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DISCLAIMER

This document has been prepared by Northwest Hydraulic Consultants Inc. in accordance with
generally accepted engineering practices and is intended for the exclusive use and benefit of King
County and their authorized representatives for specific application to the Levee Breach Analysis,
Mapping and Risk Assessment Project in King County, WA. The contents of this document are not to be
relied upon or used, in whole or in part, by or for the benefit of others without specific written
authorization from Northwest Hydraulic Consultants Inc. No other warranty, expressed or implied, is
made.

Northwest Hydraulic Consultants Inc. and its officers, directors, employees, and agents assume no
responsibility for the reliance upon this document or any of its contents by any parties other than King
County.
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1 INTRODUCTION

King County (County) retained a team led by Shannon & Wilson to provide engineering services for the
Levee Breach Analysis, Mapping, and Risk Assessment Project (Project). The Project is based on
recommendations presented in the Levee Breach Analysis for King County Rivers final report (Watershed
Science & Engineering, 2019a). The scope of work includes collecting data, developing detailed hydraulic
models, simulating levee breaches, mapping the resulting inundation, and conducting risk analysis for six
levee containment systems in three rivers (Lower Raging River, Lower Tolt River, and South Fork
Snoqualmie River). The findings from the Project will be used to update capital project planning
strategies and emergency planning efforts.

1.1 Purpose of Report

Northwest Hydraulic Consultants (NHC) is the hydraulics lead for the Project and is leading the hydraulic
modeling of the Lower Raging and Lower Tolt rivers, as well as providing review and oversight of the
South Fork Snoqualmie River work (which is being completed by Tetra Tech, another Project team
member). This report documents the levee breach modeling and flood hazard analysis for the Lower Tolt
River (LTR) and comprises the hydraulic portion of the technical memorandum deliverable under King
County contract EO0670E20, Task 400, Subtask 7. In terms of how this report fits within the larger
Project, this flood hazard analysis utilizes the hydraulic model developed and documented as part of
Task 400, Subtasks 5 and 6 (NHC, 2022). Geotechnical information used to inform the breach modeling
was developed by Shannon & Wilson (2023) as part of Task 400, Subtask 4. Lastly, the results of this
flood hazard analysis are analyzed to quantify impacts as part of the Task 400, Subtask 8 report (Tetra
Tech, 2023).

The study area for the LTR extends from approximately LTR river mile (RM) 3 (the upstream end of the
Edenholm revetment) to the mouth of the LTR at its confluence with the Snoqualmie River as depicted
in Figure 1.1. The County levee and revetment facilities are approximately 4.2 miles long and are present
along both the left and right banks of the river. The levees protect residential, commercial, and
agricultural properties and infrastructure from flood hazards within the City of Carnation as well as
unincorporated portions of King County.

The flood hazard analysis described in this report includes detailed levee breach progression modeling at
four locations along the LTR levee containment system. NHC investigated various breach modeling
methodologies and conducted preliminary breach testing at numerous locations in order to aid the
County’s selection of four final breach locations for mapping and analysis as part of this scope of work.

In this document, all references to return period floods are based on existing or historical conditions
(EC), unless otherwise indicated as a future conditions (FC) event.

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 1
Tolt River Flood Hazard Analysis
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Figure 1.1 King County river facilities along the Lower Tolt River

1.2 Model Development

Development of the hydraulic model and hydrologic inputs used to perform the levee breach modeling
documented in this report are described in King County Levee Breach Analysis Mapping and Risk
Assessment Project: Lower Tolt River Hydrologic and Hydraulic Analysis (NHC, 2022). That report
presented baseline hydraulic conditions for the Lower Tolt River and was the deliverable under Task 400
Subtasks 5 and 6 of this project. This section briefly summarizes the previous effort; refer to the
referenced technical report for a detailed description of the hydrologic and hydraulic analysis.

Hydrologic inputs for the LTR, including both existing conditions and future conditions, were adopted
from prior work (Watershed Science & Engineering 2018, 2019b, and 2020). WSE performed a flood
frequency analysis (FFA) on Tolt River discharges to determine 2-year to 500-year peak discharges,
developed balanced hydrographs scaled to these peak flows, and performed a joint-coincidence analysis
of Tolt and Snoqualmie River flows to determine an appropriate Snoqualmie River coincident discharge
for each of the Tolt River balanced hydrographs. Lastly, WSE scaled up the balanced hydrographs to
estimate future conditions balanced hydrographs based on climate modeling performed by the
University of Washington Climate Impacts Group (CIG). A summary of the peak discharges developed by
WSE and used in this flood hazard assessment is included in the table below. The LTR discharge
presented in the table represents the mainstem LTR discharge determined by FFA of the United States

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 2
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Geological Survey (USGS) gage at the confluence of the north and south forks (USGS 12148500) plus
local inflows to the LTR between the gage near RM 8.4 and the upstream model boundary at RM 6.
Coincident Snoqualmie River discharges (Watershed Science & Engineering, 2018) top out at 72,000 cfs
in the existing conditions as a result of the “upper envelope curve” on coincident flows adopted by that
report. The future conditions similarly top out at 94,400 due to simple scaling of the existing conditions
discharges.

Table 1.1 Summary of Existing and Future Condition Peak Flows at Model Boundary

Existing Conditions Future Conditions

Recurrence Interval Tolt River at RM 6.0 Snoqualmie River Tolt River at RM 6.0 Snoqualmie River

(cfs) Peak Flow (cfs) (cfs) Peak Flow (cfs)
2-year 6,326 66,000 8,793 86,500
5-year 9,196 70,500 12,782 92,400
10-year 11,138 72,000 15,482 94,400
25-year 13,621 72,000 18,933 94,400
50-year 15,486 72,000 21,526 94,400
100-year 17,362 72,000 24,133 94,400
200-year 19,373 72,000 26,928 94,400
500-year 21,809 72,000 30,315 94,400

As part of Subtask 6, NHC developed and calibrated a detailed hydraulic model of the LTR using the U.S.
Army Corps of Engineers (USACE) 2D HEC-RAS computer program (version 6.1). The 2D model domain
encompasses the LTR from its confluence with the Snoqualmie River to RM 6.2, and approximately four
miles of the Snoqualmie River and valley from the Carnation Farm Road Bridge at RM 21.8 to RM 25.8,
as presented in Figure 1.2. The hydraulic model development utilized the same topographic surface that
was used by WSE to develop a RiverFlow2D model (WSE, 2018) and the HEC-RAS 2D model calibration
involved matching the RiverFlow2D water surface profiles to the extent practicable, as documented in
NHC (2022). Following model development, the hydrologic inputs described above were used for the
upstream boundary conditions for the LTR and Snoqualmie Rivers in the hydraulic model. The model’s
downstream boundary consists of two rating curves extracted from the 1D flood insurance study model
(NHC, 2022). Inundation mapping was prepared for all eight existing condition return period floods, in
addition to the 500-year FC scenario (NHC, 2022).

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 3
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Figure 1.2 2D HEC-RAS model domain and boundary condition locations

2 LEVEE STABILITY AND BEND SCOUR ASSESSMENT

Shannon & Wilson prepared a technical report documenting the levee segmentation and geotechnical
evaluation as part of Subtask 4 (Shannon & Wilson, 2022 and 2023). The assessment included identifying
two geotechnically representative sections, located on the left bank at RM 1.67 (Girl Scout Camp levee)
and on the right bank at RM 1.18 (Swiftwater Berm), and developing fragility curves for these sections to
inform the probability of levee failure. NHC supported this effort by developing bend scour estimates at
the representative sections for incorporation into the geotechnical evaluation. The scour methodology

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 4
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and results are described in Section 2 of the Shannon & Wilson report (2023). Scoured or mobile bed
conditions are not considered in the hydraulic modeling portions of this study.

3 LEVEE BREACH LOCATION AND PARAMETER SELECTION

NHC tested several preliminary breach locations before determining the final four breach locations
specified by the scope of work. Levee breach characteristics for each breach (size and growth rate) were
determined using empirical equations (Zomorodi, 2020), consistent with prior analysis of the Raging
River levees under task 300 of this contract. The following sections describe how the final breach
locations and parameters were determined.

3.1 Breach Locations

NHC conducted preliminary levee breach modeling at nine locations, as depicted in Figure 3.1.
Preliminary simulations were analyzed to assist the County in determining four final locations for
detailed analysis. The preliminary simulations were run using existing conditions 100-year and 500-year
recurrence interval floods. NHC prepared preliminary inundation figures resulting from the nine
breaches and presented findings to the County on May 18, 2022. Based on these results, the County
determined the four final breach locations for detailed analysis and mapping should be:

e breach location 4 (BL4)
breach location 6 (BL6)
breach locations 3a and 3b combined (BL3a and BL3b), and
breach locations 5 and 3b combined (BL5 and BL3b)

BLs 4 and 6 are located along the left bank of the LTR, while BLs 3a/b and 5 are located along the right
bank. BL4 is located at RM 1.2, at a location previously reported to be susceptible to overtopping (WSE,
2019a) and where a prominent side-channel runs along the toe of the levee. BL6, located at
approximately RM 1.7, is a location with a relatively tall segment of levee as well as a location where the
LTR is forced to make a near 90-degree bend by the Girl Scout Camp levee. BL3b is located along the
western portion of the Swiftwater berm, adjacent to a stormwater pond on the landward side of the
berm. The Swiftwater Berm serves to prevent LTR floodwaters that have overtopped the Upper Frew
levee from travelling northward toward downtown Carnation. BLs 3a and 5 are located along the Upper
Frew levee- BL3a where the Upper Frew Levee was predicted by the hydraulic model to first overtop,
and BL5 where the levee is relatively narrow and the river impinges upon the levee toe.

BLs 7 and 8 were eliminated from consideration due to the relatively high floodplain topography behind
the breaches, which limited the flow of water through the breaches and would impact very few
structures. BL2 was eliminated from consideration because of the few structures potentially impacted
by a breach at that location, though this location did breach in January 2009. Similarly, BL1 also
breached in January 2009, but was eliminated because BL4 impacts the same area but to a greater
extent. No breaches were explored in the lower ~0.9 miles of the LTR because flooding in this lower
portion of the river tends to be dominated by the Snoqualmie River (NHC, 2022).

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 5
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Figure 3.1 Preliminary and final breach locations

3.2 Selected Breach Parameters

Levee breach parameters (width and lateral erosion rate) were assigned to the selected breach locations
using a set of empirical equations (Zomorodi, 2020), consistent with the flood hazard analysis performed
for the Raging River under task 300. The soil composition for the LTR levees were considered to be non-
cohesive, per findings from the geotechnical report (Shannon & Wilson, 2023). The non-cohesive
equations for the levee breach width and erosion rate are presented below, where H is the riverward
levee height in meters, W, is the final breach width in meters, and LE, is the lateral erosion rate in
meters per hour:

Levee Breach Width W, = 3.5(H; + 1.5)%° Ean. 1
Lateral Erosion Rate LE, = 15 + 10H, Eqgn.2

Table 3.1 reports the levee height and calculated final breach width and erosion parameters for the
selected breach locations, converted to U.S. Imperial units for use in HEC-RAS. Riverward heights at the
breach locations were determined based on a cross-section at the applicable breach location. The final
breach width divided by the lateral erosion rate yields the breach formation time. Bottom breach

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 6
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elevations were determined from minimum landward elevations adjacent to the breaches. NHC edited
the floodplain model mesh slightly at the breach locations to ensure cells receiving flow from the
breaches extend well beyond the levee toe, for accuracy and numerical stability. The breaches were
triggered to fail at the peak of the balanced hydrographs (Section 1.2) in all scenarios. The levee failure
mechanism was assigned based on observed overtopping during the baseline simulations. A piping
failure was set for recurrence interval floods where the flood flows did not overtop the levee structures.
An overtopping failure method was assigned where the existing conditions model simulated

overtopping.

Table 3.1 Calculated levee breach parameters

Parameter BL4 BL3a BL3b BLS BL6
Levee Height, Riverward (m | ft) 4.6 | 15.0 3.8 125 2.6 |85 5.2|17.2 49 | 16.0
Final Breach Width (m | ft) 128.9 | 423 | 98.8|324 | 585|192 | 159.1|522 | 142.3 | 467
Lateral Erosion Rate (m/hr | ft/hr) 60.7 | 199 53.0 | 174 40.8 | 134 67.4] 221 63.7 | 209
Breach Formation Time (hrs) 2.1 1.9 1.4 2.4 2.2
Breach Bottom Elevation (ft) 90.0 90.0 89.0 95.0 105.0

3.3 Levee Breach Modeling

NHC used the hydraulic model, documented in Section 1.2 and NHC (2022), to simulate hypothetical
levee failures at BL3a and BL3b simultaneously, BL5 and BL3b simultaneously, BL4, and BL6. Levees and
embankments were coded into the model as hydraulic structures divided into segments ranging from
approximately 100 to 1,900 feet to allow more discretization in parameters and calculation methods.
The 2D flow equation option was applied to all the breached hydraulic structures, as it tends to be more
stable than the weir equation when used for breach simulations. Breach model parameters were
assigned as documented in Table 3.1. For each hypothetical breach, the levee was assumed to fail at the
peak of the balanced hydrograph.

4 LEVEE BREACH MODELING AND INUNDATION MAPPING

Appendix A contains detailed depth, velocity, and hazard mapping results for all modeled recurrence
intervals. Hazard mapping was produced based on United States Bureau of Reclamation (USBR)
guidelines (1988) for child life safety. The life safety rating scheme is divided into three categories: low
danger zone, judgement zone, and high danger zone, based on the depth and velocity results. The low
danger zone predicts that a child of any size is not seriously threatened by water, while the high danger
zone predicts a serious threat for all children. The judgement zone is an intermediate danger
classification where danger level should be determined based on engineering judgement. The USBR
guidelines recommend that whenever possible, several opinions should be considered, and a common
agreement reached among analysts when determining potential lives at risk in this zone. There are
many factors to consider, including but not limited to: seasonal usage trends of certain facilities such as
campgrounds, the total time that depths and velocities are in the judgement zone, and the build quality

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 7
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and number of stories of individual buildings. Figure 4.1 shows the depth and velocity relationship for
each hazard classification.

Velocity (ft/s)

Figure 4.1 Depth-Velocity-Danger relationship for children (USBR, 1988)

4.1 Breach Location 3a and 3b

This scenario assumes simultaneous hypothetical levee breaches at both BL3a (Upper Frew Levee) and
3b (Swiftwater Berm). Inundation from this scenario impacts a large area of the downtown Carnation, as
well as numerous residential areas within Carnation, as presented in the 500-year results shown in
Figure 4.2. The hazard maps for this scenario show higher-hazard pathways following contours directed
to the north and northwest, with higher velocity zones typically present along road alignments. Peak
velocities and depths occur approximately two hours after the breach starts, which corresponds with
the time it takes for the breach to reach its full width (Table 3.1). Inundation from a breach during the 2-
year flood is confined to a small area east of the Snoqualmie Valley Trail (labeled SVT in Figure 4.2), in
the Swiftwater neighborhood. Beginning at the 5-year flood, breach flows overtop the Snoqualmie
Valley Trail and flow northwest, with most flow concentrated between Entwistle and Blanche Streets. At
the 500-year event, Snoqualmie River flows west of SR203 overtop the Frew Levee on the right bank of
the Tolt River; these overtopping flows interact with the BL3a/3b breach flows near Tolt Middle School
(labeled TMS in Figure 4.2). Maximum velocities within the roadway corridors range from less than 1 ft/s
in the 5-year event to as much as 5 ft/s in the 500-year event. Velocities near existing structures are
generally below 2 ft/s. The 2- through 500-year hazard mapping depicts high danger (red) zones near
the confluence of the Snoqualmie and Tolt Rivers, between the breaching levees, and along preferential
flow pathways (roads) through Carnation.

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 8
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Figure 4.2 Breach at BL3a/3b during existing conditions 500-yr flood. Velocity magnitude (color
contours, ft/s) and flow direction (white tracers).

4.2 Breach Location 4

This scenario assumes a breach occurs along the Remlinger Levee. Inundation caused by a breach at this
location is mostly contained east of the Snoqualmie Valley Trail in all flow events, with inundation
shown in other areas primarily the result of baseline (without breach) flooding conditions caused by
flooding of the Snoqualmie River, primarily west of SR203, and overtopping of the Highway to Railroad
Levee on the left bank of the Tolt River between SR 203 and the SVT bridge. The breach flows fill the
valley east of the SVT and drain through two bridge gaps along the trail embankment, as depicted in
Figure 4.3. After passing through the openings in the trail embankment, the breach flows spread out
across the predominately agricultural area between SR 203 and the Snoqualmie Valley Trail. However,
there are several residences immediately west of the Snoqualmie Valley Trail that are in the path of the
breach flows draining through the trail embankment openings. These residences experience baseline
flooding from overtopping of the Highway to Railroad Levee in addition to the breach flow impacts. Peak
velocities and depths occur approximately two hours after the breach starts, which correlates with the
breach formation time (Table 3.1). Maximum depths resulting from BL4 tend to occur in the field east of
the Snoqualmie Valley Trail and adjacent to Langlois Creek. Depths range from 1.0 to 11.0 feet at the 2-
and 500-year events, respectively. Maximum velocities occur near the breach itself, and through and
immediately downstream of the two gaps in the trail embankment through which the breach flows

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 9
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drain. These velocities range from less than 3 ft/s at the 2-year event and up to 7 ft/s at the 500-year
event. Velocities near existing structures are generally below 2 ft/s at all flow events, except for the
homes along NE 32" Street just west of the Snoqualmie Valley Trail, which are downstream of the gaps
in the embankment. The 2- and 5-year breach events depict a majority of the inundated areas mapped
as low danger zones (yellow) or judgement zones (orange), as shown in Appendix A3, with the exception
of the areas near the Snoqualmie Valley Trail bridges. Breach results for the 10-year or larger floods
indicate judgement (orange) and high danger (red) zones for most inundated areas east of the
Snoqualmie Valley Trail.

R - ' i
5ft contour

Figure 4.3 Breach at BL4 during existing conditions 500-yr flood. Velocity magnitude (color contours,
ft/s) and flow direction (white tracers).

4.3 Breach Location 5 and 3b

A hypothetical levee breach at BL5/3b has very similar results to a breach at BL3a/3b since in both cases
the breach of the Swiftwater Berm has the same characteristics. This breach scenario causes many
properties in Carnation to experience shallow flooding, with more significant flooding for properties east
of the Snoqualmie Valley Trail and south of Tolt River Road NE. The hazard pathways primarily follow
contours directed to the north and northwest, with higher velocity zones present along roadway
alignments. Peak velocities and depths occur approximately two hours after the breach starts, which

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 10
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corresponds with the time it takes for the breach to reach its full width (Table 3.1). Inundation from the
2-year event is confined east of the Snoqualmie Valley Trail, within the Swiftwater neighborhood. Lower
frequency events starting from the 5-year interval see flows overtopping the Snoqualmie Valley Trail and
flowing northwest, with most flow concentrated between Entwistle and Blanche Streets. At the 500-
year event, Snoqualmie River flows west of SR203 overtop the Lower Tolt River Right Bank Levee; these
overtopping flows interact with the BL5/3b breach flows near Tolt Middle School (labeled TMS in

Figure 4.4). Maximum velocities within the roadway corridors range from less than 1 ft/s in the 5-year
event to as much as 5 ft/s in the 500-year event. Velocities near existing structures are generally below 2
ft/s. As presented in Appendix A3, the 2- through 500-year hazard mapping depicts high danger (red)
zones near the confluence of the Snoqualmie and Tolt rivers, between the breaching levees, and low to
high danger zones through downtown Carnation.

g THIE = ‘.|.'III_‘.-“I' i I,'.-'-].-".
5ft contour FRNSCERIENNIS—— %47/ /19 o 0RG50l
Lol 1S 0 ;r-_lll"-;l-.

Roadway

Tolt River Rd NE

,‘..

Figure 4.4 Breach at BL5/3b during existing conditions 500-yr flood. Velocity magnitude (color
contours, ft/s) and flow direction (white tracers).

4.4 Breach Location 6

A hypothetical levee breach at BL6 (Girl Scout Camp Levee) is predicted to heavily impact the Girl Scout
Camp River Ranch and Remlinger Farms properties, as well as several residences along the left bank of
the Tolt River due west of the NE 32" St opening in the Snoqualmie Valley Trail, where the breach flows

King County Levee Breach Analysis, Mapping, and Risk Assessment Project: 11
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ultimately drain through. Similar to BL4, the breach inundation is primarily east of the Snoqualmie Valley
Trail, with relatively high velocities through the two bridge gaps in the trail embankment (Figure 4.5).
Like BL4, the breach flow paths generally follow contours directed to the west and then southwest, with
higher velocity zones near the bridges along the Snoqualmie Valley Trail. Peak velocities and depths
occur approximately two hours after the breach starts, which corresponds with the breach formation
time (Table 3.1). Hazards resulting from the breach are concentrated along the main flow paths, and in
the fields east of the Snoqualmie Valley Trail, where ponding depths are greatest and exceed 4 feet in
the 5-yr and larger floods. Maximum velocities vary substantially in the area downstream of the breach.
In constricted locations such as near the bridge gaps in the revetment, velocities exceed 4 ft/s beginning
at the 5-yr flood, while most of the inundated area experiences less than 2 ft/s velocity during this
event. Velocities increase with the larger floods, but the highest velocity locations remain associated
with the gaps in the revetment and the area where flows first enter the Remlinger property from the
east. Velocities near existing structures are less than 4 ft/s except for during the 500-yr future conditions
flood. The Girl Scout River Ranch property is mapped as a judgement (orange) to high danger (red) zone
in all flood events. Properties west of and including Remlinger Farms are presented as low danger
(yellow) zones in the 2-year breach event but range from low to high danger zones in the 5- through
500-year breach events.

Appendix A contains depth, velocity, and hazard mapping for all modeled flows at all breach locations.
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Figure 4.5 Breach at BL6 during existing conditions 500-yr flood. Velocity magnitude (color contours,
ft/s) and flow direction (white tracers).

5 DEVELOPMENT OF HYDRAULIC-ECONOMIC INPUTS

This section provides results specific to the index locations that serve as part of the economic damage
assessment (Tetra Tech, 2023), along with uncertainty estimates required for that assessment. Index
locations are located in the main channel adjacent to each breach location, except for Swiftwater Berm
(breach location 3b) where the index point is at the riverward toe of the berm, in the area between the
berm and the Upper Frew Levee.

5.1 Inundation Depth Grids

Depth grids, which are direct outputs from the hydraulic model, were provided to Tetra Tech to perform
the economic analysis. This includes both the breach scenario depth grids described in this report and
the baseline (without breach) inundation depth grids produced in an earlier phase of this study and
documented in NHC (2022).
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5.2 Stage-Discharge Curve at Index Locations

Peak stage was extracted from the 2D HEC-RAS model at each of the index locations. These stage values
represent peak water surface elevations in the absence of any breaches. Levee crest elevations are also
reported at each index location.

Table 5.1 Stage-discharge curves and levee crest elevations at index locations

Recurrence Peak Flow BL4 Stage BL3a Stage BL3b Stage BL5 Stage BL6 Stage
Interval at RM 6 (feet, (feet, (feet, (ft, (feet,

(cfs) NAVD88) NAVD88) NAVD88) NAVD88) NAVD88)
2-year 6,326 92.82 93.41 n/a- dry 94.91 106.18
5-year 9,196 94.55 95.01 n/a- dry 96.15 107.70
10-year 11,138 95.41 95.76 n/a- dry 96.83 108.57
25-year 13,621 96.30 96.61 n/a- dry 97.66 109.59
50-year 15,486 96.86 97.15 94.24 98.23 110.25
100-year 17,362 97.52 97.85 97.75 98.85 110.87
200-year 19,373 98.14 98.51 98.52 99.42 111.51
500-year 21,809 98.63 98.96 99.01 99.86 112.25
500-year FC | 30,315 99.36 99.73 99.64 100.75 113.75
Levee Crest Elev. at Index 98.13 96.91 99.09 101.88 112.56
Locations (ft)

5.3 Discharge-Frequency Uncertainty

Discharge-frequency relationships were adopted from prior studies, as described in Section 1.2. The
uncertainty of these relationships, however, was not documented in the prior studies so was estimated
by NHC as part of this effort.

Existing conditions discharge-frequency uncertainty was estimated by first reproducing the FFA
performed by WSE, using data from the USGS Tolt River gage at Carnation (12148500) for the same
post-dam time period (1964-2018) used by WSE in developing the discharge quantiles. NHC performed
this analysis using HEC-SSP software produced by the USACE, which was also used to calculate 5% and
95% exceedance probabilities for each of the discharge quantiles. Following the reproduction of the FFA
analysis results and determination of uncertainty surrounding those results, the uncertainty was scaled
to account for uncertainty in the tributary inflows to the LTR between the USGS gage and the model
boundary. WSE’s estimated tributary inflow in this reach was consistently 10.6-10.7% of the gaged flow
(WSE, 2020- table 11) across the full range of flows considered. Therefore, NHC examined the difference
between the FFA results at the gage and the 5% and 95% exceedance flows, and increased these
differences by 10.7% to estimate a total discharge-frequency uncertainty applicable to the project
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reach®. This calculation was performed separately for each of the discharge quantiles. Lastly, the scaled
uncertainty values were applied to the sum of the FFA results for the LTR mainstem and tributary inflow
to determine final flow values with uncertainty within the project reach.

To estimate future conditions discharge-frequency uncertainty, NHC obtained the spreadsheet that WSE
used to determine the future conditions scaling factors that were used to develop the future conditions
balanced hydrographs. The spreadsheet summarizes CIG climate modeling results of historical and
future conditions as determined by a suite of global climate models (GCMs), downscaled and used to
drive a local hydrologic model. Individual scaling factors represent the percent difference between CIG's
historical and future conditions results for a specific GCM, return interval (2- to 100-year), and duration
(3-, 24-, and 72-hr). WSE calculated scaling factors for each GCM, return interval, and duration. The 3-hr
scaling factors from all GCMs and all return periods were pooled together and the median was extracted
for use in developing a peak scaling factor for development of the future conditions hydrographs. The
process was repeated for the 24- and 72-hr durations for scaling the off-peak portions of the future
conditions hydrographs (WSE, 2020). To determine uncertainty in these reported peak future conditions
flows, NHC used the same pooling of GCMs and return periods, and extracted the 10" and 90"
percentile scaling factor results from the 3-hr duration dataset. The median future conditions 3-hr
scaling factor for the LTR and its tributaries was determined to be +39% (WSE, 2020). The 10*" and 90t
percentile results for this dataset are -1.1% and +60.4%, respectively. These values were applied to the
existing conditions peak discharges summarized in Table 1.1 to determine uncertainty bounds for the
future conditions peak discharges.

Existing and future conditions discharge-frequency uncertainty results are summarized in the table
below.

Table 5.2 Lower Tolt River discharge frequency uncertainty at RM 6

Flood Return Existing Conditions Future Conditions

Period (years)

Best Est. Peak Min & Max Peak Best Est. Peak Min & Max Peak

Discharge (cfs) Discharges (cfs) Discharge (cfs) Discharges (cfs)
2-year 6,326 5,718 - 7,001 8,793 6,256 — 10,150
5-year 9,196 8,247 - 10,457 12,782 9,094 — 14,755
10-year 11,138 9,849 -12,972 15,482 11,014 -17,871
25-year 13,621 11,949 - 16,112 18,933 13,470-21,854
50-year 15,486 13,251 -18,960 21,526 15,314 - 24,847
100-year 17,362 14,665 — 21,664 24,133 17,169 - 27,857
200-year 19,373 16,182 — 24,575 26,928 19,158 — 31,083

1 For example, if a hypothetical flood had a peak discharge of 10,000 cfs and the 5% and 95% non-exceedance confidence
bounds for the discharge were 8,000 cfs to 11,000 cfs, the uncertainty in the estimate ranges from -2,000 cfs to +1,000 cfs.
These uncertainty values would be scaled by 10.7% to -2,214 cfs and +1,107 cfs to determine total uncertainty.
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Flood Return Existing Conditions Future Conditions

Period (years)

500-year 21,809 17,918 - 28,312 30,315 21,566 — 34,992

5.4 Stage-Discharge Uncertainty

This section describes the uncertainty in stage at the index locations for a given flow. NHC determined
stage uncertainty using the method for ungaged streams described in EM 1110-2-1619 (U.S. Army Corps
of Engineers, 1996). This method was selected because although the Tolt River has a gage, it is located
several miles upstream of the area of interest, in a reach that is fundamentally different in character
than the study reach- a narrow valley with steep slope- so stage uncertainty results obtained at the gage
would not be representative of the main area of interest.

There are two components to stage uncertainty in ungaged streams: natural uncertainty and model
uncertainty. Natural uncertainty was assessed using equation 5-5 in EM 1110-2-1619; a standard
deviation of natural uncertainty equal to 0.35 feet was calculated. Standard deviation of model
uncertainty was taken directly from Table 5-2 in EM 1110-2-1619; a value of 0.3 feet was selected. The
standard deviations of natural and model uncertainty were combined according to equation 5-6 in the
Corps manual, resulting in a combined standard deviation of total stage uncertainty equal to 0.5 feet.
This result applies to each of the index locations.

6 CONCLUSIONS

The flood hazard analysis presented in this report shows that hypothetical levee breaches at BL3a/3b
and BL5/3b will primarily impact downtown Carnation, including residential and commercial properties.
Hypothetical levee breaches at BL4 and BL6 will impact properties along the left bank of the Tolt River,
including Remlinger Farms, the Girl Scout Camp River Ranch, and properties further west towards the
Snoqualmie River confluence. Breach scenarios BL3a/3b and BL5/3b both result in a substantially larger
number of impacted properties than the left bank breach scenarios BL4 and BL6.

Hazard mapping results show the highest hazards tend to be near the breach locations, in low lying
areas that pond deeply, along roadways near downtown Carnation, and near the two bridge gaps in the
Snoqualmie Valley Trail embankment on the Remlinger property.

The inundation mapping and uncertainty parameters documented in this report serve as inputs to the
Project economic impact analysis (Tetra Tech, 2023), while the hazard mapping will be considered when
prioritizing future capital projects.

There are several components of flood risk that were beyond the scope of this Project to assess,
including unpredictable occurrences which could contribute to a levee breach scenario such as
landslides, large earthquakes, and the movement of large woody material. NHC (2022) produced depth,
velocity, and water surface elevation figures in the absence of any breaches but did not include hazard
mapping of these baseline flooding conditions. This does not imply that there is no risk in the absence of
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a breach; there is some degree of flood risk in any inundated area. The lack of baseline flood hazard
maps must be kept in mind when reviewing the hazard maps in this report, and the reader should be
aware that much of the hazard depicted would be present with or without a breach. In addition, it is
important to note that it was beyond the scope of this Project to consider cascading embankment
failures. For BL3a/3b and BL5/3b, results figures presented in this report and appendix show that the
Snoqualmie Valley Trail would overtop in floods greater than the 2-yr if the Swiftwater berm were to
fail. In this event the Snoqualmie Valley Trail would likely also breach, but this was included in the
modeling.

King County Levee Breach Analysis, Mapping, and Risk Assessment Project:
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