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Climate Change and Transportation Engineering:
Preparing for a Sustainable Future

Michael D. Meyer, P.E., M.ASCE"; and Brent Weigel?

Abstract: Climate change has been identified by many scientists, engineers, and public officials as one of the significant challenges facing
society over the next several decades. And of civil engineered facilities, the transportation network is likely to be one of the systems most
affected by changing climate, weather, and local environmental conditions. This paper examines the current practice of looking at
transportation system adaptation to climate changes and develops a conceptual framework of the different components of transportation
infrastructure that will be affected differently by a range of climate changes. An adaptive systems management approach is suggested
as one approach for transportation engineers to anticipate likely climate changes, identify vulnerabilities in the transportation system,
and assess different strategies for mitigating potential impacts. The result of this approach is a strategic perspective on what transportation
agencies should do today and in the future to respond to changing environmental conditions. Developing an organizational strategy for
dealing with the different elements of these changes is a critical component of this strategic perspective. DOI: 10.1061/(ASCE)TE
.1943-5436.0000108. © 2011 American Society of Civil Engineers.
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Introduction

Climate change has received increasing attention worldwide as
potentially one of the greatest challenges facing modern society.
Although much of this attention has focused on how to reduce
greenhouse gas (GHG) emissions entering the atmosphere (climate
change mitigation), perhaps a more vital and uncertain issue for
transportation engineers is how to prepare for a future world with
changing climatic conditions (climate change adaptation). Most
scientists believe that many climate-related changes will occur
no matter the level of success in controlling GHG emissions simply
because of the cumulative concentration of GHG gases that are
already in the atmosphere, and the long-term effect of these gases
in the climate system.

Climate changes could result in significant impacts on transpor-
tation facilities and systems. Sea-level rise threatens to inundate
low-lying transportation facilities such as coastal highways, rail-
ways, and ports. Increased risk of flooding, however, may pose
a more serious risk than sea-level rise. Climate change science sug-
gests that the intensity of hurricanes, particularly the most powerful
hurricanes, will increase in the future. This means stronger winds
and higher storm surges on top of higher sea levels, which will put
even more land and transportation facilities at risk.
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Very high temperatures can cause concrete pavements to buckle
and can soften asphalt roads, leading to rutting and subsidence.
Higher winter temperatures will cause more precipitation to fall
as rain rather than snow, which may increase drainage problems.
The melting of permafrost in Arctic areas will create significant
challenges to road maintenance and design (as is already happening
in Alaska). Increased frequency of freeze/thaw cycles could signifi-
cantly affect pavement designs.

Precipitation patterns and intensity could change dramatically,
affecting the operation of transportation facilities and networks.
Some regions may face increased precipitation and increased flood-
ing. For example, climate models tend to project increased winter
precipitation in the U.S. Midwest and Northeast, increasing the risk
of early spring flooding as snow packs melt. In the summer months,
precipitation intensity from convective thunderstorms is projected
to increase in the future, thereby further increasing the risk of
flooding.

In addition to directly affecting transportation infrastructure,
changing climatic conditions can affect many of the ecological
functions of lands surrounding transportation infrastructure and
thus possibly influence existing environmental impact mitigation
strategies (such as wetland habitat banks) that are commonly con-
sidered today by state transportation agencies as part of the project
development process. Thus, future highway projects might face
very different environmental mitigation requirements or goals than
they do today.

This paper examines the different characteristics of expected
climate/weather changes that could affect transportation infrastruc-
ture, with a focus on the highway network. Uncertainties, particu-
larly with respect to the time frames associated with the impacts of
climate changes and associated changes in extreme weather events
(such as more heat waves or intense rain storms), lead to questions
of whether and when it would be reasonable to modify planning,
design, construction, maintenance, and operational practices. This
paper identifies different approaches that have been used to account
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for such uncertainty. A strategic perspective is needed on how the
transportation sector can best prepare for likely changes in environ-
mental conditions over the next half century. The paper ends by
discussing different approaches for adopting such a perspective.

Transportation Infrastructure: “Typical” Segment

Although different surface transportation modes will be served by
different types of infrastructure, there are several components and
design issues that are common to most (this includes roads and
highways, rail lines, runways, and transit facilities). Fig. 1 will
be used in this section to focus attention on those infrastructure
components that will be critical in understanding potential impacts
of climate change on infrastructure design. In addition, this figure
becomes a point of departure for examining the underlying basis for
the recommendations subsequently discussed in the paper.

Subsurface Conditions

The stability of a built structure depends on the soils on which it is
built. Geotechnical engineers focus their attention on the properties
of different soil types and their behavior given different design
loadings [see, for example, Budhu (2000); Coduto (1999)]. The
expected behavior of soils directly influences the design of foun-
dations and support structures for the infrastructure itself. Various
stresses act upon soil, including geostatic, horizontal, and shear
stresses, as well as stress associated with the weight of structures
built on the soil. The design of foundations for transportation
facilities reflect the soil conditions, water table, dead weight of
the structure, and forces that add to the dynamic loads being placed
on the structure (Reese et al. 2006).
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One of the important factors for subsurface design is the degree
of saturation and expected soil behavior under saturated conditions.
Changes in pore water pressure can have significant effects on the
shear strength of soils; it is a change in soil shear strength that has
caused many failures in ground slopes (e.g., mud slides). A good
example of how subsurface conditions can affect design is the
behavior of different soils under seismic forces and the resulting
effects on built structures. The shifting or liquefaction of soils dur-
ing a seismic event creates significant risks of unstable soil condi-
tions and thus the destablization of structures built on top of the
soils. Seismic codes have been enacted in many regions of the
world, particularly focused on dealing with the changing character-
istics of foundation conditions during such extreme events
(National Research Council 2003).

Materials Specifications

Transportation structures are constructed of materials selected for
their performance under design loads and environmental condi-
tions. Much of the original research in transportation during the
1940s and 1950s focused on improving the ability of materials
to withstand the loads associated with transportation use while still
remaining resilient in response to changes in environmental condi-
tions. Transportation research engineers continue to improve the
physical properties of both asphalt and concrete pavements. Pave-
ments, as a transportation facility component, affect facility perfor-
mance at a considerably large spatial scale, and their performance
can change dramatically given changing conditions, such as heavier
vehicles, higher traffic volumes, more dramatic freeze/thaw cycles,
or subgrade soil dynamics (e.g., saturation and erosion).

Profile_Grade

TYP. LONG. JOINT
STANDARD 5046H
2 %

6 %

MATERIALS
DRAINAGE SLOPE

ROAD SEGMENT CROSS-SECTION

STA. 109+28.77
EL. 34.75

TYPE |

25 YR — OVERTOPPING FLOOD STAGE
RIVERINE FLOOD
ELEV = 9.26

10 YR — OVERTOPPING FLOOD STAGE

STORM TIDAL SURGE
ELEV = 8.43

MATERIALS

RIP RAP

~
N
¥
o
s
o
<
hs
%

EL. 38.47

STRUCTURE

FOUNDATION

BRIDGE ELEVATION

Fig. 1. Assets of a typical road segment
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Construction materials have a significant influence on the de-
sign and performance of bridges as well. Steel, concrete, or timber
bridges must each handle the dead weight and dynamic loads they
will be subject to, and thus the strength and resiliency of the bridge
materials become of paramount concern to the bridge engineer. In
addition to the changing conditions mentioned previously, the
strength and protection of materials used in the design might have
to be enhanced to account for expected wind loads, increased mois-
ture or humidity (that could accelerate corrosion), and (for bridges
located in coastal regions) more violent storm surges.

Cross Sections and Standard Dimensions

Given the complexity of designing a transportation facility, and of
all the subcomponents that it consists of, engineers often identify
typical sections that are applicable to much of a given design
corridor. A typical cross section for the road shown in Fig. 1,
for example, would show the depth of subgrade, pavement materi-
als and thickness, width of lanes and shoulders, slopes of the paved
surface, expected design of the area outside the paved surface, and
other appurtenances that might be found in a uniform section of the
road. As previously noted, the type of pavement and design of the
subgrade would reflect the environmental conditions found along
the alignment. The slope of paved surface would be determined not
only by the physical forces from the vehicles using the facility (e.g.
superelevation), but also by the need to remove water from the
paved surface. In areas where one would expect substantial precipi-
tation, the slope of pavement might be slightly higher to remove
water to the side of the road as soon as possible. Cross sections
would also be developed for areas where designs would be different
from the typical section, such as locations for culverts, special
drainage needs, bridges, and other structures that would be close
to the side of the road.

The design of each of the key components of the cross section
usually reflects design standards that have been adopted by the
owner of the facility, such as a transportation agency. Thus, one
can often find design manuals with standards for lane and shoulder
widths, transverse slopes, radii for road curvature, dimensions of
barriers, merge and exit areas, culverts, drainage grates, signing,
and pavement markings. Most of these standards are developed
on the basis of field or laboratory studies, many of which occurred
decades earlier.

Design criteria are also associated with such things as the
vertical clearance over waterways and other roads. For example,
the U.S. Coast Guard establishes vertical clearance guidelines
for bridges over waterways, with the vertical clearance dimensions
depending on the type of navigation occurring on the river. One of
the lessons learned from Hurricane Katrina was that the vertical
clearance of many Gulf Coast bridges over water channels was
too low; the storm surge that went over the bridge deck had floated
the decks off of their supports. The bridges have been rebuilt with
a higher clearance over the water surface along with improved
fasteners to the bridge piers.

Drainage and Erosion

Water is one of the most challenging factors to design for in
transportation engineering. As noted previously, saturated or near-
saturated soils can be a critical consideration in the design of a
facility’s substructure and foundations. In addition, runoff from
impermeable surfaces such as bridge decks or road surfaces must
be handled in a way that redirects water flows away from the
facility itself, but that does not harm the surrounding environment.
Standard designs for drainage systems, open channels, pipes, and
culverts reflect the expected runoff or water flow that will occur
given assumed magnitudes of storms. Something as simple as

the design of a culvert entrance would be affected by the assumed
surge of water that would flow through it. For drainage consider-
ations relating to highways, the AASHTO Model Drainage Manual
(AASHTO 2004b) provides the most accepted guidance.

Structures

In the context of this paper, structures will primarily refer to
bridges. Consistent with the previous discussion on how engineers
account for different physical forces when developing a design,
civil engineering has a long history of research and practical expe-
rience with understanding how such forces act upon buildings and
bridges [see Ellingwood and Dusenberry (2005) for an overview of
how building codes have evolved over time in response to new
types and degrees of structural loading]. The engineering design
process is exercised on the basis of understanding the likely loads
or forces that will be applied to the structure (note the practice of
assigning a factor that represents how important the bridge is) and
developing a design that provides a level of resistance to these
forces that will exceed expected loads. The current approach
toward bridge design is to consider the inherent uncertainty in
expected loads and resistance factors that a bridge will be exposed
to, and thus probabilistic methods are used to incorporate such un-
certainty. The primary focus of such an approach is to increase the
reliability of the structure over its life span while considering the
economic costs of failure. AASHTO’s most recent bridge design
manual, the LFRD Bridge Design Specifications (AASHTO
2004a) incorporates risk into the calculations of bridge design
parameters, although the economic costs of failure are not totally
considered.

Bridges over water present a special challenge to bridge engi-
neers. According to the AASHTO manual (AASHTO 2004a),
waterway crossings should be studied with respect to the following
factors:

* Increases in floodwater surface elevations caused by the bridge;

* Changes in flood flow patterns and velocities in the channel and
on the floodplain;

* Location of hydraulic controls affecting flow under the structure
or long-term stream stability;

* Clearances between the floodwater elevations and low sections
of the superstructure to allow passage of ice and debris;

* Need for protection of bridge foundations and stream channel
bed and banks; and

* Evaluations of capital costs and flood hazards associated with
the candidate bridge alternatives through risk assessment or risk
analysis procedures.

As can be seen in this list, the assumed behavior of the water
body below the bridge significantly affects how the design of the
bridge proceeds.

The design of bridges in coastal areas has received renewed
attention given the experience with Hurricane Katrina. According
to a recent position paper of the Federal Highway Administration
(FHWA) (Federal Highway Administration 2005), “in the coastal
environment, design practice assumes that flood events would
essentially behave in a manner similar to a riverine environment.
However, bridge failure mechanisms associated with recent storm
events have resulted in a reevaluation of these assumptions.
The result is a need to differentiate how FHWA considers the
state-of-practice to hydraulically design bridges in the coastal
environment.” As noted in the paper, the hurricane damage to
the Gulf Coast bridges resulted primarily from the combination
of storm surge and wave crests. However, most state DOTs assume
a riverine environment when designing bridges, which assumes a
50-year storm event (this approach is codified in state drainage
manuals, AASHTO drainage guidance, and in FHWA floodplain

JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / JUNE 2011 / 395

J. Transp. Eng., 2011, 137(6): 393-403



Downloaded from ascelibrary.org by USP - Universidade de Sao Paulo on 05/21/19. Copyright ASCE. For personal use only; al rights reserved.

regulations). The result of this assumed frequency of storm is that
designs do not consider the effect of wave actions on the bridge. In
other words, according to their own regulations and design guide-
lines, state DOTs can consider a storm surge, but not additional
wave actions. As noted by the FHWA, “state DOTs find themselves
in the position that their own regulations and guidelines do not per-
mit them to consider alternative bridge design frequency criteria.”
The FHWA recommended that a 100-year design frequency be
used for interstates, major structures, and critical bridges that would
consider a combination of wave and surge effects, as well as the
likelihood of pressure scour during an overtopping event (water
levels going over the structure). The consideration of a super flood
frequency surge and wave action (that is, the 500-year design
frequency) was also suggested. It was also recommended that risk
and cost assessments be conducted.

Long-span bridges, especially over water, present a special
challenge in two respects. First, very long bridges have to account
for wind forces, which can be quite substantial in areas where the
topography results in a “canyon effect,” that is, high hills or cliffs
that concentrate and thus make more powerful the winds striking
the bridge. For suspension or cable-stayed bridges, these wind
forces must be accounted for in the design strength of the support
structure and in the level of deflection or flexibility designed into
the bridge itself (Simiu and Scanlon 1996). For long-span bridges,
engineers conduct wind tunnel tests of different sections of a
proposed design to assess section behavior under varying wind
conditions.

Second, columns or piers that are located in water are subject to
scour, that is, the erosion of the river or stream bed near the column
foundation. The majority of bridge failures in the United States are
the result of scour (AASHTO 2004a) in that the flow of water
currents at the column base can erode the stability of the column
foundation. The FHWA requires that bridge owners evaluate
bridges for potential scour associated with the 100-year event
(known as the base flood) and to check scour effects for the
500-year event (known as the superflood). If floods or storm surges
were expected to occur more frequently or channel flows were to
become more turbulent, one would potentially have to rethink the
design of such foundations (Sturm 2001).

Location Engineering (Where to Put the Facility to
Begin with)

Technically, location engineering is not a generic characteristic of
the road segment shown in Fig. 1. However, designs for new or
relocated transportation facilities always include location studies
to determine where to build the facility. Such efforts are often
associated with much broader environmental impact analyses that
examine a range of alternative alignments and design characteris-
tics. Location studies themselves often do not have specific design
criteria associated with where facilities will be located, although
factors such as right-of-way width, roadway curve radii, and ver-
tical slope limitations for different types of facilities will constrain
designs to certain design footprints. In addition, as part of environ-
mental analyses, a fatal flaw analysis often identifies areas or sites
so environmentally sensitive that the designer will stay clear of
these locations. The important question with respect to transporta-
tion facility location studies is how areas that might be susceptible
to climate change effects, such as coastal or low-lying areas might
be evaluated for suitability.

The previous description of the different components of a typ-
ical transportation facility design does not cover all of the different
considerations that would enter into the design thought process of
the engineer. However, it does illustrate the important influence
of standards and guidelines in the design process. In addition,

the discussion suggests some of the design categories where
changes in environmental conditions, in particular those related
to climate change, could affect how engineers design a transporta-
tion facility.

Designing in a Changing Environment

An ever increasing number of state and local officials have begun to
examine how activities in their jurisdiction could be affected by
changes in such environmental conditions. Examples include,
but are not limited to Maryland (Maryland Commission on Climate
Change 2008), Florida (Florida Governor’s Action Team on Energy
and Climate Change 2008), California’s Climate Adaptation
Strategy (CAS), as required by Executive Order S-13-08 (Nov.
14, 2008) (California Natural Resources Agency 2009), Alaska
(Alaska Adaptation Advisory Group 2010), New Hampshire
(New Hampshire Department of Environmental Resources
2009), and Berkeley (City of Berkeley 2009). In almost all of these
efforts, the transportation system has been identified as one of the
most important sectors that could face significant impacts of a
changing climate. Very few studies, however, have examined the
likely effects of climate change on the design of transportation
facilities. From a regional perspective, three cities in the United
States have been the subject of climate change studies: Boston,
New York, and Seattle.

Tufts University conducted a study of climate changes on differ-
ent parts of the Boston metropolitan area and concluded that trans-
portation systems would be affected especially by flooding (Tufts
University 2004). Another Boston study assessed the risks to trans-
portation network performance from climate change-induced
flooding by overlaying National Flood Insurance Program flood
map projections with the transportation network and then using
the regional travel demand model to estimate future lost trips
and trip diversions attributable to both coastal and riverine flooding
(Suarez et al. 2005). The assessment concluded that the estimated
disruptions caused by climate change-induced flooding do not
justify infrastructure adjustments or improvements, largely because
of an adequate degree of redundancy in the transportation network.
However, this assessment did not account for potential damage to
or destruction of the transportation facilities.

Studies of New York City concluded that transportation systems
in the New York metropolitan area would be significantly affected
by floods and rising water tables, especially given that many of the
critical facilities are in tunnels. (Jacob et al. 2000, 2001, 2007)
The 2001 study, in particular, was one of the first to examine quan-
titative time-dependent hazards and risk assessment, especially
with respect to sea-level impacts.

More recently, the New York City Panel on Climate Change has
performed a risk assessment of major elements of New York area
transportation (and other) infrastructure in changing climatic
conditions. In their study “Climate Risk Information,” the panel
characterized the risk of climate change impacts in terms of gen-
eralized risk factors derived from the Intergovernmental Panel on
Climate Change (IPCC) (New York City Panel on Climate Change
2009). These risk factors do not quantify the magnitude or conse-
quences of impacts but rather prioritize the impacts through expert
judgments of potential consequences and assign a likelihood of
occurrence in accordance with IPCC probabilities (e.g., virtually
certain: 99% probability of occurrence, extremely likely: 95%
probability of occurrence). For example, higher average sea levels
are found to be extremely likely, and a potential impact on trans-
portation is “increased rates of coastal erosion and/or permanent
inundation of low-lying areas.” Although quantified infrastructure
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component impacts are lacking, the New York report provides
quantified projections (with uncertainties) of regional environmen-
tal conditions in future decades, relative to an existing average
baseline. Example projected conditions include number of days
per year with maximum temperature exceeding 100°F, average
reoccurrence of 100-year flood, and flood heights associated with
100-year flood. The flood projections were sourced from the

U.S. Army Corps of Engineers’ Metropolitan East Coast Assess-

ment, which provides a spatial analysis of coastal flood areas. The

flood height, location, severity, and location data, coupled with
additional data on infrastructure conditions and costs, would enable

a focused assessment of risks to discrete transportation infrastruc-

ture components.

The City of Seattle’s auditor’s office assessed the impact of
climate change on Seattle’s transportation system and concluded
that the following components of this system were most vulnerable
(Soo Hoo 2005):

* Bridges and culverts (increased mean annual rainfall, increased
intensity of rainfall events, and sea-level rise);

* Causeways and coastal roads (sea-level rise and increased
frequency and intensity of storm surges);

e Pavement surfaces (increased mean annual surface tem-
perature);

* Surface drainage (increased intensity of rainfall events); and

* Hillside slope stability (increased mean annual rainfall and
increased intensity of rainfall events).

Seattle’s bridges were identified to be at greatest risk from
thermal expansions caused by warmer temperatures, increased
erosion at bridge foundations, and pavement deterioration attribut-
able to increased levels of precipitation and rising sea levels.

Another study was conducted by Cambridge Systematics, Inc.
(2006), which comprehensively examined the effect of climate
changes and their impacts on the Gulf Coast’s transportation
system. With respect to the types of changes expected in environ-
mental conditions, this study concluded that:

* By 2100, temperatures will be approaching those of current de-
sign standards; design changes should be developed now (for
long-life infrastructure such as bridges) to ensure that facilities
will be able to accommodate higher temperatures in the future;

* The impact of sea-level rise is significant for some, but not all,
parts of the region. Highways in high risk areas should be
redesigned to accommodate changes as part of a comprehensive
urban redesign strategy;

* The most severe and pervasive impacts to highways will be the
increase in the number of intense storms; the impacts from
storm waves can be so severe that efforts to identify and protect
the bridges should be a priority.

In a study of the impact of climate change on road and bridge
maintenance practices, Smith (2006) concluded that “bridges and
culverts seem most vulnerable to changing patterns of rainfall,
storm intensity, runoff, stream sediment transport load, and sea
level rise. These rigid structures have much longer lives than the
average road surface and are much more costly to repair or replace.
Road surfaces and railway tracks on the other hand are typically
replaced every 20 years or so and can readily accommodate actual
change in the local environment at the time of replacement.”

Smith also reported on two studies by Transit New Zealand, that
country’s ministry of transport. In one of the most aggressive
responses to potential effects of climate change on the design of
transportation infrastructure, Transit New Zealand’s bridge design
specifications are now requiring risk analysis for increased flood
flows and consideration of bridge retrofit for changing hydrology
(Rossiter 2004). Transit New Zealand officials have also committed
to monitor climate change data and to revise policies and standards

accordingly. Another New Zealand study (Kinsella and McGuire
2005) examined climate change impacts on bridges and culverts.
A first phase of the study concluded that currently applied design
approaches might not protect bridges and culverts with a design life
of more than 25 years from climate change impacts. A second
phase identified methods for including probabilistic approaches
to account for larger climate change-induced flows under major
new bridges. The study also concluded that the retrofitting of
existing or smaller bridges and culverts was deemed a practical
choice for many of the prospective climate change impacts.

In the United States, Kirshen et al. (2002) studied the impact of
long-term climate change on bridge scour by examining the
possible effects of a 10 to 30% increase in the 100-year flood
discharge. The study then recommended design strategies to
account for increased scour at the column base.

One of the more closely studied impacts of climate change on
infrastructure is the occurrence and effect of melting permafrost.
The most significant melting of permafrost is expected (and has
occurred) in Interior Alaska, where much of the noncontinuous
permafrost that is susceptible to an increase in atmospheric temper-
atures exists (Meyer 2008). The implications for road and pipeline
construction will be (and currently are) significant.

Another implication of melting permafrost is the change in river
flows and the corresponding impact on bridge scour. Studies of
streambed scour at bridge crossings in Alaska show that the major
effect of climate change is mainly on rivers in glacial systems
(Meyer 2008). Increased duration of peak flow flows from melting
glaciers in summer months have resulted in increased scour at
bridge crossings (Meyer 2008).

The Arctic Climate Impact Assessment effort has similarly
focused on the issue of changing temperatures and this impact
on permafrost. The most detrimental effects to transportation facili-
ties were considered to be an increase in the number of freeze/thaw
cycles, such as pavement cracking, rutting, formation of potholes,
and formation of black ice on pavement surfaces (Instanes
et al. 2005).

Increased Design Temperature Range

Temperature change affects the deformation and/or stress of every
component of infrastructure design, because the materials will
experience contraction and expansion in response to temperature
changes. For structures, temperature fluctuations can be separated
into two major components: a uniform change and a gradient
(difference in temperature between the top of a structural member
and the bottom). Both kinds of temperature effects produce a strain
on bridge materials.

It is likely that changes in ambient temperature ranges or
extremes will happen over a longer time frame than the average
life of most affected transportation infrastructure components,
except perhaps bridge structures. In the long-term, that is, from
40 to 100 years from now, ambient temperature range changes
could have important effects on the procedures and materials used
for infrastructure design.

Changnon et al. (1996) reported that highways and railroads
were damaged because of heat-induced heaving and buckling of
joints during the 1995 heat wave in Chicago. They also noted that
a train wreck was linked to heat-induced movement of the rails. As
noted in the Cambridge Systematics report (2006), the likely tem-
perature change up to 2050 will not create a significant challenge to
pavement design, but that the range in temperatures by 2100 would
clearly make today’s pavement design approach ineffective. One
should expect, however, that research in materials properties and
characteristics would provide solutions to pavement design in
higher temperature conditions.

JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / JUNE 2011 / 397

J. Transp. Eng., 2011, 137(6): 393-403



Downloaded from ascelibrary.org by USP - Universidade de Sao Paulo on 05/21/19. Copyright ASCE. For personal use only; al rights reserved.

Increased Precipitation

Changes in precipitation and water levels are another consequence
of global climate change that will occur over a time span longer
than the average lives of most infrastructure components built
today. More moisture in the soil and the hydrostatic pressure
buildup behind such structures as retaining walls and abutments
might cause a rethinking of the types of materials used in construc-
tion and in dimensions such as slab thickness. The consolidation of
saturated soils would also have to be considered in the context of
pavement subgrades. Higher groundwater levels could affect the
design of column foundations for bridges and other structures
dependent on deep foundation support.

Increasing precipitation levels will have an important impact on
drainage designs. The design water discharge that is currently
assumed for culvert design and drainage systems might have to
be changed, resulting in larger capacity systems to be put in place.
Larger and faster velocity flows through culverts could also affect
the design of culvert entrances and grates, which would be affected
by the speed of the water flow entering the drainage.

Flooding because of extreme events such as stronger and more
frequent storms could affect how overflow systems are designed,
the design of water channels flowing underneath bridges, and
the manner in which bridge foundations are protected from bridge
scour.

Increased Wind Loads

Given an increasing frequency of more powerful storms, changing
wind loads is a phenomenon that can affect engineering design in
the short-term. Likely increases in storm intensities will most prob-
ably be accompanied by higher and more sustained wind speeds.
Increasing wind speeds will certainly affect buildings and other
structures built above ground, and will likely affect transportation
signage and signal installations. Increased wind speeds could have
an important effect on long-span bridges, and in particular, suspen-
sion and cable-stayed bridges. Design wind speeds are part of the
engineering calculations used to identify different bridge designs
and materials specifications. With increased wind speeds, bridge
cable strengths may have to be increased, wind profiles may
have to be streamlined, and wind tunnel protocols used to test such
structures may have to be adjusted.

Storm Surges and Increased Wave Height

Wave forces on bridge piers, columns, and abutments are part of the
design considerations for such components. Increased forces on
these components because of higher and more forceful waves could
result in changes in component dimensions and materials, reinforc-
ing, foundations, or protective mechanisms.

Storm surges will be of great concern to engineers designing for
coastal environments. Not only does the storm surge create forces
on parts of transportation structures that were typically not de-
signed for such forces, but it also may carry with it the debris
of all the other structures that have been destroyed in its path.
Surprising to many, but the most damage caused to the highway
bridges during Hurricane Katrina was attributable to the buoyancy
force on the bridge decks resulting from the storm surge and wave
action. This force effectively lifted the decks off of their supports;
the previous design assumed that the weight of the bridge deck
would be sufficient to keep the deck in place. Storm surges thus
create significant design challenges in the way bridges are
designed, both in terms of the bridge superstructure and the
foundations.

Table 1 shows the types of changes in climate that might have an
effect on roadway design and some of the strategies that have been

reported in the literature. New and innovative strategies will be
added to this list as engineers identify new challenges associated
with changing climatic conditions.

Adopting an Adaptive System Management
Approach

Considering the broad and disparate impacts shown in Table 1, it
seems likely that some components of transportation infrastructure
systems will be more vulnerable than others to the risks associated
with changing environmental conditions. Probable future loss be-
cause of an extreme weather- or climate-induced event (otherwise
known as risk) is related to the expected level of hazard occurrence
and the vulnerability of the infrastructure to damage. Given that
hazard occurrence is likely to change over time (varying by type
of climate-induced change; for example, higher levels of occur-
rence of sea-level rise versus wind changes), the level of risk is also
likely to change over time. Given the uncertainty associated with
the varying types of climate change-induced environmental condi-
tions, one of the best strategies might be to develop an approach
toward system management that monitors changing conditions and
takes appropriate action when certain impact thresholds are
reached.

Fig. 2 illustrates an adaptive systems management approach to
managing transportation facilities that are potentially vulnerable to
negative (and inherently uncertain) impacts of climate change.
The approach is developed on the basis of the general concept
of adaptive management, which has been formulated from the
evolving philosophies and practices of environmental managers.
Adaptive management is more than simply monitoring manage-
ment outcomes and adjusting practices accordingly; it involves
predicting future conditions and the outcomes of related manage-
ment policies as well as testing alternative management practices
designed to address new and uncertain conditions. An adaptive
systems management approach to transportation infrastructure
management provides a structured framework for characterizing fu-
ture risks and developing new and evolving strategies to minimize
system risk over time. Such a risk assessment approach is particu-
larly vital for infrastructure systems and components that have long
service lives (greater than 40 to 50 years); infrastructure designed
for a shorter service life has inherent adaptation opportunities
incorporated into the facility replacement schedule to account
for significant changes in environmental conditions. Nonetheless,
a process of identifying vulnerabilities and performance deteriora-
tion in changing environmental conditions will be required for
infrastructure with short service lives so that appropriate adjust-
ments in design, construction, operation, and maintenance practices
can be effectively implemented over time.

Step 1: Identify Critical Transportation Assets

Changes in climate can affect many different components of a
transportation system. Depending on the type of hazard or threat,
the impact to the integrity and resiliency of the system will vary.
Given limited resources and thus a constrained capacity to modify
an entire network, the first step in the adaptive system management
approach is to identify those assets that are critical to network
performance or are important in achieving other objectives (e.g.,
economic development). The criteria for identifying such assets
might include: (1) high volume flows, (2) linkage to important
centers such as military bases or intermodal terminals, (3) function
includes emergency response or evacuation routes, (4) condition
(e.g., older assets might be more vulnerable than newer ones),
and (5) an important role in the connectivity of the national or state

398 / JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / JUNE 2011

J. Transp. Eng., 2011, 137(6): 393-403



Downloaded from ascelibrary.org by USP - Universidade de Sao Paulo on 05/21/19. Copyright ASCE. For personal use only; al rights reserved.

Table 1. Illustrative Listing of Climate Impacts and Adaptation Strategies

Impact category

Adaptation strategies

References

Sea level rise: storm surges

Sea level rise: inundation of infrastructure

Precipitation and sea level rise: increased
incidence of flooding events

Precipitation: accelerated asset deterioration

Precipitation: water scarcity and loss of
winter snowpack

Precipitation: increased incidence of
wildfires

Precipitation: shift in ranges of endangered
species

Temperature: arctic asset and foundation
deterioration

Temperature: increase in the frequency and
severity of heat events

Temperature: reduction in frequency of
severe cold

More intense weather events: damage to
assets

Protective designs
Relocation of facilities

Relocate assets

Develop redundancy in travel routes near
the shoreline

Disinvest in infrastructure too costly to
protect

Elevate or hardscape the most critical
infrastructure

Expand drainage and pumping capacity

Resite or flood-proof infrastructure
Greater protections and construction
limitations for floodplains and coastal
areas

Conduct early vulnerability assessments
Incorporate increased ground subsidence

in design of infrastructure

Accelerate replacement cycles

Shift to materials with greater resistance to
moisture and hot/cold cycles

Incorporate design features such as increased
pavement sloping to reduce precipitation-
related effects (e.g., drainage)

Shift to less water-intensive construction
methods

Shift right-of-way plantings to drought-
resistant species and designs that reduce runoff
Vulnerability assessments incorporated into
infrastructure location decisions

Use of fire-resistant construction materials
and landscaping

Keep abreast of ecological studies on a
regional basis to detect observed shifts in
habitat

Install insulation or cooling systems in
roadbeds to prevent thawing

Relocate facilities to more stable ground
Remove permafrost before construction for
new facilities

Plan for more frequent maintenance

Use of heat-resistant roadway materials
Greater use of expansion joints in roadways,
bridges, and rail guideways

Capitalize through the extension of
construction and maintenance season
Retrofit assets early for greater resistance to
extreme weather

Incorporate storm-resistant features into
future designs

Minimize water-impervious surfaces in
designs and design infrastructure to slow
runoff from heavy rain events

Burton et al. 2006; Cambridge Systematics 20006;
Easterling 2004; Luers and Moser 2006;

Meyer 2008 National Committee on Coastal and
Ocean Engineering 2004; New York City Panel on
Climate Change 2009; Pew Center 2011;
Transportation Research Board (TRB) 2008
AASHTO 2009; Attwater and Witte 2008;
Australian Greenhouse Office 2004; Burton et al.
2006; Center for Integrative Environmental
Research 2007; Transit New Zealand 2004;
Council of Australian Governments 2007;

Dept. for Transport 2004; European Union 2006;
Greater London Authority 2005; Highways
Agency 2009; Meyer 2008; National Committee
on Coastal and Ocean Engineering 2004;

U.S. Climate Science Program 2006a;
Cambridge Systematics 2006

Council of Australian Governments 2007; Local
Government Association of Queensland 2007;
New York City Panel on Climate Change 2009;
Suarez et al. 2005

Coduto 1999; Council of Australian Governments
2007; Easterling et al. 2004; Pew Center 2011;
TRB 2008

Coduto 1999; Dept. for Transport 2004;
Solomon et al. 2007

Highways Agency 2009; Local Government
Association of Queensland 2007;
Luers and Moser 2006

Easterling et al. 2004

Burton et al. 2006; Easterling et al. 2004; Meyer
2008; TRB 2008

AASHTO 2009; Australian Greenhouse Office
2004; Dept. for Transport 2004; Center for
Integrative Environmental Research 2007

Center for Integrative Environmental Research
2007; Highways Agency 2009; Pew Center 2011
Burton et al. 20006;

Greater London Authority 2005; Meyer 2008;
U.S. Climate Science Program 2006b
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Table 1. (Continued.)

Impact category

Adaptation strategies

References

More intense weather events: increased * Develop more stringent design and

frequency of road traffic disruption, operations standards

including interruption of emergency routes ;
near the shoreline

* FElevate or hardscape the most critical

infrastructure

* Develop redundancy in travel routes

Cambridge Systematics 20006;

Center for Integrative Environmental Research
2007; Council of Australian Governments 2007,
Dept. for Transport 2004; European Union 2006;
Highways Agency 2009; Meyer 2008; TRB 2008

* Create transportation management centers,
improve monitoring of conditions and
real-time information made available

to the public

* QGreater emphasis on emergency evacuation
procedures, making them routine

Climate change legislation: increased e Early adoption of energy-saving measures to
minimize the impacts of rising energy costs

planning, construction, or operating costs

Organizational adjustments: replace * Conduct early reevaluation of procedures in
advance of new requirements

outmoded procedures, acquire new
competencies

Greater London Authority 2005; Highways
Agency 2009; Meyer 2008; TRB 2008
Greater London Authority 2005; Highways
Agency 2009; Meyer 2008; TRB 2008

Identify predominant
climate change trends
and factors for region

|

Identify impact of
these changes on local
environmental
conditions

Identify critical assets in
the network

Identify Conduct risk
vulnerabilities of appraisal of
highway systemto ————>| Vulnerabilities and
these changing environmental
conditions changes

/ of adaptation strategies

Change design standards

Assess feasibility and cost effectiveness

Network
Functions

Change operating strategies
Change maintenance practices

Identify trigger

Identify affected

l«——1 highway agency
functions

Change construction practices
Etc.

Fig. 2. Adaptive systems management approach

network. Given competition for limited resources, critical transpor-
tation assets should be ranked according to system performance
priorities.

Step 2: Identify Climate Changes and Effect on Local
Environmental Conditions

Climate change will result in a range of impacts in different parts of
the world and throughout the United States. For example, coastal
cities will likely face very different changes in environmental con-
ditions than inland cities. This step identifies over the long-term
those changes in climate and the corresponding changes in local
environmental conditions that could affect transportation design
and operation. To identify climate changes and the effects on local
environmental conditions, transportation infrastructure managers
will need to review updated regional and local climate modeling

studies, or at the very least, deduce local impacts from national
and global climate studies. At the local level, transportation agen-
cies may perform a statistical analysis of historical variations and
trends in weather event data, such as rainfall durations, intensities,
and frequencies. Doing so may reveal that existing design guide
standards, such as 24-hour rainfall intensities or rainfall inten-
sity-duration-frequency curves, are inconsistent with recent trends.
Historical weather data are widely available from the National
Oceanic and Atmospheric Administration’s (NOAA) National
Climatic Data Center and the Natural Resources Conservation
Service’s (NRCS) National Water and Climate Center, as are rel-
evant stream flow data from the USGS National Water Information
System. However, modeling of current and future environmental
conditions will require improvements upon legacy products like
the Federal Emergency Management Agency’s flood mapping.
An example of the type of modeling required may be found in

400 / JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / JUNE 2011

J. Transp. Eng., 2011, 137(6): 393-403



Downloaded from ascelibrary.org by USP - Universidade de Sao Paulo on 05/21/19. Copyright ASCE. For personal use only; al rights reserved.

the Maine Department of Transportation’s effort to develop and
calibrate rainfall/runoff models that incorporate historical increases
in flood flows and sensitivity to potential climatic changes
(Transportation Research Board 2010).

Step 3: Identify the Vulnerabilities of the
Transportation System/Facilities to These Changing
Conditions

This step matches the results of the previous two steps and assesses
how vulnerable the critical assets are to likely changes in environ-
mental conditions. This might entail, for example, examining
potential flooding and the ability of drainage systems to handle
greater flow demands or the likelihood of some segments of a
facility being inundated with more frequent and severe storms.
The vulnerability assessment might entail engineering analyses
of the different elements of an asset and the likelihood of different
asset elements failing because of environmental factors. The State
of California has performed an assessment of its risk to coastal
flooding, which includes an assessment of risks to its transportation
infrastructure. The risk assessment utilizes flood mapping studies
from the Scripps Institution of Oceanography and probability
calculations of 100-year flood events. This statewide vulnerability
assessment represents only a partial example of the level of total
assessment needed—all climate change impacts need to be consid-
ered comprehensively and assessment should be detailed for
particular types of infrastructure components. California’s coastal
flooding study identifies the miles of roadways affected by esti-
mated flood events, but it does not quantify the costs associated
with flood damage. A logical next step for this or any vulnerability
assessment is to fully quantify the risk to infrastructure so that
engineering decisions are adequately informed.

Step 4: Conduct Risk Appraisal

Risk appraisal is the process of determining the degree to which
assets are likely to be vulnerable given the likelihood of climate
change and the uncertainty associated with such change. England’s
Highways Agency (2009), for example, developed a risk appraisal
process on the basis of the following four elements:

Uncertainty—compound measure of current uncertainty in
climate change predictions and the effects of climate change
on the asset/activity.

Rate of climate change—measure of the time horizon
within which any currently predicted climate changes are
likely to become material, relative to the expected life/time
horizon of the asset or activity.

Extent of disruption—measure taking account of the num-
ber of locations across the network where this asset or activity
occurs and/or the number of users affected if an associated
climate-related event occurs. Therefore, an activity could
be important whether it affects a high proportion of the net-
work or a small number of highly strategic points on the
network.

Severity of disruption—measure of the recovery time in
the event of a climate-related event e.g., flood, or landslip.
This is separate from ‘how bad’ the actual event is when it
occurs e.g., how many running lanes you lose; it focuses
on how easy/difficult it is to recover from the event i.e.,
how long it takes to get those running lanes back into use.

In England’s Highways Agency risk appraisal framework, these
elements are scored separately by assigning a “High/Medium/Low”
rating and are used to identify and prioritize lists of vulnerabilities
according to the following criteria (Highways Agency 2009):

» “Time-criticality” (function of the rate of climate change);

* “High extent” (function of the extent of disruption);

* “High disruption duration” (function of severity of disruption);

» “Potential research need” (function of uncertainty level and the
effects of climate change on asset/activity); and

e “Highly disruptive, time-critical with high confidence” (func-
tion of rate of climate change, extent of disruption, severity
of disruption, and uncertainty).

Each of these prioritization criteria identify needs for action,
with the understanding that there is more than one reason why a
vulnerability should be acted on (Highways Agency 2009).
The last of the aforementioned criteria identifies the asset/activity
vulnerabilities that warrant action for multiple reasons.

Step 5: Assess Feasibility and Cost Effectiveness of
Strategies

Identifying and assessing appropriate strategies for the challenges
facing critical infrastructure assets is a core component of the
process shown in Fig. 2. Such strategies might include modifying
operations and maintenance practices (such as reducing train
speeds or conducting more frequent track inspections on high tem-
perature days that pose a risk of rail heat kinks), designing extra
redundancy into a project, providing above-normal reserve capac-
ity, incorporating a greater sensitivity to the protection of critical
elements of the project design (such as better protection against
bridge scour or high winds), or designing with different design
standards that reflect changing conditions (such as higher bridge
clearances for storm surges). In particular, with respect to design
standards, a more robust approach could be adopted that takes into
account risk and uncertainty.

In many ways, considering climate-induced changes in the de-
sign process follows a model that has been applied in earthquake
engineering. Building codes and design standards have been
changed to reflect the forces that will be applied to a structure
during a seismic event. Substantial research on the response of
materials, soils, and structures themselves has led to a better under-
standing of the factors that can be incorporated into engineering
design to account for such extreme events. Similarly, other design
contexts reflect forces that might be applied during collisions, fires,
or heavy snows. The logical approach for considering the best
design for climate-induced changes is to examine the relationship
among the many different design contexts that a structure might be
facing and determine which one “controls” the ultimate design.

This stage in the adaptive systems management approach
also involves identifying which agency functions will be affected
the most by changes in infrastructure management practices.
Furthermore, it is reasonable to expect that the new challenges
imposed upon transportation infrastructure managers by climate
change will require new adaptive efforts that are dependent upon
interagency cooperation. For example, an analysis of the impact of
riverine flooding on transportation and other infrastructures may
determine that the most cost-effective adaptation will involve a
combination of bridge design adjustments and river channel
widening, thus necessitating coordination between the local depart-
ment of transportation and the U.S. Army Corps of Engineers.

Step 6: Identify Trigger Levels

Many of the changes in climate considered as part of this assess-
ment will likely not occur for decades, and it is also likely that
the full extent of the estimated impacts of such changes on trans-
portation facilities or systems may not occur until even further
into the future. This step in the adaptive systems management
process establishes trigger mechanisms that serve as an “early
warning system” for agency officials to examine alternative ways
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of designing, constructing, operating, and maintaining transporta-
tion infrastructure in light of higher likelihoods of changed envi-
ronmental conditions. For example, precipitation levels might
not change significantly enough over the expected life of drainage
structures to change culvert designs today, but at some point in the
future higher levels of precipitation would “trigger” a new culvert
design because the new precipitation levels have now become the
norm. The adaptive systems management approach to transporta-
tion infrastructure management is foremost an iterative process.
Realization of the intended benefits of this approach (minimization
of risk and development of cost-effective adaptation strategies)
requires that the latest available information on changing environ-
mental conditions and system performance priorities are incorpo-
rated into the process.

Conclusions

Most climate scientists agree that climate change is a near certainty.
However, the degree of climate change impacts is very much un-
certain, particularly over the long time scales that major transpor-
tation infrastructures are planned for. By starting early, and by
integrating the strategies and actions needed to address anticipated
effects of climate change as part of an ongoing process of adaptive
system management, transportation engineers and the communities
that they serve can be prepared for these impacts. Uncertainty
regarding the performance of complex and vast transportation
systems threatened by climate change will characterize the infra-
structure design, construction, maintenance, and operation deci-
sions facing today’s and tomorrow’s transportation engineers.
Failure to deal effectively with this uncertainty could result in
far more costly approaches of delayed and short-term “crash
programs”, or even worse, the need to rebuild long-life facilities
that suffer sudden and potentially catastrophic damage as a result
of climate-related occurrences.

This paper has reviewed the current thinking on climate change
and transportation system adaptation. Very limited attention has
been given to this topic in the United States, whereas other coun-
tries, most notably Australia, The Netherlands, New Zealand, and
the United Kingdom, have undertaken fairly extensive studies to
prepare their transportation organizations for likely climate
changes. Although many of the changes in climate are not likely
to occur in any significant way for several decades, others are
already occurring (e.g., melting of the permafrost). The adaptive
system management approach outlined in this paper is an effort
to assess systematically the vulnerabilities of the transportation
system to likely climate changes. The result of this approach is
a strategic perspective on what transportation agencies should
do today and, more likely, in the future to respond to changing
environmental conditions. Developing an organizational strategy
for dealing with the different elements of these changes is a critical
component of this strategic perspective.

Ultimately, as stewards of the transportation investment that
has occurred over generations, transportation engineers must be
prepared to deal with threats or challenges that could reduce the
effectiveness of this investment. When taking a long-term perspec-
tive, it is not likely that one will find a more serious challenge than
that relating to a changing climate.

Acknowledgments

The writers would like to thank Andrew Hoenig of the Georgia
Department of Transportation for providing design drawing details
that were used to create Fig. 1.

References

Alaska Adaptation Advisory Group. (2010). “Adaptation advisory group
draft final report.” (http://www.climatechange.alaska.gov/aag/aag
htm) (Jan. 27, 2010).

American Association of State Highway and Transportation Officials
(AASHTO). (2004a). AASHTO LRFD bridge design specifications,
AASHTO, Washington, DC.

AASHTO. (2004b). Model drainage manual, 3rd Ed., AASHTO,
Washington, DC.

AASHTO. (2009). “Transportation—Are we there yet?: Climate change
and sustainability.”  (http://www.transportation1.org/tif8climatechg/
ClimateChange.pdf) (Jan. 3, 2009).

Attwater, C., and Witte, E. (2008). “Adaptation options—More than a short
term cost benefit approach. Coffs Harbour.” IPWEA National Conf. on
Climate Change Responding to Sea Level Rise, Institute of Public
Works Engineering Australia, Sydney, Australia.

Australian Greenhouse Office. (2004). “Economic issues relevant to
costing climate change impacts.” (http://www.climatechange.gov.au/
impacts/publications/pubs/costing.pdf) (Jan. 3, 2009).

Budhu, M. (2000). Soil mechanics and foundations, Wiley, New York.

Burton, I., Dringer, E., and Smith, J. (2006). “Adaptation to climate change:
International policy options.” Pew Center on Global Climate Change.
(http://www.pewclimate.org/docUploads/PEW_Adaptation.pdf) (Jan.
3, 2009).

California Natural Resources Agency. (2009). “California climate
adaptation  strategy.”  (http://www.climatechange.ca.gov/adaptation/
index.html) (Dec. 2, 2009).

Cambridge Systematics, Inc. (2006). “Potential impacts of climate variabil-
ity and change to transportation systems and infrastructure—Gulf Coast
study.” Highway and Transit, Draft Technical Memorandum to the U.S.
Dept. of Transportation, Cambridge, MA.

Center for Integrative Environmental Research (CIER). (2007). “The US
economic impacts of climate change and the costs of inaction.” Univ.
of Maryland, {(http://www.cier.umd.edu/documents/US%20Economic
9%020Impacts%200f%20Climate%20Change %20and %20the %20Costs
%200f%20Inaction.pdf) (Apr. 17, 2011).

Changnon, S., Kunkel, K., and Reinke, B. (1996). “The impacts and
responses to the 1995 heat wave: A call to action.” Bull. Am. Meteorol.
Soc., 77(7), 1497--1506.

City of Berkeley. (2009). “Climate action plan.” (http://www.ci.berkeley
.ca.us/uploadedFiles/Planning_and_Development/Level_3_-_Energy_
and_Sustainable_Development/Berkeley%20Climate%20Action%
20Plan.pdf) (Apr. 17, 2011).

Coduto, D. (1999). Geotechnical engineering, Prentice-Hall, Upper Saddle
River, NJ.

Council of Australian Governments. (2007). “National climate change adap-
tation framework.” (http://www.coag.gov.au/coag_meeting_outcomes/
2007-04-13/docs/national_climate_change_adaption_framework.pdf)
(Jan. 3, 2009).

Department for Transport. (2004). “The changing climate: its impact on
the Department for Transport.” London: Department for Transport,
(http://www.dft.gov.uk/pdf/pgr/scienceresearch/key/thechangingclimate
itsimpacto1909) (Jan. 3, 2009).

Easterling, W. E., Hurd, B. H., and Smith, J. B. (2004). Coping with
climatic change: The role of adaptation in the United States, Pew
Center on Global Climate Change, Arlington, VA.

Ellingwood, B., and Dusenberry, D. (2005). “Building design for abnormal
loads and progressive collapse.” Computer-aided civil and infrastruc-
ture engineering, Vol. 20, Blackwell, Malden, MA, 194-205.

European Union. (2006). “Impacts and adaptation, regional planning,
energy and public, infrastructure and structural funds, sectoral report.”
European Climate Change Programme, Working Group II, (http://ec
.europa.eu/environment/climat/pdf/eccp/impactsadaptation) (Dec. 29,
2008).

Federal Highway Administration. (2005). Coastal bridges and design
storm frequency, Office of Bridge Technology, Washington, DC.
Florida Governor’s Action Team on Energy and Climate Change. (2008).
“Florida’s energy and climate change action plan.” (http://www

flclimatechange.us/documents.cfm) (Jan. 3, 2009).

402 / JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / JUNE 2011

J. Transp. Eng., 2011, 137(6): 393-403


http://www.climatechange.alaska.gov/aag/aag.htm
http://www.climatechange.alaska.gov/aag/aag.htm
http://www.climatechange.alaska.gov/aag/aag.htm
http://www.climatechange.alaska.gov/aag/aag.htm
http://www.climatechange.alaska.gov/aag/aag.htm
http://www.transportation1.org/tif8climatechg/ClimateChange.pdf
http://www.transportation1.org/tif8climatechg/ClimateChange.pdf
http://www.transportation1.org/tif8climatechg/ClimateChange.pdf
http://www.transportation1.org/tif8climatechg/ClimateChange.pdf
http://www.transportation1.org/tif8climatechg/ClimateChange.pdf
http://www.climatechange.gov.au/impacts/publications/pubs/costing.pdf
http://www.climatechange.gov.au/impacts/publications/pubs/costing.pdf
http://www.climatechange.gov.au/impacts/publications/pubs/costing.pdf
http://www.climatechange.gov.au/impacts/publications/pubs/costing.pdf
http://www.climatechange.gov.au/impacts/publications/pubs/costing.pdf
http://www.climatechange.gov.au/impacts/publications/pubs/costing.pdf
http://www.pewclimate.org/docUploads/PEW_Adaptation.pdf
http://www.pewclimate.org/docUploads/PEW_Adaptation.pdf
http://www.pewclimate.org/docUploads/PEW_Adaptation.pdf
http://www.pewclimate.org/docUploads/PEW_Adaptation.pdf
http://www.climatechange.ca.gov/adaptation/index.html
http://www.climatechange.ca.gov/adaptation/index.html
http://www.climatechange.ca.gov/adaptation/index.html
http://www.climatechange.ca.gov/adaptation/index.html
http://www.climatechange.ca.gov/adaptation/index.html
http://www.climatechange.ca.gov/adaptation/index.html
http://www.cier.umd.edu/documents/US%20Economic%20Impacts%20of%20Climate%20Change%20and%20the%20Costs%20of%20Inaction.pdf
http://www.cier.umd.edu/documents/US%20Economic%20Impacts%20of%20Climate%20Change%20and%20the%20Costs%20of%20Inaction.pdf
http://www.cier.umd.edu/documents/US%20Economic%20Impacts%20of%20Climate%20Change%20and%20the%20Costs%20of%20Inaction.pdf
http://www.cier.umd.edu/documents/US%20Economic%20Impacts%20of%20Climate%20Change%20and%20the%20Costs%20of%20Inaction.pdf
http://www.cier.umd.edu/documents/US%20Economic%20Impacts%20of%20Climate%20Change%20and%20the%20Costs%20of%20Inaction.pdf
http://www.cier.umd.edu/documents/US%20Economic%20Impacts%20of%20Climate%20Change%20and%20the%20Costs%20of%20Inaction.pdf
http://www.cier.umd.edu/documents/US%20Economic%20Impacts%20of%20Climate%20Change%20and%20the%20Costs%20of%20Inaction.pdf
http://dx.doi.org/10.1175/1520-0477(1996)077<1497:IARTTHtpmkset 
http://dx.doi.org/10.1175/1520-0477(1996)077<1497:IARTTHtpmkset 
http://www.coag.gov.au/coag_meeting_outcomes/2007-04-13/docs/national_climate_change_adaption_framework.pdf
http://www.coag.gov.au/coag_meeting_outcomes/2007-04-13/docs/national_climate_change_adaption_framework.pdf
http://www.coag.gov.au/coag_meeting_outcomes/2007-04-13/docs/national_climate_change_adaption_framework.pdf
http://www.coag.gov.au/coag_meeting_outcomes/2007-04-13/docs/national_climate_change_adaption_framework.pdf
http://www.coag.gov.au/coag_meeting_outcomes/2007-04-13/docs/national_climate_change_adaption_framework.pdf
http://www.coag.gov.au/coag_meeting_outcomes/2007-04-13/docs/national_climate_change_adaption_framework.pdf
http://www.dft.gov.uk/pdf/pgr/scienceresearch/key/thechangingclimateitsimpacto1909
http://www.dft.gov.uk/pdf/pgr/scienceresearch/key/thechangingclimateitsimpacto1909
http://www.dft.gov.uk/pdf/pgr/scienceresearch/key/thechangingclimateitsimpacto1909
http://www.dft.gov.uk/pdf/pgr/scienceresearch/key/thechangingclimateitsimpacto1909
http://www.dft.gov.uk/pdf/pgr/scienceresearch/key/thechangingclimateitsimpacto1909
http://ec.europa.eu/environment/climat/pdf/eccp/impactsadaptation
http://ec.europa.eu/environment/climat/pdf/eccp/impactsadaptation
http://ec.europa.eu/environment/climat/pdf/eccp/impactsadaptation
http://www.flclimatechange.us/documents.cfm
http://www.flclimatechange.us/documents.cfm
http://www.flclimatechange.us/documents.cfm
http://www.flclimatechange.us/documents.cfm

Downloaded from ascelibrary.org by USP - Universidade de Sao Paulo on 05/21/19. Copyright ASCE. For personal use only; al rights reserved.

Greater London Authority. (2005). “Climate change and London’s trans-
port systems.” Greater London Authority, (http://www.london.gov
.uk/Iccp/publications/docs/climatetransportsept05.pdf) (Jan. 3, 2009).

Highways Agency. (2009). Climate change adaptation framework,
London.

Instanes, A., et al. (2005). “Infrastructure: Buildings, support systems, and
industrial facilities.” Chapter 16, Arctic climate impact assessment,
Cambridge University Press, New York.

Intergovernmental Panel on Climate Change (IPCC). (2007). “Climate
change 2007: The physical science basis.” Contribution of working
group I to the Fourth Assessment Rep. of the Intergovernmental Panel
on Climate Change, S. Solomon, D. Qin, M. Manning, Z. Chen,
M. Marquis, K. B. Averyt, M. Tignor, and H. L. Miller, eds., Cambridge
University Press, New York.

Jacob, K. H., Edelbaum, N., and Arnold, J.. (2000). “Sector report: Infra-
structure—Risk increase to infrastructure due to sea level rise.” Climate
Change and a Global City. An Assessment of the Metropolitan East
Coast (MEC) Region, (http://metroeast_climate.ciesin.columbia.edu/
reports/infrastructure.pdf) (Jan. 3, 2009).

Jacob, K. H., Edelbaum, N., and Arnold, J. (2001). “Infrastructure.” Chap-
ter 4 plus Appendices, Climate change and a global city: The potential
consequences of climate variability and change—Metro East Coast.
Report for the U.S. Global Change Research Program, National
Assessment of the Potential Consequences of Climate Variability
and Change for the United States, C. Rosenzweig and W. Solecki,
eds., Columbia Earth Institute, New York, 47-65 and 197-200,
(http://ccsr.columbia.edu/cig/mec/index.html) (Jan. 3, 2009).

Jacob, K., Gormnitz, V., and Rosenzweig, C. (2007). “Vulnerability of the
New York City metropolitan area to coastal hazards, including sea level
rise—Inferences for urban coastal risk management and adaptation
policies.” Chapter 9, Managing coastal vulnerability: Global, regional,
local, L. McFadden, R. J. Nicholls, and E. Penning-Rowsell, eds.,
Elsevier, New York.

Kinsella, Y., and McGuire, F. (2005). Climate change uncertainty and the
state highway network: A moving target, Transit New Zealand, Welling-
ton, New Zealand.

Kirshen, P., Edgers, L., Edelmann, J, Percher, M., Bettencourt, B., and
Lewandowski, E. (2002). “A case study of the possible effects of
long-term climate change on bridge scour.” Conf. on Scour of Founda-
tions, Texas A&M Univ., College Station, TX, 17-20.

Local Government Association of Queensland. (2007). “Adapting to
climate change: A Queensland local government guide.” Local
Government Association of Queensland, (http://www.lgaq.asn.au/
Igag/publications/LGAQ_Climate%20Change) (Jan. 3, 2009).

Luers, A. L., and Moser, S. C. (2006). Preparing for the impacts of climate
change in California: Opportunities and constraints for adaptation,
California Climate Change Center, Berkeley, CA.

Maryland Commission on Climate Change. (2008). “The Maryland
climate change commission’s climate action plan.” (http://www
.mdclimatechange.us/) (Jan. 3, 2009).

Meyer, M. (2008). ”Design standards for U.S. transportation infrastructure:
The implications of climate change.” Special Rep. 290, Transportation
Research  Board, Washington, DC, (http://onlinepubs.trb.org/
onlinepubs/sr/sr290Meyer.pdf) (Jan. 3, 2009).

National Committee on Coastal and Ocean Engineering. (2004). Guidelines
for responding to the effects of climate change in coastal and ocean
engineering, Engineers Australia, Barton, Australia.

National Research Council. (2003). Preventing earthquake disasters, the
grand challenge in earthquake engineering, National Academies Press,
Washington, DC.

New Hampshire Department of Environmental Resources. (2009). “The
New Hampshire climate action plan.” (http://des.nh.gov/organization/
divisions/air/tsb/tps/climate/action_plan/nh_climate_action_plan.htm)
(Jul. 20, 2009).

New York City Panel on Climate Change (NPCC). (2009). “Climate risk
information.” (http://www.nyc.gov/html/om/pdf/2009/NPCC_CRI.pdf)
(Feb. 15, 2009).

Pew Center on Global Climate Change. (2011). “Climate change 101:
Adaptation.” (http://www.pewclimate.org/docUploads/climate101-
adaptation.pdf) (Apr. 17, 2011).

Reese, L., Isenhower, W., and Wang, S.-T. (2006). Shallow and deep
foundations, Wiley, New York.

Rossiter, L. (2004). Climate change impacts on the state highway network:
Transit New Zealand’s position, Transit New Zealand, Wellington, New
Zealand.

Simiu, E., and Scanlan, R. (1996). Wind effects on structures, fundamentals
and applications to design, Wiley Interscience, New York.

Smith, O. (2006). “Trends in transportation maintenance related to climate
change.” Climate Change Workshop, Center for Transportation and
Environment, Washington, DC.

Soo Hoo, W., Sumitani, M., and Cohen, S. (2005). Climate change will
impact the Seattle department of transportation, Office of City Auditor,
Seattle.

Sturm, T. W. (2001). Open channel hydraulics, McGraw-Hill, New York.

Suarez, P., Anderson, W., Mahal, V., and Lakshmanan, T. R. (2005).
“Impacts of flooding and climate change on urban transportation: A
systemwide performance assessment of the Boston metro area.” Transp.
Res. Part D, 10(3), 231-244.

Transit New Zealand. (2004). “Climate change adaptation.” (http://www
.transit.govt.nz/planning/climate.jsp) (Jan. 3, 2009).

Transportation Research Board. (2008). “Potential impacts of climate
change on U.S. transportation.” Special Rep. 290, Washington, DC.

Transportation Research Board. (2010). “Research in progress: Design-
flood flows in a changing climate.” Washington, DC, (http:/rip.trb
.org/browse/dproject.asp?n=22909) (Feb. 5, 2010).

Tufts University. (2004). “Climate’s long-term impacts on metro Boston.”
Final Rep., Environmental Protection Agency, EPA Grant No.
R.827450-01, Washington, DC, (http://www.tufts.edu/tie/climb/)
(Jan.. 3, 2009).

United States Climate Change Science Program. (2006a). “Final report of
synthesis and assessment product 4.1 (Coastal sensitivity to sea-level
rise: A focus on the Mid-Atlantic region).” (http://www.climate
science.gov/Library/sap/sap4-1/final-report/default.htm#finalreport)
(Apr. 17, 2011).

United States Climate Change Science Program. (2006b). “Final report of
synthesis and assessment product 4.2 (Thresholds of climate change in
ecosystems).” (http://www.climatescience.gov/Library/sap/sap4-2/final-
report/default.htm) (Apr. 17, 2011).

JOURNAL OF TRANSPORTATION ENGINEERING © ASCE / JUNE 2011 / 403

J. Transp. Eng., 2011, 137(6): 393-403


http://www.london.gov.uk/lccp/publications/docs/climatetransportsept05.pdf
http://www.london.gov.uk/lccp/publications/docs/climatetransportsept05.pdf
http://www.london.gov.uk/lccp/publications/docs/climatetransportsept05.pdf
http://www.london.gov.uk/lccp/publications/docs/climatetransportsept05.pdf
http://www.london.gov.uk/lccp/publications/docs/climatetransportsept05.pdf
http://metroeast_climate.ciesin.columbia.edu/reports/infrastructure.pdf
http://metroeast_climate.ciesin.columbia.edu/reports/infrastructure.pdf
http://metroeast_climate.ciesin.columbia.edu/reports/infrastructure.pdf
http://metroeast_climate.ciesin.columbia.edu/reports/infrastructure.pdf
http://metroeast_climate.ciesin.columbia.edu/reports/infrastructure.pdf
http://metroeast_climate.ciesin.columbia.edu/reports/infrastructure.pdf
http://ccsr.columbia.edu/cig/mec/index.html
http://ccsr.columbia.edu/cig/mec/index.html
http://ccsr.columbia.edu/cig/mec/index.html
http://ccsr.columbia.edu/cig/mec/index.html
http://www.lgaq.asn.au/lgaq/publications/LGAQ_Climate%20Change
http://www.lgaq.asn.au/lgaq/publications/LGAQ_Climate%20Change
http://www.lgaq.asn.au/lgaq/publications/LGAQ_Climate%20Change
http://www.lgaq.asn.au/lgaq/publications/LGAQ_Climate%20Change
http://www.lgaq.asn.au/lgaq/publications/LGAQ_Climate%20Change
http://www.mdclimatechange.us/
http://www.mdclimatechange.us/
http://www.mdclimatechange.us/
http://onlinepubs.trb.org/onlinepubs/sr/sr290Meyer.pdf
http://onlinepubs.trb.org/onlinepubs/sr/sr290Meyer.pdf
http://onlinepubs.trb.org/onlinepubs/sr/sr290Meyer.pdf
http://onlinepubs.trb.org/onlinepubs/sr/sr290Meyer.pdf
http://onlinepubs.trb.org/onlinepubs/sr/sr290Meyer.pdf
http://des.nh.gov/organization/divisions/air/tsb/tps/climate/action_plan/nh_climate_action_plan.htm
http://des.nh.gov/organization/divisions/air/tsb/tps/climate/action_plan/nh_climate_action_plan.htm
http://des.nh.gov/organization/divisions/air/tsb/tps/climate/action_plan/nh_climate_action_plan.htm
http://des.nh.gov/organization/divisions/air/tsb/tps/climate/action_plan/nh_climate_action_plan.htm
http://des.nh.gov/organization/divisions/air/tsb/tps/climate/action_plan/nh_climate_action_plan.htm
http://www.nyc.gov/html/om/pdf/2009/NPCC_CRI.pdf
http://www.nyc.gov/html/om/pdf/2009/NPCC_CRI.pdf
http://www.nyc.gov/html/om/pdf/2009/NPCC_CRI.pdf
http://www.nyc.gov/html/om/pdf/2009/NPCC_CRI.pdf
http://www.pewclimate.org/docUploads/climate101-adaptation.pdf
http://www.pewclimate.org/docUploads/climate101-adaptation.pdf
http://www.pewclimate.org/docUploads/climate101-adaptation.pdf
http://www.pewclimate.org/docUploads/climate101-adaptation.pdf
http://www.pewclimate.org/docUploads/climate101-adaptation.pdf
http://dx.doi.org/10.1016/j.trd.2005.04.007
http://dx.doi.org/10.1016/j.trd.2005.04.007
http://www.transit.govt.nz/planning/climate.jsp
http://www.transit.govt.nz/planning/climate.jsp
http://www.transit.govt.nz/planning/climate.jsp
http://www.transit.govt.nz/planning/climate.jsp
http://www.transit.govt.nz/planning/climate.jsp
http://rip.trb.org/browse/dproject.asp?n=22909
http://rip.trb.org/browse/dproject.asp?n=22909
http://rip.trb.org/browse/dproject.asp?n=22909
http://rip.trb.org/browse/dproject.asp?n=22909
http://www.tufts.edu/tie/climb/
http://www.tufts.edu/tie/climb/
http://www.tufts.edu/tie/climb/
http://www.climatescience.gov/Library/sap/sap4-1/final-report/default.htm#finalreport
http://www.climatescience.gov/Library/sap/sap4-1/final-report/default.htm#finalreport
http://www.climatescience.gov/Library/sap/sap4-1/final-report/default.htm#finalreport
http://www.climatescience.gov/Library/sap/sap4-1/final-report/default.htm#finalreport
http://www.climatescience.gov/Library/sap/sap4-1/final-report/default.htm#finalreport
http://www.climatescience.gov/Library/sap/sap4-2/final-report/default.htm
http://www.climatescience.gov/Library/sap/sap4-2/final-report/default.htm
http://www.climatescience.gov/Library/sap/sap4-2/final-report/default.htm
http://www.climatescience.gov/Library/sap/sap4-2/final-report/default.htm
http://www.climatescience.gov/Library/sap/sap4-2/final-report/default.htm

