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1. INTRODUCTION
1.1. PURPOSE AND SCOPE
This economics technical memorandum summarizes the objectives, methods, and results of the Existing
Condition Economic Analysis for the Green River System Wide Improvement Framework (SWIF). The
economic analysis is one element of the multi-discipline SWIF study focused on evaluating existing levee
conditions and vulnerabilities. The economic analysis combines the findings of the geomorphic,
geotechnical, and hydraulic analyses with an inventory of floodplain infrastructure in order to
characterize existing condition flood risk.
The Green River SWIF project area extends from Howard Hanson Dam (HHD), located at river mile (RM)
64.5 downstream to the upper reaches of the Duwamish River, at approximately RM 5.5. The focal
geography of the SWIF is the upper Duwamish and Lower Green River portion of the watershed, from
approximately RM 5.5 to RM 32. Within the focus area there are approximately 18 miles of levee
systems, of which five systems are PL 84-99 eligible levees between RM 12.4 and 30.8. Hydraulic
analyses conducted for this SWIF provide critical input to the economic analysis. The hydraulic modeling
focuses from RM 33 to RM 5.5 and reflects operation of HHD for flood risk management.
The purpose of this economic analysis in the Green River System Wide Improvement Framework (SWIF)
project is to:






Apply a multi-disciplinary risk-based approach to account for uncertainties in hydrologic,
hydraulic, geotechnical and economic parameters.
Utilize these multi-disciplinary inputs to develop estimates of flood risk in the system on an
expected annual damage (EAD) basis.
Characterize the range and types of flood damage impacts that might occur in the valley across
varying magnitude flood events.
Provide information to policymakers seeking to define an optimal level of protection for
different reaches of the Lower Green shoreline.
Provide an analysis framework for evaluating the effects of proposed flood risk management
alternatives.

1.2. SETTING
The study area begins at State Route 18 (SR18) bridge crossing, or river mile (RM) 33.25 and extends
downstream to approximately RM 5 (place names and features described in the following narrative are
shown in Figure 1-1. The river occupies a mostly undeveloped floodplain downstream of SR18 until
reaching the City of Auburn. Soos Creek, the largest tributary on the Lower Green River, enters from the
north at RM 33.32. Nearing Auburn, the river enters the Auburn Narrows, where it is confined between
the White River alluvial fan and the eastern valley wall. The USGS Green River stream gage near Auburn
(12113000) is located in the narrows at RM 31.28. This gage serves as the flow regulation point for HHD
and is the standard location where Lower Green River flows are referenced.
For the economic analysis, the floodplain was divided into four economic modeling areas to assess flood
impacts and damages between RM 33.25 and RM 5.5. These damage areas follow logical divisions in
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levee systems and flood patterns (see Figure 1-1). The damage areas are referred to by the name of
main cities within each one; however, they do not follow municipal boundaries. These names include
the Auburn damage area (upstream left bank), the Kent/Renton damage area (right bank), the Tukwila
damage area (downstream left bank), and the Duwamish damage area (furthest downstream area on
both banks). The economic inventory within each damage area is discussed in subsequent sections of
the memorandum.

1.3. STRUCTURE OF THE MEMORANDUM
The economic analysis is dependent upon the results of other analyses conducted for the SWIF,
primarily the geotechnical and hydraulic analyses. Section 2 describes the levee failure analysis and how
inputs from other disciplines inform and are incorporated into the economic analysis methodology, and
the types of information resulting from the economic analysis. Section 3 discusses the risk (or damage)
categories evaluated in the analysis. Section 4 discusses economic modeling in order to produce an
expedited economic analysis of flood risk. Section 5 summarizes the results of the modeling and
development of a system-wide estimate of expected annual damage. Section 6 summarizes potential
benefits associated with two level of protection considerations, and Section 7 presents key findings and
discusses limitations on the information presented.
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Figure 1-1. Economic Modeling Areas
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2. METHODOLOGY
The purpose of the Existing Condition Levee System Analysis is to characterize existing condition flood
risk and vulnerabilities. The following outlines the approach and methods developed and used in
support of the SWIF. The analysis serves as a baseline for the alternatives development and is intended
to also provide information to support the level of protection goal setting that is underway. A key
component of the Levee System Analysis is a levee failure analysis includes integration of geotechnical,
geomorphic, hydraulic, and economic factors to characterize and quantify existing condition flood risk.
The levee failure analysis considers potential breach locations along with overbank flooding and levee
overtopping. Four existing condition scenarios were defined, modeled, and combined to characterize
existing condition flood risk. Geotechnical and hydraulic parameters are inputs to the economic model
which tabulates damage in the floodplain corresponding to various levels of flood stage then converts
these estimates to an expected annual flood damage. The geomorphic, geotechnical, and hydraulic
inputs are described in more detail in their respective technical memorandums.
The economic evaluation of flood risk is based on integration of an inventory of floodplain land use,
structures, and contents, and infrastructure with geotechnical and hydraulic parameters that
characterize the probability of flooding in the study area. The methodology relies on existing
information, supplemented with updated hydraulic modeling and application of a new economic model
to assess and quantify impacts. The damage estimates for each existing condition scenario were
calculated using the latest version (1.25a) of the Corps of Engineers Hydrologic Engineering Center Flood
Damage Assessment model (HEC-FDA) [Corps of Engineers 2014].The following subsections describe this
methodology in more detail.

2.1. LEVEE FAILURE ANALYSIS
This section summarize key assumptions and inputs into the levee failure analysis and the economic
evaluation of flood risk.

2.1.1. LEVEE CONFIGURATION AND ASSUMPTIONS
The current configuration, location and condition of flood risk reduction facilities, including the new and
soon-to-be constructed facilities, including setback levees, flood walls, and secondary flood containment
structures were included in the evaluation. These projects include modifications in Kent, Auburn and
Tukwila as outlined in Table 2-1.
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Table 2-1. Included Levee Modifications
Project Name
Reddington
Setback Levee
(LB)
Reddington
Extension (LB)
Horseshoe Bend
Levee (RB)
Foster Park
Levee (RB)
Hawley Road
Levee (RB)

River Mile
Extents
28.6-29.5
28.2-28.6
26.0-26.2
24.25-24.50
23.8-24.05
23.2-23.3

Project / Plan Status
Constructed 2013
90% Plans (2015 or
2016)
Constructed 2012-13
Constructed 2012-13
Constructed
In construction
(2012-14)
100% Design (201415 construction)
Constructed 2013

Upper Russell
Road Levee (RB)

20.1-20.4
19.5-19.8

Boeing Levee
(RB)

17.0-17.2

Constructed in 2013

BriscoeDesimone Levee
(RB)

16.9-17.0
16.0-16.4
15.45-15.6
14.5-14.6

30% Design (2015)
100% Design (2014)
100% Design (2014)
30% Design (2015)

Segale/Tukwila
Development
(LB)

16.7-17.3

In construction
(2012-2014)

Description

Status

Levee setback

Construction complete

Levee setback

90% design

Secondary levees and
floodwalls

Construction complete

Secondary levee

Construction complete

Raised levee
Secondary levee/setback
Secondary levee
Secondary levee and
floodwall
Raised levee and
floodwall
Floodwall and bench
Floodwall and bench
Floodwall and bench
Raised levee, floodplain
fill, and stormwater
pond/Johnson Creek
excavation

Construction
substantially complete
100% design, partially
funded
Construction complete
Construction Complete
30% design, funded
100% design, funded
100% design, funded
30% design, funded
Under construction

2.1.2. LEVEE FAILURE LOCATIONS
Potential levee breach locations have been informed by geotechnical, geomorphic hydraulic and
economic factors. Geotechnical assessment focused on the PL 84-99 levee systems and synthesis of
previous work to identify potential breach locations. Geomorphic considerations included assessment of
channel bed incision points to identify other potential vulnerable areas. Hydraulic and economic factors
included geography and inundation patterns along with development patterns which resulted in four
damage reaches or areas, as defined in Figure 1-1. King County staff also completed a field investigation
of known vulnerabilities to assist in identifying priority sites for the hydraulic modeling.

2.1.2.1. GEOTECHNICAL CONSIDERATIONS
Levee reconnaissance ratings from previous studies between for PL 84-99 levee segments between RM
6.3 and 32 were utilized to evaluate vulnerability to failure for the levee failure analysis and to develop
potential breach locations for preliminary evaluation. This was achieved by calculating a weighted
reconnaissance score considering the attributes of levee geometry, revetments and erosion (excluding
animal signs because of limited exposures), and channel direction and depth. Fifteen preliminary breach
locations were identified through this process to be considered for further evaluation by the project
team.
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Using the preliminary breach location data and previous experience with the Green River levees, the
project team of King County, Tetra Tech, and NHC selected six potential breach locations where fragility
curves would be developed to support the levee system analysis and characterization of flood risk. The
locations of the potential breach locations are shown in Table 2-2. Fragility curves were developed at
each of these locations.
Table 2-2. Selected Potential Breach Locations
Potential Breach No.
1
2
3
4
5
6

Levee Reach
Dykstra
Tukwila 205
Horseshoe Bend
Meyers Golf
Lower Russell Road
Briscoe-Desimone

River Bank
Left
Left
Right
Right
Right
Right

River Mile
30.69
14.83
25.50
21.80
18.60
16.62

Of the six potential breach locations, only Tukwila 205 has a previously developed fragility curve.
Fragility curves were developed at the remaining five locations by comparing the levee geometry
including the levee height, slope inclinations, base width, crest width, and the slope gradient beyond the
landside toe to the levee geometry of the existing fragility curves. Each of these geometric conditions
strongly influence the failure modes. Topographic information at each breach location was obtained
from County obtained 2006 topographic survey. Levee geometry at each of the breach locations is
provide in the Geotechnical Technical Memorandum (2014).
Geometric comparisons were made when considering the most influential failure mode, including:




slope gradient landward of the toe and levee height when considering underseepage influence
riverside slope inclination when considering the seismic influence, and
riverside slope inclination and levee height when considering rapid drawdown

The composite probability of failure at the river stage of 1 foot above the levee toe, and 1 foot below
the levee crest for the most similar levee section was utilized to develop the new fragility curve. In
addition to developing the composite probability of failure by comparing geometry and probability of
failure modes, the maximum probability of failure previously generated for all breach locations was
developed. To validate the empirical fragility method, a new fragility curve was generated for one of the
existing curves using only the levee geometry and comparing the conditions to the existing probability of
failure curve data. The results were consistent with the existing curve data that was generated by the
Taylor’s Series Mean Value Method. Following fragility curve development, four breach locations were
selected by the project team for inclusion in the system-wide levee scenarios as part of the flood risk
analysis tasks.

2.1.2.2. GEOMORPHIC CONSIDERATIONS
From a geomorphic perspective, damage and potential failures along focus area levees and revetments
are most likely caused by bank erosion and streambed scour. The method used to assess potential bank
erosion and bed scour sites included evaluation of time series aerial photographs available on the
Google Earth website, and review and comparison of channel cross sections developed for hydraulic
modeling. The aerial photographs reviewed included those dated 1986, 1990, 2002, 2003, 2004, 2005,
2006, 2009, 20010, 2010, 2011 and 2012. The hydraulic model cross sections were surveyed for use in
three different flood studies dated 1986, 2006 and 2011; the cross section from each flood study were
positioned at the same, or nearly the same, river mile stations.
King County, Washington
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Comparison of the time series aerial photographs and cross sections indicates whether the channel
banks and bottom changed appreciably over the periods of record. Particularly useful to identifying the
locations of potential levee failure sites is the comparison of channel cross sections. The comparative
evaluation is based on the premise that vertical changes in the elevation of the channel floor indicate
aggradation of the streambed due to sediment deposition, or a degradation of the streambed due to
erosional scour (incision).
The comparison of the cross-section data shows a decrease in the elevation of the stream bed below
river mile 24.0 from 1986 to 2011, clearly indicating that the stream bed has been primarily subject to
erosion and incision. Upstream of river mile 27.0, the river bed has been fairly stable. Aerial
photographs were reviewed for, but provided no visual evidence of, local aggradation, such as sustained
and/or growing mid-channel or point bars in between cross section locations.
Streambed scour poses a potentially significant risk of undermining the toes of levees and revetments,
which can cause unraveling of levee/revetment materials. Potential levee sites subject to failure due to
streambed scour were evaluated using the comparison of channel cross sections. For the evaluation,
cross sections from 1986 and 2011 were used to identify river mile stations where the bed elevation
decreased 5 feet or greater. Five feet was selected as the threshold value because it is sufficiently deep
to intercept most of the Lower Green River levees. The principle results of this evaluation are shown on
Figure 2, ‘Significant Incision Point Location Map’ in the Geomorphic Technical Memorandum. Results of
the cross section evaluation were also compared against levee and revetment damage sites derived
from the Green River Repair Sites Master List (2014) the findings of which can be found in the
Geomorphic Technical Memorandum.
While the cross-section evaluation and review of the damage sites was informative, geotechnical
considerations combined with site visits by County staff offer more pivotal considerations in identifying
potential breach locations for hydraulic modeling. Correlation between damage sites and incision points
should be evaluated further as the SWIF planning process moves forward.

2.1.2.3. HYDRAULIC MODELING CONSIDERATIONS
Preliminary Flo-2D model results were used as one component in the selection process of breach
locations, primarily to ensure that selected locations would be representative of overall flooding
patterns.
Results from a City of Kent levee certification analysis conducted by NHC in 2010 and other prior model
results involving breach simulations throughout the levee system were used to gain an understanding of
what areas a breach in a given segment would inundate. In general, the floodplain area closest to the
breach was more likely to only be inundated by the nearby breach, while the floodplain area farther
downstream could be inundated by breaches from multiple locations. GIS analysis was used to map the
number of different breaches that inundated a given floodplain cell. Areas of extensive inundation with
a single breach source were identified and used as one parameter in the breach selection process.
Another breach location decision was whether the Briscoe-Desimone or Meyers Golf Course levees
should be selected for the second breach location into the Kent/Renton damage area (Horseshoe Levee
being the site of the first selected breach into this area). Both locations were simulated with an
approximate breach and results compared. The simulations showed the Meyers Golf Course breach
inundated a large upstream area, as well as most of the area the Briscoe-Desimone breach flooded.
Based on this finding, the Meyers Golf Course breach was selected for the inundation analysis.
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2.1.2.4. SOCIO-ECONOMIC CONSIDERATIONS
One of the criteria in selecting breach locations was to ensure that all potential areas that could be
inundated were reflected in the selection of breach locations for the economic evaluation. The
preliminary hydraulic modeling noted above supported this consideration and also helped in defining
the economic damage areas.
Flood risks are not limited to economic impacts and damage but also include life safety risks. Given the
highly developed nature of the Lower Green River Valley the potential for loss of life related to flooding
is significant. Life safety risk is further heightened when associated with levee breaches. Although life
safety is of paramount importance, incorporating loss of life into the Current Condition Levee System
Analysis was not possible with the selected models and beyond the scope of this technical
memorandum.

2.2. EXISTING CONDITION SCENARIO DEVELOPMENT
As described above, four existing condition scenarios were developed based on the combined project
team efforts. The project team identified four representative levee breach locations which would allow
characterization of flood risk throughout the four identified damage areas. Through subsequent
hydraulic analysis to determine the relative independence of the identified breach locations, the four
breach locations were combined into three scenarios. These three scenarios allowed for breach prior to
the levee crest being overtopped, and so are referred to as the levee breach scenarios. The fourth
existing condition scenario was modeled as an overtopping scenario without levee breach prior to the
crest being overtopped, and so is referred to as the levee-overtopping-then-breach scenario. These
scenarios are intended to characterize the range of possible existing conditions that might occur. By
modeling each scenario independently, their results may be combined probabilistically via post
processing to generate a reasonable estimate of system-wide expected annual damages without
explicitly modeling every possible levee failure location scenario.

2.2.1. LEVEE BREACH SCENARIOS
Three levee breach scenarios were included in the economic modeling. These are:
1. Tukwila / Dykstra Levee Breach
a. This scenario breaches at the Tukwila (RM 14.83) and Dykstra (RM 30.69)levees on the
left bank, corresponding to the Auburn damage area and the Tukwila damage area. It
reflects the risk of a geotechnical/breach failure occurring prior to water reaching the
levee crest.
2. Horseshoe Bend Levee Breach
a. This scenario breaches at the Horseshoe Bend levee (RM 25.50) on the right bank,
corresponding to the Kent/Renton damage area. It reflects the risk of a
geotechnical/breach failure occurring prior to water reaching the levee crest.
3. Meyers Golf Levee Breach
a. This scenario breaches at the levee near Meyers levee (RM 21.80) on the right bank,
corresponding to the Kent/Renton damage area. It reflects the risk of a
geotechnical/breach failure occurring prior to water reaching the levee crest.
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2.2.2. LEVEE-OVERTOPPING-THEN-BREACH SCENARIO
In addition to the three levee breach scenarios described above, a fourth scenario, levee-overtoppingthen-breach, was modeled to simulate levee overtopping without the hydraulic influence of a levee
breach at the breach locations. This scenario provides an understanding of flood risk and damages of the
levee system without assuming a geotechnical based levee breach. The scenario allows for a plausible
evaluation of how the system would respond without levee failure.
In considering levee system performance under overtopping conditions it was the consensus of the
project team that once overtopped, the levees were much more likely to breach than to remain intact.
As such the hydraulic model output was modified to reflect expected water surface elevations in the
floodplain to correspond to the team’s view that breaches will likely occur when the levee is
overtopped. Further details on the inundation depths used for this scenario are included in the
Hydraulics Technical Memorandum.

2.3. HYDRAULIC MODELING IN SUPPORT OF SCENARIOS
The fragility curves developed for the selected four levee breach locations were necessary inputs to the
hydraulic and the economic modeling of the three failure scenarios. The breach parameters of the FLO2D hydraulic model were informed by the fragility curves, the fragility curves are used directly in the
HEC-FDA software, and the fragility curves inform the system-wide scenario weighting (see Section 2.5).
See Section 2.1.2.1 and the Geotechnical Memorandum for further detail.
Hydraulic modeling was performed in FLO-2D to generate a set of floodplain depth grids for a range of
flows for each of the four existing scenarios. The selection of hydrographs used in the FLO-2D modeling
was a subset of the 2012 Corps of Engineers evaluation of design flood hydrographs for the Green River
basin (Corps of Engineers 2012) which was judged to best represent the range of floods that might occur
in the heavily regulated system. The hydraulic modeling incorporates flood volume to estimate
inundation depths in the floodplain. The resulting depth grids were provided for incorporation into the
HEC-FDA model. See Section 3.6 of the Hydraulics Technical Memorandum for further detail on the
development of the fragility curves.
The HEC-FDA economic model requires identification of the stage-discharge relationship at an index
location for each damage area. Additionally, it allows for the inclusion of uncertainty about the
exceedance-discharge and stage-discharge function. Section 3.7 of the Hydraulic Technical
Memorandum describes development of the index location relationship and the system-wide estimate
of stage uncertainty. Uncertainty about the exceedance discharge curve is discussed further in Section
4.1.1 of this memo.

2.4. ECONOMIC MODEL RUNS
As noted above, HEC-FDA was the primary economic model. Additional economic model inputs were
incorporated from FEMA’s HAZUS model guidance documentation (FEMA 2014), which is an eventbased flood damage model that contains default inventories and damage functions. Use of HAZUS
model base data and damage functions is incorporated into discussion of damage categories in Section
3. Additionally, estimation of regional economic impacts of flooding was carried out in the regional
input-output model Impact Analysis for Planning (IMPLAN) [MIG 2014]. Integration of IMPLAN model
outputs into HEC-FDA is discussed in more detail in Section 4.
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2.5. SCENARIO WEIGHTING
Each of the four existing condition scenarios was modeled independently to assess system-wide flood
damages under each. Thus, in order to create a single estimate of expected annual damage for the
system, the expected annual damage results for each scenario needed to be combined consistent with
the likelihood of each scenario occurring. Combination of these scenarios was accomplished on a
weighted basis by calculating the independent probability of occurrence for each scenario and then
normalizing these probabilities relative to each other. This section describes the weighting
methodology. Section 5 summarizes the results of the economic models and the calculation of systemwide expected annual damage.
For each scenario, the calculation of probability of occurrence is summarized in Table 2-3 and explained
graphically in Figure 2-1. As shown in Figure 2-1, the probability of occurrence for each scenario was
based on a generalized estimate of the area underneath the fragility curve. This calculation effectively
accounts for the risk of breach below the levee crest as well as the certainty of breach once the levee is
overtopped, or alternatively stated, the estimated annual probability of a failure occurring across the full
range of stage elevation in each damage area.
In the three levee breach scenarios, all damages are triggered by geotechnical failure of the levee
associated with that scenario. The fragility curves developed as part of the geotechnical assessment for
the four selected breach locations were incorporated into HEC-FDA for levee failure modeling. The
fourth scenario, levee-overtopping-then-breach, is necessary to characterize flood risk throughout the
system from water escaping the channel (areas with and without existing levees) independent of
whether a levee breach has occurred below the crest. This scenario can be represented conceptually by
a fragility curve with a vertical straight line from 0% to 100% failure probability at the levee crest stage
elevation (see Figure 2-1). Doing so illustrates that the same probability of occurrence calculation can be
completed for this scenario as the levee breach scenarios.
As shown in Table 2-3 and Figure 2-1, the project team used the fragility curves to develop consistent
assumptions for calculating the probability of occurrence for each scenario (based on the median or 50%
C.L. flow curve). The “trigger elevation” for levee breach was defined as a water surface elevation 1-foot
above the landward toe of the levee, which corresponded to an inflection point in the fragility curve at a
2% risk of failure. The hydraulics team then provided the corresponding flow’s annual exceedance
probability (AEP). Similarly, the AEP of the flow that initiates overtopping in the damage area was
estimated at the low point along the bank in each damage area. This low point which initiates
overtopping corresponds to a 100% failure risk on the fragility curve.
Using these values, the area underneath the curve was estimated as shown in Figure 2-1. The column
headings in Table 2-3 correspond to the annotations on Figure 2-1 in order to illustrate the calculation.
The section labeled D in the area under the curve is approximated as a rectangle, where the width of the
rectangle is the AEP of the breach trigger (point A) less the AEP of overtopping initiation (point B) and
the height is the risk of failure at the trigger elevation (point C). The frequency (probability of
occurrence) associated with point A and B is based on the median C.L. (median) flow curve. The section
labeled G is calculated as a rectangle as well, where the width is AEP of initiating overtopping (point B)
less AEP of maximum stage [the limit of which approaches an AEP of zero (point E)], and where the
height is the risk of failure at the point where overtopping initiates (point F). Values in Figure 2-1
correspond to the Horseshoe Breach row in Table 2-3. Calculation of the probability of occurrence for
each scenario results in the values shown in the second to last column of Table 2-3.
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To normalize the four independent probabilities, the values were summed to calculate the percent of
that sum that each scenario represents, as shown in Table 2-4. These four weighting factors were used
to weight each individual scenario’s expected annual damages to yield a single system-wide expected
annual damage. Note that because the Tukwila and Dykstra breach locations are included in the same
scenario, the Tukwila breach statistics were selected to represent the scenario, as the Tukwila breach
has a far larger likelihood of occurrence.
This methodology results in a weight of 17% for the levee-overtopping-then-breach scenario, a weight of
33% for the Tukwila / Dykstra breach scenario, a weight of 23% for the Horseshoe Bend breach scenario,
and a weight of 27% for the Meyers Golf breach scenario.

Figure 2-1. Weighting Calculation Example for Horseshoe Levee Breach
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Table 2-3. Scenario Weighting Calculation
(Calculate Area "D")
A
AEP of
River
Reaching
Trigger
Elevation

B
AEP of
River
Reaching
Levee
Crest

C

D

height of
box

Area
width x
height

B
AEP of
River
Reaching
Levee
Crest

width of
box

AEP lim >0

Overtopping

n/a

n/a

n/a

n/a

n/a

0.0057

Dykstra
Breach

0.0029

0.0048

-0.0019

0.02

0.0000

Tukwila
Breach

0.5000

0.0010

0.4990

0.02

Horseshoe
Breach*

0.1000

0.0057

0.0943

Meyers
Breach

0.1667

0.0057

0.1610

Scenario

A-B

Total
Area

(Calculate Area "G")
E

B-E

D+G

F

G

width of
box

height of
box

Area
width x
height

Prob. of
Occur.

Normalized
Scenario
Weight

0.0

0.0057

1.0

0.0057

0.0057

17%

0.0048

0.0

0.0048

1.0

0.0048

0.0047

n/a

0.0100

0.0010

0.0

0.0010

1.0

0.0010

0.0109

33%

0.02

0.0019

0.0057

0.0

0.0057

1.0

0.0057

0.0076

23%

0.02

0.0032

0.0057

0.0

0.0057

1.0

0.0057

0.0089

27%

Note: Values rounded to four decimal places.
* Example shown on Figure 2-1
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Table 2-4. Scenario Weights
Scenario
Levee-Overtopping-then-Breach
Tukwila / Dykstra Levee Breach
Horseshoe Bend Levee Breach
Meyers Golf Levee Breach

Probability of Occurrence
0.0057
0.0109
0.0076
0.0089
TOTAL

Normalized Scenario Weight
17%
33%
23%
27%
100%

3. DAMAGE CATEGORIES
Damage categories are the categories for which an inventory and damage function were developed for
input into HEC-FDA. This analysis included damage categories typical to a Corps flood risk evaluation,
including the items bulleted below. These damage categories are not intended to encompass all possible
flood risks specifically. Rather, they are intended to characterize the magnitude of the primary economic
effects using existing information specific to the floodplain and various assumptions which allow the
damages to be interpreted more generally.









Structure and Content Damages
Damage to Passenger Vehicles and Trucks
Cleanup Costs, Public Assistance Payments, and Utility Repairs
Vehicle Traffic and Passenger Rail Delay Costs
Freight Rail Detour Costs
Agricultural Crop Losses
Lost Recreation Value
King County Regional Economic Impacts

In the following subsections the assessment of each of these categories will be briefly described in order
to provide a better context for interpretation of the HEC-FDA modeling discussed in Section 4 and the
results that will follow in Section 5.
Evaluation methodologies were carried out in a manner consistent with Corps of Engineers policies and
procedures outlined in the Planning Guidance Notebook (Corps of Engineers 2000) and in Engineering
Manual 1619, Risk Based Analysis for Flood Damage Reduction Studies (Corps of Engineers 1996).
Uncertainty parameters related to the economic inventory were obtained directly from the depthdamage functions used, either Corps of Engineers functions or HAZUS functions. Level of detail in this
analysis was at or above that typically included in a SWIF analysis.

3.1. STRUCTURE AND CONTENT DAMAGES
The inventory of structures in the floodplain was obtained from King County’s HAZUS Level 2 database
developed for _the 2013 update to the King County Regional Hazard Mitigation Plan, which reflects 2013
parcel data supplemented with field data collection on a sample of approximately 2,000 structures.
Assessment of structure and content damage in HEC-FDA requires that each structure in the floodplain
be added to a database which contains structure value, content value, first floor elevation, and structure
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type. Structure types correspond to specific depth-to-percent-damage curves developed by the Corps
and FEMA.
Consistent with Corps guidance, structure value was estimated as depreciated replacement value in
order to estimate the value of the structure which was lost, not the cost to repair the structure. The
database included the necessary structure characteristics to estimate replacement value using the 2014
RS Means Cost Methodology (RSMeans 2014) and Marshall & Swift Valuation Service (MVS 2013).
For residential structures, Corps depth-damage curves prevent the need for a separate content
valuation. Non-residential content values are determined as a ratio of structure value to content value
depending on the structure type. For non-residential structures, FEMA also developed content-tostructure value ratios. First floor elevation by structure type was based on the data already included in
the King County Level 2 HAZUS inventory, and average values were applied to structures by structure
type.
Uncertainty parameters included for structures and contents include uncertainty about the structure
value, content value, first floor adjustment and depth-damage curve. Uncertainty parameters for
structures and contents were obtained from Corps guidance for residential structures (Corps of
Engineers 2003 and 2000) and from the HAZUS model for non-residential structures. A standard
deviation in first floor stage was set at 0.25 feet for all structures to reflect uncertainty in the average
values for first floor stage applied by structure type from sample data in the structure database.
As shown in Table 3-1, this analysis estimated a total depreciated replacement value for the inventory of
$14.6 billion dollars in structure value. Including content value, this would be expected to about double,
as most non-residential structure types have a content value that meets or exceeds its structure value
(FEMA 2011). Table 3-2 summarizes the structure inventory by structure type and damage area. The
inventory was developed to ensure that all potentially flooded structures would be accounted for.
Following completion of the hydraulic modeling, the subset of the inventory which was found to be
within the extent of inundation could be identified, as summarized in Table 3-3. As noted in the tables,
5,081 of the originally included 8,908 structures were within the area of inundation.
Table 3-1. Inventory Depreciated Replacement Value ($1000)
Damage Area
Auburn (Upstream Left Bank)
Tukwila (Downstream Left Bank)
Kent/Renton (Right Bank)
Duwamish (Downstream)
Sub-Total
TOTAL

King County, Washington

Structure Value ($1000)
Non-Residential
Residential
$2,793,316
$741,484
$1,343,870
$633
$8,184,969
$560,521
$915,817
$63,970
$13,237,971
$1,366,608
$14,604,579
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Table 3-2. Structure Type by Damage Area
Damage Area
Auburn (Upstream Left Bank)
Tukwila (Downstream Left Bank)
Kent/Renton (Right Bank)
Duwamish (Downstream)
Sub-Total
TOTAL

Single-Family
2,966
10
911
570
4,457

Structures by Type
Multi-Family Commercial
518
873
20
273
355
1,769
21
196
914
3,111
8,908

Industrial
74
13
178
36
301

Other*
72
3
44
6
125

* Agricultural, public, and religious structures

Table 3-3. Structures within Inundation Extent by Type and by Damage Area
Damage Area
Auburn (Upstream Left Bank)
Tukwila (Downstream Left Bank)
Kent/Renton (Right Bank)
Duwamish (Downstream)
Sub-Total
TOTAL

Single-Family
1,074
9
761
75
1,919

Structures by Type
Multi-Family* Commercial
268
342
11
238
293
1,659
12
52
584
2,291
5,081

Industrial
32
12
169
3
216

Other**
30
2
39
0
71

* Includes all residential structures with two or more units
** Agricultural, public, and religious structures

3.2. DAMAGE TO PASSENGER VEHICLES AND TRUCKS
In the case of the Lower Green, the heavily regulated nature of the floodplain would likely give warning
time whereby some residents and business owners would be able to move some vehicles to high
ground.
In order to estimate the effects of warning time on passenger vehicles, the number of vehicles assumed
to be at risk was developed as a function of the number of residential structures in the floodplain, rather
than also included non-residential structures, effectively assuming that vehicles parked at businesses
would not be present, but that residents may not be able to relocate their vehicles. A vehicle inventory
was created based on the number of residential structures in the floodplain (adjusted for multi-unit
structures). Based on the average number of vehicles per household from the 2012 American
Community Survey (U.S. Census 2012), and adjusting for new and used car proportions, a vehicle value
was created for residential structures. This inventory was entered into HEC-FDA in combination with the
Corps generic depth damage function for passenger vehicle damage (Corps of Engineers 2009).
For commercial vehicles, the damage analysis is based on available commercial truck inventory data. The
commercial truck inventory was obtained from Census data in FEMA’s HAZUS model, which reported
the value of trucks by census block. A point inventory was created for census blocks falling inside the
study area expected to have trucks present. It was noted that substantial inventory of equipment and
specialty vehicles exist in the floodplain which could not be easily moved. For the purposes of modeling,
50% of the inventory value was assumed to be immobile and susceptible to flooding despite warning
time. Therefore, while this damage category is based on trucking data, it may be considered a
characterization of like-damages that might be expected in the area due to the high number of
King County, Washington
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commercial and industrial facilities in the floodplain. The FEMA depth damage function for commercial
trucks from HAZUS was entered into HEC-FDA. For both the passenger and commercial vehicle
inventory, uncertainty is captured via inclusion of a 15% standard deviation on vehicle value.

3.3. CLEANUP COSTS, PUBLIC ASSISTANCE PAYMENTS, AND UTILITY
REPAIRS
Post-flood response costs are estimated in this analysis based on application of cleanup costs to
inundated structures, estimates of FEMA public assistance payments based on the number of structures
flooded, and generalized estimates of utility damage. Collectively, these three damages provide an
estimate of damages typically associated with post-flood cleanup and response.
Cleanup costs occur in the aftermath of flood inundation where debris, sediment, and moisture must be
dealt with before residences and businesses can return to normal operation. Cleanup costs were applied
on a dollar-per-first-floor-square-foot basis to residential and commercial structures. Review of
inventory resulted in exclusion of cleanup costs for some industrial and warehouse structure types, as
their structure types typically do not require a specialized cleaning service. A cleanup cost per square
foot of $4.50 was applied to all relevant structure types based on the cost estimated for the 2012 King
County 180th Street to 200th Street Levee Setback Study (King County 2012).
FEMA public assistance payments can take the form of Housing Assistance, Other Needs Assistance, or
Public Assistance. Housing Assistance includes things like temporary disaster housing grants, rental
reimbursement, and temporary repair assistance. Other Needs Assistance covers disaster related
medical, dental, funeral, transportation or other expenses not covered by insurance. Finally, Public
Assistance covers the repair, replacement, or restoration of disaster-damaged public owned facilities or
facilities of certain Private Non-Profits. A recent Corps of Engineers analysis of FEMA Disaster
Expenditures across the nation resulted in an estimate of combined public assistance payments of
$9,690 dollars per flooded residential structure (Corps of Engineers 2009). This value was used to setup
a depth damage function for residential structures which was triggered at 1 foot of inundation.
Utility damages were applied generally based on estimated utility network infrastructure value in the
FEMA HAZUS model for potable, wastewater, electric, and communication utilizes. FEMA inventory data
falling inside the study area was added to the HEC-FDA inventory along with the corresponding FEMA
utility depth damage function. Because HAZUS includes utility information at a coarse level, this damage
category should be considered an estimate of system-wide utility disruption effects rather than
specifically-located utility damages.

3.4. VEHICLE TRAFFIC AND PASSENGER RAIL DELAY COSTS
When inundation causes road and rail closures, the dollar value of time delays encountered may be
counted as a damage. In this case, estimates were developed for the delays associated with vehicle
traffic and passenger rail traffic rerouting. This analysis relies on estimates of time delays based only on
increased mileage and does not account for the potential increases in detour travel time due to
congestion.
For vehicle traffic, WSDOT average daily traffic counts were pulled for SR- 167, SR- 516, and SR- 181
(West Valley Highway). For each highway, a detour was estimated which allowed traffic to circumvent
the floodplain, adding between five and ten minutes per trip based on the additional miles necessary for
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the detour. This time delay was converted to a dollar value per trip based on Corps guidance (Corps of
Engineers 2000a). A frequency damage function was estimated based on the number of days that delays
would be expected for increasing flood severity. For the largest flood, a maximum of 14 days of detour
was assumed, which is intended to account for days of inundation as well as any required repairs prior
to reopening. For the most frequent damaging flood, three days of detour was assumed. This frequencydamage function was converted to stage-damage function for incorporation into HEC-FDA.
While specific repair costs to transportation infrastructure is often difficult to predict, use of highway
traffic volumes moving through the study area allows this damage category to provide a characterization
of the level of impact that temporary road closures throughout the system can induce. While delays are
used as a proxy, a component of traffic-related damages would be expected to be cleanup and repair.
A similar analysis was conducted for passenger rail delays. It was assumed that for floods where the rail
line was inundated, passenger rail users would instead bus or drive, effectively making them subject to
the same ten minute delays as estimated for the vehicle traffic. The same Corps methodology was
applied and the total rail trips was converted to a frequency damage function based on the number of
days that delays would be expected for increasing flood severity. This frequency-damage function was
converted to a stage-damage function for incorporation into HEC-FDA.

3.5. FREIGHT RAIL DETOUR COSTS
BNSF Railroad operates a mainline through the study area. BNSF provided data on typical freight train
traffic through the area, which includes approximately 35 trains per day, 365 days per year (BNSF 2014).
Using the national average freight operating cost per ton mile and average tons per train, the cost per
train per mile was estimated (AAR 2013). Per discussion with BNSF, trains would be rerouted around the
study area as needed via Steven’s Pass, Stampede Pass, and the Columbia River Gorge, depending on
destination. It was estimated that half of the daily traffic could be rerouted with a minimal detour of 60
miles. However, it was estimated that the other half of daily trains would require a more substantial 268
additional miles. Based on this additional mileage, it was estimated that freight detours would result in
approximately $544,000 dollars of additional operating cost per day.
Next, a frequency damage function was estimated based on the number of days that detours would be
expected for increasing flood severity. It was assumed that the least damaging flood would require only
one day of detours, perhaps from precautionary closure, while the largest flood may require up to 14
days of detour to account for both days of inundation and any subsequent inspection and repair
undertaken by BNSF. This frequency-damage function was converted to a stage-damage function for
incorporation into HEC-FDA.

3.6. AGRICULTURAL CROP LOSSES
The Lower Green Agricultural Production District is located in the Auburn (upstream left bank) damage
area. Inundation of active cropland can result in lost crops, and therefore lost agricultural production
value. The estimated value of lost crops was based on the potential crop revenue per acre (provided by
the Agricultural Production District) and adjustment for production cost expenditure schedule. Based on
the provided acreage of market crops and nursery crops, and an estimated value of $10,000 per market
crop acre and $20,000 for nursery crop acre, potential revenue for a single harvest was estimated at
$10.2 million. Based on published crop cost and return studies for various market crops, it was
estimated that about 50% of production cost is tied to harvest. Therefore, 50% of the $10.2 million was
King County, Washington

14

May 2014

FCD2019-02

estimated at the maximum lost crop value in the event of a flood. Next, a frequency-damage function
was estimated based on review of the FLO2D flood model results. A percent crop loss was estimated
ranging from 10% at the least damaging flood to 100% at the largest flood. This frequency-damage
function was converted to a stage-damage function for incorporation into HEC-FDA. Other damages
related to the agricultural industry are characterized implicitly in other damage categories such as
structure and content damages and vehicle damages. However there may be additional agricultural
costs not specifically accounted for in this analysis, such as any specialized cleanup or restoration costs
that would be required to bring agricultural land back to plantable condition.

3.7. LOST RECREATION VALUE
Recreation impacts due to flooding are based upon assumed reduction in the quantity of recreation
during and immediately following a flood event. In order to estimate recreation effects, the Corps of
Engineers Unit Day Value methodology was employed. This methodology allows for estimating
recreation value per visit by completing a scoring rubric for the recreation resource. The score is
converted to a dollar value based on annual published guidance (Corps of Engineers 2013), and this
value is multiplied by an estimate of visitation to yield total recreation value.
Visitation was estimated based on length of trail in the damage areas. Using urban trail guidelines for
trail capacity (NRPA 1983), and adjusting for seasonal and weekend/weekday use, daily visits to
recreation resources along the river in the damage areas was estimated at about 2,500. This estimate
was corroborated by local parking lot count and bicycle/pedestrian count data for the Green River Trail,
which results in an estimate of 2,164 visits per day. It was assumed that 2,500 visits was appropriate
based on additional users of parks along the river not captured by parking lots counts. The existing
condition recreation resources along the river were scored and resulted in a value of $7.49 per visit.
Next, a frequency damage function was estimated based on the number of days the recreation
resources would be inaccessible or degraded for increasing flood severity. It was assumed that the least
damaging flood would result in one day of lost recreation value, while the largest flood might result in
up to 14 days of lost recreation value. This frequency-damage function was converted to a stagedamage function for incorporation into HEC-FDA.

3.8. KING COUNTY REGIONAL ECONOMIC IMPACTS
Typically Corps of Engineers analyses include as project benefits only national economic development
(NED) effects, as the planning context for the Corps of Engineers is to consider net effects at the national
level. As such, regional incidence of effect such as income transfers and employment effects are not
counted in a typical NED benefit-cost analysis, but are instead considered separately in the regional
economic development (RED) account (Corps of Engineers 2000). While the SWIF process does not
require specific NED and RED analyses, it is useful to characterize regional economic effects separately.
For the SWIF process, regional economic effects were measured based on the King County economy, as
defined in the IMPLAN model methodology, described below.

3.8.1. INPUT-OUTPUT METHODOLOGY
RED impacts are typically quantified using regional economic input-output models. In this analysis, the
IMPLAN model was used. IMPLAN measures the flow of commodities and services among industries,
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institutions, and final consumers within an economy, which can be defined at different geographic
levels. In this case the regional economy was defined as King County.
The IMPLAN model is designed to capture all monetary market transactions in an economy, accounting
for inter-industry linkages and availability of regionally-produced goods and services in order to predict
the economic impacts of a change in one or several economic activities on an entire economy. These
linkages are captured via multipliers which have been developed based on continual review and update
of industry data.
For the Lower Green flood risk assessment, the change in economic activity used as input to IMPLAN is
an estimated reduction in employment due to temporary business closures. This reduction in
employment is translated to reduction in economic output by industry, resulting in direct, indirect and
induced effects in terms of regional output (total sales) and employment (jobs). The damages to
business structures and inventories was accounted for in assessment of damages to structures and
contents described in Section 3.1.
Direct economic effects refer to the response of a given industry (i.e., changes in output, income, and
employment) based on final demand for that industry. In this case, direct effects are adverse because
they represent a loss of employment. Employment loss is controlled by days of business closure
following a flood, which directly results in reduced output for an industry. As an example, consider a
week of closure at a manufacturing facility in the floodplain. This closure would result in a week of
reduced output by the industry and a week of reduced income for its employees.
Indirect effects refer to changes in output, income, and employment resulting from the iterations of
industries purchasing from other industries caused by the direct economic effects. In the example,
reduced output by the manufacturing facility would reduce demand, and therefore output, of their
suppliers, which might include area sheet metal or welding material manufacturers, therefore also
reducing income of the employees of these suppliers by some fraction of the original five days of
closure.
Finally, induced economic effects refer to changes in output, income, and employment caused by the
changes in expenditure of household income generated by direct and indirect economic effects. In the
example using a manufacturing facility, the employees of the manufacturer, as well as the employees of
the sheet metal and welding equipment suppliers, would be expected to reduce expenditures in other
sectors of the economy (such as restaurants or entertainment) by some fraction of their reduction in
income based on the original week of closure due to flooding. These inter-industry effects are carried
through the economy.
While these regional economic impacts provide valuable information at the local level, it is important to
note that once the scope of the regional analysis is expanded, the results may differ substantially. If for
example, a flood on the Lower Green resulted in a week of closure at a manufacturing business, it may
also result in increased production at a competitor’s Pierce County manufacturing facility, possibly
offsetting some portion of the estimated effects on income and employment when viewed through a
wider lens. However, the extent to which inter-regional transfers occur is a function of regional or
national specialization in the study area. For certain specialized industries, such as aerospace
engineering and manufacturing, there may not be an opportunity for demand to be met by another
region.
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3.8.2. SWIF REGIONAL ECONOMIC ANALYSIS IMPLEMENTATION
The goal of the SWIF regional economic analysis was to characterize the regional economic impacts of
flooding on the Lower Green over a range of flood flows. In order to do so, three system-wide IMPLAN
models were developed based on modeled floodplain depth grids in FLO-2D. These three IMPLAN
models roughly correspond to low, medium, and high impact levels based on the area of the floodplain
inundated by the 11,900 cfs (low C.L., 10% AEP), 15,100cfs (high C.L., 1% AEP) and 26,800 cfs (high C.L.,
0.2% AEP) flood flows, respectively. The resulting regional economic impacts from the three model runs
were then plotted in order to form a frequency-impact function. Further detail on the inputs to the
IMPLAN model are described below.
Inputs to IMPLAN were estimated employment effects by industry in the floodplain. IMPLAN is an eventbased annual model, meaning that the employment impacts used as an input are required to be
calculated in terms of full-time equivalent (FTE) jobs, or the proportion of one full time work year.
King County provided a database of floodplain businesses in geospatial format which included industry
code classifications for each business as well as an estimate of number of employees for each business.
Using this inventory and the hydraulic modeling results, the number of employees affected by industry
was estimated. Industries were grouped into five categories listed below for tabulating model inputs.






Mining and Construction
Manufacturing
Transportation, Communications & Public Utilities, and Public Administration
Wholesale Trade and Retail Trade, and
Services

Conversion of affected employees to FTE employment effects required estimation of the length of time
businesses would be closed during and following the flood, referred to as downtime. Downtime
estimates were defined for six levels of inundation, as shown in Table 3-4. These downtime estimates
were based on consideration of the default downtime values in HAZUS (FEMA 2011) as well as judgment
regarding the types of activities that would be required by businesses prior to re-opening at different
levels of inundation. It was estimated that below a foot of water, businesses may not need to hire thirdparty professional cleaners and would be able to utilize existing employees in the cleanup effort, which
would not constitute a reduction in employment. Between and one foot and two feet of water, cleanup
requirements would likely intensify, requiring specialized cleaners and a closure period sufficient to
carry out the cleaning and ensure that the structure is in normal operating condition. Above two feet of
water, depending on the structure, more substantial damages are likely to occur, such as damage to
electrical work, which would require repair prior to reopening. As structure damage and repair
requirements increase, regulatory, permitting, and inspection requirements may further extend
downtime, as shown in the three-to-five feet and 5 feet or more depth ranges. It is important to note
that this analysis does not assume any business/workplace relocations.
It is assumed that all businesses will remain in place, repair and reopen according to the downtimes
shown in Table 3-4. This is especially important for larger floods, where substantial building damage may
induce companies to relocate outside of the floodplain, possibly reducing their downtime, but
representing a permanent loss to the Lower Green economic area. However, determining whether
specific businesses would relocate is not within the scope of this impact analysis, and so effects are
modeled based on downtime, assuming no relocations.
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Table 3-4. Business Downtime by Depth Range
Depth Range
Under 0.5 feet
0.5 to 1 foot
1 to 2 feet
2 to 3 feet
3 to 5 feet
5 or more feet

Estimated Downtime (workdays)
1 day
2 days
2 weeks
2 months
6 months
1 year

In order to determine the proportion of affected businesses in each of the six downtime ranges,
preliminary HEC-FDA model runs were used to determine the percent of the structure inventory which
fell into each depth range. These percentages were assigned to the three IMPLAN model runs as shown
in Table 3-5.
Table 3-5. Estimated Percent of Businesses in each Depth Range
Depth Range
Under 0.5 feet
0.5 to 1 foot
1 to 2 feet
2 to 3 feet
3 to 5 feet
5 or more feet

IMPLAN Model 1
11,900 cfs
(low C.L., 10% AEP)
36%
18%
46%
0%
0%
0%

IMPLAN Model 2
15,100 cfs
(high C.L., 1% AEP)
49%
24%
18%
7%
3%
0%

IMPLAN Model 3
26,800 cfs
(high C.L., 0.2% AEP)
9%
9%
24%
16%
19%
23%

Values may not add up due to rounding

Finally, having estimated the number of employees by industry, and the length of time the employees
would be affected, FTE effects were calculated for each model run by industry. Table 3-6 summarizes
the direct FTE effects of flooding by generalized industry groups for each model.
Table 3-6. Adverse Employment Effects by Industry Group (Full Time Equivalent Jobs)
Description
Mining and Construction
Manufacturing
Transportation, Communications & Public
Utilities, and Public Administration
Wholesale Trade and Retail Trade
Services
TOTAL

IMPLAN Model 1
11,900 cfs
(low C.L., 10% AEP)
7
7

IMPLAN Model 2
15,100 cfs
(high C.L., 1% AEP)
64
244

IMPLAN Model 3
26,800 cfs
(high C.L., 0.2% AEP)
1,788
5,014

11

116

2,896

65
41
130

415
330
1,169

10,231
7,505
27,435

Values may not add up due to rounding

The FTE employment effects serve as the inputs to the three IMPLAN models. IMPLAN was then run to
estimate the total direct, indirect, and induced regional economic effects of these temporary
employment reductions on the King County economy for a single year. The following sections discuss
use of the results to develop a general frequency-damage function for use in HEC-FDA in order to
generate expected annual regional economic impacts.
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3.8.3. IMPLAN RESULTS AND FREQUENCY-DAMAGE CONVERSION
As noted above, IMPLAN results provided point estimates of effects. Table 3-7 summarizes the adverse
employment and total output effects for the three model runs.
Table 3-7. IMPLAN Model Outputs
Impact Type
Direct
Indirect
Induced
TOTAL

IMPLAN Model 1
11,900 cfs
(low C.L., 10% AEP)
FTEs
Total Output ($)
130
$19,651,000
41
$7,191,000
53
$8,158,000
224
$35,000,000

IMPLAN Model 2
15,100 cfs
(high C.L., 1% AEP)
FTEs
Total Output ($)
1,169
$191,268,000
393
$69,934,000
481
$74,785,000
2,044
$335,987,000

IMPLAN Model 3
26,800 cfs
(high C.L., 0.2% AEP)
FTEs
Total Output ($)
27,435
$4,433,344,000
9,138
$1,619,001,000
11,257
$1,748,962,000
47,830
$7,801,307,000

The table shows that for the least damaging IMPLAN run (IMPLAN Model 1), business closures in the
floodplain equivalent to 130 FTEs would result in 41 additional FTEs being lost in the County. The
combined effect of the 130 FTE and 41 FTE loss would result in 53 FTEs being lost due to a reduction in
induced spending in the economy. Note again that FTEs are equivalent to years’ worth of full time
employment, but is comprised in this case by a number of employees losing a partial year of
employment. These employment effects increase substantially for the larger floods.
Similarly, the least damaging flood results in $19.6 million in reduced output (total business
sales/revenue) for direct effects, which in turn results in $7.1 million in reduced output for indirect
effects, and $8.2 million in induced effects, for a total of $35 million dollars of reduced economic output
in the King County economy. These effects increase substantially for the larger floods in proportion to
the increase in downtime estimated for inundated businesses. The highest damaging flood results in
effects in the billions of dollars, reflecting that downtimes for a substantial number of businesses were
modeled at one year, as shown in Tables 3-4 and 3-5 (note this analysis assumes no workplace
transfers).
In order to utilize these results in HEC-FDA by damage area, the effects were proportionally allocated to
damage areas based on the proportion of affected businesses in each damage area for the largest
IMPLAN model run. This adjustment, which is not industry-specific, allows for a damage function to be
entered for each damage area in HEC-FDA. Approximately 66% of effects were associated with the
Kent/Renton damage area (right bank), 18% were associated with the Tukwila damage area
(downstream left bank), 12% with the Auburn damage area (upstream left bank), and 5% with the
Duwamish damage area (downstream). Based on the hydraulic parameters of each damage area model,
frequency-damage functions and stage-damage functions were created for incorporation into HEC-FDA.

4. HEC-FDA IMPLEMENTATION
The HEC-FDA software was developed by the Corps of Engineers and provides the capability to perform
an integrated hydrologic engineering and economic analysis to assist with the evaluation of flood risk.
The software requires study-specific hydrologic, geotechnical, and economic data to compute expected
annual damage (EAD). EAD is the damage that can be expected in any year of the period of analysis,
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where damage corresponding to each magnitude of flooding is weighted by the percent chance of each
being exceeded (damage caused by rare events is thus weighted less). The sum of the weighted damage
represents the EAD. Stated alternatively, system-wide EAD is equivalent to the area under the systemwide frequency-damage curve.
The software provides for input of flood depth grids, an exceedance-discharge function with
uncertainty, a stage-discharge function with uncertainty, and a geotechnical-fragility function. The
software also requires the economic inventory to be linked to depth-damage or stage-damage functions
which may include uncertainty. The software then processes the combination of hydraulic, hydrologic,
geotechnical, and economic functions in order to estimate EAD with uncertainty. The following
subsections will describe implementation of HEC-FDA for the SWIF process.

4.1. SCENARIO AND DAMAGE AREA MODELS
The nature of damage calculations in HEC-FDA using FLO-2D data allows for only one levee condition per
damage area model. Therefore, because the team defined four damage areas and four existing
condition scenarios, sixteen HEC-FDA models were required in order to account for each scenariodamage area combination. Within a scenario, four damage area models were run to complete the
system-wide EAD for that scenario. Each damage area modeled relies on the results of the hydraulic
model for the six flood flow events (described further in Section 4.1.1). As was described in Section 2.5,
the four scenario EADs were then weighted in order to generate a single system-wide EAD. Table 4-1
summarizes the sixteen models used to capture the four existing condition scenarios defined in Section
2.2.
Table 4-1. Suite of HEC-FDA Models
Model
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Scenario
LeveeOvertoppingthen-Breach
Tukwila /
Dykstra Levee
Breach
Horseshoe
Bend Levee
Breach
Meyers Golf
Levee Breach

King County, Washington

Damage Area
Upstream Left Bank (Auburn)
Downstream Left Bank (Tukwila)
Right Bank (Kent/Renton)
Downstream (Duwamish)
Upstream Left Bank (Auburn)
Downstream Left Bank (Tukwila)
Right Bank (Kent/Renton)
Downstream (Duwamish)
Upstream Left Bank (Auburn)
Downstream Left Bank (Tukwila)
Right Bank (Kent/Renton)
Downstream (Duwamish)
Upstream Left Bank (Auburn)
Downstream Left Bank (Tukwila)
Right Bank (Kent/Renton)
Downstream (Duwamish)
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4.1.1. HYDRAULIC, HYDROLOGIC, AND GEOTECHNICAL INPUTS
4.1.1.1. EIGHT-EVENT WATER SURFACE PROFILE
HEC-FDA requires for each model that a set of depth-grid profiles be added which correspond to the
depth of water in the floodplain at each of eight increasing flood events. As described in Section 3.7 of
the Hydraulics Technical Memorandum, grids were provided for six profiles for each model. The seventh
and eighth flows were added manually. A minimum flow of 3,500 cfs (median, 99.99% AEP) was added
which was assumed to result in no flooding throughout the system. The last flow was interpolated
between the 9,900 cfs (high C.L., 50% AEP) flood and the 11,900 cfs (low C.L., 10% AEP) flood provided
by the hydraulics team at approximately 11,000 cfs (median, 20% AEP). For each completed set of eight
profiles, the hydraulics team provided the required stage-discharge curve at the damage area index
locations, as described in Section 3.7 of the Hydraulics Technical Memorandum.

4.1.1.2. EXCEEDANCE DISCHARGE WITH UNCERTAINTY
As discussed in Section 2 of the Hydraulics Technical Memorandum, the exceedance-discharge function
for the Lower Green is heavily regulated by HHD. In order to reflect the regulation in the uncertainty
associated with the exceedance-discharge function in HEC-FDA, the software’s Transform-Flow function
was used with a triangular distribution to relate regulated flows at the Auburn Gage to unregulated
inputs to HHD based on the Corps of Engineers design hydrographs (Corps of Engineers 2012).

4.1.1.3. STAGE-DISCHARGE WITH UNCERTAINTY
The stage-discharge curve varies between the HEC-FDA model as a function of the index location chosen
for a given model, which was based on a representative river cross-section for the damage area taking
into account potential expected levee breaches. Estimation of stage-discharge uncertainty in the
hydraulic results is discussed in Section 3.7 of the Hydraulics Technical Memorandum. Based on this
input, uncertainty in the stage-discharge relationship was set using a normal distribution with a constant
standard deviation of 0.77 feet.

4.1.1.4. LEVEE FEATURES
HEC-FDA allows for inclusion of a fragility curve to control the occurrence of damage. For those models
marked as including a fragility curve in Table 4-1, the fragility curves presented in the Geotechnical
Technical Memorandum were incorporated into the model. These include the fragility curve for Dykstra,
Tukwila, Horseshoe Bend, and Meyers Golf levees. For models containing a fragility curve, all damages
are dependent upon a levee failure occurring. While the Tukwila and Dykstra levees are included in the
same scenario, both of their levee fragility curves are reflected in HEC-FDA because they are accounted
for in different damage areas (and therefore by different HEC-FDA models).

4.1.2. ECONOMIC INPUTS
4.1.2.1. ECONOMIC INVENTORY
For damage categories using depth-damage functions, an inventory must be entered into HEC-FDA. Each
inventory entry is assigned a floodplain grid ID which corresponds to a grid in the FLO-2D water surface
profiles. The depths at a grid control flooding of the inventory associated with that grid. Next, each
inventory item is assigned a first floor elevation, a structure value and a content value, and a structure
type. The structure type assignment then corresponds to which of the depth-damage functions will be
used to calculated flood damages for that inventory item. Uncertainty parameters are defined for
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structures as well. These include uncertainty in structure value and in first floor height above ground.
Uncertainty in structure value is sometimes provided in published depth-damage functions. When not
provided, a standard deviation of 15% was used. Uncertainty in the height above ground adjustment
was set at 0.25 feet standard deviation.

4.1.2.2. DEPTH-DAMAGE FUNCTIONS
As discussed in Section 3, Structure and Content Damages, Damage to Passenger Vehicles and Trucks,
and Cleanup Costs, Public Assistance Payments, and Utility Repairs all rely on established depth-topercent-damage functions which relate depth at a given point in the floodplain with percent of damage
applied to item being considered at that point. These functions are published by the Corps of Engineers
as well as by FEMA through the HAZUS model. The uncertainty parameters of each depth-damage
function were carried forward. Typically, Corps of Engineers functions for residential structures and
contents used a standard deviation of percent damage, while commercial/industrial structure depth
damage curves from FEMA used a triangular distribution.

4.1.2.3. STAGE-DAMAGE FUNCTIONS
The remaining damage categories were included in HEC-FDA using stage-to-dollar-damage functions. For
these categories, no inventory is entered into HEC-FDA; use of a dollar-damage function skips the
inventory step. For each damage category, the frequency-damage functions developed in Section 3 had
to be converted to stage-damage functions. Because stage is relative to the index location of each HECFDA model, multiple stage-damage functions had to be created for each damage category in order to
correctly relate stage at the index to frequency of damage occurrence across all the damage areas. This
frequency-stage relationship was obtained for each model run from an output of the HEC-FDA model
itself, which creates a frequency-stage report based on the exceedance-discharge and stage-discharge
relationships with uncertainty that have been entered.

4.2. RESULTS
After populating all necessary components of the models as outlined in Section 4.1, each was run to
calculate EAD. Amortization of EAD to estimate present value (PV) relies on the FY14 Federal Interest
Rate for Federal Water Resources Project Studies of 3.5% (Corps of Engineers 2013a) and a 50-year
period of analysis.
The manner by which HEC-FDA estimates damage based on hydraulic and economic inputs is
summarized in Figure 4-1, below. As shown in the top left quadrant, hydraulic inputs are used to define
the flow-exceedance relationship with uncertainty. The top right quadrant illustrates a rating curve
which is defined by hydraulic modeling, and allows exceedance-flow and stage-flow to be related. As
shown in the lower left quadrant, HEC-FDA combines hydraulic and economic inputs to define the stagedamage relationship. Finally, the lower right quadrant shows that these linked hydraulic and economic
relationships allow computation of an exceedance-damage function. Integration of this function results
in the EAD over the period of analysis.
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Figure 4-1. EAD Computation Process in HEC-FDA

In order to present results in a manner consistent with a typical Corps of Engineers analysis, NED
damage categories and the IMPLAN-based RED impacts are shown on different subtotal lines in the
tables that follow. From the Federal perspective, reductions in RED account damages by a project could
not be counted as a benefit of the project for the purposes of calculating the project’s benefit-to-cost
ratio.
The following text will summarize the results of the models by scenarios and by damage area using the
tables described below:



Table 4-2: Summary of EAD and PV by system-wide existing condition scenario
Table 4-3 to 4-6: Detailed Tables, EAD by Scenario, Damage Area, and Damage Category. Note
that gray-filled cells in these tables indicate that no damage tabulation occurred there, but does
not indicate zero risk. For some damage categories, damages are tabulated at just one or two
damage areas but are still intended to characterize risk system-wide.

As shown in Table 4-2, the HEC-FDA modeling for the four existing condition scenarios resulted in EAD
for the NED categories of between $17.0 and $22.5 million dollars. The EAD for RED damages based on
IMPLAN modeling varies from $25.8 to $32 million dollars. The following subsections summarize
observations based on comparison of the results by scenario.

4.2.1. OVERTOPPING VERSUS BREACH RESULTS
Table 4-2 shows that the EAD for the levee-overtopping-then-breach scenario is similar in scale to the
EAD for the scenarios with breach below the levee crest. Based on the geotechnical and hydraulic
parameters in this analysis, damages occur from overtopping at a frequency similar to the frequency at
which a breach is likely to be triggered based on the fragility curves.
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4.2.2. AUBURN DAMAGE AREA (UPSTREAM LEFT BANK) CONSIDERATIONS
Comparison of results for the Auburn damage area in the levee-overtopping-then-breach scenario
(Table 4-3) and Tukwila/Dykstra levee breach (Table 4-4) scenarios show that damages in the upstream
left bank area seem greater in the levee-overtopping-then-breach scenario than in the Tukwila/Dykstra
levee breach scenario. This is attributable in part to the modeling methodology, where the leveeovertopping-then-breach scenario does not employ a fragility curve and reflects all water entering the
floodplain in areas without levees. In contrast, in the Tukwila/Dykstra levee breach scenario, the Dykstra
levee must breach based on the fragility curve for damages to occur anywhere in the damage area. As
modeled, damages in this area are substantially influenced by the portions of the upstream left bank
without levees. Sensitivity analysis was performed which indicates that damages associated with a
breach at Dykstra result in about a 10% increase in the EAD versus the levee-overtopping-then-breach
scenario model run.

4.2.3. TUKWILA DAMAGE AREA (DOWNSTREAM LEFT BANK)
CONSIDERATIONS
The Tukwila damage area and Tukwila levee performed generally as expected. In the levee-overtoppingthen-breach scenario, damages in this area are relatively low, as few flood flows are sufficient to
overtop the levee (Table 4-3). The addition of Tukwila levee fragility curve and consideration of breach
in Table 4-4 results in a substantial increase in damages. This is consistent with initial geotechnical and
hydraulic work that indicated that the Tukwila levee breach trigger may occur at a more frequent flow
than the other levee breach locations modeled in the analysis. This relationship is also reflected in the
relative weighting of the system-wide existing condition scenarios discussed in Section 2.5.

4.2.4. KENT/RENTON DAMAGE AREA (RIGHT BANK) CONSIDERATIONS
The Kent/Renton damage area (right bank) is the largest area modeled and damages in this area were
modeled via the levee-overtopping-then-breach scenario and two levee breach locations via the
Horseshoe levee breach and the Meyers levee breach scenarios. The results in Table 4-3 through Table
4-6 indicate that all four of the scenarios had damages similar in scale for this damage area.






The Tukwila/Dykstra levee breach scenario results in the lowest EAD for the right bank damage
area. This indicates that the presence of a breach in the upstream left bank or downstream left
bank areas can result in reduced depths in the right bank, though modeled damages remain
substantial.
The comparison of the Horseshoe levee breach and Meyers levee breach scenarios for the right
bank damage area shows that the risk of breach at the Meyers levee results in a larger EAD than
with a breach at Horseshoe. Review of the inundation maps developed for the SWIF appear
consistent with this result as they indicate that a breach in the vicinity of the Meyers Golf levee
is likely to result in a larger floodplain inundation area than a breach near Horseshoe Bend on
the right bank.
The levee-overtopping-then-breach scenario results in an EAD for the right bank damage area
that falls between the EAD estimate for the Horseshoe levee breach and the Meyers levee
breach scenarios. This result in the model is discussed below:
o Both the Meyers and Horseshoe levee fragility curves exhibit low risk of geotechnical
failure until near the top of levee, and both levees are likely to be overtopped by the
15,100 cfs (high C.L., 1% AEP) flood.
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o

o

In the development of the levee-overtopping-then-breach scenario (as described in
Section 3.7 of the Hydraulics Technical Memorandum) the right bank damage area had a
composite grid applied at the 15,100 cfs (high C.L., 1% AEP) flood.
Therefore, the levee-overtopping-then-breach scenario reflects a similar risk of water
entering the floodplain at the 15,100 cfs (high C.L., 1% AEP) flood as the Horseshoe and
Meyers scenarios. Further, sensitivity analysis showed for the 15,100 cfs (high C.L., 1%
AEP) flood that because of the grid composite approach, the levee-overtopping-thenbreach scenario included more grids with inundation than either the Horseshoe levee
breach or Meyers levee breach floodplains alone.

4.2.5. DUWAMISH DAMAGE AREA (DOWNSTREAM) CONSIDERATIONS
The Duwamish Damage Area does not contain any PL 84-99 levee systems. No levee failure analysis was
conducted for the Duwamish damage area. Table 4-2 reflects damages in the Duwamish damage area.
The results in Table 4-3 through Table 4-6 reflect only small changes in the amount of water expected to
overtop the levees across the four existing condition scenarios. As modeled, the effects in the Duwamish
damage area are consistent across the scenarios.

4.2.6. DAMAGE SUMMARY TABLES
The tables referenced in the above sections are presented below. Following the tables, Section 5
documents the estimation of the single weighted system-wide EAD.
Table 4-2. Expected Annual and Present Value Damage by Scenario
Scenarios
Levee-Overtopping-then-Breach
NED Damage Categories Total
RED King County Regional Output Effect
Total
Tukwila / Dykstra Levee Breach
NED Damage Categories Total
RED King County Regional Output Effect
Total
Horseshoe Bend Levee Breach
NED Damage Categories Total
RED King County Regional Output Effect
Total
Meyers Golf Levee Breach
NED Damage Categories Total
RED King County Regional Output Effect
Total

King County, Washington

System-Wide Total
$ EAD
$ PV

%

$17,478,000
$27,175,000
$44,653,000

$409,957,000
$637,406,000
$1,047,363,000

39%
61%
100%

$22,534,000
$25,897,000
$48,431,000

$528,549,000
$607,430,000
$1,135,979,000

47%
53%
100%

$16,998,000
$25,817,000
$42,815,000

$398,699,000
$605,554,000
$1,004,253,000

40%
60%
100%

$17,974,000
$32,008,000
$49,982,000

$421,591,000
$750,767,000
$1,172,358,000

36%
64%
100%
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Table 4-3. Levee-Overtopping-then-Breach Scenario, EAD by Damage Area and Category
Auburn
(Upstream Left
Bank)

Damage Category

EAD by Damage Area and Damage Category ($)
Tukwila
Kent/Renton
Duwamish
(Downstream
(Right Bank)
(Downstream)
Left Bank)

TOTAL

Agricultural Crop Losses

$145,000 (4.2%)

Damage to Passenger Vehicles and Trucks

$312,000 (9.0%)

$0,000 (0.0%)

$182,000 (1.7%)

$139,000 (4.1%)

$633,000 (3.6%)

Residential Structure & Contents Damages

$416,000 (12.1%)

$0,000 (0.0%)

$161,000 (1.5%)

$969,000 (28.8%)

$1,546,000 (8.8%)

Non-Residential Structure & Contents Damages

$2,042,000
(59.2%)

$234,000
(97.5%)

$9,956,000
(95.5%)

$2,039,000
(60.7%)

$14,271,000
(81.7%)

Cleanup Costs, Public Assistance Payments, and Utility
Repairs

$102,000 (3.0%)

$6,000 (2.5%)

$89,000 (0.9%)

$211,000 (6.3%)

$408,000 (2.3%)

Freight Rail Detour Costs

$165,000 (4.8%)

Vehicle Traffic and Passenger Rail Delay Costs

$266,000 (7.7%)

Lost Recreation Value

$1,000 (0.0%)

$0,000 (0.0%)

$1,000 (0.0%)

$1,000 (0.0%)

$3,000 (0.0%)

$3,449,000
(100%)

$240,000 (100%)

$10,430,000
(100%)

$3,359,000
(100%)

$17,478,000
(100%)

NED Damage Categories Total

$3,449,000
(36.6%)

$240,000
(22.9%)

$10,430,000
(38.6%)

$3,359,000
(46.8%)

$17,478,000
(39.1%)

RED King County Regional Output Effect

$5,970,000
(63.4%)

$810,000
(77.1%)

$16,580,000
(61.4%)

$3,815,000
(53.2%)

$27,175,000
(60.9%)

$9,419,000
(100%)

$1,050,000
(100%)

$27,010,000
(100%)

$7,174,000
(100%)

$44,653,000
(100%)

Sub-Total

TOTAL
King County Employment Effects (FTE's)

$145,000 (0.8%)

$165,000 (0.9%)
$41,000 (0.4%)

40

5

100

$307,000 (1.8%)

20

165

Values may not add due to rounding. Grey-filled cells indicate damage not modeled at that damage area / category combination.

Table 4-4. Tukwila / Dykstra Levee Breach Scenario, EAD by Damage Area and Category
EAD by Damage Area and Damage Category ($)
Auburn
(Upstream Left
Bank)

Damage Category

Tukwila
(Downstream Left
Bank)

Kent/Renton
(Right Bank)

Duwamish
(Downstream)

TOTAL

Agricultural Crop Losses

$19,000 (1.8%)

Damage to Passenger Vehicles and Trucks

$43,000 (4.0%)

$19,000 (0.2%)

$169,000 (1.8%)

$139,000 (4.1%)

$370,000 (1.6%)

Residential Structure & Contents Damages

$116,000
(10.8%)

$0,000 (0.0%)

$149,000 (1.6%)

$970,000
(28.7%)

$1,235,000 (5.5%)

Non-Residential Structure & Contents Damages

$821,000
(76.7%)

$8,582,000
(98.4%)

$8,925,000
(95.3%)

$2,058,000
(60.9%)

$20,386,000
(90.5%)

Cleanup Costs, Public Assistance Payments, and Utility
Repairs

$17,000 (1.6%)

$117,000 (1.3%)

$81,000 (0.9%)

$212,000 (6.3%)

$427,000 (1.9%)

Freight Rail Detour Costs

$28,000 (2.6%)

Vehicle Traffic and Passenger Rail Delay Costs

$26,000 (2.4%)

Lost Recreation Value

$0,000 (0.0%)

$0,000 (0.0%)

$1,000 (0.0%)

$1,000 (0.0%)

$2,000 (0.0%)

$1,070,000
(100%)

$8,718,000
(100%)

$9,366,000
(100%)

$3,380,000
(100%)

$22,534,000
(100%)

NED Damage Categories Total

$1,070,000
(25.2%)

$8,718,000
(78.9%)

$9,366,000
(36.1%)

$3,380,000
(47.0%)

$22,534,000
(46.5%)

RED King County Regional Output Effect

$3,169,000
(74.8%)

$2,336,000
(21.1%)

$16,577,000
(63.9%)

$3,815,000
(53.0%)

$25,897,000
(53.5%)

$4,239,000
(100%)

$11,054,000
(100%)

$25,943,000
(100%)

$7,195,000
(100%)

$48,431,000
(100%)

Sub-Total

TOTAL
King County Employment Effects (FTE's)

$19,000 (0.1%)

$28,000 (0.1%)
$41,000 (0.4%)

20

20

100

$67,000 (0.3%)

20

160

Values may not add due to rounding. Grey-filled cells indicate damage not modeled at that damage area / category combination.
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Table 4-5. Horseshoe Bend Levee Breach Scenario, EAD by Damage Area and Category
EAD by Damage Area and Damage Category ($)
Auburn
(Upstream Left
Bank)

Damage Category

Tukwila
(Downstream
Left Bank)

Kent/Renton
(Right Bank)

Duwamish
(Downstream)

TOTAL

Agricultural Crop Losses

$145,000 (4.4%)

Damage to Passenger Vehicles and Trucks

$304,000 (9.1%)

$0,000 (0.0%)

$156,000 (1.5%)

$139,000 (4.1%)

$599,000 (3.5%)

Residential Structure & Contents Damages

$408,000 (12.3%)

$0,000 (0.0%)

$154,000 (1.5%)

$969,000 (28.8%)

$1,531,000 (9.0%)

Non-Residential Structure & Contents Damages

$1,935,000
(58.2%)

$21,000
(100.0%)

$9,845,000
(95.7%)

$2,049,000
(60.8%)

$13,850,000
(81.5%)

Cleanup Costs, Public Assistance Payments, and Utility
Repairs

$100,000 (3.0%)

$0,000 (0.0%)

$90,000 (0.9%)

$212,000 (6.3%)

$402,000 (2.4%)

Freight Rail Detour Costs

$165,000 (5.0%)

Vehicle Traffic and Passenger Rail Delay Costs

$266,000 (8.0%)

Lost Recreation Value

$1,000 (0.0%)

$0,000 (0.0%)

$1,000 (0.0%)

$1,000 (0.0%)

$3,000 (0.0%)

$3,324,000
(100%)

$21,000 (100%)

$10,283,000
(100%)

$3,370,000
(100%)

$16,998,000
(100%)

NED Damage Categories Total

$3,324,000
(35.8%)

$21,000 (2.5%)

$10,283,000
(40.3%)

$3,370,000
(46.9%)

$16,998,000
(39.7%)

RED King County Regional Output Effect

$5,970,000
(64.2%)

$810,000
(97.5%)

$15,222,000
(59.7%)

$3,815,000
(53.1%)

$25,817,000
(60.3%)

$9,294,000
(100%)

$831,000
(100%)

$25,505,000
(100%)

$7,185,000
(100%)

$42,815,000
(100%)

Sub-Total

TOTAL
King County Employment Effects (FTE's)

$145,000 (0.9%)

$165,000 (1.0%)
$37,000 (0.4%)

40

5

90

$303,000 (1.8%)

20

155

Values may not add due to rounding. Grey-filled cells indicate damage not modeled at that damage area / category combination.

Table 4-6. Meyers Golf Levee Breach Scenario, EAD by Damage Area and Category
EAD by Damage Area and Damage Category ($)
Auburn
(Upstream Left
Bank)

Damage Category

Tukwila
(Downstream
Left Bank)

Kent/Renton
(Right Bank)

Duwamish
(Downstream)

TOTAL

Agricultural Crop Losses

$145,000 (4.4%)

Damage to Passenger Vehicles and Trucks

$295,000 (9.0%)

$0,000 (0.0%)

$226,000 (2.0%)

$139,000 (4.1%)

$660,000 (3.7%)

Residential Structure & Contents Damages

$394,000 (12.0%)

$0,000 (0.0%)

$164,000 (1.5%)

$969,000 (28.8%)

$1,527,000 (8.5%)

Non-Residential Structure & Contents Damages

$1,920,000
(58.4%)

$23,000
(100.0%)

$10,774,000
(95.3%)

$2,039,000
(60.7%)

$14,756,000
(82.1%)

Cleanup Costs, Public Assistance Payments, and Utility
Repairs

$99,000 (3.0%)

$0,000 (0.0%)

$90,000 (0.8%)

$211,000 (6.3%)

$400,000 (2.2%)

Freight Rail Detour Costs

$165,000 (5.0%)

Vehicle Traffic and Passenger Rail Delay Costs

$266,000 (8.1%)

Lost Recreation Value

$1,000 (0.0%)

$0,000 (0.0%)

$1,000 (0.0%)

$1,000 (0.0%)

$3,000 (0.0%)

$3,285,000
(100%)

$23,000 (100%)

$11,307,000
(100%)

$3,359,000
(100%)

$17,974,000
(100%)

NED Damage Categories Total

$3,285,000
(35.5%)

$23,000 (2.8%)

$11,307,000
(34.6%)

$3,359,000
(46.8%)

$17,974,000
(36.0%)

RED King County Regional Output Effect

$5,971,000
(64.5%)

$810,000
(97.2%)

$21,412,000
(65.4%)

$3,815,000
(53.2%)

$32,008,000
(64.0%)

$9,256,000
(100%)

$833,000
(100%)

$32,719,000
(100%)

$7,174,000
(100%)

$49,982,000
(100%)

Sub-Total

TOTAL
King County Employment Effects (FTE's)

$145,000 (0.8%)

$165,000 (0.9%)
$52,000 (0.5%)

40

5

140

$318,000 (1.8%)

20

200

Values may not add due to rounding. Grey-filled cells indicate damage not modeled at that damage area / category combination.
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5. SYSTEM-WIDE EXPECTED ANNUAL DAMAGE
The scenario weighting methodology outlined in Section 2.5 is applied here to develop a single estimate
of system-wide expected annual damage. Table 5-1 summarizes the calculation.
Table 5-1. System-Wide EAD Summary
Scenarios

NED Damage Categories ($ EAD)
RED Total Output Effect ($ EAD)
Scenario Weights
Weighted NED ($ EAD)
Weighted RED ($ EAD)
System-wide NED ($EAD)
System-wide NED ($ PV)
System-wide RED ($ EAD)
System-wide RED ($ PV)
System-wide NED+RED ($ EAD)
System-wide NED+RED ($ PV)

LeveeOvertoppingthen-Breach
$17,478,000
$27,175,000
0.17
$2,971,000
$4,620,000

Tukwila / Dykstra
Levee Breach

Horseshoe Bend
Levee Breach

$22,534,000
$16,998,000
$25,897,000
$25,817,000
0.33
0.23
$7,436,000
$3,910,000
$8,546,000
$5,938,000
$19,170,000
$449,644,000
$27,746,000
$650,800,000
$46,916,000
$1,100,444,000

Meyers Golf
Levee Breach
$17,974,000
$32,008,000
0.27
$4,853,000
$8,642,000

System-wide EAD for the NED damage categories was estimated to be $19.2 million, with a present
value of $450 million. The RED damages were estimated to be an additional $27.7 million in EAD, or an
additional present value of $651 million. Considering both the NED damages and the potential impacts
on total output in the King County economy, EAD is estimated to be $47.0 million, or a present value of
$1.1 billion dollars.
For a Corps of Engineers planning study, benefits of alternative are equivalent to reduction in flood
damages they achieve. Therefore, the present value of the NED damages may be used as a gauge for the
maximum project cost that could be supported to maintain a benefit-to-cost ratio of at least 1.0 if the
project were to alleviate 100% of the flood risk.
However, most projects will alleviate only a portion of the flood risk, and residual risk of flooding will
results in some damages even with the project in place. Because this analysis noted that overtopping is a
driver of risk in the floodplain, it is likely that any proposed project would need to alleviate overtopping
risk in order to capture a substantial portion of the $450 million dollars of potential benefits. In order to
illustrate the methodology for estimating potential benefits of a project in terms of reduction in
expected damages, Section 6 provides an abbreviated analysis of two flow-based level of protection
considerations.

King County, Washington

28

May 2014

FCD2019-02

5.1. INTEREST RATE AND PERIOD OF ANALYSIS SENSITIVITY
As a matter of policy, Corps guidance states that a 50-year period of analysis is used on all projects
except for major multi-purpose reservoir projects, when 100 years may be used. The Corps similarly
requires a consistent interest rate, updated annually via an Economic Guidance Memorandum. The
Federal Interest Rate for water resources planning is set based on the cost of federal government
borrowing (Corps of Engineers 2000). The federally-specified period of analysis and interest rate was in
calculations in order to remain consistent with Corps procedures.
However, variation in the period of analysis and interest rate can have substantial effects on the
calculation of present value damages. Table 5-2 presents the results of a sensitivity analysis in which the
present value of system-wide EAD was calculated for interest rates of 2.5% and 4%, and for a period of
analysis of 75 and 100 years. These interest rates were selected to show a rate below and above the
current federal rate of 3.5%. The period of analysis values were selected in order to evaluate the effects
of a longer assumed project life.
Table 5-2. Interest Rate and Period of Analysis Sensitivity
System-Wide EAD ($)
Period of Analysis
50
75
100

$46,916,000
Present Value Sensitivity
Interest Rate
2.50%
3.50%
$1,330,646,000 $1,100,444,000
$1,582,136,000 $1,238,896,000
$1,717,787,000 $1,297,482,000

4.00%
$1,007,858,000
$1,110,990,000
$1,149,677,000

* Value matching Table 5-1

6. POTENTIAL PROJECT BENEFITS ANALYSIS
One of the objectives of the Green River SWIF is to consider system-wide levels of projection. The
potential for damage reduction associated with an increased level of protection based on the current
conditions model can be used to help inform this topic. Two flows were considered for this analysis
based on level of protection considerations for the SWIF, the flow and the 18,800 cfs (median, 0.2% AEP)
flow. In order to evaluate the potential for damage reduction at the 15,100 cfs (high C.L., 1% AEP) event
and at the 18,800 cfs (median, 0.2% AEP)event, HEC-FDA was used to model two level of protection
(LOP) conditions.
The first level of protection condition consists of a hypothetical levee which has no risk of failure prior to
overtopping and is constructed to a height equal to the HEC-FDA tabulated water surface elevation (i.e.
no freeboard) for the 15,100 cfs (high C.L., 1% AEP) flow (at each location where breaches were
modeled for the existing condition analysis). This condition is referred to as the 15,100cfs LOP. The
second scenario is similarly defined but assumes levee heights that correspond to the 18,800 cfs
(median, 0.2% AEP) flow. This scenario is referred to as the 18,800cfs LOP. For each LOP condition, the
HEC-FDA model was run with the hypothetical levees in place, and the potential damage reduction was
calculated by subtracting the post-project EAD from the existing condition EAD.
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In order to define the hypothetical levee heights, stage elevation data was obtained from HEC-FDA
outputs which reflects the hydraulic modeling inputs. Because the 18,800 cfs (median, 0.2% AEP) event
corresponds to the 500-year median recurrence interval, levee height was obtained directly from the
HEC-FDA output table for exceedance-stage at the 500-year recurrence. Because the 15,100 cfs (high
C.L., 1% AEP) event is not a median flow, HEC-FDA output curves for flow-exceedance were first used to
estimate a median recurrence interval for the 15,100 cfs flow, which was approximately 167 years. Next,
the stage elevation for the 167 year recurrence was pulled from the HEC-FDA output table for
exceedance-stage.
Table 6-1 summarizes the levee heights assumed for the analysis. As noted in the table, if the existing
levee height exceeded the calculated hypothetical stage elevation, the existing levee height was used
instead. Because this analysis is based on the index locations used in the evaluation of the existing
condition scenarios, even if the existing levee was found to meet the calculated levee height in Table 61, there may be low points along the levee system that would require modification in order to achieve
the modeled damage reductions that follow.
Table 6-1. Hypothetical Levee Parameters
Damage Area
Auburn (upstream left bank)
Tukwila (downstream left bank)
Kent/Renton (right bank)'
Duwamish (downstream)

Existing Levee
Height at
Index Location
64.5
34.8
45.2
20.75

15,100 cfs LOP
Levee Heights

18,800 cfs LOP
Levee Heights

67.6
33.02 *
44.59 *
23.87

69.19
34.11 *
45.94
25.1

18,800 vs 15,100 cfs
Levee Height
Difference
1.6
1.1
1.4
1.2

* Denotes levees where these existing condition levee exceeds the calculated hypothetical levee height. In these instances, the
existing levee height was used.

HEC-FDA was run for each LOP condition in order to estimate EAD by damage area and system-wide. For
each LOP model run, the same composite FLO-2D depth grids were used as with existing conditions.
Table 6-2 and Table 6-3 present the damages reduced for each LOP condition by damage area. Table 6-4
presents the estimated present value of damages reduced for LOP condition.

Table 6-2. EAD Damages Reduced for 15,100 cfs LOP Condition

Damages Reduced
by Category
NED Total
RED Total
TOTAL

Auburn
(Upstream Left
Bank)

Tukwila
(Downstream
Left Bank)

$1,149,240
$924,800
$2,074,040

$3,482,360
$640,920
$4,123,280

Kent/Renton
(Right Bank)
$2,440
$871,660
$874,100

Duwamish
(Downstream)
$3,210,360
$1,762,000
$4,972,360

TOTAL
$7,844,400
$4,199,380
$12,043,780

Values may not add due to rounding.
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Table 6-3. EAD Damages Reduced for 18,800 cfs LOP Condition

Damages Reduced
by Category
NED Total
RED Total
TOTAL

Auburn
(Upstream Left
Bank)
$1,670,240
$3,017,800
$4,688,040

Tukwila
(Downstream
Left Bank)
$3,482,360
$640,920
$4,123,280

Kent/Renton
(Right Bank)
$2,573,480
$7,514,660
$10,088,140

Duwamish
(Downstream)
$3,284,360
$3,116,000
$6,400,360

TOTAL
$11,010,440
$14,289,380
$25,299,820

Values may not add due to rounding.

Table 6-4. Summary of EAD and PV of Damages Reduced
15,100 cfs LOP

18,800 cfs LOP

EAD Damages Reduced ($)
NED

$7,844,000

$11,010,000

RED

$4,199,000

$14,289,000

Total

$12,043,000

$25,299,000

PV Damages Reduced ($)
NED

$183,986,000

$258,246,000

RED

$98,490,000

$335,157,000

Total

$282,476,000

$593,404,000

3.5% interest rate and 50-year period of analysis.

As shown in Table 6-4, these two LOP conditions result in substantially different levels of damage
reduction. Were levees to be raised to the water surface associated with the 15,100 cfs LOP, the present
value of damages reduced would total $184 million for NED damages. For a federal planning study, total
project cost to improve the levees could not exceed $184 million and maintain a benefit-to-cost ratio of
1.0. Including RED damage reduction, a total project cost of $282 million would be supported.
In the second scenario, if levees were raised to the water surface associated with the 18,800 cfs LOP, the
present value of damages reduced would support $258 million of project construction cost and still
maintain a benefit-to-cost ratio of at least 1.0. Including RED damage reduction, $593 million of
construction would be supported.
In addition to EAD, HEC-FDA reports levee project performance statistics, a key component of which is
conditional non-exceedance probability by event. Conditional non-exceedance probability is the
likelihood that a given levee will contain (will not be exceeded by) a given recurrence interval event in
any year of the period of analysis. HEC-FDA generates this statistic inclusive of the uncertainty about the
exceedance-discharge curve, the stage-discharge curve, and the levee-fragility curve. The conditional
non-exceedance probability for the 1% chance event (100-year) and 0.2% chance event (500-year) are
summarized below, noting that the 1% chance and 0.2% chance events do not correspond to specific
flows, but are inclusive of uncertainty in the hydraulics.
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15,100 cfs Water Surface Levee Heights Scenario




For the 1% chance event, the hypothetical levees associated with the Auburn and Duwamish
damage areas have an 83% likelihood of containment; the Tukwila levee (same as existing levee)
has a 98% likelihood of containment, and the Kent/Renton levee has an 86% likelihood of
containment.
For the 0.2% chance event, the Auburn and Duwamish damage area levees have a less than 40%
likelihood of containment, and the Kent/Renton damage area has a 50% chance of containment,
and the Tukwila levee has a 91% chance of containment.

18,800 cfs Water Surface Levee Heights Scenario



If the hypothetical levee were constructed to a height equal to the 18,800 cfs (median , 0.2%
AEP) stage in each damage area, all damage area levees would have a 95% or greater likelihood
of containing the 1% chance event.
For the 0.2% chance event, the Tukwila damage area would maintain a 91% likelihood of
containing the event, while the other three damage areas would have about a 70% likelihood of
containing the event.

7. FINDINGS & LIMITATIONS
The following bullets summarize the findings of this economic analysis as well the limitation of the
results.

7.1. ANALYSIS







Flood Flow Range Considered: The economic evaluation of flood risk has included consideration
of potential levee breach locations along with overbank flooding and levee overtopping
throughout the system for a range of flood events up to and including flows of 26,800 cfs.
Existing Condition Scenarios: Four existing condition scenarios, three levee breach scenarios
and one levee-overtopping-then-breach scenario, were modeled and combined to characterize
existing condition flood risk. Geotechnical and hydraulic parameters are inputs to the economic
model which tabulates damage in the floodplain corresponding to various levels of flood stage
then converts these estimates to an expected annual flood damage.
Inclusion of Uncertainty: The existing condition scenarios were evaluated at the system-wide
level consistent with Corps of Engineers risk and uncertainty guidance for planning studies. The
four existing condition scenarios characterize risk of flood damage from geotechnical levee
breaches at four representative locations and the risk of flood damage from levees overtopping.
Damage Accounts: Flood damages and impacts are characterized into two broad categories or
accounts, National Economic Develop (NED) effects and Regional Economic Development (RED)
effects. The NED account displays changes in the economic value of the national output of goods
and services. The RED account displays the regional and localized economic impacts that are
transfers from the federal perspective.
o NED damage categories included damage to residential, commercial, and public
structures and contents; damage to passenger vehicles and commercial vehicles; post-
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flood cleanup, public assistance, and utility repair costs; vehicle traffic and passenger rail
delay costs; freight rail detour costs; agricultural crop losses; and lost recreation value.
o RED damages (regional economic impacts) were evaluated using regional input-output
modeling. Impacts represent reduced output (sales/gross revenue) that would occur in
King County due to temporary reduction of employment due to closure of businesses
following inundation for cleanup and repair.
o Loss of life and other social effects were outside the scope of the flood risk assessment.
System-wide EAD: The resulting expected annual damage estimates for each of the four
scenarios were weighted according to their likelihood of occurrence in order to provide a single
system-wide estimate of existing condition expected annual flood damages.
Potential Project Benefits Analysis: Following development of the economic models for the
existing condition evaluation, an analysis was conducted to estimate the potential damages
reduced and conditional non-exceedance probability for two levels of protection (LOP); levee
design height at the stage associated with the 15,100 cfs flow, and levee design heights at the
stage associated with the 18,800 cfs flow.

7.2. FINDINGS







EAD Estimates for Four Existing Condition Scenarios: The HEC-FDA modeling resulted in EAD for
the NED categories of between $17.0 and $22.5 million dollars. The EAD for RED damages based
on IMPLAN modeling varies from $25.8 to $32 million dollars.
System-wide EAD Estimate: The NED damage categories was estimated to be $19.6 million,
with a present value of $460.7 million. The RED damages were estimated to be an additional
$27.5 million in EAD, or an additional present value of $645.3 million. Considering both the NED
damages and RED damages, EAD is estimated to be $47.2 million, or a present value of $1.1
billion dollars.
Potential Project Benefits for 15,100 cfs LOP: Potential damage reduction for an increased level
of protection, where levee design height is set at the water surface associated with the 15,100
cfs flow (without freeboard), resulted in a present value of damages reduced of $184 million for
NED damages. For a federal planning study, total project cost to improve the levees could not
exceed $184 million and maintain a benefit-to-cost ratio of 1.0. Including RED damage reduction
of an additional $98 million, a total project cost of $282 million would be supported. For this
LOP consideration, the likelihood of containment for the 1% and 0.2% chance flood events
across the full range in confidence limits varies by area. For the 1% chance event (100-year), the
hypothetical levees associated with the Auburn and Duwamish damage areas have an 83%
likelihood of containment; the Tukwila levee (same as existing levee) has a 98% likelihood of
containment, and the Kent/Renton levee has an 86% likelihood of containment. For the 0.2%
chance event (500-year), the Auburn and Duwamish damage area levees have a less than 40%
likelihood of containment, and the Kent/Renton damage area has a 50% chance of containment,
and the Tukwila levee has a 91% chance of containment.
Potential Project Benefits for 18,800 cfs LOP: Potential damage reduction for an increased level
of protection, where levee design height is set at the water surface associated with the 18,800
cfs flow, resulted in a present value of damages reduced of $258 million for NED damages.
Including RED damage reduction of an additional $335million, $593 million of construction
would be supported. For this LOP consideration all levees in the system would have a 95%
chance or greater of containing the 1% chance flood event. For the 0.2% chance event, the
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Tukwila damage area would maintain a 91% likelihood of containing the event, while the other
three damage areas would have about a 70% likelihood of containing the event.

7.3. LIMITATIONS
7.3.1. HEC-FDA







HEC-FDA resolution: HEC-FDA relies on a structure inventory which classifies structures
according to established depth-damage functions. This expedited analysis relied on best
available data and results in an inventory which represents the floodplain on average, but may
not accurately represent specific structures/facilities.
Hydraulic modeling: Based on available information during model development, the models
were constructed with the understanding that the largest flows to be modeled were less than
14,000 cfs due to the regulation of HHD. Further, calibration data were only available for floods
of 12,400 cfs and lower. Thus no calibration data was available for the larger floods to provide
validation of the accuracy of the models overbank simulations.
Geotechnical Assessment: The geotechnical assessment was limited to the PL 84-99 levee
system and existing information.
Geographic Scale of Results: The defined existing condition scenarios are intended to
characterize system-wide risk based on representative failure locations. Damages at small-scale
geographies would be expected to vary depending on the actual failure location.
o Model results are intended to estimate expected annual flood damages at a resolution
sufficient for identification of system-risk level, as well as future efforts to evaluate and
compare the relative effectiveness of alternative plans. The HEC-FDA model is not
intended to facilitate structure or facility-specific damage estimates.

7.3.2. REGIONAL ECONOMIC ANALYSIS (IMPLAN)





Downtime: Estimates of lost regional output are derived from estimates of employment
reduction during downtime following a flood. Downtime was estimated for six depth levels and
applied to all businesses; downtime is not industry specific.
Relocation Assumptions: The analysis assumes that all businesses will remain in the floodplain
and re-open following the closure downtime. Were businesses to relocate elsewhere in King
County immediately following a flood, total impacts might be reduced. However, if businesses
were to relocate outside the County, impacts to the King County economy might persist over the
long term.
Business Benefits: This analysis does not reflect any beneficial effects to those businesses which
might see an increase in output following a flood event (clean-up / restoration services,
construction industries, etc.).
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