, extreme heat events are projected to have a 50%
chance of occurring each year.

11 It should be noted that the time ranges used in the tables and maps (and the USGCRP data) are slightly different than
those defined for this report. While the USGCRP data are representative of the data included under the time periods as
defined in this report, the time periods are not an exact match.

12 These ranges correspond to the mean averages as defined in this report, demonstrating differences between climate
model results based on a given emission scenario.
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0 Heavy downpours are projected to continue to increase while the lightest
precipitation decreases. By the end of the century, heavy downpours that have
a 5% chance of occurring in a given year are projected to have a 20 to 75%
chance of occurring in a given year. In addition, these types of precipitation
events are projected to be 10 to 25% heavier.

o Ingeneral, northern areas of the country are projected to become wetter while
southern areas, particularly the Southwest, will become drier.

0 The jet stream over the United States is expected to continue to shift
northward. The jet stream steers and fuels mid-latitude storms (i.e.,
extratropical storms).

o Precipitation and humidity are projected to significantly increase in the
northern United States during winter and spring. This increase is in response
to warm, moist air from the south moving northward and replacing very cold,
dry air masses.

o Warming temperatures will increase evaporation as well as shift the rain/snow
line northward and to higher elevations so more precipitation will fall as rain
and less as snow.

3.1.1 Temperature

The likely range for global annual mean temperatures is projected to rise this century by
2 to 11.5°F by 2100; this range is based on the multi-model ensemble results across each
of the six SRES (USGCRP 2009; IPCC 2007a)."® This warming is not projected to be
evenly experienced around the globe. The greatest warming is projected to occur over
land and in most high northern latitudes (IPCC 2007b). A number of studies suggest that
irreversible, severe, and widespread impacts would be associated with a 2°F increase in
average global temperatures above 1980-1999 levels (USGCRP 2009).

Within the United States, the annual mean temperatures by the end of the century are
projected to warm by approximately 7 to 11°F under the higher A2 emissions scenario
and by approximately 4 to 6.5°F under the lower B1 emissions scenario (USGCRP 2009).
Summer months are projected to experience greater warming nationally compared with
winter months. Figure 4 illustrates the warming projected for mid-century and end-of-
century under a higher (A2) and lower (B1) emissions scenarios for the continental
United States. In addition to increased mean summer temperatures, extreme heat days
will grow in number while the number of extreme cold days will decrease. By the end of
the century, extreme heat events that currently have a 5% chance of occurring each year
are projected to have a 50% chance of occurring each year under a moderate (A1B)
emission scenario (USGCRP 2009). This study further finds that in addition to more

3 The IPCC definition for “likely range™ is -40% to +60% around the mean for each SRES. The full likely range
provided in this report is from the lowest point and highest point of all the likely ranges.
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frequent occurrence of extreme heat waves, very hot days are projected to be about 10°F
hotter than they are today (USGCRP 2009).

2040-2069 (A2 Emission Scenario) 2070-2099 (A2 Emission Scenario)
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Figure 4. Projected mean summer temperature change (°F) relative to 1971 to 2000 based on the
projections of statistically downscaled CMIP3 projections (see Appendix B for additional
temperature projections).'*

3.1.2 Precipitation and Storm Events

Similar to temperature, projected precipitation is discussed in terms of seasonal averages
and extreme precipitation events (i.e., heavy downpours). Discussion of annual
precipitation, however, is limited in this report as it masks important variability, and
provides, in some cases, misleading information. Seasonal precipitation, on the other
hand, illustrates important trends while smoothing out the effects of heavy downpours. At
a daily scale, discussions of heavy precipitation events, generally defined as greater than
2 inches per day, provide information about isolated storm activity;™ however, no
processed information is readily available regarding other storm variables such as wind
strength and direction, nor the type of storm causing the event. The combination of

4 These figures were provided by personal communication with Katharine Hayhoe, Texas Tech University and
produced for USGCRP (2009).

15 It should be noted that 2 inches per day of precipitation may not be considered a threat to highway infrastructure;
however, a few studies cited in this report provide projections for the increased frequency of the 95th percentile of
precipitation.
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projected seasonal precipitation and precipitation events provide compelling information
for system planning.

There is greater uncertainty associated with future changes in total precipitation
compared with temperature, because precipitation is more heavily influenced by both
small-scale phenomena and climate variability not captured by climate models. The
uncertainty represented in sections 3.3 through 3.11 through the provided likely and very
likely ranges encompasses the extent of plausible seasonal precipitation futures. The
USGCRP report (2009) states that the confidence of seasonal precipitation projections for
the United States is highest for winter and spring when precipitation is projected to
increase significantly for the northern region as the boundary between the southern warm
moist air and the northern cold air shifts northward. In addition, the northern regions are
projected to experience more precipitation falling as rain and less as snow. Conversely,
the southern regions are projected to experience significant reductions in precipitation
during the winter and spring months, particularly in the Southwest.

Extreme precipitation events are projected to increase in frequency and intensity, while
the amount that falls in light precipitation events is projected to decrease (USGCRP
2009). By the end of the century, heavy downpours that have a 5% chance of occurring in
a given year are projected to have a 7 to 25% chance of occurring in a given year,
depending on location (USGCRP 2009). In addition, heavy downpours that have a 5%
chance of occurring today are projected to be 10% heavier under the lower emission
scenario (B1) to 25% heavier under the higher emission scenario (A2) than it is now
(USGCRP 2009). An apparent paradox of increased moisture leading to both increased
drying conditions and increased heavy precipitation events is actually consistent with a
warmer atmosphere. As temperatures increase, the air can hold more water vapor,
allowing for increased amounts of evaporation. As more moisture enters the atmosphere,
rises, and cools aloft, the water vapor condenses back to a liquid, leading to a greater
amount of precipitation and increasing the energy associated with the storm (i.e., energy
is released when water vapor condenses to a liquid).

The United States is home to an impressive and diversified set of storms. In the Great
Plains, for example, convective storms can become so severe as to produce damaging
strong winds, large-sized hail, and tornadoes. In the Southeast, convective storms in
Florida produce a significantly high number of lightning strikes per year. In the
Northeast, particularly New England, nor’easters™ can produce intense and damaging
conditions. The Gulf states and the Southeast are vulnerable to tropical storms and
hurricanes. The Pacific coast experiences coastal storm and flooding events resulting
from the (in)famous Pineapple Express.*’

The storm events currently experienced in the United States will likely evolve in response
to a changing climate. Though the current research is somewhat insufficient to draw

16 A type of extratropical storm that often initially develops as a cold-core low pressure system near the Gulf of
Mexico, gathering warmth and moisture, then travels northward, developing along the East Coast.

17 Pineapple Express occurs when humid subtropical air originating near Hawaii travels to California causing great
rains and floods.
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conclusive projections, some broad relationships between the plausible future conditions
and the impacts these conditions may have on storm development have been discussed in
the CCSP’s (2008b) Weather and Climate Extremes in a Changing Climate report. This
discussion provides information for three types of storm events: convective storms (e.g.,
thunderstorms), extratropical storms (e.g., cyclonic storms forming along a mid-latitude
or high-latitude front), and tropical storms and hurricanes® (e.g., organized
thunderstorms with cyclonic motion originating in the tropics).

Convective storms that are very localized may in fact increase in intensity in response to
the increase in atmospheric moisture, but decrease in duration or frequency. Projections
of changes in convective storms are unclear and may improve with the application of
nested models (regional models driven with GCM data that in turn feed information back
to the GCM model).

The physical mechanisms associated with extratropical storms are not yet entirely
understood even for present-day events; for example, major El Nifios are understood to
influence storm behavior, but it is unclear how the natural variability of other large-scale
circulations affects these storms. To complicate matters, the characteristics such as sea-
level pressure or strong surface winds used to define an extratropical storm differ
between climate studies. Even under these circumstances, some consistent changes across
studies of extratropical storms have been identified and suggest strong storms will be
more frequent, while the overall number of storms may decrease.

The recent scientific consensus on tropical cyclonic activity (i.e., tropical storms and
hurricanes, also known as typhoons in the Pacific, a cyclone in India, and a tropical
cyclone in Australia) describes the globally averaged intensity of tropical cyclones as
increasing by 2 to 11% by the end of the century (Knutson et al. 2010). On the other
hand, the globally averaged frequency of tropical cyclones is consistently projected by
modeling studies to decrease by 6 to 34%; however, results from higher resolution
models suggest increases in both the frequency of intense storm activity and the
precipitation rate within the storm center. It remains uncertain whether past changes in
tropical storm activity are influenced by natural variability or human activity (Knutson et
al. 2010; CCSP 2008b). It should be noted that precipitation presented by region in the
following subsections encompasses changes in precipitation associated with storm events.

3.1.3 Sea-Level Rise

Detailed national information is not uniformly available for sea-level rise projections.
Many of the state-of-the-science studies discussing sea-level rise provide only global
projections. A number of factors determine sea level changes at any given location. On
the global scale, the two most important factors are the expansion of ocean water as it
warms, and changes in the amount of water in the oceans due to the accumulation and
melting of ice sheets and glaciers and changes in the amount of water stored in

18A tropical storm, by definition, becomes a hurricane when sustained winds reach 74 miles per hour. A tropical
depression, tropical storm, and a hurricane are all types of tropical cyclones.
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reservoirs.'® These factors are generally considered in the production of global sea level
projections.

According to the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment
Report (AR4), globally averaged sea level will rise by at least 5 by mid-century and 7”
to 23” by end-of-century (IPCC 2007a). Due to significant uncertainty associated with
future changes (e.g., melting rates) in the volume of glaciers and ice sheets at the time
that report was written, the IPCC essentially excluded major contributions from those
factors in its quantitative projections of sea level. Methods have been developed since the
publication of the IPCC AR4 results that attempt to address these issues, though
comparisons across recent studies can be difficult due to differing analytical approaches
and Earth system components that are included in each study. Table 3-1 describes the
global sea-level rise projections estimated by a number of recent studies for the end of the
century, providing a range of projected global sea-level rise of 7 to 79”. It is obvious that
there is great variability in the results, but note that most of the estimates are significantly
higher than those by the IPCC (2007a). The low end of the IPCC (2007a) projections is
considered very conservative, for example, and assumes negligible contribution from
melting of Greenland (DWR 2008). The continued rise in global sea level would greatly
affect coastal locations, particularly those already vulnerable to storm surge. The impact
of sea-level rise could be further exacerbated if coastal landforms that serve as storm-
surge barriers are lost to extreme storm events such as a hurricane (USGCRP 2009).

Locally, other factors including vertical land motion (i.e., subsidence or uplift of land),
sedimentation and erosion, ocean circulation, gravitationally induced changes, and ocean
density (affected by regional changes in ocean salinity and ocean temperature) can also
play a role (with vertical land motion often dominant), thus complicating the work of
making projections at the sub-global level. Many of these factors are not well understood
and are the subject of current research efforts, so any regional or local projections made
at this time are fraught with uncertainty and should be considered carefully. It should be
noted that the term “relative sea-level rise” refers to the changes in land elevation with
respect to the level of the ocean determined by tide gauge measurements. Several
different modeling and analytical tools are used to predict changes in each of these
factors, which must be summed to determine local changes. Estimates of regional and
local relative sea-level rise have been collected and are discussed in sections 3.3 through
3.11, as available. It should be noted there is no study that considers all these factors, nor
is there a consistent methodology applied across these studies, so local projections should
be considered carefully.

19 “Steric” sea-level change refers to changes in sea level due to thermal expansion and salinity. “Eustatic” sea-level
rise refers to the changes in sea level in response to the melting of small glaciers and ice sheets. “Isostatic” sea-level
change is due to the shifting of land masses through adjustment to glacial loading or unloading, thermal buoyancy, or
plate tectonics. “Dynamic” sea-level change is due to changes in ocean circulation.
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Projection,
Study 2100 Methodology
IPCC (2007a) 7" to 23” Accounts for thermal expansion and conservative
(18cm to 59cm) | estimates of changes in ice/snow melt.
Rahmstorf (2007) 20” to 55” Assumes a linear relationship between 20" century

(0.5m to 1.4m)

observed temperature and sea-level rise to obtain a
proportionality constant of 3.4 mm/year per °C that
was used in Rahmstorf’s estimate of future sea level.
This projection relies upon the assumption that the
past statistical relationship remains constant in the
future and uses the global mean temperature
projections of the IPCC Third Assessment Report
(TAR) were used.

Grinsted et al. (2009) | 35" to51”
(0.9m to 1.3m)

Uses four inversion experiments to relate 2,000 years
of global temperatures to sea level and validated
model parameters with satellite altimetry. The global
mean temperature projections of 6 IPCC AR4
emission scenarios were used.

Rohling et al. (2008) 63"
(1.6m)

Uses paleoclimate data of the last interglacial period,
when global mean temperatures were at least 2°C
warmer than today and comparable to current
projected temperatures.

Pfeffer et al. (2008) 31710 79”

(0.785m to
2.008m)

Uses thermal expansion projected by IPCC AR4
together with kinematic scenarios (e.g., varying the
velocities of outlet glaciers) to estimate the change in
surface mass balance of ice of Greenland and
Antarctica, and discharge of melting ice sheets and
glaciers.

Table 3-1: Global projections of sea-level rise compared with 1990 levels, except Rohling et al. (2008)
which describes projections per century. All results have been converted to inches, with study results
provided in parenthesis. These studies do not account for additional regional factors that may cause
regional sea-level change to be greater or less than the global average.

The IPCC factored in regional changes of ocean density and ocean circulation to estimate
local sea-level change. Figure 5 illustrates the variation in sea-level rise when these
factors are considered. Local sea-level changes will also be affected by other changes in
smaller scale circulation patterns, and vertical land movement, not included in this figure.

May 10, 2010

24




Regional Climate Change Effects: Useful Information for Transportation Agencies
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Figure 5: The intent of this figure is to simply illustrate the potential variability of regional differences, and
should not be relied on for planning purposes. This figure shows projected local sea-level change (in meters)
due to ocean density and circulation change relative to the global average (i.e., positive values indicate greater
local sea-level change than the global average) during the 21st century, calculated as the difference between
averages for 2080 to 2099 and 1980 to 1999, as an ensemble mean over 16 AOGCMs forced with the SRES A1B
scenario. Stippling denotes regions where the magnitude of the multi-model ensemble mean divided by the
multi-model standard deviation exceeds 1.0 (IPCC 2007a). This figure does not include other local factors such
as land uplift or subsidence.

3.1.4 Local Applications of Regional Data

Most of the regional projections provided in sections 3.3 through 3.11 are averaged
across each region. Due to regional terrain or other phenomena, local variability within a
region may be large and may affect the robustness of using an averaged regional
projection. For example, Figure 6 demonstrates the large local variability in extreme heat
events? projected to occur at the end of the century for the contiguous United States.”* In
this example, a regional average of the inter-mountain West would only be a very rough
approximation of the local conditions.

2 |n this case, an extreme heat event is defined as a day where the maximum temperature exceeds 90°F.
2 statistically downscaled data from the CMIP3 database are used for this figure.
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Figure 6: Extreme heat days (days where the maximum temperature exceeds 90°F) (USGCRP 2009).

The confidence of these projections also varies regionally. Figure 7 presents projected
changes in annual average precipitation for North America by 2080-2099 relative to
precipitation in the recent past (USGCRP 2009). The hatched areas on the maps
demonstrate projections where confidence is highest (that is, at least two out of three
models agree on the sign of the projected change in precipitation). According to Figure 7,
during the summer months, two large pockets of considerable reduction in precipitation
are evident within the continental United States, though there is only high confidence in
the Pacific Northwest drying. Overall, confidence is higher for the winter and spring
seasons wWhere the northern regions are projected to experience significantly more
precipitation in response to the northward movement of the boundary between warm,
moist southern air and cold, continental northern air (USGCRP 2009).
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Projected Change in North American Precipitation
by 2080-2099
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Percent Change
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Less Precipitation More Precipitation
Figure 7: Projected future changes in precipitation by 2080-2099, relative to average seasonal
precipitation 1961-1979 under the A2 emission scenario and simulated by 15 climate models (CMIP3

data; USGCRP 2009). Hatched areas show areas with highest confidence in the projected change.
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3.2 Regional Summaries

Sections 3.3 through 3.11 provide regional discussions of climate projections of
temperature and precipitation based largely on the results from the USGCRP (2009)
report (however, the USGCRP report focuses on impacts and does not provide this
information uniformly for all regions). The time ranges presented in the regional
summaries (i.e., “near-term”, “mid-century”, and “end-of-century”) are developed from
the collection of peer-reviewed studies in the Climate Change Effects Typology Matrix.
As noted earlier, the USGCRP (2009) time ranges fall within these time ranges but are

not identical to them.

The USGCRP (2009) projections are summarized in the tables provided in each section
as well as illustratively with the maps in Appendix C (these maps also illustrate the
regional boundaries). The tables and maps provide the mean, likely range, and very likely
range of multi-model ensemble results for “low” and “high” emission scenarios (see
Section 2 for more information). If the collection of peer-reviewed studies within the
Climate Change Effects Typology Matrix provide additional information and meet the
criteria outlined in Figure 3, then the discussions of the USGCRP (2009) projections are
enhanced with these additional studies. In many cases, these additional studies provide
insight into changes of extreme events such as heat waves. It should be noted this report
does not attempt to judge these studies, beyond meeting the inclusion criteria, and merely
presents them.

The regional summaries provide climate projections of temperature and precipitation.
Table 3-2 and Table 3-3 provide the observed annual and seasonal means averaged over
the 1961 to 1979 time period.” The means are provided as whole numbers to reflect the
lack of precision in calculating a regional mean, given insufficient station density
required to provide higher confidence. This information is provided for the continental
United States and was not readily available for the other U.S. regions. Table 3-2
illustrates the large 15°F difference in annual mean temperatures experienced across the
continental United States. There are large differences in seasonal mean temperatures
experienced within each region, with summers exhibiting the warmest average
temperatures and winters the coldest, with fall being slightly warmer than spring
months.?* The change in the observed annual mean temperature averaged over 1993 to
2008 relative to the 1961-1979 baseline is also provided in the continental regional
summaries (likewise for the observed annual mean precipitation).

22 This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center.

28 Seasons are defined as follows: Winter (December, January, February), Spring (March, April, May), Summer (June,
July, August), and Fall (September, October, November).
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Region Mean Temperature ( °F)
Annual Winter Spring Summer Fall

Southeast 63 47 63 78 65
Northeast 47 24 45 67 50
Midwest 47 21 46 69 50
Great 52 29 51 73 53
Plains

Southwest 55 39 53 72 57
Pacific 47 31 45 63 48
Northwest

Table 3-2. 1961-1979 annual and seasonal mean temperature (°F) for the continental
U.S. regions.

Table 3-3 provides observed mean precipitation for each continental U.S. region.
Annually, the Southeast experiences the greatest amounts of precipitation. The Southwest
is particularly drier in comparison. Overall, winter tends to be a drier season for most
regions, with the other seasons somewhat comparable to each other. The Pacific
Northwest is an exception with winter as the wettest season and summer as the driest.

Mean Precipitation (inches)

Annual Winter Spring Summer Fall

Southeast 50 11 12 15 11
Northeast 41 9 10 11 10
Midwest 34 5 10 11 8
Great 21 2 6 7 5
Plains

Southwest 15 5 3 3 4
Pacific 28 11 6 3 7
Northwest

Table 3-3. 1961-1979 annual and seasonal precipitation mean (inches) for the
continental U.S. regions. The total seasonal amounts may not equal the annual
amount provided due to rounding.

Sections 3.3 through 3.11 also provide regional summaries of studies investigating local
sea-level rise. In addition, a comparison of historical trends of the region* to the global
observed trend of sea-level rise of 1.8 + 0.5 mm yr from 1961 to 2003 (IPCC 2007a) is
provided to illustrate past regional difference from the global average sea-level rise.

2 The National Water Level Observation provides historic sea level trends for 128 stations along the U.S. coastline.
These measurements are provided by NOAA and include stations that provide sea level trends over a 30 year span or
longer (NOAA 2010).
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3.3 Northeast

3.3.1 Temperature

3.3.1.1 Near-term (2010-2040)

Within the next several decades, the Northeast is likely to experience an increase in
annual mean temperature of approximately 2.5°F with a likely range of 1.9 to 3.2°F
(USGCRP 2009; NECIA 2006; Frumhoff et al. 2007). This projected warming is greater
than the 1.5°F increase experienced over the 1993-2008 time period when compared to a
1961-1979 baseline (USGCRP 2009).%> Winter temperatures over the same time period
are projected to increase even more, by approximately 3.0°F with a likely range of 1.8 to
3.8°F. Near-term summer and spring temperature increases are projected to be slightly
greater than 2.0°F (USGCRP 2009). These results are consistent with projections for
Pennsylvania (NECIA 2008), while the NECIA (2006) report, which uses similar but not
identical emission scenarios (the high emission scenario is AL1Fi), projects similar mean
temperature increases for annual and summer. However, NECIA (2006) projects that the
winter mean temperature is projected to experience a slightly higher increase of 3.3 to
3.4°F with a likely range of 2.5 to 4.0°F.% These temperature increases could lead to
further reduction in the thickness and duration of winter ice on lakes and rivers, more
precipitation falling as rain rather than snow, and earlier spring snowmelt affecting the
timing of peak river flows.

The number of extreme heat days is also projected to increase across a number of
Northeast cities. Buffalo, NY is projected to experience the smallest increase (of 2t0 5
days per year) and Philadelphia, PA and Pittsburgh, PA are projected to experience the
greatest increase (9 to 11 days per year) (NECIA 2006).%” Boston, MA is projected to
increase experience 4 to 8 additional days per year above 90°F (USGCRP 2009; Hayhoe
et al 2008).2 Other cities projected to experience 5 to 10 more days per year of extreme
heat include Concord, NH; Manchester, NH; Hartford, CT; and New York City, NY
(NECIA 2006). Areas of Pennsylvania could experience more than a doubling of the
frequency of extreme heat days (NECIA 2008).

% This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center.

% The NECIA (2008) and NECIA (2006) study uses statistical downscaling of the results of three climate models:
CM2.1, HadCM3, and PCM, relative to a 1961-1990 baseline.

2T Extreme heat day is defined by this study as the number of days with temperature above 90°F.

28 Hayhoe et al. (2008) provides results based on the A1Fi (high) and B1 (low) emission scenarios; the climate model
results of CM2.1, HadCM3, and PCM are statistically downscaled.
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3.3.1.2 Mid-century (2040 - 2070)

By mid-century, the increase in annual mean temperature for the Northeast is projected to
be between 3.8 to 4.8°F with a likely range of 2.8 to 5.8°F (USGCRP 2009). This range
is also representative of the increase projected for the summer and fall seasons (USGCRP
2009). The Northeast is projected to experience greater warming in the winter, with
temperature increases projected of 4.0 to 5.4°F with a likely range of 2.9 to 6.6°F
(USGCRP 2009). The temperature increase during the spring months is slightly lower
than the annual average at 3.5 to 4.1°F, with a likely range of 2.2 to 5.5°F (USGCRP
2009). The frequency of extreme heat days in Northeast cities is also likely to rise, with
Boston, for example, seeing an additional 12 to 29 days over 90°F (USGCRP 2009).
Seven individual Northeast cities examined are projected to experience an increase of
approximately 8 to 39 extreme heat days per year (NECIA 2006). The northern cities
tend to be represented by the low end of this range and the southern cities by the high
end.

Near-term Mid-century End-of-
Northeast (A Temperature) (°F) (°F) century (°F)
Annual Mean 25 3.8-48 54-9.0
Likely 19-3.2 2.8-5.38 4.2-10.8
Very Likely 1.3-3.8 1.9-6.8 3.0-125
Winter @ Mean 2.8-3.0 40-54 59-9.3
Likely 1.8-3.8 29-6.6 47-11.0
Very Likely 0.9-4.7 1.8-7.9 3.5-12.8
Spring Mean 20-22 35-41 5.0-8.1
Likely 1.2-3.0 22-55 3.6 -10.0
Very Likely 04-38 0.9-6.8 23-119
Summer | Mean 23-25 3.7-4.8 52-94
Likely 18-3.1 2.8-58 3.9-11.8
Very Likely 1.3-3.7 1.8-6.9 27-14.1
Fall Mean 25-2.7 3.9-438 53-9.1
Likely 19-33 28-56 3.9-10.8
Very Likely 1.2-3.9 1.8-6.5 25-12.8

Table 3-4: Annual and seasonal temperature changes for the Northeast region over
the near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions
scenarios. Data are from the USGCRP (2009).

3.3.1.3 End-of-century (2070-2100)

By the end-of-century, the warming in the Northeast is likely to be quite significant. The
projected annual mean increase is expected to be between 5.4 to 9.0°F, with a likely
range of 4.2 to 10.8°F. The winter, summer, and fall changes are all relatively similar to
the annual mean (USGCRP 2009). The spring months are projected to experience the
lowest mean increase of all the seasons, with a mean warming of 5.0 to 8.1°F and a likely
range of 3.6 to 10.0°F (USGCRP 2009). Though the NECIA (2006) study estimates
similar projections, the Pennsylvania study suggests greater increases, with winter
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temperature projected to rise 8°F and summer temperatures projected to rise 11°F. Not
only are temperatures projected to change, but also the duration of each season. Overall,
under a “business as usual” scenario (A2), winters in the Northeast are projected to
shorten, with the length of the winter snow season cut in half for the northern half of the
region, including New York, Vermont, New Hampshire, and Maine, and reduced to a few
weeks in the southern half (USGCRP 2009). Summer-like temperatures, on the other
hand, are projected to persist for 6 weeks longer than usual (USGCRP 2009).

Extreme heat events® that currently have a 5% chance of occurring each year are
projected to have a 50% chance of occurring each year by late century (USGCRP 2009).
Many Northeast cities are projected to experience approximately 13 to 63 more days
reaching 90°F by the end of this century compared with today’s observations (NECIA
2006). The northern cities in the region tend to fall in the low end of this range and the
southern cities in the high end.

3.3.2 Precipitation and Storm Events

3.3.2.1 Near-term (2010-2040)

Current observations averaged over the 1993 to 2008 time period suggest that annual
mean precipitation has increased by 7% relative to the 1961-1979 time period (USGCRP
2009).*° Within the next several decades, the Northeast is likely to experience wetter
winter months with an average precipitation increase of about 6% and a likely range of
+2 to +11% (USGCRP 2009). The fall months have the lowest mean projected increases
of 1 to 2% with a likely range of -4 to +6% (USGCRP 2009). The spring and summer are
projected to experience similar near-term increases in precipitation. Spring precipitation
is projected to increase by 3% with a likely range of -2 to +7%, and the summer months
projected to increase by 2% with a likely range of -1 to +6% (USGCRP 2009).

Understanding how precipitation intensity, duration, and frequency may change is
important for planning purposes. Individual precipitation events are likely to increase in
intensity by approximately 7% (NECIA 2006), so more rain may be arriving in brief
pulses. Specifically, the maximum amount of precipitation to fall during any five-day
period in a year is projected to increase by 9 to 12% (NECIA 2006).

2 Extreme heat event is based on apparent temperature, a combination of high temperature and humidity.

* This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center. Annual precipitation provides some indication of regional change, but is not an adequate indicator when
determining impacts on transportation as it masks much of the seasonal variability.
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Near-term Mid-century End-of-
Northeast (A Precipitation) (%) (%) century (%)
Winter  Mean 6 8-11 11-17
Likely 2-11 2-18 4-27
Very Likely (2) - 15 (4) - 26 (4)-36
Spring Mean 3 5-6 9-11
Likely 2)-7 0-12 1-21
Very Likely (7)-12 (5) - 17 (9)-31
Summer | Mean 2 1-2 -2
Likely 1)-6 (6)-7 (12)-11
Very Likely (5)-10 (12) - 14 (24) - 23
Fall Mean 1-2 3 3-4
Likely 4)-6 3)-9 (5)-13
Very Likely | -1 | ©@-16 | (@5 -23

Table 3-5: Seasonal precipitation percent changes for the Northeast region over the
near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions
scenarios. Values in parentheses are negative values and represent decreases in
precipitation. Data are from the USGCRP (2009).

3.3.2.2 Mid-century (2040-2070)

Overall, precipitation in the Northeast is projected to increase by mid-century across all
seasons, with the greatest change again projected to occur in the winter months. By mid-
century, the average winter precipitation increase projected for the Northeast is 8% and
11%, with a likely range of +2 to +18% (USGCRP 2009). Another study that used a
higher bounding emission scenario (A1Fi) reported an even greater increase in winter
precipitation of 11 to 16% for most of this region including New England, New York,
New Jersey, and Pennsylvania (NECIA 2006). Spring and fall precipitation are projected
to increase more moderately at 5 to 6% with a likely range of +0 to +12%, and 3% with a
likely range of -3 to +9%, respectively. Summer precipitation is projected to increase the
least of all the seasons, with an increase of only 1 to 2% and a likely range of -6 to +7%
(USGCRP 2009).

By mid-century, this region is projected to experience more than an 8% increase in the
average amount of rain that falls on any given rainy day, with the duration of extreme
rain events®! expected to increase by 1 to 1.5 days. In addition, the maximum amount of
precipitation falling during any five-day period in a year is projected to increase by 8 to
13% (NECIA 2006). These increases in heavy rainfall events will increase the risk of
floods for the Northeast region. NECIA (2006) suggests little change in the frequency of
winter-time storms for the East Coast. However, under the “high-end” scenario (A1Fi),
between 5 and 15% of these storms (an additional 1 storm per year) will move northward
during late winter (Jan, Feb, March), affecting the Northeast. No change is projected for

3! Extreme rain event is defined as more than 2 inches per day.
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the “low-end” (B1) scenario. In addition, the impact of a higher sea level will increase the
likelihood of storm damage to coastal locations.

3.3.2.3 End-of-century (2070-2100)

By the end-of-century, the Northeast is projected to experience the greatest seasonal
increase in precipitation during the winter months. This increase is projected to be 11 to
17%, with a likely range of +4 to +27%. Summer will continue to be the least affected of
the seasons, with average increases in total seasonal precipitation projected to be 2%
under the high emissions scenario and -1% under the low emissions scenario (USGCRP
2009). By the end of the century, the intensity of any particular precipitation event is
projected to increase, on average, by 12 to 13% (NECIA 2006). Additionally, the number
of days in a given year with precipitation events of greater than two inches per day is
projected to slightly increase by an additional 1.25 to 1.75 days per year (NECIA 2006).
As air temperatures rise, the Northeast can expect a continuation of recent trends in the
type of precipitation experienced during winter: less snow and more rain (NECIA 2006).
Most of the Northeast could lose approximately four to 15 snow-covered days per winter
month, with a 25 to 50% reduction in the length of the snow season with the onset of an
earlier spring (NECIA 2006).

3.3.3 Sea-Level Rise

Global sea-level rise (SLR) of 7 to 79” (18cm to 2.0m) is projected for 2100 (see section
3.1.3. for discussion on global and local sea-level rise). SLR at the local/regional level is
influenced by multiple factors, including sedimentation and erosion, ocean circulation,
gravitationally induced changes, ocean density (affected by regional changes in ocean
salinity and ocean temperature), and vertical motion of the land (subsidence or uplift). In
the 20" century, the relative sea-level rise for the Northeast was greater than the level of
global sea-level rise.*

The following discussion describes studies providing local sea-level rise projections for
the Northeast. As noted in section 3.1.3 above, making local or regional projections is
highly uncertain, given the incomplete understanding of some of the effects that can take
place at the local level. There is no study that considers all these factors, nor is there a
consistent methodology for projecting sea-level rise applied across these studies.
Therefore, local SLR projections, while informative, should be considered carefully, and
with a clear understanding of what factors each study includes or excludes.

Yin et al. (2009) projects that the Northeast coastline could experience a sea-level rise
much greater than the global average, due to changes in ocean circulation.® Yin et al.

% The National Water Level Observation provides historic sea level trends for 28 stations along the Northeast U.S.
coastline. These measurements are provided by NOAA and include stations that provide sea level trends over a 30-year
span or, in most cases, much longer (NOAA 2010). The Northeast trend is compared against the global observed trend
of sea-level rise of 1.8 + 0.5 mm yr™ from 1961 to 2003 (IPCC 2007a).

% Dynamic sea-level rise at New York City at end-of-century (i.e., 2091-2100) is projected using the GFDL CM2.1
climate model under B1 (low emission) and A2 (high emission) scenarios relative to 1981-2000 mean sea level (Yin et
al. 2009).
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(2009) estimate that these ocean circulation changes will increase sea level in New York
City, NY by 5.9 to 8.3” (15cm to 21cm) above what would be expected from global sea-
level rise and local vertical land motions alone (this study does not consider other factors
such as erosion or sedimentation). Similar amplifications are projected for Washington,
DC and Boston, MA.

Sea-level rise exacerbates the impacts of strong storm events. Kirshen et al.’s (2008)
analysis indicates that the storm surge elevations across the Northeast associated with a
storm that has a 1% chance of occurring in 2005 are projected to increase substantially
due to sea-level rise, even as storm intensity remains unchanged.** Using the lower
emission scenario (B1) as the lower bound and the Rahmstorf (2007) study as the upper
bound, Kirshen et al. made the following projections for sea-level-rise-induced increases
in storm surge elevation by 2100: Atlantic City, NJ is projected to experience the greatest
increase of 46.9 to 74.4” (119cm to 189cm), and Woods Hole, MA is projected to
experience the least at 13.2 to 28.8” (33.5 to 73.2cm). New York City, NY; Boston, MA;
and New London, CT fell within the range between Woods Hole, MA and Atlantic City,
NJ. This study further suggests that a flood that has a 1% chance of occurring in New
York City in 2005 has about a 5% (low emission scenario) to a 50% chance (high
emission scenario) of occurring in a year by 2100. Kirshen et al. (2008) did not consider
other regional sea-level rise effects, such as ocean circulation or wind patterns, changes
in the relative elevation of coastal land (i.e., caused by subsidence or uplift), or local
changes in ocean density.

% Storm surge elevation along the Northeast coast at end-of-century (i.e., 2100) is projected using a long-term average
of highest daily tides at each location, a mid-range of global sea-level rise predicted by IPCC under the B1 (low
emissions) scenario, and high-range associated with the mid-range projection provided by Rahmstorf (2007), relative to
the North American Vertical Datum (NAVD) in 1988. Tide measurements, due to the location of the tide gauges,
measure both storm surge and increased river flow during coastal flooding events. (Kirshen et al. 2008).
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3.4 Southeast
3.4.1 Temperature

3.4.1.1 Near-term (2010-2040)

Within the next two decades, the annual mean temperature in the Southeast is projected
to increase by approximately 2°F with a likely range of 1.7 to 2.7°F (USGCRP 2009;
CCSP 2008a). This projected warming is greater than the 1.2°F increase already
experienced over the 1993 to 2008 time period compared with a 1961-1979 baseline
(USGCRP 2009).* Projected seasonal temperatures exhibit similar increases, with both
summer and fall temperatures projected to increase by slightly greater amounts, and the
winter and spring by slightly less (USGCRP 2009). Not only are summer temperatures
projected to increase, but so are the number of extreme heat days.*® By 2030, Houston,
TX is projected under a higher emission scenario (A2) to experience a 25 to 75%
probability of having 4 to 11 days above 100°F (in 2007, the probability of 4 days at
100°F was over 45% and less than 10% for 11 days) (CCSP 2008a).*’

3.4.1.2 Mid-century (2040-2070)

By mid-century, the increase in annual mean temperature is projected to be
approximately 3.2 to 4.0°F, with a likely range of 2.4 to 4.8°F (USGCRP 2009). The
projections for temperature increases in spring and fall are relatively similar to the annual
mean. The mean temperature for the summer months is projected to be the highest mean
increase of all the seasons, with a mean warming of 3.5 to 4.5°F and a likely range of 2.5
to 5.6°F. The mean temperature for the winter months is projected to be slightly lower
than the annual mean, with a mean warming of 2.7 to 3.6°F and a likely range of 1.6 to
4.5°F (USGCRP 2009). Extreme heat days are projected to continue to increase. By
2060, Houston, TX is projected to have a 25 to 75% probability of having 14 to more
than 20 days above 100°F per year (in 2007, the probability of 14 days or more at 100°F
was less than 5%) (CCSP 2008a).

3.4.1.3 End-of-century (2070-2100)

By the end-of-century, annual mean temperature in the Southeast region is projected to
increase by 4.5 to 7.8°F, with a likely range of 3.4 to 9.4°F (USGCRP 2009). The
projections for the spring months are similar to the annual mean. The Southeast is
projected to experience the smallest warming in winter, with temperature increases of 4.0
to 6.3°F and a likely range of 2.8 to 7.9°F (USGCRP 2009). The summer months are
projected to experience the greatest warming of all the seasons, with temperature

% This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center.

% Extreme heat day defined here as a daily maximum temperature above 100°F.

37 CCSP 2008a study draws from results of 17 climate models represented in the CMIP3 dataset for IPCC ARA4.
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increases of 4.8 to 9.0°F and a likely range of 3.5 to 11.2°F (USGCRP 2009). The fall
months are projected to display a slightly higher mean than the annual average, with
mean increases projected to be 4.7 to 8.3°F and a likely range of 3.5 to 9.8°F (USGCRP
2009).

Southeast Near-term Mid-century End-of-
(A Temperature) (°F) (°F) century (°F)
Annual Mean 21-22 3.2-4.0 45-7.8
Likely 1.7-27 24-48 34-94
Very Likely 1.2-3.2 1.6-55 2.4-10.9
Winter =~ Mean 19-21 2.7-3.6 40-6.3
Likely 1.1-2.8 1.6-45 28-7.9
Very Likely 0.3-3.6 05-54 1.7-9.4
Spring  Mean 1.8-2.0 3.1-38 44-175
Likely 1.3-27 2.2-4.6 3.2-9.1
Very Likely 0.6-3.3 1.3-54 2.0-10.7
Summer | Mean 23-24 3.5-45 4.8-9.0
Likely 15-3.0 25-56 35-11.2
Very Likely 0.7-3.8 1.6-6.7 2.3-13.5
Fall Mean 2.3 34-43 4.7-8.3
Likely 1.8-2.9 26-4.9 35-938
Very Likely 1.2-3.4 1.8-5.6 2.4-11.3

Table 3-6: Annual and seasonal temperature changes for the Southeast region over
the near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions

scenarios. Data are from the USGCRP (2009).

By the end-of-century, studies agree that the Southeast region will experience more
extreme heat events. Between 2080 and 2100, extreme heat events (a combination of
temperature and humidity) that currently have a 5% chance occurring for a given year are
projected to have about a 50 to 100% chance of occurring each year (USGCRP 2009). By
2099, Houston, TX is projected to experience a near 100% probability of having more
than 20 days above 100°F per year (current probability of 20 days at or above 100°F is
near 0%) (CCSP 2008a). Similarly, the Appalachian Mountain region is predicted to
experience approximately three times more “high temperature” days® each year by the
end-of-century under a higher emission scenario (A2). (Diffenbaugh et al 2005).

3.4.2 Precipitation and Storm Events

3.4.2.1 Near-term (2010-2040)

% High temperature days are defined as defined as being at or above the 95" percentile among current daily
temperature records. This study uses RegCM3 and a baseline period of 1961-1985.

May 10, 2010 37



Regional Climate Change Effects: Useful Information for Transportation Agencies

Current observations averaged over 1993 to 2008 suggest annual mean precipitation has
decreased by 1% relative to 1961-1979 (USGCRP 2009).* In the near-term, mean
precipitation in the Southeast does not exhibit a strong trend, but is generally projected to
decrease in the summer and spring and increase in the fall. There is considerable
disagreement between various climate models on the magnitude and, in some cases,
direction of changes in precipitation in each time period.

Over the next two decades, the greatest increases in mean precipitation are projected to
occur during the fall months and the greatest decreases during the spring months. The fall
months are projected to increase by 1 to 2% with a likely range of -4 to +7%, while the
spring months are projected to decrease by 0 to 2% with a likely range of -7 to +4%
(USGCRP 2009). The winter and summer months exhibit very little change with a likely
range of -6 to +5% and -8 to +8%, respectively (USGCRP 2009). In addition, if current
observational trends continue, the spacing between precipitation events could continue to
increase, leading to continued periods of drought (USGCRP 2009).

Southeast Near-term Mid-century End-of-
(A Precipitation) (%) (%) century (%)
Winter = Mean (1)-0 2)-1 3-0
Likely (6)-5 8)-9 (15) - 10
Very Likely (11)-9 (15) - 16 (28) — 22
Spring Mean (2)-0 1-2 (M-1
Likely (7)-4 G)-8 | (20)-7
Very Likely (12) -8 (11) - 14 (32) - 18
Summer | Mean 0 (2)-0 8 -0
Likely (8)-8 (14)-10 (29)-14
Very Likely (16) — 16 (26) — 23 (50) - 35
Fall Mean 1-2 2)-(1) 2-3
Likely 4)-7 (9) -5 (9)-16
Very Likely (10) — 12 (16) — 12 (21) — 28

Table 3-7: Seasonal precipitation percent changes for the Southeast region over the
near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions
scenarios. Values in parentheses are negative values and represent decreases in

precipitation. Data are from the USGCRP (2009).

3.4.2.2 Mid-century (2040-2070)

By mid-century, the greatest seasonal mean change in precipitation between emission
scenario results is projected to occur during the winter months, with the mean ranging
from an increase of 1% to a decrease of 2%, and a likely range of -8 to +9% (USGCRP
2009). The summer months exhibit a reduction in mean precipitation between 0 to 2%

* This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center. Annual precipitation provides some indication of regional change but is not an adequate indicator when
determining impacts on transportation as it masks much of the seasonal variability.
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with a likely range of -14 to +10%. The fall months are projected to sustain a reduction in
mean precipitation of 1 to 2% with a likely range of -9 to +5% (USGCRP 2009). Spring
is the only season projected to have an increase in precipitation with a mean change of 1
to 2%, and a likely range of -5 to +8% (USGCRP 2009).

3.4.2.3 End-of-century (2070-2100)

At the end-of-century, the largest seasonal mean decrease of precipitation is projected to
occur during the summer season, with a mean decrease of about 0 to 8% and a likely
range of -29 to +14% (USGCRP 2009). The spring season mean change ranges varies
from 1 to -7% with a likely range of -20 to +7% (USGCRP 2009). The mean change for
the winter season varies between 0% to a reduction of 3% with a likely range of -15 to
+10% (USGCRP 2009). In contrast, the mean fall precipitation is projected to increase
from 2 to 3% with a likely range -9 to +16% (USGCRP 2009). The greatest degree of
certainty is that precipitation in the fall will increase, while the other precipitation effects
are not as certain (USGCRP 2009). Diffenbaugh et al. (2005) found that the mid-Atlantic
coast would be up to 40% rainier at the end-of-century overall.

By late century, the Gulf Coast region from Galveston, TX to Mobile Bay, AL is
projected to experience an intensity increase of 5% for category 1 storms and 20% for
category 4 storms (CCSP 2008a). This projection assumes that changes in hurricane
intensity are directly related to increases in projected sea surface temperatures. For
example, sea surface temperatures in the Atlantic hurricane formation region are
projected to increase from 3 to 7°F, leading to increased tropical storms (CCSP 2008a).
This does not take into account changes in other contributors to tropical storm
development (e.g., vertical wind shear and vertical temperature structure), and hence,
higher sea surface temperatures do not necessarily translate to an increased storm
intensity.

3.4.3 Sea-Level Rise

Global sea-level rise (SLR) of 7 to 79” (18 cm to 2.0 m) is projected for 2100 (see section
3.1.3. for discussion on global and local sea-level rise). SLR at the local/regional level is
influenced by multiple factors, including: sedimentation and erosion, ocean circulation,
gravitationally induced changes, ocean density (affected by regional changes in ocean
salinity and ocean temperature), and vertical motion of the land (subsidence/uplift).
Using historical records, the relative sea-level rise for the Southeast was greater than the
level of global sea-level rise.“’ This finding is consistent with the CCSP (2008a) study,
which provides estimates of subsidence rates along the Gulf Coast that would lead to
higher sea levels than the global average: Louisiana-Texas Chenier Plain at 0.19 in/yr

0 The National Water Level Observation provides historic sea level trends for 37 stations along the Southeast U.S.
coastline. These measurements are provided by NOAA and include stations that provide sea level trends over a 30-year
span or, in most cases, much longer (NOAA 2010). The Southeast trend is compared against the global observed trend
of sea-level rise of 1.8 + 0.5 mm yr* from 1961 to 2003 (IPCC 2007a).
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(4.7 mml/yr), Louisiana Deltaic Plain at 0.32 in/yr (8.05 mm/yr), and Mississippi-
Alabama Sound at 0.01 in/yr (0.34 mm/yr).
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3.5 Midwest
3.5.1 Temperature

3.5.1.1 Near-term (2010-2040)

Within the next two decades, the annual mean temperature in the Midwest is projected to
increase by approximately 2.7°F with a likely range of 1.9 to 3.3°F (USGCRP 2009;
Union of Concerned Scientists 2009). This projected warming is greater than the 1.4°F
increase already experienced over the 1993 to 2008 time period compared with a 1961-
1979 baseline (USGCRP 2009).** Projected summer, fall, and winter seasonal
temperatures are expected to exhibit similar increases compared with the annual mean
(USGCRP 2009). Spring seasonal temperatures are projected to increase slightly less than
the annual mean at 2.0 to 2.4°F, with a likely range of 1.2 to 3.3°F (USGCRP 2009).
These projections are similar to those provided for Chicago, IL, where temperature
increases of approximately 1.8 to 3.6°F (1 to 2°C) are projected (Hellmann et al 2007).
Observed increases in the winter season have extended the frost-free (or growing) season
by a week (USGCRP 2009); the growing season is expected to continue to lengthen as
temperatures continue to warm in spring and fall. In addition, higher temperatures lead to
increased evaporation, reducing water levels in the Great Lakes (USGCRP 2009).

3.5.1.2 Mid-century (2040-2070)

By mid-century, the annual mean temperature increase is projected to be approximately
4.0 to 5.0°F, with a likely range of 3.0 to 6.0°F (USGCRP 2009). The projections for
summer, fall, and winter temperatures are again similar to the annual mean. However, the
temperature increase for the spring months is projected to be less, with a seasonal average
of 3.6 to 4.2°F and a likely range of 2.2 to 5.6°F (USGCRP 2009). Chicago may
experience a higher annual temperature than that suggested for the region, with an
increase between 2.7 to 9°F (1.5 to 5°C) by 2070 (Hellmann et al 2007).

3.5.1.3 End-of-century (2070-2100)

By the end-of-century, annual mean temperature is projected to increase by
approximately 5.6 to 9.6°F in the Midwest with a likely range of 4.3 to 11.7°F (USGCRP
2009). The projections for fall and winter temperatures continue to be similar to the
annual mean. However, the spring months are projected to experience a smaller
temperature increase of 5.1 to 8.4°F, with a likely range of 3.5 to 10.6°F (USGCRP
2009). The summer months display a higher annual mean temperature increase of 5.6 to
10.8°F, with a likely range of 4.2 to 14.2°F (USGCRP 2009). Annual mean temperature

! This information was provided by personal communication with Jay H. Lawrimore of National Climatic Data Center.
2 Hellman et al (2007) study projects changes in annual average temperature relative to 1961-1990 drawing from 21
IPCC AR4 models using a higher (A1Fi) emission scenario and lower (B1) emission scenario. The projection provided
is for 2010-2039.
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increases in Chicago are projected to be similar to these regional increases (Hellmann et
al 2007). However, one set of studies found even higher annual mean temperature
increases ranging between 6 and 14°F in Minnesota, Missouri, Indiana, Wisconsin, and
Ohio, associated with a lower (B1) emission scenario and a higher (A1Fi) emission
scenario (Union of Concerned Scientists 2009a-¢).*

Midwest Near-term  Mid-century End-of-
(A Temperature) (°F) (°F) century (°F)
Annual Mean 26-27 40-5.0 5.6-9.6
Likely 1.9-33 3.0-6.0 43-117
Very Likely 1.3-3.9 1.9-7.0 3.0-13.8
Winter =~ Mean 2.6-3.0 41-53 6.0-9.4
Likely 1.6-4.0 2.9-6.6 46-115
Very Likely 06-4.9 1.7-79 3.3-135
Spring Mean 20-24 3.6-4.2 51-84
Likely 1.2-33 22-56 3.5-10.6
Very Likely 04-4.1 0.8-7.0 1.9-129
Summer Mean 2.6-238 41-53 5.6-10.8
Likely 19-3.8 2.8-6.8 42-14.2
Very Likely 1.0-4.7 1.5-8.3 2.7-175
Fall Mean 26-2.7 4.0-4.9 55-9.6
Likely 20-34 29-58 41-11.6
Very Likely 1.3-4.1 1.7-6.7 2.7-13.6

Table 3-8: Annual and seasonal temperature changes for the Midwest region over

the near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions

scenarios. Data are from the USGCRP (2009).

By the end-of-century, heat waves in the Midwest are expected to become longer, hotter,
and more frequent (Ebi and Meehl 2007; USGCRP 2009). By 2100, under a higher (A2)
emission scenario, a heat event that currently has a 5% chance of occurring for a given
year is projected to have about a 50 to 100% chance of occurring for a given year
(USGCRP 2009). In Chicago and Cincinnati, the frequency of heat waves is expected to
increase 24% and 50% respectively under a business as usual scenario (Ebi and Meehl
2007).* The average duration of these heat waves is also projected to increase by
approximately 20% in both cities. Similarly, under a high (A1Fi) emission scenario, cities
across the Midwest, including Des Moines, Cincinnati, and Indianapolis, are projected to
experience between 65 and 85 days over 90°F each summer by the end-of-century

3 This study provides projections based on statistically downscaled data of three climate models (CM2.1, HadCM3,
and PCM) which represent the spectrum of climate sensitivity; the baseline period is 1961-1990.

“This study defines a heat wave as the maximum temp exceeding the 97.5 percentile for at least 3 days, the average
minimum temperature above the 97.5 percentile for at least 3 days, and the maximum temperature above the 81%
percentile for the entire period. This study used a ‘business as usual’ scenario and 1961-1990 as relative baseline.
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compared with approximately 10 to 20 days averaged over 1961-1990 (Union of
Concerned Scientists 2009a).

SRES A2 12/16MOD 1961-1979 Days At/Under 32F SRES A2 12/16MOD 2040-2059 Days At/Under 32F SRES A2 12/16MOD 2080-2099 Days At/Under 3
-t 5 ;
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Figure 8: Average number of freezing days per year in the Midwest (defined as days the minimum
temperature is below 32°F). The illustrations are 16 multi-model ensemble averages for years 1961-
1979, 2040-2059, and 2080-2099 for SRES A2. (USGCRP 2009)

Figure 8 illustrates the reduction of freezing days projected for the Midwest; this is
particularly evident for the northern areas. For example, southern Minnesota experienced
about 170 freezing days in 1961-1979 and is projected to experience about 110 freezing
days in 2080-2099 under the A2 scenario.

3.5.2 Precipitation and Storm Events

3.5.2.1 Near-term (2010-2040)

Current observations averaged over 1993 to 2008 suggest that annual mean precipitation
has increased by 5% relative to the 1961-1979 time period (USGCRP 2009).%® By far the
largest seasonal increase in precipitation is projected to occur during the winter months,
with an average increase of 6 to 7% and a likely range of +2 to +12% (USGCRP 2009).
Annual mean precipitation in Chicago is projected to experience precipitation increases
in line with the regional estimates (Hellmann et al. 2007). Heavy precipitation events are
also projected to increase during this time, with the frequency of spring rainfall heavy
downpours increasing by almost 15% in Missouri, Illinois, and Minnesota under a high
emission scenario (A1Fi) compared with 1961-1990 (Union of Concerned Scientists
2009a).*” In the next two decades, heavy rains are projected to increase by 66% in St.
Paul, 35% in Indianapolis, and 20% in Chicago (Union of Concerned Scientists 2009).
These increases are expected to increase flooding and overload many drainage systems
(USGCRP 2009).

“5 This study uses three state-of-the-art global climate models (CM 2.1, HadCM3, and PCM) that together adequately
capture climate sensitivity.

“6 This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center. Annual precipitation provides some indication of regional change but is not an adequate indicator when
determining impacts on transportation as it masks much of the seasonal variability.

4 This study defines a heavy downpour as more than 2” of rain per day.
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3.5.2.2 Mid-century (2040-2070)

Precipitation increases are projected to occur in the winter and spring months. Winter
precipitation, for example, is projected to increase by 8 to 9% with a likely range of +1 to
+15% (USGCRP 2009). Precipitation is projected to decrease by an average of 1 to 4% in
the summer months with a likely range of -15 to +8% (USGCRP 2009). However, studies
disagree on the magnitude of predicted changes in precipitation. Precipitation changes in
Chicago are projected to be between -2 and 10% by 2070 (Hellmann et al 2007).

Midwest Near-term Mid-century End-of-
(A Precipitation) (%) (%) century (%)
Winter = Mean 6-7 8-9 10-14
Likely 2-12 1-15 3-22
Very Likely (3)-16 (6) —21 (3)-30
Spring Mean 3-4 7-9 10-14
Likely (1)-8 3-13 2-25
Very Likely (6) — 12 (1)-18 (9) — 36
Summer | Mean (1) % -(1) 9)-(2)
Likely (7)-6 (15) -8 (31)-14
Very Likely (14) - 13 (26) — 19 (53) — 36
Fall Mean 1 1-3 2-3
Likely (5)-7 (6)-11 (10) - 17
Very Likely (11) - 13 (14)-18 (23) - 30

Table 3-9: Seasonal precipitation percent changes for the Midwest region over the
near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions
scenarios. Values in parentheses are negative values and represent decreases in
precipitation. Data are from the USGCRP (2009).

3.5.2.3 End-of-century (2070-2100)

Again, the majority of the increase in precipitation will occur during the winter and
spring months, in which precipitation is projected to increase by an average of 10 to 14%
with a likely range of +3 to +22%, and 10 to 14% with a likely range of +2 to +25%,
respectively (USGCRP 2009). Average summer precipitation is projected to decrease by
2 to 9% with a likely range of -31 to +14% (USGCRP 2009). USGCRP (2009) projects
the likelihood of summer-time drought increasing. Annual mean precipitation in Chicago
is projected to change by -1 to +19% by the end-of-century (Hellmann et al. 2007). There
was some disagreement between studies on the magnitude of seasonal mean precipitation.
A study by the Union of Concerned Scientists (2009) found higher overall increases in
winter precipitation, with 20-50% increases in Missouri, Minnesota, and Michigan.*® The

8 This study uses three state-of-the-art global climate models (CM 2.1, HadCM3, and PCM) that together adequately
capture climate sensitivity, and the B1 emission scenario (low) and A1Fi emission scenario (high).

May 10, 2010 44



Regional Climate Change Effects: Useful Information for Transportation Agencies

same study found 10-20% less rain in summer precipitation for most of the Midwest
region by the end-of-century. Heavy spring downpours (defined as two inches of rain in
one day) are expected to become more frequent during this time frame, with

approximately 30% increases projected for lowa, Ohio, Illinois, and Wisconsin (Union of
Concerned Scientists 2009a-e).
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3.6 Great Plains
3.6.1 Temperature

3.6.1.1 Near-term (2010-2040)

Within the next two decades, the annual mean temperature of the Great Plains is
projected to increase by approximately 2.5°F, with a likely range of 1.8 to 3.1°F
(USGCRP 2009). This projected warming is greater than the 1.3°F increase already
experienced over the 1993 to 2008 time period relative to a 1961-1979 baseline
(USGCRP 2009).% Fall temperature increases are projected to be similar to the projected
annual mean warming. Summer temperature increases are projected to be slightly higher
than the annual mean warming, at 2.7 to 2.9°F, with a likely range of 1.8 to 3.7°F
(USGCRP 2009). Spring temperature increases are expected to be slightly lower than the
annual mean increase, at 1.9 to 2.2°F, with a likely range of 1.2 to 3.0°F (USGCRP
2009); likewise, winter temperature increases are also expected to be slightly lower than
the annual mean increase, at 2.2 to 2.5°F, with a likely range of 1.4 to 3.4°F (USGCRP
2009).

Great Plains Near-term Mid-century End-of-
(A Temperature) (°F) (°F) century (°F)
Annual Mean 24-25 3.8-4.7 54-9.2
Likely 18-3.1 2.7-5.8 39-11.2
Very Likely 1.1-3.8 1.6-6.9 25-13.2
Winter @ Mean 22-25 3.6-4.3 5.3-8.3
Likely 14-34 24-56 3.8-104
Very Likely 0.6 -4.2 1.2-6.9 2.2-125
Spring Mean 19-22 3.4-4.0 4.8-8.0
Likely 1.2-3.0 21-55 3.1-10.3
Very Likely 05-3.9 0.8-6.9 13-12.7
Summer | Mean 27-29 4.3-5.6 5.8 -10.6
Likely 1.8-3.7 3.0-71 4.1-13.6
Very Likely 0.8-4.6 1.7-8.7 24-16.6
Fall Mean 24-25 3.8-4.7 5.5-9.6
Likely 18-33 2.7-5.7 40-115
Very Likely 1.1-4.0 1.6-6.7 24-135

Table 3-10: Annual and seasonal temperature changes for the Great Plains region
over the near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-
2098) relative to 1961-1979. The range values are from low (B1) and high (A2)
emissions scenarios. Data are from the USGCRP (2009).

“ This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center.
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3.6.1.2 Mid-century (2040-2070)

By mid-century, annual mean temperature is projected to increase by 3.8 to 4.7°F with a
likely range of 2.7 to 5.8°F (USGCRP 2009). Fall temperatures are expected to increase
similarly to the annual mean. Summer months are projected to have a greater temperature
increase of 4.3 to 5.6°F, with a likely range of 3.0 to 7.1°F (USGCRP 2009). Winter
warming is projected to be lower than the annual mean increase. Warming in the spring is
projected to be the least of all seasons, with an increase of 3.4 to 4.0°F and a likely range
of 2.1 to 5.5°F (USGCRP 2009).

3.6.1.3 End-of-century (2070-2100)

By the end-of-century, annual mean temperature is projected to have increased by 5.4°F
to 9.2°F with a likely range of 3.9 to 11.2°F (USGCRP 2009). Seasonal warming trends
are projected to continue, with slightly greater or similar warming in the summer and fall
months, and less warming in the winter and spring months. Summer mean temperatures
are expected to increase 5.8 to 10.6°F, with a likely range of 4.1 to 13.6°F (USGCRP
2009). The smallest seasonal temperature increase is projected to occur in the spring,
with an increase of 4.8 to 8.0°F and a likely range of 3.1 to 10.3°F (USGCRP 2009).

Lenihan et al. (2008) made projections of changes in maximum temperatures for the Great
Plains region (the USGCRP projections reported above are for mean temperature).” They
projected that the late century increase in maximum temperatures would be greatest in the
central and northern areas of the Great Plains. The authors found that average monthly
maximum temperatures would increase by 7 to 13°F (4 to 7°C) across Oklahoma,

Kansas, Nebraska, and North and South Dakota under lower emission (B2) and higher
emission (A2) scenarios. Texas displayed smaller increases ranging from 5 to 9°F (3 to
5°C).

3.6.2 Precipitation and Storm Events

3.6.2.1 Near-term (2010-2040)

Averaging the 1993 to 2008 time period of observations across the Great Plains region
suggests that annual mean precipitation has increased by 4% relative to the 1961-1979
time period (USGCRP 2009).>" In the near-term, mean precipitation is generally
projected to increase in the winter and spring, and to decrease in the summer. It is unclear
whether fall precipitation will increase or decrease. There is considerable disagreement
between various climate models on the magnitude and direction of changes in
precipitation in that season.

% This study provides results averaged across three GCMs for 2070-2099 relative to a 1971 to 2000 baseline.

%! This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center. Annual precipitation provides some indication of regional change but is not an adequate indicator when
determining impacts on transportation as it masks much of the seasonal variability.
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Over the next two decades, mean precipitation is projected to increase by 3% in the
winter, with a likely range of -2 to +7%. The spring increase is projected to be between 1
to 2%, with a likely range of -3 to +6% (USGCRP 2009). Precipitation may decrease in
the summer by 2 to 3%, with a likely range of -9 to +4%. The likely range for
precipitation in the fall is between -5 and +6% (USGCRP 2009).

3.6.2.2 Mid-century (2040-2070)

Similar trends in precipitation are projected for the Great Plains through the middle of the
century. The winter months are projected to experience a mean precipitation increase of 4
to 5%, with a likely range of -1 to +9%. An increase of roughly 3% is projected for the
spring, with a likely range of -3 to +8% (USGCRP 2009). Precipitation is projected to
decline by 3 to 5% in the summer with a likely range of -18 to +7%. The likely range of
precipitation change in the fall is -9 to +7% (USGCRP 2009).

Great Plains Near-term Mid-century End-of-
(A Precipitation) (%) (%) century (%)
Winter = Mean 3 4-5 5-8
Likely 2)-7 1-9 (1) -17
Very Likely (6)—11 (6)—14 (9) - 25
Spring Mean 1-2 3 3-4
Likely (3)-6 (3)-8 (7)-12
Very Likely (7)-9 (9)-14 (16) — 21
Summer | Mean 3)-(2) 5)-(3) 9 -3
Likely (9)-4 (18) -7 (29) - 11
Very Likely (15) - 11 (30) — 20 (49) - 31
Fall Mean 0 (D) @-2
Likely (5)-6 9) -7 (17)-12
Very Likely (11)-12 (17) - 14 (31) — 26

Table 3-11: Seasonal precipitation percent changes for the Great Plains region over the
near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098) relative
to 1961-1979. The range values are from low (B1) and high (A2) emissions scenarios.
Values in parentheses are negative values and represent decreases in precipitation.
Data are from the USGCRP (2009).

3.6.2.3 End-of-century (2070-2100)

By late century, projections indicate that the Great Plains are expected to continue to
experience wetter winters and springs, and drier summers. Mean precipitation is
projected to increase by 5 to 8% in the winter, with a likely range of -1 to +17%. Spring
precipitation is projected to increase by 3 to 4%, with a likely range of -7 to +12%
(USGCRP 2009). The summer months are projected to have 3 to 9% lower mean
precipitation, with a likely range of -29 to +11%. Projections of fall precipitation range
from a 1% decrease to a 2% increase, with a likely range of -17 to +12% (USGCRP
2009).
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3.7 Southwest
3.7.1 Temperature

3.7.1.1 Near-term (2010-2040)

Within the next several decades, the Southwest can expect to see increases in both annual
average and seasonal average temperatures, with the greatest warming expected in the
summer months. The projection for the annual mean temperature increase is
approximately 2.4°F, with a likely range of 1.7 to 3.0°F; the fall months are projected to
warm similarly (USGCRP 2009). This projected warming is greater than the 1.6°F
increase already experienced over the 1993 to 2008 time period relative to a 1961-1979
baseline (USGCRP 2009).>? The summer months are projected to experience the greatest
warming, with an increase of approximately 2.7°F and a likely range of 1.8 to 3.4°F
(USGCRP 2009). The spring and winter months are projected to have the smallest mean
temperature increase, approximately 2.2°F, and a likely range of 1.3 to 3.1°F (USGCRP
2009).

3.7.1.2 Mid-century (2040-2070)

By mid-century, the ranges in mean temperature projections widen as a result of the
widening of plausible scenarios. The annual mean temperature increase for the Southwest
is projected to be 3.6 to 4.5°F with a likely range of 2.6 to 5.5°F (USGCRP 2009). Spring
and fall season averages are projected to change similarly to the annual mean. Winter is
expected to see less substantial increases than the other seasons, with projections of 3.2 to
3.9°F and a likely range of 2.0 to 5.1°F (USGCRP 2009). Conversely, mid-century
summer temperatures are projected to continue to warm more than other seasons, with
mean temperature increases of 4.1 to 5.3°F and a likely range of 3.1 to 6.5 °F (USGCRP
2009). Cayan et al. (2009) project annual mean temperature increases for the state of
California in 2050 to be between 1.8 to 5.4°F (1 to 3°C) under the lower (B1) and higher
(A2) emission scenarios, a much greater range than those provided for the Southwest.>®

3.7.1.3 End-of-century (2070-2100)

By the end-of-century, the annual mean temperature in the Southwest region is projected
to increase considerably compared with the earlier time horizons. The annual mean
temperature increase for the region is projected to be 5.2 to 8.7°F, with a likely range of
3.8 10 10.2°F (USGCRP 2009). As with previous periods, summer is projected to
experience the greater warming, with temperature increases of 5.6 to 9.7°F and a likely
range of 4.2 to 11.6°F. Winter is projected to see the smallest seasonal temperature
increase of 4.8 to 7.6°F, with a likely range of 3.3 to 9.4°F (USGCRP 2009). Projections

%2 This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center.

%3 This study uses results downscaled from six climate models (CM3, CM2.1, MICRO3.2, ECHAMS5, CCSM3, PCM1)
for mid-century versus a 1961 to 1990 baseline.
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from Cayan et al. (2009) for California are qualitatively consistent with the USGCRP
(2009) results. They project the annual mean temperature increase for the state of
California to be roughly 4 to 9°F (2 to 5°C) under the lower (B1) and higher (A2)
emission scenarios, with the smallest projected warming in the winter season of 1.8 to
7.2°F (1 to 4°C) and the greatest projected warming in the summer season of 2.7 to
10.8°F (1.5 to 6°C).

Southwest Near-term Mid-century End-of-
(A Temperature) (°F) (°F) century (°F)
Annual Mean 23-24 3.6-4.5 5.2-8.7
Likely 1.7-3.0 26-55 3.8-10.2
Very Likely 1.0-3.7 1.6 6.4 25-11.8
Winter = Mean 21-272 3.2-3.9 48-7.6
Likely | 14-30 | 20-51 | 33-94
Very Likely 0.6 — 3.8 0.8-6.2 1.8-11.3
Spring Mean 21-22 35-4.1 49-8.0
Likely 13-31 21-52 3.3-9.9
Very Likely 04-4.0 0.8-6.3 1.7-11.8
Summer | Mean 2.6 -2.7 4.1-53 5.6 -9.7
Likely 18-34 3.1-6.5 42-11.6
Very Likely 1.1-42 21-17.7 2.8-13.5
Fall Mean 23-24 3.7-4.6 53-9.2
Likely 1.7-3.0 28-54 4.0-10.6
Very Likely 1.1-3.6 2.0-6.2 2.8-12.0

Table 3-12: Annual and seasonal temperature changes for the Southwest region
over the near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-
2098) relative to 1961-1979. The range values are from low (B1) and high (A2)
emissions scenarios. Data are from the USGCRP (2009).

Diffenbaugh et al. (2005) project that the Southwest region could see up to 100 “high
temperature” days™ per year under a higher (A2) emission scenario. The frequency in
high temperature days for California and Utah is projected to increase by four times
today’s numbers. Additionally, the USGCRP (2009) describes heat events (a combination
of heat and humidity) that currently have a 5% chance of occurring for a given year are
projected to increase in frequency, with about a 50 to 100% chance of occurring for a
given year under a higher (A2) emission scenario. Figure 9 illustrates the geographic
variability of experiencing heat days today across the Southwest and further
demonstrates how this variability and frequency will increase by the end of the century.

% “High temperature” days are defined as being at or above the 95" percentile among current daily temperature
records. This study uses a regional model (RegCM3) to provide projections in 2071-2095 relative to 1961-1985.
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Figure 9: Average number of heat days per year (defined as days the maximum temperature is above
90°F). The illustrations are 16 multi-model ensemble averages for years 1961-1979, and 2060-2099
for SRES A2. (USGCRP 2009)

3.7.2 Precipitation and Storm Events

3.7.2.1 Near-term (2010-2040)

Observations in the Southwest region averaged over 1993 to 2008 suggest that annual
mean precipitation has increased by less than 1% relative to the 1961-1979 time period
(USGCRP 2009).>> Within the next several decades, winter precipitation is expected to
increase while precipitation in the other three seasons is projected to decrease. Winter
precipitation is projected to increase by 2 to 4%, with a likely range of -6 to +14%
(USGCRP 2009). The greatest seasonal decrease in precipitation of 4 to 5% is projected
for the summer season, with an associated likely range of -14 to +4% (USGCRP 2009).

3.7.2.2 Mid-century (2040-2070)

The general precipitation trends projected for the next several decades are expected to
continue through the middle of the century: winter will likely see increases in
precipitation while the other seasons can expect decreases. Winter precipitation is
projected to increase by 1 to 5%, with a likely range of -6 to +16% (USGCRP 2009). The
summer and fall seasons are projected to experience decreases of 5 to 8% with a likely
range of -22 to +7%; and 2 to 3% with a likely range of -11 to +5%, respectively
(USGCRP 2009). The greatest decrease in precipitation of 6 to 10% is projected for
spring, with a likely range of -20 to 0% (USGCRP 2009).

For transportation planning purposes, the type of precipitation is similar in importance to
the amount. In the Southwest, the type of precipitation (rain vs. snow) will be affected by
the earlier onset of spring following warmer winters. Leung et al. (2004) project that the

% This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center. Annual precipitation provides some indication of regional change; however, it is not an adequate indicator
when determining impacts on transportation as it masks much of the seasonal variability.
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Sierra Nevada Mountains will see a 60 to 70% decline in snowpack by mid-century
averaged over 2040 to 2060 under a business as usual scenario.”® During the same
timeframe, more precipitation is likely to fall as rain than snow in the Colorado River
Basin, with a 10 to 20% reduction in snow, and a more than 30% reduction in the
Sacramento-San Joaquin River basin (Leung et al. 2004). Averaged over 2035 to 2064,
the amount of water stored as snow in the Sierra Nevada Mountains as of April 1 is
projected to decrease by 12 to 42% at all elevations under a lower (B1) and higher (A2)
emission scenario (Cayan et al. 2008).”

Southwest Near-term Mid-century End-of-
(A Precipitation) (%) (%) century (%)
Winter = Mean 2-4 1-5 2-5
Likely (6)-14 (6) — 16 (13)-23
Very Likely (16) — 24 (17) - 27 (30) — 40
Spring Mean 5)-(4) (10) - (6) (19) - (7)
Likely (10)-2 (20)-0 (32)-1
Very Likely (16) - 8 (31)-10 (45) -9
Summer Mean 5)-4) (8) - (5) (5)-(3)
Likely (14)-4 (22) -7 (24) - 13
Very Likely (23) - 13 (36) - 21 (43) - 32
Fall Mean (1)-0 3)-(?2 (1)-0
Likely (6)-6 (11)-5 (15) - 12
Very Likely (12) - 11 (20) — 13 (28) — 26

Table 3-13: Seasonal precipitation percent changes for the Southwest region over
the near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions
scenarios. Values in parentheses are negative values and represent decreases in
precipitation. Data are from the USGCRP (2009).

3.7.2.3 End-of-century (2070-2100)

By the end-of-century, winter precipitation is projected to increase by 2 to 5%, with a
likely range of -13 to +23%, while the remaining seasons are projected to continue to
decline in seasonal average precipitation (USGCRP 2009). The spring season is projected
to experience the greatest decrease in precipitation of 7 to 19%, with a likely range of -32
to +1% (USGCRP 2009). It is expected that the shift in precipitation type from snow to
rain will continue (USGCRP 2009). The amount of water stored as snow on April 1 is
projected to decrease by 32 to 79% under a lower (B1) and higher (A2) emission scenario
(Cayan et al. 2008). In sum, this region is expected to endure a greater likelihood of
drought while, conversely, having an increased risk of flooding (USGCRP 2009).

% This study uses ensemble simulations of PCM/MMS5.
% Three climate models (CM3, CM2.1, PCM2) are downscaled for this study and a reference period of 1961-1990 is
used.
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3.7.3 Sea-Level Rise

Global sea-level rise (SLR) of 7 to 79” (18cm to 2.0m) is projected for 2100 (see section
3.1.3 for discussion on global and local sea-level rise). SLR at the local/regional level is
influenced by multiple factors, including sedimentation and erosion, ocean circulation,
gravitationally induced changes, ocean density (affected by regional changes in ocean
salinity and ocean temperature), and vertical motion of the land (subsidence or uplift). In
the 20" century, the relative sea-level rise for the Southwest region is generally similar to
the level of global sea-level rise.*®

The following discussion describes studies providing local sea-level rise projections for
the Southwest region. As noted in section 3.1.3 above, making local or regional
projections is highly uncertain, given the incomplete understanding of some of the effects
that can take place at the local level. There is no study that considers all these factors, nor
is there a consistent methodology applied across these studies. Therefore, local SLR
projections, while informative, should be considered carefully, and with a clear
understanding of what factors each study includes or excludes.

Projections of local sea-level rise along the California coast have been developed that
take into account tides, weather, and monthly and interannual sea level fluctuations from
El Nifio/Southern Oscillation (Cayan et al. 2008). These projections are not provided here
as they do not consider other effects such as the changes in elevation of coastal land (i.e.,
caused by subsidence or uplift), local changes in ocean density, or erosion and
sedimentation on local sea-level rise. These projections are driven by conservative IPCC
global sea-level rise estimates that have been enhanced with accelerated estimates of
projected ice melt.**®® The Climate Change Effects Typology Matrix provides the results
of this study and further finds that if the sea-level rise realized was within a moderate
estimate of the Table 3-1 projections, extreme events and their duration would increase
substantially.

%8 The National Water Level Observation provides historic sea level trends for approximately 16 stations for the
Southwest U.S. coastline. These measurements are provided by NOAA and include stations that provide sea level
trends over a 30 year span or, in most cases, much longer (NOAA 2010). The Southwest trend is compared against the
global observed trend of sea-level rise of 1.8 + 0.5 mm yr™ from 1961 to 2003 (IPCC 2007a).

*® Local sea-level rise along the coast of California by end of century (i.e., 2070-2099) for B1 (low emissions) and Al
(high emissions) scenarios, relative to 2000. (Cayan, 2006)

80 Cayan (2008) projected relative sea-level rise at three locations along the coast of California, by mid century (i.e.,
2035-2065), and at end of century (i.e., 2070-2099), using a tidal prediction program, projections of sea level pressure
and offshore wind stresses from GFDL and PCM climate models, projections of El Nifio/Southern Oscillation
variability, and global sea-level rise projections. Relative sea level projections were made under B1 (low emissions)
and A2 (high emissions) scenarios relative to 1961-1990.
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3.8 Pacific Northwest
3.8.1 Temperature

3.8.1.1 Near-term (2010-2040)

Within the next two decades, the annual mean temperature is projected to increase for the
Pacific Northwest by approximately 2°F, with a likely range of 1°F to 3°F (USGCRP
2009; Mote et al. 2005; Mote and Salathe 2009). This projected warming is greater than
the 1°F increase already experienced over the 1993 to 2008 time period relative to a
1961-1979 baseline (USGCRP 2009).°* Winter and fall changes are expected to be
relatively similar to the annual mean. Summer months are projected to experience the
greatest warming of 2.5 to 2.8°F and a likely range of 1.6 to 3.7°F (USGCRP 2009),
whereas spring months are projected to experience the smallest warming of 1.7 to 1.9°F
and a likely range of 0.8 to 3.0°F (USGCRP 2009).

3.8.1.2 Mid-century (2040-2070)

By mid-century, the annual mean temperature increase is projected to be approximately
3.6 to 4.3°F, with a likely range of 2.6 to 5.4°F (USGCRP 2009). For 2040, Mote et al.
(2005) projected a slightly lower annual mean temperature increase of 3.0°F (1.6°C). The
projections of warming during winter and fall are relatively similar to the annual mean.
The smallest warming of seasonal mean temperature is projected to occur during the
spring months, at 3.1 to 3.4°F and a likely range of 1.7 to 4.7°F (USGCRP 2009). The
largest warming of seasonal mean temperature is expected to be in the summer months,
with a projected increase of 4.1 to 5.5°F and a likely range of 3.0 to 6.9°F (USGCRP
2009). This increase in temperatures is likely to cause more precipitation to fall as rain
rather than snow, particularly at lower altitudes (USGCRP 2009). Heat events are
projected to increase in the Pacific Northwest, particularly in south-central Washington
and the western lowlands. By mid-century south-central Washington could experience an
additional one to three heat waves annually, with other locations experiencing up to one
additional heat wave each year under a moderate (A1B) emission scenario (Salathe et al.
2009).%2 The frequency of warm nights®® is also expected to increase by roughly 7 to 20%
across Washington (Salathe et al. 2009).

3.8.1.3 End-of-century (2070-2100)

By the end-of-century, annual mean temperature is projected to have increased by 5.1 to
8.3°F, with a likely range of 3.7 to 10.0°F (USGCRP 2009). Mote and Salathe (2009)

®1 This information was provided by personal communication with Jay H. Lawrimore of the National Climatic Data
Center.

82 This study define heat waves as three or more days where daily heat index exceeds 90°F. Two climate models
(CCSM3 and ECHAMB) are used to force the Weather Research and Forecasting Regional Model.

83 Warm nights are defined as nights with a minimum temperature above the 90" percentile.
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projected a smaller annual mean temperature increase of 4.8 to 6.8°F based on a low (B1)
emission scenarios and a moderate (A1B) emission scenario.®* The projections for winter
and fall months are again similar to the annual mean. The mean temperature for the
spring months is projected to increase by just 4.4 to 6.6°F, with a likely range of 2.5 to
8.9°F (USGCRP 2009). The summer months are projected to experience the greatest
warming at 5.8 to 10.5°F, with a likely range of 4.2 to 13.1°F (USGCRP 2009).

Pacific Northwest Near-term  Mid-century End-of-
(A Temperature) (°F) century (°F)
Annual  Mean 2.2 3.6-43 51-83
Likely 14-29 26-54 3.7-10.0
Very Likely 0.7-3.7 1.6-6.4 2.3-11.8
Winter =~ Mean 21-22 35-39 51-7.6
Likely 14-3.0 23-52 35-95
Very Likely 0.6-3.8 1.1-65 18-11.4
Spring Mean 1.7-19 31-34 4.4-6.6
Likely 0.8-3.0 1.7-47 25-89
Very Likely (0.2)-4.1 0.3-6.1 0.6-11.2
Summer Mean 25-28 41-55 58-105
Likely 1.6-3.7 3.0-6.9 42-13.1
Very Likely 0.7-4.6 1.8-84 2.5-15.7
Fall Mean 20-22 34-42 48-8.4
Likely 14-3.0 25-53 35-10.2
Very Likely 0.7-3.6 1.5-6.4 2.1-11.9

Table 3-14: Annual and seasonal temperature changes for the Pacific Northwest
region over the near-term (2010-2029), mid-century (2040-2059) and end-of-century
(2080-2098) relative to 1961-1979. The range values are from low (B1) and high
(A2) emissions scenarios. Data are from the USGCRP (2009).

3.8.2 Precipitation and Storm Events

3.8.2.1 Near-term (2010-2040)

Observations across the Pacific Northwest region averaged over 1993 to 2008 suggest
that annual mean precipitation has increased by less than 1% relative to the 1961-1979
time period (USGCRP 2009).%> Mean precipitation in the Pacific Northwest is generally
projected to increase in the winter, spring, and fall, while summer precipitation is
projected to decrease. There is considerable disagreement across various climate models
on the magnitude and direction of changes in precipitation.

%Nineteen climate models were statistically downscaled for this study, with the 5™ to 95" percentile range being 4 to
9.7 degrees Fahrenheit. The reference period is 1970-1999.

® This information was provided by personal communication with Jay Lawrimore of the National Climatic Data
Center. Annual precipitation provides some indication of regional change; however, it is not an adequate indicator
when determining impacts on transportation as it masks much of the seasonal variability.
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Over the next two decades, mean precipitation is projected to increase by roughly 3 to 5%
for winter and fall seasons, with a likely range of approximately -3 to +12% (USGCRP
2009). The spring seasons are estimated to experience a slightly lower increase of 3%,
with a likely range of -1 to +7% (USGCRP 2009). Precipitation in the summer months,
on the other hand, is projected to decrease by more than 6% with a likely range of -17 to
+3% (USGCRP 2009).

3.8.2.2 Mid-century (2040-2070)

By mid-century, winter mean precipitation is projected to increase by 5 to 7%, with a
likely range of -3 to +17% (USGCRP 2009). Spring and fall are also projected to undergo
precipitation increases of 3 to 5% with a likely range of -3 to +10%; and 5% with a likely
range of -3 to +13%, respectively (USGCRP 2009). Summer, on the other hand, is
projected to undergo decreases in precipitation of 8 to 17%, with a likely range of -28 to
+1% (USGCRP 2009). Springtime snowpack is projected to decrease by mid-century in
response to the increased wintertime temperature and greater occurrence of rain (versus
snow). Higher average temperatures in the fall and winter will cause more precipitation to
fall as rain rather than snow, and the snowpack will begin to melt earlier in the season.
By the 2040s, April 1* snowpack is projected to decline by as much as 40% in the
Cascade mountains (Payne et al. 2004, as cited in USGCRP 2009), and Leung et al.
(2004) projected a 10 to 20% decline in snowfall over fall, winter, and spring in the
Columbia River Basin by mid-century under a business as usual scenario. In addition,
warm-season runoff is projected to decrease by 30% or more on the western slopes of the
Cascade Mountains and by 10% in the Rocky Mountains (USGCRP 2009). The effect of
the reduction in summer precipitation will be magnified by the increased evaporation as
summer temperatures warm.

Pacific Northwest Near-term Mid-century End-of-
(A Precipitation) &) (%) century (%)
Winter = Mean 3-5 5-7 8-15
Likely (3)-12 (3)-17 (1)-29
Very Likely (11) - 20 (12) - 27 (14) — 43
Spring Mean 3 3-5 5-7
Likely Q-7 (3)-10 (2)-15
Very Likely (6)—11 (8) - 15 (10) — 23
Summer Mean (7) - (6) (17) - (8) (22) - (11)
Likely 17)-3 (28)-1 (42)- (1)
Very Likely (27)-12 (40) - 10 (62) — 18
Fall Mean 4 5 7-9
Likely 3)-11 (3)-13 (7)-24
Very Likely (10) - 18 (11)-21 (22) — 39

Table 3-15: Seasonal precipitation percent changes for the Pacific Northwest region
over the near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-

2098) relative to 1961-1979. The range values are from low (B1) and high (A2)
emissions scenarios. Values in parentheses are negative values and represent

decreases in precipitation. Data are from the USGCRP (2009).
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By mid-century, Salathe et al. (2009) projected that precipitation intensity, defined in this
study as annual total precipitation divided by the number of “wet” days where
precipitation exceeds 1 millimeter, would increase slightly across much of Washington,
with substantial increases occurring only in the northwest portion of the state under a
moderate (A1B) emission scenario. The fraction of precipitation that falls on days where
precipitation exceeds the 95" percentile was projected to increase in the eastern and
western parts of the state, with decreases in the central portion along the leeward side of
the Cascade Mountains (Salathe et al. 2009).

3.8.2.3 End-of-century (2070-2100)

By the end-of-century, seasonal mean precipitation is projected to have increased
substantially in the winter months by 8 to 15%, with a likely range of -1 to +29%
(USGCRP 2009). Spring and fall seasonal mean precipitation totals are projected to
increase by 5 to 7% with a likely range of -2 to +15%; and 7 to 9% with a likely range of
-7 to +24%, respectively (USGCRP 2009). The summer season is projected to continue to
experience substantial declines in precipitation of 11 to 22%, with a likely range of +1 to
+42% (USGCRP 2009). Diffenbaugh (2005) projected an increase of up to 10 extreme
precipitation events per year in the Pacific Northwest (up to a 140% increase) under a
higher g%AZ) emission scenario with some variation depending on location within the
region.

3.8.3 Sea-Level Rise

Global sea-level rise (SLR) of 7 to 79” (18cm to 2.0m) is projected for 2100 (see section
3.1.3 for discussion on global and local sea-level rise). SLR at the local/regional level is
influenced by multiple factors, including sedimentation and erosion, ocean circulation,
gravitationally induced changes, ocean density (affected by regional changes in ocean
salinity and ocean temperature), and vertical motion of the land (subsidence or uplift). In
the 20" century, the relative sea-level rise for the Pacific Northwest exhibits large
variability, with locations across the region exhibiting both greater and lesser rise than the
global trend.®” For the Northwest region, sea-level rise is compounded by increased beach
erosion and increased winter rainfall, which could saturate soils in the coastal bluffs
leading to landslides (USGCRP 2009).

The following discussion describes studies providing local sea-level rise projections for
this region. As noted in section 3.1.3 above, making local or regional projections is
highly uncertain, given the incomplete understanding of some of the effects that can take

% This study defines extreme precipitation events as the number of days where precipitation exceeds the 95" percentile.
A regional model (RegCM3) was used and projections for 2071-2095 are compared against a 1961 to 1985 baseline.

%7 The National Water Level Observation provides historic sea level trends for approximately 11 stations for the Pacific
Northwest U.S. coastline. These measurements are provided by NOAA and include stations that provide sea-level
trends over a 30 year span or, in most cases, much longer (NOAA 2010). The Pacific Northwest trend is compared
against the global observed trend of sea-level rise of 1.8 + 0.5 mm yr™ from 1961 to 2003 (IPCC 2007a).
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place at the local level. There is no study that considers all these factors, nor is there a
consistent methodology applied across these studies. Therefore, local SLR projections,
while informative, should be considered carefully, and with a clear understanding of what
factors each study includes or excludes.

Mote et al. (2008) estimated local sea-level rise at three different locations along the
Washington state coast: Northwest Olympic Peninsula, the central and southern coast,
and Puget Sound. For advisory purposes only, this study provides projections of local
sea-level rise at these locations, allowing for changes in: (i) global sea-level rise, (ii)
coastal elevation from the vertical movement of land at the different locations, and (iii)
local wind patterns that push water toward or away from the coast. Mid-century and end-
of-century estimates of the impact of vertical land motion on sea-level rise are provided
for each location, with the end-of-century estimate of local vertical uplift being 15.7” (40
cm) for the Northeast Olympic Peninsula, 3.9” (10 cm) for the Central and the Southern
Coast, and no change for Puget Sound. Assuming these rates remain constant in the
future, studies that project global average sea-level rise should be lessened by these
amounts to obtain estimates of local sea-level change.

Sea level along the Washington coastline can undergo considerable seasonal variability,
with mean sea levels being 20” (50 cm) higher during the winter months compared with
the summer months. The seasonal variability is explained by shifts in atmospheric
circulation (winds) directly affecting the ocean elevation; that is, a northward wind can
push water towards the shore increasing ocean elevation. Based on the same premise, an
El Nifio event can further increase sea level by 12” (30 cm). Based on an analysis of 30
scenarios, this study finds the changes in projected wintertime northward wind to range
from minimal (suggesting a less than 1” reduction in mean sea level for 2050 and 2100)
to increased strength (suggesting as much as a 6” (15 cm) increase in mean sea level for
2050-2099 compared with 1950-1999).%

®8_ocal sea-level rise at three locations along the Northwest coast mid-century (i.e., 2050) and at end of century (i.e.,
2100), projected using estimates of regional vertical land motion, atmospheric dynamics, and global sea-level rise
projected by IPCC (2007a) under B1 (low emissions) and A1F1 (high emissions) scenarios. Sea-level rise is given
relative to 1980-1999 mean sea level. The study caveats the results to be used for advisory purposes only. See Climate
Change Effects Typology Matrix for projected results. (Mote et al. 2008)
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3.9 Alaska
3.9.1 Temperature

3.9.1.1 Near-term (2010-2040)

Within the next several decades, Alaska may experience an increase in annual average
temperature of about 2.4 to 2.6°F, with a likely range of 1.5 to 3.6°F (USGCRP 2009).
Fall and spring seasonal temperature projections are similar to the annual average. The
greatest warming is projected to occur in the winter, when temperatures are projected to
increase 3.1 to 4.0°F and a likely range of 1.0 to 5.9°F (USGCRP 2009). Summers are
projected to warm on average by 1.3°F, with a likely range of 0.6 to 2.0°F, although
summer is likely to be the least affected of all seasons (USGCRP 2009). The CCSP
(2008) projects a slightly higher average annual temperature increase of 3.6°F in Alaska
by 2030. It is interesting to note that while Alaska has warmed at more than twice the rate
of the national average (USGCRP 2009), the magnitude of the projections for the annual
mean average in Alaska is consistent with the projected annual mean averages of other
U.S. regions. The seasonal averages are also consistent with other northern regions, with
the winter months demonstrating the greatest potential increase. The higher temperatures
are reducing sea ice and glacier mass or glacier extent, leading to an earlier spring
snowmelt, and affecting permafrost (USGCRP 2009). Permafrost warming leads to land
subsidence, directly affecting highway systems (Larsen et al. 2008). These higher
temperatures will also lead to greater evaporation rates, potentially reducing soil moisture
and leading to reductions in the water levels in closed-basin lakes (USGCRP 2009).

3.9.1.2 Mid-century (2040-2070)

By mid-century, the average projected increase in annual average temperature is 4.3°F
with a likely range of 3.6 to 5.0°F (USGCRP 2009). Fall and spring are expected to
continue to experience similar seasonal mean temperature changes compared with the
annual average, though with some differences. Seasonal mean temperatures for fall are
projected to increase slightly more than the annual average, by 4.4 to 4.9°F, with a likely
range of 3.5 to 5.6°F (USGCRP 2009). Mean spring temperature is projected to increase
by 3.9 to 4.0°F, with a likely range of 3.6 to 11.5°F—slightly less than the annual
average. As with the earlier projected period, the largest increase in average temperatures
occurs during the winter months, with the seasonal mean temperature increase of 6.2 to
6.4°F and a likely range of 5.1 to 7.7°F (USGCRP 2009). Summer is expected to
continue to be the least affected season, with a projected increase of 2.1 to 2.5°F and a
likely range of 0.7 to 3.5°F (USGCRP 2009).
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Alaska Near-term  Mid-century End-of-

(A Temperature) °F (°F) century (°F)
Annual Mean 24-26 4.3 6.7-9.9
Likely | 15-36 | 36-50 | 46-117
Very Likely 04-47 29-57 24-135
Winter = Mean 3.1-40 6.2-6.4 9.9-145
Likely 1.0-5.9 51-7.7 75-17.4
Very Likely (1.1)-7.9 3.8-9.0 51-20.2
Spring Mean 23-26 3.9-4.0 6.2-9.1
Likely 0.6-4.7 25-55 3.6-115
Very Likely (1.5)-6.8 1.1-70 (0.9)-14.0
Summer | Mean 1.3 21-25 3.9-59
Likely 06-20 0.7-35 1.5-8.7
Very Likely (0.1)— 2.8 (0.8) -5.0 (1.0)-13.9
Fall Mean 23-238 44-49 7.0-10.0
Likely 16-31 3.5-5.6 49-115
Very Likely 0.8-3.7 2.6 -6.3 2.8-13.0

Table 3-16: Annual and seasonal temperature changes for Alaska over the near-
term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098) relative
to 1961-1979. The range values are from low (B1) and high (A2) emissions
scenarios. Parentheses represent negative projections. Data are from the USGCRP
(2009) and are based on the five climate models identified as the top performers for
Alaska by Walsh et al. (2008). The results listed in the typology matrix for Alaska
are provided for the suite of models consistent with the other U.S. regions.

3.9.1.3 End-of-century (2070-2100)

By late century, Alaska will likely see an increase of 6.7 to 9.9°F in average annual
temperature, with a likely range of 4.6 to 11.7°F (USGCRP 2009). Spring and fall
seasonal mean temperature projections continue to follow the annual trends. Winter will
continue to be the most affected of the seasons, with an average seasonal temperature
increase of 9.9 to 14.5°F and a likely range of 7.5 to 17.4°F (USGCRP 2009). Summer is
likely to remain the least affected of the seasons, with projected increases of 3.9°F to
5.9°F and a likely range of 1.5 to 8.7°F (USGCRP 2009). By the end of the 21 century,
northern Alaska could see surface temperatures increase by more than 9.0°F (5°C) (IPCC
2007a) and permafrost temperatures on the Seward Peninsula could increase by 0 to
5.8°F (Busey et al. 2008) under a moderate (A1B) emission scenario.*® Additionally, by
the 2080 to 2100 period, an extreme heat event that currently has a 5% chance of
occurring per year is likely to have a 10% chance of occurring within a given year under
a higher (A2) emission scenario (USGCRP 2009).

8 This study uses the TOPP numerical model and compares 2090-2100 projections relative to 2001-2004 temperatures.
Largest change is on the coast with some high elevation areas becoming slightly colder.
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3.9.2 Precipitation and Storm Events

3.9.2.1 Near-term (2010-2040)

The winter months are projected to have the most noticeable change in seasonal
precipitation. Within the next several decades, Alaska is likely to experience an increase
in winter mean precipitation of 6 to 9% with a likely range of +1 to +16% (USGCRP
2009). Similar to projected temperatures, summer will likely be the least affected of the
seasons in terms of precipitation. Summer is expected to experience an increase in mean
precipitation of approximately 6% with a likely range of +3 to +9% (USGCRP 2009).
Spring and fall are estimated to receive additional precipitation of 5 to 8% with a likely
range of +0 to +15%; and 7 to 8% with a likely range of +4 to +11%, respectively
(USGCRP 2009).

3.9.2.2 Mid-century (2040-2070)

By mid-century, winters in Alaska may continue to experience the largest seasonal
increase in mean precipitation, 15 to 17%, with a likely range of 10 to 20% (USGCRP
2009). Spring is likely to be the least affected of the seasons, with changes in mean
precipitation estimated to by an increase of 9 to 12% with a likely range of +3 to +15%.
The average projected increases for fall and summer mean precipitation are moderate
compared with the other seasons at 10 to 14%, with a likely range of +8 to +16%; and 11
to 13%, with a likely range of +7 to +17%, respectively (USGCRP 2009).

Alaska Near-term Mid-century End-of-
(A Precipitation) (%) (%) century (%)
Winter = Mean 6-9 15-17 23 - 37
Likely 1-16 10-20 18- 48
Very Likely (5) - 23 4-25 13 -59
Spring Mean 5-8 9-12 18 -30
Likely 0-15 3-15 12 - 34
Very Likely (7)-22 (3)-21 7-38
Summer | Mean 6 11-13 17 -23
Likely 3-9 7-17 14 -29
Very Likely (1)-13 3-20 11-36
Fall Mean 7-8 10-14 17-30
Likely 4-11 8-16 9-39
Very Likely 1-13 6-19 1-46

Table 3-17: Seasonal precipitation percent changes for Alaska over the near-term
(2010-2029), mid-century (2040-2059) and end-of-century (2080-2098) relative to 1961-
1979. The range values are from low (B1) and high (A2) emissions scenarios. Values in
parentheses are negative values and represent decreases in precipitation. Data are
from the USGCRP (2009) and are based on the five climate models identified as the
top performers for Alaska by Walsh et al. (2008). The results listed in the typology
matrix for Alaska are provided for the suite of models consistent with the other U.S.

regions.
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3.9.2.3 End-of-century (2070-2100)

By the end-of-century, winter will likely continue to see the greatest increases in total
seasonal precipitation. Winters in Alaska could see an 23 to 37% increase in mean
precipitation, with a likely range of +18 to +48% (USGCRP 2009). The fall season is
likely to experience the smallest increases of 17 to 30%, with a likely range of +9 to
+39% (USGCRP 2009). Spring and summer continue to demonstrate moderate increases
compared with the other seasons, at 18 to 30%, with a likely range of +12 to +34%; and
17 to 23%, with a likely range of +14 to +29%, respectively (USGCRP 2009).

Storm activity may increase as the Pacific storm track moves northward and sea surface
temperatures increase (USGCRP 2009). These storms are expected to be situated over
oceans with less ice cover (both in magnitude and seasonal duration), and may increase in
frequency and intensity as the warmer ocean may supply these storm with more heat and
moisture (USGCRP 2009).

3.9.3 Sea-Level Rise

Global sea-level rise (SLR) of 7 to 79” (18cm to 2.0m) is projected for 2100 (see section
3.1.3 for discussion on global and local sea-level rise). SLR at the local/regional level is
influenced by multiple factors, including sedimentation and erosion, ocean circulation,
gravitationally induced changes, ocean density (affected by regional changes in ocean
salinity, and ocean temperature), and vertical motion of the land (subsidence or uplift). In
the 20" century, the relative sea-level rise for Alaska exhibits large variability, with some
locations demonstrating slightly greater rise compared to observed global sea-level rise,
and with other stations demonstrating considerably lower.” Parts of Alaska are
undergoing uplift in response to glacial ice loss and active regional tectonic deformation
at a rate considered to keep pace with rising global sea levels. In fact, relative sea level in
the southeast and south central Gulf of Alaska coastal area may actually decrease
substantially (Larsen et al. 2004; Kelly et al. 2007). It should be noted that under high
sea-level rise projections, it is possible that sea-level rise rates may approach or exceed
uplift rates.

™ The National Water Level Observation provides historic sea level trends for approximately 15 stations for the Alaska
U.S. coastline. These measurements are provided by NOAA and include stations that provide sea level trends over a
30-year span or, in most cases, much longer (NOAA 2010). This trend is compared against the global observed trend of
sea-level rise of 1.8 £ 0.5 mm/yr from 1961 to 2003 (IPCC 2007a).

May 10, 2010 62



Regional Climate Change Effects: Useful Information for Transportation Agencies

3.10 Hawaii

3.10.1 Temperature

Over the next few decades, annual mean temperatures in Hawaii are projected to increase
by about 1.8°F, with a likely range of 1.0 to 2.5°F (USGCRP 2009). The seasonal mean
temperatures and ranges are very similar to the annual mean, with an even consistency of
warming throughout the year. This relationship continues through to the end-of-century.
By mid-century, the annual mean temperatures may increase by 2.7 to 3.3°F with a likely
range of 2.0 to 4.0°F (USGCRP 2009). By the end-of-century, the annual mean
temperature is projected to have increased by 3.9 to 6.7°F with a likely range of 2.8 to
7.8°F (USGCRP 2009). Some small seasonal variations from the annual mean are
projected for the end-of-century.

Hawaii Near-term Mid-century End-of-
(A Temperature) (°F) (°F) century (°F)
Annual Mean 1.7-1.8 2.7-3.3 39-6.7
Likely 1.0-25 20-4.0 28-78
Very Likely 0.3-3.2 1.2-46 1.8-8.9
Winter = Mean 1.7 2.7-3.2 3.8-6.4
Likely 1.0-24 19-39 27-75
Very Likely 0.3-3.0 1.1-46 1.6-85
Spring  Mean 16-1.8 2.7-3.2 3.8-6.3
Likely 09-2.6 1.9-37 28-7.2
Very Likely 0.1-34 1.1-43 1.8-8.1
Summer = Mean 1.8 2.7-3.4 39-6.7
Likely 1.0-2.6 1.9-4.0 28-7.9
Very Likely 0.1-34 1.1-47 1.7-9.2
Fall Mean 1.8 2.8-35 40-72
Likely 1.0-2.6 20-4.4 28-8.7
Very Likely 0.3-3.3 1.2-5.2 1.6 -10.3

Table 3-18: Annual and seasonal temperature changes for Hawaii over the near-term
(2010-2029), mid-century (2040-2059) and end-of-century (2080-2098) relative to 1961-
1979. The range values are from low (B1) and high (A2) emissions scenarios. Data are
from the USGCRP (2009).

3.10.2 Precipitation and Storm Events
3.10.2.1 Near-term (2010-2040)

While the temperature is not expected to have much seasonal variation, precipitation is
projected to vary seasonally. Over the next few decades, the greatest decrease in
precipitation is projected to occur during the summer months, with declines of 3 to 5%
and a likely range of -18 to +8% (USGCRP 2009). Winter mean precipitation is also
projected to decrease by approximately 2% and a likely range of -15 to +10% (USGCRP
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2009). Fall mean precipitation is projected to change between -1 to +2%, with a likely
range of -11 to +11% (USGCRP 2009). Spring mean precipitation is projected to change
by 0 to +1%, with a likely range of -10 to +11% (USGCRP 2009).

Hawaii Near-term Mid-century End-of-
(A Precipitation) (%) (%) century (%)
Winter = Mean (2) 3)-(2) 4 -()
Likely (15) - 10 (21)-18 (25) — 22
Very Likely (27) =22 (40) — 37 (47) — 46
Spring Mean 0-1 2 (5)-6
Likely (10) -11 (13)-9 (20)-9
Very Likely (20) - 21 (24) - 20 (34) - 22
Summer Mean 5)-@13) (3) (1) 1)-5
Likely (18)-8 (23)-21 (42) -51
Very Likely (30) — 20 (45) — 43 (88) — 98
Fall Mean 1)-2 3-6 1-19
Likely (11)-11 (15) - 27 (38) - 75
Very Likely (21) - 21 (36) — 47 (95) — 132

Table 3-19: Seasonal precipitation percent changes for the Hawaii over the near-term
(2010-2029), mid-century (2040-2059) and end-of-century (2080-2098) relative to 1961-

1979. The range values are from low (B1) and high (A2) emissions scenarios. Values in

parentheses are negative values and represent decreases in precipitation. Data are

from the USGCRP (2009).

3.10.2.2

By mid-century, only the fall months are projected to increase in precipitation, by 3 to 6%
and a likely range of -15 to +27% (USGCRP 2009). The other three seasons are projected
to decrease in precipitation. The winter and spring months are similar in projected mean
change but not when comparing the likely range. The winter months continue to project a
decrease in mean precipitation by 2 to 3% with a likely range of -21 to +18% (USGCRP
2009). The spring months may have a decrease in mean precipitation by 2%, with a likely
range of -13 to +9% (USGCRP 2009). The summer months have a larger variability of
decreased mean precipitation of 1 to 3%, with a likely range of -23 to +21% (USGCRP

2009).

3.10.2.3

By the end-of-century, the winter months continue to demonstrate a decrease in mean
precipitation of 1 to 4%, with a likely range of -25 to +22% (USGCRP 2009). The spring
and summer months have a mean change in precipitation that crosses direction. The
changes in spring mean precipitation vary between a decrease of 5% to an increase of
6%, with a likely range of -20 to +9% (USGCRP 2009). The changes in summer mean
precipitation vary between a decrease of 1% to an increase of 5%, with a large likely
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range of -42 to +51% (USGCRP 2009). The fall months exhibit an increase in the mean
change for precipitation, of 1 to 19%, with a likely range of -38 to +75% (USGCRP
2009).

3.10.3 Sea-Level Rise

Global sea-level rise (SLR) of 7 to 79” (18cm to 2.0m) is projected for 2100 (see section
3.1.3 for discussion on global and local sea-level rise). SLR at the local/regional level is
influenced by multiple factors, including sedimentation and erosion, ocean circulation,
gravitationally induced changes, ocean density (affected by regional changes in ocean
salinity and ocean temperature), and vertical motion of the land (subsidence or uplift). In
the 20" century, the relative sea-level rise for Hawaii is generally similar to that of
observed global sea-level rise.”* Some islands are particularly vulnerable to sea-level rise
and storm surge, with resulting shoreline erosion. For example, the Northwestern
Hawaiian Islands are low-lying islands particularly vulnerable to sea-level rise (USGCRP
2009).

™ The National Water Level Observation provides historical sea-level trends for 5 stations in Hawaii. These
measurements are provided by NOAA and include stations that provide sea-level trends over a 30-year span or, in most
cases, much longer (NOAA 2010). This trend is compared against the global observed trend of sea-level rise of 1.8 +
0.5 mm/yr from 1961 to 2003 (IPCC 2007a).
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3.11 Puerto Rico

The information provided below represents the Caribbean region.

3.11.1 Temperature

Over the next few decades, the annual mean temperatures are projected to increase by
about 1.7°F, with a likely range of 1.2 to 2.1°F (USGCRP 2009). The magnitude of the
warming is expected to be roughly similar in all four seasons through to the end-of-
century. By mid-century, the annual mean temperatures may increase by 2.5 to 3.1°F,
with a likely range of 2.0 to 3.5°F (USGCRP 2009). By the end-of-century, the annual
mean temperature is projected to have increased by 3.6 to 6.1°F, with a likely range of
2.7 10 6.8°F (USGCRP 2009).

Caribbean Near-term  Mid-century End-of-
(A Temperature) | (°F) (°F) century (°F)
Annual Mean 16-1.7 25-3.1 3.6-6.1

Likely 12-21 20-35 2.7-6.8
Very Likely 0.8-25 1.4-3.9 1.9-75
Winter = Mean 1.6 24-3.0 3.5-58
Likely 1.1-2.0 1.9-35 2.6-6.6
Very Likely 08-25 1.3-3.9 1.7-75
Spring Mean 15-1.6 25-3.0 35-5.8
Likely 11-2.0 19-34 2.7-6.5
Very Likely 0.6-25 1.3-3.7 1.8-7.2
Summer Mean 1.7-18 2.6-3.2 3.7-6.2
Likely 1.2-21 2.1-36 2.8-6.9
Very Likely 0.8-2.6 1.5-4.0 1.9-7.6
Fall Mean 1.7-18 2.7-3.3 3.7-6.4
Likely 13-21 2.1-3.7 28-7.1
Very Likely 09-25 15-41 19-7.9

Table 3-20: Annual and seasonal temperature changes for the Caribbean over the
near-term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098)
relative to 1961-1979. The range values are from low (B1) and high (A2) emissions
scenarios. Data are from the USGCRP (2009).

3.11.2 Precipitation and Storm Events

Overall, the Caribbean is expected to experience significant reductions in precipitation
for almost all seasons and time horizons. The greatest reduction of precipitation is
projected for the summer and spring months, and the least reduction in the winter and fall
months.

May 10, 2010 66



Regional Climate Change Effects: Useful Information for Transportation Agencies

3.11.2.1 Near-term (2010-2040)

Over the next few decades, the largest reduction in mean precipitation is expected in the
summer months of 10 to 7%, with a likely range of -16 to +1% (USGCRP 2009). Winter
mean precipitation is also projected to decrease by approximately 1 to 3% and a likely
range of -9 to +5% (USGCRP 2009). Fall mean precipitation is projected to decrease by 1
to 2%, with a likely range of -9 to +6% (USGCRP 2009). Spring mean precipitation is
projected to decrease by 6 to 7%, with a likely range of —15 to +2% (USGCRP 2009).

Caribbean Near-term Mid-Term Long-Term
Winter = Mean 3)-(1) 5)-@3) 8)-(2)
Likely 9)-5 (14)-5 (22) -6
Very Likely (15) - 11 (22) - 12 (35)-19
Spring Mean (7)-(6) (16) — (8) (28) - (9)
Likely (15)-2 (25)-0 (39)-2
Very Likely (24) - 11 (33)-9 (51) - 13
Summer | Mean (10) - (7) (18) - (12) (36) — (14)
Likely (16) -1 (31)-(1) (52)-0
Very Likely (23)-8 (44)-11 (68) — 14
Fall Mean 2-@) 4)-3) 9 -4
Likely 9)-6 (15)-7 (28) - 10
Very Likely (16) — 12 (26) — 18 (47)-29

Table 3-21: Seasonal precipitation percent changes for the Caribbean over the near-
term (2010-2029), mid-century (2040-2059) and end-of-century (2080-2098) relative to
1961-1979. The range values are from low (B1) and high (A2) emissions scenarios.
Values in parentheses are negative values and represent decreases in precipitation.

Data are from the USGCRP (2009).

3.11.2.2  Mid-century (2040-2070)

Mid-century precipitation is expected to continue to have declined in all seasons. The
winter and fall months are projected to have similar mean changes; but their likely ranges
are noticeably different. The fall months are projected to decrease in precipitation by 3 to
4%, with a likely range of -15 to +7% (USGCRP 2009). The winter months are projected
to decrease in mean precipitation by 3 to 5%, with a likely range of -14 to +5%
(USGCRP 2009). The spring months are projected to have a substantial decrease in mean
precipitation by 8 t016%, with a likely range of -25 to 0% (USGCRP 2009). The summer
months are expected to have a larger decrease in mean precipitation of 12 to 18%,with a
likely range of -31 to -1% (USGCRP 2009).
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3.11.2.3 End-of-century (2070-2100)

Precipitation totals are expected to continue to decline through the end-of-century. The
winter months are projected to continue to experience a decrease in mean precipitation of
2 to 8%, with a likely range of -22 to +6% (USGCRP 2009). The spring mean
precipitation is projected to decrease by 9 to 28%, with a likely range of -39 to +2%
(USGCRP 2009). The summer mean precipitation is projected to decrease by 14 to 36%,
with a large likely range of -52 to 0% (USGCRP 2009). The fall months are projected to
experience a decrease in mean precipitation of 4 to 9%, with a likely range of -28 to
+10% (USGCRP 2009).

3.11.3 Sea-level rise

Global sea-level rise (SLR) of 7 to 79” (18cm to 2.0m) is projected for 2100 (see section
3.1.3 for discussion on global and local sea-level rise). SLR at the local/regional level is
influenced by multiple factors, including sedimentation and erosion, ocean circulation,
gravitationally induced changes, ocean density (affected by regional changes in ocean
salinity and ocean temperature), and vertical motion of the land (subsidence or uplift). In
the 20" century, the relative sea-level rise for the Caribbean is generally slightly less than
that of global sea-level rise.

"2 The National Water Level Observation provides historical sea-level trends for 2 stations in Puerto Rico. These
measurements are provided by NOAA and include stations that provide sea-level trends over a 30 year span or, in most
cases, much longer (NOAA 2010). This trend is compared against the global observed trend of sea-level rise of 1.8 +
0.5 mm yr* from 1961 to 2003 (IPCC 2007a).
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4 Future Work

4.1 Improvements to current projections

The climate projections provided in this report are based mostly on the results from a
collection of global climate models aggregated to the multi-state regional scale. This set
of data is uniformly available across all regions in the United States. Additional
information of downscaled projections has been provided at the state or sub-state level as
available. In the coming years, the data provided in this report will likely become
outdated as model simulations and downscaling techniques that provide regional- and
local-scale climate projections continue to evolve. Ideally, information downscaled to the
local level will become uniformly available, a task perhaps for a National Climate
Service.

4.1.1 Uncertainty

Uncertainty in the projections provided in this report includes model uncertainty and
emission uncertainty (i.e., how closely emissions and concentrations of GHGs in the
future match the two scenarios—the B1 and A2 scenarios—used in this report), while
natural variability is not directly assessed. As climate science progresses, the degree of
uncertainty is likely to be reduced—particularly for regional-scale projections. For
example, Hawkins and Sutton (2009) suggest that the uncertainty associated with
regional projections in the near-term, dominated by model uncertainty and natural
variability, could be significantly reduced through scientific progress.

4.1.2 Precipitation, Storm Events, and Sea-level rise

Certain climate effects are particularly problematic to model, while others are simply not
available at the regional or finer scale. Of the climate effects discussed by region in this
report, precipitation and storm events are particularly challenging. For many regions,
there is a large range of plausible values for precipitation that may swing dramatically
between significant increases to significant decreases. As science hones its skills
representing the water cycle and the degree of uncertainty decreases, these ranges may
narrow. In addition, changes in precipitation extremes (e.g., precipitation frequency,
duration, and intensity) are extremely important for planning purposes but sparsely
addressed in the literature at the regional or local scale.

Continued research in building techniques for assessing projected storm growth is
another area of concern for highway planners. Across the United States, storms of interest
can vary between small-scale convective storms (i.e., thunderstorms) to larger-scaled
cyclones (i.e., Nor’easters and other mid-latitude extratropical cyclones, tropical storms,
and hurricanes). There are many factors that contribute to whether a specific storm will
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grow or dissipate. For example, the growth of a tropical storm into a hurricane depends
on such factors as wind shear, vertical temperature structure over the ocean, and sea
surface temperatures, all of which can vary differently in a changing climate system. It is
a challenge for climate models to capture these various components and then project how,
under a changing climate, they may affect storms.

The global estimate of sea-level rise associated with thermal expansion and ice melting is
an area of intense research, with studies continually being published with new methods
and refined estimates. It is likely that the global estimate of sea-level rise will continue to
evolve in the coming years. This report also discusses projected local sea-level rise where
global estimates are applied and adjusted through considering local factors such as
vertical land motion, ocean circulation, erosion and sedimentation, and ocean density. As
these projections can vary significantly between nearby locations due to local variability
of these contributing factors, local-scale efforts that address these factors would provide
additional data to assist highway planners. Currently, no study presented in this report
provides all inclusive sea-level rise projections taking all of these factors into account. It
is understood that scientists are improving their skills and methods in estimating the
observed and projected local variability; the results of these efforts will provide highway
planners with increased accuracy in estimating local sea-level rise.

4.2 Additional climate variables or enhanced techniques

Changes in solar radiation and humidity can affect highway systems. Though climate
models do provide projections of these variables, the work is still rudimentary in using
these projections for addressing climate change impacts.” . In the future, it is likely that
data and projections for these variables will be available in a form useful to highway
planners.

This report broadly discusses the impacts of the climate projections by treating each
climate variable separately. New techniques may become available that account for the
impact of multiple climate effects on a particular component of the highway system. For
example, many in the health sector have replaced the use of maximum temperature with a
heat index (a combination of maximum temperature and relative humidity) in
determining the impact of heat events on mortality. Similar climate variable combinations
may be determined that perform better in assessing the projected impacts on the highway
system. For example, the assessments of projected impacts could be examined through
engineering design specifications associated with worst-case scenarios. Instead of
determining impact by isolating each climate effect (i.e., investigating the projected
change associated with each engineering design specification), this effort would take the
next step to combine the impacts associated with all the design specifications, thereby
providing an approximation of impacts from multiple climate effects.

" Though climate models provide humidity as an output variable, much of the available literature that investigates
humidity projections use a relationship based on temperature projections.
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5 Acronyms and Glossary

Acronyms

BCCR BCM2.0: Bjerknes Centre for Climate Research (BCCR) Bergen Climate Model
(BCM) Version 2, Norway

CCSMa3.0: National Center for Atmospheric Research (NCAR) Community Climate
System Model, Version 3.0

CGCMa3.1: Canadian Centre for Climate Modelling and Analysis Coupled General
Circulation Model, Version 3.1, Canada

CNRM: Centre National de Recherches Météorologiques, France

CCSP: Climate Change Science Program

CIG: Climate Impacts Group

CSIRO: Commonwealth Scientific and Industrial Research Organization, Australia
DOT: Department of Transportation

FHWA: Federal Highway Administration

GHG: Greenhouse gas

GCM: General Circulation Model

GFDL CM 2.0: Geophysical Fluid Dynamics Laboratory Climate Model, Version 2.0
GFDL CM 2.1: Geophysical Fluid Dynamics Laboratory Climate Model, Version 2.1
GISS AOM: Goddard Institute for Space Studies, Atmosphere-Ocean Model
HadCM3: Hadley Centre Coupled Model, Version 3, United Kingdom

HadGEM1: Hadley Centre Global Environmental Model, Version 1, United Kingdom

IAP FGOALS-g1.0: Institute of Atmospheric Physics (IAP), Flexible Global Ocean
Atmosphere Land System (FGOALS) model, Gridpoint Version 1.0, China

INM-CM3.0: Institute of Numerical Mathematics Coupled Model, Version 3.0, Russia
IPCC: Intergovernmental Panel on Climate Change

IPCC AR4: Intergovernmental Panel on Climate Change Fourth Assessment Report
IPSL CM4: L’Institut Pierre-Simon Laplace Coupled Model, Version 4, France

MIROC3.2(hires): Model for Interdisciplinary Research on Climate, High Resolution
Version, Center for Climate System Research, Japan

MIROC3.2(medres): Model for Interdisciplinary Research on Climate, Medium
Resolution Version, Center for Climate System Research, Japan

MIUB ECHO-G: Meteorological Institute University of Bonn (MIUB), ECHO-G,
Germany
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MPI ECHAM: Max Planck Institute for Meteorology (MPI), ECHAM model, Version 5,
Germany

MRI CGCM 2.3.2a: Meteorological Research Institute (MRI), Coupled General
Circulation Model (CGCM), Version 2.3.2a, Japan

NCAR: National Center for Atmospheric Research

NCDC: National Climatic Data Center, National Oceanic & Atmospheric Administration
(NOAA)

NRC: National Research Council

PCM: Parallel Climate Model

SAP: Synthesis and Assessment Product

SRES: Special Report Emission Scenarios

USGCRP: United States Global Change Research Program

Glossary

This information is summarized from a collection of sources (USGCRP 2009, CCSP
2008a, CCSP 2009b, IPCC 20074, Lutgens and Tarbuck 2007, Ahrens 2007).

1-in-20 weather event

An extreme weather event (e.g., extreme temperature, heat wave, rainfall, storms, storm
surges) of a severity that has a probability of occurring only once evera/ 20 years (i.e., a
5% chance of occurring in any given year, or with a severity at the 95" percentile of
similar events). However, an event occurring in one year does not preclude the event
from occurring the following year or even the following week.

Annual mean temperature
The arithmetic mean, or average, of daily temperatures for a given year.

Climate change effects
Changes in climate variables that are brought about by climate change.

Climate models
A model that incorporates the principles of physics, chemistry, and biology into a
mathematical model of climate.

Climate stressors
For the purposes of this report, climate stressors are climate effects that affect the design,
construction, operation, and/or maintenance of transportation infrastructure.

Climate variables

Physical characteristics of climate, such as temperature, humidity, level of precipitation,
frequency of storms, sea-level rise, that can be quantified using climate models.
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Diurnal temperature range
The variation in temperature between the minimum (lowest) temperature and the

maximum (highest) temperature for a given day.

Downscaling

Mathematical techniques that have been developed to transform the projected climate
effects of global climate models to a regional scale. Global climate models partition the
world into large grids of cells that hide regional details; downscaling is used to provide
climate effect results at a finer resolution. Downscaling techniques generally can be
classified as either statistical downscaling or dynamic downscaling.

Downscaling, statistical

Statistical downscaling determines a relationship between the climate model output of a
climate effect for a past 30- to 40-year time period and the observed climate effect for the
same time period. This relationship is then used to downscale the projected climate model
output for that particular climate effect. This approach is best when the determined
relationship is robust over time; that is, the processes governing the climate effect remain
fixed with time. This may not always be an appropriate method for downscaling
precipitation projections (NECIA 2006).

Downscaling, dynamical

Dynamical downscaling uses a regional model equipped with small-scale processes and
local topography. The climate model data are used as inputs around the boundaries of the
regional model. This technique allows for capturing the effects of local topography.
Though this process tends to be expensive and time-consuming, it does include
dynamical changes in response to large-scale forcing. Given the investment for this
approach, dynamical downscaled studies generally provide projections based on the
results from only a single climate model.

Effects typology matrix

A tool to summarize projected climate effects by: geographic location, time horizon,
emission scenario, and climate variable. The effects typology matrix developed in this
report can be found in Appendix C.

Emissions scenarios
Hypothetical scenarios of future greenhouse gas emissions profiles.

Time horizon, End-of-century
For the purposes of this report, End-of-century refers to a 2070 to 2100 time horizon.

Evaporation
The process through which a liquid is transformed into a gas.

Extreme cold events
An extreme weather event characterized by very cold temperatures. The exact definition
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of what is meant by an extreme cold event can vary. For example, extreme cold events
may be defined as temperatures below the 5™ percentile for a given region.

Extreme weather events

Weather events that exhibit very severe conditions such as intense levels of precipitation
or high levels of wind and can cause significant damage. These events can include
intense tornado-breeding convective storms, well-developed mid-latitude cyclones (such
as a nor’easter), and tropical storms (particularly ones that develop into hurricanes).

Extreme heat day
The maximum temperature for a given day exceeds 90°F (in some studies, this term is
defined as the maximum temperature for a given day exceeds 100°F).

Extreme heat event

Has multiple definitions of duration and intensity, and generally is a relative measure to
local climate conditions. The Centers for Disease Control defines it as a temperature 10°F
or more above the average high temperature for a region, lasting several weeks. Other
sources define the event by the apparent temperature (determined through a calculation
based on maximum temperature and humidity) reaching above a 1-in-20-year event (or
an event that has a 5% chance of occurring per year).

Fall months
September, October, and November (SON)

Freeze-thaw cycle
Period of time that elapses between freezing and thawing conditions.

Heat waves
Three or more days where daily heat index exceeds 90°F.

High Temperature Day
At or above the 95" percentile among current daily temperature records (Diffenbaugh et
al 2005).

Humidity, relative
The ratio of air’s water vapor content to its water vapor capacity.

Hurricanes
A tropical cyclonic storm having minimum winds of 74 miles per hour (64 knots, or 119
kilometers per hour).

Interglacial period
Period of warm global average temperatures between two glacial periods within an ice
age. The Earth is currently in an interglacial period called the Holocene.
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Jet stream, polar

A swift, westerly airstream in the upper troposphere that meanders in relatively narrow
belts and is a result of the boundary between two surface air masses: warm southern air
and cold northern air. The polar jet stream is usually located between 9 to 12 km above
the Earth’s surface (altitude).

Emissions scenario; low emissions scenario (B1)

The low emissions scenario referenced in this report corresponds with the B1 emission
scenario developed by the IPCC (2000). This scenario describes a “convergent world”
with low population growth and rapid changes in the global economy toward service and
information sectors. It assumes reductions in material intensity, and the introduction of
clean and resource-efficient technologies. (IPCC 2000)

Time horizon, Mid-century
For the purposes of this report, Mid-century refers to a 2040 to 2070 time horizon.

Emissions scenario; moderately high “business as usual” emission scenario (A2)

The moderately high, or “business as usual”” emission scenario referenced in this report
corresponds with the A2 emission scenario developed by the IPCC (2000). “Business as
usual” refers to an emission scenario that is assumed to occur without any effort to reduce
greenhouse gas emissions from present practices. The A2 scenario describes a
“fragmented” future with less cooperation between world governments, high population
growth, and regionally oriented economic development that results in slow per capita
economic growth and technological change. (IPCC 2000)

Multi-model ensemble

A collection of results from several different climate models. An ensemble of results
allows scientists to investigate the range of uncertainty in the results produced from
climate models (i.e., to quantify a degree of model uncertainty).

Time horizon, Near-term
For the purposes of this report, near-termrefers to a 2010 to 2040 time horizon.

Non-climate stressors

For the purposes of this report, non-climate stressors are effects that are unrelated to
climate that affect the design, construction, operation, and maintenance of transportation
infrastructure.

Ocean circulation

The water in the Earth’s ocean moves dynamically around the globe, driven by motion of
the Earth’s atmosphere with the large-scale oceanic circulation pattern (thermohaline
circulation) influencing small-scale circulations.

Ocean salinity
The concentration of salt within ocean waters, which affects water density and surface
water absorption of carbon dioxide.
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Paleoclimate

The study of past climates on Earth. According to the NASA Goddard Institute of Space
Studies, the study of past climates provide insight into how the Earth’s atmosphere,
oceans, biosphere, and cryosphere has evolved and responded to past climatic forcing
(GISS, 2009).

Precipitation, duration
A measure describing the length of time of precipitation.

Precipitation, frequency
A measure of how often precipitation occurs.

Precipitation, intensity
A measure of the rate of precipitation, or the amount of precipitation that falls within a
given time period. Typically measured as inches of precipitation per day.

Precipitation
In this report, precipitation refers to all forms including rain, snow, or sleet.

Rain/snow line
The location within a storm where the precipitation shifts from rain to snow.

Sea-level, mean
Average relative sea level over a long enough time period to average out wave/tide
variability (such as a month or year).

Sea-level rise, relative
The sea level measured by a tide gauge with respect to the land upon which it is situated
(IPCC 2007a).

Sea-level rise, global
World-wide average rise in sea level. A number of factors contribute to this rise, such as
thermal expansion and ice/glacier melting (CCSP 2009).

Solar radiation
Wavelike energy emitted by the Sun that possesses heat.

Spatial resolution

The level of detail provided by a climate model in assessing climate effects. Spatial
resolution refers to the size of the grid used to partition the area being studied. The model
calculates climate variable results for each cell within the grid.

Spring months
March, April, May (MAM)
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Subsidence
Local land mass lowers due to plate tectonics. This term is considered when determining
relative sea-level rise.

Summer months
June, July, August (JJA)

Thermal expansion (of oceans)

The increase in molecular motion of ocean water in response to warming, where this
motion leads to an increase in volume space for the same number of molecules. Generally
considered when estimating how sea level will change as temperatures warm.

Uncertainty

Uncertainty in model projections covers three main contributors: natural variability,
choice of emission scenarios, and climate models. Uncertainty is further discussed in
Section 2.

Uncertainty; likely range (for the projection of a given climate variable)

The likely range is computed by first determining the standard deviation above and below
the average for each of the two scenarios examined in this report. Assuming the data are
well represented by a Gaussian distribution, the likely range represents about 68% of the
values extending from the 15" percentile to the 85™ percentile. Then, the minimum and
maximum of these four values (i.e., two from each scenario) are defined as the likely
range. The range is a measure of the differences (and uncertainty) associated with the
models that were used as well as the uncertainty of future emission rates.

Uncertainty; mean range (for the projection of a given climate variable)

The mean range is the average of all simulations in the lower emission scenario (B1) and
the average of all of the simulations in the higher emission scenario (A2). It is a simple
measure of the central tendency of the projections and the uncertainty associated with
future greenhouse gas emission rates.

Uncertainty; very likely range (for the projection of a given climate variable)

The very likely range is computed the same way as the likely range, except that two
standard deviations are used instead of one. Assuming the data are well represented by a
Gaussian distribution, the very likely range represents about 95% of the values extending
from the 2.2" percentile to the 97.8™ percentile.

Uplift
Local rising of land masses through plate tectonics and/or thermal buoyancy. Uplift is
considered when determining local sea-level rise.

Vertical land motion

Shifting of land masses through plate tectonics and/or thermal buoyancy. This motion is
considered when determining local sea-level rise.
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Winter months
December, January, February(DJF)
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Appendix A. Detailed Methodology

A.1 Identifying Relevant Climate Change Effects

The climate change effects determined to affect highway systems and discussed in this
report include changes in temperature and heat events, changes in precipitation and storm
activity, and sea-level rise. These variables are identified as potentially affecting
highways by a number of reports (NRC 2008; USGCRP 2009; CSIRO 2006; CIG 2007).
Changes in these climate variables may directly affect existing stressors or may introduce
new stresses on the highway system. For example, an increased number of heavy
precipitation events or the 1-in-100 year storm event (i.e., a storm event with a 1% annual
likelihood of occurring) may lead to flooding that cannot be handled by existing culverts
and other components of drainage systems. Temperature increases may affect regional
highway operations, affecting costs associated with snow and ice removal, as well as the
change in environmental impacts associated with salt and chemical use (NRC 2008).
Changes in precipitation may disrupt highway travel, construction activities, and
compromise bridge integrity (see Section 5 for detailed discussion of climate impacts
associated with these climate change effects). Additional variables, such as relative
humidity and changes in solar radiation, are also identified but not considered in this
report. Literature providing regional information for these variables is currently lacking,
but these variables should be included as future research allows.

A.2  Process of Analyzing Literature and Data

The compilation of regional projections began with a literature search using relevant,
carefully composed search terms across relevant databases of publications on the
environment, energy, technology, and government. The search was refined to include
articles, government reports, and peer-reviewed publications with a published date post-
2003 and available by June 2009. Effort was made to include seminal reports that became
available after this date. Since this report focuses on regional effects, studies that are
broader than the region-scale have been excluded. Sea-level rise studies are an exception,
as much of this cutting-edge work pertains to global-scale projections. Any reports that
used a data set from the same study are included as a group so that each primary data set
is only represented once in the matrix (i.e., not double-counted), thereby avoiding over-
emphasis on any one set of projections.

The climate projections provided in the Climate Change Effects Typology Matrix
(Appendix C) were culled from studies of varying spatial and temporal scales, modeling
parameters, downscaling techniques, and modeling methodologies. This matrix organizes
the collected literature by U.S. region, time horizon, climate effect, and spatial coverage
with the following characteristics:

0 The United States has been divided into regions based on a recent panel-
reviewed report (USGCRP 2009);
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0 The studies are divided into three future time horizons as dictated by the
literature findings: as near-term represents 2010-2040, mid-century
represents 2040-2070, and end-of-century periods represents 2070-2100;

0 The climate variables investigated are listed in the following order:
temperature, heat events, precipitation, storm activity, and sea-level rise;

0 The USGCRP projection data sets for temperature and precipitation are
listed first, followed by the studies with the greatest regional coverage.

We find some results are closely clustered while others range widely, posing a challenge
for decision makers attempting to apply them. Attempts to streamline findings are further
complicated because many of the studies do not formally quantify likelihood.

A.3 Description of USGCRP Climate Projections

The bulk of the climate projections used in the regional temperature and precipitation
tables in Chapter 3 and used to develop the maps in Appendix B in this report are from
the CMIP3 database of climate model integrations by Michael Wehner of the Lawrence
Berkeley National Laboratory for use in the 2009 USGCRP report, Climate Change
Impacts on the United Sates. The USGCRP data are based on a compilation of
aggregated climate model results for two IPCC Special Report Emission Scenarios. These
emission scenarios are based on ranges of projections of a number of societal changes,
such as changes in population, energy use, technological development, and unpredictable
societal behavior (IPCC 2007a; CCSP 2007). The lower emissions (B1) and the higher
emissions (A2) emission scenarios in this data set encompass a broad range of
possibilities; however, they do not span the full range of possible emissions scenarios. In
fact, current emissions rates are exceeding the A2 scenario. On the other hand, emissions
scenarios below B2 have been developed for reports of the Intergovernmental Panel on
Climate Change, and are being considered in domestic legislation and international
negotiations.

This data set is an impressive collection of regional multi-model ensemble results. These
values are averaged for each region from the corresponding climate model grid cells in
the CMIP3 database. Using GCM-scale resolution is appropriate for this regional
projected information of mean conditions of temperature and precipitation.”* However,
the USGCRP report does not provide this information consistently for all regions. We
have attempted to be as consistent and quantitative as possible in our documentation of
these results to help facilitate comparisons between regions.

™ It should be noted that using the statistical downscaled data of CMIP3 database to provide regional results of mean
temperature and precipitation instead of the CMIP3 model results directly would introduce roundoff errors and possibly
additional sources of error. Statistically downscaled data are particularly informative when describing fine-scale
variability or extremes.
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This dataset uses the following global climate models for determining the results of the
A2 scenario (moderate-high emissions): ccsm3.0, cgecm3.1, cnrm, csiro, gfdl2.1, hadcm3,
hadgem1, inmcma3, ispl, miroc_medres, miub_echo, mpi_echam5, mri_cgcm2_3 2a, and
pcm. In addition to these models, the B1 scenario (low emissions) also includes results
from: bcer_bem_2_0, gfdl2.0, giss_aom, iap_fgoals_0_g, miroc_hires. The one exception
is for Alaska, where a subset of top-performing global climate models was used: gfdl2.1,
mpi_echamb, cnrm, hadcm3, and miroc_medres.

In addition, this report also includes several national maps developed using downscaled
data. Statistical downscaling of the CMIP3 database was applied to the larger-scale grid-
sized climate models to provide finer-scale results of fine-scaled variability of means and
extreme conditions such as heat events that are provided in the figures of this report
(Hayhoe et al. 2008; Maurer et al. 2002; Maurer et al. 2008).” This downscaling is
accomplished by first determining a statistical relationship between surface observations
and climate simulations of the past for each region. This statistical relationship is then
applied against the results of future climate simulations to provide fine-spatial projections
of mean and extreme thresholds of temperature and precipitation. See Wood et al. (2002)
for detailed description of this technique. Downscaled data is a useful tool for discussing
variability and extremes that are not well captured in climate models (USEPA 2009). It
should be noted that using the statistical downscaled data of the CMIP3 database to
provide regional results instead of the CMIP3 database itself would introduce roundoff
errors and possibly additional sources of errors.

A.4 Uncertainty

There is always some degree of uncertainty associated with model projections. The
Climate Change Effects Typology Matrix includes this information, when possible, in a
column labeled “certainty.” Modeling the climate system poses a number of challenges,
including understanding and representing the climate system’s processes and natural
variability, and estimating future emissions and uptake of greenhouse gases (IPCC
2007a).

There are various techniques used to address uncertainty, including probabilistic
approaches to quantify uncertainty, modeling various emission scenarios to produce a
wide range of future possibilities, comparing present-day model results with
observations, and engaging expert judgment to express uncertainty based on level of
agreement and amount of evidence (IPCC 2007a).

The IPCC assessments (e.g., Fourth Assessment Report (AR4)) and the U.S. Climate
Change Science Program (CCSP) Synthesis and Assessment Product (SAP) reports
provide some guidance regarding likelihood and confidence and how this information can
be used to filter and comprehend projected climate changes. Likelihood represents the

" Downscaled data is a useful tool for discussing variability and extremes that are not captured well in climate models
(USEPA 2009). For access to these downscaled CMIP3 data, see Maurer 2007.
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assessed probability that the outcome will occur, and confidence characterizes the
consensus across modeling groups or experts that the projections are correct.

Table A-1 outlines the likelihood and confidence for climate variables most relevant to
the highway system: temperature rise, changes in precipitation, changes in frequency and
intensity of storm events, and sea-level rise.

These likely and very likely indicators provide measures of a portion of the uncertainty
and can act as a general guide in assessing the overall findings included in the Climate
Change Effects Typology Matrix. However, they do not account for uncertainty
associated with future emissions, uncertainty with downscaling techniques, uncertainty
associated with the uptake of greenhouse gases, or any systematic errors in the climate
models. Hence, the individual studies included in the Climate Change Effects Typology
matrix may not reflect the same level of confidence or likelihood as described in Table
A-1.

Climate variable Likelihood Confidence
Temperature Annual mean Very likely?® High confidence?
Rise Seasonal mean Very likely ? High confidence®
Extreme Heat Events | Very likely® High confidence”
Changes in Annual mean Very likely?” Not found
Precipitation | geasonal mean Very likely® Medium confidence®
Change in frequency | Very likely” Not found
and intensity
Intensification of storm events Likely® High confidence (extratropical)®
Sea-level rise Cannot assess Not confident in upper bound of
likelihood" SLR"

Table A-1: Likelihood and Confidence for Climate Variables Identified to Affect the Highway
System. *CCSP (2007); "IPCC (2007a); Very Likely refers to a greater than 90% probability; Likely
refers to a greater than 66% probability; High confidence represents an 8 out of 10 chance; Medium
confidence represents a 5 out of 10 chance.

This report quantifies key aspects of the temperature and precipitation projections in the
USGCREP dataset. The tables for each region describe the “mean,” the “likely” range, and
the “very likely” range for each of the three time frames addressed in this study. Those
terms are defined as follows:

0 “Mean” — The mean range is the average of all of the simulations in the
lower emission scenario (B1) and the average of all of the simulations in
the higher emission scenario (A2). It is one number where the averages of
the simulations for the two scenarios are identical. The mean range is a
simple measure of the central tendency of the projections and the
uncertainty associated with future greenhouse gas emission rates.

A-4




Regional Climate Change Effects: Useful Information for Transportation Agencies

0 “Likely” — The likely range is computed by first determining the standard
deviation for each scenario. Next, the values one standard deviation above
and below the average for each scenario are determined. Finally, the
minimum and maximum of these four values (i.e., two from each scenario)
are defined as the likely range. The range is a measure of the differences
(and uncertainty) associated with the models that were used, as well as the
uncertainty of future emission rates.

0 “Very Likely” — The very likely range is computed the same way as the
likely range, except that two standard deviations are used instead of one.

Since the studies in the Climate Change Effects Typology Matrix do not necessarily use
the same terminology for defining uncertainty, we have limited our use of the terms
“likely” and “very likely” in the report’s narratives to the aforementioned definitions.

In general, the model projections are more uncertain the further they are into the future. A
small range tends to be applicable for the near-termtime horizon while a larger range of
plausible values is appropriate for the long-term. Transportation planners that are less
risk-averse may be more comfortable using the “likely” range, whereas planners that are
more risk-averse may prefer to use the “very likely” range.

Although the projections described in this report are available at the regional scale, some
care should be taken when applying them at regional or local scales. Given modeling
efforts currently underway, finer spatial-scale information is likely to become available
within the next few years.

A.5 Comparison of Projections Across Studies

The climate projections provided in the Climate Change Effects Typology Matrix were
culled from studies of varying spatial and temporal scales, modeling parameters,
downscaling techniques, and modeling methodologies. As a result, some projections are
closely clustered while others range widely, posing a challenge for decision makers
attempting to apply them. Use of the findings is also complicated because many of the
studies do not formally quantify likelihood.

The climate projections contained in the Climate Change Effects Typology Matrix are at
a regional-scale or finer spatial resolution. Fine spatial resolution is not directly available
from global climate models with a typical grid cell distance varying in size from 50 to
250 miles. Downscaling techniques have been developed that transform the projected
climate effect at large-grid cell resolution into a fine-scale resolution of the order of 20
miles or less (NECIA 2006). Such techniques fall into two categories: statistical
downscaling and dynamical downscaling. Statistical downscaling determines a
relationship between the climate model output of a climate effect for a past 30- to 40-year
time period and the observed climate effect for the same time period. This relationship is
then used to downscale the projected climate model output for that particular climate

A-5



Regional Climate Change Effects: Useful Information for Transportation Agencies

effect. This approach is best when the determined relationship is robust over time; that is,
the processes governing the climate effect remain fixed with time. This may not always
be an appropriate method for downscaling precipitation projections (NECIA 2006).
Statistical downscaling is relatively quick and inexpensive. Dynamical downscaling uses
a regional model equipped with small-scale processes and local topography. The climate
model data are used as inputs around the boundaries of the regional model. Though this
process tends to be expensive and time-consuming, it does include dynamical changes in
response to large-scale forcing. Given the investment for this approach, dynamical
downscaled studies generally provide projections based on the results from a single
climate model.

The variation in attributes between studies creates challenges in developing a universal
methodology for drafting a regional narrative from the collected projections. Factors that
may vary between studies and that can be important when comparing their results include
the following:™

O Baseline reference years: The magnitude or percentage of climate change
is computed by comparing model simulations of future conditions with a
model’s baseline reference period. Therefore, differences in studies’
baseline reference periods (e.g., how they define “present day”) can
introduce unevenness in the amount of change that is reported.

0 Simulation end point: Comparing the projections of model simulations
within the same time horizon can be problematic when the projections are
provided for a different set of projected years. This is generally
compounded when simulations also refer to varying baseline reference
years.

0 Spatial extent of regions: The spatial extent of a region may be defined
differently across studies. For instance, one study may include only coastal
locations while another study may also include areas farther inland with
very different climate conditions. These differences can directly affect the
characteristics of the projected temperature and precipitation changes.

0 Downscaling technique: The mechanism for downscaling varies between
studies. See previous description.

0 Number of global climate models: Studies vary in the number of global
climate models used in the statistical downscaling. For example, the
USGCRP data provide averages based on the results from up to 19 global
climate models. Other studies, particularly intensive dynamical
downscaling studies, may use just one global climate model.

®Not all modeling assumptions are provided in the “Climate Change Effects Typology Matrix” and therefore can be
problematic in efficiently comparing these studies. For example: studies may or may not account for greater degree of
ice melting when estimating sea-level rise or studies may or may not allow for evaporation when estimating
precipitation amounts.
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0 Emissions scenarios: Most studies we examined tend to draw from four
IPCC scenarios: AlFi, A1B, B1, and A2.”" They provide results from
climate simulations using those scenarios in a variety of ways. For
example, some provide the lower and upper limit of the projections
determined from climate model ensemble results, while others simply
provide the average.

A.6 Criteria for Data Selection in this Report

It is challenging to synthesize the array of projections provided by the Climate Change
Effects Typology Matrix into a narrative discussion that can assist in informing future
analysis of climate impacts on the highway system. The criteria used in this report for
determining whether a study would be included in the regional narratives of section 4
were guided by discussions with climate experts and are illustrated in Figure A-1. There
was a strong consensus for providing a plausible range of projections as opposed to a
point value. This range can be provided by studies using multi-model ensembles and
relevant emission scenarios (the B2 and A2 scenarios were suggested as the “lower” and
“higher” emission scenarios).”® Further, while a projection associated with a single
emission scenario for a multi-model ensemble study is acceptable for near-term
discussions, as there is not much variation of greenhouse gas emissions between emission
scenarios over this time frame, in this study we chose to use two emissions scenarios for
each of the three time frames.” The projections are, however, affected by the choice of
emission scenarios for mid- to long-term projections, as the greenhouse gas emissions
increasingly diverge between emission scenarios with time and should be provided across
the range of low to high emission scenarios. Providing these ranges can arm
transportation planners with a set of plausible scenarios to apply, as warranted, in
determining the impacts on the highway system.

The USGCRP (2009) data meet the criteria established for incorporating a study into the
narrative: the study was conducted recently, it is a multi-ensemble study, it provides a

77 The IPCC developed four emission scenarios (A1, A2, B1, and B2) described in the IPCC Special Report on
Emissions Scenarios (SRES) associated with four plausible storylines representing varying degrees of economic,
regional, and environmental projected change as well as allowing for global integration. These studies tend to draw
from the following 4 IPCC SRES: A1Fi: very rapid economic growth based on per capita, global population peaking in
2050, rapid introduction of new and more efficient technology being fossil-intensive; A1B: very rapid economic
growth based on per capita, global population peaking in 2050, rapid introduction of new and more efficient technology
being evenly distributed between fossil and non-fossil technology; B1: rapid changes in economy though slower
growth than the Al scenarios, same global population pattern as in A1, with new technology becoming clean and
resource-efficient; A2: slowest economic development of all the scenarios based on per-capita growth, has the highest
global population allowing for a continuous increase, with the slowest and most fragmented development.

"8 It should be noted that this assumption assumes a somewhat linear relationship between greenhouse gas emissions
and changes in the magnitude of the climate variables; hence, it does not account for complexities such as tipping
points.

 The issue of teasing out climate variability is particularly problematic in the near-term. For example, in the 2020s,
the regional precipitation projection for the Pacific Northwest was found to lie within the range of natural climate
variability, while regional projected temperature was outside of this natural range. The far-term projected temperature
variable was found to be far outside the natural range (Mote et al. 2005). This highlights the difficulty in distinguishing
between natural climate variability and the projected change.
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range of plausible scenarios based on low to moderately high emission scenarios, and the
dataset has been aggregated for each region using the CMIP3 database (see section A.3
for further description). In addition, this dataset is uniformly available for each region
and time horizon. Therefore, the USGCRP dataset is the primary source for annual
temperature, seasonal temperature, and seasonal precipitation. Annual precipitation is not
discussed in the narratives, as it averages out the important seasonal variations. One
exception of the application of the USGCRP dataset is Alaska. The Alaska projections
are based on the five climate models that are determined to be the top performers in
simulating temperature and precipitation (Walsh et al. 2008).

Any additional regional temperature and precipitation projections that meet the model
inclusion criteria are compared against the USGCRP projections. If the projections are
significantly different, the second set of information is provided. It should be noted that
this criterion for inclusion into the narrative tends to favor statistical downscaling results
over the intensive dynamical downscaling results.

Extreme events such as heat events, and changes in precipitation intensity, duration, and
frequency are provided regardless of how well a study meets the criteria discussed above.
These studies may use dynamical downscaling followed by multiple regional model runs
or intensive statistical downscaling.

Sea-level rise and storm surge projections are not Was the study
provided by the USGCRP data set. Global sea-level conducted recently
rise studies are discussed at the beginning of Section 4 (e.0., post 2003)?
and are applicable across all regions. Studies that v
account fo_r reglonal-gca.le or Iocal-scz_alle cha_nges in sea Does the study
level are discussed within the respective region. include a number of

climate models
(optimum models if
identified for that
region)?

\ 4

Does the study
include relevant
emission scenarios?

A 4

Was downscaling
applied to obtain
regional-scale or finer
results?

Include in Regional
Discussion

Figure A-1. Criteria for inclusion
of study into narrative regional

descriptions.
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Appendix B. Regional Maps
Maps of Temperature and Precipitation by Region

Attached in a separate document.
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Appendix C. Climate Change Effects Typology Matrix
Typology Matrix Table by Region

Attached in a separate document.
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