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Project Introduction

Minnesota’s climate is changing. Temperatures are on the rise and extreme precipitation events and asso-
ciated flooding are becoming more frequent and severe.! As the Earth continues to warm, these events are
projected to become even more common since a warmer atmosphere is capable of holding more water vapor.

Flooding presents a challenge to fulfilling the Minnesota Department of Transportation’s (MnDOT) mission to,
“Plan, build, operate, and maintain a safe, accessible, efficient, and reliable multimodal transportation
system...”2 When roads become inundated, the safety of motorists can be threatened, efficiency is reduced by
the need to take detours, and system reliability is compromised.

Recognizing this, MnDOT planners and engineers have long considered minimizing the risk of flash flooding
in the siting and design of the state’s roadway network. However, as has been the standard practice
worldwide, they have traditionally assumed that future climate conditions will be similar to those recorded in
the past. Climate change challenges this assumption and calls for new approaches to understanding
vulnerabilities across the highway system and at specific transportation facilities so that appropriate actions,
adaptations, can be taken to minimize expanding risks.

This project, one of 19 Federal Highway Administration (FHWA) climate vulnerability pilot studies
nationwide looking at the effects of climate hazards on the transportation system, represents a starting point
for developing these new approaches. The focus of this pilot study is on flash flooding risks to the highway
system. While flooding is not the only threat to the state’s highway system posed by climate change,3 it is
likely to be one of the most significant and has already caused extensive disruptions to the transportation
system in many areas.

0.1 Goals
The goals of this study are to:

e Better understand the vulnerability of the state’s trunk highway system (interstates, US routes, and state
roads) to flash flooding events

e Develop a process to identify cost-effective planning and design solutions for specific projects to increase
resiliency

e  Support MnDOT’s asset management planning efforts

e Provide feedback and lessons learned to FHWA on the assessment process

0.2 Scope

The project was divided into two distinct but closely related tasks in order to achieve the goals outlined
above:

e A high-level assessment of the trunk highway system to determine which facilities are most vulnerable to
flash flooding events

e Detailed case studies demonstrating how cost-effective planning and design decisions can be made on
individual facilities in the context of changing precipitation patterns associated with climate change

! Melillo, Terese, and Yohe, 2014

> MnDOT, 2014c

3 Examples of other transportation hazards that could be exacerbated by climate change in Minnesota include landslides, ice storms, and
pavement buckling.
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The two efforts work together to provide a fuller understanding of the flood vulnerabilities faced by MnDOT.
First, the high-level system-wide assessment was undertaken to provide a list of the facilities most vulnerable
to flooding. Then, the most vulnerable facilities were given a more detailed facility-level assessment to better
understand the risks they face and to inform the development of cost-effective adaptation solutions. If
warranted, the adaptation solutions can then be added to capital improvement plans and built. The facility
level assessments may also be conducted on any new project already in the capital improvement plan to
ensure that the project’s life-cycle costs are minimized as the climate changes.

The project focused on two MnDOT Districts that have experienced particularly severe flooding in recent
years: District 1 in northeast Minnesota and District 6 in the southeastern portion of the state. Figure 1
provides a reference map showing the location of the study areas. In District 1, Duluth and its environs
experienced serious flooding in June 2012 when nearly 10 inches of rain fell on the area over a two-day
period resulting in numerous road closures and $75 million in damage to the trunk highway system. District 6
has suffered from repeated rounds of flooding over the past decade with particularly noteworthy events
occurring in 2007, 2010, and 2012. The 2012 event dropped nearly nine inches of rain on the town of Cannon
Falls setting a new 24-hour rainfall record for the state.

A system-wide flash flood vulnerability assessment was conducted for the entire trunk highway network in
both districts. Following this, one highly vulnerable facility in each district was selected to serve as a case
study on how cost-effective decision-making can be made in the context of a changing climate.

r%m !@,er ]
i Minnesota Overview
o DISTRICTS 1and6. .

& Feature

s
I oistrict

MnDOT District Boundary

County Boundary

State Boundary

District 1

District 6

)w’"‘w Priinnssots Dopartmont of
i(p"% Transportation
S I

Figure 1: Locations of MnDOT Districts 1 and 6

District 6
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0.3 Project Team
The project team consisted of the following groups:

e Project Management Team (PMT)—The PMT was responsible for the overall management, coordination,
and direction of the project. It consisted of key MnDOT planning staff at the agency headquarters in St.
Paul and from each of the two districts covered by the study.

e Core Advisory Panel (CAP)—The CAP was tasked with providing strategic direction for the project. It
consisted of PMT members along with local and county government representatives from jurisdictions
within each district.

e Technical Advisory Committee (TAC)—The TAC’s mandate was to provide critical input on the technical
approaches used throughout the study. It consisted of all of the PMT staff along with structural and water
resources engineers at the state and district levels.

e Climate Advisory Committee (CAC)—The CAC was focused on providing guidance and feedback on the
climate projections developed for the project. It was comprised of representatives of local academic
institutions and members of other state agencies tasked with understanding how climate changes.

e Consultant Team—The consultant team was responsible for developing the technical approach for the
project and for conducting the various assessments. Parsons Brinkerhoff was the overall lead consultant
on the project with Catalysis Adaptation Partners responsible for the benefit-cost analyses conducted for
the case studies of specific facilities.

0.4 Report Organization

The report is organized around the project’s major tasks described in the scope above. Chapter 2 discusses
the methodology and findings of the system-wide flash flood vulnerability assessment. Next, Chapter 3
presents the approach developed for the facility-level adaptation assessments and walks through two case
studies demonstrating its application. Following this, Chapter 4 summarizes the lessons learned on the
project and provides recommendations for the FHWA Climate Change and Extreme Weather Vulnerability
Assessment Framework. Chapter 5 offers conclusions and next steps towards incorporating climate change
into MnDOT activities.

Final Report
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1 System-Wide Vulnerability Assessment

The system-wide vulnerability assessment used the FHWA'’s Climate Change and Extreme Weather
Vulnerability Assessment Framework (the “Framework”) as a guide.* As illustrated by the diagram in
Figure 2, the Framework is comprised of three primary steps:

1. Define the scope
2. Assess vulnerability

3. Integrate into decision-making

The first step of the vulnerability assessment, scope definition, involved articulating the objective of the
study: to identify MnDOT facilities with the greatest vulnerability to flash flooding so that efforts can be made
to prioritize adaptation actions that will increase the system'’s resiliency. It also involved discussions on
which assets should be included in the study. It was decided that the assessment should focus on assets in
Districts 1 and 6 (the two highway districts that have recently experienced the greatest impacts from
flooding) as a pilot study for a process that could then be implemented elsewhere in the state. Section 2.1
below provides more detail on the specific asset types selected for evaluation.

After the scope had been defined, the next step in the Framework was to assess vulnerability. Section 2.2
describes how this was done

consistent with the definition of CLIMATE CHANGE AND EXTREME WEATHER

vulnerability provided in the

Framework report, Section 2.3 then VULNERABILITY ASSESSMENT FRAMEWORK

presents the results of the 1. DEFINE SCOPE

Vlﬂnerability assessment. {esnEy Key ARTICULATE OBIECTIVES SeLect & CHARACTERIZE
Actions motivated b R A

The final step in the Framework CI&;"‘:‘?:F:’[‘:“'(‘?’:;"[W assesment ' eyl il

. . . . . . i 5 arget audience xisting vs. planned

involves integrating the findings into Sensitive assets & threshokds Pro{iu(tsneeded E)at.; ;i..a.i’.’.n, .

for impacts Level of detail required Further delineate

decision-making. Section 2.4 provides
a list of action items MnDOT intends
to take towards this end.

1.1 Selection of Assets

The state’s trunk highway system was
the roadway network selected for 2. ASSESS
analysis in each district. The trunk VULNERABILITY
highway system comprises the
entirety of the state owned and
maintained road infrastructure and
includes all interstates, US routes, and
signed state roads. Figure 3 and
Figure 4 provide maps showing the
trunk highway network within each

3. INTEGRATE INTO DECISION MAKING

district. INCORPORATE INTO ASSET MANAGEMENT IDENTIFY OPPORTUNITIES FOR IMPROVING
INTEGRATE INTO EMERGENCY & RisK DatA CoLLecTION, OPERATIONS OR DESIGNS
MANAGEMENT Buip PusLic SUPPORT FOR ADAPTATION

CONTRIBUTE TO LONG RANGE INVESTMENT
TRANSPORTATION PLAN Epucare & ENGAGE STAFF & DECISION

ASSIST IN PROJECT PRIORITIZATION MAKERS

Source: FHWA, 2012

Figure 2: FHWA Climate Change and Extreme Weather
Vulnerability Assessment Framework
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The highway system is comprised of a number of different asset types that are susceptible to flooding. The
following asset types were included in this assessment:>

e Bridges
— 140 in District 1
— 176 in District 6
e Large culverts®
— 160 in District 1
— 361 in District 6
e Pipes?
— 543 in District 1
— 377 in District 6
e Roads paralleling streams?
— 18 segments in District 1 (34.5 total miles in length?)
— 44 segments in District 6 (101 total miles in length?)

Each of these 1,819 assets was given a separate vulnerability score in the assessment. Note that slopes were
also identified as being susceptible to heavy precipitation events but the project budget did not allow for their
inclusion in this study.

1.2 Methodology

A methodology was developed that balances the need for a detailed assessment of facility performance rooted
in engineering principles with the requirement that the assessment be applied en masse to thousands of
assets. The approach taken, illustrated in Figure 5, involves developing a series of vulnerability metrics for
each asset, combining them mathematically into a single vulnerability score, and ranking and classifying
those scores to identify the most vulnerable facilities. The final results show the vulnerability of each asset
relative to other assets in the same district. The following sub-sections describe the details of the approach.

1.2.1 Vulnerability Definition

The system-wide vulnerability scoring was conducted in accordance with the definition of vulnerability
offered in the Framework document.10 FHWA defines vulnerability as being comprised of three components:

e Exposure: The degree to which an asset may be affected by a climate stressor.

e Sensitivity: How well an asset impacted by a climate stressor is able to cope with the impacts.

® There are additional assets of each type that could not be included in the analysis due to missing or inaccurate asset data, their location over
or along a river bordering Wisconsin or Canada (some key input data was not available for these neighboring jurisdictions), the observation that
they did not cross a stream delineated in the Minnesota Department of Natural Resources 1:24,000 stream network geographic information
system (GIS) shapefile (a shapefile needed for some of the calculations), or for which the US Geological Survey’s StreamStats program could not
generate flow data (another necessary input to the analysis). The vast majority of assets within each district, however, did have data available
and were included in the analysis. Also, note that in District 6, bridges over the Mississippi River and roads paralleling it were not included in the
analysis because the focus of the analysis is on smaller scale flash flooding events as opposed to large scale riverine flooding which has a
different dynamic. Assets affected by the Mississippi River were included in District 1 because the river is much smaller in this area.

® Large culverts are defined by MnDOT as culverts with 10 ft. or greater individual span length

7 Pipes are defined by MnDOT as culverts with less than 10 ft. of individual span length. Pipes were selected in coordination with MnDOT’s
bridge office. Only centerline pipes conveying a stream across the roadway were analyzed. General drainage and stormwater pipes, whether
crossing the centerline or to the side of the road, were not included in this assessment.

® Roads paralleling streams were included as an asset type to account for flood vulnerabilities to roads that follow along stream valleys but
don’t necessarily cross the stream as do bridges, culverts, and pipes. It was comprised of road segments that, for a mile or more of length, fell
(1) within 200 ft. of the current Federal Emergency Management Agency (FEMA) 100-year floodplain or (2), where FEMA flood studies had not
been conducted, a buffer-based value defined as 200 ft. times the stream’s Strahler stream order. The 200 ft. buffer of the FEMA floodplain was
used to account for potential future expansion of the floodplain that may occur with climate change.

° Mileage for each carriageway on divided highways counted separately

° FHWA, 2012
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e Adaptive Capacity: How resilient the transportation system as a whole is if the asset were to be taken out
of service.

A series of metrics were created to capture each of the three components of vulnerability and are described in
detail below.

Proposed Approach to Flood Vulnerability Analysis

Identify Assets of Interest

-

Bridges i Roads paralleling floodplains

Calculate the Vulnerability Scores for Each Asset
Exposure

= Stream velocity

= Previous flooding issues

= Belt width to span length ratio
(bridges, large culverts, pipes)

= Belt width to floodplain width ratio
(roads)

= % of total roadway length parallel to
the floodplain at risk of erosion from
the stream channel (roads)

= % forest land cover in drainage area
(bridges, large culverts, pipes)

= % of drainage area not covered by
lakes & wetlands (storage capacity)

= % urban land cover in drainage area

Sensitivity

® Capacity to handle higher flows
* % change in peak design flow
required for overtopping (based on
StreamStats)
= Asset condition
* Pavement condition (roads)
= Scour rating (bridges)
* Substructure condition (bridges)
 Channel condition {bridges and
large culverts)
* Culvert condition (large culverts)
* Pipe condition (pipes)

Adaptive Capacity

= Average annual daily traffic (AADT)

= Heavy commercial average daily
traffic (HCADT)

= Detour length

= Flow control regime (bridges, large

culverts, and pipes)

Rank Flood Vulnerabilities by District

Figure 5: System-Wide Vulnerability Assessment Approach

1.2.2 Metrics

Dozens of metrics were developed in order to quantify each facility’s vulnerability. Each asset type has a
unique set of metrics tailored to the factors important to understanding its vulnerability. For example, scour
ratings are important to understanding the sensitivity of bridges to flooding but are not relevant to pipes.
Table 1 provides a listing of the metrics used for each asset type in the study, a description of each metric,
why they were included in the study and how they were generated. For consistent scoring purposes, the
metrics were set up so that higher values are indicative of greater vulnerability.

Note that there is no metric explicitly capturing exposure to future precipitation changes or flooding. A metric
capturing differences in projected future 24-hour precipitation depths within each asset’s drainage area was
considered, however, the CAC felt that any variations in climate model projections across an area as small as a
district would not be reliable. Thus, the assessment took a sensitivity based approach to capturing
vulnerability asking, “Given what we know about each asset and its environmental setting, what percentage
change in the design storm would be required to overtop the roadway?” All other metrics being equal, assets
that required less of a change in design flow to overtop were considered more vulnerable to potential
increases in precipitation.
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Table 1: Description and Summary of Metrics Used to Quantify Flood Vulnerability

Exposure

Stream velocity

Previous flooding issues

Belt width' to span length
ratio

Belt width to floodplain
width ratio

Percent of total segment
length at risk of erosion
from the stream channel

Percent forest land cover
in the drainage area

Percent of drainage area
not covered by lakes and
wetlands

Percent urban land cover
in the drainage area

Description

The velocity of the stream at peak
design flow (50-year storm) or at
overtopping flow (if it’s return period
is less than 50-years)

Indicator of whether previous
flooding was reported at the facility
in the last 20 years

The ratio of the maximum stream
meander belt width near the
structure to the structure’s total span
length

The ratio of the maximum stream
meander belt width near the
segment to the floodplain width at
the segment

The percentage of the roadway
segment within 200 ft. of the stream
channel

The percentage of forest land cover
within the drainage area of each
facility.

The percentage of each facility’s
drainage area that is not covered by
lakes and wetlands

The percentage of each facility’s
drainage area that is covered by
urbanized land cover

Rationale for Inclusion

Higher velocity flows are capable of
producing greater damage to
infrastructure

Existing flooding hotspots are known
vulnerabilities and a priority for
adaptive actions

Higher ratios are indicative of spans
that could be at greater risk of
erosion as the stream shifts course
over time

Higher ratios are indicative of roads
that could be at greater risk of
erosion as the stream shifts course
over time

Roads closer to the stream channel
are more exposed to erosion during
flood events

More woodlands in the drainage area
increases the possibility of woody
debris getting lodged underneath the
facility and causing damage

Fewer lakes and wetlands means less
water storage and more runoff and
flooding

More impervious urban land cover
leads to more runoff and flooding

Data Source

Hydraulic
analysis

Work sessions
with district
staff

GIS analysis &
MnDOT
databases

GIS &
hydraulic
analyses

GIS analysis

GIS analysis

GIS analysis

GIS analysis

Bridges

Asset Type Applied To

Large
Culverts

X X
X X
X X
X X
X X
X X

Roads

Paralleling
Streams

Final Report

Lann Mlinncsets Depastment of
f(b‘% Transportation
L A



MnDOT Flash Flood Vulnerability and Adaptation Assessment Pilot Project

Table 1: Description and Summary of Metrics Used to Quantify Flood Vulnerability (continued)

Asset Type Applied To

Roads
Large Paralleling
Description Rationale for Inclusion Data Source Bridges Culverts Streams
Sensitivity
Percent change in peak The percentage change in the design The smaller the change necessary to Hydraulic X X X X
design flow required for flow (50-year storm) required to overtop the facility, the more analysis
overtopping overtop the facility sensitive the facility is to increases in
flood elevations due to climate
change
Pavement condition The ride quality index value at the Pavement that is in poor condition is MnDOT X
sump (lowest point) of the roadway more prone to being uplifted and databases
segment washed away during flood events
Scour rating MnDOT scour rating value Bridges that have current scour MnDOT X
issues are more prone to damage databases
during flood events
Substructure condition National Bridge Inventory Bridges with substructures that arein =~ MnDOT X
rating substructure condition rating poor condition are more prone to databases
damage during flood events
Channel condition rating National Bridge Inventory channel Facilities with poor channel MnDOT X X
condition rating conditions in the vicinity of the databases
structure are more prone to damage
during flood events
Culvert condition rating National Bridge Inventory culvert Culverts that are in poor condition MnDOT X
condition rating are more prone to damage during databases
flood events
Pipe condition rating MnDOT pipe condition rating Pipes that are in poor condition are MnDOT X
more prone to damage during flood databases
events
S0, Plinnssets Department o,
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Table 1: Description and Summary of Metrics Used to Quantify Flood Vulnerability (continued)
Asset Type Applied To

Roads

Large Paralleling
Description Rationale for Inclusion Data Source Bridges Culverts Streams

Adaptive Capacity

Average annual daily The average annual daily traffic using ~ Provides an indication of the number =~ MnDOT X X X X
traffic the facility as of the latest available of motorists affected if a flood event databases
date were to occur
Heavy commercial average = The average daily truck traffic using Provides an indication of the MnDOT X X X X
daily traffic the facility as of the latest available disruption to freight flows if a flood databases
date event were to occur
Detour length The additional travel distance Provides an indication of system GIS analysis X X X X
required to bypass the affected redundancy in the event of a road

facility using approved detour routes’ | closure caused by flooding

Flow control regime An indicator of whether the facility is =~ Outlet controlled facilities will be Hydraulic X X X
inlet or outlet controlled more difficult to adapt than inlet analysis
controlled facilities

! Belt width refers to the lateral width of stream meanders
’For the purposes of the analysis, approved detour routes consisted of other trunk roads and paved county and state aid roadways
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Development of the metrics was a large undertaking. While some of the metrics were available directly from
MnDOT databases, other metrics required intensive GIS processing to generate. Some of the most important
metrics to the analysis (e.g. the percentage change in design flow required for overtopping) were developed
with the aid of a hydraulics tool developed as part of this project. The tool draws upon MnDOT databases,
LIDAR derived elevation information, current peak flow values obtained from the U.S. Geological Survey’s
StreamStats program, and standard hydraulics formulas in order to estimate the percent change in flow
required to overtop the facility, stream velocities at peak flows, and other important measures. Appendix A
provides more detail on the hydraulics tool and its limitations.

1.23 Scoring

Once all the metrics had been calculated, the next step was to combine the information into a single over-
arching vulnerability score for each asset. Table 2 provides an example of how the calculations are made for a
hypothetical large culvert and is a useful reference throughout this section. As part of this process, each of the
metrics was re-scaled to a common 0 to 100 point scale with 0 assigned to the facility with the lowest (least
vulnerable) score for a given metric in that district and 100 assigned to the facility with the highest (most
vulnerable) score for that metric in that district. This scaling was done for each of the metrics independently.
Categorical metrics were manually assigned scaled values based on input provided by the project’s TAC.
Appendix B summarizes the scaled values assigned to each category for categorical metrics.

After scaling was complete, the project team worked with the TAC to weight each metric so that those metrics
perceived as being more important to characterizing vulnerability could be factored more heavily into the
final scores. Table 3 shows the weights that were employed for each measure. The weights were defined as
percentages such that the weights for all of the metrics under a given asset class must add up to 100 within
each component of vulnerability (exposure, sensitivity, adaptive capacity). For example, all of the weights for
the exposure metrics for bridges must add to 100, all of the weights for the sensitivity metrics for bridges
must add to 100, all of the weights for the exposure metrics for pipes must add to 100, etc.

The weights were then multiplied by the value of each metric and combined into a series of interim scores
summarizing each asset’s exposure, sensitivity, and adaptive capacity (shown in the light orange shaded cells
in Table 2). Another round of weighting was then undertaken amongst these three interim scores to allow
some components of vulnerability to more heavily influence the final asset score than others. After discus-
sions with the TAC, however, it was decided that each vulnerability component should factor equally into the
final score for bridges, large culverts, and pipes. Thus, each of the three vulnerability components received an
equal weight (33.3 percent) for these assets. For roads paralleling streams, it was decided that exposure
should be given the highest weight (43.3 percent) followed by adaptive capacity (33.3 percent) and
sensitivity (23.3 percent).

Although it was beyond the available budget on this project, the project team felt that running a second
analysis that considered only exposure and sensitivity and gave zero weight to the adaptive capacity metrics
would also be useful. It is believed that this analysis would better isolate those assets that are most under-
designed (regardless of their role within the network), an important consideration in capital programming.

12 fiﬁ% Transportation November 5, 2014
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Table 2: Example Vulnerability Scoring Process for a Large Culvert

Value Range of Values
for the Across All Assets Scaled Value for
Example the Example Variable
Variable Asset Low High Asset (0-100) Weight
Sensitivity
% change in design flow -18.00% -78.00% 2375.00% 98 60% 58.5
required for overtopping
Channel condition rating 6 - - 50 15% 7.5
Culvert condition rating 5 - - 50 25% 12.5
Sum of Sensitivity Variable Scores: 78.5
Sensitivity Weight: 33%
Final Sensitivity Score: 25.9
Exposure
Stream velocity 7.01 0.74 37.53 17 20% 3.4
Previous flooding issues 1 0 1 100 35% 35.0
Belt width to span length ratio 3.68 0.32 209.24 2 10% 0.2
% forest land cover in drainage 1.85% 0.00% 91.23% 2 10% 0.2
area
% of drainage area not lakes 99.91% 97.71% 100.00% 96 10% 9.6
and wetlands
% drainage area urban land 4.00% 0.00% 53.52% 7 15% 1.1
cover
Sum of Exposure Variable Scores: 49.5
Exposure Weight: 33%
Final Exposure Score: 16.3

Adaptive Capacity

Average Annual Daily Traffic 5,700 90 49,200 11 35% 4.0
(AADT)

Heavy Commercial Average 610 5 5,900 10 25% 2.6
Daily Traffic (HCADT)

Detour Length 0.6 -0.37 20 4 35% 13

Flow control regime 0 0 1 0 5% 0.0

Sum of Adap. Cap. Variable Scores: 7.8

Adaptive Capacity Weight: 33%

Final Adaptive Capacity Score: 2.6

OVERALL VULNERABILITY SCORE: 45
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Table 3: Weights Assigned by Metric

Percentage Weights by Asset Class

Roads
Large Paralleling

Metric Bridges Culverts Streams
Exposure
Stream velocity 20% 20% 20% 10%
Previous flooding issues 35% 35% 35% 30%
Belt width® to span length ratio 10% 10% 10% -
Belt width to floodplain width ratio - - - 10%
Percent of total segment length at risk of erosion from the B B _ 25%
stream channel
Percent forest land cover in the drainage area’ 10% 10% 10% -
Percent of drainage area not covered by lakes and wetlands 10% 10% 10% 10%
Percent urban land cover in the drainage area 15% 15% 15% 15%

TOTAL 100% 100% 100% 100%
Sensitivity
Percent change in peak design flow required for overtopping 60% 60% 60% 70%
Pavement condition - - - 30%
Scour rating 25% - - -
Substructure condition rating 5% - - -
Channel condition rating 10% 15% - -
Culvert condition rating - 25% - -
Pipe condition rating - - 40% -

TOTAL 100% 100% 100% 100%
Adaptive Capacity
Average annual daily traffic 35% 35% 35% 35%
Heavy commercial average daily traffic 25% 25% 25% 30%
Detour length 35% 35% 35% 35%
Flow control regime 5% 5% 5% -

TOTAL 100% 100% 100% 100%

Notes: For each asset class, within each of the three components of vulnerability (exposure, sensitivity, and adaptive capacity), the weights
must add to 100%. Dashes (—) indicate metrics that were not applicable to a given asset class.

! Belt width refers to the lateral width of stream meanders

% This metric was used as a proxy for the potential for woody debris to cause blockages at bridges, large culverts, and pipes. It is recognized,
however, that forest land cover also has the potential to mitigate runoff. In future analyses, a more refined metric could be developed that
considers the amount of forest cover only in the area immediately upstream of the facility or only along the upstream floodplains.

The final output of the scoring process was an overall vulnerability score for each facility (shown in the dark
orange shaded cell in Table 2). These scores are rankable such that one could list, for example, the most to
least vulnerable bridges in each district. However, given some of the generalizations that were necessary to
develop the metrics, there was a concern that the differences between individual scores may not be
meaningful and within the margins of error involved in the analysis. Therefore, it was felt that the most
appropriate means of presenting the results would be to group assets with similar scores into classes, or tiers,
of vulnerability. Five tiers of vulnerability were developed:

S5, Pinnssets Departmont of
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e Tier 1: Highest vulnerability

e Tier 2: High vulnerability

e Tier 3: Moderate vulnerability
e Tier 4: Low vulnerability

e Tier 5: Lowest vulnerability

The classification of the data was done using the Jenks natural breaks methods which searches for statistical
clusters in the data distribution and puts class boundaries around those clusters. The classification was
performed using the values for all asset types within a district so that the most vulnerable facilities within a
district, regardless of type, showed up as being the most vulnerable. This approach allows for the possibility
(unlikely as it is) that all the Tier 1 assets in a district may, for example, be pipes and not other assets types.

When interpreting the results, it is important to be aware that highly vulnerable (Tier 1 and Tier 2) assets are
not in imminent danger of flooding. Nor are lower vulnerability (Tier 4 and Tier 5) assets immune to flooding.
Instead, the values should be interpreted as indicators of the relative vulnerability of assets compared with
others in the same district (not between the two districts). The decision was made to set the analysis up in
this manner for the following reasons:

e Many important aspects of long range and capital planning for which the findings are likely to be applied
occur at the district level. It is helpful to have a summary of the greatest vulnerabilities by district to help
with these activities.

e Inthe future, additional districts around the state are likely to have similar vulnerability assessments
undertaken. If the analysis was set up to compare results between districts, not only would new results
be generated for the most recently studied districts but the results for Districts 1 and 6 would change as
well since the scores would need to be re-calculated relative to a whole new range of numbers from the
newly studied district.

If vulnerability assessments are completed for all the districts throughout the state in the future, a separate
statewide vulnerability scoring exercise could be conducted to identify which portions of the state have the
overall highest vulnerabilities. These findings could then be used, for example, to allocate more flood
adaptation funding to the districts having the highest overall vulnerability levels.

1.3  Findings

The asset vulnerability scores discussed above were summarized in tabular format and mapped for each of
the two districts studied. A brief discussion of the broad patterns that emerged in each district is provided in
the subsections below.

1.3.1 District 1

Figure 6 provides a graph showing the breakdown of asset types within each vulnerability tier in District 1.
Bridges and pipes were the asset types that had the greatest proportions of highly vulnerable Tier 1 and Tier
2 assets although the proportions of most vulnerable assets were fairly comparable across all asset types in
the district. Figure 7 shows the same information presented in terms of the number of assets by tier.

Figure 8 provides a map illustrating the spatial distribution of flash flood vulnerabilities across all asset types
in District 1. Overall, vulnerabilities tend to be highest for facilities along MN 61 which follows the shoreline
of Lake Superior from Duluth to the Canadian border. This roadway has limited redundancy and crosses
many high velocity streams that flow from the Superior Uplands into the lake. That said high vulnerability
facilities are located throughout the district.
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District 1
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Asset Vulnerability Ratings
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A Large Culvert
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Road Paralleling Floodplain

VULNERABILITY

-Tier 1 — Highest vulnerability
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Tier 4 — Low vulnerability
Tier 5 — Lowest vulnerability
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Figure 8: Asset Vulnerability Ratings, District 1
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1.3.2 District 6

Figure 9 provides a graph showing the breakdown of asset types within each vulnerability tier in District 6.
High vulnerability (Tier 1 and Tier 2) assets make up a greater proportion of all assets than in District 1.
There is also greater variation amongst asset types with roads paralleling streams and bridges being found to
be much more vulnerable than the district’s large culverts and pipes. Figure 10 shows the same information
presented in terms of the number of assets by tier.

Figure 11 maps the spatial distribution of flash flood vulnerabilities across District 6. As one can see, the
vulnerabilities tend to be greatest in the hillier eastern portion of the district. There is also a cluster of higher
vulnerability assets along [-35 in the northwestern portion of the district (possibly caused at least partially by
the high traffic volumes in this area).

1.4 Action Items

MnDOT is considering the following action items given the experience with the system-wide pilot study in
Districts 1 and 6:

e Long range transportation planning actions

— Test sensitivity of flood vulnerability assessment scoring to different weighting criteria and exclusion
of the adaptive capacity component. Exclusion of the adaptive capacity component would be useful
for understanding the physical and environmental components of vulnerability in isolation from the
asset’s role within the network. This may address the tendency for assets on interstates to score
higher simply because of the high traffic volumes on these facilities and not because they’re under-
designed.

—  Query facilities that are currently under-capacity (not capable of passing the 50-year design storm),
have high social costs of failure (high traffic volumes or long detour routes), and are not planned for
replacement. Consider conducting facility-level adaptation assessments for these assets

—  Conduct follow-up assessments on specific assets to identify whether assessment methods are
scoring appropriately for observed conditions and, if not, adjust the input metrics, scaling, and
weighting appropriately.

— Complete flood vulnerability assessments in other districts

— Use the study results to illustrate the threat posed by flooding/climate change in the next long-range
transportation plan

e Operations and maintenance actions
— Develop emergency action plans for Tier 1 and selective Tier 2 assets

— Explore partnerships with floodplain managers to develop real-time monitoring and warning
systems for Tier 1 and 2 assets

e  (Capital planning actions

— Incorporate vulnerability assessment scores into the project prioritization system at the state and
district levels

— Consider the vulnerability scores when prioritizing culvert replacements, particularly on the
National Highway System

— Incorporate considerations of risk into ongoing culvert and bridge improvement programs
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District 6
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Asset management actions

— Gather data on waterway opening dimensions and other relevant variables that would be useful to
future flood vulnerability assessments

— Incorporate vulnerability assessment scores into asset management databases and the asset
management plan

— Update MnDOT’s risk registers to reflect the vulnerability assessment
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2 Facility Adaptation Assessments

Once potentially vulnerable facilities have been identified, the next step is to perform more detailed facility
level assessments to better understand how those vulnerabilities will evolve as climate changes, develop
adaptation options (if necessary), and test their cost-effectiveness. This study describes a process for
undertaking facility level adaptation assessments and illustrates the application of that process through two
case studies.

2.1 Selection of Assets
The selection of the two case study facilities was guided by the following criteria:

e The chosen facilities should have been found to be vulnerable to flooding in the system-wide
vulnerability analysis and/or have been affected by flooding recently

e The cases should be illustrative of issues likely to be commonly encountered across the state
e Detailed hydrologic, hydraulic, and asset data must be available
e District 1 and District 6 should each have their own case study

With these criteria in mind, the project team worked with district staff to develop a short list of potential case
study facilities. Case study selection meetings were then held in each district and the following facilities were
chosen for evaluation:

e District 1: A large culvert (MnDOT number 5648) carrying MN 61 over Silver Creek located in the state’s
Arrowhead Region northeast of Two Harbors

e District 6: A large culvert (MnDOT number 5722) carrying US 63 over Spring Valley Creek in the town of
Spring Valley, just south of Rochester

Both facilities fell into Tier 1 (highest vulnerability) in the system-wide vulnerability assessment. The chosen
cases also offered dichotomies between a rural setting (the Silver Creek site) and a more urban one (the
Spring Valley site) and whether the facility was one in which improvements are already programmed (the
Silver Creek site) versus one in which no improvements are currently planned (the Spring Valley site).

2.2 Methodology

Engineering design practices for bridges, culverts, pipes and roads paralleling streams have traditionally been
based on applying probabilistic values (e.g. return period storms) derived from statistical analysis of historic
precipitation events. Climate change raises important questions about the validity of these traditional
practices since rising temperatures will likely affect precipitation patterns, extreme storm recurrence
intervals, and other conditions. There are significant questions on the timing of potential change, the rate of
change, and the amount of change expected. In short there is a fair amount of uncertainty that needs to be
considered as engineers design transportation facilities and consider what may be different into the future.

To address the need to consider possible climate changes and the uncertainties associated with them, the U.S.
Department of Transportation (USDOT) developed a General Process for Transportation Facility Adaptation
Assessments (the Process). The Process was developed for use on the USDOT’s Gulf Coast Study, Phase 2 and
distributed to adaptation pilot project grant recipients (including MnDOT) for use on the pilot projects. The
description of the Process that follows in the remainder of this subsection has been excerpted from the Gulf
Coast 2 Study’s Task 3.2 Report!! with the permission of USDOT. Some modifications to the text have been
made to shorten the length of the description to better fit this document and provide examples relevant to
MnDOT.
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The Process provides an 11-step framework to consider climate change and identify the best methods for
decision-making at the project level. The steps are generally as follows:

1. Describe the Site Context
Describe the Existing/Proposed Facility
Identify Climate Stressors that May Impact Infrastructure Components
Decide on Climate Scenarios and Determine the Magnitude of Changes

Assess Performance of the Existing/Proposed Facility

2

3

4

5

6. Identify Adaptation Option(s)
7. Assess Performance of the Adaptation Option(s)

8. Conduct an Economic Analysis

9. Evaluate Additional Decision-Making Considerations
10. Select a Course of Action

11. Plan and Conduct Ongoing Activities

Each of these steps is described in more detail below.

It should be noted that the Process is not intended to change specific current approaches to design. What the
Process potentially does change, however, are, (1) the climate-related inputs used in the design methodology,
(2) the number and type of design options one develops, and (3) how the final option is chosen to provide a
cost-effective and resilient improvement to the transportation network.

2.2.1 Step 1—Describe the Site Context

The first step involves developing and defining a thorough understanding of the site context. The site’s
context is key to determining the appropriateness of various adaptation options considered in subsequent
steps. Some of the important issues to be identified in this step include:

e Characteristics of the surrounding land uses, population, economic activities and significant
environmental or community resources

e Existing performance of the facility including information such as volumes/ridership, fleet mix, and role
in network continuity

e Characteristics of the surrounding topography and hydrography

e The function that the facility will serve within the broader transportation network, both in the near term
and in the future (e.g., evacuation route or critical network link)

2.2.2 Step 2—Describe the Existing/Proposed Facility

This step involves developing detailed knowledge on the existing or proposed facility to be studied. This
knowledge is critical to developing appropriate and effective adaptation options in subsequent steps. Key
information that should be gathered includes: location, functional purpose, design type, dimensions,
elevations, proposed/remaining design life, age/condition, and design criteria.

2.2.3 Step 3—Identify Climate Stressors That May Impact Infrastructure Components

This step involves documenting the climate-related variables typically considered in the planning and design
of the type of facility being investigated. The design standards associated with these variables, if applicable,
should also be noted (e.g., a policy that all bridges and their approaches must be designed to pass the 50-year

F' | R ¢ 0‘»«-&«,‘1 _;I;_;r U'ﬁ»-i{f’;i:;/ o 23
inal Repor 1@&3 ransportation



MnDOT Flash Flood Vulnerability and Adaptation Assessment Pilot Project

storm without overtopping). For many facilities, there could be multiple climate stressors relevant to
designers that should be considered.

2.2.4 Step 4—Decide on Climate Scenarios and Determine the Magnitude of Changes

After the climate-related variables that affect the facility have been identified in Step 3, the next step is to use
climate model projections (or proxies if unavailable) to determine whether and how much each of the
variables of concern may change in the future. The information gathered for each variable should, if possible,
relate to the design standards identified in Step 3. Recognizing the uncertainty inherent in climate
projections, a scenario-based approach is recommended, involving generating a variety of climate scenarios
to capture the range of possible future values of each climate variable.

After gathering the climate projections and considering the full range of potential climate changes, it might be
determined that none of the climate variables are expected to change significantly or in a way that would
potentially threaten the facility. If this is the case, then the assessment is complete and no further climate
adaptation analysis is required at this time.

2.25 Step 5—Assess Performance of the Existing/Proposed Facility

The purpose of this step is to ascertain whether the facility is currently operating effectively and whether it
would be expected to continue to do so under each of the possible future climate scenarios selected in Step 4.
The standards by which performance is assessed can vary depending on the asset being studied. Whenever
possible, however, performance should be assessed against the design standards tied to the climate variables
of interest that were noted in Step 3. For example, if a bridge and its approaches were required not to overtop
during the 50-year storm, one would test each scenario’s 50-year storm to determine if it overtops the
facility.

At the conclusion of Step 5, it is possible that the facility is found to perform adequately under the full range
of potential climate changes that it could experience throughout its intended design life: if this is the case, no
further analysis is necessary at this time and the assessment is complete.

2.2.6  Step 6—Identify Adaptation Option(s)

Adaptation options should be identified for each scenario that does not meet design expectations as
determined in Step 5. The adaptation options could be planning or design-oriented; in many cases, the best
adaptation may be to avoid a hazardous area altogether rather than to design an engineered solution.

In general, at least one adaptation option should be identified for each climate scenario selected. These
options then become the basis for analyzing performance and decision-making. Adaptation options could
consist of either one action (raising a bridge) or a package of actions that address a climate stressor or set of
climate stressors (e.g. raising a bridge and armoring the approach embankments). Each option should be
developed so that applicable design standards are met under the given scenario realizing that, as is the case
with such standards generally, some exceptions may be necessary based on unique site constraints.

Note that there are likely to be multiple possible ways to achieve design standards under any given scenario
(e.g., to accommodate higher flows through a culvert, one could add additional culvert cells or convert the
culvert to a bridge): it is up to the project team to decide on how many options to develop and test. Whatever
approach is chosen, a high-level cost estimate to construct and maintain each adaptation option should be
developed. This will be used in the economic analysis in Step 8.

2.2.7 Step 7—Assess Performance of the Adaptation Option(s)

This step involves assessing the performance of each adaptation option under each potential climate change
scenario selected in Step 4. This analysis is similar to Step 5 except that it is performed on the adaptation
options as opposed to the existing facility or, in the case of new facilities, the standard design without
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adaptations. The key determination is whether each adapted facility satisfies its mandated performance
standard (e.g., a 50-year design storm for a culvert) under each scenario.

2.2.8 Step 8—Conduct an Economic Analysis

An economic analysis is of great value to informing decision-making on project level adaptation assessments.
The analysis enables one to determine how the benefits of undertaking a given adaptation option, defined as
the costs avoided!2 with adaptation, compare to its incremental costs under each of the possible future
scenarios developed in Step 4. The basic technique involves estimating the expected impact costs from
climate or weather events over the life of the facility and discounting them to determine the present value of
these expected costs. This is done for the base case of the existing facility or standard new design and
repeated for each adaptation option under each climate change scenario selected in Step 4. The (lower) costs
with the adaptation options in place can then be compared to the base case costs to determine the cost
savings expected as a result of adaptation. The net present value and/or the benefit-cost ratio of each
adaptation option can then be computed and compared amongst the adaptation options. The results can be
presented in tables showing each adaptation option’s cost-effectiveness under each scenario.

Decision-makers can then look for (1) adaptation options that have benefit-cost ratios greater than one and
(2) the adaptation option that performs best across the full range of scenarios tested (the robust option). It
should be noted that the economic analysis does not in and of itself always provide an answer as to whether
an adaptation option makes financial sense. There is no guarantee that an adaptation option that performs
cost-effectively under each scenario will exist: an option may be cost-effective under one scenario but not
another. Likewise, there may be no single adaptation option that is the most robust economic performer
across all scenarios. In every case, but in these cases especially, trade-offs will have to be made and the
community’s and/or facility owner’s risk tolerance evaluated to help choose the “best” option from a financial
standpoint. Ultimately, because of the uncertainty involved in knowing what climate scenario will actually
occur, determining the “best” option financially is often subjective and based on the decision-maker’s appetite
for risk.

2.2.9 Step 9—Evaluate Additional Decision-Making Considerations

As in other areas of transportation decision-making, the cost-effectiveness of adaptation options is not the
only factor important to making wise investment decisions. Other factors that can be difficult to monetize (for
benefit/cost analysis) should also be considered before a final decision is reached. These may include:
broader project sustainability, project feasibility and practicality, ongoing maintenance needs, capital funds
availability, and stakeholders’ tolerance for risk of service interruption and associated costs of all types.

2.2.10 Step 10—Select a Course of Action

Once as much information as possible has been gathered on both economic and non-economic factors,
decision-makers should weigh the information presented and decide on a course of action. Those involved
should keep in mind that adaptation does not always make sense from a financial feasibility or community
acceptance standpoint and a decision to take no action may be justified in some cases.

2.2.11 Step 11—Plan and Conduct Ongoing Activities

Once a decision has been made on a course of action, a management plan for the facility should be developed.
At a minimum, the management plan should contain an element of monitoring to determine if the facility is
performing as expected over tim