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1 Executive Summary

1.1 Background

The costs associated with large-scale natural disasters
driven by the dynamics of a changing climate are
estimated to be $460 billion between 2017 and 2019.
This amount is approximately half the federal deficit
from the same year. These multiple billion-dollar
natural hazard events, along with increasing impacts
of fluctuating day-to-day weather, aging infrastructure,
and higher demands on our systems due to increases
in freight and travel, have brought the transportation
industry to an inflection point. Over the past decade, at
least three federal efforts have evaluated the activities
supporting the nation’s transportation sector resilience:
The National Infrastructure Advisory Council (NIAC),
The Transportation Research Board (TRB), and The
Government Accounting Office (GAO). The continued
proactive investment in resilient infrastructure is
essential to mitigate future climate vulnerabilities and
reduce reactive emergency expenditures.

In an effort to gain an understanding of the current state
of capabilities and capacities of surface transportation
agencies in resilience planning and implementation, the
United States Department of Transportation

(U.S. DOT) has partnered with the American Association
of State Highway and Transportation Officials (AASHTO)
to assemble a coalition of surface transportation
professionals focused on the growing issue of climate
resilience in transportation. While the TRB, GAO, and
NIAC efforts were a top-down approach on the issue of
resilience from the federal government, the Coalition
effort is meant to be a bottom-up approach, originating
from critical stakeholders at an implementation level.

The purpose of the Resilience Coalition is to gather
implementation-level input from stakeholders across
the surface transportation industry including highways,
secondary roads, transit, rail, and ports to:

- Document gaps in knowledge, data, capacity, and
tools.

- Identify barriers to implementing climate resilience.

- Develop recommendations for next steps.

1.2 Challenges and Opportunities
for Improvement

Industry and research publications have identified a wide

range of gaps and barriers to resilience planning and

implementation. These opportunities have been grouped

into five categories: Capacity and Understanding,
Policies and Funding, Data and Information, Metrics
and Methods, and Tools and Approaches. Selected key
findings identified include additional federal guidance
and standardization is needed for:

Standardization and
clear guidance on accepted valuation methods,
especially for qualitative resilience benefits like
social and environmental aspects need to be
developed. Calculating the return on investment
for certain investments like nature-based solutions
or hardening will help all communities develop
resource benefit valuations to maximize the total
resilience benefit of a project.

Standardization of risk
assessment methodology to determine resilience
benefits used and the total valuation of these
benefits is critical. Reducing vulnerabilities,
where financially responsible, provide the most
controllable part of risk management.

Fundamental terms,
including risk, resilience, criticality, and
vulnerability, should be analyzed and defined
consistently through a consensus-based
approach for the surface transportation industry.
Consistency of approach is needed for resilience
projects to optimize the investment and reduce
the risk across the transportation organization.
Leadership from the federal level will promote
future growth in resilience investments.

More investment is
needed to provide clear and specific guidance
and standardization of methods and approaches.
Other areas of transportation infrastructure have




similar needs in terms of technical support and
leadership from the federal level. In particular,
BCA methodologies need to be clear, with
concise definitions of the scope of both costs
and benefits. There should be additional federal
assistance to aid in deployment of BCA methods
in disadvantaged communities. Additionally,

U.S. DOT should adopt a threshold resilience
assessment approach at a system-level to facilitate
valuation and marginal cost alternatives analyses
to identify most efficient level of investment.

- Formalize Resilience Planning—Resilience has yet
to be formalized in statutes and those programs
supported by federal-aid requiring planning,
enforcement, implementation, evaluation and
reporting. A resilience monitoring and evaluation
framework is needed so agencies across the country
can gain insights in a peer-to-peer context and the
entire surface transportation sector can benefit from
the use of standardized performance data generated
from evaluation efforts.

« System-Level Approach to Resilience—A focus on
resilience investment requires a shift in how proposed
solutions are framed. One barrier to finding holistic
solutions is the traditional approach of defining
solutions in the context of meeting design criteria at
all costs. The “threshold” approach to design is based
upon understanding when infrastructure elements
transition from a state of meeting services needs
to a state when these services can no longer be
provided. Establishing resilience design paradigms
and implementation outcomes that allow engineers
and other technical staff to “think out of the box”
in terms of engineering solutions can lead to more
cost effective and holistically resilient transportation
systems. There will be times when the best solution
may be to switch to another transportation mode or
abandon the infrastructure all together. However, the
current paradigm of solution seeking limits this non-
traditional approach.

1.3 Conclusions

Strong leadership and political will is playing a major
role in driving changes in design standards to address
climate change impacts at the local and state level

in the absence of national standards. With the need

for clear national government support in the areas of
Capacity and Understanding, Policies and Funding, Data
and Information, Metrics and Methods, and Tools and
Approaches, the Coalition recommends the following
actions:

- Surface Transportation Organizational Effectiveness—
Transportation organizations at all levels should
implement a dedicated unit or team to ensure
resilience is a priority at the executive level and
integrated throughout the entire organization.

« Resilience Management Framework—Transportation
organizations at all levels should implement a
resilience management framework with a system-

+ Reporting—

level approach to surface transportation. This should
include design guidance, resilience assessments, and
operations and maintenance plans and procedures.

Transportation
organizations at
all levels should
develop metrics
for reporting
resilience at

the surface
transportation
system, corridor,
asset, and
customer level.

- Data Quality and Availability—The U.S. DOT should
provide local, downscaled data sets for climate
projections and transportation organizations at all
levels should maintain and regularly update a hazard
database and vulnerability assessments.

- Decision Support Tools—The U.S. DOT should provide
and maintain decision making tools that capture and
provide standardized values for social and economic
impacts.

- Resilience
Education—
Stakeholders
at all levels
should support
funding
through federal
agreements or
discretionary
programs,
education and institutional research programs, such
as Transportation Resilience and Adaptation Centers
of Excellence (TRACE), to develop knowledge and
enhance capacity.

+ Risk and Resilience Communication—
The U.S. DOT should provide tools to enhance
communication on the importance of resilience and
updates to best practice.

- Address Interdependencies—The U.S. DOT should
strengthen response/recovery through a cross-
disciplinary approach to resilience—similar to the
Joint Office of Transportation and Energy.

2 Introduction and Purpose of the
Coalition

2.1 Introduction
2.1.1 Changing Climate and Extreme Events

The dynamics of a changing climate have been
occurring for the last several decades, but there

has been a recent acceleration of these impacts.
According to the National Oceanic and Atmospheric



Administration (NOAA), natural disasters between
2010 and 2019 account for over 45 percent of all
total disaster costs since 1980. To put a finer point
on the acceleration of recent impacts, the costs
associated with natural disasters between 2017 and
2019—estimated to be $460 billion—account for
over one quarter of the total costs since 1980. This
amount is approximately half the federal deficit
from the same year. Figure 1 compares the monthly
costs associated with natural disasters in the
United States between 1980 and 2021. This figure
shows that the six most expensive events based on
cumulative total costs have occurred since 2005.

2.1.2 Changing Climate and Persistent Impacts

In addition to these multibillion-dollar natural
hazard events, the unstable climate has generated
day-to-day fluctuations that, along with aging
infrastructure and higher demands on our systems
due to increases in freight and travel, have brought
our industry to an inflection point. An appreciation
of the importance of the transportation system to

# ,.y/

absorb and quickly recover from events and
proactively manage hazards). The graph below
focuses on large-scale events, and resilience
activities are highly visible immediately after a
disaster. However, after the disaster, the urgency
wears off, but the risks do not. In addition, there are
increased daily impacts on our transportation
systems due to things like heavy rainfall, high heat,
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our economy was also brought front and center
during the COVID-19 pandemic when disruptions to
the supply chain and the urgency of delivery of
goods and services came under the glare of the
spotlight. Given the interdependence of supply
chains with a variety of transportation modes—air,
marine, rail, highways, transit, and pipeline—
objective, data-driven decision-making that is
agnostic of mode or modes being assessed or
utilized is key to the transportation industry’s
success in tackling climate resilience (the ability to

and freeze-thaw cycles. The cumulative impact of
small events, while difficult to quantify, is significant.
For example, on a hot day, a rail track might not
buckle, but it is a little bit weaker today than it was
the day before. Roads regularly underwater in
coastal areas have shorter asset lives. These chronic
impacts are de facto slow-moving disasters.
Incorporating resilience needs to be an everyday,
urgent concern to ensure that money spent
repairing damaged infrastructure and the negative
impact on the economy are reduced.
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A comprehensive definition of a resilient
transportation system is elusive due to the different
characteristics of the modes. There is also a tension
between resilient and sustainable transportation—
more redundancy makes the system more resilient
but also may promote the use of more materials,
driving, greenhouse gas (GHG), etc. Achieving a
resilient system through redundancy is often a
solution sought by highway agencies. As a car
centric strategy, redundancy is not applicable to

rail transportation, particularly in rural and frontier
regions, and may be cost prohibitive for other
modes as well. Maturity of systems also highlights
the need for flexibility in resilience planning.

In areas with more density and older systems,

such as the northeast area of the United States,
transportation system preservation may be the
focus, as compared to new network creation in the
West. This important difference should be noted
given the restrictions on the use of some federal
funding on maintenance and operations activities.
Also, the current transportation system may be
dramatically different than the future system which
may be impacted by actions like managed retreat
and mode switching. Resilient strategies may also
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focus on hardening assets for safety (for example, in
oil and gas pipelines), minimizing user impacts, user
performance (in rail and transit), and include green
infrastructure in addition to traditional grey
infrastructure. The Bipartisan Infrastructure Law
(Public Law 117-58) provides a definition of
resilience with respect to an infrastructure project:

A project with the ability to anticipate, prepare for,
or adapt to conditions or withstand, respond to,
or recover rapidly from disruptions, including the
ability—

(A)(i) to resist hazards or withstand impacts from
weather events and natural disasters; or (ii) to reduce
the magnitude or duration of impacts of a disruptive
weather event or natural disaster on a project; and

(B) to have the absorptive capacity, adaptive capacity,
and recoverability to decrease project vulnerability to
weather events or other natural disasters.’

A discussion of some general background and
relevant policies on transportation resilience can
be found in the next chapter. What is needed

by the transportation industry stakeholders—
engineers, contractors, builders, stakeholders,
lobbyists, elected officials, and all types of decision-
makers—is guidance, education, data, and tools to
incorporate resilience in all aspects of the end-to-
end transportation system.

2.2 Federal Assessments of Transportation
Resiliency Activities

Over the past decade, at least three federal
efforts have evaluated the activities supporting
the nation’s transportation sector resilience: the
National Infrastructure Advisory Council (NIAC),
the Transportation Research Board (TRB), and the
Government Accounting Office (GAO).

In July 2015, the NIAC, which provides the President
of the United States with advice on the security

of the critical infrastructure sectors and their
information systems, provided recommendations as
to the nation’s transportation sector resilience?:

2.2.1 NIAC Key Observations:

1. Systemic risks are not well understood by mode,
jurisdiction, regions, or the interdependence between
critical sectors. In addition, emerging risks from
cyber threats, extreme weather, sea-level rise, aging
infrastructure, and workforce changes are not well
understood.

2. While national resilience policies are well established,
they have not been well integrated into practice.

! https://www.transportation.gov/priorities/climate-and-sustainabil-
ity/definitions (Source: Public Law 117-58, also known as Bipartisan
Infrastructure Law)

2 https://www.cisa.gov/sites/default/files/publications/niac-transporta-
tion-resilience-final-report-07-10-15-508.pdf




3. Chronic underinvestment in the nation’s that accounts for changing risks of natural hazards

transportation infrastructure and the lack of and environmental conditions stemming from
monetization of resilience have limited the integration climate change. These could be incorporated into
of resilience into investments. environmental impact assessments or other project

evaluations, such as BCA.

2. Promote the use of BCA that accounts for resilience
benefits estimated through the multistep analytic
framework associated with Recommendation 1.

3. Develop analytic methods and tools for estimating
resilience benefits built upon lessons learned from
piloted approaches.

4. Conduct a study to define data needs for resilience
analysis associated with an analytic framework,
identify data sources, and advise on data suitability
associated with filling data gaps and data updates.

5. Pilot the guidance and tools for estimating resilience
benefits according to the recommended multistep
analytic framework.

2.2.2 NIAC Key Recommendations:

1. Baseline current risks and establish a federal vision for Released in September 2021, the Government
transportation resilience. Accounting Office (GAO) Audit Report 21-561T
(referred to in this document as the “GAO Audit”) is
2. Develop the analytic tools, models, and exercises to of particular note in the context of transportation

better understand and plan for emerging risks and

; . resiliency. Titled “Physical Infrastructure: Preliminary
interdependencies.

Observations on Options for Improving Climate

3. Use the results of these efforts to operationalize Resilience of Transportation Infrastructure”the
resilience by increasing funding and implementing document includes the following findings:
effective federal practices, procedures, and .
procurement processes. - Disaster costs to the federal government are

projected to increase as certain extreme weather

The NIAC noted that in order to achieve a truly events become more frequent and intense due to

resilient transportation sector, a long-term, climate change.

systematic approach needs to be incorporated - No federal agency, interagency collaborative effort,

into the sector through long-term investments, or other organizational arrangement has been
and thel’e haVe been some recent investments established to implement a Strategic approach
throughout the nation, but the sector is just to climate resilience investment that includes
beginning to fully recognize and address the full periodically identifying and prioritizing projects.

scope of the challenge.
« The federal government has primarily funded disaster

In 2021, the TRB Special Report 340 “Investing in resilience projects in the wake of disasters—when
Transportation Resilience: A Framework for damages have already occurred and opportunities
Informed Choices” (referred to in this document as to pursue future risk reduction may conflict with
the “TRB Consensus Study”) provided a
framework to navigate this complex topic to help
solve multimodal network systems impacted by
natural and climate change threats on the ground
level.? This framework has its basis in five
recommendations listed in this report targeted for
decision makers to catalyze investmentsin a
resilient transportation system, which include:

1. Consider a requirement that all projects involving
long-lived assets and are candidates for federal
funding undergo a well-defined resilience assessment

*TRB. Investing in Transportation Resilience: A Framework for Informed
Choices. In Special Report 340. Transportation Research Board, National
Research Council, Washington, DC, 2021.



the desire for the immediate restoration of critical
infrastructure.

In addition, findings include options to enhance
resilience of federally funded roads, such as:

+ Integrate climate resilience into Federal Highway
Administration (FHWA) policy and guidance.

- Update design standards to account for climate
change and resilience best practices.

- Provide authoritative, actionable, and forward-looking
climate information.

« Add climate resilience funding eligibility
requirements, conditions, or criteria to grant programs
formulas.

- Expand the availability of discretionary funding for
climate resilience improvements.

« Alter the Emergency Relief (ER) program by providing
incentives for, or conditioning funding on, pre-
disaster resilience actions.

- Expand the availability of ER funding for post-disaster
climate resilience improvements.

- Establish additional climate resilience planning or
project requirements.

- Link climate resilience actions or requirements to
incentives or penalties.

- Condition eligibility, funding, or project approval
on compliance with climate resilience policy and
guidance.

It should be noted that many of the recommen-
dations from GAO are beginning to take shape, for
example, the use of FHWA ER Funds to improve
system resilience post-disaster;* however, more
work is needed to establish standard design and
assessment methods, metrics to track system
resilience, and integration into practice.

The transportation system is a critical infrastructure
sector that can significantly disrupt the economic
and social well-being of a region or large portions
of the country. In addition, the Cybersecurity &
Infrastructure Security Agency (CISA) notes that four
infrastructure sectors—Energy, Communications,
Water, and Transportation—are fundamental to
support basic societal functions.® Also noted in the
interdependence of these four critical infrastructure

* FHWA. Emergency Relief Resilience Case Studies. Federal Highway Ad-
ministration, U.S. Department of Transportation, Washington, DC, 2023.
https://www.fhwa.dot.gov/programadmin/er/casestudies.cfm

5 CISA. Critical Infrastructure Systems. Cybersecurity & Infrastructure
Security Agency. https://www.cisa.gov/topics/critical-infrastructure-se-
curity-and-resilience/resilience-services/infrastructure-dependen-
cy-primer/learn/critical-infrastructure-systems

sectors, for example, is the fact that chemicals

to treat water are carried often on highways and

rail systems; communication, water, and energy
distribution networks often lie within the right

of way (ROW) of many highway systems; and
communication and energy systems often are
necessary to operate transportation systems such as
traffic signals or traffic management systems.

2.3 The Purpose of the U.S. DOT Resilience
Coalition

In an effort to gain an understanding of the current
state of capabilities and capacities of surface
transportation agencies in resilience planning and
implementation, the U.S. Department of
Transportation (DOT) has partnered with the
American Association of State Highway and
Transportation Officials (AASHTO) to assemble a
coalition of surface transportation professionals
focused on the growing issue of climate resilience in
transportation.

While the TRB, GAO, and NIAC efforts were from
the federal government viewing the resilience
issue from a top-down approach, the Coalition is
meant to be a bottom-up approach from critical
stakeholders at the implementation level. The
Coalition includes transportation practitioners,
resilience experts, and stormwater management
experts actively working in the transportation
resilience space who have practical observations
and recommendations to expedite resilience into
practice. Assembling these professionals provides
an opportunity for the U.S. DOT to work directly
with external stakeholders to identify the needs
of the transportation industry to overcome the
challenges associated with incorporating resilience
from an owner/operator perspective.

The purpose of the Resilience Coalition is to
document gaps in knowledge, data, tools, and
application challenges to better convey what
barriers may be contributing to the slow uptake
in moving climate resilience considerations
into practice in the transportation industry. The
objectives of the Resilience Coalition are:



- To be a representative of the surface transportation
sector and provide state-of-the-sector feedback
regarding agency capacity and readiness to plan and
implement resilience elements into transportation
infrastructure.

+ Toidentify the technical and policy needs of
transportation agencies to catalyze the paradigm
shift from designing and constructing infrastructure
assuming a fixed and static environment to one that
reflects the dynamic nature of conditions anticipated
in the future.

Agencies must understand the vulnerabilities of
their system and develop strategies to improve

the resilience of their transportation networks in
order to be able to both respond to events, as well
as reduce the likelihood of losses from such events.
To improve resilience, agencies must identify and
assess threats and vulnerabilities, evaluate potential
mitigation actions to reduce threats, and prioritize
mitigation plans that align with overall agency
strategic performance goals. The Coalition aims to
provide recommendations to help these agencies
succeed in incorporating resilience throughout the
system life cycle to ensure a cohesive, consistent
agency-wide approach to planning, designing,
maintaining, and operating transportation systems.

3 Background and Transportation
Sector Actions

3.1 Legislation

The transportation industry saw significant federal
investment in climate resilience through the
Infrastructure Investment and Jobs Act (IlJA) (also
known as the Bipartisan Infrastructure Law, or BIL)
signed into law on November 15, 2021 (Public
Law 117-58). This law authorized $1.2 trillion for
transportation and infrastructure, nearly half
(8550 billion) of which will be spent on new
investments and programs. Two of these new
programs established are the Carbon Reduction
Program (CRP) and the Promoting Resilient
Operations for Transformative, Efficient, and Cost-
saving Transportation (PROTECT) Program. The
CRP is supported through authorized funding of
$6.42 billion over five years to drive investments
in projects designed to reduce transportation
emissions, defined as carbon dioxide emissions
from on-road highway sources. The PROTECT
program, originally authorized at $8.7 billion over
five years with $7.3 billion distributed through
formula funding and $1.4 billion available via
competitive grants, was established to increase
system resilience to natural hazards including
climate change, sea level rise, flooding, extreme
weather events, and other natural disasters.
Additional funding was provided through
appropriations for discretionary grants to bring the
overall total to $9.1 billion.




Funding by the federal government for traditional
surface transportation infrastructure has been

in place for over a century, beginning with the
passage of the Federal Aid Road Actin 1916.5
However, funding of resilience planning and
implementation in the transportation sector is

less clear. Technical aspects of resilience, such

as projections in temperature and precipitation
patterns, and the implications for critical
infrastructure, such as transportation systems, are
both still evolving. Similarly, practical applications
to prepare for stressors and shocks associated with
climate change are new in the transportation sector
and will rrequire a paradigm shift when assessing
infrastructure and considering solutions that
encompass physical assets, changing technologies,
travelers, the environment, and communities
impacted by, and benefitting from, these
investments.

To achieve this paradigm shift, transportation
agencies must rely on data and information

on climate stressors and resilience solutions
associated with emerging dynamic tools and
technical resources. In addition, transportation
professionals at all levels will need education and
training to understand how best to update policies
and procedures within agencies as well as how to
develop engineer-level information and methods to
implement envisioned resilience solutions.

3.2 The Resilience Challenge

Natural disasters occur in many forms including
acute events, such as hurricanes, earthquakes, and
land/mudslides, as well as chronic events, such as
excessive heat and coastal flooding due to
increased sea levels. Regional variations in climate,
geology, and connectivity to coastal areas exist that
heighten or dampen the criticality of hazards
geographically. And while some hazards are directly
connected to the dynamics of climate change while

6 https://uslaw.link/citation/us-law/public/64/156

others are insulated from these shifting conditions
either moderately or completely (such as
earthquakes), the majority of the most impactful
natural hazards are affected and exacerbated by
climate change. A complicating consideration is
that the impacts of these hazards are not always
isolated. Natural hazards that tend to occur
simultaneously or in near concurrence, such as
intense rainfall and high winds, are compound
hazards. Other multidimensional hazard
occurrences include cascading events, such as
intense rain events occurring shortly after a wildfire
in @ mountainous area, leading to mudslides or
infrastructure sectors such as energy and water
systems can contribute to resilience risks. Water
major slope failures. Furthermore, other critical
main breaks or sewer collapses can shut down
surface roads or flood transit tunnels. In addition,
power outages can shut down rail, transit, and ports
and severely impact the ability to quickly recover
from disruptions.

3.3 Policy and Industry Response

Multiple policy and industry actions have been
taken to spur action to support transportation
agencies in implementing climate resilience into
practice. These actions have taken the form of
legislation, research efforts, and federal agency
initiatives. The evolution of policies related to
infrastructure and highway resilience is relatively
short and a review of these policies notes the shift
over the past several years from risk reduction and




protection of critical infrastructure assets from
potential hazards, initially highly concentrated on
direct threats, towards improving infrastructure
resilience from a wider range of hazards, including
both direct and natural threats. Figure 2 highlights
major policy initiatives related to system resilience
and significant disasters over the past several years
to call attention to the evolution of resilience in
transportation. Early policy efforts were driven

by threats of terrorism and tended to focus on
protecting assets and emergency response,
lessons learned from domestic terrorism in the
1990s and from 9/11. The National Infrastructure
Protection Plan (NIPP) includes a list of 16 critical
infrastructure sectors that, if incapacitated or
destroyed, could have a debilitating effect on
security, national economic security, or national
public health or safety, in which transportation is
included. Shortly after 9/11, Hurricane Isabel left in
its wake an estimated $5 billion in losses in North
Carolina, Virginia, West Virginia, and Pennsylvania.
Two years later, a record breaking 2005 hurricane
season saw Hurricanes Katrina and Rita among
the five major hurricanes to make landfall that
year devastating Louisiana, Texas, Mississippi, and
Arkansas. Policies began to reflect the need to
address external threats, including climate and
natural hazards. The FHWA Order 5520, published
in December 2014, provides a framework to enable
agencies to better prepare for and be resilient

to hazards due to climate change and extreme
weather conditions. The purpose of this policy was
to establish the FHWA policy on preparedness and
resilience to climate change and extreme weather.
The directive focuses on how higher temperatures,
sea-level rise, and changes in seasonal precipitation
and the intensity of rain events are affecting

the performance of transportation systems by
increasing the cost of ownership, reducing the
lifecycle of highway assets, and impacting system
functionality (FHWA, 2014).”

NCHRP Synthesis 527: Resilience in Transportation
Planning, Engineering, Management, Policy, and
Administration,® noted from a survey conducted of
40 state DOT agencies that the largest impediments
to implementing resilience practices included:

- Lack of resilience metrics and assessment methods.

« Lack of criticality assessment methods.

7 FHWA. Transportation System Preparedness and Resilience to Climate
Change and Extreme Weather Events. FHWA Order 5520. Federal High-
way Administration, U.S. Department of Transportation, Washington,
DG, 2014.

8 Flannery, A., M.A. Pena, and J. Manns. Resilience in Transportation
Planning, Engineering, Management, Policy, and Administration: A Syn-
thesis of Highway Practice. NCHRP Synthesis 527. National Cooperative
Highway Research Program, Transportation Research Board, Washing-
ton, DC, 2018.

« Lack of asset vulnerability models.

- Lack of understanding of expected benefits of
mitigation measures.

Similarly, in NCHRP 23-09 Scoping Study to Develop
the Basis for a Highway Standard to Conduct an All-
Hazards Risk and Resilience Analysis,® completed

in 2022, noted workshop participants from a

cross section of professionals from state DOTSs, !
local agencies, academia, and private consultants t
highlighted the need for the following to improve
incorporation of resilience into transportation E
practice: a N

- Resources and tools to ease use and understanding by
agencies to perform in-house resilience assessments.

- Updated guidance and education for staff and
leadership to improve resilience analysis.

« Development of economic analysis techniques to
incorporate risk and resilience assessments into
decision-making.

-
e e
-—— .

In 2020 and 2021, Congress included language in
the U.S. DOT Appropriations directing the agency

to support state, local, metropolitan planning
organization (MPO), and tribal entities in their
ability to incorporate quantitative methods of
determining the anticipated losses of physical
assets and the disruption to the transportation
system from increasing extreme weather events and
chronic climate change. This action funded the TRB
Consensus Study (TRB, 2021).

In November 2021, the Infrastructure Investment
and Jobs Act (IlJA) created the Bipartisan
Infrastructure Law (BIL) (Public Law 117-58). This
new legislative action included several references
to the need for increased risk management and

9 Pena, M., M.K. Campbell, and S. Indrakanti. Scoping Study to Develop
the Basis for a Highway Standard to Conduct an All-Hazards Risk and
Resilience Analysis: Implementation and Communications Plan.



Risk and Resilience...

LR L LR R RN Y]

saa [

Presidential Decision
Directive No, 63

an evolution

July 1996 i

Seprember 2

Event
9/11 Terrorist Attacks

Presidential Commission
for Critical Infrastructure
Program

® O ©

Novernber 2 l

Department of Homeland
Security Established

Mational Strategy for
Homeland Security

B December 2003

August 2005

Event
Hurricane Katrina

Horneland Security
Presidential Directive 7

sssealesssadensnalannealensnalenenalennne

Event

@ 0

[ Juy 2012 [
Maoving Ahead for Progress in
the 21st Century Act

Hurricane Rita

Event

[<

Presidential Polic.\;
Directive 21

Superstorm Hurricane
Sandy

90 ©0 ®

May 2013

Event

T T 13
Event
Yarnell Hill Fire

Moore Oklahoma Tornade
Qutbreak

(TR T

Event

FHWA Order 5520

Colorade Floods

E
@ D

Event

[ Occember 2015 [

FAST Act

» 050 Washington Mudslide

Event
Hurricane Matthew

West Virginia Floods

Event

Event

Hurricanes Harvey,
Maria, and Irma

Great Smokey Mountain
Wildfires (Gatlinburg)

Event

(TERET IR YT ISNRT ISR IRSERNITARST TR D
= m
=
L]
- =
-

©C @ D

& O 0 ® © ¢ @

Anchorage Earthquake

California Wildfires, Montecito
Debris Flows, and Hurricane
Michael

SSsssassssssssssssasRsanEBREsS

ALRLA AL E R L L R LN Lt R a XY

e e E R N F NN NN R N R R R RN SN E RN R R RN RN R RN R R R N R R R R R RN R E NN E N RN R R R RSN R R RN R N E RN E R F R E NN R SRR R RN N R NN R E NI RN RN RN R RN R RN RN R

Event
Missouri & Mississippi
River Flooding

@

Surmmer 2021

Event
Western Drought
& Heatwave

Event
Kincaid Fire, California

LA RS LRl LA ARl LA Rl LR L)

September 2022

Event
Hurricane lan

alicy

0

Infrastructure Investment

and Jobs Act

ssssssssfesnes

Event
Hawaii Wildfires

&

Figure 2. Resilience Evolution Timeline




improvements in transportation system resiliency + Dependency and Cascading—Threats between

such as: dependent entities, such as electricity,
communications, water systems, and the
+ Section 11105—This section highlights the transportation system.
importance of incorporating analyses that integrate
extreme weather conditions and resilience. + Cyber—Threats that seek to disrupt or hold hostage
day to day business of highway agencies including
- Section 25007—This section directs the Office of the impeding ITS systems, servers, and computer
Secretary to provide the tools and data necessary networks, such as the ransomware malware attack
to develop quantitative methods to assess risk and Colorado Department of Transportation (DOT)
system resilience. suffered in March of 2018 and the Colonial Pipeline

attack in 2021.
- Transportation Resilience and Adaptation
Centers of Excellence (TRACE)—The I1JA/BIL - Physical Malevolent—Direct threats including theft,
establishes 11 centers of excellence focused on sabotage, explosive attacks, and active shooters.

transportation resilience (forthcoming).
- Individual Concerns—Unique threats such as train

- Promoting Resilient Operations for Transformative, derailments, high-vehicle bridge strikes, homeless
Efficient, and Cost-saving Transportation (PROTECT) encampments near assets, funding uncertainty,
Program—The PROTECT Program is a new formula regulatory changes, societal stressors, and political
and grant program to fund planning activities and threats.

projects to improve system resilience. N ) ) )
To improve resilience, agencies must identify and

As the Executive and Legislative Branches were assess threats, evaluate potential mitigation actions
focusing on the need for more quantitative to reduce threats, and prioritize mitigation plans
methods and data to support agencies seeking to that align with overall agency strategic performance
incorporate risk and resilience assessment from goals. Recently, asset management has been the
climate threats, the industry had begun its own focus of identifying and assessing external threats;
journey to the same end. For example, AASHTO however, many agencies recognize the need to
identified risks that hinder system resilience, incorporate resilience at all levels of planning
including: to ensure a cohesive, consistent agency-wide
approach to improving system resilience.
« Natural—Including hurricanes, flooding, rockfall,
tornados, landslides, ice storms, avalanches, Figure 3 demonstrates our preliminary vision of
earthquakes, extreme heat events, cold-snaps, and various methods by which resilience concepts

long-term changes in climate, such as drought
and sustained temperature changes that impact
foundations of transportation assets.

and strategies can be incorporated from the
long-range through Project Prioritization Process,

ATransportation Need is Identified

Long-Range Project Planning (20+ Years)

Projects are evaluated to ensure they help achieve resiliency and long-
range planninggoals.
Long-range screened project

Mid-Range Program/Project Planning (10-20 Years)

Resiliency is considered in all programs such as Transportation Asset
Management Plan (TAMP), Planning and Environment Linkages (PEL), etc.

Prioritized projects from program plans

Investment Allocations and Performance Tradeoffs

Investments will be made to achieve our resiliency and long-range goals).
Program spending targets

STIP Project Prioritization

Prioritized projects address resiliency and all Department of Transportation
(DOT) goal areas.
Prioritized Statewide Transportation Improvement Program (STIP) projects

Figure 3. Resilience Decision Making Process




similar to the ways in which the transportation
industry already addresses safety, operational, and
mobility goals throughout the planning process.
What is also needed is a full understanding of the
data sources, resources that feed the design and
decision-making process, and adopted design
standards that may require changes to allow
transportation practitioners to fully incorporate
resilience into practice. A simple example of this
are rainfall duration and intensity curves which
rely on historical rainfall to drive inputs for the
design process. While Atlas 15 is forthcoming and
intends to incorporate climate projections as well
as historical data to generate these curves and
look up tables in 2028, currently practitioners draw
information from published Atlas 14 which uses
historical information only to derive these critical
inputs to the design and decision-making process.
Therefore, a stopgap approach to incorporate
climate projections into design guidance would
advance resiliency efforts until the Atlas 15 data
comes out in 2028.

3.4 Policy Publication Ties to the DOT Resilience
Coalition

The passage of the IlIJA/BIL into law included an
infusion of investment into transportation resiliency
through the PROTECT program (Public Law 117-
58). As transportation organizations prepared to
receive these funds, Formula Program Guidance was
released in July 2022. The first Notice of Funding
Opportunity (NOFO) for the fiscal year 2022 and
2023 PROTECT discretionary grants was released

in the spring of 2023. The surface transportation
sector seems well positioned for a major shift to
resilient project implementation, but there are
signals that this shift may not occur as policy
makers envision.

As the GAO Audit points out, there is no cohesive
federal plan to strategically implement resilient
projects in the transportation sector (GAO, 2021).
Similarly, the TRB Consensus Report completed in
the fall of 2021 notes that tools and methods to
analyze climate change hazards and quantify the
benefits of investments to increase the resilience
of transportation infrastructure are not readily
available (TRB, 2021). Further, the TRB Consensus
Report recommends that requirements be
established for project evaluations using well-
understood approaches, with BCA as the prime
example. This requirement creates the need to
provide tools for estimating resilience benefits

as well as a greater understanding of the data
sources and informational needs of transportation
organizations to utilize these tools.

Considering the findings of the GAO Audit and
the recommendations listed in the TRB Consensus
Study, there is a clear concern that funds provided
through the PROTECT program, and similar federal
funding programs, may not be able to lead to the
types of implementation investments intended by
decision makers. The DOT Resilience Coalition was
established to better understand these dynamics
and to provide actionable feedback to the surface
transportation industry. The goal of this approach
is to create a clear pathway between resilience
funding and outcomes resulting in constructed
transportation infrastructure at an optimal level
of resilience. In other words, the Coalition’s

input identifies the necessary investments in
planning, data gathering, tools and methodology
development, program change management,
and training and education needed to enable
transportation organizations to make resilience
investments leading to measurably more resilient
infrastructure. In addition, the Coalition provides
information on the steps and the potential
timeframe required to make these changes to
enable responsible and effective investments in
resiliency.

3.5 Terminology, Threats/Hazards, and the
Framework for Coalition Activities

Initial efforts by the Coalition focused on defining
terms in the context of resilience as well as
identifying the universe of hazards and threats

to include in the scope of the Coalition’s work.
There was general agreement that definitions for
key terms used in the TRB Consensus Study will
provide the basis for Coalition discussion'®. During
discussions and in web-based surveys, the Coalition
considered several anthropogenic threats including
infrastructure failure, cybersecurity, conflicts/
terrorism, public health, and economic and political
shocks. Of these, the most pertinent threat for the
Coalition was found to be infrastructure failure.

Since the focus of this group is resilience in the
context of climate change, the group considered a
series of threats, including precipitation, sea-level
rise, temperatures, and interactions between all of
these threats, and all were identified as threats to
be included in the effort. Other threats identified to
be included in the scope of the Coalition activities
included natural hazards (flooding, storm surge,
wildfire, mud/debris flow) and geologic hazards
(land subsidence, landslide/rockfall). The Coalition
also recognized the significance of cascading and
dependent threats.

19 See Appendix for a listing of terms and definitions.



Beyond identifying which threats and hazards,

the Coalition considered the context of resilience
planning and implementation. Examples for added
context includes the tiering threats by the range of
impact (national, regional, local), whether threats
to be considered should be confined to threats to
infrastructure assets or if the universe of threats
should be broadened to include transportation
systems, and if threat-asset pairings should be
identified to provide more efficient and actionable
responses when opportunities to address resilience
are presented via federal funding and potential
statutory and regulatory changes.

Considering the significance of the TRB Consensus
Study, a framework to define the pathway for

the Coalition through the duration of this effort
based upon the Consensus Study was established.
The basis for this decision is that this seminal
publication outlines the major challenges in
resilience planning and implementation in the
transportation sector today, such as the need for
analytic methods and tools for estimating resilience
benefits, a greater understanding of data sources
and data needs to capture resilience characteristics,
the development of a framework that utilizes BCA
approaches, the requirement to analyze resilience
projects using robust analytical approaches, and the
piloting of projects to ground-truth the tools used
to estimate resilience benefits.

4 Current Data, Tools, and Approaches
to Support Resilience Investments

Data-driven, performance-based decisions are
more likely to be supported by all categories of
stakeholders than ill-conceived or reactionary
decisions. Investments in resilience require technical
information, data, and quantitative methods to not
only assess, prioritize, and plan for project delivery,
but also for project design, operation, and long-
term operation and maintenance. Considering

the nascent status of resilience, it is not surprising
that the industry is lacking in consensus in many, if
not all, of these areas. Below we describe some of
the challenges associated with the identified gaps
to fully implement resilience within day-to-day
decision-making.

4.1 The Universe of Resilience Benefits in the
Surface Transportation Sector

The U.S. DOT provides a listing of resilience
benefits in the program materials associated with
the PROTECT discretionary grant program, that
includes traditional baseline benefits focusing

on transportation infrastructure, such as avoided
impacts or costs to infrastructure and reduced

maintenance costs associated weather-related
damages, as well as user-centric benefits, such

as increased public safety, reduced impacts to
transportation system user service in the context of
travel time savings, and reduced economic losses
for communities and transportation system users.

Other benefits that coincide with baseline

benefits (referred to as “co-benefits”) can include
environmental and wildlife habitat improvements,
holistic socio-economic community resilience,
trusted governance, and public health associated
with multi-model options. Several examples of
resilience co-benefits as recently outlined in the 5th
National Climate Assessment Report include:

- Reduced carbon-powered transportation improves air
quality, which benefits public health.

Proactive adoption of climate-resilient road and rail
infrastructure would save billions annually by the end
of the century.

More mass transit miles traveled reduces motor
vehicle fatalities.

+ Reducing heavy trucking and idling can lessen
exposure to air pollution in overburdened
communities.

« Bicycle use versus short car trips can add several
months to life expectancy.

Input provided by the Coalition suggests

that the industry is most comfortable with a
universe of benefits that includes those both
tied to infrastructure assets as well as user-based
contexts in the face of climate change dynamics.
However, this broader universe of benefits (and
co-benefits) is not consistent with all federal
policies and the Coalition members noted they
may not have models to estimate all benefits.

The U.S. DOT Benefit-Cost Analysis Guidance
recognizes impacts to infrastructure and users, but
also identifies co-benefits including public health
benefits, local and regional economic impacts,

and environmental and wildlife impacts (U.S. DOT,
2023a)."" Similarly, the White House's Resilience
Science and Technology Grant Pathways Framework
includes societal dimensions of resilience benefits,
including safety and security, physical and mental
health, and social cohesion and connectedness.

An example where broader recognition of resilience
benefits is Delaware State Route 1 (SR 1). This asset

" U.S. DOT. Benefit-Cost Analysis Guidance for Discretionary Grant
Programs. Office of the Secretary, United States Department of Trans-
portation, Washington, DC, 2023. https://www.transportation.gov/sites/
dot.gov/files/2023-12/Benefit%20Cost%20Analysis%20Guidance%20

2024%20Update.pdf




is a significant transportation corridor that has
enormous economic and social value to the State of
Delaware and other regional entities. Located on a
stretch of land with the Inland Bays to the west and
the Atlantic Ocean to the east, this corridor is highly
susceptible to flooding and erosion associated

with coastal storm events. SR 1 is already being
affected by sea level rise with impacts expected to
grow and accelerate in the future, and throughout
the corridor, growth related to urbanization is
leading to an increase in urban runoff volume and
pollutant loading. In short, SR 1 is experiencing
stressors from a variety of sources leading to an
overall condition of vulnerability in many locations.
Considering the vital nature of this transportation
infrastructure segment, any major threat to the
system’s integrity requires robust study and action.
A FEMA-funded study led by Delaware DOT focused
on the vulnerability of this corridor to coastal-
oriented climate change impacts identified ways to
enhance the resilience of sections of SR 1 through
nature-based solutions, such as coastal marsh lands
and green infrastructure that also provide roadway
runoff treatment. Without a clear recognition of the
economic impacts tied to these structural impacts
to SR1, the willingness to identify high-value pilot
projects would likely not have occurred. Given the
lack of easily accessible or documented approaches
to estimating the range of benefits identified
through the FEMA-funded study, Delaware DOT
may not have been able to demonstrate the full
benefits of the proposed resilience improvements.
This may also point to the inequities of the lack of
published standard methods of benefits assessment
by the transportation industry for resilience
investments.

Recent changes in the FHWA Emergency Relief
Program through provisions included in IIJA/BIL or
Inflation Reduction Act (IRA) recognize the need
to make eligible activities that promote a more
resilient system post emergency event (Public

Law 117-58). As noted on FHWA's Emergency
Relief Program webpage, several new activities are
now eligible for ER Funding, including protective
features, such as:

- Raising roadway grades.

+ Relocating roadways in a floodplain to higher ground
above flood elevations or away from slide-prone
areas.

- Stabilizing side slopes.
- Stabilizing slopes.

- Lengthening or raising bridges to increase waterway
openings.

« Increasing the size or number of drainage structures.
« Replacing culverts with bridges or upsizing culverts.
- Installing seismic retrofits on bridges.

- Adding scour protection, installing riprap or adding
other scour, stream stability, coastal or other hydraulic
countermeasures, including spur dikes.

- The use of natural infrastructure to mitigate the risk
of recurring damage or the cost of future repair from
extreme weather, flooding, or other natural disasters.

Of note, the IIJA/BIL requires FHWA to publish

a new FHWA Emergency Relief Manual to reflect

best practices for improving the use of resilience

in the emergency relief program and provide this
information to state DOTs (Public Law 117-58). As of
January 2024, the only available FHWA Emergency
Relief Manual is dated May 2013 and does not
provide a methodology for conducting economic
assessments of proposed improvements to improve
system resilience.

4.2 Valuing and Quantifying Benefits

The scale of resilience benefits values allowed in

an analysis is directly connected with the number
of benefits included in the analysis as well as the
understanding of value for each benefit included.
The categories of benefits to be analyzed should be
prioritized to ensure timely decision-making while
still providing a more comprehensive view of key
factors of resiliency. When a more complete set of
benefits are analyzed, the overall value of resilience
investments will be better qualified. Lastly, the total
resilience benefits are then determined through

an understanding of the probability of hazardous
events to occur. This relationship, taken from FHWA
PROTECT program resources, can be expressed as:

B=TxP (Eq.1)

where:

B = the expected value of the resilience benefit,



T = the summation of all valued benefits in the
analysis,

P = the probability of a hazard event (Public Law
117-58).

An example of the application of this method is
shown in Figure 4.

While this relationship is reasonable, the application
of this equation may be challenging as the U.S. DOT
BCA Guidance provides only qualitative approaches
to valuing benefits for resilience (U.S. DOT, 20233,

p. 30). Further, there are many additional categories
of benefits that are based in qualitative terms,

such as many social and environmental benefits.
However, the generally accepted approach of
relying on quantitative benefits when estimating
the valuation of resilience benefits may lead to

an underrepresentation of qualitatively defined
benefits at best, or a complete lack of including
these benefits at worst.

Standardization and clear guidance on accepted
valuation methods, including discount rate,
for qualitative resilience benefits need to

be developed. The lack of standardization
creates a scenario where communities who
have the capacity, experience, and expertise
in resilience benefit valuation can maximize
the total resilience benefit of a project while
underserved communities lacking these
resources or expertise are unlikely to generate
total resource benefit valuations at the same

level. This creates a dynamic that is in contrast to
the spirit of intended investments in resilience,
which is to provide a premium for underserved
communities in terms of resilience investments
as these populations are impacted by climate
change stressors at a disproportionate

level. Benefit valuation will continue to be
problematic for underserved communities if
there is no consideration of the valuation of
social and environmental co-benefits linked to
transportation improvement.

4.3 Risk and Resilience in the Transportation
Sector

Risk assessment has been found to be most easily
understood by a broad range of stakeholders
when performance measures reflect a common
underlying unit of measure such as financial loss.
The water/wastewater industry has noted that
their use of financial loss to estimate risk has been
well received by decision makers and importantly
financial institutions and bond rating agencies such
as the Standard & Poor’s (S&P). Similarly, Delaware
DOT recently cited a S&P nod to the agency’s
establishment of a resiliency and sustainability
division, an important mitigation effort to offset
acute and chronic risks to its system.

Another shortcoming of the relationship expressed
in Equation 1 is the lack of consideration of

the vulnerability of the asset. Specifically, this
equation does not include or consider the level of
vulnerability and the amount of investment made

BCA Example #1 — Expected Resilience Benefits

consequences (repair, detour, etc.).

* Resilience benefits equals probability of the hazard event multiplied by the

Expected Avoided Avoided AVU_id&d

Resilience = Repair + Detour + \(f;ehlclf-_
| perating

Benefits* Cost Cost e

Probability
X of
Hazard
Event

Expected . y
= travel time savings +

value of the i 5

e + vehicle operating cost

resilience f the d

benefit +sa lr:ah,r_on e detour route
+ emissions

PROTECT *Undiscounted 54

Figure 4. Expected Resilience Benefits (Source: FHWA, 2023b)




in maintenance and preservation of assets and
assumes the asset is highly vulnerable. This may
overstate the value of resilience benefits for assets
that are well-maintained or were designed and
implemented with resilience elements integrated
into the project.

A factor that can account for vulnerability as well

as costs (and benefits) associated with hazardous
events is risk. Colorado DOT (CDOT) expresses
annual risk in dollars and defines this risk as listed in
Equation 2 below:

R=CxVxT (Eq. 2)
where:
R = annual risk (in dollars)

C = the summation of all potential costs associated
with a hazardous event

V = the level of asset vulnerability

T = the probability of a hazardous event in a given
year.

Note: this equation does not account for variations
of risk probability throughout the life of an asset or
its potential deteriorating performance over time
as the asset ages. This approach is a deterministic
approach when fixed variables result in a fixed
estimation of annual risk. Furthermore, the only
variable under control is vulnerability. Investments
in reducing vulnerability need to be analyzed using
a benefit cost model—the marginal benefit of an
investment will be larger in some scenarios than
others. Understanding the resilience value of capital
investments into infrastructure can be a powerful
tool when working in a resource constrained
environment.

CDOQT based their utilization of Equation 2

through initial application of the Risk Analysis

and Management for Critical Asset Protection
(RAMCAP) platform that assess risk for a given asset
as a product of threat, vulnerability, consequence,
resilience and applied countermeasures.'? Utah
DOT also uses RAMCARP, but their approach is to
assume the probability of a hazardous event is the
same as the probability of a hazard causing total
failure of the asset, which effectively eliminates the

12 ASME. Risk Analysis and Management for Critical Asset Protection
(RAMCAP) Executive Summary. American Society of Mechanical Engi-
neers, New York, NY, 2005. https://files.asme.org/asmeiti/ramcap/12604.
pdf

vulnerability factor in Eqg. 2.” These two approaches
for DOTSs located in similar climates and
geographies could result in significantly different
results when assessing risk. This illustrates two
priorities. First, the need for standardization in risk
assessment methodology as well as in resilience
benefits used and total valuation of these benefits
is critical. And, secondly, reducing vulnerabilities,
where financially feasible, provides the most
controllable part of risk management.

4.4 Methods for Risk, Resilience, Benefits and
Decision-Making

Resilience assessment is an emerging field of
study as was noted by the TRB consensus study on
resilience metrics (TRB, 2021). Resilient planning
solutions can include updating land use codes,
zoning, development and design standards,
incentive programs, and emergency response
planning to better prepare for shocks and stressors
in the face of uncertainty. Resilience planning
provides the mechanisms to reduce the likelihood
of consequences from external threats or stressors
and improved recovery times when events occur.

Quantitative-based tools using technically sound
approaches can play a critical role in prioritizing
funding resilience investments and minimizing
piecemeal, short-term decision-making based upon
limited data and information. With limited resources
and funding available, what projects should be
protected from climate change stressors? To what
degree is this resilience enhancement needed? How
should resilience enhancements be distributed—by
investing in a few large-scale enhancements or in
many small-scale enhancements? These are the
types of questions facing surface transportation
organizations.

Thankfully, multiple methods to quantify benefits,
risk, and resilience have been developed, as has
been described. Many of these methods have
been piloted in the transportation industry, but
their application has been generally limited. This
dynamic may be due to a lack of:

« Adequate high-quality input data

- Training and education in the transportation sector on
these approaches and their application

- Policy incentives mandating the use of quantitative
tools for decision-making when requesting federal
funds

¥ Minnesota DOT. Transportation Research Synthesis: Developing Trans-
portation System Climate Resilience Performance Measures. TRS 2202.
Minnesota Department of Transportation, June 2022. https://rosap.ntl.
bts.gov/view/dot/62737/dot_62737 DS1.pdf




- Formalized consensus from a credible lead
organization or entity

« A combination of any/all of these

An example of the lack of consistent approaches to
resilience assessment in the water resources sector
that drives many decisions within transportation
design is climate projection for precipitation
depths and intensity, which are two of the most
significant factors when analyzing and designing
drainage features (inlets, grates) and conveyance
structures (culverts and bridges). Current practice
is to use historical data to design for the future and
assume that the climate is remaining constant or
stationary. Observations, however, are showing
that the climate is not remaining constant or is
exhibiting non-stationarity characteristics (Lopez-
Cantu and Samaras, 2018) Many, if not most, regions
are expected to experience an increase in both

the amount of precipitation and intensity of these
events with the frequency of precipitation events
becoming either more frequent or rare compared
to historic norms. Therefore, a new design paradigm
that incorporates future conditions is needed to
protect infrastructure asset investment, public
safety, and environmental integrity.

An organization that does embrace the reality of
non-stationarity in transportation infrastructure
planning is more likely to avoid these outcomes,
but they will do so at a cost associated with more
robust hydraulic capacity in drainage elements

(in the case of increasing expected rainfall) or
through a more heavily reinforced infrastructure
asset that is less vulnerable to future growing
climate stressors, which could include droughts.
But the challenge in integrated assumptions of
non-stationarity in transportation is that this is not
a toggle between stationarity or non-stationarity in
design assumptions but a nuanced understanding
of the nature of non-stationarity. Specifically, how
precisely do we anticipate that climate change

will impact the infrastructure sector? Due to the
significant amount of uncertainty, there is an
inherent limitation on precision in this area, so it is
common to consider a range of projected outcomes
for climate inputs as well as the expected impacts
on ROW, environment, and costs.

The most commonly accepted climate projections
as developed by the Intergovernmental Panel on
Climate Change (IPCC) are known as Representative
Concentration Pathways (RCPs). There are four

RCPs (2.6, 4.5, 6.0, and 8.5) which represent the low,
medium low, medium high, and high temperature
projections. Each corresponds to a different
scenario in terms of GHG production and mitigation
efforts taken globally. Policy decisions will have to

be made on whether to have a single value or to
consider a range of projections from the RCPs. The
need for clear policy will be enhanced as Shared
Socio-economic Pathways (SSPs) further refine the
GHG scenarios identified as RCPs.

While it is critically important that the IPCC has

led the effort to identify RCPs for policy makers to
consider, the average transportation planner or
engineer asked to design a resilience transportation
project does not have the knowledge to translate
these RCPs into their designs—in other words,

how much of an increase in precipitation in my
location is associated with RCP 4.57 Further, how is
the traditional transportation professional to know
which scenario is the “right” scenario?

At this point, few surface transportation
organizations have developed robust, clear, and
technically based policies on climate projection
scenarios and how these are to be selected

and implemented in resilience investments.

This often leads to discussion around climate
without action being taken to address climate

in design choices. National guidance is needed

on what scenarios to use based on criteria (life
cycle of asset, vulnerability, exposure, etc.) to
enable regulatory reform to allow DOTs to make
the needed betterments while also minimizing
environmental impacts. Furthermore, because
DOTs have limited ROW, resilience efforts will most
likely require additional ROW acquisition. Resilience
improvements are “capacity improvements”in

the sense that they are supporting future system
functional capacity for travel demand.

Leadership should continue to invest in
determination of future climate conditions to
provide design criteria that considers risk over the
life cycle of the asset. In the absence of specific
federal statutory requirements, federal or state
regulation will be required to achieve data-driven
performance methodology in selecting an RCP.

One example is Cal-Adapt, which is a collaboration
between state agency funding programs, university,



national lab, and private sector researchers whose
mission is to make data portraying climate change
in California more accessible and actionable for a
broad audience. This group notes that the California
Governor’s Office of Planning and Research
recommends using RCP 8.5 for planning analysis
considering projections through 2050. Beyond
2050, it is advised to select scenarios on a case-
by-case basis. Further, Cal-Adapt recognizes some
communities may choose to use a less conservative
approach, such as RCP 4.5, but that ultimately the
scenario selection, “depends on a given community
element’s risk.”

The current landscape of policies regarding all
types and methods selection is often left up to
decision makers at the local level or the level of the
project owner. Engineers and practitioners want
and need data, not studies. Given the complexity
and uncertainty of the topic and the liability
associated with scenario selection, the lack of a
national standard on which projections to use
leads to a situation where scenario planning is
implemented in a piecemeal fashion generating
a patchwork of transportation projects across a
landscape of varying vulnerability. One example
that is in development currently is from Maryland
DOT (MDOT), who define vulnerability in terms of
exposure, sensitivity, and adaptive capacity (Bhat,
etal,, 2019). The MDOT approach also frames
system criticality in terms of evacuation route and
functional classification. Efforts are needed to
leverage these state-level methods for a broader
and more consistent applicability.

The example of RCP selection is just one of many
areas where industry consensus does not exist.

As we have seen from the Colorado and Utah

DOT examples previously presented, even when
using the same risk assessment tool (RAMCAP),
these organizations used differing approaches
to incorporating asset vulnerability in risk
assessment (ASME, 2005). This difference can
create significantly divergent outcomes when
performing a BCA. Fundamental terms, including
risk, resilience, criticality, and vulnerability, should
be analyzed and defined consistently through

a consensus-based approach for the surface
transportation industry. Consistency of approach
is needed for resilience projects to optimize

the investment and reduce the risk across the
transportation organization. Leadership from
the federal level will promote future growth in
resilience investments.

4.5 Economic-Based,Decision-Making
Frameworks

While selecting a climate projection scenario is

by itself a significant challenge for transportation
planning and design efforts, it is only one of many
factors required for input into a decision-making
framework. The specific data and input for such

a framework depends upon the approach to be
used. The most common type of decision-making
framework used for infrastructure planning and
investment is economic based. Differing types

of economic frameworks can be used when
considering resilience risk and benefit (see Table 1).

Table 1. Common Economic Decision-Making
Frameworks

Framework Description

Economic Impact
Analysis (EIA)

An “Input-Output Analysis” that
utilizes input on investments made
in infrastructure and generates
output that expresses the amount of
economic activity resulting from the
investment made

Life-Cycle Cost
Analysis (LCCA)

Focuses only on costs (not benefits)
and calculates the cost over the
entire anticipated life cycle of

the infrastructure asset. A typical
application of the LCCA approach
is to decide whether to repair,
rehabilitate, or remove and replace
an infrastructure asset

Benefit Cost Analysis | Integrates both costs and benefits
(BCA) to compare the overall value of

the investment being considered.
Allows for a variety of benefits to be
quantified

One economic decision-making option is Economic
Impact Analysis (EIA), or “Input-Output Analysis,’
as this approach utilizes input on investments



made in infrastructure and generates output that
expresses the amount of economic activity resulting
from the investment made. Examples of an EIA
output is the number of jobs created due to an
investment made for a certain project (for example,
“The $40 million investment to build Smith Bridge
created 300 local jobs”) or the economic benefit

of service provided by an asset (for example, “The
capacity and durability of Smith Bridge facilitated
$3 billion in economic activities through truck and
car traffic over the uninterrupted 50-year lifespan
of the bridge”). For resilience investments, EIAs can
capture the benefit of an asset made less vulnerable
to climate stressors due to resilience elements
included in construction. This type of analysis is
appropriate for geographically limited contexts,
such as a single project, but becomes untenable
for transportation projects that may occur in
several jurisdictions and span large distances. This
approach can be used to compare differing project
options in the same area to determine the biggest
“bang for the buck.”

Another common approach used to compare
project alternatives is Life-Cycle Cost Analysis
(LCCA). A LCCA focuses only on costs (not benefits)
and calculates the cost over the entire anticipated
life-cycle of the infrastructure asset. A typical
application of the LCCA approach is to decide
whether to repair, rehabilitate, or remove and
replace an infrastructure asset. Commonly, the goal
of this analysis is used to identify the least-cost
option, which may be helpful if funds available

for the investment are limited. Because the LCCA
framework is based upon the net present value
(NPV) of costs for alternatives being considered,
the discount rate used has significant implications
on outcomes. Modeling of a range of climate
change impacts and frequencies as well as assumed
discount rates can inform decisions for alternatives
selection based upon the sensitivity of these inputs
and assumptions.

The most common economic-based framework
for decision-making supporting infrastructure
investments is BCA. While ElAs focus is on the
benefits of an investment and LCCA’s is based
upon the costs for alternatives considered, the
advantage of the BCA is that it integrates both
costs and benefits to compare the overall value of
the investment being considered. While this more
comprehensive framework is more holistic in its
analytical scope, the broader input required for
BCAs creates challenges in data and information
collection as well as decisions on the nature of the
input incorporated into the analysis. In this way,
BCA should not be simply viewed as an economic-
based approach, but a policy-based framework as

well. Also, a BCA should not be seen as a framework
that provides single value, but rather, informs a
decision-making effort by producing a range of
probabilities for relative valuations of benefits and
costs. In this way, the question considered through
a BCA should not be “do the benefits exceed the
costs?” but rather, “what is the probability that

the benefits exceed the costs?”To support the
implementation of BCAs in transportation sector,
the U.S. DOT released Benefit-Cost Analysis Guidance
for Discretionary Grant Programs in December 2023
(U.S. DQOT, 2023a).

The output of a BCA—just as with any other
analytical framework—can vary significantly based
upon the input selected for analysis. If resilience
benefits associated with a selected resilience
investment only considers the impacts associated
with the asset and asset users, the overall benefit
valuation will be limited compared to a BCA that

is inclusive of broader benefits, such as social and
environmental improvements. With more data
inputs included in BCAs, while more inclusive

of benefits, more work is required to gather the
information and data needed for the analysis.
Similarly, the greater the universe of benefits
included, the greater risk there is that the level of
confidence in predicting the long-term benefit
valuation of inputs will vary between inputs used in
the analysis.

As an example, a BCA could include the costs of
impacts to pavement in the context of climate
change as well as the public health impacts
associated with air quality in this same context.
While a greater understanding between the impacts
to pavement in the face of climatic non-stationarity,
the relationship between air quality-driven

public health impacts from climate change is not
understood to the same level of certainty. However,
the standard BCA framework treats all costs and
benefits as being equally understood and predicted
in the context of climate change.




Other policy considerations for BCA are discount
rates, the level of complexity and size of projects,
and the implications of BCA complexity on equity.
It is reasonable for a policy maker to require a
robust BCA for large-scale resilience investments,
but is this level of complexity required for smaller
investments? What is the breakpoint between
“large” and “small” project sizes? What is an
acceptably simplified BCA? Will a simplified BCA
reduce chances for awarding of funds? These are all
considerations that have yet to be clarified at the
federal level. Similarly, the inequity of resources and
expertise available to disadvantaged communities
limits the capacity for robust BCA efforts compared
to communities rich with resources, experience,
and expertise. Another policy consideration is

how to set the discount rate for a BCA, as a high
discount rate will lower the overall net present
value of resilience benefits and diminish the value
of resilient infrastructure in future years while a
low or zero discount rate will enhance the NPV of a
resilience investment.

BCA is a framework that provides comprehensive
and valuable insights for resilience investments.
However, BCAs and the data and information they
rely on can be complex and challenging to execute.
Since BCAs are critical to decision-making for
resilience investments and are key to receiving
federal discretionary funding, there is a clear need
to develop consensus-based approaches and
policies for BCAs as well as to provide technical
assistance to communities who lack the technical
skill and access to specialists who can perform
complex BCAs. Regardless of the type of economic
framework, fundamental terms, including risk,
resilience, and vulnerability, should be analyzed and
defined consistently through a consensus-based
approach for the surface transportation industry.
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4.6 Translating Data and Information into
Designs

The use of economic analysis is a good approach
for resilience planning and alternatives
selection, but other approaches are needed for
the implementation of resilient infrastructure.

A
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Transportation engineers and scientists are

the professionals who must make decisions on
infrastructure elements, such as rail design or
pavement type and depth, the size and type

of culvert to be used, and the inspection and
maintenance schedule and activities required for

a constructed transportation asset—all of which
are directly impacted by climate change forces.
These professionals need accurate information on a
multitude of conditions that include sea-level rise,
wave heights, precipitation, and storm intensity
and frequency to support designs. This information
allows engineers to design structures that will

be able to withstand and function during the
conditions expected over the life cycle of the asset.
For rail and transit designers, additional factors such
as heat and the electric grid may be critical data.

Designs are often based upon hydraulic modeling
that uses flows generated from hydrologic
modeling, which is typically based upon regional
regression equations, regional intensity—duration-
frequency (IDF) curves, or synthetic hydrographs
based upon assumed rainfall distribution for a given
area. All of these data sources and expressions

of precipitation information are expected to be
significantly impacted by climate change. An
engineer needs clear numerical values on which

to base their design. The typical hydraulic designer
answers the following questions when they work to
develop designs:

- What type of infrastructure asset is the design
supporting? (For example, is this an interstate
highway or a minor arterial roadway?)

This defines the level of hydraulic capacity
required for this asset.

« What is the design flowrate for this hydraulic
structure?

This flowrate is often defined as a design criterion
based upon the flow produced from a specified
storm event (such as the 100-year storm).

+ What are the design criteria to determine the safety
factor?

This is often defined as the amount of freeboard or
a ratio of headwater depth to culvert diameter (or
both).



The additional questions regarding resilience
include:

+  How do we accommodate future projected flows?

Is this based upon an assumed increase in
discharge by a standard amount (for example,

20 percent) or does this require a more nuanced
analysis? Does this depend on the size/scale of the
project/asset?

What climate scenario(s) are we to use to
determine projected flows? Do these vary by
project/asset type?

What future conditions are considered “resilient”?

The flowrate for existing conditions must meet
freeboard conditions in order to be deemed as
compliant with design criteria (2 ft, for instance).
Is this same freeboard requirement to be used in
the future, or is there an adjusted criteria for this
design criteria (3 ft for instance)?

FHWA has developed technical information that
presents some methodologies to assist designers
and policymakers with the tools to develop their
own policies and approaches to address climate
change-based non-stationarity in hydraulic designs.
An example is a tool introduced in Highways in

the River Environment — Floodplains, Extreme
Events, Risk, and Resilience (FHWA-HIF-16-018):'*
the Climate Change Indicator (CCl). The CCl is a

tool to assess whether projected precipitations

are significant. If the CCl reflects that projected
precipitation is not significantly different than

the historical precipitation estimates, it is
recommended that the designer use the historical
data to determine design flows, but if the CCl
shows a significant difference does exist between
historical and projected precipitation estimates, the
recommendation is to utilize projected data.

“Kilgore, R.T,, et al. Hydrology. Hydraulic Engineering Circular No. 17,
2nd Edition Highways in the River Environment — Floodplains, Extreme
Events, Risk, and Resilience. FHWA-HIF-16-018. Federal Highway
Administration, U.S. Department of Transportation, Washington, DC,
June 2016. https://www.fhwa.dot.gov/engineering/hydraulics/pubs/

hif16018.pdf

While the CCl is a step forward by DOT to provide
support in the context of climate change and
hydrology and hydraulic analysis and design, an
NCHRP report (20-44(23))" that surveyed 12 state
DOQOTs across the country on NCHRP 15-61, “Applying
Climate Change Information to Hydrologic and
Hydraulic Design of Transportation Infrastructure,"®
which introduced the CCl along with several of
methods and approaches in the area of hydrology
and hydraulics (H&H) and climate change, identified
several potential problems associated with the CCl,
including:

« Lack of sample calculations
Inconsistent nomenclature used

+ Lack of any tool to facilitate and automate the CCl
calculation

How to address uncertainty of the CCl

+  How to address data sets with varying confidence
limits

Among these limitations, the CCl is based upon
data provided by ATLAS-14, so it is unclear if and
how this approach is to be used after ATLAS-15 is
finalized.

Beyond the use of CCl, NCHRP 15-61 presents two
decision-making frameworks for hydraulic design
in the context of non-stationarity: one that is
traditional or “top-down” and one that is threshold-
based (“bottom-up”) (NCHRP, 2019). The former
approach is the status quo approach in the industry
and is based on the premise of developing design
procedures and criteria (including a safety factor
oftentimes), and then designing infrastructure to
meet projected future conditions following policies
and standards that have been developed and
applied. The threshold-based approach seeks to
identify threshold conditions (such as overtopping
of a roadway in a bridge analysis) and perform an
analysis to determine the level of vulnerability of
drainage assets to future projected conditions.

'S NCHRP. NCHRP Project 20-44(23): Pilot Test of Climate Change Design
Practices Guide for Hydrology and Hydraulics. National Cooperative
Highway Research Program, Transportation Research Board, Washing-
ton, DC, 2022. https://onlinepubs.trb.org/onlinepubs/nchrp/20-44(23)/
FinalCaseStudiesandLessonsLearned.pdf

16 NCHRP. NCHRP Project 15-61: Applying Climate Change Information
to Hydrologic and Coastal Design of Transportation Infrastructure:
Design Practices. National Cooperative Highway Research Program,
Transportation Research Board, Washington, DC, 2019.




For both the CCl and traditional/threshold decision-
making options, leading publications—including
those from DOT—do not include actionable
recommendations that are easily integrated into
transportation organizations as identified in NCHRP
20-44(23), which lists the need for simplified steps
to estimate future rainfall at a project site, enhanced
guidance on identifying the best global climate
models (GCMs), and more example calculations

as some of the recommended improvements for
NCHRP 15-61 (NCHRP; 2022, 2019).

One recent example of a DOT that considered
climate change and hydrologic and hydraulic design
is documented in a report from Florida DOT (FDOT)
released in 2023 that reviews and describes how
the methodologies and approaches in FHWA and
NCHRP circulars and reports should be considered
in the context of hydraulic design and climate
change non-stationarity in Florida. In practice, non-
stationarity means changing conditions (such as a
future wetter than it is currently). FHWA guidance
states that design life must be 75 years before
having to incorporate non-stationarity in design.
Some interesting findings include:

«  Not all projects need to incorporate non-stationarity
in design as few FDOT projects have a design life of
75 years, which is the minimum design life suggested
by FHWA to apply non-stationarity into designs.

« A process including data screening, non-stationarity
detection, literature and data review, projected
changes in hydrologic drivers, and assessment of risk
should be used when deciding on the application of
non-stationarity techniques for planning and design.

- Recognition of the evolving nature of climate science
requires FDOT to periodically revisit the concepts of
a fixed return period and a risk-based infrastructure
design in the non-stationary setting.

«  "Regret” may occur through either or both
underinvestment or overinvestment in
transportation resiliency and new approaches, such
as the Dynamic Adaptive Policy Pathways approach,
should be considered to minimize this “regret.”

The example of hydrologic analysis and hydraulics
design for transportation infrastructure that
integrates the dynamics of climate change
illustrates the complexity of non-stationarity and
the current limited state of maturity for project
implementation. While tools and research have
been developed to provide support to the surface
transportation industry, more investment is
needed to provide clear and specific guidance and
standardization of methods and approaches, in
particular, establishing risk-tolerance thresholds.
Other areas of transportation infrastructure have

similar needs in terms of technical support and
leadership from the federal level.

5 Challenges and Needs for Resilience
Planning and Implementation

5.1 Learning from the Highway Safety Sector

All modes of transportation in the United States
have a high level of public safety and protection.
Further, the status of public safety for transportation
users is well-documented and tracked, and there

is a significant amount of data to quantify the

level of service provided for public safety across

all modes and all geographies. This strong track
record of safety in our transportation systems and
modes has led to a high level of confidence in these
systems and the investments made to reach and
sustain this level of safety and public support. But
this confidence in the safety of the transportation
system was not always the case in the United States.

In decades past, the rates of highway fatalities per
capita were staggeringly high. In the late 1960s and
early 1970s, the rate of roadway fatalities hovered
around 27 deaths per 100,000. This rate dropped

to 11 per 100,000 people by 2015, representing a
nearly 60 percent decrease in the rate of roadway
fatalities. How did this change in safety occur over
this time period?

The basis for the increased safety in transportation
is a story of gradual improvement founded upon
diligent efforts to develop standardized metrics to
track safety in a consistent and credible manner,

to identify approaches and technologies to
improve vehicle driver/rider safety, to understand
the dynamics of vehicle accident factors, and a
commitment to adopt measures in roadway design
and signage to enhance driver safety among many
other factors. The process for this improvement in
public safety in transportation occurred over more
than four decades. This pace of evolution as well

as the catalysts for this change in the public safety
area can inform where we are currently in the field
of resilience in transportation as well as a possible
pathway forward and a projected timescale for this
maturity to occur.

Figure 5 lists the breakdown of planning horizons
common in the transportation sector from long-
range planning to post-project analysis. How
transportation systems address public safety

for each step in this planning process is clearly
understood and supported through federal statutes
and well-established programs. The Highway Safety
Improvement Program (HSIP) is a core Federal-Aid
Program that seeks to achieve reductions in traffic



fatalities and other safety issues associated with
highway design and operation.

This program is formalized in federal statute and
includes the requirement for DOTs to develop
Strategic Highway Safety Plans (SHSPs) once every
five years (or less) that provides set goals and
objectives on improved highway safety based

upon past performance in safety as well as through
expressed strategies. DOTs are then required to
develop Annual Highway Safety Plans that outline
specific measures taken and those proposed for
the coming year to enhance public safety in the
highway environment. Safety manuals produced
by DOTs provide the technical information needed
by staff-level engineers and supporting technical
contractors to develop highway designs that
include features and infrastructure elements that
enhance public safety. Evaluation is captured on
the performance of design improvements for safety
enhancements as well as other activities, such as
education and enforcement on the use of seat belts
and other protective equipment and included in
SHSPs and other related documents. The evaluation
on the effectiveness of safety measures taken are
based upon industry-accepted metrics on public
safety that enable clear and specific communication
on the actions and technical adjustments needed
to continue to improve on safety in the highway
environment.

Resilience efforts to implement a prioritized

and phased approach can learn from the safety
experience. The safety transformation activities
have an advantage on resilience efforts due to the
timeframe in determining the return on investment
(ROI). Putting in speed bumps or lowering speed
limits may reduce accidents immediately, and a
year of data collection can demonstrate the impact.
Climate investments may not pay off for 20 years,
or they may pay off within months. Due to the
small sample size and long timeline for climate
related disruptions, it is more difficult to analyze
the effectiveness of a program until it is tested by
nature. Resilience efforts such as tree planting,
installing shading, adding a berm or a bioswale
have benefits that are often difficult to quantify,
especially if it is a dry, cool year.

5.2 Categories of Challenges and Need:s in
Surface Transportation

While a number of positive resilience efforts are
underway across the nation, resilience has yet to
be formalized into statutes and programs requiring
specific planning, enforcement, implementation,
evaluation and reporting when receiving federal-
aid support. Critical items can help catalyze the

evolution of resilience following a similar path as
that which was laid out in the highway safety field.
A resilience monitoring and evaluation framework
is needed so transportation agencies across the
country can gain insights in a peer-to-peer context
and the entire surface transportation sector can
benefit from the use of standardized performance
data generated from evaluation efforts.

Several organizations are already factoring in future
climate conditions when planning infrastructure
projects and considering the potential costs

of not adapting to future climate scenarios.
Furthermore, critical on-the-ground infrastructure
may require retrofitting when considering future
climate events, such as upsizing culverts and
maintaining connectivity to critical areas. While
several organizations and jurisdictions are already
implementing on-the-ground resilient strategies
that support design, maintenance, and operation
of transportation infrastructure, the sector could
benefit from integrated industry-wide standards for
transportation resilience.

Industry and research publications have identified
a wide range of challenges to resilience planning
and implementation. Discussions within the
Coalition also produced a list of opportunities

for improvement, many of which were closely

in line with those identified in the literature.
These opportunities have been grouped into five
categories:

« Capacity and Understanding
+ Policies and Funding

- Data and Information

+  Metrics and Methods

- Tools and Approaches

- Context for each of these categories and specific
challenges and needs are listed below.
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5.3 Capacity and Understanding

The ability to plan for and implement resilient
infrastructure in the surface transportation sector

is directly associated with the level of common
understanding on critical topics in resilience within
a transportation organization. This understanding
is not only needed across departments in the
organization but also at various levels of leadership
and management. The programmatic shift from

a paradigm of static climatic conditions to one
reflecting the reality of non-stationarity requires
time and an organization-wide investment in
training and education to grasp the implications

of this change and how to best integrate resilience
into all relevant aspects of infrastructure planning,
implementation, monitoring, and reporting. Current
challenges in the surface transportation sector on
programmatic capacity and understanding include:

- The need for recognition of the cost of inaction as a
baseline condition which resilience planning efforts
should be compared against when considering
scenarios for resilience investments.

« Thereis a lack of common understanding of what
resilience means and how it is defined in the context
of the surface transportation industry as well as
within each transportation organization. Similarly, it is
common that there is a lack of an organization-wide
understanding of staff and decision makers on climate
impacts on transportation infrastructure assets and
how resilience can mitigate these impacts.

- Resilience is an emerging field, thus there is a
significant need for technical training of professionals
in the field. Current and future transportation
professionals are lacking in resilience-based technical
training options and college-level programs across all
disciplines of study.

+ Due to limited technical experience and
understanding of transportation organization
staff, there is a heavy reliance on consultants to
support technical analysis, data gathering, strategic
development, and other areas in resilience planning
and implementation.

5.3.1 Needs for Capacity and Understanding

A focus on resilience investment requires a shift in
how proposed solutions are framed. A barrier to
finding holistic solutions is based in the traditional
approach of defining solutions in the context of
meeting design criteria at all costs, and often as a
requirement of statue, as infrastructure built for public
use, such as transportation infrastructure, is required
by law to follow industry adopted standard methods
and requirements. Establishing resilience design
standards and methods allows engineers and other
technical staff to seek solutions that may lead to more
cost-effective and holistically resilient transportation
systems. There will be times when the best solution
may be to switch to another transportation mode or
abandon the infrastructure all together.

Organizational inertia built upon legacy stationarity
assumptions is a barrier to changes required in the
transportation sector to become significantly more
resilient.

There is bias in the resilience field towards coastal
dynamics at a cost to inland communities and
associated hazards.

Federal policies and programs need to consider the
current state of the surface transportation sector in

resilience and provide funding and support that will
lead to constructive outcomes.

Funding is needed to support organizational

change through enhanced training and education
opportunities for communities, both well-resourced
and disadvantaged, that provides the technical
information needed for existing and aspiring
transportation professionals to fully integrate
resilience into all aspects of transportation
organizations, operations, and infrastructure. The
development of resilience-minded organizational staff
will reduce the reliance on outside contracted support
as well as create an organizational environment that is
more welcoming to embracing the various aspects of
resilience needed for the shift in these organizations.
Informational products should also be developed

and made available to policy makers and decision



makers so they can better understand the value of
resilience planning and implementation, as well as to
enhance support and buy-in from the communities
and regulators.

There is a need for a broad understanding of what
is considered a“successful”resilience solution. The
status quo engineering approach is generally to
upsize transportation infrastructure elements to
meet all future conditions associated with required
design criteria. A new understanding of resilience
in the engineering context should be explored
that balances design element capacity with other
factors such as infrastructure criticality, equity, cost
effectiveness, and non-asset impacts (for example,
social, economic, and environmental). In addition,
there are new approaches to resilience design (for
example. threshold-based design) that should be
explored more fully and brought to bear to the
sector for application in a broader context.

5.4 Policies and Funding

Federal and state policies can inhibit or catalyze
resilience investments depending upon the

nature of the policies established. Similarly, well-
functioning funding programs can drive the
investments needed in transportation infrastructure
to enhance resilience in a robust manner, but
programs that do not align incentives and

rewards with funding may stifle or otherwise limit
investments.

« No common policy exists on the relationship
between infrastructure asset design life and
climate projection scenario. Should infrastructure
constructed for a 100-year design life use the
same climate projections and time horizon as
infrastructure for a 50-year design life? If not, what
differs between these two infrastructure types, and
what is the justification for this difference? States
and jurisdictions are moving ahead with policies
regarding climate scenarios to be used in resilience
planning and implementation. The Coalition input
suggests that many transportation organizations have
not yet adopted climate scenarios within their agency,
but those that have considered this suggest either
RCP 4.5 or 8.5 as defined by the IPCC. Clarity and
leadership on this issue at the federal level is needed
to eliminate a patchwork of varying investments in
resilience across the country.

- Federal policies are just beginning to incentivize
efforts to increase transportation infrastructure
resilience or adequately penalize transportation
organizations who do not take necessary actions to
enhance system resilience. There are no requirements
related to resilience in Long Range Planning or project
implementation tied to federal-aid programs or
policies or to formula grant programs. However, in
state Asset Management Plans (for the highway and

transit sectors), there is a requirement that resilience
be incorporated.

- Thereis little regard for environmental regulatory
compliance when considering policies regarding
resilience planning and implementation, including
regulatory permitting and local land use limitations
in the context of resilient transportation and an
expanding or contracting system footprint.

- Thereis no standard federal guidance on discount
rates to be used on infrastructure projects. While local
jurisdictions may choose to use other rates, having
guidance with explanation would be helpful for
smaller or underserved communities.

- Grant funding for resilience requires resources
available to the transportation organization as well as
a familiarity with these programs and the expertise
to apply successfully for these funds, all of which
are challenging to do from the perspective of an
underserved community.

+ There are multiple sources of federal and state-level
grant funding available for investments in resilience,
but the diverse nature of these programs provides
challenges when applying for resilience funding. This
also exacerbates the challenges that underserved
communities face when seeking funding.

- The process to facilitate change management within
an organization requires significant time and effort.
Similarly, the procedure to develop updated design
criteria and standards is a multiyear endeavor that
is needed before large-scale implementation of
resilient infrastructure can be implemented. Policies
and funding programs to implement resilient
infrastructure must respect the realities of time
needed for transportation organizations to make
the programmatic, resource, and technical changes
required before implementation of infrastructure can
be made in a thoughtful and effective manner.

- PROTECT Formula and Grant Funding is limited to
capital investment. In many areas, new construction
is not occurring, but on-going maintenance could
benefit from resilience upgrades or maintenance
activities. More flexibility in PROTECT funding could
be helpful to address aging infrastructure needs that
may not undergo major reconstruction.

- Funding focused on post-event resilience investments
impacts availability of resources for pre-event
resilience planning and preparedness.

5.4.1 Needs for Policies and Funding

- Federal policies need to consider federal-aid
requirements associated with resilience planning and
implementation for transportation organizations.
These requirements could take the form of requiring
the use of BCAs in decision-making.

+ Resilience-focused federal grant programs and the ER
program need continued alignment.



- Federal-level leadership is needed in the identification
and specification of climate scenarios to provide
clarity within the transportation sector.

- Simplification of grant funding opportunities into a
unified and streamlined process is needed, especially
for underserved communities.

5.5 Data and Information

There is a lack of comprehensive data coverage
and information gathered in areas of resilience

by transportation organizations.This ranges from
data related to climate change to a quantitative
understanding of the level of vulnerability in
transportation systems. As a result, transportation
organizations have generally not developed deep
data and information resources either on the
stressor (climate change) nor the impacts of the
stressor (how infrastructure responds to climate
change).

+ Climate-Related—The dynamics of climate change
are, by definition, complex and include significant
uncertainty. It is not surprising that the surface
transportation sector has not developed deep data
and informational sources on this topic. Specific data
and information gaps include:

Data to support projections for future
precipitation, sea-level rise, and temperature
changes

Climate models and data in general, and
more specifically, downscaled climate models
are needed to make this data actionable for
transportation organizations

Information on the long-term impacts of climate
change stressors on transportation infrastructure
and asset performance and condition, ranging
from pavement to drainage systems

Data and information regarding intra-hazard
dynamics between climate change and other
threats, such as wildfires, rock/mudslides, and
other natural hazards

A strong understanding of the relationship
between primary natural hazards, such as climate
change, and related secondary events which

are triggered by the primary hazard (cascading
hazards) and those hazards that are exacerbated
by the primary hazard (compound hazards)

« Assets—Collecting data on assets is a challenging
and costly endeavor for a sprawling horizontal
infrastructure type such as transportation. Placed in
the context of climate change, which impacts the
longevity and performance of infrastructure assets,
collecting this information is even more challenging.
Specific data and information gaps in this area
includes:

Information to prioritize assets by criticality based
on the monetary and non-monetary impacts to
assets in the face of climate and other stressors

Data and information on comprehensive
understanding of the level of vulnerability of
infrastructure assets to the stressors of climate
change and other natural threats

Information on asset risk at the segment and
element level for transportation infrastructure in
the face of natural hazard stressors

Data that helps to capture the amount of benefits
associated with multiple resilience investment
options and scenarios

Data that supports resilience inclusive of fleet
conversion and future innovations

5.5.1 Needs for Data and Information

- Supportis needed to enhance data collection efforts
for resilience in transportation infrastructure systems.

+ Increased research and monitoring are needed to
better capture and understand long-term impacts to
transportation infrastructure in the face of climate
change.

« Downscaled climate data is needed in order for
transportation organizations to utilize globally
generated climate data to be used at the project scale.

5.6 Metrics and Methods

There is a lack of top-down leadership and clarity
on key topics directly impacting resilience planning
and implementation. Multiple research studies have
noted the lack of models, methods, and metrics

to support quantitative analysis of risk and system
resilience in sources such as NCHRP publications as
well as peer-reviewed academic-oriented journal
articles. The Coalition also noted many metrics and
methods capturing resilience-related dynamics that
do not currently exist or are otherwise unavailable
to transportation organizations.




Metrics—As has been famously said, you cannot
manage what you cannot measure. The role of metrics
is key to the maturation and development of the

field of resilience. Standardized and consensus-based
ways to capture fundamental aspects of resilience
enables a pathway for continuous improvement as
the quantified feedback provided using common
metrics is easily translated into specific and actionable
efforts. Without robust and consistent metrics
accepted across the industry, the ability to gain broad
acceptance on quantified estimates of resilience,
vulnerability, or benefits of resilience investments will
be questioned. Gaps in resilience metrics include:

Metrics for risk, criticality, and vulnerability of
infrastructure elements and segments have

been developed. Efforts are needed to create
consistency and a standard approach for the
industry on assessments for risk and vulnerability.
As previously noted, MDOT provides a strong
example for vulnerability.

Similar to risk, criticality, and vulnerability, there
is a need to establish standardized metrics for
resilience. The Absorptive capacity, Restorative
capacity, Equitable access, and Adaptive capacity
(AREA) logic model put forward by TRB is framed
to quantify the resilience of a transportation
system that builds upon the vulnerability
assessment and Adaptation Framework (VAF)
produced by FHWA (Weilant, Strong, and Miller,
2019). This model utilizes metrics related to
exposure (for example, number of highway

lane and centerline miles within the 100-year
floodplain), available response resources (e.g.
counts of construction equipment or workers

in the region), equitable access (for example,
percentage of region’s population living and
working in proximity to transit stops), and
availability of public transit and alternative mode
choices (for example, number of reliable routes).
The AREA logic model is another example of an
approach that highlights specific metrics that can
be embraced by the industry along with others in
similar studies.

The PROTECT Program supporting materials
defines total benefits as the summation of total
benefits provided by the resilience investments
multiplied by the probability of the hazard
occurrence. The metrics associated with the
universe of benefits to be included in this
expression are broader than those defined in the
ER program. There is a need to harmonize this
universe of recognized benefits as well as the
metrics associated with them.

Methods—Similar to metrics, having a firm set of

A method must be developed to assess
infrastructure resilience and criticality using
standardized metrics. It is fundamental to capture
the level of resilience using accepted and robust
methods that are applied consistently in the
sector. Similarly, the expression of infrastructure
criticality based upon a common methodology
can streamline grant funding application efforts
as well as enhance prioritization for resilience
planning.

While there is a lack of consistent climate change
data, especially data that is downscaled for
project-level analysis and modeling, there is

a corresponding lack of consistent industry-
wide methodologies to determine how to best
transform climate data and climate projections
into design criteria. Pilot-level efforts have
focused on this topic, but a methodology (or
methodologies) approved and promoted by
federal agencies would provide the leadership
needed to enable transportation organizations
to more readily plan and implement resilience
investments.

The current method to determine precipitation
event depths for specified design storms in
hydraulic design for transportation systems

often relies upon ATLAS-14, which is the most
widely used source of historical precipitation. An
interim method using ATLAS-14 is needed that is
standardized and robust for future precipitation
depths and intensities until ATLAS-15 is published,
which will then provide this information based
upon NOAA projected precipitation data.

Connecting the types of resilience benefits

with investments made (such as reduced
operations and maintenance costs for less
vulnerable infrastructure) is relatively clear and
well-understood, but the strength of these
relationships is not as well understood. Methods to
quantify the benefits of resilience implementation
are needed as these methods would catalyze
prioritization and valuation analyses that are
needed to drive larger-scale implementation.

As demonstrated by the U.S. DOT Benefit-Cost
Analysis Guidance, the activities need to be
adoptable across modes (U.S. DOT, 2023a).
Another key factor is to focus on the core objective
of resilience efforts. For example, the goal of
resilience is not to preserve a bridge; the objective
is to preserve mobility by functioning to meet the
traffic demand.

5.6.1 Needs for Metrics and Methods

« Industry groups and federal agencies need to work
together to identify consensus-based metrics that
define and measure resilience, risk, vulnerability, and
benefits associated with climate change and resilience
in the context of surface transportation infrastructure.

methods in a sector enables the transformation of
raw technical data and information into outputs that
support implementation of resilience investments.

If metrics represent the “what” for critical aspects of
resilience, methods represent the “how.” The most
impactful resilience-oriented methods include:




« The universe of benefits, including social and
environmental co-benefits, needs to be harmonized
at the federal level and in methodologies used across
the sector.

- Until ATLAS-15 is available, there is a need to develop
interim methodologies that project ATLAS-14
precipitation data based upon selected climate
projections.

- Methods to translate climate projection data to
design standards and criteria is needed to facilitate
broad development of resilience-oriented design
information that can be utilized by technical staff.

- Standard design methods and approaches to
evaluating flooding, heat, sea-level rise, landslides,
and other natural hazard threats to transportation
infrastructure need advancement. These methods
should focus on design standard and threshold-based
evaluation.

5.7 Tools and Approaches

While several tools currently exist, the universe of
tools are not coordinated and, in many cases, not
well-understood in the resilience field. Multiple
platforms and logic models have been developed
to support resilience planning and implementation.
Many of these products have been developed

very recently and either have not been broadly
adopted or accepted/approved for use in a critical
number of states and transportation organizations.
The level of complexity, need for data inputs, and
resources to learn, master, and oversee the use of
these tools may impact dimensions of equity. This
creates challenges in seeking grant funding as well
as providing widespread assessment of resilience
infrastructure.

In addition, the intent of these tools and
approaches seeks to make the current system more
resilient, not necessarily including the potential
changes to the future system brought on by actions

like managed retreat, fleet electrification, and mode
switching. Also, approaches and pilot research
efforts to support technical aspects associated with
climate change are underway, but the development
and use of tools currently remains less developed.
Challenges and needs in tools and approaches
include:

+ Resilience Benefits, Risk, and Vulnerability—A number
of tools currently exist in the resilience space with
varying utilities and areas of focus. The outputs for
these tools range from risk analysis and management
to resilience assessment to ROI for resilience
investments.

Several of the most significant tools in the
resilience and infrastructure space are listed
below. These tools are helpful and needed for the
surface transportation sector, but there is a lack
of clarity on if/how these tools work together in a
cohesive context to span the needs of resilience
planning and implementation.

GIS-based tool providing
tools and data for estimating risk from
earthquakes, floods, tsunamis, and hurricanes
(FEMA, 2022).

Framework for analyzing and
managing the risks associated with terrorist
attacks against critical infrastructure assets
(ASME, 2005).

A logic model
that provides resilience outputs to support
planning and decision-making for MPOs
and transportation organizations (Weilant,
Strong, and Miller, 2019).

A GIS-based tool to ROl analyses for resilience
infrastructure in the face of hazards for
long-range transportation planning based
upon BCA, Uncertainty/Regret Analysis, or
Breakeven Analysis (U.S. DOT, 2023¢).

A number of approaches for benefits analysis
and comparison exist. The BCA approach

is the most commonly used for decision-
making. However, a number of gaps remain
in developing and applying BCAs, such as:

Inconsistencies exist in federal

policies and programs in the surface
transportation sector on how broad/
narrow benefits should be in the context
of BCA efforts.

No guidance exists on framing BCAs to
align with project scale and complexity. Is
there a threshold of project size that exists




where BCAs should become more/less
complex or enhanced/simplified?

The BCA approach is premised on
monetized benefits. Guidance is needed
to understand the flexibility to allow for
inputs on BCA frameworks that are not
easily monetized and incorporated into a
formula-based BCA approach.

Social, economic, and environmental/
ecological impacts from climate-driven
events are not adequately understood
or captured in current metrics, tools, and
approaches in the resilience field that
could inhibit equitable investments in
resilience. Benefit valuation will continue
to be problematic for underserved
communities if there is no consideration
of the valuation of social and
environmental co-benefits.

BCA tools should be easily accessed
and implemented to reduce/eliminate
the dynamics that can perpetuate

the disadvantages for underserved
communities.

Climate-Related—Identifying, developing, and
sourcing data, information, and policies regarding
technical aspects of climate change is an evolving
area. As these areas are being addressed, tools are
needed to help put resilience planning efforts into
action. Gaps and barriers tools for resilience include:

Tools that quickly and easily translate climate
change-related data and projections to
downscaled data sets are needed to ensure that
usable future precipitation and temperature data
is available to all organizations and communities.

It is likely that future climate projections for
temperature and precipitation will change as
conditions and scenarios for carbon generation/
sequestration evolve and as GCMs continue to
improve our understanding and predictions of
future conditions. Tools developed to provide
downscaled temperature and precipitation data
will need to be dynamic enough to quickly and
easily incorporate updated data.

Tools are often developed with a single technical
area in mind. Climate change tools that are limited
to only considering precipitation and temperature
may exclude the important relationship between
climate-change stressors and related hazards, such
as wildfires and massive slope failure.

5.7.1 Needs for Tools and Approaches

- The surface transportation industry needs to make
efforts to coordinate the tools and approaches using
consistent metrics that define and measure resilience,
risk, vulnerability, and benefits associated with climate
change.

- Investment is needed to capture the valuation
non-asset aspects of resilience, such as social and
environmental co-benefits, for use in BCA and other
similar decision-making frameworks.

- The surface transportation infrastructure sector needs
to develop details regarding the tie between the size
and nature of a project of interest and the level of
effort and complexity for BCAs.

- Tools that utilize global- or regional-scale climate
data or models to produce downscaled climate data
at the project level, or both, are needed for broad
application in the transportation sector. These tools
should provide vulnerability hazard assessment for
transportation assets from a design standard and
threshold-based approach and include a system
approach in application.

- Most of the tools and approaches focus on making
the current transportation system more resilient.
The transportation sector needs to enhance the
focus to making the future system more resilient
through mode shift, redundancy, deconstructing
assets, managed retreat, and other forward-looking
approaches.

6 Conclusions and Recommended
Actions

Strong leadership and political will is playing a
major role in driving changes in design standards to
address climate change impacts at the local level in
the absence of national standards. For example, the
City of Pittsburgh updated its design guidance and
standards considering future precipitation climate
while being one of the first five cities in the entire
United States that have included climate change in
their codes.



The case studies throughout this report highlight
the importance of incorporating the best available
science at the time and creating a mechanism that
allows technical guidance to be updated once new
information becomes available. This is especially
important given the uncertainties associated with
climate projections, such as climate pathways and
extreme events projections confidence intervals. A
critical milestone is expected with the upcoming
update to precipitation design standards from

the NOAA Atlas 15 (anticipated in 2028) that will
provide national-level guidance for precipitation
design standards for engineering projects that
consider both the recent historical record and a
projected future climate.

International initiatives provide clear examples of
adaptation strategies for resilient infrastructure
design such as adopting climate factors for
precipitation design standards, upsizing
infrastructure, and updating regulations. In all
countries analyzed here, there was a clear national
government support for infrastructure resilience,
clear national guidelines for adaptation strategies,
and close collaboration between science and
transportation agencies.

With the need for clear national government
support in the areas of Capacity and Understanding,
Policies and Funding, Data and Information, Metrics
and Methods, and Tools and Approaches, the
Coalition recommends the following Actions.

6.1 Surface Transportation Organizational
Effectiveness

ACTION: Transportation organizations at all
levels should implement dedicated unit or team
to ensure resilience is a priority at the executive
level and integrated throughout the entire
organization.

For example, a Transportation Resilience office

and staff support could be established to
implement resilience requirements throughout
the organization in planning, design, maintenance,

and operations. The team should be responsible

for curriculum and workforce development to
propagate the concepts organization wide. In many
cases, the resilience unit could build on the lessons
learned from the successes of safety offices.

6.2 Resilience Management Framework

ACTION: Transportation organizations at all levels
should implement a resilience management
framework and systems approach that provides
effective development, implementation, and
sustainability of the Resilience Program in
planning, design, maintenance, and operations.

- Develop resilience requirements for each phase of
project development that addresses facility hierarchy,
risk, and the 4 Rs (Redundancy, Resourcefulness,
Robustness, Rapidity).

- Include guidance for operations and maintenance
plans and procedures.

- Update design guidance, standards, and specifications
to address resilience needs.

- Require resilience assessments for all projects.

6.3 Reporting

ACTION: Transportation organizations at all levels
should develop metrics for reporting resilience

at system, corridor, asset level, and customer
performance.

+  Require RAMPS (Resilience Assessment Management
Plans) or expand requirements of TRIP on same
schedule as the (Transportation Asset Management
Plans (TAMPS.

«  Support implementation by national, state, and
regional planning documents through Transportation
Performance Management (TPM) and other efforts.

- Use Consensus Report as starting point, as shown in
Figure 6.

- Guidance needed from DOT, American Public
Transportation association, AASHTO, and/or other
sector leaders.

6.4 Data Quality and Availability

ACTION: Transportation organizations at all
levels should provide and maintain hazard and
assessment data.

+  Provide trend analysis from the metrics identified in
the reporting action.

« The U.S. DOT should provide National Light Detection
and Ranging (LIDAR), freeze-thaw, sea-level rise,
rainfall intensity, and geotechnical data. Federal
data should be available, as opposed to proprietary
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data for each local organization. Federal data would
facilitate planning, while design data may be specific
and funded from different sources. National data
that could be downscaled for regional or cross-
jurisdictional collaborations would support resilience
improvements.

- Determine frequency of updates and maintenance for
each data base on a regular basis.

«  Support USGS Non-Stationarity Flood Frequency
Regression Equations development. These would be
used for sizing hydraulic structures to convey water
through transportation facilities.

- The U.S. DOT should investigate other federal
agencies programs such as the USGS National LIDAR
program and NOAA's program for topobathy.

- Ensure that design criteria for critical assets use RCP
8.5 instead of RCP 4.5 for climate projections.

«  The U.S. DOT should recommend using Justice40 data
or equivalent for equity considerations.

« Learn from the safety efforts. For example, in the
Highway Safety Manual, guiderail presence crash
modification factors (CMF) are included to estimate
future crashes.

6.5 Decision Support Tools

ACTION: The U.S. DOT should provide and
maintain decision-making tools either directly or
by working with partner organizations to provide
tools that will recognize that there are social and
economic impacts.

- Stakeholder groups should be specific on the needs

for tools to support the metrics in a systems approach.

- The U.S. DOT and other federal agencies should
support the tools to ensure the availability for all
transportation entities and all modes.

- The U.S. DOT should advocate for financial assistance
to ensure Justice40 communities are prioritized and
included in climate resilience assessments.

6.6 Resilience Education

ACTION: Support the full funding of education
and institutional research programs, such as
TRACE, to develop knowledge and enhance
capacity.

« Appropriate funding to fully fund the TRACE Grant
Program included in 23 USC 520 in [IJA/BIL. Such an
investment will support agencies in today’s needs and
increase workforce needs for climate resilience.

- Create an educational framework for resilience. Build
a culture of continuing education where resiliency is
integrated and understood.

The U.S. DOT should fund higher education

and continuing education providers to develop
materials covering sociology, economics, policy,
planning, and engineering that address all modes
and regions.

+ Investigate enhancing existing infrastructure planning
and management certifications to add resilience (for
example, the ENV SP from Institute for Sustainable
Infrastructure).

+ Investigate adding resilience on Fundaments of
Engineering/Professional Engineer (FE/PE) exam to
incentivize adoption by higher education.

6.7 Risk and Resilience Communication

ACTION: The U.S. DOT and industry organizations
provide tools to enhance communication on
importance of resilience.

Provide national level data on the impact of
resilience, such as how many people die driving into
floodwaters, for example.

- Highlight the ROI of resilience, such as lower
maintenance costs, less reactive emergency repairs,
and less disruption to transportation networks.

- Transportation organizations at all levels should
collaborate with and inform stakeholder groups, like
river keepers and environmental activists, to advance
resilience strategies.

6.8 Address Interdependencies

ACTION: The U.S. DOT should strengthen
response and recovery efforts between critical
infrastructure sectors through a cross-disciplinary
approach to resilience; like the Joint Office of
Transportation and Energy.

- Engage transportation, emergency management, and
climate scientists (the U.S. DOT, FEMA, NOAA, USEPA,
U.S. Department of Energy, USGS, and CISA, for
example) in an interdisciplinary team.




Figure 7. Flooding of I-95 Lumber Creek Crossing (Source: North Carolina DOT)

- Coordinate and leverage subject matter expertise
to further progress towards a sustainable and
resilient national transportation system, which
explicitly addresses the interdependencies between
transportation and other sectors and the impact on
the overall economy.

7 Case Studies to Be Integrated:
Resilience Implementation in Action

Climate change and extreme events are

impacting infrastructure across the country,

and transportation agencies are already facing

the challenges of designing, maintaining, and
operating transportation infrastructure based

on guidelines that don’t take into consideration
climate non-stationarity. This chapter highlights the
challenges stressing the transportation network,
such as hurricanes closing major interstates,
extreme precipitation impacting cities’ stormwater
infrastructure, and extreme heat affecting rail
networks. These events impose critical challenges
at the operational level and transportation agencies
have to ensure that their infrastructure is resilient
under current extreme events and changing future
climate conditions. The lack of unified resilience
design guidelines for transportation systems at

the national level underscores the challenges

faced by implementation agencies at the local

level. This chapter highlights the innovative and
groundbreaking work carried out by several entities
including State Departments of Transportation,
regional rail agencies, local jurisdictions, and port
authorities. The chapter also highlights leading
and forward-looking international initiatives that
can serve as an example for future national-scale
resilience efforts for transportation.

7.1 Case Study 1—North Carolina DOT Case
Study

Mode: Highway
Key points:

- The North Carolina Department of Transportation
(NC DOT) is developing a Multi-Modal Resilient
Department to maintain and operate a resilient
transportation network for existing and future
climate conditions following significant impacts from
Hurricane Florence (NCHRP, 2022).

« The U.S. 64 Alligator River Bridge and the Expansion
of I-95 are examples of current projects adopting
resilient design strategies, including hydrodynamic
modeling and a probabilistic future sea-level rise.

« While resilient designs are being incorporated at the
project level, the examples also highlight the need
for additional guidance to support resilience efforts
across the state.

Hurricane Florence brought devastating impacts
to North Carolina in 2018, causing significant
disruptions to the state infrastructure and
resulting in a considerable increase in emergency
expenditures. Major transportation corridors, such
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Figure 8. 1-95 Elevation Profile (Source: North Carolina DOT)

as 1-95, remained underwater for over one week,
and the city of Wilmington was completely isolated,
underscoring the urgent need for more resilient
transportation infrastructure design. Studies have
also indicated that rainfall totals may increase for
storms similar to Florence by the end of the century
(under RCP8.5 emission scenario), and the region
could experience a substantial rise in the number of
instances with higher rain rates and extreme events
with a larger spatial extent. These future predictions
underline that the current U.S. hydrological design
standards may not be sufficient for resilient design
in the state.

The NC DOT is developing a Multi-Modal Resilient
Department program to cost-effectively maintain
and operate a resilient transportation network for
existing and future conditions. The state relies on
current design guidelines such as the NCHRP 15-61,
FHWA-NHI-142085A, HEC25 and 17, and the U.S.

Army Corps of Engineers South Atlantic Coastal
Study, but is so looking ahead to incorporate the
upcoming NCHRP 15-61A,'¢ 20-44, 15-80,"” and the
NOAA Atlas 15 (NCHRP, 2019) (FHWA, 2024) (Kilgore,
2016).

The project for the new U.S. 64 Alligator River
Bridge serves as an example of incorporating
future environmental conditions into the design.
This roadway is the primary route to the Outer
Banks, and the existing bridge, built in 1960,

is currently structurally deficient. Resilient
design considerations for this project included
hydrodynamic modeling, considering extreme
values of storm surge and wave heights from 62

' NCHRP. NCHRP Project 15-80: Design Guide and Standards for Infra-
structure Resilience. National Cooperative Highway Research Program,
Transportation Research Board, Washington, DC, forthcoming.

7 NCHRP. NCHRP Project 15-80: Design Guide and Standards for Infra-
structure Resilience. National Cooperative Highway Research Program,
Transportation Research Board, Washington, DC, forthcoming.
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Climate Risks Through Stormwater Management Policy” at USDOT Resilience Coalition Meeting, September 14,
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Planning)

historical hurricanes, along with the incorporation
of a probabilistic future sea-level rise of 4 ft. The
probabilistic sea-level rise assessment provides
additional information to the design team and
stakeholders, enabling a better assessment of the
level of risk and the consideration of trade-offs
from different future sea-level values in a given
year. However, there remains a need for long-
term planning considerations, including potential
widespread impacts of sea-level rise in the project
area in the future.

Another example is the expansion of I-95 around
the Lumber Creek crossing (see Figure 7). The
current structure, built in the 1950s with an
originally intended 25-year level of service, is

now being expanded to eight lanes. The resilient
design approach involves expanding the design
standards from 50-year and 100-year return periods
to a 100-year return period, with an additional

1.5 ft of freeboard to account for future conditions.
This ensures that the infrastructure maintains its
functionality under conditions similar to Hurricanes
Florence and Matthew. The resilient design process
includes complex hydrological and hydraulic
modeling (HMS and 2D HEC-RAS) simulating the
impacts of future precipitation events based on
downscaled Global Climate Model projections.
Threshold stress testing was employed to
investigate the performance capacity of the design
under different conditions, considering future
hurricanes like Florence and Matthew.

Resilient design concepts are also being
incorporated in coastal areas, as in the living
shoreline design to protect the NC 24 Causeway,
which is a crucial corridor for military logistics and
civilian base support. While the initial proposal
suggested sills over 110 ft offshore, creating

high and low marsh areas and riparian zones to
accommodate sea-level rise and marsh migration,
the footprint had to be reduced due to permitting
considerations and conflicting regulatory standards.
Major challenges identified for coastal protection
projects include the setbacks faced due to permit
challenges and conflicting regulatory requirements
and the need to streamline permitting, provide
more design guidance resources for surge and wave
height considerations under sea-level rise, and offer
further guidance on implementing

Nature-Based Solutions. While resilient designs are
being incorporated at the project level, additional
guidance such as coastal design standards for
hurricane intensification, waves, and surge, and
detailed design guidance for nature-based design
can further support resilient design efforts. With
the advent of the NOAA Atlas 15 methods, further
guidance on distributed rainfall-runoff modeling
for transportation design will also be needed. In
addition, exploring methods such as risk threshold
analyses and criteria design under future conditions
can provide additional information during the
design process.
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(Source: City of Pittsburgh, 2022)

7.2 Case Study 2—City of Pittsburgh,
Pennsylvania

Mode: Stormwater infrastructure
Key points:

- The city developed a resilience strategy and updated
stormwater-related city codes and regulations in
response to its challenges related to stormwater
infrastructure.

« Future rainfall rates were developed using GCMs
to create city-specific, multiyear return period
projections for extreme rainfall.

+ The City Storm Design Manual provides the
climate change rainfall inputs and rainfall intensity
adjustment factors for modeling and design.

The City of Pittsburgh is facing several challenges
related to stormwater infrastructure such as flash
flooding, sewer back-ups, and infrastructure
impacts. The city developed a resilience strategy

in 2017 to address these issues and initiated a

joint project with the Pittsburgh Water and Sewer
Authority to develop a comprehensive update of
stormwater-related city codes and regulations. The
project involved extensive stakeholder engagement
and the identification of numerous policy
improvements.

Severe storm events have increased over time in
Allegheny County since 1950, according to the
NOAA precipitation measurements at the Pittsburgh
International Airport, leading the city to adopt a
new methodology for volume control regulations,
utilizing a 95th percentile event and a seven-year

rolling average based on local data. The city also
implemented new rate control requirements, where
new post-development conditions are based on
future climate-projected rainfall depths, aiming to
reduce peak water rates from development sites.

The development of future rainfall rates was done
in partnership with Carnegie Mellon University
and the RAND corporation based on several GCM
projections resulting in city-specific, multiyear
return period projections for extreme rainfall.
The future climate projected precipitation for
engineering design showed an increase from
8-23 percent when compared to the current
NOAA Atlas 14 design standard. Following these
results, the city evaluated the marginal cost of
implementing new regulations and the impact
on different development scenarios based on a
cost-benefit analysis. The city code was updated
to incorporate the requirements for the adoption
of future climate-projected rainfall and the City
Storm Design Manual (Figure 10) provides the
climate change rainfall inputs and rainfall intensity
adjustment factors for modeling and design
calculations, acceptable modeling approaches
and calculation procedures, and operations and
maintenance requirements.

7.3 Case Study 3—Dallas Area Rapid Transit
(DART)

Mode: Rail
Key points:

«  The system is currently already stressed by weather
impacts, including extreme heat, flooding, and
extreme cold.

- Resilience is a new focus for DART as extreme weather
is increasingly becoming an issue for the system and
customers.

- DART is currently developing a Vulnerability
Assessment and Resiliency Plan.

The Dallas Area Rapid Transit (DART) covers 700
mi?, serves 13 cities, and includes bus, light rail,
commuter rail, and the GoLink system with a
ridership of over 50 million people in the fiscal

year 2023. The infrastructure is stressed by weather
impacts, infrastructure adjustments, and supply
chain challenges. The system is currently under a
comprehensive system modernization plan which
involves replacing aging light rail vehicles and
buses as well as addressing resiliency challenges
posed by extreme weather events. Climate impacts
to the system include extreme heat, flooding, and
extreme cold. Extreme heat is causing sun kinking
which impacts the rail system (see Figure 11). Pilot




Figure 11. Heat impacts on rail in Dallas, Texas (Source: DART, 2023)

efforts to combat infrastructure damages are being
implemented, including a program to paint track
rails with white paint to reduce temperature.

DART is also participating in a statewide resiliency
plan and efforts to assess and improve the state

of good repair for its assets. Resilience is a new
focus for DART and extreme weather is increasingly
becoming an issue for the system and customers.
While resilience is not currently addressed in

the Transit Asset Management (TAM) or design
criteria, resilience components are currently

being developed and implemented. The DART

Vulnerability Assessment and Resiliency Plan

will provide information to support resilience
integration. The vulnerability assessment and
resilience plan will identify parts of the DART
network that are most vulnerable to extreme
weather events, and, with this understanding,
DART will extrapolate deficiencies in current
design criteria, standards, and specifications and
incorporate the latest industry best practices and
nature-based strategies to minimize risk in future
DART repair, replacement, or construction projects.
Additional efforts currently in place include a
winterization study to combat winter-related issues
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Figure 12. Amtrak Resilience Analytical Framework (Source: Amtrak, 2023)




and a proposal for flood mapping and prediction as
part of a future initiative.

7.4 Case Study 4—Amtrak
Mode: Rail

Key points:

«Amtrak has been conducting climate vulnerability
assessments since 2015 and in 2022 released its
Climate Resilience Strategic Plan and the Climate
Vulnerability Assessment Summary Report.

« They evaluated potential impacts on the rail network
from Boston to Washington, DC, considering climate
hazards under current and future climate scenarios.

«  The new Amtrak Climate Resilience Strategic Plan
will guide Amtrak planning and project management
teams to proactively integrate resilience and net-zero
design best practices into projects and assets.

Extreme weather (flooding, extreme heat, and
cold) is directly impacting Amtrak performance as
demonstrated through key metrics such as minutes
of delay and frequency of delay. Since 2015,
Amtrak has been working on climate vulnerability
assessments, and, in 2022, Amtrak released its
Climate Resilience Strategic Plan and the Climate
Vulnerability Assessment Summary Report. It
includes an evaluation of the potential impacts on
the rail network from Boston to Washington, DC,
considering climate hazards such as storm surge,

heat, wind, sea-level rise, and extreme precipitation.

The evaluation also considers hazards under
current and future climate scenarios. These hazard

scenarios are overlaid with geospatial assets maps
providing crucial information for decision-making
and planning.

The new Amtrak Climate Resilience Strategic Plan
will create a suite of resources that will guide
Amtrak planning and project management teams
to proactively and easily integrate resilience

and net-zero design best practices into projects
and assets. It provides priority actions including
personnel, practices, and assets actions. These
actions include building internal capacity for

the integration of climate resilience, updating
engineering specifications and practices to include
design standards that boost climate resilience,
and integrating climate resilience into planning
efforts led by the executive leadership team. In
addition, the new Climate Resilient Design and
Engineering Standards initiative includes three
tasks that will: 1) Evaluate Existing Standards

for Climate Readiness, 2) Develop a Climate
Resilient and Net-Zero Design Guidebook, and

3) Assess Rating Systems and Certifications. This
included over 40 Amtrak routes and 13 climate
hazard types, also considering several asset types
such as stations, tracks, and tunnels, among
others. It developed tools supporting resilience
initiatives such as the Sustainability and Resilience
Certification Decision Tree, an Excel-based tool

to support resilience planning, and the Climate
Resilient Design Guidebook that provides high-level
resilience considerations (see Figure 12). The next
steps involve integrating the project into the larger
organization and conducting a national network
vulnerability assessment and strategic plan using

Figure 13. Port of Virginia Living Shoreline Project (Source: Port of Virginia, 2023)

U.S. DOT Resilience Coalition Summary of Finding
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the developed engineering design standards to
mitigate vulnerabilities.

7.5 Case Study 5—Port of Virginia
Mode: Ports

Key points:

- Multiple environmental initiatives are being
implemented to improve the port’s infrastructure and
adopt resiliency considerations for decarbonization
efforts.

«  The Port has implemented a Sustainability Certificate
Program to educate its workforce about sustainability
and resilience.

The Port of Virginia is committed to achieving

net zero emissions in scopes one and two by 2040
and is implementing multiple environmental
initiatives, improving the port’s infrastructure, and
adopting resiliency considerations concerning its
decarbonization efforts. For example, at the Virginia
International Gateway Terminal, which specializes
in cargo containers, several efficiency measures
were implemented, including gate expansions, a
reservation system for truck drivers, transitioning
to automated stacking cranes and electric cranes
on the wharf side, along with the environmental
benefits of on-dock rail services. The Port Emissions
Reduction Initiatives and infrastructure upgrades
include a truck reservation system, grant-funded
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programs for truck drivers, the use of hybrid
equipment like hybrid shuttle carriers, and a pilot
using electric yard hustlers.

Climate Resilience initiatives to protect
infrastructure include stormwater best
management practices revamping and shoreline
projects designed with sea level in mind.
Initiatives include rising elevation of infrastructure,
incorporating native vegetation, and stormwater
best management practices redesign to new
standards. The Port has also completed the design
of its Norfolk International Terminals (NIT) Living
Shoreline Project (see Figure 13). Once constructed,
the project will restore 3600 linear ft of native
wetland grasses, oyster reefs, and native plantings
beginning in 2024 to address sea-level rise and
marsh migration. The Port also implemented a
Sustainability Certificate Program to educate its
workforce about sustainability and resilience.

7.6 Case Study 6—New York’s Transit System'®
Mode: Transit

Key Points:

« Superstorm Sandy significantly impacted the
Metropolitan Transportation Authority (MTA), North

'8 MTA. Protecting New York's transit system from climate change. Met-
ropolitan Transportation Authority, 2023. https://new.mta.info/climate/
completed-resiliency-projects.
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America’s largest transportation network, filling
subway tunnels with water, eroded tracks, and
impaired vital infrastructure.

- MTA initiated a $7.8 billion strategy to repair the
damages and develop greater resilience against
future extreme events and climate conditions.

- This included the installation of over 3,000 flood
mitigation devices at 31 vulnerable stations, full
restoration of 11 underwater tunnels, and rebuilding
of train yards and maintenance shops to be more
resilient under future conditions.

The Metropolitan Transportation Authority (MTA)
is North America’s largest transportation network
serving a population of 15.3 million people in

a 5,000 mi” area encompassing New York City,
Long Island, southeastern New York State, and
Connecticut. The MTA operates the nation’s largest
bus fleet and has more subway and commuter rail
cars than all other U.S. transit systems combined. In
2012 the transit system was significantly impacted
by Superstorm Sandy. The subway tunnels were
filled with water, tracks were eroded, and vital
infrastructure components, such as signals and
electrical systems, were impaired by the harsh salt
water.

Following the storm, MTA initiated a $7.8 billion
strategy to fix the damages caused by Sandy and
develop greater resilience against future extreme
events and climate conditions. While storm surges
are not the sole cause of flooding in the system,

the corrosive nature of salt water amplifies the
destruction, making it more harmful than heavy
rainfall or snowmelt. The comprehensive resilience
initiatives included the installation of over 3,000
flood mitigation devices at 31 vulnerable stations.
11 underwater tunnels were fully restored with
upgraded pumping systems and strengthened
electrical systems. Train yards and maintenance
shopswere rebuilt to be more resilient. Power and
signal systems were improved for quick recovery
after storms and efficient operation during normal
weather. Stations at risk from up to a Category 2
hurricane, such as Subway and Staten Island, were
fortified. The Canarsie Tunnel underwent significant
repairs, including upgraded signals, new power
substations, and station enhancements. At the
Long Island Rail Road’s Long Beach Branch and
Metro-North Upgrades, damaged substations were
replaced with new facilities at higher elevations.
Signals were raised along the Long Beach Branch,
and elevated platforms were built for flood
protection. Other examples were focused on
increasing the resilience of bridges and tunnels

by raising emergency equipment and improving
protection against storms at the Marine Parkway-Gil
Hodges Memorial and Cross Bay Veterans Memorial
Bridges. Resilience actions were taken to allow

the system to recover faster under future extreme
events even if environmental conditions in the
future should change.

Analyzing Blue-Green Approaches to
Stormwater Management

Determining the cost

Investigation of
risk and
vulnerability

Develop cost-benefit
analyses to evaluate
mitigation and
planning scenarios.

Modeling and

mapping
stormwater flow

Public participation
to ensure equitable
and community-
driven solutions

and consequences of
doing nothing under
climate scenarios

Transferring strategic
planning to human-
scale experiences in

the hotspot areas

Figure 14. Analyzing Blue Green Approaches to Stormwater Management (Source: City of Copenhagen, 2023)




7.7 Global Case Study 1—Copenhagen
Cloudburst Roadway Green Infrastructure

Mode: Stormwater Infrastructure and Roadway
Key points:

« The city developed the Copenhagen Cloudburst
Formula, a comprehensive, flexible, and adaptable
model for mitigating extreme flood events.

« The plan relies on Blue-Green solutions integrating
urban planning, transportation systems, hydrological
and hydraulic analyses, and investment strategies to
improve the city’s livability.

« This framework is now being tested in hundreds of
citywide projects and is considered a template across
Europe and other parts of the world.

The City of Copenhagen was impacted by several
extreme weather events from 2010 to 2014.1n 2011,
the city was hit by an extreme 1000-year storm
that, in under two hours, dropped 150 mm (6 in.)
of rain, resulting in almost $1 billion of damages
and leaving the city’s infrastructure severely
impacted. This event followed a 100-year event

in 2010 and preceded another extreme event in
2014. Considering that sea levels at the city harbors
were also predicted to increase in the future and
that the city infrastructure was already at risk,

the city developed the Copenhagen Cloudburst

Formula. This is a comprehensive plan that is a
flexible adaptable model for mitigating extreme
flood events relying on Blue-Green solutions and
integrating urban planning, transportation systems,
hydrological and hydraulic analyses, and investment
strategies to improve the city’s livability.

The basic idea is to increasingly rely on Blue-
Green approaches to stormwater management
that consider a synergistic relationship between
traditional stormwater systems and novel
approaches for managing surface water flow by
considering a six-step procedure: 1) Investigation
of risk and vulnerability, 2) Modeling and mapping
stormwater flow, 3) Determining the cost and
consequences of doing nothing under climate
scenarios, 4) Transferring strategic planning to
human-scale experiences in the hotspot areas,

5) Public participation to ensure equitable and
community-driven solutions, and 6) Develop
cost-benefit analyses to evaluate mitigation and
planning scenarios.

A prototype pilot study was developed for a

central area in the city that was impacted by severe
flooding and coastal storm surges. Key lessons
learned were that the insurance savings from
avoided damages and the increase in real estate
value were the two highest socio-economic benefits
from the selected adaptation strategies. The




strategic flood master plan also provided multiple
added benefits in addition to flood protection,
providing the foundation for a high-quality city
environment. The plan relies on integrating existing
built infrastructure with new and strategic retrofits
considering nature-based solutions. This framework
is now being tested in hundreds of citywide
projects and is considered a template across Europe
and other parts of the world.

7.8 Global Case Study 2—FHWA Global
Benchmarking Program: Denmark, the
Netherlands, and Norway

Mode: Highway
Key points:

« The study identified Denmark, the Netherlands, and
Norway as leaders in resilience efforts.

« All three countries have clear national government
support for infrastructure resilience,
with climate change as a primary
motivation impacting project-level
decisions.

« Thereis a close collaboration between science and
transportation agencies, and they all have national
climate resilience strategies and guidelines that guide
government agencies.

Extreme weather events and a changing climate
are impacting transportation agencies across the
globe. However, some countries have been making
major progress towards developing and adopting
resilient design strategies to better cope with a
changing climate. The FHWA developed a Global
Benchmarking Program (GBP) in 2015 to evaluate
how transportation agencies from other countries
were addressing climate change and developing
resilient frameworks to protect its transportation
infrastructure (FHWA, 2017). The study identified
three major countries that were leading the

way in these efforts: Denmark, the Netherlands,
and Norway. Key factors identified in the study
were that all three countries had clear national
government support for infrastructure resilience,
including a clear motivation to include climate
change as a primary motivation impacting project-
level decisions. Also, all three countries have
national climate resilience strategies guidelines

that guide government agencies. Secondly, they
noted a close collaboration between science and
transportation agencies where climate scientists,
transportation engineers, and planners work
jointly to develop resilient projects. Furthermore,
they documented a close collaboration between
meteorological and science national and state
agencies with the transportation agencies.

Rather than delaying action due to future climate
uncertainty, the countries are developing resilient
design strategies based on scenario analyses

that account for different climate pathways and
uncertainties, flexible adaptation pathways that
allow for transitioning from one adaptation
strategy to another along the way, and conservative
assumptions to minimize risk.

In Denmark, the Danish Road Directorate relied on
climate model projections to update future storm
design standards. For example, the current 25-year
design storm in Denmark considers 58 mm of rain,
and it is projected to be 65 mm in 2050. Future
climate projection design standards are applied
for every new project considered with a design life
out to 2050. On the other hand, Norway applies

a climate factor to its design flows, incorporating
engineering judgment, history of past flooding,
and expected future precipitation increases. This
factor is multiplied by the current climate design
flow, for example, 1.3 for the 10-year flow, 1.4 for the
100-year flow, and 1.5 for the 200-year flow. While
this provides an approximation without rigorous
climate modeling, Norway also incorporated
consideration of climate change into its manuals,
design, operation, and maintenance for the
Norway Public Roads Agency. Another example

of increasing precipitation design standards was
found in the Netherlands, where for example, they
increased the depth-duration-frequency curves by
30 percent based on guidance from the Netherlands
Meteorological Institute. Another remarkable
lesson was the guidance to use information on

the direction of change rather than necessarily

the exact magnitude or timing of changes. For
example, Norway installed debris deflectors to keep
debris out of the drainage system based on the
expectation that debris flow will increase over time
and installed energy dissipators in channels and
culverts anticipating higher future flows.




8 Appendix

8.1 The U.S. DOT Resilience Coalition Roster

Transportation Risk &
Resiliency

Name Sector Title Affiliation
Susanne DesRoches TRB Consensus Vice President New York State
Clean and Resilient Energy Research and
Buildings Development Authority
(NYSERDA)
Aimee Flannery Chair, Private Sector | Global Technology Leader | Jacobs

Administrative Services

Rachel Healy Transit Director, Office of Washington Metro Area
Sustainability Transit Authority(WMATA)
Sandy Hertz State DOT Director, Office of Climate | Maryland DOT
Change Resilience and
Adaptation
David Hutchinson MPO Executive Director Sarasota/Manatee MPO
William Johnson State DOT Performance and Asset Colorado DOT
Management Branch
Manager
Matthew Lauffer State DOT State Hydraulics Engineer | North Carolina DOT
Matt Maloney MPO Director Bay Area Metro
Barbara Nelson Ports Vice President, Virginia Port Authority
Development and
Transportation Policy
Mark Nystrom Transit Climate Resilience Washington Metro Area
Program Manager Transit Authority (WMATA)
Kara Oldhouser Rail Director of Sustainability [ Amtrak
Johnny Olson Local City Council Member and | Greely City Council
practicing engineer Benesch
Miles Owen Rail Senior Climate Resilience | Amtrak
Specialist
Joseph Schofer TRB Consensus Professor Emeritus of Northwestern University
Civil and Environmental
Engineering
Tim Sexton State DOT Assistant Commissioner, Minnesota DOT
Sustainability, Planning,
and Program Management
Division
Kay Shelton Transit Chief of Staff Dallas Area Rapid Transit
(DART)
Christos Xenophontos | State DOT Assistant Director for Rhode Island DOT




8.2 Acronynms

4'Rs

AASHTO

APTA

AREA

BCA

BIL

ca

CISA

CMF

CRP

DART

DOE

EIA

ER

FE

FEMA

FHWA

GAO

GCM

GHG

H&H

1JA

IPCC

LCCA

MPO

MTA

Redundancy, Resourcefulness, Robustness,
Rapidity

American Association of State Highway and
Transportation Officials

American Public Transportation Association

Absorptive capacity, Restorative capacity,
Equitable access, and Adaptive capacity

Benefit Cost Analysis
Bipartisan Infrastructure Law
Climate Change Indicator

Cybersecurity & Infrastructure Security
Agency

Crash Modification Factors

Carbon Reduction Program

Dallas Area Rapid Transit

United States Department of Energy
Economic Impact Analysis

Emergency Relief

Fundaments of Engineering

Federal Emergency Management Agency
Federal Highway Administration
Government Accounting Office

Global Climate Models

Greenhouse gas

Hydrology and Hydraulics

Infrastructure Investment and Jobs Act
Intergovernmental Panel on Climate Change
Life-Cycle Cost Analysis

Metropolitan Planning Organization

New York Metropolitan Transportation
Authority

NCHRP

NIAC

NIPP

NIT

NOAA

PE
PEL

PROTECT

RAMCAP

RCP

RDR

ROI

ROW

SHSP

SLR

SSP

STIP

TAM

TAMP

TPMT

TRACE

TRB

U.S.DOT

USEPA

USGS

National Cooperative Highway Research
Program

National Infrastructure Advisory Council
National Infrastructure Protection Plan
Norfolk International Terminals

National Oceanographic and Atmospheric
Administration

Professional Engineer

Planning and Environment Linkages
Promoting Resilient Operations for
Transformative, Efficient, and Cost-saving
Transportation program

Risk Analysis for Critical Asset Protection
Representative Concentration Pathways
Resilience and Disaster Recovery
Return-on-investment

Right of Way

Strategic Highway Safety Plan

Sea-Level Rise

Shared Socio-economic Pathways

Statewide Transportation Improvement
Program

Transit Asset Management
Transportation Asset Management Plan
ransportation Performance Management

Transportation Resilience and Adaptation
Centers of Excellence Grant Program

Transportation Research Board
United States Department of Transportation

United States Environmental Protection
Agency

United States Geological Survey
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