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Executive Summary 

Background 
Caltrans has well-established procedures for attaining snow and ice level of service (LOS) 
targets during winter storms. However, winter weather across much of California includes 
events beyond snow and ice, such as flooding, wildfires, mudslides and strong winds, which can 
have a major impact on highway infrastructure and require costly maintenance and repair. 

Caltrans is seeking to develop strategies to anticipate and manage the impact of such non-snow 
and ice winter weather events to reduce system disruptions, reduce repair costs and improve 
system resiliency. To assist Caltrans with this effort, CTC & Associates compiled information 
about domestic and international practices and research on this topic. 

Summary of Findings 
After conducting a targeted literature search and corresponding with selected practitioners and 
experts, we found a number of resources that addressed different aspects of this topic. 
However, none of these resources matched Caltrans’ precise interest in weather-based 
maintenance operations, planning and LOSs comparable to what is typically done for snow and 
ice. 

Below is a summary of relevant resources we identified in three topic areas: 

• Weather event identification, modeling and response. 

• Weather resiliency, adaptation and recovery. 

• State department of transportation (DOT) level of service and vulnerability screening. 

Weather Event Identification, Modeling and Response 
Several research studies cite approaches to modeling weather events, resultant hazards and 
appropriate responses to these events. Most of the citations examine specific types of extreme 
weather-related emergency maintenance events: floods and landslides. Two citations take a 
broader approach to modeling road system responses to weather and may be of particular 
interest to Caltrans: a 2015 journal article about RoadSurf, a Finnish simulation model for 
predicting road weather and road surface conditions, and a 2014 article that delineates a 
climatology of adverse and extreme weather events that can be expected to affect European 
transport systems. 

Weather Resiliency, Adaptation and Recovery 
Other research developed through national and international efforts addresses weather 
resiliency, adaptation and recovery. These resources focus first on climate change, but we 
highlighted those that also address the effects of extreme weather and subsequent 
maintenance impacts. 

Domestic resources include guidance, case studies and pilots developed through the American 
Association of State Highway and Transportation Officials (AASHTO), the National Cooperative 
Highway Research Program (NCHRP) and Federal Highway Administration (FHWA) (a 
multiyear, multiphase effort). For this Preliminary Investigation, we also corresponded with 
AASHTO and consultants working on AASHTO and NCHRP research. 

Produced by CTC & Associates LLC 2 



   

    
  

   
   

  
   

 
      

     
    

 
       

        
   

     
    

     
 

 
  

       
 

   
  

 

   
   

  
   

   
  

 

     
  

   
 

 
 
 
 
 
 

International citations on weather resiliency and recovery are included from the United Kingdom 
and New Zealand. 

State DOT Level of Service and Vulnerability Screening 
We detailed findings from three state DOTs (Mississippi, Utah and Washington State) that have 
adopted a maintenance LOS system. The discussion includes a summary of their grading 
systems and ways they might be used in relation to severe weather planning and response. 

Also discussed is Tennessee DOT’s work to develop extreme weather screening assessment 
tools. Included with the research citation is an attachment provided by Tennessee DOT that 
illustrates the screening tool for one of the state’s four regions. 

Gaps in Findings 
While this fact-finding effort yielded elements that are relevant to the topic of this Preliminary 
Investigation, it did not uncover an existing system for extreme weather maintenance LOS that 
was precisely what Caltrans was seeking. It appears that entities responsible for maintaining 
highway infrastructure do not typically budget for non-snow and ice weather maintenance. 
Instead, planning is more likely to occur for infrastructure improvement to reduce risk. As a 
result, some of the other features that Caltrans hoped to find through this Preliminary 
Investigation, such as data collection systems and cost optimization, could not be identified. 

Next Steps 
Moving forward, Caltrans could consider: 

• Reviewing the two citations about road weather modeling (RoadSurf and the extreme 
weather events affecting the European transport system), which appear to be on target 
for Caltrans. If these citations are of interest upon deeper examination of methodologies, 
it may be worthwhile to contact investigators to learn if and how the methodologies have 
been applied. 

• Reviewing the documentation about the Tennessee DOT screening tool. The 
methodology could be useful for determining a baseline on which assets are more 
vulnerable to different kinds of extreme weather—and from there, building a response 
plan based on future weather events. Moreover, Tennessee’s regional, rather than 
statewide, approach may be particularly useful to Caltrans. Revisiting Tennessee in 
several months could give the state time to make use of these materials and report on its 
outcomes. 

• Examining other states’ maintenance LOS system (as well as its own, LOS 2000, 
detailed in Caltrans’ Maintenance Manual) to determine if any aspects of grading or 
measuring are particularly well-suited to applying to grading extreme weather impacts on 
infrastructure. 

Produced by CTC & Associates LLC 3 



   

 
 

  
  

  
     

 
   

  
  

  
   

     
 

 
 

 
   

      

     

      

  
    

    
    

 
  

  
      

  
   

    
    

   
   

  
  

      
  

  
   

  

Detailed Findings 
While Caltrans has procedures in place for attaining snow and ice level of service (LOS) targets 
during winter storms, winter weather across much of California includes events beyond snow 
and ice. Flooding, wildfires, mudslides and strong winds all can significantly impact highway 
infrastructure, leading to costly maintenance and repair. 

Caltrans is interested in developing strategies to anticipate and manage the impact of such non-
snow and ice winter weather events to reduce system disruptions, reduce repair costs and 
improve system resiliency. To assist Caltrans with this effort, CTC & Associates conducted a 
literature search and corresponded with selected practitioners and experts to gather information 
about domestic and international practices and research on this topic. We found a number of 
resources that addressed different aspects of this topic, but none that matched Caltrans’ precise 
interest in weather-based maintenance operations, planning and LOSs comparable to what is 
typically done for snow and ice. 

Below is a summary of relevant resources that we identified in this information-gathering effort. 
Publications and related resources are organized in three topic areas: 

• Weather event identification, modeling and response. 

• Weather resiliency, adaptation and recovery. 

• State department of transportation (DOT) level of service and vulnerability screening. 

Weather Event Identification, Modeling and Response 
The research cited below offers various approaches to modeling specific weather events and 
resultant hazards (flash floods and landslides) and appropriate responses to these events. Two 
citations take a broader approach to modeling road system responses to weather. 

Floods 
“Stochastic Modeling of Road System Performance During Multihazard Events: Flash 
Floods and Earthquakes,” Wisinee Wisetjindawat, Amirhassan Kermanshah, Sybil Derrible 
and Motohiro Fujita, Journal of Infrastructure Systems, Vol. 23, No. 4, December 2017. 
Citation at https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29IS.1943-555X.0000391 
From the abstract: Transport resilience is an important area of research in the global effort to 
adapt to climate change. This paper introduces and applies a stochastic modeling methodology 
to assess the impact of multihazard events. Most cities are exposed to multiple types of extreme 
events, sometimes simultaneously, and focusing on single events may lead to inadequate 
design recommendations. By assigning failure probabilities of road segments and by estimating 
road failure through Monte Carlo simulation, roads and areas that are particularly vulnerable to 
multihazard events can be detected. The performance of the large-scale road network of the 
Tokai region in Japan (prone to both typhoons and earthquakes) is analyzed by considering 
three scenarios of hazards: flash flood, earthquake and the combination of both hazards. The 
model considers two key traffic performance characteristics: postdisaster reduced road capacity 
and hourly variations in travel demand. Overall, several areas in the region are found to be 
currently severely at risk, thus providing direct information that can help authorities test the 
effectiveness of future road infrastructure projects. 
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“Using Climate Models to Estimate Urban Vulnerability to Flash Floods,” A. Kermanshah, 
S. Derrible and M. Berkelhammer, Journal of Applied Meteorology and Climatology, Vol. 56, 
pages 2637-2650, September 2017. 
http://journals.ametsoc.org/doi/pdf/10.1175/JAMC-D-17-0083.1 
From the abstract: Climate change will impact urban infrastructure networks by changing 
precipitation patterns in a region. This study presents a novel vulnerability assessment 
framework for infrastructure networks against extreme rainfall-induced flash floods, with a 
specific application to transportation. The framework combines climate models, network 
science, geographical information systems (GIS) and stochastic modeling to compile a 
vulnerability surface (VS). Daily precipitation simulations for 2006–2100 from the Community 
Climate System Model, version 4 (CCSM4), are used to produce a stochastic simulation of 
extreme flash flood events in five U.S. cities—that is, Boston, Massachusetts; Houston, Texas; 
Miami, Florida; Oklahoma City, Oklahoma; and Philadelphia, Pennsylvania—under two different 
climate scenarios (RCP4.5 [representative concentration pathway 4.5] and RCP8.5). To assess 
the impact of these events, percentage drops in static (i.e., overall properties and robustness 
topological indicators) and dynamic (i.e., GIS accessibility and travel demand metrics) network 
properties are measured before and after simulated extreme events. The results of these 
metrics are inputs on a radar diagram to form a VS. Overall, the results show that changes in 
flash flood frequency due to climate change can have a significant impact on road networks, as 
was demonstrated recently in Houston, Texas. The magnitude of these impacts is chiefly 
associated with the geographic location of the cities and the size of the networks. The proposed 
framework can be reproduced in any city around the world, and researchers can use the results 
as guidelines for infrastructure design and planning purposes. Moreover, sensitivity analysis to 
varying greenhouse gas concentration trajectories can help local and national authorities to 
prioritize strategies for adaptation to climate change in more vulnerable regions. 

“Development of a Post-Flood Road Maintenance Strategy: Case Study Queensland, 
Australia,” Misbah U. Khan, Mahmoud Mesbah, Luis Ferreira and David J. Williams, 
International Journal of Pavement Engineering, Vol. 18, No. 8, pages 702-713, 2017. 
Citation at http://www.tandfonline.com/doi/full/10.1080/10298436.2015.1121781 
From the abstract: Currently, no road authority takes into account flooding in road deterioration 
(RD) models; as a result, post-flood rehabilitation treatments may be sub-optimal. This paper 
proposes a new approach to the development of a post-flood maintenance strategy. The 
recently developed roughness and rutting-based RD models with flooding, by the current 
authors, are used as input to predict pavement deterioration after a flood (i.e., assuming a flood 
in year 1). The HDM-4 [Highway Development and Management] model has been used to get 
the post-flood maintenance strategy with constrained and unconstrained budget, where post-
flood rehabilitation starts from year 2. The road groups in state road network of Queensland, 
Australia, are used as the case study. The unconstrained budget solution aims to keep the 
network in an excellent condition at a cost of $49.7bn [billion] with the possible strongest 
treatments. The constrained budget strategy uses agency cost and pavement performance as 
constraints in optimization and provides a reasonable solution. This strategy requires about 
$26.1bn [billion] in life cycle, which is close to the main road authority of Queensland’s post-
flood rehabilitation program. The paper discusses two other strategies [to] maximize economic 
benefits and budget optimisation. It is expected that a road authority would properly investigate 
its flood-damaged roads before implementation. The paper shows pavement performances with 
the post-flood strategy. The need for [an] RD model to predict deterioration after a flood and for 
post-flood treatment selection is also highlighted. 
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Landslides 
“Exploring Regional Topographic and Rainfall Controls of Landslides on Vancouver 
Island, British Columbia, Canada,” Jason Goetz, Alexander Brenning and Richard Guthrie, 
Landslides and Engineered Slopes: Protecting Society Through Improved Understanding, CRC 
Press, 2012. 
https://www.researchgate.net/publication/303783991_Exploring_regional_topographic_and_rain 
fall_controls_of_landslides_on_Vancouver_Island_British_Columbia_Canada 
From the abstract: Recent advances in statistical classification methodology have led to new 
innovative approaches for predictive modeling of landslide susceptibility. These advancements 
allow us to utilize more flexible modeling techniques. This research focuses on the use of 
Generalized Additive Models (GAM), a non-parametric regression technique, to explore the 
relationship of landslides to topography and rainfall on Vancouver Island, British Columbia, 
Canada. A GAM incorporating only topographic variables and a GAM that also includes rainfall 
patterns are compared to determine the importance of rainfall to a set of 639 landslides. Rainfall 
patterns are explored at different temporal scales to examine the relationship between 
landslides and annual rainfall, seasonal rainfall or rainfall from a specific event known to cause 
landslides. The most influential rainfall pattern is determined to be annual rainfall, which is 
determined using a stepwise variable selection method for a GAM. All of the topographic 
variables are found to contribute significant information for the prediction of landslide 
susceptibility. In addition, all of the variables, including rainfall, are found to produce the “best” 
landslide susceptibility model when represented non-linearly. 

“Extreme Weather and Landslide Initiation in Coastal British Columbia,” R.H. Guthrie, S.J. 
Mitchell, N. Lanquaye-Opoku and S.G. Evans, Quarterly Journal of Engineering Geology and 
Hydrogeology, Vol. 43, pages 417-428, November 2010. 
Citation at http://qjegh.lyellcollection.org/content/43/4/417.short 
From the abstract: More frequent [and] more intense storms predicted by climate models for the 
Pacific Northwest of North America could increase the regional landslide hazard. The impacts of 
one such storm are examined on Vancouver Island, British Columbia, during which 626 mapped 
landslides occurred, encompassing >5 km2 total area and generating >1.5 × 106 m3 of sediment. 
The relationship between rainfall intensity, air temperature and wind speed obtained from 
mesoscale numerical weather modelling is examined relative to landslide incidence within steep 
terrain. A critical onset of rainfall intensity between 80 and 100 mm in 24 h that results in a rapid 
increase in landslides with increasing precipitation is demonstrated. The argument is presented 
that this result is more useful for landslide management decisions than a minimum threshold. 
The component of wind-driven rain was calculated, and results indicated that wind caused 
increased concentrations of rainfall associated with the occurrence of landslides. Approximately 
half the landslides studied were not related to rainfall alone, but to rain on snow, and we argue 
that wind played a crucial role. This often neglected component of hydrological analysis remains 
a major challenge as the role of snow transition zones and a warming climate in coastal 
mountain watersheds is considered. 

“Estimating Temporal Probability for Landslide Initiation Along Transportation Routes 
Based on Rainfall Thresholds,” Pankaj Jaiswal and Cees J. van Westen, Geomorphology, 
Vol. 112, Nos. 1-2, pages 96-105, November 2009. 
Citation at http://www.sciencedirect.com/science/article/pii/S0169555X09002177 
From the abstract: The estimation of the temporal probability of landslide initiation is an 
essential component in landslide hazard assessment. In this paper a temporal probability model 
is presented for the initiation of shallow translational debris slides and debris flows along cut 
slopes of a railroad sector in southern India, for which an extensive landslide database was 
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available, covering a time span of 15 years. The model is based on rainfall thresholds and gives 
the likelihood of occurrence of rainfall that can trigger landslides with a certain density. The 
temporal probability was calculated as the joint probability of annual exceedance probability of 
the rainfall threshold, determined using a Poisson probability model and the probability of 
landslide occurrence once the threshold had been exceeded. The model was tested for a 19-km 
long railroad alignment in the Nilgiri hills, which was divided into a number of sections on the 
basis of terrain characteristics. A landslide inventory, containing dates of occurrence, was 
prepared from historical records for the period 1987 to 2007. Daily rainfall for the same period 
was collected from 15 rain gauges. Rainfall thresholds were established for the sections based 
on the relationship between daily and antecedent rainfalls. Four thresholds were defined for 
rainfall events that can trigger one or more landslides within each section and one threshold that 
can trigger 15 or more landslides along the entire route. The annual temporal probability varies 
from 0.27 to 0.49. The model was also found useful in predicting landslides in a nearby road 
with similar characteristics. The result indicates that more than 60% of the recorded landslides 
along the road occurred within the sections with high temporal probability values (> 0.40). The 
temporal probability derived from the model forms the basis for future landslide risk analysis 
along the transportation routes. 

System Modeling 
“RoadSurf: A Modelling System for Predicting Road Weather and Road Surface 
Conditions,” Markku Kangas, Martti Heikinheimo and Marjo Hippi, Meteorological Applications, 
Vol. 22, No. 3, pages 544-553, July 2015. 
http://onlinelibrary.wiley.com/doi/10.1002/met.1486/full 
From the abstract: In Finland, the Finnish Meteorological Institute (FMI) is duty bound to issue 
warnings of hazardous traffic conditions to the general public. To strengthen these services 
towards more efficient estimation of rapidly varying conditions of the road surface at a national 
scale, a simulation model, RoadSurf, has been developed. As input, the model employs 
numerical weather forecasts, either directly or after modifications made by meteorologists, as 
well as observations from synoptic or road weather stations and radar precipitation 
measurement network. As output, the model produces not only road surface temperature, but 
also road surface condition classification and a traffic index describing the driving conditions in 
more general terms, as well as road surface friction. The model has been in operational use 
since 2000. In addition to the original goal of providing road weather forecasts for the national 
road network, the model has been used in several other applications, for example, in predicting 
pedestrian sidewalk conditions and in numerous intelligent traffic applications. The present 
study describes the road weather model RoadSurf and its main applications. 

“Severe Weather Affecting European Transport Systems: The Identification,
Classification and Frequencies of Events,” Andrea Vajda, Heikki Tuomenvirta, Ilkka Juga, 
Pertti Nurmi, Pauli Jokinen and Jenni Rauhala, Natural Hazards, Vol. 72, No. 1, pages 169-188, 
2014. 
Citation at https://link.springer.com/article/10.1007/s11069-013-0895-4 
From the abstract: Severe weather can have serious repercussions in the transport sector as a 
whole by increasing the number of accidents, injuries and other damage, as well as leading to 
highly increased travel times. This study, a component of the EU FP7 Project EWENT, 
delineates a Europe-wide climatology of adverse and extreme weather events that can be 
expected to affect the transport network. We first define and classify the relevant severe 
weather events by investigating the effects of hazardous conditions on different transportation 
modes and the infrastructure. Consideration is given to individual phenomena such as snowfall, 
heavy precipitation, heat waves, cold spells, wind gusts; a combined phenomenon, the blizzard, 
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is also considered. The frequency of severe weather events, together with the changes in their 
spatial extension and intensity, is analyzed based on the E-OBS dataset (1971–2000) and the 
ERA-Interim reanalysis dataset (1989–2010). Northern Europe and the Alpine region are the 
areas most impacted by winter extremes, such as snowfall, cold spells and winter storms, the 
frequency of heavy snowfall. The frequency of hot days is highest in Southern Europe. Severe 
winds and blizzards are the most common over the Atlantic and along its shores. Although 
heavy rainfall may affect the whole continent on an annual basis, extreme precipitation events 
are relative[ly] sparse, affecting particularly the Alps and the Atlantic coastline. A European 
regionalization covering similar impacts on the transport network is performed. 

Weather Resiliency, Adaptation and Recovery 
The publications below highlight national and international initiatives in the area of weather 
resiliency, adaptation and recovery. The central focus of these resources is typically climate and 
climate change, with unusual or severe weather patterns as outcomes that lead to emergency 
maintenance needs. We have sought to highlight the maintenance aspects of these resources 
that are most relevant to Caltrans’ interest for this Preliminary Investigation. 

Domestic 
Research in Progress: Deploying Transportation Resilience Practices in State DOTs, 
National Cooperative Highway Research Program, NCHRP Project 20-117, project start date: 
June 2017, expected completion date: June 2019. 
http://apps.trb.org/cmsfeed/TRBNetProjectDisplay.asp?ProjectID=4208 
A major deliverable for this project will be to develop a transportation resilience guide and 
toolkit. These resources will include resilience model curricula for the topics listed below. Note 
that maintenance is among the areas to be cover in the curricula: 

• Design and engineering. 

• Construction. 

• Social considerations. 

• Economics. 

• Prioritization. 

• Maintenance. 

• A tutorial on funding, with case studies on how funding packages are put together to 
address transportation systems resilience. 

We corresponded with principal investigator Paula Hammond with WSP | Parsons Brinckerhoff, 
who advised that there aren’t yet findings from this project to be shared. 

Report in Progress: Resiliency Case Studies: State DOT Lessons Learned, American 
Association of State Highway and Transportation Officials, expected completion date: 2018. 
Program description at https://rsts.transportation.org/ 
This report, which is nearing publication, is being prepared by the AASHTO Resilient and 
Sustainable Transportation Systems Program, which falls under the Center of Environmental 
Excellence. It examines recent extreme weather events that have impacted state DOTs and 
how they have responded to the challenges associated with the events. 
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Through correspondence with Melissa Savage with AASHTO and Paula Hammond and Michael 
Flood with WSP (formerly WSP | Parsons Brinckerhoff), the draft report has been acquired for 
Caltrans’ internal use. It will become publicly available from AASHTO after it is finalized. 

Maintenance considerations cited in the executive summary of the draft report include: 

• Increase the resiliency of infrastructure projects by considering future impacts in all 
activities (maintenance, emergency response, operations). 

• Monitor assets for damage or stress after an extreme event and consider changes in 
design and maintenance procedures in response, where appropriate. 

Resilience Pilots, Federal Highway Administration, 2018. 
https://www.fhwa.dot.gov/environment/sustainability/resilience/pilots/index.cfm 
From the web site: 

FHWA has partnered with State Departments of Transportation (DOTs) and Metropolitan 
Planning Organizations (MPOs) to develop and deploy resilience solutions to current and 
future extreme weather events, reducing future maintenance costs over the full life-cycle of 
transportation assets. 

2018-2019 Pilot Program: Resilience and Durability to Extreme Weather 
FHWA is currently seeking to partner with State Departments of Transportation (State 
DOTs), Metropolitan Planning Organizations (MPOs), Federal Lands Management Agencies 
(FLMAs), and Tribes to address one of three areas related to deploying resilience solutions: 

1. Integrating resilience and durability into agency practices. 
2. Using available tools and resources to assess the vulnerability and risk of 

transportation projects or systems. 
3. Deploying a resilience solution and monitoring performance. 

2018-2019 is the fourth phase of the pilot program. The web site also describes the first three 
phases: 

• 2010-2011 Pilot Program: Vulnerability Assessments. 

• 2013-2015 Pilot Program: Vulnerability Assessments and Adaptation Options. 

• 2016-2017 Pilot Program: Nature-Based Resilience for Coastal Highways. 

“Assessing Strategies for Protecting Transportation Infrastructure from an Uncertain 
Climate Future,” Ali Asadabadi and Elise Miller-Hooks, Transportation Research Part A: Policy 
and Practice, Vol. 105, pages 27-41, November 2017. 
Citation at https://www.sciencedirect.com/science/article/pii/S0965856416309673 
From the abstract: This paper investigates the importance of explicitly considering the stochastic 
nature of future climate impact predictions and predictive accuracy for optimal investment 
planning in the protection of coastal and inland transportation infrastructure against climate 
impacts. Such impacts include sea level rise, coastal and riverine flooding resulting from more 
frequent and intense precipitation events, storms, storm surges and other extreme events. For 
this purpose, numerical experiments utilizing stochastic optimization based methodologies were 
conducted on a case study of the Washington, D.C., Greater Metropolitan area proximate to the 
Potomac River under varying climatic predictions. Results from the numerical experiments 
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suggest a 54% reduction in added costs due to the implementation of chosen protective 
infrastructure investments. They also indicate a reduction in added costs (capital investment 
and added delays) on the order of 19% when the investments are chosen to hedge against 
probable future flooding events as compared with planning for the 50th percentile simple linear 
regression (SLR) prediction with associated weather events. A potential gain of nearly 27% in 
reduced costs through improved predictive accuracy in climatic forecasts is also noted, 
suggesting significant value in more accurate forecasts. 

“Barriers to Implementation of Climate Adaptation Frameworks by State Departments of 
Transportation,” Jonathan Dowds and Lisa Aultman-Hall, Transportation Research Record 
2532, pages 21-28, 2015. 
Citation at http://trrjournalonline.trb.org/doi/abs/10.3141/2532-03 
From the abstract: Disruptive events caused by weather extremes are imposing significant and 
rising costs on transportation agencies. In response, federal and state transportation agencies 
and other organizations are exploring adaptation measures to reduce the adverse 
consequences of these events. Several existing adaptation frameworks are synthesized here 
into a simplified, core adaptation framework, and the study seeks to delineate the current 
barriers to the widespread implementation of adaptation programs by state departments of 
transportation in the United States. From interviews with transportation practitioners and a 
review of the results from FHWA pilot projects, it is found that uncertainty about future climate 
conditions, the need for additional vulnerability-modeling tools, conceptual uncertainty about 
evaluating asset criticality and limited funding all inhibit implementation of adaptation measures. 

“Indicator Approach for Assessing Climate Change Vulnerability in Transportation 
Infrastructure,” Emily Rowan, Cassandra Snow, Anne Choate, Beth Rodehorst, Susan Asam, 
Robert Hyman, Robert Kafalenos and Aung Gye, Transportation Research Record 2459, pages 
18-28, 2014. 
Citation at http://trrjournalonline.trb.org/doi/abs/10.3141/2459-03 
From the abstract: From installing culverts with larger safety margins to instituting more frequent 
training for weather emergencies, transportation agencies around the world are adapting to 
extreme weather and climate change. An understanding of when and how to adapt (i.e., 
improve infrastructure preparedness) requires evaluating existing and future vulnerabilities to 
climate change and prioritizing adaptation efforts. A successful vulnerability assessment lays 
the groundwork for adaptation by building stakeholder relationships, spurring data collection, 
and prioritizing needs. One barrier faced by transportation agencies in conducting vulnerability 
assessments is a lack of financial and staff resources. The process of collecting climate and 
asset data can be particularly onerous for agencies struggling to meet daily operational needs. 
Two recent projects piloted a cost-effective screening method for highly vulnerable assets that 
used indicators developed from data already being collected by many state departments of 
transportation and metropolitan planning organizations. The indicator that libraries developed 
during the course of these two studies is described. The results of the data-driven vulnerability 
screen provide transportation managers with a low-cost starting point toward understanding 
their system’s vulnerabilities. Future research should focus on testing the indicators to identify 
and eliminate areas of overlap and on evaluating the prediction accuracy for exposure, 
sensitivity and adaptive capacity. 
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Impacts of Extreme Weather on Transportation: National Symposium Summary, Michael 
D. Meyer and Emily Rowan, American Association of State Highway and Transportation 
Officials, 2013. 
http://www.environment.transportation.org/pdf/2013_symposium/aashto_ewesymposium_2013. 
pdf 
From the introduction: 

In recognition of the extreme weather event challenges facing state transportation officials, 
the American Association of State Highway and Transportation Officials (AASHTO) 
sponsored a two-day symposium in May of 2013 entitled, National Symposium: Impacts of 
Extreme Weather Events on Transportation. The first day of the symposium focused on the 
impacts and costs associated with extreme weather events; the second day examined 
different ways of managing the events and how transportation officials can incorporate 
weather concerns into agency decision making. The major findings of the symposium are 
presented in this document, organized by the six conference session topics [state DOT 
experiences with recent extreme weather events; extreme weather events—trends, 
projections and integrating information into decisions; costs of extreme weather; managing 
extreme weather events (design, operations and maintenance); managing extreme weather 
(emergency management); and risk assessment and asset management]. 

Of particular relevance to this Preliminary Investigation is the section titled Managing Extreme 
Weather (Design Standards, Operations and Maintenance), beginning on page 11 of the report. 
Following are four key messages in this area: 

• Extreme weather events are affecting the operations and maintenance functions 
of state DOTs today and will do more so in the future: State DOTs have responded 
to extreme weather events for many years, but in many cases the frequency and 
intensity of the storms being faced today [are] presenting new challenges to state 
officials. For example, emergency management and response is becoming a more 
important staff function in many state DOTs. 

• Successful state response in the aftermath of extreme weather events involves 
coordinated efforts on the part of numerous governmental and emergency 
response agencies: Numerous examples of effective state response to the extreme 
weather events illustrated the importance of having strong partnerships among state 
DOTs, emergency management agencies, emergency responders, enforcement 
agencies, public health officials and humanitarian relief organizations. 

• The impacts of extreme weather events could change the way one designs 
infrastructure: Design procedures and design standards are based in many cases on 
the ability of assets to cope with environmental stresses and conditions placed on an 
asset. The design of storm water drainage systems, roads, bridges, culverts, small 
dams, detention basins and airport runways all reflect considerations for temperature, 
precipitation and wind. To the extent that these inputs will be different in the future, 
designs could change as well. 

• Given the important role that weather-related variables have in determining design 
parameters, more information is needed on how designers can take likely changes 
into account: Engineering design is dependent on inputs relating to the stresses that 
will likely be placed on assets (e.g., intensity-frequency-duration curves for precipitation). 
More information and research [are] needed to inform designers on what approaches 
might be taken for considering changes in such inputs over time. 
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NCHRP Report 753: A Pre-Event Recovery Planning Guide for Transportation, Patricia 
Bye, Linda Yu, Shubha Shrivastava and Simon van Leeuwen, National Cooperative Highway 
Research Program, 2013. 
http://www.trb.org/Publications/Blurbs/169296.aspx 
From the foreword: NCHRP Report 753: A Pre-Event Recovery Planning Guide for 
Transportation ... provides an overview of what can be done to prepare for the recovery of 
transportation critical infrastructure. Principles and processes based on federal guidance, 
effective practices and lessons from case studies are provided to guide transportation owners 
and operators in their efforts to plan for recovery prior to the occurrence of an event that impacts 
transportation systems. Tools and resources are included to assist in both pre-planning for 
recovery and implementing recovery after an event. The Guide is intended to provide a single 
resource for understanding the principles and processes to be used for pre-event recovery 
planning for transportation infrastructure. In addition to the principles and processes, the Guide 
contains checklists, decision support tools, and resources to support pre-event recovery 
planning. The Guide will be of interest to transportation infrastructure owners/operators, 
transportations planners and practitioners at the state and local levels. 

Adaptation Clearinghouse, Georgetown Climate Center, 2011. 
http://www.adaptationclearinghouse.org/ 
The Adaptation Clearinghouse “seeks to assist policymakers, resource managers, academics, 
and others who are working to help communities adapt to climate change.” The transportation 
sector page (http://www.adaptationclearinghouse.org/sectors/transportation/) states: 

Climate change will challenge the ability of transportation agencies to maintain a state of 
good repair of transportation assets, but many are thinking proactively about how to plan for 
these impacts and design transportation systems to be more prepared for and resilient to 
climate change. This page includes resources to help policymakers understand, plan and 
prepare for the impacts of climate change to transportation systems and assets. 

Transportation resources are offered in the following categories: 

• Transportation basics. 

• Assessments and tools. 

• Plans. 

• Planning guides. 

• Law and policy. 

• Case studies. 

• Funding. 

• Project design. 

• Operations and maintenance. 

• Organizations. 

• Geographic search (access to transportation resources by region or state). 
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International 

United Kingdom 
Review of the Resilience of the Transport Network to Extreme Weather Events Expert 
Panel, Department for Transport (United Kingdom), undated. 
https://www.gov.uk/government/groups/review-of-the-resilience-of-the-transport-network-to-
extreme-weather-events-expert-panel 
This effort sought “practical measures to improve the resilience of [the United Kingdom’s] 
transport network to severe weather events in the short term, [while] giving due consideration to 
longer term resilience of the nation’s transport infrastructure.” Key findings are noted in the 
following document: 

Transport Resilience Review: A Review of the Resilience of the Transport Network to 
Extreme Weather Events, Department for Transport (United Kingdom), July 2014. 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/335115/transp 
ort-resilience-review-web.pdf 
The following primary weather risks, including associated infrastructure impacts, are 
discussed beginning on page 24 of the report (page 27 of the PDF): 

• Intense rainfall. 

• Prolonged rainfall. 

• Strong winds. 

• Heat waves. 

• Coastal storm surges. 

• Other weather hazards (fog, crosswinds, hail and lightning). 

Among the key recommendations in the executive summary (beginning on page 14 of the 
report, page 16 of the PDF), the following are particularly relevant to this Preliminary 
Investigation: 

• Item 50 states that protecting all parts of the network against all extreme weather 
events would be unaffordable and recommends collaboration among transportation, 
energy and climate change agencies to identify a “critical network” that should be 
maintained and enhanced to a higher level of resilience. 

• Item 52 notes that more work is needed to improve flood forecasting, particularly for 
complex coastal events. 

• Item 53 calls for a complete drainage asset inventory, noting the importance of 
drainage to resilience. 

New Zealand 
Measuring the Resilience of Transport Infrastructure, J.F. Hughes and K. Healy, NZ 
Transport Agency, Research Report 546, February 2014. 
http://www.nzta.govt.nz/assets/resources/research/reports/546/docs/546.pdf 
From the executive summary: 

The New Zealand Transport Agency (‘the Transport Agency’) has a key interest in ensuring 
that transport infrastructure assets and services function continually and safely. This interest 
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has led to a specific focus on the concept of resilience and how this can be defined, 
measured and improved across the transport system. 

As a result, from late 2012 to mid-2013, the Transport Agency engaged AECOM to develop 
a framework to measure the resilience of the New Zealand transport system. 

The project involved initial research and scoping to determine the project boundaries and 
definitions, and following this, the development of a practical framework and assessment 
tool. 

The framework is applicable to the broad land transport system (road and rail) and allows 
consideration of various scales (asset/network/region). 

Table 2.1 (pages 14-15 of the report) defines the perspective of the operator and maintainer in 
terms of resilience: “Operators need to deliver resilience which does not adversely raise the cost 
of maintenance and operational expenditure. They have a key interest in interdependencies and 
potential cascade failure.” 

Figure 6.2 (page 43 of the report) presents a measure of robustness for maintenance: 

Measurement: 
Processes exist to maintain critical infrastructure and ensure integrity and operability—as 
per documented standards, policies and asset management plans (e.g., roads maintained, 
flood banks maintained, stormwater systems are not blocked). Should prioritize critical 
assets as identified. 

Measurement scale: 
4 Audited annual inspection process for critical assets and corrective maintenance 

completed when required. 
3 Non-audited annual inspection process for critical assets and corrective maintenance 

completed when required. 
2 Ad hoc inspections or corrective maintenance completed, but with delays/backlog. 
1 No inspections or corrective maintenance not completed. 

Table 8.1 (beginning on page 48 of the report) provides an example of a regional all-hazard 
assessment. 

Produced by CTC & Associates LLC 14 



   

     
    

       
  

  
 

 
   

     
 

 

 
   

 
   

 
   

  
    

 
   

  
 

   
  
   

 
   

 
   

    
     

 
  

 
  

      
  

 

 

State DOT Level of Service and Vulnerability Screening 
The citations below highlight three state DOTs (Mississippi, Utah and Washington State) that 
have adopted a maintenance LOS system. We have emphasized aspects that may be relevant 
to extreme weather response. Included among these is a summary of our discussion with a 
representative from Washington State DOT. 

In addition, we corresponded with Tennessee DOT and researchers at Vanderbilt University to 
learn more about efforts in Tennessee to develop extreme weather screening assessment tools. 
Included with the research citation is an attachment that illustrates the screening tool for one of 
Tennessee’s four regions. 

Maintenance Level of Service 

Mississippi 
Maintenance Summary—Fiscal Year 2014, Mississippi Department of Transportation, 2014 
(included in Summer Maintenance Operations Reporting: A Survey of State and National 
Practice, Minnesota Department of Transportation, February 2015). 
https:/www.dot.state.mn.us/research/TRS/2015/TRS1504.pdf 
Mississippi’s maintenance LOS measures appear on pages 211-213 of the PDF. Those related 
to drainage and roadside may be relevant to this Preliminary Investigation. Mississippi defines 
an LOS grading class A through F for each measure. 

Utah 
Maintenance Management Quality Assurance Plus (MMQA+) Inspection Manual, Utah 
Department of Transportation, July 2012. 
http://www.wistrans.org/mrutc/files/MMQA-Manual-Revision-07-01-2012-Final.pdf 
From page 4 of the report (page 6 of the PDF): 

Maintenance performance is measured and reported in terms of a Level of Maintenance 
(LOM), expressed as a letter grade A, B, C, D or F. At the statewide level, a target LOM (A 
through C) is established for each of the MMQA+ activities. Each maintenance station 
divides each of its routes into one or more segments. Following the guidelines in this 
manual, station personnel conduct inspections of each route segment, and record both the 
total number of features to be maintained within the activity subgroup on the segment, and 
the total number of deficient features. The inspection data are entered into the MMQA+ 
software (part of OMS), which calculates a LOM (A through F). Once the data are entered, 
the software can be used to print reports that help maintenance managers at all levels to 
effectively manage the resources at their disposal. 

For each item to be measured, the manual presents both a desired condition and a deficient 
condition. Measurement frequency (by event, monthly or semiannually) is discussed on page 7 
of the report (page 9 of the PDF). 
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Washington 
Maintenance Manual, Washington State Department of Transportation, June 2017. 
http://www.wsdot.wa.gov/publications/manuals/fulltext/M51-01/M51-01.07Revision.pdf 
From the foreword: 

Providing for safe movement on our highway system while performing a variety of 
maintenance activities in a safe manner is a priority for our Maintenance Operations family. 

Chapters in this publication are: 
1. Emergency Procedures 
2. Work Zone Traffic Control and Safety 
3. Pavement Patching and Repair 
4. Drainage 
5. Maintenance of Structures 
6. Roadside Maintenance 
7. Snow and Ice Control 
8. Traffic Services 
9. Electrical System Maintenance 
10. Miscellaneous 

As the weather primarily addressed in this manual is snow and ice, we spoke with John Himmel, 
Washington State DOT’s emergency and security program manager, for more information. 

Himmel advised that Washington State watches the National Weather Service closely 
(Washington State DOT staff includes an in-house forecaster) and relies on the expertise of 
highly experienced field staff to know where road flooding is most likely to occur. Slides are 
harder to predict, though sites where slides occur regularly are known. 

Unlike snow and ice maintenance, there is no pre-existing budget for extreme weather disaster 
maintenance because it’s so hard to predict. Himmel also mentioned factors beyond the 
agency’s control, such as a slide-prone area affected by land beyond the limit of Washington 
State DOT’s right of way that may be destabilized by fire. 

Himmel directed us to Washington State DOT’s Maintenance Accountability Process (MAP) 
Manual (see Related Resource below), which details the agency’s outcome-based performance 
measures for the maintenance program. This system helps the maintenance office justify its 
funding needs based on quantifiable metrics. 

Related Resource: 

Maintenance Accountability Process (MAP) Manual, Washington State Department of 
Transportation, June 2017. 
https://www.wsdot.wa.gov/NR/rdonlyres/97DD3129-E385-4C53-A51A-
1F081ED1AEA4/0/MAPManuaFull.pdf 
Washington State DOT’s performance measures of asset management and task completion 
are defined on page 1-2 (page 4 of the PDF). 
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Maintenance service levels A-F are presented beginning on page 5-1 (page 45 of the PDF): 

Service Level A (Best) 
This is a very high service level in which the roadway and associated features are in 
excellent condition. All systems are operational and users experience no delays. … 

Service Level B 
This is a high maintenance service level in which the roadway and associated features 
are in good condition. All systems are operational. Users may experience occasional 
delays. … 

Service Level C 
This is a medium maintenance service level in which the roadway and associated 
features are in fair condition. Systems may occasionally be inoperable and not available 
to users. Short term delays may be experienced when repairs are being made, but 
would not be excessive. … 

Service Level D 
This is a low maintenance service level in which the roadway and associated features 
are kept in generally poor condition. Systems failures occur regularly because it is 
impossible to react in a timely manner to all problems. Occasionally delays may be 
significant. … 

Service Level F (Worst) 
This is a very low service level in which the roadway and associated features are kept in 
poor and failing condition. A backlog of systems failures would occur because it is 
impossible to react in a timely manner to all problems. Significant delays occur on a 
regular basis. … 

The chart on the following page gives a pictorial view of the relationship between the 
level of investment, level of delivery and service level outcome. … Following the chart, 
pictures and narration provide examples of service levels for each group of activities. 

Among the examples provided is one for drainage maintenance and slope repair (below and 
on page 5-5 of the report, page 49 of the PDF), which would be relevant to Caltrans’ interest 
in the impact of extreme rain during the winter season. This example illustrates service 
levels A through F. 
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Emergency response is among the full list of performance measures listed in the manual (page 
4-18 of the report, page 42 of the PDF). However, the performance indicator, outcome measure 
and outcome thresholds A through F are not defined for emergency response. 

Landslide Mitigation Action Plan, Washington State Department of Transportation, 2014. 
https://www.wsdot.wa.gov/NR/rdonlyres/8B3B653E-5C50-4E2B-977E-
AE5AB36751B7/0/LandslideMitigationActionPlan.pdf 
Additional Washington State DOT guidance, specifically focused on rail and transit issues, is 
found in the state’s Landslide Mitigation Action Plan. Sections relevant to this Preliminary 
Investigation are: 

• Maintenance and Monitoring. 

• Proactive Versus Reactive Mitigation Strategies. 

• Strategies to Reduce Landslide-Related Interruptions and Impacts. 

• Complicating Factors for Landslide Reduction. 

Two of these sections— Maintenance and Monitoring, and Proactive Versus Reactive Mitigation 
Strategies—are provided below: 
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Maintenance and Monitoring 
Maintenance and monitoring measures may involve proactive cleanout of available 
catchment areas, routine observation and assessment of slope conditions, landslide-warning 
(slide) fences, monitoring slope and weather instrumentation and preemptive closures. 
Generally, these measures are relatively low cost and can be highly effective in reducing 
public exposure to slide risk. With the exception of cleaning existing catchment areas, these 
measures do not reduce the likelihood of a landslide event or the potential of landslide 
debris reaching the tracks. Slide fences are used extensively through the corridor to warn of 
the potential for debris on the tracks (top of the wall in Figure 8). Another measure employed 
by BNSF [Railway Company] is the passenger rail moratorium imposed for 48 hours 
following a blocking event due to a landslide. 

Selection of the most appropriate mitigation strategies is influenced by many factors that 
often have little relationship to the factors contributing to the landslide. Some of these 
include available funds, right-of-way/property ownership, required permits, access 
constraints, environmental effects and service interruption during construction. 

Proactive Versus Reactive Mitigation Strategies 
The mitigation strategies above can be implemented reactively or proactively. Reactive 
responses are instituted at the time of failure with little to no advanced planning. 
Expenditures are made when necessary, and are tailored to address actual conditions. No 
unnecessary expenditures are made on slopes that might not otherwise fail and impact the 
facility within a reasonable timeframe. However, reactive responses are often required at 
inconvenient times and locations, and are generally more costly to construct than when the 
same work is performed proactively at a more opportune time. Also, there are often more 
barriers to designing and constructing what is most effective and best suited for the site 
under emergent conditions. Further, direct and indirect costs/impacts—especially those 
indirect—are more difficult to manage by relying solely on reactive responses. Problems with 
a reactive management approach for unstable slope impacts to transportation facilities 
include high public expectations of the reliability, convenience and safety of the system 
(Lowell and Norrish, 2013). 

Proactive responses, on the other hand, require considerable planning, especially when 
having to choose among hundreds of landslide-prone slopes. Some of the benefits of a 
proactive response generally include lower costs, better conditions to design and build 
under, and higher reliability. With the responsibility of managing many unstable slopes along 
transportation facilities, several public transportation departments (including WSDOT) 
instituted management systems for proactively identifying, prioritizing, programming, funding 
and ultimately mitigating these hazards. It is important to stress that implementation of a 
proactive management system to address large numbers of landslide-prone slopes does not 
relieve the need for reactive responses or eliminate the potential of further closures. When 
managing numerous unstable slopes, it is not possible to predict which slope will fail first or 
when it will fail. In addition, program implementation requires long-term commitments, since 
it can take many years to make necessary improvements to significantly reduce landslide-
related closures on such a landslide-prone corridor. As an example, in 1974 a rock slope 
maintenance program was implemented along a rail corridor in British Columbia involving 
750 rock fall sites. In the opinion of the geotechnical specialist involved since program 
inception, it took nearly three decades for the program benefits to become clearly 
recognizable (WSDOT, 2006). 
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Vulnerability Screening 

Tennessee 
“Using Climate and Weather Data to Support Regional Vulnerability Screening 
Assessments of Transportation Infrastructure,” Leah A. Dundon, Katherine S. Nelson, 
Janey Camp, Mark Abkowitz and Alan Jones, Risks, Vol. 4, No. 28, pages 1-24, 2016. 
www.mdpi.com/2227-9091/4/3/28/pdf 
From the abstract: 

This paper describes a methodology for using extreme weather and climate data to identify 
climate-related risks and to quantify the potential impact of extreme weather events on 
certain types of transportation infrastructure as part of a vulnerability screening assessment. 
This screening assessment can be especially useful when a large number of assets or large 
geographical areas are being studied, with the results enabling planners and asset 
managers to undertake a more detailed assessment of vulnerability on a more targeted 
number of assets or locations. The methodology combines climate, weather and impact data 
to identify vulnerabilities to a range of weather and climate related risks over a multi-decadal 
planning period. The paper applies the methodology to perform an extreme weather and 
climate change vulnerability screening assessment on transportation infrastructure assets 
for the State of Tennessee. This paper represents the results of one of the first efforts at 
spatial vulnerability assessments of transportation infrastructure and provides important 
insights for any organization considering the impact of climate and weather events on 
transportation or other critical infrastructure systems. 

We corresponded with report co-author Leah Dundon from Vanderbilt University for more 
information about this effort. Dundon wrote: 

I would say that the tools are being considered, but we are still in a discovery phase. We 
took the work from the vulnerability study and just recently completed a set of briefing books 
more tailored to each of the four TDOT regions in the state. Our next work is looking at 
drilling down in a bit more detail to specific assets and looking at potential adaptation 
measures. 

At Dundon’s suggestion, we subsequently corresponded with and spoke with report co-author 
Alan Jones of Tennessee DOT. Jones wrote: 

I have attached the four briefing books. Our intent was to provide the information to TDOT’s 
four regions in a more user-friendly format than our statewide extreme weather vulnerability 
assessment. TDOT’s regions and districts are where a lot of our fieldwork, including 
maintenance, is planned and managed. 

The four books are similar in scope and layout. The briefing book for Tennessee Region 1 is 
provided as Attachment A as an example. 

Related Resources: 

Assessing the Vulnerability of Tennessee Transportation Assets to Extreme Weather, 
TDOT Region 1 Briefing Book, Mark Abkowitz, Janey Camp and Leah Dundon, 
Tennessee Department of Transportation, Federal Highway Administration, November 2017. 
See Attachment A. 
This briefing book illustrates the screening tool developed to assess extreme weather 
events in one of four regions in Tennessee. 
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Assessing the Vulnerability of Tennessee Transportation Assets to Extreme Weather, 
Final Report, Mark Abkowitz, Janey Camp and Leah Dundon, Tennessee Department of 
Transportation, Federal Highway Administration, February 2015. 
https://environment.transportation.org/pdf/infrastructure_resilience/tdot_extreme_weather_v 
ulnerability-final_report_complete_opt.pdf 
This is the final report for the project described in the 2016 journal article. Researchers used 
the results of an online survey that received responses from 220 stakeholders considered 
knowledgeable about various transportation assets. The survey asked respondents to 
assess “the potential impacts (asset damage and system disruption) to each asset type 
when exposed to specific extreme weather scenarios.” From the introduction: 

A vulnerability score (annual frequency of a given weather event multiplied by the impact 
score for an exposed asset type) was derived for each unique weather/asset 
combination and mapped for every county in Tennessee. The inventory of critical assets 
was superimposed on the vulnerability maps in order to determine the locations where 
certain asset types appear to have the greatest potential vulnerability. 
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Introduction 
 
Tennessee hosts a vast and diverse transportation system that includes highways, railroads, 
waterways, airports, pipelines, transit services and intermodal connections, in addition to the 
facilities utilized to manage and maintain transportation operations.  Extreme weather can 
damage transportation infrastructure and disrupt travel mobility, resulting in public health, 
economic, social and ecological impacts whose consequences can seriously threaten the 
viability of individual communities and entire regions.  Better understanding the vulnerabilities 
and enhancing the resiliency of Tennessee’s transportation system is not only vital to the well-
being of the state, but to other parts of the nation as well due to the interconnectivity of our 
infrastructure systems and the fact that Tennessee is host to several key freight corridors.  For 
these reasons, the Tennessee Department of Transportation (TDOT) sought and was awarded a 
grant from the Federal Highway Administration (FHWA) to perform an extreme weather 
vulnerability assessment of transportation infrastructure across the state.  The temporal scope 
covers present day through 2040, a time frame that aligns with capital and rehabilitation cycles, 
and the horizon year of current Long Range Transportation Plans.   
 
The goals of the statewide study included obtaining a better understanding of the vulnerability 
of the transportation system to current and future extreme weather events, providing data and 
information that could inform the development of adaptation strategies (both short-term and 
long-term), promoting increased stakeholder collaboration and coordination in addressing 
transportation impacts associated with extreme weather events, and raising public awareness 
about the transportation sector’s vulnerability to extreme weather events.  These objectives 
support TDOT’s long-term goal of growing economic opportunity through strategic investment 
in critical regional infrastructure.   
 
In May, 2015, TDOT disseminated the results of this statewide extreme weather vulnerability 
assessment and the final report is available at:   
http://www.fhwa.dot.gov/environment/climate_change/adaptation/resilience_pilots/2013-
2015_pilots/tennessee/final_report/index.cfm.  However, TDOT recognizes that each region 
within the state may experience different forms of extreme weather and contain different 
critical asset portfolios when viewed from a regional, as opposed to a statewide perspective.  
For this reason, this Briefing Book has been prepared to communicate study results targeted 
specifically to TDOT Region 1.  It is intended to serve as a valuable resource for communities in 
the region as it relates to their respective transportation planning and operations. 
 
Region 1 primarily encompasses East Tennessee and includes the highly populated cities of 
Knoxville, Johnson City, and Kingsport.  Several interstate highways (I-26, I-40, I-75 and I-81) run 
through the region with I-75 and I-40 intersecting in Knoxville.   As a result of this highway 
network, barge operations on the Tennessee River, rail freight activity in the region, and its 
nationally central location, the East Tennessee area experiences a high volume of freight and 
passenger traffic.  Historically, this region has seen its share of extreme weather events, 



http://www.fhwa.dot.gov/environment/climate_change/adaptation/resilience_pilots/2013-2015_pilots/tennessee/final_report/index.cfm

http://www.fhwa.dot.gov/environment/climate_change/adaptation/resilience_pilots/2013-2015_pilots/tennessee/final_report/index.cfm
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including winter conditions, damaging winds, and floods.  Future trends suggest that the region 
will continue to experience these types of events, possibly with greater frequency and intensity.  
  
This Briefing Book conveys region-specific study results regarding: 


 Identification of critical transportation assets  


 Types of extreme weather previously experienced  


 Projected changes in weather and climate variables that may impact future 
transportation planning and operations 


 Counties with critical transportation assets that may be most vulnerable in the future to 
specific extreme weather events   


It also provides a list of selected individual assets (Appendix A) within Region 1 that may be 
most vulnerable to current or projected changes in extreme weather and climate. 


Study Approach 
 
FHWA has developed a conceptual framework for measuring vulnerability that involves 
identifying which critical transportation assets are exposed to extreme weather events and the 
sensitivity of these assets to those weather events.  This framework was adapted for use in the 
Tennessee study, resulting in the approach shown in Figure 1.  Additional information on this 
methodology can be found in the statewide report1. 
 


 
 


Figure 1 - TDOT extreme weather vulnerability assessment methodology 


 
Stakeholders, including federal, state and local government officials, freight shippers and 
carriers, transit operators, metropolitan planning organizations (MPOs), regional planning 


                                                           
1 http://www.fhwa.dot.gov/environment/climate_change/adaptation/resilience_pilots/2013-
2015_pilots/tennessee/final_report/index.cfm 
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organizations (RPOs), and DOT representatives from states that border Tennessee, all provided 
input to the statewide study through focus group meetings held in each of TDOT’s four regions. 
A convened Tennessee Extreme Weather and Transportation Adaptation Partnership (TEWTAP) also 
contributed to the study.   


Identification of Critical Transportation Assets 
 
In assembling the transportation asset inventory, twelve different infrastructure categories 
deemed of highest significance to a robust transportation system were evaluated.  Road2, rail, 
navigable waterway, air, pipeline3 and transit4 systems represent the lifelines of passenger and 
freight mobility within the state5. Rail yards, ports, locks and bridges are specific facilities in the 
transportation system that can be essential for continuity of operations.  Support systems, 
particularly maintenance/salt facilities and traffic operations centers were added to the list for 
consideration as well.  Collectively, these assets represent the means for passenger and freight 
mobility within the state, are transactional points in the transportation system that can be 
essential for continuity of operations, or are fundamental to controlling and maintaining system 
performance to desired levels.  
 
The definition of a “critical” transportation asset emphasized system connectivity, while also 
supporting community travel needs.  A critical transportation asset was defined as any portion 
of the transportation system without which there would be an immediate, direct and 
substantial disruption to the transportation system at the local, regional or national level. The 
critera used for determining criticality for each asset type and supporting information on the 
selection process can be found in Appendix A of the statewide report6.   
 
From input provided by both TEWTAP members and stakeholders at the regional meetings, 
some transportation assets were identified as having importance to local communities, but did 
not meet criticality criteria developed for the statewide approach.  These assets are identified 
as “important” rather than “critical” in this Briefing Book.      
 


                                                           
2 Interstate, state and U.S. highways. 
3 Oil and natural gas. 
4 Transfer hubs, terminals and fleet storage. 
5 Any tunnel located on a critical segment of the transportation system was considered part of that segment, 
although the maps show the location of these tunnels as a separate icon. 
6 http://www.fhwa.dot.gov/environment/climate_change/adaptation/resilience_pilots/2013-
2015_pilots/tennessee/final_report/index.cfm.  Because of the statewide nature of the analysis and report, we 
acknowledge that some assets may be deemed critical from a local or regional perspective that may not meet the 
criteria for criticality set forth in Appendix A to the Final Report (February 13, 2015).  Accordingly, these briefing 
books have attempted to include and identify these assets as “important” where doing so is feasible and 
consistent with the methodology of the underlying state-wide analysis.  For example, the criticality of airfields was 
based on runway length, not military presence or other features. 


 



http://www.fhwa.dot.gov/environment/climate_change/adaptation/resilience_pilots/2013-2015_pilots/tennessee/final_report/index.cfm

http://www.fhwa.dot.gov/environment/climate_change/adaptation/resilience_pilots/2013-2015_pilots/tennessee/final_report/index.cfm
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Separating these assets for Region 1 into four maps to improve visualization, Figures 2-5 display 
the critical and important transportation assets.    These assets are also identified in list form in 
Appendix A of this Briefing Book.   Due to the large number of critical assets in the metropolitan 
Knoxville area, a map showing a subset of critical assets in that area is provided in Figure 6. 
 


Figure 2 - Critical and important Region 1 road and bridge assets 


 


 
Figure 3 - Critical Region 1 rail lines, railyards, and pipelines 
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Figure 4 - Critical and important Region 1 waterway facilities, TDOT headquarters and 


regional offices, and maintenance facilities 


 


 
Figure 5 - Critical Region 1 airport and transit assets 
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Figure 6 - Knoxville area critical assets 


More detailed information regarding the selected assets (e.g., road segment lengths, freight 
volumes, pipeline termini locations, etc.) exists in the attribute tables of the GIS shapefiles that 
comprise the database.  Some of these shapefiles are publicly available, but many were 
obtained from the Department of Homeland Security and are not publicly accessible.  
Individuals with an interest in obtaining access to the data should contact TDOT.   


Extreme Weather Approach and Analysis 
 
The National Weather Service (NWS) maintains records of storms and other weather 
phenomena having sufficient intensity to cause loss of life, injuries, significant property 
damage, and/or disruption to commerce as far back as the 1950s.  Within Tennessee, 23 of the 
48 different extreme weather event types have been observed with some degree of regularity7, 
resulting in over 27,000 recorded entries.   Many of these 23 event types do not represent 
unique weather, but rather gradations of the severity of certain weather forms.  For example, 
the NWS identifies one weather event as “excessive cold/wind chill” which represents 


                                                           
7 Tropical depressions, tropical storms and wildfires have also been observed in Tennessee, but so rarely recorded 
in the NWS database that these event types were subsequently removed from consideration.  Certain areas of 
Tennessee have experienced severe wildfires in recent years.  If precipitation and drought patterns change and 
new threats emerge, the data may support including wildfires in any future evaluation of the impact of extreme 
weather on a particular area. 
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conditions that are more severe than a separate NWS event designation, “cold/wind chill”.  
Using these relationships, the 23 event types were aggregated into nine extreme weather event 
categories as shown in Table 1.  Precise definitions of each NWS designated extreme weather 
event can be found in Appendix C of the statewide report. 
 


 
Aggregate Event Type 


 
NWS Event Type 


Cold Cold/wind chill; Extreme cold/wind chill 


Hot Heat; Excessive heat 


Wind Strong wind; High wind; Thunderstorm wind 


Twister Funnel cloud; Dust devil; Tornado 


Hydrologic Heavy rain; Flash flood; Flood 


Lightning Lightning 


Hail Hail 


Drought Drought 


Winter 
Winter weather; Sleet; Freezing fog; Frost freeze; 
Heavy snow; Winter storm; Ice storm 


Table 1 - Aggregate extreme weather event grouping 


For each aggregate weather event category, the annual average number of recorded events 
was compiled for each of the counties that comprise the region. Statewide mapping by county 
of the average annual number of occurrences of each of the nine extreme event categories as 
set forth in Table 1 can be found in Appendix D of the statewide report.  Counties in Region 1 
which scored particularly high for each weather event are provided in Table 2, along with the 
reported range for all counties located within the state.     
 


 


Weather Event Type Counties with 
High Occurrence 


Number of 
Average 
Annual 
Events 


Full Range 
of Values 
Statewide 


Wind 


Greene  
Sevier 
Blount 


Monroe 
Knox 


6.09 
5.98 
6.46 
5.50 
5.29 


0.78-8.84 


Winter 


Carter 
Sevier 
Cocke 


5.33 
5.17 
4.5 


1.00 - 5.33 


Table 2 - Region 1 counties with highest number of average annual events for each weather 
event type 


These results indicate that certain counties in Region 1 historically have experienced a higher 
number of Wind and Winter events relative to other counties across the state.  Also noteworthy 
is that Region 1 does not have high ranking counties for occurrences of Drought, Cold, 
Hydrologic, Lightning, Hail, Hot or Twister events.  
 
When considering all of the NWS extreme weather events that have occurred in Tennessee 
since database inception, one can generate a composite average number of annual extreme 
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weather events experienced by each county within the region.  For Region 1, this information is 
presented in Figure 7. From this, one can see that every county experiences multiple extreme 
weather events in a typical year. No counties in Region 1 fall into the highest ranking for the 
average number of annual extreme weather events, but the counties of Knox, Greene, Sevier, 
Blount, and Monroe fall into the second highest ranking tier.   


 


 


Figure 7 - Composite average annual extreme weather events by county for Region 1 


An assessment of extreme weather that the region has experienced in the past is important 
because it provides a baseline for recognizing the extent to which the region is exposed to 
these events. As the ultimate goal, however, is to understand what might occur over the 
planning period horizon, this information needs to be considered in concert with what might be 
anticipated in the future. To develop projections regarding future changes to weather events 
and climate in Tennessee, climate models and trend analyses were applied.   
 
For future climate projections, the project utilized research results compiled by the University 
of Georgia based on Version 3 of the Coupled Model Intercomparison Project (CMIP) data for 
the period of 2035-2045 (i.e., the end of the project study period) as the basis for projecting 
future monthly averages of both precipitation and temperature for each county located in the 
region.  For comparison with the recent past, the historical (observed) data were utilized to 
obtain total monthly precipitation and average temperature data for each county in Tennessee 
for the period of 2000-2010 (most recent complete decade). From these data points, the 
average of the values representing the top 10% observations (highest precipitation events and 
hottest temperatures) and the average of the lowest 10% observations (lowest precipitation 
events and lowest temperatures) were selected from each county in order to obtain the 
extreme highs and lows that have been observed (during 2000-2010) and that are projected for 
the future (2035-2045).  This approach provided insight into the net change in temperature and 
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precipitation lows and highs that each county could be expected to experience in the future as 
compared to what is being observed now.  Percent change between the extremes (highs and 
lows) of recently observed values and future projected values was considered the most 
important parameter for local planners because it will convey the magnitude of how different 
conditions may be in the future compared to those that planners are accustomed to addressing 
now.  The results are displayed in Figures 8-11.8 
 


 
Figure 8 - Percent change in low precipitation (bottom 10%) values in Region 1 


As shown in Figure 8, the middle portions of Region 1 are expected to see an increase in the 
lowest precipitation periods than today, but there are counties with negative percent changes, 
suggesting a growing concern of future drought in these areas. Interestingly, many of these 
same locations are also expected to experience heavier high precipitation periods in the future 
(see Figure 9), especially in the western part of the region. This suggests that these areas may 
see more short duration, intense precipitation events interspersed with longer periods of 
dryness in between, which is consistent with the observed trends across the U.S.9  This 
combination of “higher highs” and “lower lows” can be particularly troublesome in terms of the 
ability of the ground to absorb water, especially when the soil is compacted.  Compacting soil is 
common practice to prepare the foundations around constructed transportation infrastructure. 
Flooding and flash flooding can therefore more readily ensue.  Such weather can also 
exacerbate conditions that encourage rockslides, a significant concern to infrastructure 
throughout Region 1, where numerous known rockslide locations are located along interstates 
and other important or critical roads (see Figure 12).   


 


                                                           
8 Caution is advised against comparing percentage changes within and across precipitation and temperature 
categories, as these numbers represent relative change compared to the current values.  For example, if the 
current values for low temperature and high temperature are 30oF and 90oF, respectively, a 3oF increase in each 
of these values would result in a 10% and 3.3% increase, respectively, even though the absolute changes in 
temperature are identical. 
9 See “Extreme Weather” a report by the National Climate Assessment. 
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Figure 9 - Percent change in high precipitation (top 10%) values in Region 1 


Similar information for expected percent change in projected future temperatures from historic 
observed values are presented for the lowest and highest temperature conditions. Figure 10 
depicts the percent change between the lowest observed average temperatures (the average 
of the bottom 10% temperatures over a ten year period, 2000-2010) and the average of the 
lowest (bottom 10%) of projected future average temperatures over a ten year period, 2035-
2045.  When comparing the projected future coldest temperatures to the current coldest 
temperatures, the results project a dramatic warming throughout Region 1, such that the 
coldest periods may be much warmer than they are now.  This could have a significant effect on 
the frequency and severity of extreme winter weather events.  
 
With respect to how the projected future hottest temperatures compare to the current hottest 
temperatures, Figure 11 also shows an expected warming trend throughout the region. 
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Figure 10 - Percent change in low temperature (bottom 10%) values in Region 1 


  


  


Figure 11 - Percent change in high temperature (top 10%) values in Region 1 


 
For planners who seek a higher resolution dataset with more detail and local analysis, utilizing 
the U.S. DOT CMIP Climate Data Processing Tool and User Guide10 is recommended.  This tool 
allows planners to utilize CMIP5 data (the most advanced climate data available) downscaled to 
12 km x 12 km grids, with a maximum of four grids processed together at one time.  It was 


                                                           
10 U.S. DOT CMIP Data Processing Tool User Guide.  
http://www.fhwa.dot.gov/environment/climate_change/adaptation/adaptation_framework/modules/user_guide/
cmip_user_guide.pdf 
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designed with transportation planners in mind, and provides detailed precipitation and 
temperature projections for mid-century and end of century.  For example, information is 
provided on the projected freeze-thaw cycles, the average and maximum number of days 
above and below certain temperature thresholds, highest 4- and 7-day average summer 
temperatures, and more.  Similar parameters are provided for precipitation data.  Examples of 
the tool’s results for both precipitation and temperature as applied to the four largest cities in 
Tennessee can be found in Appendix E of the statewide report. 11   
 
While climate models have been developed for projecting future temperature and precipitation 
conditions, forecasting other future climatic and weather events/conditions are not as easily 
quantified.  For example, strong straight-line winds and wind funnels represent two types of 
extreme weather events that are known to be particularly destructive for which some 
indication of future trends would be helpful.  Therefore, the NWS storm database was utilized 
in performing a time series analysis, focused on thunderstorm winds and tornadoes, which 
were the most severe events in their respective aggregate weather categories.  With over fifty 
years of NWS observations in these categories, sufficient data existed to perform a time series 
analysis for these specific forms of extreme weather at the statewide level, but not at the 
county level12. Results indicated an increasing number of thunderstorm wind events occurring 
over the past couple of decades, and this observed trend may continue.  By contrast, the 
pattern of observed tornado events is more volatile from year-to-year, although these events 
have also been generally increasing over time13.       


Vulnerability Assessment of Extreme Weather on Critical Assets 
 
To determine overall vulnerability by county for particular transportation assets and weather 
event combinations, we combined and analyzed county-level data regarding the historic annual 
frequency of particular extreme weather events; future weather and climate data where it was 
available or could be reasonably extrapolated from historic trends; and the potential impact a 
particular extreme weather event may cause to selected transportation assets.  Overlaying this 
information with the location of critical and important transportation assets within the county 
served to identify potentially vulnerable infrastructure.   
 
Impact score.  To determine the magnitude of the potential impact to critical transportation 
assets if they were exposed to selected extreme weather events, we surveyed experts across 
the state.   The study involved 12 transportation asset categories and 9 aggregate weather 


                                                           
11 The size and scope of the statewide vulnerability assessment precluded use of this tool across the entire 
geographic region. 
12 The sample sizes in some counties were considered too small to support a county-level analysis; hence the 
information was aggregated to the state level. 
13 It is unknown as to how much of the increases in reported thunderstorm wind and tornado events are due to 
more rigorous monitoring/recording practices or expansion of populous areas such that the event might trigger 
the NWS damage reporting threshold. 
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event types, leading to 108 unique combinations of assets being exposed to particular weather 
events.  A multimodal group of transportation experts determined from this initial list those 
asset/weather event combinations for which the impacts would be so small that the asset 
would not experience consequential loss or disruption if exposed to the weather event (e.g., 
locks can be expected to function properly when exposed to excessively hot temperatures); this 
eliminated 22 asset-weather combinations from the original set.  An online survey was then 
conducted (questions can be found in Appendix F of the statewide report), asking a broader 
group of multimodal transportation experts to rate the potential impacts (asset damage and 
system disruption) to each asset type when exposed to specific extreme weather scenarios.  
The results of this activity are presented in Table 6.3 of the statewide report.   
 
Vulnerability scores.  A county-level vulnerability score was then calculated using the historic 
frequency of an extreme weather event or climate condition, projected changes in those 
frequencies or conditions where available, and the impact ratings.  Future vulnerability scores 
were only derived where the data was sufficient to reasonably estimate potential future 
conditions.  For this reason, temperature and precipitation (including drought and high 
precipitation events), thunderstorm winds, and twisters/tornados were assigned future 
vulnerability scores.  The estimated percent changes from present to the future for 
temperature (high and low) and precipitation (high and low) were factored into the future 
vulnerability scores using CMIP 3 data.  Regression analysis was extrapolated forward to 2040 
to estimate the percent change in thunderstorm winds and twisters/tornados for the future.  
For other aggregated weather events, only current vulnerability scores were generated based 
upon the empirical data.  By overlaying the inventory of critical and important assets on maps 
displaying the county-level vulnerability scores, it provides an indication of where certain asset 
types appear to have the greatest potential vulnerability (see Appendix G of the statewide 
report)14.   Appendix B of this Briefing Book identifies the counties in Region 1 with high 
vulnerability scores for particular weather event type & asset combinations and which contain 
the transportation asset type within its borders.   
 
Because Appendix B only identifies counties that currently contain critical or important assets, 
regional planners may want to take note of counties with high vulnerability scores for particular 
assets that may be at risk if those assets are planned for the future, or if they currently exist but 
did not meet the project’s threshold for “critical” or “important” assets.  These counties can be 
quickly identified for assets of interest by reference to the final vulnerability score maps 
displayed in Appendix G of the statewide report.   
 
With regard to heavy precipitation, Region 1 has no significant counties with extremely high 
anticipated future precipitation and vulnerabilities, although the area of greatest concern is 
Knox County.  By contrast, many different asset types in several locations have the potential to 
be impacted by strong winds.  Notable in this regard are vulnerabilities associated with roads, 


                                                           
14 The statewide vulnerability assessment results are presented in Appendix G of the statewide report as a series of 
maps, each one indicating potential vulnerability for one asset category and weather event combination with 
physical locations of critical assets displayed. 
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particularly in Knox, Blount, Sevier, Greene and Monroe counties.  This result makes intuitive 
sense as strong winds have been known to be problematic in terms of downed trees and power 
lines that often make roads impassable.   Additionally, winter weather poses significant concern 
for three counties in Region 1 (Carter, Cocke, and Sevier), with other counties having moderate 
levels of vulnerability.  This is likely not a surprise in Region 1 due to its mountainous terrain 
and past history of snow and winter precipitation that make travel challenging and sometimes 
dangerous across multiple modes.      
 
Finally, rockslides are a major issue for transportation infrastructure, in particular to roads and 
rail.  Water, more than any other factor, is most likely to cause previously stable slopes to fail 
and slide (see Geology, by Chernicoff & Whitney, 4th Ed., Prentice Hall 2007).  Figures 12 and 13 
show locations in Region 1 where rockslides are a known risk relative to critical/important 
roads and critical rail lines, respectively.  Also superimposed on the maps are the high 
precipitation county-level vulnerability scores.  This information may help inform decisions 
regarding where to allocate risk mitigation resources.   
 


 
Figure 12 - Locations of high risk rockslide areas, critical roads and county ranking for 


vulnerability of roads to high precipitation in the future 







 


19 
 


 


Figure 13 - Locations of high risk rockslide areas, critical rail lines and county ranking for 
vulnerability of rail to high precipitation in the future 


Opportunities for Adaptation 
 
An important component of this study is an examination of how the vulnerability assessment 
results can be utilized to enhance existing agency policies and procedures.  Opportunities may 
exist to integrate the results from this project into a variety of agency activities. The following 
are examples where this might be possible15: 


 Enhance the priority of transportation investments that reduce vulnerability or provide 
alternative capacity for at-risk transportation assets. 


 Factor information on vulnerable assets into the process for developing the State 
Transportation Improvement Program (STIP). 


 Make adjustments to maintenance plans and procedures. 


 Modify road design policies and parameters. 


 Consider changes in the way bridges are designed, constructed and repaired. 


 Assess implications for the materials that are selected for use in building roads and 
bridges. 


 Integrate vulnerability assessment results into hazard mitigation planning and 
emergency management. 


 Consider the impacts of extreme weather as part of the environmental review process. 


 Identify new data collection activities to better characterize and monitor the condition 
of vulnerable assets. 


                                                           
15 Some of these recommendations, and further exploration of adaptation measures, will be evaluated at specific 
locations during Phase 2 of this extreme weather vulnerability assessment. 
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 Include extreme weather vulnerability issues in MPO updates of their Long Range 
Transportation Plans. 
 


It is also important to be mindful of recent federal legislative actions that are advocating a more 
proactive approach to risk-based asset management planning in general, and extreme weather 
resilience in particular. Notable among these are the following:  


 


 Risk-based Transportation Asset Management Plan (TAMP).  Congress, in Moving 
Ahead for Progress in the 21st Century Act (MAP-21), mandated that each state 
department of transportation develop a risk-based TAMP for its highways and bridges, 
although states are encouraged to include other infrastructure assets as well.  TDOT is 
presently developing its plan.  This extreme weather vulnerability study can provide 
valuable input to TDOT’s risk-based TAMP in several ways.  First, the transportation 
asset inventory and identification of critical transportation assets performed in this 
study can be utilized directly by the risk-based TAMP.  Second, the risk assessment 
methodology used to determine extreme weather vulnerability could be applied to 
other risks under consideration in the risk-based TAMP.  This could provide a consistent, 
systematic approach to evaluating all potential risks that may be incurred by the state’s 
transportation system, not just extreme weather risks.  Finally, the results of this study 
can serve as the extreme weather portion of the overall risk assessment for state 
transportation infrastructure. 


 


 FHWA Order 5520.  FHWA has issued a directive, Order 5520 (Transportation System 
Preparedness and Resilience to Climate Change and Extreme Weather Events), making it 
official FHWA policy to integrate consideration of climate and extreme weather risks 
into its planning, operations, policies and programs. This order formalizes FHWA’s 
commitment to this issue, guides the agency’s implementation of relevant MAP-21 
provisions and recent Executive Orders, and identifies how FHWA intends to lead the 
transportation industry in making the nation’s highways more resilient.  This study’s 
findings and recommendations present an opportunity to pursue a course of action 
consistent with FHWA’s commitment and expectations. 


 
The extent to which these opportunities may be realized depends on the manner in which they 
are introduced into policy discussion.  It is therefore helpful to review how transportation 
agencies are addressing this consideration after having conducted a transportation vulnerability 
assessment.   The statewide report provides a summary of a national scan that was performed 
with this objective in mind. 


Conclusions 
 
This study represents an initial attempt to understand the impacts of extreme weather on 
transportation assets in TDOT Region 1.  As such, it represents a starting point for integrating 
extreme weather risk into transportation agency management, planning and operations.  It also 
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serves as a foundation that can be built upon by performing follow-on activities based on the 
results reported herein.   
 
The study produced several important findings: 


1) As expected, various counties within Region 1 are more prone to certain types of 
extreme weather events. 


2) High winds and winter weather (cold temperatures coupled with precipitation) are 
the events of greatest concern across Region 1 for multiple transportation asset 
classes. 


3) In Region 1, some of the counties along the eastern border of the state, including 
Carter, Cocke, Sevier, Blount and Monroe counties as well as the highly populated 
area of Knox County present as having the most vulnerability to extreme weather. 


4) The areas with greatest potential for winter weather in Region 1 are Cocke, Sevier 
and Carter counties.16   


5) While Region 1 did not have any counties that appeared as having high hydrologic 
vulnerability scores, Knox County was rated as having moderate hydrologic 
vulnerability.  There is a propensity for rockslides in the region, particularly in 
locations characterized by steep slopes and limestone formations, and which have 
accompanying moderate to high hydrologic vulnerability scores.  Of note is that the 
winter weather events may lead to rockslides due to the precipitation associated with 
snowmelt and also ice forming in cracks and crevices of the steep limestone slopes 
along roadways and other infrastructure.   


 
These results can serve as a valuable screening process to identify a manageable number of 
critical assets in Region 1 that might warrant more detailed study of the specific characteristics 
that make individual transportation assets more or less vulnerable to particular extreme 
weather events, and which could not be captured in a screening level study of this scope.  Such 
a process could also include the identification of potential adaptation strategies and an 
evaluation of strategy benefits and costs.   
 
The ultimate goal is for local communities to pursue opportunities for more formal adaptation 
planning by leveraging the information and knowledge gained through this study.  The 
identification of critical and important transportation assets within their jurisdiction, the types 
of extreme weather events and consequences that might be realized there, and an overall 
sense of where significant vulnerabilities may exist can form the foundation of improved 
transportation management, planning and operations, leading to a more resilient 
transportation system and a catalyst for economic and community development. 


                                                           
16 We recognize that the counties that have the highest potential for winter weather may not have critical assets 
located within them.  Therefore, other counties that may experience less severe winter weather but have critical 
assets may take precedence for investment and adaptation measures.   
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Appendix A 


List of Critical and Important Assets for Region 1 
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Infrastructure Category Title/Name Location 


Transit 


Knoxville Transit Center 301 E. Church, Knoxville 


  


Greyhound Terminal 100 E. Magnolia Ave. 


Bridges I-40 Bridge at Clinch Rivers Roane County 


 US-70 Bridge over Tennessee River 
near TVA Plant Roane County 


  I-75 Bridge over Tennessee River Loudon County 


  Rail Bridge over Tennessee River  Loudon County 


  Route 73 Bridge over Tennessee River  Loudon County 


  Clinch River Bridge Anderson County 


  Clinch River Bridge Anderson County 


  I-40 Bridge Tennessee River  Blount/Knox County Line 


  J.E. Karnes Bridge; US-129 Knox County 


  Rail Bridge Tennessee River Knox County 


  Henley St. Bridge/Chapman Hwy/US-
441 over Tennessee River Knox County 


  Gay Street Bridge  Tennessee River Knox County 


 TN-71, James White Pky Bridge over 
Tennessee River Knox County 


 


Holston River Bridge Knox County 


 


I-40 Bridge over Douglas Lake Jefferson County 


 


I-81 Bridge over Holston River Sullivan County 


TDOT Headquarters and 
Regional Offices TDOT Region 1 Complex Region Lane, Knoxville 


Railyards Sevier Yard Knox County 


Locks Fort Loudon Lock, Tennessee River Loudon County 


Ports 


Transflo Terminal 
Volunteer Blvd., Knox 
County 


  Fort Loudon Terminal Co. Dock, 
Tennessee River Loudon County 


Runways McGhee Tyson Airport Knox County 


 Greeneville-Greene County Municipal 
Airport Greene County 


 Tri-Cities Regional TN/VA Sullivan County 


Navigable Waterways Tennessee River   


  Clinch River   
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Oil and Gas Pipelines 


East Tennessee Natural Gas  


Morgan, Roane, Anderson, 
Knox, Blount, Loudon, 
Monroe, Sevier, Jefferson, 
Hamblen, Cocke, Greene, 
Washington, Sullivan, 
Carter, Unicoi Counties 


Interstates 


I-40 
Roane, Knox, Sevier, 
Jefferson, Cocke Counties 


  


I-81 


Jefferson, Hamblen, 
Greene, Washington, 
Sullivan Counties 


  


I-75 
Monroe, Loudon, Knox, 
Anderson, Campbell 


  
I-26 


Unicoi, Washington, 
Sullivan, Carter Counties 


Critical and Important Roads 
(excluding Interstates) US-32/TN-73  Loudon County 


 


TN 162 / Pellisippi Pkwy Knox, Anderson County 


 


TN-11 / Kingston Pike Knox County 


 Clinton Highway Knox County 


 


Ed Shouse Rd / Middlebrook Pike  Knox County 


 Alcoa Highway Knox County 


 US-129 and US-411 Knox, Blount Counties  


 TN-162  Blount County 


 TN-66 / US-441 / US-321 Sevier County 


 


US-11E  
Hamblen, Jefferson 
Counties 


 TN-92 Jefferson County 


 


US-25E / TN-160 Hamblen County 


 US 11E Greene County 


 


US 11E / US321 Washington County 


 
State Route 36 


Washington, Sullivan 
County 
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US 11 W 


Sullivan, Hawkins, and 
Green Counties 


Rail Lines 


Norfolk Southern 


Roane, Morgan, Scott, 
Monroe, Loudon, Knox, 
Jefferson, Hamblen, 
Hawkins Counties 


Maintenance and Salt 
Facilities County Maintenance Facilities All Counties 
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Appendix B 


Region 1 Counties with High Potential Vulnerability  
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Transportation Asset Category / 
Weather Event Combination 


Region 1 Counties 
with High 


Potential Current 
Vulnerability 


Region 1 Counties 
with High Potential 
Future Vulnerability 


Statewide 
Vulnerability 
Score Range 


Navigable waterways / 
thunderstorm winds 


 Knox (14.23) 
Blount (17.39) 


2.09 - 23.81 


Ports / thunderstorm winds  Knox (14.6) 2.14 – 24.42 


Roads and interstates / winter 
weather 


Cooke (13.13) 
Sevier (15.08) 


 2.76 – 15.56 


Roads and interstates / 
thunderstorm winds 


 Greene (39.83) 
Sevier (39.06) 
Knox (34.55) 


Blount (42.21) 
Monroe (35.95) 


5.08 – 57.80 


Railroads / thunderstorm winds  Knox (12.92) 
Monroe (13.44) 
Blount (15.78) 
Sevier (14.61) 


Greene (14.89) 


1.90 – 21.61 


Railyards / thunderstorm winds  Knox (12.51) 1.84 – 20.94 


Runways / thunderstorm winds  Knox (14.36) 
Blount (17.54) 
Sevier (16.23) 


Greene (16.55) 
Monroe (14.94) 


2.11 – 24.02 


Maintenance and salt facilities / 
winter weather 


Sevier (13.56) 
Cocke (11.81) 
Carter (14.0) 


 2.48 – 14.00 


Maintenance and salt facilities / 
thunderstorm wind 


 Greene (15.48) 
Knox (13.43) 


Sevier (15.19) 
Blount (16.41) 


Monroe (13.97) 


1.97 – 22.47 


Bridges over navigable 
waterways / thunderstorm 
winds 


 Knox (6.34) 
Blount (7.75) 
Sevier (7.17) 


Greene (7.31) 
Monroe (6.60) 


0.93 – 10.61 


TDOT administrative buildings / 
thunderstorm winds 


 Knox (12.13) 1.78 – 20.29 


Transit / thunderstorm winds  Knox (14.37) 2.11 – 24.04 


Pipelines / winter weather Cocke (11.25) 
Sevier (12.92) 


 2.36 – 13.33 
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Transportation Asset Category / 
Weather Event Combination 


Region 1 Counties 
with High 


Potential Current 
Vulnerability 


Region 1 Counties 
with High Potential 
Future Vulnerability 


Statewide 
Vulnerability 
Score Range 


Carter (13.33) 


 





