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Dear Colleague:

The increased frequency and severity of disasters continue to tax the personnel, resources and capabilities of
State and local departments of transportation. Whether it’s Transportation Systems Management and
Operations (TSMO), maintenance, emergency managers, infrastructure or planning offices — all must respond
and adapt to what has become the new reality — one that incorporates the impacts of climate change into the
decision making process.

Though transportation agencies have made significant advances in mainstreaming TSMO and maintenance
into their core business processes in the past decade, climate change poses a risk to continuing TSMO and
maintenance improvements and threatens to erode the public trust in a safe, reliable infrastructure. This is
captured in the Federal Highway Administration (FHWA) Order issued in December 2014, in compliance
with 2013 Executive Order 13653, Preparing the United States for the Impacts of Climate Change.

The challenge in developing this primer, Climate Change Adaptation Guide, reflects the challenge inherent in
understanding climate change and its impacts on transportation as we know 1it, i.e., finding ways to help very
different and diverse sets of stakeholders understand the benefits of reaching across institutional divides in
order to work together to achieve common objectives.

The audience for the primer includes TSMO and maintenance program managers, emergency managers,
planners and supervisors involved in all operational aspects that are likely to be affected by climate change.
The content features the following:

* Context and Rationale for Adapting to Climate Change,

* What’s Already Being Done,

» Steps to Adapt TSMO and Maintenance Programs to Climate Change, and
* How to Get Started.

We look forward to receiving your feedback, reactions, and experiences in implementing these concepts.
Please direct any comments, questions, and suggestions to Laurel Radow at Laurel.Radow(@dot.gov or

Sincerely iours,

Jeffrey A. Lindley
Associate Administrator for Operations

Paul Pisano at Paul.Pisano@dot.gov.

Federal Highway Administration
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I. Introduction to this Guide

Ensuring safety, reliability, and mobility guides the functioning of department of transportation (DOT)
transportation systems management and operations (TSMO) and maintenance programs around the
country. With the infrastructure mostly built out, and in many cases reaching the end of its lifespan, the
emphasis on TSMO and maintenance has continued to grow at both State and local levels.

Transportation agencies have made significant advances in mainstreaming TSMO and maintenance into
their core business processes over the last decade. Investments in technology and systems for traffic
monitoring and management, traffic incident management, and to provide traveler information have
supported the capability of agencies to monitor, respond to, and communicate conditions to travelers.
Similar improvements in maintenance management have occurred with use of material management
systems, improved maintenance and construction strategies, and more robust asset management techniques.

Climate change poses a risk to continuing improvements in this area and threatens to erode the public trust
in a safe, reliable infrastructure.! DOTs are already observing and responding to the impacts of climate
change. Infrequent but extreme weather events (e.g., floods, hurricanes, Southern snowfalls) are becoming
more frequent, and long-term climatological trends are slowly but inexorably changing how transportation
systems will need to be planned, designed, operated, and maintained.?

7, Transportation Systems Management and Operations (TMSO), Maintenance, and Climate
Change

State department of transportation (DOT) TSMO and Maintenance Programs are vulnerable to climate
change. Climate change increases uncertainty around planning for extreme weather events, since the past
is no longer a reliable predictor of the future. Climate changes could result in:

= Loss of roadway capacity.

® Loss of alternative routes.

= Loss of situational awareness (due to power/communications outages).
= Inability to evacuate.

= Loss of service life (due to faster deterioration).

® Increased safety risk.

= Loss of economic productivity.

= Reduced mobility.

1 M. D. Meyer, E. Rowan, C. Snow, and A. Choate, “Impacts of Extreme Weather on Transportation: National Symposium Summary,”
American Association of State Highway and Transportation Officials (AASHTO), June 29, 2013. Available at http:/climatechange.
transportation.org/pdt/2013_symposium/AASHTO_EWESymposium_2013.pdf.

2 M. Meyer et al., NCHRP Report 750: Strategic Issues Facing Transportation, Volume 2: Climate Change, Extreme Weather Events, and
the Highway System, Washington, DC: Transportation Research Board of the National Academies, 2014. Available at: http:/onlinepubs.
trb.org/onlinepubs/nchrp/nchrp_rpt 750v2.pdt.


http://climatechange.transportation.org/pdf/2013_symposium/AASHTO_EWESymposium_2013.pdf
http://climatechange.transportation.org/pdf/2013_symposium/AASHTO_EWESymposium_2013.pdf
http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt_750v2.pdf
http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt_750v2.pdf

Climate change risks are as yet not well-understood by TSMO and maintenance groups. Most of the
discussion around climate risks has been at a long-term planning level or from an infrastructure design
standpoint. Consequently, adapting to climate change is still new to the operating divisions within the
DOT. Many agencies are, nevertheless, finding that the approaches and practices that made them
successful operators and maintainers of facilities are not adequate—or at least need to be revisited—with
this change in climate. More frequent events, unusual phenomenon, and changes in long-standing patterns
combined with steadily increasing funding and workforce pressures put agencies at a crucial juncture on
how to plan for effective operations and maintenance.

Incorporating climate change considerations into how agencies plan and execute their TSMO and
maintenance programs helps the agency become more resilient to unanticipated shocks to the system.
Adjustments to TSMO and maintenance programs—ranging from minor to major changes—can help to
minimize current and future risks to effective maintenance and operations.

This guide provides information and resources to help DOT TSMO and maintenance staff incorporate
climate change into their planning and ongoing activities. It will assist State DOTs and other transportation
agencies to understand the risks that climate change poses and actions that can help reduce those risks.
Although there is continually new information emerging about anticipated risks and strategies to address
them, there is sufficient information to begin a more concerted effort to evaluate programs and begin to
make or plan to make adjustments today.

* Over the last 20 years, we have gotten really
good at managing winter storms. We will
deal with whatever nature throws at us.

Do | need to plan for climate change?

® My last few summers have resulted in a lot
of delays in construction due to the heat.
Should | change how | bid out my projects?

e Over the last 20 years, we've never had an ice
storm, and | don't typically budget for ice
removal equipment. We got one last year.
Should I invest?

* My maintenance budgets are typically
insufficient, and | end up going over each
year. How can | plan ahead and better use
my limited resources?

e We worked well together during Hurricane
Sandy, but there were still a lot of challenges.
What will help us be better prepared?

Figure 1. [llustration. Frequent Questions from Transportation Systems Management
and Operations (TSMO) and Maintenance Program Managers.
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Figure 2. Graph. Overlapping Responsibilities of Different Transportation Agency Offices.

A. Who Should Use this Guide?

This guide is meant for practitioners involved in the day-to-day management, operation, and maintenance
of surface transportation systems at State and local agencies. Climate change will affect different offices
and their varying responsibilities in different ways. As shown in Figure 2, some responsibilities among
this staff are also overlapping and will require coordination. For example, DOT emergency management
staff and TSMO staff need to coordinate during an emergency to provide accurate and up-to-date traveler
information. In some DOTs, staff may serve both a TSMO and maintenance function. All staff might have

a role in major emergencies. In a majority of functional areas, TSMO and maintenance depends on the
collaboration between multiple agencies.

Unless otherwise specified, the content in the guide is applicable to all:

= State and local DOT TSMO and maintenance managers.
= State and local DOT planning staff.
= Metropolitan planning organization (MPO) staff.

= State and local DOT emergency management staff.

B. How Will this Guide Help Agencies Adapt?

The guide provides the rationale and specific guidance for integrating the capability for climate change
adaptation and extreme weather response into TSMO and maintenance programs. It also articulates why
doing so will lead to greater sustainability.



In laying out both the need for integration of adaptation into decision making and approaches to do so, this
guide also takes a first step toward beginning to establish a consistency of language and practice that will
facilitate much-needed collaboration and coordinated action across operating groups within and outside
the agency.

The guide provides resources to help agencies:

= Self-evaluate where practices need to be altered to enhance resiliency to climate change.
" Identify what changes need to be made.
= Assess the benefits and co-benefits of making those changes.

= Map out the changes in capabilities that need to be taken to implement them.

C. What this Guide Does Not Cover

The guide is a first effort to provide guidance on how to adapt TSMO and maintenance programs to
climate change. This is a quickly evolving field as evidenced by the rapidly emerging research by top-level
national and international agencies (e.g., United Nations, National Academies). There are still many
knowledge gaps in terms of adapting practices, including risk management and probabilistic decision
making. This document reflects what is known today, but does not answer all the questions that
practitioners are certain to raise.

The guide also does not provide guidance on related topics that are better described in other documents (e.g.,
how to respond during extreme or adverse weather). As mentioned above, this guide is focused on helping
agencies do the “up-front” work to prepare for addressing climate change and extreme weather events.

D. How to Use this Guide

The guide provides context, an overview of steps, and specific resources to help DOTs get started to adapt
TSMO, maintenance and emergency management programs to climate change. Users may come to the
guide with varying levels of familiarity with the content and issues presented herein. It is, thus, designed
so that the Table of Contents can be used to jump to any section in the guide where users find content
relevant to their specific needs. Of particular note:

= Section IV describes the general planning components needed to adapt a TSMO and maintenance
program for climate change.

= Blue text boxes throughout the guide (titled “Getting Started”) contain specific resources to help
agencies get started with adaptation, such as checklists and other resources.

= Green text boxes throughout the guide (titled “Examples from the Field”) provide lessons learned and
best practices from around the country. These examples help to illustrate the more general guidance
provided and highlight the diversity of issues and approaches to addressing them.

C) Getting Started C Examples from the Field




[I. Context and Rationale for Adapting to
Climate Change

A. Federal Highway Administration Action on Climate Change

Federal Highway Administration (FHWA) recognizes that climate change and extreme weather events
pose a significant challenge to the safety, reliability, effectiveness, and sustainability of the national
transportation system. In 2014, FHWA issued a directive that establishes FHWA policy on preparedness
and resilience to climate change and extreme weather events, in compliance with Executive Order 13653,
Preparing the United States for the Impacts of Climate Change, issued in 2013. The FHWA directive
provides several ways in which “FHWA will integrate consideration of the risks of climate change and
extreme weather event impacts and adaptation responses, into the delivery and stewardship of the Federal-
aid and Federal Lands Highway programs,” including encouraging State departments of transportation
(DOTs), metropolitan planning organizations (MPOs) tribal governments, and others to develop cost-
effective strategies to minimize climate and extreme weather risks.’

FHWA began activities to address climate change in the early 2000s with several white papers followed by
in-depth studies on the impacts of both climate variability and climate change in the Gulf Coast as well as
sea level rise on the Atlantic Coast. FHWA'’s next steps to address climate change were to develop tools
and information that could be used by State DOTs and MPOs to assess their vulnerabilities to climate
change. FHWA also continues to analyze strategies that can help improve resiliency. For additional
information on FHWA'’s climate change efforts, see the FHWA web page, "Summary of FHWA Climate

Adaptation Initiatives." 4

The FHWA Order and ongoing research activities are intended to promote transportation system resiliency,
defined as the ability to anticipate, prepare for, and adapt to changing conditions and withstand, respond to,
and recover rapidly from disruptions. Much of the work to date has been focused on assessing
vulnerabilities and considering transportation infrastructure and design adaptation. This guide specifically
focuses on how agencies can reframe TSMO and maintenance programs to increase resilience to the
uncertainty and variability associated with climate change.

3 FHWA, Order 5520, Subject: Transportation System Preparedness and Resilience to Climate Change and Extreme Weather Events,
December 15, 2014. Available at: http:/www.fhwa.dot.gov/legsregs/directives/orders/5520.cfm.

4 FHWA, “Summary of FHWA Climate Adaptation Initiatives” Web page. Available at: http:/www.fhwa.dot.gov/environment/climate
change/adaptation/ongoing and current research/summary/index.ctm.


http://www.fhwa.dot.gov/environment/climate_change/adaptation/ongoing_and_current_research/summary/index.cfm
http://www.fhwa.dot.gov/environment/climate_change/adaptation/ongoing_and_current_research/summary/index.cfm
http://www.fhwa.dot.gov/legsregs/directives/orders/5520.cfm
http://www.fhwa.dot.gov/environment/climate_change/adaptation/ongoing_and_current_research/summary/index.cfm
http://www.fhwa.dot.gov/environment/climate_change/adaptation/ongoing_and_current_research/summary/index.cfm

B. What is Transportation Systems Management and Operations and
Maintenance?

This guide focuses on two primary transportation functions: 1) transportation systems management and
operations (TSMO) and 2) maintenance. These functions both involve the day-to-day activities that maximize
the use of transportation infrastructure. TSMO refers to an integrated approach of programs, projects, or
services designed to get the safest and most efficient use out of existing and planned infrastructure. TSMO
functions include traffic management, traffic incident management, traveler information services, traffic signal
coordination, transit priority/integration, freight management, work zone management, planned special event
management, road weather management, and active transportation and demand management.

Maintenance activities help to preserve and extend the use of transportation infrastructure and aim at carrying
out day-to-day protective and repair measures to limit degradation due to natural processes (e.g., weather) or
imposed processes (e.g., traffic). Maintenance functions include pavement management, shoulder maintenance,
bridge inspection, vegetation management, road weather management, work zone management, and asset
management.

C. How are Extreme Weather Events and Climate Change Related?

It is important to understand how extreme weather events and climate change are related and how they
differ.’ Changes in climate and weather are linked over the long term, but no single weather event can
specifically be attributed to a changing climate.

= Weather events are defined as the state of the atmosphere in a particular location at a particular time. For
example, rain, temperature, and wind are all aspects of local weather. “Extreme weather events can
include significant anomalies in temperature, precipitation and winds, and can manifest as heavy
precipitation and flooding, heatwaves, drought, wildfires and windstorms (including tornadoes and
tropical storms).” ¢

= Climate change refers to any significant change in the measures of climate lasting for an extended
period of time. Climate change includes major variations in temperature, precipitation, or wind
patterns, among other environmental conditions, that occur over several decades or longer. Changes in
climate may manifest as a rise in sea level, as well as increase the frequency and magnitude of extreme
weather events now and in the future.”

Long-term trends in climate are not dependent on any single extreme event. A single large rain event or
even a single wet year may just be a normal fluctuation in weather patterns but changes that are noted year
after year, such as a run of wet years, can be attributed to a larger change in the climate.

Climate change could mean that what was historically a rare weather event becomes increasingly frequent
(possibly shifting from rare to occasional or regular). Consideration of how we respond effectively or not
to the rare extreme events occurring today can provide useful information about how we can and should
respond to increasing future risk. Optimizing for today’s extreme weather events makes our systems more
prepared for the increased frequency of some events that is anticipated under a changing climate. Figure 3
demonstrates the shift in temperatures towards more hot weather and a slight decrease in cold weather.

5 A good discussion of the linkage between extreme weather events and climate change can be found in: D. Huber and J. Gulledge,
“Extreme Weather and Climate Change: Understanding the Link and Managing the Risk,” Science and Impacts Program (Arlington, VA:
Center for Climate and Energy Solutions, 2011). Available at: http:/www.c2es.org/publications/extreme-weather-and-climate-change.

6 FHWA Order 5520, December 15, 2014. “Transportation System Preparedness and Resilience to Climate Change and Extreme Weather
Events.” Available at: http:/www.fhwa.dot.gov/legsregs/directives/orders/5520.cfm.

7 Ibid.


http://www.c2es.org/publications/extreme
http://www.fhwa.dot.gov/legsregs/directives/orders/5520.cfm
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D. How Will Climate Change Affect Transportation Systems Management
and Operations and Maintenance?

As climate changes, agencies may have to deal with new weather stressors that require different planning
approaches or responses (e.g., loss of permafrost in Alaska, snow and ice control in Southern states). The

2011 report, Adapting Transportation to the Impacts of Climate Change State of the Practice provided an
overview of the operational impacts associated with climate change.” These operational impacts include:

= Increase in traffic incident management activities.
= Road and lane closures.

= Reduced (and variable) speed limit.

= Disruption of transit service.

= Road and transit diversions.

" Truck restrictions.

= Work zone management (to accommodate additional lane closures).

The 2013 report, Planning for Systems Management & Operations as part of Climate Change Adaptation,
provides a summary of the anticipated changes to system maintenance (e.g., inspection, frequency of repairs,
need for “quick maintenance” patrols); system operations practices and strategies (e.g., more frequent
diversion to more robust alternate routes); travel behavior (e.g., motivation to use alternate modes of transport
such as transit, biking, or walking); and freight transportation (dynamic or seasonal restrictions for trucks or
rail during times of high heat) needed or likely to occur as a result of anticipated impacts of climate change.'

8 Peterson, T.C., D.M. Anderson, S.J. Cohen, M. Cortez-Vazquez, R.J. Murnane, C. Parmesan, D. Phillips, R.S. Pulwarty, J.M.R. Stone,

2008: Why Weather and Climate Extremes Matter in Weather and Climate Extremes in a Changing Climate. Regions of Focus: North
America, Hawaii, Caribbean, and U.S. Pacific Islands. T.R. Karl, G.A. Meehl, C.D. Miller, S.J. Hassol, A.M. Waple, and W.L. Murray (eds.).
A Report by the U.S. Climate Change Science Program and the Subcommittee on Global Change Research, Washington, DC. Available at:
https://downloads.globalchange.gov/sap/sap3-3/sap3-3-final-all.pdf.

9 Transportation Research Board Special Task Force on Climate Change and Energy, Transportation Research Circular E-C152: Adapting
Transportation to the Impacts of Climate Change State of the Practice 2011, June 2011. Available at: http:/onlinepubs.trb.org/onlinepubs/
circulars/ecl52.pdft.

10 FHWA, Planning for Systems Management & Operations as Part of Climate Change Adaptation, FHWA-HOP-13-030 (Washington, DC,
2013). Available at: http:/ops.fhwa.dot.gov/publications/thwahopl3030/index.htm.
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While TSMO and maintenance programs are often reactive by nature, the accelerating pace and
increasingly unpredictable nature of extreme weather events could place increasing strain on an already
stressed system. Further, agencies may not be optimized for the present; some practices need to be
improved now.

TSMO and maintenance programs will need to take a proactive approach to regularly reevaluate existing
programs and practices in light of new information and criteria (e.g., if preparing for new demands, they
may need to adjust budgets) to ensure they are climate resilient. Opposition to making changes in
operations may exist due to the risk-averse environments under which many State DOTs operate.
Traditionally, this risk aversion has resulted in slow changes in practices and protocols in order to avoid
changing what works. Transportation agencies could be at greater risk, however, if they do not change their
practices rather than if they do. The environment in which they work is changing due to climate change;
risk-averse decision makers should seek to avoid risks by considering climate change in their systems
management and maintenance rather than ignoring it.

E. Why Do Transportation Systems Management and Operations and
Maintenance Programs Need to Adapt to Climate Change?

TSMO and maintenance programs have vital roles to play in adapting to climate change. For many of the
already observed and anticipated weather events related to climate change, TSMO and maintenance
workers as well as the DOT emergency responders with whom they coordinate—who are, in some
instances, DOT maintenance staff—are and will be the public face and the front-line of the response.
Climate change presents a business risk for transportation agencies. Without proactive steps to anticipate
potential changes and respond to them, the ability of agencies to support their core mission could be
compromised.

With climate change comes uncertainty, be it in a greater variability of expected events or unexpected
extreme weather. By not understanding the risk or not assessing the vulnerability of their operations,
agencies can be caught off-guard by an unexpected event leading to significantly degraded capabilities
when they are most needed.

Changes in relatively short duration extreme events often result in the most significant consequences, and
while DOTs may be prepared to respond to these events on an individual basis, the cumulative impact of
more severe and more frequent events may warrant a change in business practices. Longer term changes to
annual or seasonal averages, which are often cited in broad-scale summaries of projected climate change,
cause less immediate impacts but over time can affect practices and costs.

Not all the necessary adjustments to business practices are radical; there are many ways—big and
small—to account for climate change and reduce this business risk. In fact, many TSMO and maintenance
adaptations will be the “low-hanging fruit” to prepare DOTs for climate change, in contrast to changes to
infrastructure design.

Incremental steps toward a more comprehensive program that fully considers how to incorporate potential
climate change impacts will be easier for most agencies to manage than an immediate, full-fledged,
comprehensive overhaul of their existing programs. A phased implementation approach will enable
agencies to adapt their TSMO and maintenance programs to climate change in a planned and systematic
manner. For this to occur, it is necessary to incorporate the needs of climate change and extreme weather
events into the routine policy and practice of TSMO and maintenance at transportation agencies.



Adapting TSMO and maintenance programs is largely about improving capability rather than a major
technology development and deployment initiative. Many of the technology elements used to support
safety, congestion mitigation, and traveler information objectives are already in place and there is more on
the way. For example, today Road Weather Information Systems (RWIS), cameras, and other roadside
infrastructure are used extensively by agencies around the country. In the near future, connected vehicle
technologies promise to overcome the barriers of fixed infrastructure and data availability. To adapt to
climate change then, agencies need to consider how these existing capabilities need to evolve to meet the
new and emerging requirements of a changing climate. These may take the form of hardening the
communication links or rethinking the siting of these detection systems. Similarly, other existing
processes for supporting safety and reliability need to be reviewed and supplemented to account for
climate change.

F. Capability Maturity Framework

The American Association of State Highway and Transportation Officials (AASHTO) and FHWA have
developed a capability maturity framework (CMF) to help DOTs adapt their TSMO programs." The CMF
defines six areas of capability that form the supportive foundation for the implementation of TSMO
strategies. As agency capabilities increase from ad-hoc implementation and planning to optimized
practices, agencies will be able to have repeatable processes that are scalable, sustainable, and
mainstreamed.

This guide aligns those actions needed to adapt TSMO and maintenance programs to climate change with
the six areas of the CMF:

= Business processes — including financial (e.g., budgeting) as well as conducting risk analyses and dealing
with uncertainty, planning, programming, and standard operating/implementation procedures.

= Systems and technology — transportation agencies have invested in a wide suite of technology and
management systems to enable them to more efficiently manage weather events within their jurisdiction.
= Performance measurement — including measures definition, data acquisition, analysis, and utilization.

® Culture — including technical understanding, leadership commitment, policy, outreach, and program
authority.

= Organization and workforce — including organizational structure, staff capacity, development, and
retention.

= Collaboration — including internal collaboration and relationships with other public agencies and the
private sector.

G. What's Already Being Done?

The growing awareness that climate change can affect transportation has not yet resulted in widespread
actions to identify and implement strategies to address climate change. Some transportation agencies have
begun to assess vulnerability. Fewer have moved beyond vulnerability assessments and into adaptation
planning. Even fewer have implemented adaptation strategies and begun to evaluate their effectiveness.
Further, more emphasis to date has been on the implications of climate change for infrastructure planning,
design, and engineering with less focus on system management, operations, and maintenance.

The transportation sector is not ahead or behind other sectors in this regard. Changes in climate are often
discussed on a global or regional scale and presented with wide ranges of uncertainty and timescales. It is
challenging to understand what climate change will mean on a local scale and for the timeframe most
relevant to specific decision making processes of interest.

11 See the AASHTO “Transportation Systems Management and Operations” web page for more information: http:/www.aashtotsmoguidance.org/.
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II1. Steps to Adapt Transportation
Systems Management and Operations and
Maintenance Programs to Climate Change

A. How Transportation Systems Management and Operations and
Maintenance Work Together on Climate Change

Over the past 10 years, State and local agencies have implemented various transportation systems
management and operations (TSMO) and maintenance strategies to mitigate the impacts of adverse
weather on the transportation system. The strategies run the gamut from plowing and sanding to
coordinated traffic control strategies and regional traveler information. Agencies respond to weather events
through a multi-pronged approach that involves a combination of operational, maintenance, and, at times,
emergency management strategies. Typical strategies used today include motorist alerts, advisories,
warnings (which include roadside active warning systems and pre-trip traveler information systems), speed
restrictions (variable speed limits, for example), vehicle restrictions (truck restrictions during high winds),
route restrictions (road closures), anti-icing/deicing road surface treatments, plowing, and traffic signal
management (weather responsive traffic management). In addition, traffic incident and emergency
management practices provide agencies with the ability to marshal resources effectively to address adverse
weather. Most of these approaches require multi-agency and multi-disciplinary capabilities to be brought
together efficiently before, during, and after the extreme weather event. Traffic incident and emergency
management collectively fall under the area of emergency transportation operations (ETO), which involves
collaboration and coordination between transportation, public safety (fire, rescue, emergency medical
service [EMS]), law enforcement) and emergency management communities.

The roles and responsibilities of TSMO, maintenance, and emergency response managers and staff are
connected and often interdependent in addressing the impacts of extreme weather and climate change on
the transportation system. Each functional group has a unique set of decisions falling across the six areas
of the capability maturity framework (CMF) (described in Section II) that may need to be examined in
adapting to climate change.

11
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For example, the managers of maintenance programs will be concerned with decisions involving
pavement rehabilitation needs and methods, bridge maintenance needs and methods, construction and
maintenance work timelines and timeframes, and vegetation control. TSMO program managers will
need to revisit other decisions such as the types of monitoring equipment and sources, communication
needs, and siting criteria necessary to obtain real-time operational information on the transportation
system and push information out to travelers. Emergency management leaders, in coordination with
operations divisions, will look at adapting operating procedures and resource levels to prepare for
hurricane evacuations or other weather-related emergencies. As is evident, TSMO functions rely on
well-maintained infrastructure, and successful emergency management depends on reliable and
strategically deployed TSMO infrastructure (e.g., traffic signals, contra-flow lanes, variable message sign
(VMS), cameras, road weather information stations), TSMO staff, and fine-tuned operating procedures
that can be leveraged during emergencies. The same holds true for maintenance, its infrastructure, and
the linkage between maintenance and emergency management.

The link between transportation operations and emergency management varies depending on the scale of
the event. During major, catastrophic events emergency management agencies have control of the response
and transportation operations. During less extreme events, the departments of transportation (DOTSs)
maintain control over the highways and major arterials. This difference will be important to consider when
DOTs plan actions to address climate change risks in the short and long term. Figure 4 illustrates that as
the level of severity of the incident increases, the number of agencies involved grows beyond the DOT to
include public safety and emergency management agencies. The increase in severity also indicates that a
greater level of collaboration and communication between agencies and functions is required.

State Emergency
Management Agencies

Public Safety Agencies

Number of Agencies Invi

DOTs, State and Local Agencies

Level of Communication and Coi

Planned Minor Major HAZMAT Natural Terrorist

Activities Incident Incident Incident Disaster Incident

Weather-Related Incidents

Figure 4. Graph. Involvement of Agencies in Incident Response.'?

12 S. Lockwood, J. O’Laughlin, D. Keever, and K. Weiss, NCHRP Report 525: Surface Transportation Security Volume 6 — Guide for
Emergency Transportation Operations, Washington, DC: Transportation Research Board of the National Academies, 2005. Available
online at: http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt 525v6.pdf.
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Figure 5. Diagram. Federal Highway Adminstration (FHWA) Climate Change
and Extreme Weather Vulnerability Assessment Framework.

The Federal Highway Administration (FHWA) has developed and tested a Climate Change and Extreme
Weather Vulnerability Assessment Framework (“the Framework™) (see Figure 5) which consists of a report'
and an online virtual framework (see Figure 6),"* which serve both as a guide and a collection of resources
for use by transportation professionals when analyzing the impacts of climate change and extreme weather
on transportation infrastructure. Its purpose is to identify key considerations, questions, and resources that
can be used to design and implement a climate change vulnerability assessment. To date, the Framework
has been tested by 24 pilot sites and has undergone a series of refinements as a result of the real-world

findings. The pilots have also contributed to the plentiful body of lessons learned and example resources
that are linked to the virtual version of the Framework.

13 FHWA, Climate Change and Extreme Weather Vulnerability Assessment Framework, FHWA-HEP-13-005 (Washington, DC, 2012).

Available at: http:/www.fhwa.dot.gov/environment/climate change/adaptation/publications_and_tools/vulnerability assessment
framework/page0l.cfm.

14 FHWA, Virtual Framework for Vulnerability Assessment. Available online at: http:/www.fhwa.dot.gov/environment/climate change/

adaptation/adaptation framework/. Last accessed June 28, 2015.
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C The Federal Highway Administration (FHWA) Virtual Framework

FHWA has developed a broad set of resources to help transportation agencies prepare for climate
change. The "Virtual Framework for Vulnerability Assessment" website houses resources for State and
local transportation agencies (see Figure 6). The Virtual Framework breaks the vulnerability
assessment process into six modules. Each module contains step-by-step guidance, video testimonials
from professionals sharing lessons on their experience, case studies related to the framework step,
links to resources related to the step, and tools to help a user complete the step.

FHWA — Environment — Climate Change — Adaptation — Adaptati

. ent Ressech : -
O e Virtual Framework for Vulnerability Assessment
* Policy & Guidance

ol Module 2: Identify Key Climate Variables

* Workshops & Peer Exchanges Overview

LD Identifying which climate stressors (also known as climate variables) should

P be included in a vulnerability assessment is an important early step in the
assessment process. Not all changes in the future climate will be significant

Contacts to local or regional transportation networks, and limiting the study to the

key stressors of interest may allow for more in-depth projections of these
variables.

B8 Sion up for Climate
Change & Sustainability Determining which climate stressors are key” involves the
- sensitivity of transportation assets to weather and climate. Sensitivity,
which refers to how an asset or system fares when it is exposed to an
Fecaback) impact, is one of the three components of vulnerability-the other two being exposure and adaptive
capacity. Analyzing sensitivity, which involves determining whether transportation assets would be
affected by the stressor, can help narrow the range of climate impacts considered, allowing the study
View fullize image. to focus its resources on analyzing the climate stressors that would cause the greatest damage to
the system.

contact Robert Hyman.

Module 2 Introductory Video

el t ot e In this 47-minute video from FHWA's 2012 National Hydraulic Engineering Conference
O Co eSS pe i eccmarey in Nashville, Tennessee, Katharine Hayhoe, director of the Climate Science Center at

Texas Tech, describes the process of downscaling global climate models to regional
scales.

Key Steps

 Review possible climate stressors for consideration. For transportation, the most
important climate stressors may be those related to relatively short-duration extreme
events that can cause significant damage to transportation infrastructure or disrupt
transportation operations. Examples of the kinds of climate changes included in

p y include 3

events, sea-level rise, coastal storm surge, permafrost thaw, and snowmelt hydrology.
Information on the types of stressors projected for an area can be obtained from
several sources, including:

o Existing climate information developed by others, such as the United States
Global Change Research Program (USGCRP), which is relevant at broad E
geographical scales. Preliminary questions on potential impacts may be answered
by referring to broader regional reports on changes in climate. For more
infrmatinn and finke tn racnirrac fo inns Aatailad rlimata nriartin

Figure 6. Screenshot. Federal Highway Administration Virtual Framework
for Vulnerability Assessment (Module 2 shown).

This guide is intended to complement the resources on the Virtual Framework and provide targeted
guidance to staff in the transportation systems management and operations (TSMO) and maintenance
domains. Throughout this document, the Virtual Framework is referenced as appropriate, in cases
where guidance (e.g., where to find climate data) is not operations-specific.

The Framework, originally developed with an infrastructure planning and design focus, provides the
organizing principle for understanding adaptation needs from an operations and maintenance perspective
as well.

Consistent with the Framework the primary components of this guide include:

= Define objectives and scope.
= Assess vulnerability.
= Integrate climate change considerations into decision making.

= Monitor, revisit, and develop new objectives.

While the emphasis of this guide is on concrete actions DOTs can take to integrate climate change into
decision making, it is critical to also define the scope of adaptation efforts and assess vulnerabilities to
inform the development of adaptation strategies. Figure 7 illustrates how TSMO and maintenance
groups can use the Framework to identify and implement appropriate strategies for their unique
conditions and locations.



Define Scope
Articulate program goals and operations objectives
Identify key climate variables

Develop information on decisions sensitive to
climate change
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(tolerance for disruption)

Identify Potential Adaptation Measures

Evaluate and Select Adaptation Measures
Technical and political ¢ Flexibility

feasibility ¢ Environmental and
Costs and benefits societal impacts

Efficacy

Determine Improvements in Capabilities
Necessary for Successful Implementation
Business processes e Culture
Systems and technology e Organization and

Performance workforce
management e Collaboration

Monitor and Revisit
Develop New Objectives

Figure 7. Diagram. Climate Change and Extreme Weather Transportation Systems
Management and Operations (TSMO) and Maintenance Adaptation Framework.

C. Define Scope

It is important to articulate the objectives of the adaptation effort up front and identify the anticipated
changes in climate that are most relevant to your agency. Together, these steps frame the scope of the
planning effort and drive the details required; they help minimize data collection and analysis activities that
would ultimately be extraneous to the desired objectives.

1. Articulate Program Goals and Operations Objectives

TSMO and maintenance offices within agencies have long been driven by goals and objectives largely
around safety, levels of service, and reliability. DOTs need to adapt to climate change to ensure they can
continue to meet program goals.

Program goals and operations objectives may require some updates when anticipated climate changes are
taken into account. These updates may be only subtle shifts in agency focus, but should aim to define
what must be achieved to ensure resilient operations. Agencies should consider what levels of performance
are expected during adverse weather (which may become more frequent or intense under a changing
climate) and what levels of disruption are tolerable. Demand-oriented goals and objectives (e.g., the role of
the agency. in serving the surge in demand that may be expected) need to be defined as well as the
expectations for restoration of services and travel.
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C) Getting Started: Obtaining Buy-In

A critical component to any organizational change is developing support for that change among key
decision makers and stakeholders. Adapting a transportation systems management and operations
(TSMO) or maintenance program to increase climate change resiliency requires gathering support
among program management, agency decision makers, program staff, and others involved in the
TSMO or maintenance program activities. The level of buy-in required will depend on the scale of
change desired. Below are several recommendations for gathering support for adapting a TSMO or
maintenance program to prepare for the current and potential future impacts of climate change:

= Make the business case for resilience.
» Start by identifying any current issues in operating and maintaining the transportation system
as a result of extreme weather events or noticeable changes in climate.

* Use FHWA documents, such as the Regional Climate Change Effects: Useful Information for
Transportation Agencies, to gather key reasons to be concerned about climate change and what
the projected effects are of climate change locally."

* Find a model or example to strengthen the case. The Federal Highway Admintration (FHWA)
has several case studies available.

= Engage staff and leadership throughout the department of transportation (DOT) early and often,
especially in the vulnerability assessment and brainstorming of adaptation strategies.

= Establish clear roles and responsibilities for individuals within the organization and determine
systems for accountability.

= [mprove integration of TSMO, maintenance, and emergency management into DOT planning for
climate change.

Agencies should also develop more specific, outcome-based operations objectives for the program goals.
These operations objectives should be refined and tied to specific performance measures when working
through Sections III1.D. Assess Vulnerability and IILE Integrate into Decision Making (and once the user
has a better understanding of realistic expectations that take into account future changes in climate).

2. Identify Key Climate Variables

Changes in climate and extreme weather events will not be uniform throughout the world or even
throughout the United States. It is important to identify the climate stressors or extreme weather events
(e.g., increase in extreme heat, more frequent heavy precipitation, increased precipitation variability,
drought, flooding, sea level rise, higher storm surges, increase in wildfire probability) that: (1) could
occur locally; and (2) could affect local TSMO and maintenance programs. Examples of the geographic
diversity of climate impacts can be seen in Figure 8. A complete set of resources for identifying local
climate changes is available as part of Module 2 of FHWA’s Virtual Framework for Vulnerability
Assessment.'® Once the regional climate stressors of concern have been identified, Section IIT of this
document explains how to refine DOTs understanding of the scale and impacts of those climate stressors
on TSMO and maintenance.

15 FHWA, Regional Climate Change Effects: Useful Information for Transportation Agencies, May 10, 2010. Available at: http:/www.fhwa.
dot.gov/environment/climate change/adaptation/publications_and_tools/climate_effects/.

16 Module 2 of the FHWA Virtual Framework is available online at: http:/www.fhwa.dot.gov/environment/climate change/adaptation/
adaptation framework/modules/index.cfm?moduleid=2.
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Figure 8. Chart. Projected Temperature Changes under Low and High Emissions Scenarios."”

3. Develop Information on Decisions

Sensitive to Climate Change Sensitivity = how an asset or system
As discussed in Section I11.D.2, information on the fares when it is exposed to an
past climate and the resultant impacts is useful for impact.

understanding the kinds of weather and climate ) S
. . . Source: Federal Highway Administration Virtual
effects to which assets and operations are sensitive Adaptation Framework.

and can help to identify thresholds beyond which

future climate effects may affect those assets.

It is also important to look forward and identify decisions that may be climate-sensitive in the future and
which decisions (e.g., standard operating practices, budget allocations) may be based on historical climate
trends that no longer accurately reflect more recent trends (that have shifted due to climate change).

The following is a proposed definition for climate-sensitive decisions:

Decisions are climate-sensitive if their continued effectiveness
could be compromised by projected changes in climatic conditions
(e.g., changes in temperature, precipitation, weather patterns, and

the frequency and intensity of extreme weather events).

TSMO and maintenance decisions that DOTs make on a daily basis are rarely climate-sensitive, because
the implications of those decisions are typically so short-lived that there is not enough time for them to be
compromised by the effects of climate change. Transportation agencies make numerous short-term and
long-term decisions about their TSMO and maintenance programs, however. Potential changes in
extreme weather events or climate variability are relevant to many of these decisions, especially the
decisions agencies make infrequently.

17 J. Walsh, D. Wuebbles, et al. Climate Change Impacts in the United States: The Third National Climate Assessment, “Ch. 2: Our
Changing Climate,” U.S. Global Change Research Program, 19-67, 2014. Accessible at: http:/s3.amazonaws.com/nca2014/low/NCA3
Full Report 02 Our Changing Climate LowRes.pdf?download=I.
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An early step in identifying how DOTs can adapt their TSMO and maintenance programs is to identify
possible entry points—existing decisions that could incorporate climate change considerations in the

future. For example, knowing that there could be more frequent flooding events could change an agency’s
decision about what workforce capabilities are required for the season. Table 1 provides an example of
potential TSMO and maintenance decisions which may be influenced by climate change and extreme
weather. Additional examples and related information are provided in Appendix A — Matrix of Climate-
Sensitive Decisions. For each decision, the appendix includes a description, how climate stressors affect

the decision, and which climate stressors affect the decision.

Climate-Sensitive
Decision Areas

Table 1. Example of Climate-Sensitive Decisions.

Specific Decisions

Description

1. Planning for future
workforce needs.

Determine the right level of
workforce requirements and
capabilities.

Operating agencies make a variety of
workforce-related decisions, including the
number of staff required, their locations, and
capabilities necessary to monitor, control,
report, and maintain the roadway system.

2. Planning for
operations and
maintenance
investments.

Determine criteria to
prioritize operational
resource investments
(including capital
improvements).

Resource investments may include new capital
improvements for operations and maintenance
such as control systems, field equipment,
vehicles, communications, and power. They
may also include investments for annual
maintenance.

3. Budgeting for
operations and
maintenance.

Determine the appropriate
funding needs and levels on
annual and multi-year basis.

Operating agencies typically are funded on an
annual basis. Funding levels greatly drive the
overall program capabilities and functions.

4. Establishing
realistic objectives.

Set regional operations
objectives for the program.

Effective planning for operations requires a
clear articulation of regional operations
objectives. These objectives define the
response strategies and the performance-based
management required.

Note: Excerpted from Appendix A — Matrix of Climate-Sensitive Decisions.

While day-to-day management of traffic operations might not be particularly sensitive to broader changes

in climate, the planning required to support agile TSMO and maintenance programs may involve more

climate-sensitive decisions. For example, future workforce equipment needs, facility siting, material

procurement, technology deployments, business processes, and institutional arrangements typically span

multiple seasons and even years. The effectiveness of such decisions made today may be compromised by

changes in climate.

The following list of questions can help agencies determine if a decision is climate-sensitive:

= Do climate variables have a direct effect on the decision outcomes? For example, will increases in

precipitation overwhelm current maintenance practices?

= Can climate variables affect the underlying assumptions upon which the decision is founded? For
example, will changes in the climate, such as precipitation, affect traffic levels, which in turn impact
roadway operations and management?

= s climate likely to change during the time period governed by the decision? Consider long-term, chronic
changes in climate as well as the increased frequency of acute weather events.
*  What is the time horizon for planning and implementation?
* How frequently is the decision made?




= s this a single decision moment or a multiple decision moment (i.e., is the decision made once and then
executed or is there room for refinement and adjustment over the course of implementation/operations)?
Includes:
* Financial reversibility (i.e., does the practice represent a cost that cannot be recovered?)

» Foreclosure of other options (i.e., does implementing this practice limit the availability of other practices
in the future?).

In addition, think about whether there are any specific weather thresholds at which the decisions become
sensitive. Linking TSMO and maintenance practices to weather thresholds is a needed step in this process.
To date, these rules have been ad-hoc and not formalized. In the past, experienced supervisors knew what
activities could be scheduled based on weather conditions like precipitation, wind speeds, visibility, and
temperature. There are no standard weather-related practices for maintenance or operations actions. When
there are specific thresholds for weather conditions (e.g., staff cannot work without frequent breaks when
temperatures are above X°F), projections on how those specific variables may change in the future can
help inform planning.

C Identifying Weather Sensitivity Thresholds

An important component of understanding how climate change may affect transportation systems
management and operations (TSMO) and maintenance practices is understanding whether there are
specific weather thresholds that affect TSMO and maintenance—and then, whether those thresholds may
change in the future.

The links between weather, TSMO, and maintenance are often well understood at the individual level (e.g.,
maintenance supervisors), but these “rules” are often ad hoc and are rarely documented or formalized.

Consider using the climate change planning process to capture internal guidelines and weather
thresholds. For example, the table below can serve as a “template” for identifying and recording weather
sensitivity thresholds. This is derived for work focused on the Illinois and lowa departments of
transportation. The Capital Area Metropolitan Planning Organization (CAMPO) in Austin, Texas,
completed a similar exercise to identify sensitivity thresholds as part of their Federal Highway
Administration-funded Climate Resilience Pilot Project.

Table 2. Sample Template for Identifying and Recording Weather Sensitivity Thresholds.

TSMO/Maintenance Threshold (conditions must
Activity Weather Variable be..)
Air temperature > 50°F
Pavement maintenance: Relative humidity = 60%
full depth concrete Precipitation rate <0.01 in. hr.
Probability of precipitation 3 hr. <40%
Pavement preventive Air temperature 30-60°F
maintenance: crack and joint | Precipitation rate <0.01 in. hr.
sealing Probability of precipitation 3 hr. <40%
24-hour precipitation <lin.
Tree and shrub planting Precipitation rate <0.01 in. hr.
Probability of precipitation 1 hr. <60%

Adapted from FHWA, Clarus Multi-State Regional Demonstrations, Evaluation of Use Case #3: Non-Winter Maintenance Decision
Support System, “Appendix A,” FHWA-JPO-11-118 (Washington, DC, 2011). Available from: http:/ntl.bts.gov/1ib/43000/43100/43179/

FHWA-JPO-11-118 Eval Report UC-3 FINAL.pdf.

19


http://ntl.bts.gov/lib/43000/43100/43179/FHWA-JPO-11-118_Eval_Report_UC-3_FINAL.pdf
http://ntl.bts.gov/lib/43000/43100/43179/FHWA-JPO-11-118_Eval_Report_UC-3_FINAL.pdf

20

Additional information on possible impacts of climate change on transportation systems (including
infrastructure and operations) can be found in Transportation Research Board (TRB) Special Report 290,
National Cooperative Highway Research Program (NCHRP) Report 750, among others. This and other
resources are available at the FHWA Virtual Adaptation Framework Climate Change Adaptation Case
Studies and Resources.'®

Using Scenario Planning to Understand Climate Change Vulnerability and Risk

Scenario planning is an approach to planning that is increasingly being used by transportation planning
organizations to make critical decisions in the face of uncertainty. Scenario planning helps stakeholders
answer questions such as what are the policies, strategies, or investments that help us achieve our goals in
light of uncontrollable or unknown future conditions. Scenario planning brings together interagency and
intra-agency stakeholders needed to effectively address an issue and helps them make decisions that are
more robust in a variety of futures. It also helps create a more adaptive, resilient organization or program.

Scenario planning could be used to help make decisions regarding adapting a transportation systems
management and operations (TSMO) or maintenance program for potential climate change impacts.
Scenario planning allows organizations to explore several distinct possible futures that may result from
different paths that climate change may take, analyze the potential consequences, and investigate
alternative TSMO and maintenance strategies to address the issues. The scenario approach formalizes
the consideration of uncertainty in preparing for climate change impacts in a systematic way. Scenario
planning may also aid in helping to set expectations among planners and even the general public on
acceptable levels of system performance under extreme conditions by assessing the trade-offs between
levels of investment and levels of system operation during different levels of severe weather. Finally, the
scenario process might also aid the region in better understanding its areas of susceptibility, thereby
further helping to refine and strategically deploy TSMO and maintenance strategies.

There are models (e.g., Maintenance Decision Support System [MDSS]; Sea, Lake, and Overland Surges
from Hurricanes [SLOSH]) that can be can be used to run extreme future event scenarios. These model
runs could be used to inform a planning process that considers high heat, winter storms, summer storms,
sea level rise, wildfires, or cascading impacts (e.g., power/utility failure, landslides).

The level of vulnerability assessment needed — high-level or detailed, qualitative or quantitative, statewide
or localized, agency-wide or by departments — will vary based on the types of decisions required.
Regardless of the exact process used, the following are key elements of a vulnerability assessment.

1. Document Existing Capabilities

It is important to take a look at current or baseline capabilities (assessing both technical as well as
institutional capability to respond to climate and extreme weather) before seeking to determine
improvements in those capabilities (discussed in Section III.E.4). The CMF provides a useful framework for
assessing and documenting existing institutional capabilities (and will be discussed again later in the context
of determining improvement in capabilities necessary for successful implementation of adaptation
measures). The framework defines capability in terms of six areas that together inform the agency’s overall
ability to respond to changing conditions: business processes, systems and technology, performance
management, culture, organization and workforce, and collaboration. Documenting current capabilities and
identifying where those capabilities fall on the spectrum of ad-hoc implementation to planning for

18 U.S. Department of Transportation, FHWA, FHWA Virtual Adaptation Framework Climate Change Adaptation Case Studies and
Resources. Available at: http:/www.fhwa.dot.gov/environment/climate change/adaptation/adaptation framework/resources/index.cfm.
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optimized practices will help an agency gain a better sense of how resilient they may already be to climate
change and extreme weather events.

2. Collect and Integrate Data on Past Performance

Examining previous vulnerabilities can be an excellent starting point for thinking about future
vulnerabilities. Common climate change-related TSMO and maintenance program vulnerabilities include:

" Loss of roadway capacity.

= Loss of alternative routes.

= Loss of situational awareness (due to power/communication).
= Inability to evacuate/shelter-in-place.

= Loss of service life (due to faster deterioration, etc.).

" Increased safety risk.

" Loss of economic productivity.

" Reduced mobility.

Internal records or other data on how the system has fared during previous extreme weather events can
provide a rich source of insights into potential future vulnerabilities. Any of the following could be a source
of information about system vulnerabilities:

" Traffic incident reports — Check whether there were any incidents during specific recent extreme
weather events that correspond to the climate stressors under evaluation (e.g., heat waves, heavy rain
events, tropical storms).

= Maintenance records — Check maintenance records for the time surrounding specific recent weather
events.

= After-action reports —These reports, compiled after extreme weather events, describe what happened,
why, and areas for improvement. Mine these reports for information about vulnerabilities for
applicable weather events.

= Emergency reimbursement forms — For declared disasters relevant to the climate stressors under
evaluation, review Federal Emergency Management Administration (FEMA) or other emergency
reimbursement requests to identify the magnitude and scope of damages during past events.

= Staff interviews across departments — On-the-ground staff at DOTs often have deep institutional
knowledge about existing vulnerabilities that may not be well-documented. Asking staff “What keeps
you up at night?” can help facilitate discussion about key system vulnerabilities."”

C Mining Agency Institutional Knowledge for Vulnerability Assessments

Washington State DOT (WSDOT) completed a statewide climate change vulnerability assessment in
2011. Their vulnerability assessment focused on asset-level vulnerabilities, but the approach would be
transferrable to transportation systems management and operations (TSMO) and maintenance
vulnerabilities. The WSDOT assessment relied on a series of workshops with WSDOT staff, including
district maintenance supervisors and their staff. They asked “What keeps you up at night?”” and had staff
individually rate each asset’s vulnerability on a scale of 1 to 10. Lower scores corresponded to reduced
capacity or temporary operational failure, while higher scores corresponded to complete asset failure.

Reference: WSDOT, Climate Impacts Vulnerability Assessment Report, November 2011. Available at: http:/www.wsdot.wa.gov/NR/
rdonlyres/B290651B-24FD-40EC-BEC3-EE5097ED0618/0/WSDOTClimatelmpactsVulnerabilityAssessmentforFH WA Final.pdf.

19 WSDOT, Climate Impacts Vulnerability Assessment Report, November 2011. Available at: http:/www.wsdot.wa.gov/NR/rdonlyres/
B290651B-24FD-40EC-BEC3-EE5097ED0618/0/WSDOTClimateImpactsVulnerabilityAssessmentforFH WA Final.pdf.
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If possible, build a dataset to correlate past extreme weather disruptions—gathered 