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EXECUTIVE SUMMARY

The economic effects of flooding from extreme precipitation events are being experienced
throughout the Great Lakes region. According to the Great Lakes Integrated Sciences and
Assessments, “the frequency and intensity of severe storms has increased, and current models
suggest that this trend will continue as the effects of climate change become more pronounced.
More severe storms may have a negative economic impact due to resulting damages and increased
costs of preparation, clean up, and business disruption.”! The Federal Emergency Management
Agency (FEMA) has estimated that nearly 40 percent of small businesses never re-open following a
flooding disaster.?2

The purpose of this study was to assess the economic benefits of green infrastructure (GI) as a
method of reducing the negative effects of flooding in Duluth, Minnesota, and Toledo, Ohio. A
secondary purpose of the study was to develop an analytical framework that can be applied in other
communities to 1) consider and estimate predicted changes in future precipitation, 2) assess how
their community may be impacted by flooding with increased precipitation, 3) consider the range of
available green infrastructure and land use policy options to reduce flooding, and 4) identify the
benefits (as well as co-benefits) that can be realized by implementing GI.

Green infrastructure can be broadly defined to include a variety of methods to manage water
resources while providing benefits such as improved water quality. Such methods include land
preservation as well as engineering approaches to maintain, restore, or create hydrologic functions
that mimic natural processes. GI includes engineered systems (e.g., bioswales, green roofs, or
permeable pavement) as well as preservation or enhancement of existing natural flood storage
provided by wetlands, floodplains, and open space. In this project, GI focused on a suite of
stormwater management practices designed to reduce flooding impacts by capturing, storing,
and/or infiltrating precipitation. It is important to note that GI is just one method of reducing
flooding and should be considered along with other policy, planning, and land use management
strategies.

Two pilot projects were conducted to assess the benefits of GI in the 4,746-acre Silver Creek
watershed in Toledo, Ohio, and the 4,275-acre Chester Creek watershed in Duluth, Minnesota.
While both watersheds are of similar size and have a history of extreme flooding, they are very
different in terms of population density, topography, land use, and the types of flood damages that
occur. Thus, these two watersheds represent a range of flooding issues likely to occur within the
Great Lakes region, and the methodology used here can be transferred to other communities facing
similar challenges. Study steps included:

e Understanding the hydrology and hydraulics (H&H) of the watershed.

e Considering potential future changes in climate and in land use and potential impacts of
those changes on H&H.

e Assessing damages associated with current and future flooding (baseline conditions).

e Considering challenges specific to the watershed and selecting GI options that can be
implemented to reduce flooding over the study period.

1 Great Lakes Integrated Sciences and Assessments (GLISA). (2012). Fact Sheet: Climate Change in the Great Lakes Region.
Retrieved from http://glisa.msu.edu/great_lakes_climate/background.php.

2 The Center for Neighborhood Technology (CNT). (2013). The Prevalence and Cost of Urban Flooding: A Case Study of
Cook County, IL.
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e Assessing damages associated with improved future conditions (post-GI implementation).

e Comparing flood damages associated with baseline vs. improved conditions to determine
the damage reductions that could result from GI implementation. These monetized avoided
damages are expressed as economic benefits.

The project team worked closely with both communities to characterize existing flooding damages
associated with extreme precipitation events, and to consider land use policy options and GI
methods for reducing damages from these events. Based on preferred options identified by each
community, the team modeled and assessed the benefits of reducing flooding through the
implementation of GI. This report summarizes key findings and documents the study methodology.

ERG worked with the United States Army Corps of Engineers (USACE) Institute of Water Resources
to assess each watershed using H&H models to estimate existing and future flooding, and with the
Association of State Floodplain Managers (ASFPM) using FEMA’s U.S. Multi-Hazards flood model
(Hazus) to estimate existing and future potential losses associated with flooding (based on 2-, 5-,
10-, 25-, 50-, and 100- year storm events). Hazus estimates for this study included physical damage
to buildings within the flood hazard area. It should be noted that additional damage occurs beyond
Hazus estimates from such impacts as erosion and stream bank scouring, and from damages to
assets other than buildings, such as roads, bridges, and other infrastructure. Thus, both the losses
associated with flooding and the benefits of GI are likely to be greater than those captured in Hazus
estimates.

The effects of climate change on future precipitation patterns were estimated using data from the
U.S. Environmental Protection Agency’s (EPA) Climate Resilience Evaluation and Awareness Tool
(CREAT). Flooding modeled under current (2013) and future (2035) precipitation scenarios was
coupled with current and future land use conditions to account for increased impervious surfaces
that can further increase stormwater runoff volumes and peak flows. Next, flooding under current
and future scenarios was modeled and associated damages were estimated using assumptions
about additional flood storage that could be provided through the implementation of GI. Finally, the
benefits of GI were estimated. The results of these analyses are presented below.

In Toledo’s Silver Creek, economic losses from flooding increase by more than 30 percent in the
future (2035) land use scenario with a 4.85 percent annual increase in precipitation, compared to
existing conditions. If GI was implemented to reduce the peak discharge in Silver Creek by 10
percent (which corresponds to 31 acre-feet of flood storage under current conditions and 33 acre-
feet of storage under future conditions), Hazus shows economic losses from flooding associated
with a 100-year storm would decrease by 39 percent under current precipitation conditions and 46
percent under future precipitation conditions.

The economic flooding reductions shown by Hazus portray decreases in damage for a snapshot in
time associated with one storm event of a particular size. In order to annualize the reduction in
damages, economic losses from flooding for storms of all magnitudes were considered using
expected annual damage (EAD) calculations.3 Under this method, a 10 percent peak discharge
reduction in Silver Creek decreases economic losses from flooding by 37 percent under current
precipitation conditions and 41 percent under future precipitation conditions. These economic
losses are based only on Hazus physical damage estimates to buildings and do not take into account
damage to infrastructure, natural resources, business disruption, and other losses. Over a 20-year

3 EAD computations are used to account for the continuous nature of both storm severities and probabilities of occurring.
In essence, EAD calculations smooth damages across discrete storm severities (e.g., 2-year, 5-year).
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planning horizon, damage reductions (and hence economic benefits, based on Hazus only) equate to
a total present value of about $700,000, or roughly $38,000 annually.

The cost of green infrastructure measures exceeds benefits when evaluated over the 20-year
period. However, many green infrastructure measures, such as constructed wetlands, can be
expected to provide benefits for far more than 20 years. When the time horizon is extended to 50
years, the costs remain constant but the benefits continue to grow until they exceed costs,
providing evidence in favor of implementing green infrastructure measures. This demonstrates the
importance of determining the appropriate time horizon when assessing benefits and conducting a
benefit-cost analysis. It also demonstrates that a long-term perspective is essential to maximizing
the benefits of investments in public infrastructure.

[t is important to note that resource constraints for this study did not allow the evaluation of many
benefits that are likely to be realized: reduction of damages to the contents of flooded buildings,
reduction of damages to roads, bridges, water treatment plants, and other public infrastructure, and
the beneficial services provided by the natural systems comprised in green infrastructure
measures. Including these values would show that Toledo is likely to recoup investments in green
infrastructure much sooner than indicated by the limited range of benefits assessed in this study.

In Duluth’s Chester Creek watershed, economic losses from flooding increase by four percent in the
future (2035) land use scenario with a 7.49 percent increase in future precipitation, compared to
existing conditions. Property losses do not increase significantly because minimal future
development is planned within the flood hazard area. If GI was implemented to reduce the peak
discharge in Chester Creek by 20 percent (which corresponds to 76 acre-feet of flood storage under
current conditions and 86 acre-feet of storage under future conditions), Hazus shows economic
losses from flooding associated with a 100-year storm would decrease by 27 percent under current
precipitation conditions and 16 percent under future precipitation conditions. The damage
reduction is a lesser percentage under future conditions because development and precipitation
are anticipated to increase in the future in Duluth.

When EAD calculations are used to consider storms of all magnitudes, a 20 percent peak discharge
reduction in Chester Creek decreases the economic losses from flooding by 35 percent and 39
percent for building damages under current and future precipitation conditions, respectively.

Because flood damages to buildings under future scenarios are relatively minor in Duluth, the
economic benefits of GI were evaluated across a wider spectrum of benefits than in Toledo. Other
monetized benefits included increased recreational use of parks in the lower watershed (Chester
Creek Park has historically incurred significant damage during extreme storm events); reduced
near-stream land restoration costs; and reduced storm sewer maintenance and replacement costs.
Damages to roads and bridges were not accounted for in this study. Over a 20-year planning
horizon, damage reductions (and hence economic benefits) equate to a total present value of
approximately $1.63 million, or roughly $89,000 annually with GI implementation. These estimates
include assumptions concerning the time required to implement GI. The amounts will vary based
on the assumptions used.

As in Toledo, the cost of green infrastructure measures exceeds benefits when evaluated over the
20-year period. The opposite is true when benefits are evaluated over a longer time horizon,
showing that investments in green infrastructure yield benefits that exceed costs over in the long
run. As with Toledo, not all benefit classes were considered in this analysis of green infrastructure
in Duluth. Benefits that are likely to accrue, but that were not quantified, are the same as listed for
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Toledo: reduction of damages to the contents of flooded buildings, reduction of damages to roads,
bridges, water treatment plants, and other public infrastructure, and the beneficial services
provided by the natural systems comprised in green infrastructure measures. Including these
values would show that Toledo is likely to recoup investments in green infrastructure much sooner
than indicated in by the limited range of benefits assessed in this study.
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1.0 INTRODUCTION

The economic, social, and environmental damage caused by flooding affects communities
throughout the United States. According to NOAA National Weather Service, over the past 30 years
the nation has averaged over $8 billion of economic damages and 89 deaths annually due to
flooding.* Changing weather patterns and climate trends present challenges to predicting,
managing, and mitigating flooding events. Community officials are increasingly interested in
making the most cost-effective decisions about infrastructure investments and future land-use
decisions to minimize flooding impacts and ensure a sustainable future for residents and
businesses.

This study builds upon an analytical framework developed in a 2011 study by Resources for the
Futures that focused on the Lower Fox River basin in Wisconsin. The Lower Fox River case study
assessed land conservation as a landscape-scale GI option, looking at land conservation (versus
developing those lands) as a means to mitigate flood damages. It provided a very useful framework
to assess the costs and benefits of land conservation as a method of mitigating flood damages. The
Lower Fox River study informed the method used to assess options to mitigate flooding challenges
in Toledo, Ohio, and Duluth, Minnesota (see Figure 1).

Minnesota
‘kl.')uluth Canada
Wisconsin
Michigan
New York
lowa Toled
oledo
lllinois ; * Pennsylvania
Indiana Ohio

Figure 1. Study Locations

Chester Creek watershed in Duluth and Silver Creek watershed in Toledo were assessed to estimate
the impacts of various flooding frequencies (e.g, 2-, 5-, 10-, 25-, 50-, and 100-year storm events)
under multiple precipitation and land use scenarios. This assessment sought to answer the
following questions:

1. What do flood damages look like under current land use and current precipitation
conditions?

4 Hydrologic Information Center - Flood Loss Data. Retrieved from http://www.nws.noaa.gov/hic.
5 Kousky, C. et. al. (2011). The Role of Land Use in Adaptation to Increased Precipitation and Flooding: A Case Study in
Wisconsin’s Lower Fox River Basin. Retrieved from http://www.rff.org/rff/documents/rff-rpt-kousky.etal.greatlakes.pdf.
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What do flood damages look like under future land use and future precipitation conditions?

What do flood damages look like under current and future conditions if runoff is reduced
with the implementation of GI?

Can GI implementation significantly decrease flood inundation and subsequently reduce
flood damages?

What are the quantifiable benefits of reducing flood reduction with GI?

What are the co-benefits of GI (e.g., improved water quality, wildlife habitat, and increased
property values)?

This report is organized as follows:

1.1

Section 1 provides an overview and background information.
Section 2 discusses the methodology used in Toledo and Duluth.
Section 3 presents a case study of Toledo, Ohio.

Section 4 presents a case study of Duluth, Minnesota.

Section 5 discusses lessons learned in this project.

Appendices A-H contain detailed information referenced throughout the report.

Overview and Project Purpose

In order to mitigate flooding, it is important for communities to understand how precipitation
currently impacts watersheds and how those impacts will change in the future as precipitation and
land use also change. Future land use is important because development has the potential to
increase flood damages by putting structures in harm's way and increasing runoff, which increases
the footprint of harm's way. This study focused on assessing the flood storage capacity of a suite of
engineered GI practices that mimic natural processes and are designed to reduce peak flows and
improve water quality by capturing, storing and/or infiltrating precipitation where it falls (e.g.,

bioretention, vegetated roofs, permeable pavement). It
provides a framework that communities can use to

assess flooding within a watershed and inform Green Infrastructure (Gl) - The term
decisions about the appropriate adaptive land use and green infrastructure” or “GI” in this
GI options that are available to minimize flood study refers to stormwater
damage management techniques that mimic

The outputs from the modeling scenarios were
assessed in order to estimate how precipitation and
future land use changes could affect the extent of
flooding and resulting property damages in each
community. The models were then re-run with
assumptions made about implementation of GI to
reduce flooding, and the benefits of mitigating future environmental and economic goals.
flooding scenarios were then calculated.

natural hydrologic functions and
incorporate the natural environment
to treat stormwater where it falls. Gl

practices are constructed systems
that mimic natural processes in an
integrated network for the benefit of
nature and people. Utilizing Gl in
community planning helps balance

The methodology used in this study may be used in
other communities asking the same questions. A summary of the assessment steps followed in this
study is presented below:

1-2
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X ¢ Determine the current and estimated future (2035) precipitation (Technical Paper
Climate No. 40 [TP-40] and EPA’s CREAT were used in this study).

Prediction
N
¢ Determine the current and future land uses (data obtained from the cities).
/
N
¢ Determine the resulting flood elevations associated with land use and precipitation
assumptions (USGS regression equations and Hydrologic Engineering Center River
Analysis System [HEC-RAS] were used in this study).
v
N
e Estimate the cost of the building damage (FEMA’s Hazus-MH was used in this study),
and where information is available, estimate other flood damages.
v
N
¢ Determine what can be done to minimize damages by providing flood storage
through the implementation of Gl.
v
N
¢ Estimate the costs and benefits of the chosen adaption options.
v

Physical building damage estimates using Hazus outputs were the primary economic measure of
costs associated with flooding, as augmented by local data on other costs associated with past
flooding events. When examining the flood damage reduction impacts of control measures, avoided
or reduced costs are expressed as “benefits.” Thus, reduced building damages estimated from
Hazus were a significant benefit in this economic analysis. Where possible, other benefits were
noted and, where data were available, quantified. For example, monetized benefits in Duluth
included increased recreational use, reduced land restoration costs, and reduced storm sewer
infrastructure costs. When assessing the economic impacts of Gl in reducing flooding, it is
important to note co-benefits, which are often difficult to monetize. Examples of co-benefits are
things like public use of open space, improved air and water quality, increased property values, and
improved wildlife and fisheries habitat. Not all benefits could be assessed due to data limitations
and project scope. Therefore, estimated benefits presented in this study underestimate the true
value of all potential benefits.

1-3
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While the primary purpose of this study was to assess the economic benefits of GI as a method of
reducing the negative effects of flooding in Duluth and Toledo, a secondary purpose was to develop
an analytical framework that can be applied in other communities to 1) estimate predicted changes
in future precipitation, 2) assess how their community may be impacted by flooding with increased
precipitation, 3) consider the range of GI and land use policy options to reduce flooding, and 4)
identify benefits and co-benefits that can be realized by implementing GI.

The analytical framework presented in this document is not a “one size fits all” solution to flood
damage reduction, stormwater management, GI implementation, or benefit assessment. Rather, it
outlines a process that communities can adapt to fit their individual needs and unique situations.
Information is presented in a manner that will be useful to planners, engineers, policymakers, and
the general public so they can utilize the information gained through these pilot projects to inform
their own communities’ policy-making and financial deliberations. The process outlined in this
report is suggested as a first step that communities may take to begin to understand flooding at a
watershed level. The outcomes of an assessment such as this one are to provide an “order of
magnitude” assessment that may be built upon and refined as communities move from bigger
picture analysis to site-specific solutions.

This study estimated average annualized benefits for a set of flooding events at selected intensities.
Differences in benefits were evaluated under four assessment scenarios:

e Scenario 1 - Current precipitation and current land use.
e Scenario 2 - Future precipitation and future land use.
e Scenario 3 - Current precipitation and current land use with increased flood storage via GI.

e Scenario 4 - Future precipitation and future land use with increased flood storage via GI.

A comparison of the results of these four scenarios (see Table 1) allows us to estimate the degree to
which GI can be expected to reduce flood losses. This information will enable local officials to be
better informed regarding future investment decisions in order to cost-effectively reduce flooding
in their communities.

Table 1. Assessed Flooding Scenarios

BWIN|E=
N
AN
N
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Important Notes About This Project:

P> Glincludes a wide variety of methods that could be used to manage water resources, and in
this project a subset of GI most viable in Toledo and Duluth was assessed.

P> Hazus can be used to estimate a wide variety of damages, and in this project Hazus was
used to only estimate damage to buildings.

P Benefits can include a wide range of social, environmental, and economic benefits; in this
project, benefits were calculated using Hazus (as narrowly defined above) and, in the case
of Duluth, some additional benefits for which cost estimates could be provided. Other
benefits and co-benefits were not monetized (for a list of potential co-benefits see Appendix
B).

P A cost-benefit analysis was not conducted in this study. While the cost per unit volume of
flood storage was estimated and provided for GI practices (see Appendix C), the study team
lacked the level and sequencing of implementation needed to estimate costs and thus to
compare costs to benefits.

P This analysis provides planning-level estimates that require more detailed and site-specific
engineering design in order to cost out the GI alternatives included in this report.

This study represents an important opportunity to demonstrate the benefits of GI in the face of
increased precipitation and more severe flooding events. The assessments in this study were
performed for watersheds that constitute only a small portion of the cities of Duluth and Toledo.
Expanding the study area would increase complexity, but provide a more community-wide
representation of flooding issues, options for flood mitigation, and economic analysis. For example,
assessing costs and benefits of flooding adaptation options across a larger geographic area would
offer economies of scale for reducing implementation costs, provide a more robust array of trade-
off considerations, and enable a fuller suite of options to be considered, including community-wide
approaches such as increasing open space in flood-prone areas and shifting development density
away from flood hazard areas via re-zoning, transfer of development rights, and other incentive-
based methods to enhance resilience, long-term sustainability and economic growth. Ideally, flood
mitigation strategies would be incorporated into a community-wide sustainability plan.

Flooding and stormwater management practices are constantly evolving, and in no way are the GI
and land use policy options presented in this study meant to represent the only acceptable way to
sustainably reduce flooding. NOAA CSC encourages the development and implementation of
innovative flood reduction strategies that both reduce flooding damages and provide community
co-benefits associated with increased levels of ecosystem services.

1.2  Climate Change

Extreme rainfall events and flooding have increased in frequency and intensity during the last
century in the Midwestern United States.6 According to the Intergovernmental Panel on Climate

6 U.S. Global Change Research Program (USGCRP). (2013). Draft National Climate Assessment, Chapter 18: Midwest, V 11
Jan 2013. Retrieved from http://ncadac.globalchange.gov/download/NCAJan11-2013-publicreviewdraft-chap18-
midwest.pdf.
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Change (IPCC), global temperature rose by approximately 1.33°F during the last century.” In 2012,
the United States endured 11 extreme weather events that each had more than $1 billion in
economic losses.8 The United States experienced its warmest 12-month period from August 2011 to
July 2012.% Many factors contribute to climate change (see Figure 2), which is why it is challenging
to predict and estimate the specific climate changes that will impact a geographic area.

Temparature Precipitation
changa change
Climate Change
Sea Level Exirema
Rise events

EARTH SYSTEMS

Climate process drivers Ecosystems Water
resources

Impacts and
vulnerabliity

HUMAN SYSTEMS .5, Sctemens  flumen

Figure 2. Climate Change Drivers, Impacts, and Responses™®

Since 1990, the Great Lakes region has experienced a five-to-ten percent increase in precipitation.11
Average temperatures in the Great Lakes region are projected to increase by approximately two to
eight degrees Fahrenheit (°F) by the end of the century (2020-2099).12 Many climate scientists

7 Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds). (2007).
Intergovernmental Panel on Climate Change (IPCC). Fourth Assessment Report. Working Group I: The Physical Science
Basis. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

8 NOAA National Climatic Data Center. Billion-Dollar Weather/Climate Disasters. Retrieved from
http://www.ncdc.noaa.gov/billions/.

9 NOAA National Climatic Data Center. State of the Climate: National Overview for Annual 2012. (2012). Retrieved from
http://www.ncdc.noaa.gov/sotc/national/2012/13.

10 Pachauri, R.K. and Reisinger, A. (eds.). (2007). Intergovernmental Panel on Climate Change. Synthesis Report Summary
for Policymakers.

11 Kling, G.W., K. Hayhoe, L.B. Johnson, ].]. Magnuson, S. Polasky, S.K. Robinson, B.J. Shuter, M.M. Wander, D.]. Wuebbles,
D.R. Zak, R.L. Lindroth, S.C. Moser, and M.L. Wilson. (2003). Confronting Climate Change in the Great Lakes Region:
Impacts on our Communities and Ecosystems. Union of Concerned Scientists, Cambridge, Massachusetts, and Ecological
Society of America, Washington, D.C.

12 Wuebbles, Donald ]., Katharine Hayhoe, and Julia Parzen. (2010). Introduction: Assessing the effects of climate change
on Chicago and the Great Lakes. Journal of Great Lakes Research 36.sp2 1-6.
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agree that the Great Lakes region will experience an increase in the frequency of intense
precipitation events.13

Projections of average annual precipitation are less certain than temperature projections.6 Changes
in precipitation may include increases in the amount of winter and spring precipitation with
projected increases of about 10 percent by mid-century and 20 to 30 percent by the end of the
century relative to current seasonal levels.12

Increases in intense precipitation, accompanied by erosion and declining water quality, could likely
result in negative impacts on public infrastructure, private property, the economy, and human
health.6¢ The magnitude of flooding impacts from projected changes in precipitation will vary based
on local conditions and include both physical and economic effects. Economic effects are often
clouded by other variables such as increased wealth and development, so that the same physical
effects cause more damage as areas develop.

The land use strategies considered in this study reflect an approach that aims to increase resilience
to future flood events, specifically strategies for adapting to stormwater runoff impacts from an
increase in the frequency and intensity of precipitation events.

1.3 The Connection between Stormwater Management and Flooding

Flooding occurs when precipitation accumulates faster than it can be infiltrated, evaporated,
transpired, stored, or conveyed to receiving waters. Flooding occurs naturally. Floodplain areas, if
left in their natural state, function to store and gradually release flood flows, which re-nourish
floodplains and bordering wetlands with sediment and other nutrients. Development can increase
flood losses because new structures are sometimes placed directly in harm’s way if they are built in
flood-prone areas. Additionally, development outside the floodplain can reduce the natural systems
ability to moderate flooding. Development increases flooding when pervious, vegetated land is
replaced with impervious surfaces (e.g., pavement, buildings). This reduces evapotranspiration and
prevents precipitation from slowly infiltrating into the soil and recharging groundwater, rivers, and
streams. Impervious surfaces increase stormwater runoff volumes (Figure 3.), velocities, and peak
discharges.

)

13 Patz, JA, Vavrus S, Uejio C, McClellan S. (2008). Climate Change and Waterborne Disease Risk in the Great Lakes Region
of the US. American Journal of Preventive Medicine; 35(5):451-458.
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Figure 3. Correlation between Runoff and Impervious Surfaces'

Other factors influence flooding, both positively and negatively (see Figure 4). One of the main

factors that impacts flooding is stormwater runoff. Stormwater runoff,
function of impervious surface, not only causes flooding (both

which increases as a

peak flow and total volume of stormwater runoff), but can also
affect water quality by increasing the temperature of receiving
water, as well as sediment, pathogens, and nutrient loads. Urban
flooding can occur due to overbank flooding or when
stormwater overwhelms drainage systems and ends up in
basements, backyards, and streets.2

Overbank Flooding —
Flooding that occurs

when water overtops the
banks of waterways.

14 Federal Interagency Stream Restoration Working Group (FISRWG). (1998). Stream Corridor Restoration: Principles,

processes, and Practices. PB98-158348LUW.
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Figure 4. Factors that Influence Flooding™

Post-development hydrology is often very different from predevelopment hydrology. When

watershed hydrology changes due to development,
runoff is increased and floodplains may not be able to

contain the increase in stormwater runoff.
Consequently, flood elevations can increase and
adjacent low-lying areas can become more flood
prone. This situation is exacerbated when
development occurs within the floodplain and

adjacent areas because natural flood storage capacity

is displaced.

According to the EPA’s Clean Watersheds Needs
Survey Report to Congress in 2008, it is estimated

that $42.3 billion is needed for stormwater capital

Hydrology — The runoff volume, peak
discharge, infiltration, and
evapotranspiration (evaporation and
transpiration) rates that exist on a
site. Predevelopment hydrology

refers to site conditions prior to
human-induced development. Post-
development hydrology refers to site
conditions after human-induced
development.

15 Pielke, R. and Downton, M. (2000). Precipitation and Damaging Floods: Trends in the United States, 1932-97. Journal of
Climate: Vol. 13, No. 20, pp. 3625-3637. Retrieved from
http://sciencepolicy.colorado.edu/admin/publication_files/resource-60-2000.11.pdf.
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costs in the United States over the next 20 years.1¢ It is important that GI is considered along with
other long-term investments as communities look to the most cost-effective and sustainable
approaches to address their stormwater needs, especially in the face of climate change. In this
study, GI focused on a suite of stormwater management practices designed to reduce peak flows
and mimic natural ecological processes by storing and/or infiltrating precipitation where it falls.

1.4  Green Infrastructure Stormwater Management Practices

Historically, communities attempted to manage drainage and flooding by implementing
conventional engineering stormwater management approaches. These conventional stormwater
management approaches are often referred to as “gray”

infrastructure and include culverts, catch basins, levees,

pumps, and storage tunnels. Conventional gray Gray Infrastructure — Traditional
infrastructure approaches quickly route stormwater stormwater management practices
away from developed areas and do not maintain that do not mimic natural hydrologic
predevelopment hydrology. Gray infrastructure manages conditions. Gray infrastructure relies
stormwater by reducing the peak discharge of runoff on structural engineering designs
(i.e., controlling how fast stormwater is released), but such as curbs, gutters, drainage

does not focus on reducing stormwater runoff volumes ponds, culverts, levees, and storage
or retaining runoff on site. tunnels.

Gl incorporates the natural environment and
constructed systems in an integrated network to provide
multiple benefits and support resilient communities (see Figure 5). Gl is designed to reduce the
effects of development on stormwater by maintaining or engineering some of the flood reduction
functions of predevelopment conditions. This type of sustainable stormwater management often
includes “low impact development” (LID) methods to reduce runoff from impervious surfaces.
Unlike gray infrastructure, GI strategies take advantage of natural systems, designed to mimic
predevelopment hydrology and reduce runoff at its source. Engineered GI planned in conjunction
with watershed-scale conservation of existing natural lands (e.g., wetlands, floodplains, forests) can
help communities balance environmental and economic goals. GI provides economic co-benefits,
including aesthetics and a range of ecosystem benefits beyond flood protection such as water
quality and wildlife habitat.

In most communities where gray infrastructure is already in place, there are opportunities to
design for or “retrofit” GI during infrastructure replacement and capital improvement projects. GI
options are gaining widespread support as a credible approach that communities can use to
manage stormwater sustainably and provide co-benefits. Figure 5 shows the wide range of benefits
that could be realized from implementing a few selected types of GI techniques.

16 U.S. Environmental Protection Agency (EPA) Office of Water Management. (2012). Clean Water Needs Survey 2008
Report to Congress. Retrieved from http://water.epa.gov/scitech/datait/databases/cwns/upload/cwns2008rtc.pdf.
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Figure 5. The Benefits of Selected Green Infrastruture Practices®’

The following Sections 1.4.1 through 1.4.7 of this report discuss several of the GI practices that
were evaluated in this assessment. While a wide array of practices exist, this project focused only
on those considered viable by the communities. Table 2 presents a listing of GI practices that were
presented and discussed at Toledo and Duluth community meetings. In addition to these methods,
land use policy options were also presented and discussed, including updating stormwater
ordinances, using land-use tools such as zoning and Transfer of Development Rights (TDR) to shift
development away from flood-prone areas to areas more suitable for development, and land
preservation and restoration. See Appendix E for a more complete list of GI practices.

Table 2. Green Infrastructure Practices Discussed at Community Meetings

Type of Green Infrastructure Benefits

Permeable/Porous Pavement e Reduce runoff quantity during storm events.
e Permeable pavers, porous asphalt, pervious e Can potentially reduce the need for road salt use.

concrete, porous concrete e Improve water quality from underground media filtration.
Rainwater Harvesting/Storage e Require minimal space and thus suited for urban residential,
e Rain barrels, cisterns, underground tanks, commercial, and/or industrial areas.

added flow-control valves e Reduce water demand.

e Reduce runoff volume to conventional stormwater facilities,
especially with flow-control valves.

17 Center for Neighborhood Technology (CNT) and American Rivers. (2010). The Value of Green Infrastructure: A Guide to
Recognizing Its Economic, Environmental and Social Benefits.
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Type of Green Infrastructure Benefits

Roof Systems
e Blue roofs, extensive green roofs, intensive
green roofs

e Green and blue rooftops reduce stormwater peak flow and
runoff volume.

e Green roofs provide additional pollutant removal through
uptake and filtering.

e Both can be used on many types of buildings.

e Green roofs can be designed for public access.

Infiltration Systems
e Infiltration trenches/basins, grass strips,
biofilters/sand filters

e Improve stormwater quality.

e Provide temporary storage and help to reduce flooding
during small storms.

e Promote infiltration and groundwater recharge.

Bioretention Systems

e Bioretention cells, tree filters, stormwater
planters, rain gardens, bioswales, stormwater
tree trenches

e Maintain water balance and provide groundwater recharge.

e Promote pollutant uptake through vegetation.

o Utilize existing green space to serve a functional purpose
while keeping aesthetic appeal.

Constructed Wetlands
¢ Shallow marsh wetlands, extended detention
wetlands, and gravel wetlands

¢ Improve water quality through pollutant removal.

e Reduce peak discharges.

e Provide flood control for higher magnitude storms.

e Subsurface gravel wetlands provide year-round stormwater
treatment in colder climates.

Wet and Dry Ponds

* Wet ponds are similar to constructed
wetlands but often don’t include the wetland
vegetation and differ in depth.

e Dry ponds offer temporary storage after
storm events and drain almost completely
after a specified period of time.

e Provide flood control by including additional flood detention
storage.
e Reduce peak discharges.

1.4.1 Bioretention

Bioretention is an adapted landscape feature that provides onsite storage and infiltration of

collected stormwater runoff. Stormwater runoff is directed
from surfaces to a shallow depression that allows runoff to
pond prior to infiltration in an area that is planted with
water-tolerant vegetation. As runoff accumulates, it will pond
and slowly travel through a filter bed (pictured on the right)
where it either infiltrates into the ground or is discharged via
an underdrain. Small-scale bioretention areas are often
referred to as rain gardens. A bioswale (below) along a
roadway is also a bioretention practice. In locations with low
infiltration rates, underdrains can be used to collect runoff at
the bottom of the filter bed and discharge the treated runoff
to another GI practice or storm sewer system. Allowing runoff

to filter through soil removes pollutants and reduces peak discharges, which mitigates ﬂoodmg 18,19

18 Virginia Department of Conservation and Recreation (DCR). (2011). Virginia DCR Stormwater Design Specification No.
9: Bioretention. Retrieved from http://vwrrc.vt.edu/swc/NonProprietaryBMPs.html.
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1.4.2 Blue Roof

A blue roof is designed to hold up to eight inches of
precipitation on its surface or in engineered trays. It is
comparable to a vegetated roof without soil or vegetation. After
a storm event, precipitation is stored on the roof and
discharged at a controlled rate. Blue roofs greatly decrease the
peak discharge of runoff and also allow water to evaporate into
the air prior to being discharged.20 Precipitation discharge is
controlled on a blue roof through a flow restriction device
around a roof drain. The water can either be slowly released to
a storm sewer system or to another GI practice such as a cistern
or bioretention area.2% 22

1.4.3 Permeable Pavement

Permeable pavement includes both pavements and pavers with void
space that allow runoff to flow through the pavement (pictured left).
Once runoff flows through the pavement, it is temporarily stored in an
underground stone base prior to infiltrating into the ground or
discharging from an under drain. Permeable pavers are highly effective
at removing heavy metals, oils, and grease in runoff. Permeable
pavement also removes nutrients such as phosphorous and nitrogen.
Soil and engineered media filter pollutants as the runoff infiltrates
through the porous surface. The void spaces in permeable pavement
surfaces and reservoir layers provide storage capacity for runoff. All
permeable pavement systems reduce runoff peak volume.23. 24

144 Underground Storage

Underground storage systems vary greatly in design. Underground
storage systems detain runoff in underground receptacles that slowly
release runoff. Often the underground receptacles are culverts,
engineered stormwater detention vaults, or perforated pipes. One of
the benefits of underground storage is that it does not take up
additional surface area and can be implemented beneath roadways, parking lots, or athletic fields.
Underground storage systems are typically designed to store large volumes of runoff and therefore
can have a significant impact in reducing flooding and peak discharges.

19 Bioswale Photo Source: www.epa.gov.

20 Beyerlein,D., Brascher, ., and White, S. (2005). Green Roof Hydrology.

21 Hawkins, K. (2010). BLUE is the new Green. Retrieved from http://hpigreen.com/tag/blue-roof/.

22 Blue Roof Photo Source: Hazen and Sawyer.

23 Virginia Department of Conservation and Recreation (DCR). (2011). Virginia DCR Stormwater Design Specification No.
7: Permeable Pavement.

24 Permeable Pavement Photo Source: Horsley Witten Group, Inc.
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1.4.5 Stormwater Tree Trench

A stormwater tree trench is a row of trees that is connected by an
underground infiltration structure. At the ground level, trees
planted in a tree trench do not look different than any other
planted tree. Underneath the sidewalk, the trees sit in a trench
that is engineered with layers of gravel and soil that store and
filter stormwater runoff. Stormwater tree trenches provide both
water quality and runoff reduction benefits.25 26

1.4.6 Retention Pond

A retention pond is one of the earliest prototypes of GI, and is now considered a more traditional
type of stormwater infrastructure because it has been integrated into gray infrastructure design. It
is an engineered stormwater basin designed to store runoff and release it at a controlled rate while
maintaining a level of ponded water. Pollutants and sediment loads are reduced as the runoffis
retained in the basin. Retention ponds are a very common stormwater management practice and
may be designed with sustainable elements to increase water quality and decrease peak
discharges.?” Vegetated forebays may be added to increase sediment removal as well as provide
habitat. Another enhancement to traditional stormwater retention ponds is the addition of an iron-
enhanced sand filter bench that removes dissolved substances such as phosphorus from runoff.28

1.4.7 Extended Detention Wetland

Extended detention wetlands, such as the one shown in
the figure on the right, may be designed as a flood
mitigation strategy that also provides water quality and
ecological benefits. Extended detention wetlands can
require large land areas, but come with significant flood
storage benefits. Extended detention wetlands can be
created, restored (from previously filled wetlands), or
enhanced existing wetlands. Wetlands typically store flood
water during a storm and release it slowly, thereby
reducing peak flows. An extended detention wetland
allows water to remain in the wetland area for an extended period of time, which provides
increased flood storage as well as water quality benefits.2? Extended detention wetlands are
distinct from preservation of existing wetlands, but the two practices often are considered together
as part of a watershed-based strategy.3?

1.5 Economics of Green Infrastructure

In this analysis, the amount of reduced damages associated with flood reduction strategies is
represented as “benefits.” First the economic impact of flooding is estimated, and then the amount

25 Philadelphia Water Department. Green Stormwater Infrastructure Tools: Stormwater Tree Trench. Retrieved from
http://www.phillywatersheds.org/what_were_doing/green_infrastructure/tools.

26 Stormwater Tree Trench Photo Source: Filterra.

27 Sustainable Cities Institute. Stormwater Management: Retention Ponds. Retrieved from
http://www.sustainablecitiesinstitute.org/view/page.basic/class/feature.class/Lesson_Retention_Ponds_Overview
28 Minnesota Pollution Control Agency. Iron enhanced sand filter combined. Retrieved from
http://stormwater.pca.state.mn.us/index.php/Iron_enhanced_sand_filter_combined.

29 U.S. EPA. Stormwater Wetland. Retrieved from
http://cfpub.epa.gov/npdes/stormwater/menuofbmps/index.cfm?action=factsheet_results&view=specific&bmp=74.
30 Extended Detention Wetland Photo Source: Horsley Witten Group, Inc.
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those impacts would be reduced with the implementation of GI is estimated. The difference
between those two numbers--the dollar value of avoided damages--is considered the “benefit.” In
Toledo, only benefits from Hazus (i.e., building damages) are assessed. Additional data was
available in Duluth that allowed benefits beyond avoided building damage to be assessed. The
following benefits are monetized in this report:

Reduced physical building damages (Duluth and Toledo).
Increased recreational use (Duluth).

Reduced land restoration costs (Duluth).

=W e

Reduced stormwater infrastructure costs (Duluth).

Annual benefits are assessed and the present value (PV) of these benefits is estimated for a 20-year
period. The PV calculation discounts benefits in future years and aggregates the benefits across
years. The PV represents the current value of future benefits. Many GI practices provide benefits
beyond 20 years, so assessing benefits for a 20-year period reduces the PV in many instances.
Expanding the assessment out to 50 years (as considered in the analysis) gives a more accurate
representation of benefits that GI practices provide throughout their lifespan.

Additionally, GI practices and policies provide numerous benefits that are not easily monetized or
even tangible in some cases. Placing a value on benefits such as habitat, ecosystems, green space,
aesthetics, connection with nature, etc. is difficult and often very subjective. The monetized benefits
summarized in this study are based on tangible costs only. The true PV of implementing GI is much
greater than those monetized here.
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2.0 METHODOLOGY

Community engagement was a strong underpinning of this study. The study team worked closely
with community partners to:

e Obtain community input on study design and available data.

e Develop selection criteria and choose a watershed to assess.

e Understand the nature and extent of past flooding.

e Determine current and future precipitation.

e Model the H&H of the watershed under existing and future precipitation scenarios.

e Incorporate community information on existing and future land use and zoning to examine
impacts of future land use on flooding.

e Estimate the physical building damage and incorporate other flood damage costs provided
by the community (where available).

e Identify preferred GI to assess.

2.1 Community Engagement

The project team visited each community to present background information about the goals of the
study and to determine what data, studies, and other resources were available to inform the
analysis. The purpose of the community meeting was to hear about issues of concern and the needs
for translating results to community action. The following questions were posed to the participants
during the initial meeting and discussed as a group (for a list of participants see Appendix F):

1. How are heavy rainfall and flooding events currently affecting your community and how
are you dealing with those impacts?

e Describe the issues and concerns associated with heavy rainfall in your community.
e Are there areas that are especially susceptible or have been impacted in the past?

2. What would successful outcomes of this project look like to you?

e How would you like to use the assessment results?

e Are there plans/projects/programs/people that you would like to see influenced
from the outcomes?

3. What kinds of resources and activities would help you use project results in your
community to achieve success?

e  What products would you like to see?

e  What type of help do you need to translate, communicate, and use the information
from the assessment in your community?

Prior to the community meetings, stakeholders provided input on candidate watersheds for the
study. The short list of watersheds was discussed further at the community meetings to narrow
down a watershed study area. The following factors were discussed for each proposed watershed:
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e Community interest.

e Percent developed/urban.

e Vulnerable population present in this area.

e Developable land and percent planned for future development.

e Current/planned restoration projects.

e Economic factors (recreation, ecological, fisheries, scenic, other public values).
e Publically owned land or potential public easements (land price/land value).

e Historic flood damage.

e Water quality impacts from flooding (e.g., high sediment load, combined sewer overflows
(CSO0), loss of habitat).

e Availability of local H&H models and data.

e Subsurface geology (is there infiltration capacity amenable to green infrastructure?).

During the community meeting, the project team gathered information about the availability of the
following types of data within the watersheds of interest:

e Physical characteristics.

e Land use types.

e Current/planned development, zoning, regulations, and projects going on in study area.
e Community practices for stormwater.

e Watershed boundaries, stream flow, soils, and flood elevation information.

e Existing H&H models and water quality data.

o Tax forfeited parcels.

e Historic flood damage data.

Once these characteristics were discussed and the candidate watersheds were narrowed down, the
following primary selection criteria were used to choose one watershed:

e Community preference.

e Availability of data.

e Presence of severe flooding events/current damages for baseline conditions.
e Opportunities for solutions.

e Small enough area to assess, but large enough area to show measurable change between the
scenarios.

Additionally, the project team toured the watersheds to gain a firsthand knowledge of the factors
discussed during the community meeting. The information obtained from the community
discussions and watershed tour was used to ensure that the unique challenges and community-
specific concerns relating to flooding were understood prior to conducting the assessment.
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2.2  Precipitation and Land Use Scenarios

This study assessed the impacts of changes in precipitation and land use on flooding damages. The
planning horizon was the year 2035. This year was chosen because it provides an approximately
20-year outlook, which is useful for planning. EPA’s CREAT also benchmarks future precipitation
values for 2035.

Each assessment scenario modeled conditions for a specific design storm (also referred to as a
storm event). Examples of a design storm are the 1-year, 24-hour storm event, or the 100-year, 24-
hour storm event. The year designation (i.e., 1-year) is a recurrence interval and indicates the
probability that a storm of a certain size will occur during any given year. A 1-year storm has a 100
percent chance of occurring in any given year. A 100-year storm has a 1 percent chance of occurring
in any given year.3! The hour designation (i.e., 24-hour) is the recurrence interval duration. The
design storms for this study were chosen based on information from the communities; the
communities considered several factors, such as when they start seeing damages.

2.3 Modeling Overview

The first modeling step in this study was to use historical climate data from TP-40 titled “Rainfall
Frequency Atlas of the United States,” in addition to projected climate data from EPA’s CREAT, to
characterize existing and expected future precipitation.32 This information was used as an input
into the USGS regression equations for each region, which provide peak flow estimates for various
storm events. These peak flows were used as an input for the one-dimensional hydraulic model
HEC-RAS to characterize current and future flood depths. Physical attributes of the watershed such
as the slope of the watershed, the gradient of the stream, and the imperviousness of the land are
taken into account when developing input to both models. Output from the HEC-RAS model was
used to develop two-dimensional “depth grids” that indicate depth of flooding for a 20-ft x 20-ft
square area (the entire watershed was divided into 20-ft x 20-ft grids to aid in flood
characterization). The H&H inputs relating to available flood storage were changed in order to
produce revised depth grids for the assessment scenarios that consider the implementation of GI
and adaptive land use. Once the flood depth grids were established, flood damages were assessed
using FEMA'’s Hazus to estimate flood damages (see Figure 6 and Figure 7).

31 Parzybok, T., Clarke, B., and Hultstrand, D. (2011). Average Recurrence Interval of Extreme Rainfall in Real-time.
Retrieved from http://www.earthzine.org/2011/04/19/average-recurrence-interval-of-extreme-rainfall-in-real-time /.

32 The USGS regression equations used in this analysis called for precipitation values from National Weather Service TP-
40, published in 1961. More recent data (e.g., Atlas 14) are available for many communities and may be appropriate for
use in future studies. Atlas 14 was not available for Minnesota at the start of this study, which led to the selection of TP-40
as the source of precipitation data.
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2.3.1 CREAT

In order to estimate future precipitation conditions in Toledo and Duluth, future climate scenarios
were examined using CREAT (version 2.0). Precipitation data were extracted from CREAT and used
to provide downscaled climate projections for precipitation that were used as inputs for the H&H
models. CREAT was chosen for this study because it provides local, downscaled climate data,
specifically future projections of precipitation event frequency.

All model runs used to develop future climate scenarios within CREAT use the A1B emissions
scenario from the IPCC Special Report on Emissions Scenarios (SRES). The IPCC SRES considers
alternative future developments, covering a wide range of demographic, economic and
technological driving forces and resulting GHG emissions. The A1B scenario assumes rapid
economic growth, a peak mid-century global population, and rapid introduction of new and more
efficient technologies.10 Refer to Figure 8 for a graphic of the difference in global surface warming
over time per scenarios in IPCC SRES. Projections from general circulation models (GCMs) that
consider a different emissions scenario may produce differing results than the CREAT data used in
this study. As illustrated by the green line in Figure 8, A1B is generally regarded as a “middle of the
road” projection because it assumes that future climate will be impacted by a balance of both fossil
fuel and non-fossil fuel energy sources. For the purposes of this study, A1B was determined to be
appropriate for planning purposes.
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Figure 8. IPCC Emissions Scenarios™

CREAT provided three pre-loaded scenarios for the two study locations, based on GCM results,
which capture a range of possible future climate conditions: 1) hot and dry, 2) central, and 3) warm
and wet model projections. The hot and dry, central, and warm and wet model projections each
vary the change in precipitation and temperature differently. Data for these pre-loaded scenarios
were available for the 2035 and 2060 time periods only. In both cases, the data were derived as 30-
year averages, centered on the time period year. This means that the 2035 future precipitation
values used in this study are a 30-year average from 2020 to 2050. Projected conditions were
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calculated as a change from an existing condition using
the historical climate data set previously selected for
each location.

For this study, the “warm and wet” model projection
was used to extract future precipitation data for each
community. The warm and wet model projection was
chosen because it predicts the largest change in
increased precipitation, which allowed the project team
to assess a worst-case future flooding scenario for each
community.

CREAT precipitation outputs are provided in inches for
the 5-, 10-, 15-, 30-, 50- and 100-year, 24-hour storm
events. The hydrology modeling described in Section
2.3.2 used a USGS regression equation that has a

The 5-, 10-, 15-, 30-, 50-, and 100-
year storms referenced here are
often referred to as “frequency
storms” or “return interval” storms.
They can be more accurately
described as having an annual

occurrence probability of 1/n where
n is the numeral in the year storm in
question. The 10-year storm, for
example, would have an annual
probability of occurrence of:

1/10=0.1

required input of the rainfall in inches for a TP-40 2-year, 2-hour precipitation event. Because
CREAT precipitation outputs are for a 24-hour storm event only, the project team estimated the 2-
year, 2-hour future predicted rainfall based on extrapolated data from CREAT. The future 2-year, 2-

hour rainfall was estimated using the following steps:

1. Obtain the CREAT-estimated percent change in precipitation between historic precipitation
and 2035 precipitation (5-, 10-, 15-, 30-, 50- and 100-year, 24-hour storm events).

2. Use alogarithmic regression equation to extrapolate the percent change for the 2035 2-
year, 24-hour storm based on the CREAT outputs in Step 1.

3. Estimate the TP-40 2035 2-year, 24-hour precipitation by increasing the TP-40 2-year, 24-
hour precipitation by the percent change calculated in Step 2.

4. Determine the ratio between the TP-40 2-year, 2-hour precipitation and TP-40 2-year, 24-

hour precipitation.

5. Estimate the 2035 2-year, 2-hour precipitation by adjusting the 2035 2-year, 24-hour
precipitation (calculated in Step 3) by the ratio calculated in Step 4.

Further information on CREAT can be accessed at:

http://water.epa.gov/infrastructure/watersecurity/climate/creat.cfm

2.3.2 H&H Model

H&H models work together to convey how water moves below the earth’s surface, on the earth’s
surface, and through engineered conveyance mechanisms. Hydrology refers to the flow of water
through and on natural terrain. Hydraulics refers to the flow of water through natural or
engineered channels and structures. There is overlap between H&H, which is why H&H are often
modeled in tandem. There are many different models that can be used to assess H&H (e.g.,
Hydrologic Engineering Center Hydrologic Modeling System [HEC-HMS], MIKE11, WinTR-55); the
models used here consider rainfall patterns and geophysical attributes of the watershed to predict
how rainfall events will behave with regard to overbank flooding from streams.
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H&H Model: USGS Regional Regression Equations33

HEC-HMS was initially selected as the hydrologic model in Duluth for this study as an existing HEC-
1 (predecessor to HEC-HMS) model was available from the local sponsor in the city. However, the
HEC-1 model was not fully functional and could not be updated for incorporation into HEC-HMS. An
existing hydrology model for Toledo was not made available to the study team. Due to time and
data availability constrains, a HEC-HMS model could not be built from scratch for either community,
so an alternative method to estimate stream flow was needed.

USGS regression equations are a widely accepted means of estimating peak stream flow values for
ungaged watersheds. Because the regression equations specifically address ungaged watersheds,
they offer an advantage over more sophisticated data and labor-intensive models (e.g., MIKE 11)
that require “calibration” to observed flows. Due to their robust application, ease of use, minimal
data requirements, and ability to fit within the scope, timeline, and budget of this project, USGS
regression equations were selected as the hydrologic
model.

The USGS regression equations for ungaged sites were ::Re turn interval” Storms (or .
developed using watershed and climatic characteristics frequency storms”) are common in
at gaged watersheds throughout the United States. For fyarologic te; m'”O’Ozy ‘2They C;r <
this study, regional regression equations were used to i IR 5 e 2 oy A1y
. 50-, and 100-year (and so on) storm.

calculate a rural peak discharge for a selected return :

. . . They can be thought of as having an
period (i.e., storm event) and then a national urban
regression equation was used to convert this to an
urbanized peak discharge based on impervious areas.

annual occurrence probability of 1/n
where n is the numeral in the year
storm in question. The 10-year
storm, for example, would have an
annual occurrence probability of:

Inputs for the regional regression equations included
the drainage area (square miles), basin storage
(percent), and main channel slope (feet/mile). Inputs
for the nationwide urban regression equation included
watershed drainage area (square miles), main channel
slope (feet/mile), basin storage (percent), basin development factor, percent impervious area, the
TP-40 2-year, 2-hour rainfall event (inches) (see Section 2.3.1), and the rural peak discharge
calculated for the region (cubic feet per second [cfs]).

1/10=0.1

Solving the USGS regression equations provided peak discharges within the study streams for a
range of recurrence intervals, climate conditions, and land use scenarios. These peak discharges
were used as inputs for the HEC-RAS hydraulic model. Additional information about data inputs
and outputs for the H&H modeling in this study is provided in Appendix H.

Hydraulic Model: HEC-RAS version 4.1

HEC-RAS, developed by the USACE, was chosen as the hydraulic model for this study because it is
an industry standard in one-dimensional hydraulic modeling.34 It has a robust modeling capability
and is easy to use. One other model considered for use was HEC-2, the predecessor to HEC-RAS.

33 U.S. Geological Survey (USGS) Regional Regression Equations for Estimating Magnitude and Frequency of Floods for
Ungaged Sites. 1993. Retrieved from http://pubs.usgs.gov/wri/1994 /4002 /report.pdf.
34 For more information on this model, see http://www.hec.usace.army.mil/software/hec-ras/
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HEC-2 suffers several shortcomings compared to HEC-RAS, such as limited output capability and
lack of geospatial capabilities, which is why it was not chosen for this study.

HEC-RAS has the ability to perform steady and unsteady flow simulations, sediment transport
computations, and water quality analysis. Steady flow computations are based on solution of the
one-dimensional energy equation or the momentum equation where the water surface profile is
rapidly varied. The model has a variety of outputs, including water surface profiles, rating curves,
hydrographs, and inundation and floodplain mapping.

HEC-RAS was initially used to import existing HEC-2 models of the study area in Duluth, Minnesota,
with the intent of using available data and models to support the study process. However, the HEC-
2 data were of questionable quality and had little documentation to aid in model refinement.
Existing HEC-RAS data was obtained for Toledo, but the decision was made to develop a new
hydraulic model for the study areas in Toledo, Ohio, and Duluth, Minnesota, using more recent data
available from the local community. The general procedure for model development was:

e Obtain elevation and other geospatial (GIS) data of the study area.

e Develop a model schematic using ArcGIS and HEC-GeoRAS.

e Import HEC-RAS model geometry from ArcGIS.

e Refine model geometry within HEC-RAS.

e Perform steady flow simulation using flow values from the USGS regression equations.

e Develop inundation polygons and depth grids for the modeled alternatives using ArcGIS and
HEC-GeoRAS.

HEC-RAS was used to compute water surface profiles and associated inundation mapping for
various scenarios (precipitation, land use) and flooding within the study area. The inundation maps
indicate where flooding can occur and the depth of flooding in those areas. They provide a visual
basis for comparing flood damage impacts under different scenarios and for different design
storms. The H&H modeling results include flood depth grids for each scenario that take into
account future precipitation and land use scenarios within the study watershed. The flood depth
grids were used as input in Hazus to assess the resulting economic damages to buildings from these
flood events.

2.3.3 Hazus

Hazus is FEMA's nationally applicable standardized methodology that contains models for
estimating potential losses from earthquakes, floods, and hurricanes. Hazus uses GIS technology for
potential loss estimates such as:

e Physical damage to residential and commercial buildings, schools, critical facilities, and
infrastructure.

e Economic loss, including lost jobs, business interruptions, repair, and reconstruction costs.

e Social impacts, including estimates of shelter requirements, displaced households, and
population exposed to scenario floods, earthquakes, and hurricanes.

Only physical damage to buildings was estimated for this study. Hazus produces loss estimates for
vulnerability assessments and plans for flood risk mitigation, emergency preparedness, and
response and recovery. The methodology deals with nearly all aspects of the built environment and
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a wide range of losses. The user can evaluate losses from a single flood event or for a range of flood
events, allowing for annualized estimates of damages.

Hazus can operate at three levels, depending on the needs and expertise of the user, availability of
data, and scale or area of analysis (i.e., regional vs. neighborhood) (see Figure 9). A Level 1 analysis
uses default data and models that are included with Hazus software and draws from national
databases at the census block level. Using these extensive national databases, users can make
general loss estimates for a regional scale analysis (i.e., city or county scale). These databases
contain information such as demographic aspects of the population in a study region, square
footage for different occupancies of buildings, critical facilities such as hospitals and schools, and
numbers and locations of bridges. The data come from the U.S. Census Bureau, and for
nonresidential structures, from Dun & Bradstreet.

Hazus methodology and software are flexible enough so that locally developed inventories and
other data that more accurately reflect the local environment can be substituted, resulting in
improved loss estimates. A Level 2 analysis integrates locally relevant, user-supplied data for
property or structure loss such as building footprint locations or parcel centroids, which can serve
as a proxy for building locations. For identifying floodplains or flood inundation, user-supplied data
can include flood depth data from engineering-based software such as HEC-RAS. A Level 2 analysis
was conducted for this study and is further described below.

A Level 3 analysis requires even more sophistication, such as importing results from third-party
studies and modifying assumed relationships for inputs such as depth-damage curves. Importing
additional information is time-consuming, but making modifications that are site-specific can
greatly improve damage estimation.

Level 3 |

Level 1

Figure 9. Hazus Level Analyses

Why Hazus Was Used for This Study

Hazus graphically illustrates the limits of identified high-risk locations due to flooding. In this study,
it enabled visualization of the spatial relationships between populations located in flood-prone
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areas and how the shape and size of the flood-prone areas would change depending on the
scenarios examined in this study. In addition to the visualization tool, outputs can be displayed as
tables of social and economic losses. Most outputs can also be mapped or exported in various GIS
data formats.

Hazus estimates the economic cost of flood damages for a community based on the assessed value
of buildings and the estimated depth of flooding within each building or structure. Hazus can model
the economic cost of flooding for various flood scenarios based on several variables (e.g., current
and future climate, current and future land use). The resulting cost estimates associated with
different flooding scenarios directly support the needs of this study in assessing the potential
economic impacts of implementing GI and land use alternatives under various climate and land use
scenarios.

Another reason that Hazus was chosen as the economic assessment tool for this study is because
FEMA accepts Hazus loss estimation results for use in community hazard mitigation planning,
which is required for any community that seeks post-flood disaster funding. Finally, one of the most
important reasons that Hazus was chosen for this study is because of its standardized methodology
for loss estimation and its ability to use nationally available datasets, allowing users to input their
own more detailed information such as building footprint locations. Thus, this is an easily
transferable tool that other communities can use and modify for their own purposes.

How Hazus Was Used for This Study

FEMA'’s Hazus 2.0, Service Pack 2 (Release 11.0.2) on Environmental Systems Research Institute
(ESRI) ArcGIS 10.0 with Service Pack 2 (Build 3200) was used for all flood damage estimates in this
study. Although Hazus can be used to estimate several types of flood damages noted above in
Section 2.2.3, it was used in this study to estimate the physical building damage associated with
selected flood model scenarios only. It is important to remember that the physical building
damage estimated by Hazus is only one component of all economic or structural damages likely to
occur from flooding.

A Level 2 Hazus analysis was completed for both communities in this project by importing parcel-
level data and attributes and flood depth grids generated by the HEC-RAS models to show the
relationship between building locations and flood areas. The basic steps for this study’s Hazus
analysis were:

Identify and acquire parcel and/or building data and assessment attributes.35

Format building datasets and attributes.

Import HEC-RAS flood depth grids (raster datasets) - a.k.a. “user-defined depth grids”.

Delineate inundated areas.

Import building data into Hazus as User-defined Facilities (UDFs).

o 1ok w o

Run UDF analysis for each scenario that varied precipitation, land use, and the
implementation of GI.

35 Most communities maintain tax or property assessment data linked to parcels by unique identifiers. Key attributes
required include occupancy type (e.g, residential, commercial, retail); building value (e.g., assessed, market,
replacement), square footage, foundation type, and more. For a full description of modeling process and required
attributes see Appendix G - Hazus Methodology and Data Sources.
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7. Export UDF results for each scenario and return interval.

Both communities had parcel-level data linked with the community’s tax assessor database. Hazus
requires a single point location for each building that will be analyzed. Building footprints are the
ideal source for capturing the correct number of buildings and the most accurate location; however
building footprints were not available from either community. Therefore the center point of the
parcel (parcel centroid) was used to approximate where a building was located on the parcel, thus
serving as a building proxy. When using the parcel centroid, it is assumed that there is only one
building per parcel; it is recognized that some parcels will have multiple buildings and others
parcels will be vacant and additionally that the building will not always be located at the parcel
center. Some of these assumptions have been corrected and are described further in the Appendix G
(Hazus Methodology and Data Sources). Overall, the parcel centroid produces a reasonable building
proxy for both, location within the parcel, and number of buildings on the parcel since residential
buildings are the predominant building type for both communities (typical residential parcels only
have one house per parcel generally located near the parcel center).

It should be noted that Hazus-estimated damages below are likely to be lower than the damages
that either community currently experience. Hazus estimates damages based on flood depth grids
associated with modeled riverine flood inundation and does not account for water in the basement
as a result of stormwater backup, flash flooding or antecedent conditions (saturated ground).

2.4  Evaluating Benefits

Benefits are represented as the amount of reduced damages because of flood reduction strategies.
In other words, the dollar value of avoided costs is the benefit. First the economic impact of flooding
is estimated under future land use and precipitation scenarios without implementing flood
reduction strategies. Then, flood damages are estimated after implementing GI. The difference
between these two estimates—the amount of reduced damages associated with flood reduction
strategies—is represented as “benefits.”

Benefits tend to be measured in disparate units; in order to 1) aggregate benefits, and 2) compare
benefits to costs, the value of benefits must be monetized. However, not all benefits are easily
quantifiable. For example, associating a monetary value with an improved wildlife habitat,
increased green space, or an improved viewshed may require a contingent valuation study to be
conducted. There are many “non-monetized” benefits associated with GI practices and policies. The
true PV of implementing GI is much greater than is calculated from monetized benefits in this study.

The project team engaged community partners to identify the types of benefits that might be
relatively easily estimated and achieved with their flood-reduction strategies. Monetized benefits
are discussed here while other benefits are discussed in Appendix D. These potential additional
benefits include improved water quality, increased habitat, improved aesthetics, and higher
property values.

The following benefits were monetized in this report (in Toledo, only benefits from Hazus are
assessed):

Reduced building damages
Increased recreational use

Reduced land restoration costs

=W N e

Reduced storm sewer infrastructure costs
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Annual benefits were assessed and the PV of these benefits estimated for a 20-year period.
Determining the PV of benefits over multiple years takes into account that benefits may occur
across different time horizons, based on the policies utilized. For example, some policies may have
immediate returns that are fairly constant over time, whereas other policies may take years to yield
returns, but once they do, they generate large benefits. To discount future benefits to reflect current
dollars, a discount rate of 0.8 percent was used based on the discount rates from Office of
Management and Budget (OMB) Circular No. A-94.36 Future benefits must be discounted to reflect
society's preference for immediate benefits over future benefits.

To evaluate the PV of benefits over 20 years, environmental and economic conditions must be
forecast. For example, if precipitation is expected to increase over time, the benefits of flood
mitigation may be larger in the future. The costs of flooding were determined for four scenarios:

Current land use and current precipitation (2013)
Future land use and future precipitation (2035)

Current land use and current precipitation with GI (2013)

=W b

Future land use and future precipitation with GI (2035)

Benefits in year 1 were measured as the difference between the baseline scenario (scenario 1) and
the alternative scenario with GI (scenario 3). Benefits in year 23 (2035 minus 2013) were
measured as the difference between scenario 2 and scenario 4. Benefits for years 2 through 22
were estimated using linear interpolation. The PV was estimated by aggregating the discounted
annual expected benefits from year 1 through year 20. Although the PV reported is for 20 years,
benefits for 23 years must be estimated since the future scenarios considered are for 2035 (23
years after the base year). Therefore, the PV could be reported for 23 years but a 20-year time
horizon is more commonly used and may be more appropriate for planning purposes.

Benefits of GI are not necessarily achieved immediately; time must be allocated for designing and
constructing the GI, and benefits only accrue after the Gl is in place and functioning. Therefore, the
20-year PV depends on the type of GI selected and time needed for implementation. Since we did
not know what type(s) of infrastructure the communities will implement, nor in what sequence and
over what period of time implementation would occur, we had to make some assumptions. We
assumed that it takes two years for the GI to be fully implemented; therefore, in years 1 and 2 of the
analysis, the benefit of GI was estimated to be zero (i.e., scenario 1 equals scenario 3). If the time lag
is longer, then the PV would decrease; conversely, if the time lag is shorter, then the PV would
increase.

The actual costs of flooding, and the resulting benefits of flood reduction strategies, depend on the
severity of storms that occur. Therefore, when assessing expected benefits, the probabilities of
storms of various severities occurring are used. Since the severity of storms is a continuum, benefits
are assessed using expected annual damage (EAD) computations. EAD computations are widely
used in the field to account for the continuous nature of both storm severities and probabilities of

36 0.8 percent is the predicted 2014 real interest rates on treasury notes and bonds with a 20-year maturity. Retrieved
from: http://www.whitehouse.gov/sites/default/files/omb/memoranda/2013/m-13-04.pdf.
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occurring. In essence, EAD calculations smooth benefits across discrete storm severities (e.g., 2-
year, 5-year).37

Reduced Structural Damages

Hazus was used to estimate reduced building damages (see Section 2.3.3). The model estimates
costs across a variety of storm sizes and the precipitation and land use scenarios defined above. To
assess benefits, EAD with and without GI must be identified (see Figure 10). To start, EAD (with and
without GI) were estimated for the first and last year of the analysis:

e EAD1: EADin 2013 (year 1 of the analysis) without flood reduction are estimated using
scenario 1 (current land use and current precipitation).

e EAD2: EAD in 2035 (year 23 of the analysis) without flood reduction are e