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EXECUTIVE SUMMARY
The Snohomish County Department of Public Works, Surface Water Management Division 1sought to
characterize current floodplain hydraulic conditions in the Snohomish River watershed and assess the
projected impacts of climate change on flood depths and inundation extents along the Skykomish,
Snoqualmie, and Snohomish rivers. The study area included the Skykomish River as far upstream as Gold
Bar, the Snoqualmie River as far upstream as the King-Snohomish County Line, and the entire length of
the Snohomish River from near Monroe to Possession Sound.
Hydrologic and hydraulic analyses were conducted to characterize floodplain conditions within the study
area for historical, mid-century (2040-2069), and late-century (2070-2099) time periods. USGS
streamflow records were used to perform flow frequency analyses and create balanced hydrographs
representing historical hydrologic conditions. Climate scalars were developed from hydrologic modeling
of climate projections and used to scale the historical balanced hydrographs to represent floodplain
hydraulic conditions for each of the two future time periods.
A detailed two-dimensional HEC-RAS hydraulic model was developed, calibrated, and applied to
evaluate river-related flooding throughout the study area, with a particular focus on the Skykomish and
Snohomish Rivers. The model was configured to directly use observed streamflow data as its hydrologic
inputs, allowing users to simulate any flood event in the historical record. The model’s computational
mesh contained approximately 330,900 cells and covered a combined total of approximately 76 river
miles and 70,560 acres of floodplain. The calibrated model was run to produce flood depths, velocities,
water surface elevations, and inundation extents, for the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year flood
events for historical, mid-century, and late-century time periods.
The hydraulic model and the results generated in this study can be used to support SWM’s flood hazard
management and habitat restoration activities in the Snohomish watershed. As a dynamic tool, the
hydraulic model can also be updated in the future to reflect changing river conditions and analyze new
hydrologic scenarios as needed.

1

In February 2021, Surface Water Management became part of the Snohomish County Department of
Conservation and Natural Resources.
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1.0

INTRODUCTION

Watershed Science & Engineering (WSE) was retained by the Snohomish County Department of Public
Works, Surface Water Management (SWM) Division to conduct a hydrologic and hydraulic study of the
Snohomish River watershed and produce flood inundation mapping for current and future climate
conditions. The study included analyzing streamflow data to develop hydrologic inputs to the model and
simulating a range of flood events to characterize floodplain hydraulic conditions from the present
through the end of the 21st century.
1.1

PURPOSE & GOAL

This project developed updated floodplain mapping of the Snohomish River and portions of the
Skykomish and Snoqualmie rivers in Snohomish County. The analysis produced flood inundation data for
flood events ranging from the 2- to 500-year. Hydrologic data representing current conditions were
developed from historical USGS streamflow records, and hydrologic data representing future conditions
were developed based on analyses conducted by the University of Washington (UW) Climate Impacts
Group (CIG) using new hydrologic model simulations. A two-dimensional (2D) hydraulic model was
developed and used in this study to produce the updated flood inundation mapping.
1.2

PROJECT AREA & STUDY CONTEXT

The project area encompasses the majority of the Snohomish River basin floodplain within Snohomish
County, including the entire Snohomish River, the Skykomish River upstream to Gold Bar, and the
Snoqualmie River upstream to the King-Snohomish County Line (County Line). The hydraulic model
extends to USGS gage locations on the Snoqualmie, Sultan, and Pilchuck rivers to facilitate use of
observed streamflow records as model inflows. In total, the model covers 23 miles of the Skykomish
River, 22 miles of the Snoqualmie River, 22 miles of the Snohomish River, 5 miles of the Sultan River, and
5 miles of the Pilchuck River, and their respective floodplains (see Figure 1).
The most recent comprehensive flood inundation mapping available for the Snohomish River is based on
topographic data and engineering analyses that are nearly 25 years old. Similar comprehensive
floodplain hydraulic analyses for the lower Skykomish and Snoqualmie Rivers are nearly 15 years old.
This study uses recent topographic and bathymetric data and develops new hydrologic data for existing
and future conditions to better define flood hazards in the watershed. The updated information
supports improved public awareness of flood risks and implementation of SWM’s programs and
projects.
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Figure 1 – Project Location Map Showing HEC-RAS 2D Model Area & USGS Gage Locations

1.3

PREVIOUS HYDRAULIC ANALYSES

The current study made use of two previous SWM hydraulic analyses of the Skykomish River as follows.
A HEC-RAS 1D/2D model was developed for the Skykomish River between Gold Bar and Sultan
(approximately River Mile (RM) 12 to 23) to assess flooding of Mann Road and evaluate emergency
access routes (NHC, 2015). A follow-on study included the development of a HEC-RAS 2D model for the
Skykomish River between Sultan and the confluence with the Snoqualmie River (approx. RM 0 to 14),
including a portion of the Snoqualmie River upstream to the County Line (RM 0 to 5), to assess flooding
of Ben Howard Road and identify additional emergency access routes (WSE, 2017). While neither of
these models was directly used in the current analysis, portions of the topographic data, land cover, and
model geometry data sets were adapted and applied. The current study used those data sets together
with recent data for the remainder of the project area, providing the best available data throughout the
watershed.
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2.0

HYDROLOGIC ANALYSIS

Hydrologic data development for this study included analyzing historical gage records to produce
historical flood hydrographs and using climate change projections to estimate future flood hydrographs.
For historical conditions, flow frequency analyses of USGS streamflow records were conducted to
characterize flooding in the basin and define hydraulic model inflows. Historical balanced hydrographs
were developed from these data to produce representative flood hydrographs for recurrence intervals
ranging from the 2-year flood event (50-percent chance exceedance) to the 500-year flood event (0.2percent chance flood). Distributed Hydrologic Soil Vegetation Model (DHSVM) outputs were reviewed to
ensure consistency with the gage data and used as a baseline for assessing hydrologic changes in the
basin. For future climate conditions, DHSVM hydrologic model data for future time periods were
analyzed and applied to the historical balanced hydrographs to create representative flood hydrographs
for mid-century and late-century periods, respectively (Mauger et al., 2021).
2.1

DATA SOURCES

The historical hydrologic analysis and data development focused primarily on the six USGS streamflow
gage locations shown on Figure 1 and identified in Table 1. Each of these USGS gage locations was used
as a direct input to the hydraulic model with the exception of the North Fork Tolt River Above Yellow
Creek near Carnation (USGS 12147470). The North Fork Tolt gage was used as a proxy for local tributary
inflows in roughly the southern half of the study area. Inflows for each modeled tributary were
developed by scaling the discharge and frequency data based on key basin attributes (area and mean
annual precipitation). The Pilchuck River near Snohomish location (USGS gage 12155300) was used as
both a direct input to the hydraulic model and as a proxy for local tributaries in the northern half of the
study area, using the same scaling process.
Table 1 – Available Historical USGS Streamflow Records for Hydrologic Analysis

RIVER

USGS LOCATION

RIVER
MILE

ANNUAL PEAK & DAILY DATA
PERIOD OF RECORD

INSTANTANEOUS DATA
PERIOD OF RECORD

Skykomish

12134500 – Near Gold Bar

22

WY 1929 - 2020

WY 1988 - 2019

Snoqualmie

12149000 – Near Carnation

23

WY 1988 - 2019

Snohomish

12150800 – Near Monroe

20

12138160 – Near Sultan

5

WY 1930 - 2020
WY 1964 - 2020
(inc. 1922 event)
WY 1984 - 2020

Sultan

WY 1990 - 2019
WY 1990 - 2019

Pilchuck

12155300 – Near Snohomish

3

WY 1993 - 2020

WY 1993 - 2019

N Fork Tolt

12147470 – Near Carnation

NA

WY 1953 – 2020

WY 1990 - 2019

Annual peak flows, average daily flows, and instantaneous (i.e., 15-minute or 1-hour) discharge records
were used for the historical hydrologic analysis. Gaps in the instantaneous discharge records spanning
three hours or less were filled using linear interpolation. Longer gaps in the discharge records for specific
flood events that were critical to the hydraulic analysis, such as the Snoqualmie River near Carnation for
the November 2006 event, were infilled based on observations at nearby gages. In a few instances, the
maximum flows in the instantaneous discharge records were adjusted to match the USGS published
peak discharges, to ensure consistency with the flow frequency analyses.
Hydrologic modeling for historical and future time periods was developed by CIG to assess the effects of
climate change on hydrologic conditions. CIG developed and used the DHSVM hydrologic model and a
suite of global climate model inputs. Streamflow records and flood frequency analysis results for
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historical and future time periods were provided by CIG and analyzed by WSE for use in developing the
future conditions hydrologic inputs to the hydraulic model.
2.2

HISTORICAL HYDROLOGIC ANALYSIS

Flow frequency analyses were conducted for each of the six USGS gages using the entire available
annual peak discharge record at each location. A Log Pearson III distribution and the methods of US
Water Resources Council Bulletin 17C (England et al., 2018) were applied to estimate peak flow
quantiles for the locations listed in Table 2 and Table 3. Additional flow frequency analyses were
conducted using the instantaneous discharge records to estimate 1-hour, 3-hour, 6-hour, and 12-hour
maximum flows; and using the daily discharge records to estimate 1-day, 3-day, and 7-day maximum
flows. The outputs from these analyses are summarized in Appendix A.
Table 2 – Computed Flow Quantiles for Locations on the Skykomish, Snoqualmie, and Snohomish rivers

RETURN PERIOD
(YEARS)

PERCENT CHANCE
EXCEEDANCE

SKYKOMISH RIVER
NEAR GOLD BAR
(PEAK FLOW – CFS)

SNOQUALMIE RIVER
NEAR CARNATION
(PEAK FLOW – CFS)

SNOHOMISH RIVER
NEAR MONROE
(PEAK FLOW – CFS)

2

50

41,800

30,700

62,200

5

20

63,000

44,900

85,500

10

10

77,500

54,600

101,700

25

4

96,200

67,000

122,800

50

2

110,300

76,300

139,200

100

1

124,600

85,700

156,100

500

0.2

158,500

108,000

197,700

Table 3 – Computed Flow Quantiles for Locations on the Sultan, Pilchuck, and N Fork Tolt rivers

RETURN PERIOD
(YEARS)

PERCENT CHANCE
EXCEEDANCE

SULTAN RIVER NEAR
SULTAN
(PEAK FLOW – CFS)

PILCHUCK RIVER
NEAR SNOHOMISH
(PEAK FLOW – CFS)

NORTH FORK TOLT
NEAR CARNATION
(PEAK FLOW – CFS)

2

50

3,770

5,970

4,130

5

20

6,430

8,560

5,710

10

10

8,710

10,300

6,760

25

4

12,300

12,400

8,070

50

2

15,400

13,900

9,050

100

1

19,100

15,400

10,000

500

0.2

30,100

18,900

12,300

Results from the historical flow frequency analyses were compared to preliminary FEMA Flood
Insurance Study (FIS) data (FEMA, 2019) at available locations within the Snohomish watershed. These
comparisons are shown in Table 4. Differences in the results shown in Table 4 for the Skykomish and
Snoqualmie rivers are primarily due to the use of different periods of record for the FEMA and WSE
analyses. Differences for the Snohomish River near Monroe, are the result of different approaches for
handling historical events. The FEMA FIS analysis included a number of “historical” Snohomish River
peak flows that were estimated from large flood events in the Skagit River basin. These significantly
increase the resultant flow quantiles. There is considerable debate as to the reasonableness of those
historical flow estimates, and therefore the analysis conducted herein chose to only include the WY
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1922 flood (180,000 cfs) at Snohomish River near Monroe, which is the only historical event reported by
the USGS for this location. As a result of the different treatment of historical events, the current analysis
resulted in flow quantiles that are significantly lower than those reported in the preliminary FEMA FIS
for the Snohomish River near Monroe location.
Table 4 – Comparison of Flow Frequency Analysis Results with Preliminary FEMA FIS Data

RETURN
PERIOD
(YEARS)

2.3

SKYKOMISH RIVER NEAR
GOLD BAR
(PEAK FLOW – CFS)
WSE
FEMA FIS

SNOQUALMIE RIVER NEAR
CARNATION
(PEAK FLOW – CFS)
WSE
FEMA FIS

SNOHOMISH RIVER NEAR
MONROE
(PEAK FLOW – CFS)
WSE
FEMA FIS

10

77,500

77,700

54,600

58,200

101,700

120,700

50

110,300

113,000

76,300

82,400

139,200

174,400

100

124,600

128,000

85,700

91,800

156,100

196,800

500

158,500

166,000

108,000

113,300

197,700

242,900

BALANCED HYDROGRAPH DEVELOPMENT

Balanced hydrographs were developed for the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year flood events at
each of the six USGS gage locations. A balanced hydrograph is essentially a hydrograph for a specific
return period that nests the computed flow quantiles for a wide range of durations for that return
period within a single hydrograph. This ensures that the analysis is representative of the specified return
period regardless of the duration of interest of flooding. This approach is important because some flood
impacts are primarily a function of peak flows while other impacts may be more affected by longer
durations of high flow.
Balanced hydrographs for this study were developed using the Balanced Hydrograph Analysis feature of
the US Army Corps of Engineers Statistical Software Package, HEC-SSP version 2.2 (USACE, 2017). All of
the balanced hydrographs were patterned on the November 2006 flood event, which was selected as
typical of extreme flood events in the watershed after reviewing the magnitude and relative timing of
flood peaks of several historical flood events. Statistical correlations in flows between USGS gage
locations were also analyzed to determine which historical flood event was most representative and
appropriate to use in the balanced hydrograph creation. The November 2006 event is typical of flood
events in the Snohomish watershed because it consists of an early, large flood peak on the Skykomish
River followed by a later, smaller flood peak on the Snoqualmie River. These floods attenuate and then
merge at the confluence to produce a broad, relatively large flood peak on the Snohomish River
downstream. These patterns and relative timing are common for flood events in the Snohomish
watershed and were determined to be reasonable for building balanced hydrographs. To produce the
balanced hydrographs, the observed streamflow at each of the USGS gages for the November 2006
event was scaled to match the peak, 1-hour, 3-hour, 6-hour, 12-hour, 24-hour, 3-day, and 7-day
maximum moving average discharges at each of the return periods listed above. Figure 2 displays the
100-year flood event hydrographs for the six USGS locations as an example of the balanced hydrographs
used as input to the hydraulic model.

Page |6

Figure 2 – 100-year Flood Event Balanced Hydrographs for the Snohomish Watershed

2.4

CLIMATE ANALYSIS & APPLICATION

DHSVM hydrologic modeling of the Snohomish watershed, conducted by CIG, produced streamflow
outputs for three different time periods: Historical (1980-2010); Mid-Century (2040-2069); and LateCentury (2070-2099). Flow frequency analyses were conducted on the streamflow outputs, the results
of which were compared across a range of flow quantiles, durations, and locations within the
watershed. From those comparisons and through discussions with CIG and SWM, the selected approach
for applying the CIG hydrologic results for this analysis was to scale the historical flow frequency analysis
results (described in Section 2.2) by relative changes in flow quantiles between the historical time period
and each of the two future time periods. Scalars were calculated for and applied separately to each of
the six USGS gage locations and for several durations (i.e., peak, 1-day, 3-day, 7-day). The scalars for
each location/duration were averaged from a subset of return periods (2- through 100-year events) to
reduce noise in the model results and then applied across all return periods, including the 500-year
event. The calculated increases in peak flows at the USGS gage locations are listed in Table 5, and the
full set of flow quantiles developed in this manner for each future time period are shown in Appendix B.
From these quantiles, new balanced hydrographs were created using HEC-SSP to represent mid- and
late-century hydrologic conditions reflecting the climate change projections.
Table 5 – Increase in Peak Flow by Mid- and Late-Century for each USGS Location

USGS LOCATION

INCREASE IN PEAK FLOW BY
MID-CENTURY (%)

INCREASE IN PEAK FLOW BY LATECENTURY (%)

Skykomish near Gold Bar

10.0

22.5

Snoqualmie near Carnation

15.6

26.2

Snohomish near Monroe

14.5

24.4

Sultan near Sultan

7.2

20.6

Pilchuck near Snohomish

9.6

23.4

N Fork Tolt near Carnation

11.2

20.6
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2.5

HYDROLOGIC IMPLICATIONS OF SKYKOMISH & SNOQUALMIE CONFLUENCE

Hydrologic analyses were conducted to estimate flow quantiles for the USGS gages on the Skykomish,
Snoqualmie, and Snohomish rivers. These flow quantiles provide estimates of the annual chance
exceedance flows (i.e., the flow magnitude that has a specified chance of being exceeded in any given
year) at each of these locations for a range of durations. Flow quantiles for the Skykomish and
Snoqualmie gages were used to define design flood event inputs to the hydraulic model at those
locations. The design events used balanced hydrographs matching the flow quantiles for a range of
durations and were patterned on the timing and relative spatial distribution of historical flood events.
For the design events, it was assumed that an n-year flood on the Skykomish River would be
accompanied by an n-year flood on the Snoqualmie River. While the historical data shows this is
generally a reasonable assumption, there will always be some difference between flow frequencies and
relative timing of flood flows on the two rivers during actual flood events. Due to these differences, the
estimated flow quantiles for the Snohomish River near Monroe are somewhat lower than the sum of the
estimated flow quantiles at the upstream gages, even when timing differences seen in the historical
data are included. Therefore, when the n-year design flow hydrographs are input into the hydraulic
model at Gold Bar and Carnation and routed downstream, the resultant hydrograph is somewhat larger
than an n-year flow on the Snohomish River near Monroe. The differences range from insignificant for
small flood events (e.g., 2- to 5-year) to approximately 10% higher for large flood events (e.g., 100- to
500-year). The differences also become more pronounced under mid- and late-century climate
conditions. While the simulated discharges on the Snohomish River near Monroe are somewhat higher
than the historical flow quantiles at that location, we believe the modeling provides a reasonable
depiction of conditions throughout the basin during the specified design events.

3.0

HYDRAULIC MODELING

A 2D hydraulic model was developed using HEC-RAS version 5.0.7 to represent major rivers and
floodplains within the Snohomish watershed (USACE, 2019). To facilitate use of available USGS
streamflow records and flow frequency analyses as inputs, the upstream extents of the hydraulic model
were set at the following USGS gage locations: Skykomish River below Gold Bar (RM 23), Sultan River
below the power plant near Sultan (RM 5), Snoqualmie River below Carnation (RM 22), and the Pilchuck
River below Three Lakes Road (RM 4). The model was extended downstream to the mouth of the
Snohomish River (RM 0).
The model used the latest available topographic and land cover data, described in Sections 3.1 and 3.2.
Additional model refinements were made at key hydraulic structures such as bridges and pump stations,
described in Section 3.4. Upon completion of data development, the hydraulic model was calibrated for
multiple flood events with peak flows ranging from frequent (2- to 5-year recurrence) to infrequent
events (50- to 100-year recurrence). Calibration was carried out using observed flows and available
surveyed high water mark (HWM) data for recorded flood events (see Section 3.6).
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3.1

TOPOGRAPHIC SURFACE DATA

The base topographic surface for the 2D model was developed from a combination of existing publicly
available data sets and recent data collected specifically for this study to best represent existing
conditions in the watershed. The following data sets were used to create the composite terrain surface
for the 2D model:
•

•

•

•

•

LiDAR Digital Terrain Model (DTM) surfaces
o

2019 LiDAR collected by Snohomish County covering the Snohomish River delta up to RM 18
and the Pilchuck River up to RM 2 at a 3-foot grid resolution

o

2016 LiDAR collected by USGS and WA DNR for their 3DEP program covering the Skykomish
River upstream of RM 6, the entire modeled area of the Sultan River (RM 0 to 5), and the
Pilchuck River from RM 3 to 4 at a 3-foot grid resolution

o

2013/2014 LiDAR collected by Seattle City Light (SCL) covering the Snohomish River above
RM 18, the Skykomish River up to RM 6, and the entire modeled area of the Snoqualmie
River (RM 0 to 22), and the Pilchuck River from RM 2 to 3 at a 3-foot grid resolution

In-channel bathymetric survey
o

2019 bathymetric survey data collected by Snohomish County covering Ebey, Steamboat,
and Union Sloughs in their entirety; the Snohomish River from RM 0.5 to 21; and the
Skykomish River from RM 14 to 23

o

2017 bathymetric survey data collected by Snohomish County covering the Snohomish River
from RM 15 to 21, the Skykomish River from RM 0 to 14, the Snoqualmie River from RM 0 to
5, and the entire modeled extent of French Creek

o

2015 bathymetric survey cross sections collected by Snohomish County covering South
slough and adjacent side channels in the 311 St/Mann Rd/Ben Howard Rd area of the
Skykomish River floodplain

Levee crest and roadway centerline survey
o

2019 levee crest survey collected by Snohomish County covering all of the major levees
along the Pilchuck River, Snohomish River, and Snohomish delta sloughs, including
Steamboat, Union, and Ebey Sloughs

o

2017 roadway centerline survey collected by Snohomish County covering Fern Bluff Rd,
Sofie Rd, 311th St, Mann Rd, Ben Howard Rd, Tualco Rd, Crescent Lake Rd, and 203rd St SE

Unmanned Aerial Vehicle (UAV)-derived structure from motion (SfM) surfaces
o

2019 Unmanned Aerial Vehicle (UAV) elevation data collected by WSE and Snohomish
County covering exposed gravel bars on the Skykomish River between RM 13 and 23, filling
the elevation data gap between available LiDAR and bathymetric survey with recent data

o

2017 Unmanned Aerial Vehicle (UAV) elevation data collected by WSE and Snohomish
County covering exposed gravel bars on the Skykomish River between RM 0 and 13, filling
the elevation data gap between available LiDAR and bathymetric survey with recent data

Bathymetric data interpolated from HEC-RAS 1D cross sections for the following reaches:
o

Sultan River RM 0 to 4 from FEMA FIS 1D model (6/28/2019)

o

Snoqualmie River RM 5 to 22 from FEMA FIS 1D model (9/25/2017)
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Data sets were reprojected from their native coordinate system to NAD 1983 State Plane Washington
North FIPS 4601 (2011) as necessary and merged to produce the final composite model terrain.
Transitions between data sets were smoothed via interpolation across the boundaries to eliminate
discontinuities and fill any gaps between data sources.
3.2

LAND COVER DATA & MANNING’S N ROUGHNESS

Surface roughness values for the hydraulic model were input using a spatially distributed land cover data
set developed from existing land cover layers, refined with additional data as described below. The
following data layers served as primary land cover inputs and provided the basis to which refinements
were made:
•

2015 NOAA Coastal Change Analysis Program (C-CAP) land use data provided by Snohomish
County and covering areas of the Snohomish watershed within Snohomish County

•

Existing land cover data from previous WSE analyses (2019) within the Snohomish watershed,
developed from a combination of high-resolution, manually delineated land cover classifications
within the watershed and refined with road, river channel, slough, and aerial imagery layers to
update land use conditions

•

2018 Microsoft Building Footprints layer (hosted on ArcGIS Online) updated and refined by WSE
to reflect new construction and recent demolition since the layer was created

•

Edge of water delineations provided with each LiDAR data set defining water surface extents
during LiDAR collection and providing data from which river channel regions were defined

In addition to the existing land cover data sets, recent aerial imagery and the LiDAR data sets from the
topographic surface development were used to provide more recent and accurate land use data. The
2019 Snohomish estuary mosaic and 2017 National Agriculture Imagery Program (NAIP) aerial imagery
(the most recently available data at the time of model development) were processed using an image
classification methodology to provide data on a variety of land use classifications, including pavement,
cultivated fields, grassland, shrubs, and forest. The LiDAR data sets were further processed using the
digital surface model (DSM) and DTM to classify vegetation height, filtering out non-vegetation areas to
preserve data from other land use classification layers. All of these data layers were combined and
quality controlled to provide the most recently available and best resolution land cover layer available
given data availability and limitations.
Once the land cover classifications were finalized, the land cover layer was imported to HEC-RAS and
Manning’s n roughness values were applied based on guidance from open channel hydraulic texts
(Chow, 1959) and WSE’s engineering judgement developed over numerous hydraulic studies. Due to the
prevalence of bridges with distributed bridge piers throughout the study area, particularly in the
Snohomish River delta, Manning’s n override regions were used in HEC-RAS to increase roughness in
areas of bridge footprints. This approach served two purposes: to simulate increased flow roughness
due to numerous bridge piers, and to correct the area of the bridge deck from the low-roughness
pavement classification assigned by the automated process described above.
Manning’s n roughness values were further refined through model calibration, as described in Section
3.6, to better match observed water surface elevations. The final land cover classifications, the area
covered by each, and the final calibrated Manning’s n roughness values are shown in Table 6.
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Table 6 – Final Land Cover Classifications and Calibrated Roughness Values for 2D Modeling

3.3

LAND COVER CLASSIFICATION

AREA (ACRES)

MANNING’S N ROUGHNESS

Open Water

923

0.024

River Channels (comb.)

2,870

0.018 to 0.030

Side Channels

481

0.034

Pavement

3,698

0.02

Compact Gravel/Gravel Bars

1,768

0.03

Buildings

1,432

1

Developed Open Space

2,122

0.055

Cultivated Fields

15,554

0.05

Grassland (0-2ft)

10,858

0.04

Shrubs (2-10ft)

10,415

0.065

Forest (10+ ft)

24,522

0.07

Wetland

660

0.06

Bare Land

829

0.35

2D COMPUTATION MESH & BREAKLINES

The HEC-RAS 2D model domain was defined to encompass the anticipated inundation extent of the
largest flood modeled for this study (i.e., late-century 500-year flood). A single HEC-RAS 2D flow area
was created for the entire domain, and a 2D computational mesh was generated at a nominal grid cell
spacing of 100 feet. The mesh was refined extensively using 2D breaklines in areas with complex
topography and along elevated terrain features that would otherwise be missed by the uniform
rectilinear grid. Breaklines were manually delineated along channels, sloughs, riverbanks, roadways,
railroad fills, berms, and other areas of high ground. These breaklines were enforced within the 2D flow
area at a nominal grid cell spacing of 80 feet. The final computational mesh contained approximately
330,900 cells with an average cell size of approximately 9,300 square feet. The model covers
approximately 76 miles of river channel and approximately 70,560 acres of floodplain.
3.4

HYDRAULIC STRUCTURES

Numerous hydraulic structures exist along the rivers in the Snohomish watershed. These include levees
and road fills, pump stations, outfall pipes, spillways, culverts and bridges. When developing the model,
consideration was given to the effects of these structures on hydraulic conditions and the level of detail
necessary to achieve modeling objectives. All structures thought to have the potential to significantly
impact flood levels and inundation extents were included in the model. Levees and road fills were
included as terrain features, either using County survey or available LiDAR data. Other hydraulic
structures, such as culverts and tide gates, were included as 2D area connections in the model
geometry. Note that after completion of the hydraulic modeling, one levee on the left bank of the
Snohomish River near the Bob Heirman Wildlife Park at Thomas’ Eddy was discovered to have been
poorly represented in the most recent LiDAR data. As a result, water was able to inundate the area
behind the levee earlier and more quickly than in reality, affecting model results in this particular area.
With respect to the inundation mapping, some of the most important hydraulic structures in this study
are tide gates, spillways, and pump stations that generally allow flow to drain (or be pumped) to the
river while preventing backflow that would otherwise inundate areas of low elevation landward of the
structure. The four structures that fall into this category are the French Creek pump station, French
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Creek spillway, Marshlands tide gate, and Deadwater tide gate (see Figure 3). These structures were
configured as 2D area connections in the model using available information for structure dimensions
and hydraulic properties. Other properties were estimated based on available ground and aerial images.
Operational information for tide gates, spillways, and pump stations was not available; however, this
information was not needed because operations at these structures did not affect the model calibration
or results of the flood event simulations. Therefore, all tide gates, spillways, and pump stations in the
model were simply configured to allow positive drainage but prevent backflow, effectively acting as flap
gates at all times.
Numerous other hydraulic structures within the project area were not surveyed or included in the
model as they were not expected to have a significant enough impact on the hydraulic results to warrant
the extensive data collection that would have been required to accurately include them. The exception
to this was along Riley Slough where computational grid cells were manually adjusted to allow flow
through road fills that would otherwise erroneously pond and overtop roadways in the Tualco Valley
(see Figure 3). Manual adjustment of the topography was done in place of adding culverts or small
bridges due to the large number of flow obstructions that needed to be addressed.
HEC-RAS version 5.0.7 cannot model bridge piers or decks (i.e., pressure flow) in 2D areas, therefore
bridges were not explicitly represented in the model; however, all bridge approach fills are included in
the model as part of the terrain surface. Modeling the bridges in this manner was discussed with SWM
and agreed to as reasonable given the fact that most of the bridges in the study area do not have bridge
decks that impinge on flows significantly, even under high-flow conditions. At bridges for which there
was greater uncertainty over whether or not the bridge decks impinge on flow, such as the Highway 9
bridge near Snohomish and the Highway 2 trestle across the Snohomish delta, it was determined that
any hydraulic effects of pressure flow and pier losses would not be consequential to the model results
due to the width of the Snohomish River floodplain in these areas. These bridge footprints were instead
represented by areas of higher roughness in the land cover layer to account for bridge pier losses.
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Figure 3 – Map of 2D Model Structures and Grid Refinement Areas
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3.5

BOUNDARY CONDITIONS

Inflow locations in the model were defined at all of the major rivers at USGS streamflow gage locations.
These are the Skykomish River near Gold Bar, Snoqualmie River near Carnation, Sultan River below the
power plant near Sultan, and Pilchuck River near Snohomish. In addition, inflow locations were created
for all significant tributaries that enter the Skykomish, Snoqualmie, Sultan, Pilchuck, and Snohomish
rivers. Tributary inflow hydrographs were created by scaling data from hydrologically similar USGS
streamflow sites using basin area and mean annual precipitation to determine the scaling factor.
Hydrographs for tributaries north of the Skykomish River were developed from USGS gage data for the
Pilchuck River near Snohomish. Hydrographs for tributaries south of the Skykomish River were
developed from USGS gage data for the North Fork Tolt above Yellow Creek near Carnation.
The model boundary at the mouth of the Snohomish River is controlled by tide levels in Possession
Sound. NOAA maintains a tidal station for Everett, WA (ID 9447659). While this station does not directly
measure tidal stages, it does provide a continuous record of tide predictions. For each calibration event,
an unsteady stage hydrograph was created from the NOAA tide predictions and applied at the model
outflow boundary to represent the tide levels.
The statistical flood frequency events could occur at any time in the tidal cycle, meaning that the specific
tide level associated with any point in the flood event cannot be known. For this reason, a fixed tidal
water level was specified for the historical, mid-century, and late-century flood events. For the historical
event simulations, the tide level was held constant at Mean Higher High Water (MHHW), an approach
typically used by FEMA for flood insurance studies. For Possession Sound this corresponds to an
elevation of 9.06 feet (NAVD88). For future condition simulations, the tidal elevation boundary was
raised to account for projected climate change. Projected increases in sea level were obtained from the
2018 Assessment of Sea Level Rise in Washington State (Miller et al., 2018). Increases were set to the
projected median (50% probability) increase for the RCP 8.5 emissions scenario (the same emissions
scenario used in the CIG hydrologic modeling). The median projected tide increase under RCP 8.5
conditions is 0.9 feet by 2055 and 1.65 feet by 2085 (Miller et al., 2018). Therefore, the MHHW tidal
boundary was modeled at an elevation of 9.96 feet (NAVD88) for mid-century flood events and 10.71
feet (NAVD88) for late-century flood events.
3.6

MODEL CALIBRATION & VALIDATION

The hydraulic model was calibrated to three observed flood events and validated to three other events.
The calibration events were November 2006, November 2008, and October 2017, and the validation
events were January 2009, October 2015, and February 2020 (see Table 7). These calibration and
validation flood events were chosen based on:
•

Availability of streamflow data and corresponding HWM observations

•

Magnitude of flood event peaks at the two locations shown in Table 7 to ensure calibration
across a wide range of flow conditions

•

Temporal relevance of the flood events to current topographic and land use conditions as
configured in the model
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Table 7 – Flood Events Used for Model Calibration and Validation

APPROXIMATE RETURN PERIOD

APPROXIMATE RETURN PERIOD

SKYKOMISH RIVER NEAR GOLD BAR

SNOHOMISH RIVER NEAR MONROE

Calibration – November 2006

> 100-year event

> 25-year event

Calibration – November 2008

5- to 10-year event

2- to 5-year event

Calibration – October 2017

2- to 5-year event

< 2-year event

Validation – January 2009

< 10-year event

25- to 50-year event

Validation – October 2015

5- to 10-year event

> 2-year event

Validation – February 2020

< 10-year event

2- to 5-year event

FLOOD EVENT

Surveyed HWM elevations and attributes provided by SWM were reviewed by both SWM and WSE. This
led to the removal of a number of HWMs from the data set due to inconsistencies in surveyed elevations
between adjacent HWMs or between HWMs at the same location from different flood events, as well as
other concerns related to HWM accuracy. Model calibration was conducted by comparing simulated
water surface elevations to the remaining surveyed HWMs (see Figure 4), then iteratively adjusting
Manning’s n roughness values as needed until modeled water surface elevations were within a
reasonable range of the observed water surface elevations. Final calibrated Manning’s n roughness
values were listed in Table 6.

Figure 4 – Location of High Water Marks (HWMs) for Calibration and Validation Events
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Statistics from the comparison of model results to observed HWMs for each of the calibration flood
events are shown in Table 8. Overall, flood elevations across the model domain were biased slightly high
for the November 2006 and October 2017 flood events and slightly low for the November 2008 flood
event, as indicated by the median difference for each event. Results from model calibration are
generally considered reasonable when they are within 0.5 to 1.0 feet of surveyed HWMs. With
calibration producing model results within 0.5 feet at 33% of HWMs and within 1.0 feet at 65% of
HWMs, these results indicate that the model generally simulated flood elevations well relative to HWM
data. However, model results differing by more than 1.0 foot at 35% of HWMs and more than 2.0 feet at
10% of HWMs also indicate that some areas of significant difference still exist within a model that
produces reasonable results. The full calibration results from which these statistics were calculated can
be found in Appendix C.
Table 8 – Summary Statistics for Calibration Flood Events Indicating Model Accuracy

FLOOD EVENT

MEDIAN
DIFFERENCE (FT)

November 2006

MEAN
DIFFERENCE (FT)

HWMS WITHIN
+/- 0.5 FT (%)

HWMS WITHIN
+/- 1.0 FT (%)

HWMS WITHIN
+/- 2.0 FT (%)

0.30

0.29

37%

73%

95%

November 2008

-0.29

0.56

24%

52%

86%

October 2017

0.64

0.70

40%

70%

90%

Average

0.22

0.52

33%

65%

90%

Areas with poor agreement were evaluated further to understand the potential causes for significant
differences between observed and simulated water levels. The greatest source of calibration error was
likely uncertainty in the hydrologic input data, including estimates for local tributary inflows and
inconsistencies in USGS streamflow records. An example of this was seen in four HWMs for the
November 2008 flood event on the Snohomish River that range from 1.6 to 4.7 feet below the model
results.2 The model consistently overestimated water levels in this location in this event despite
extensive calibration efforts. Comparing the simulated hydrographs on the Snohomish River near
Monroe with corresponding USGS streamflow records on the Snoqualmie River near Carnation, it was
determined that the USGS hydrograph at Carnation, used as a boundary condition in the model, was
likely overestimating flow at that location. Figure 5 displays USGS and modeled streamflow hydrographs
for the November 2008 calibration event. While the first peak of the HEC-RAS output hygrograph
matches that of the USGS streamflow hydrograph for Snohomish near Monroe relatively well, the
second peak of the HEC-RAS output significantly overestimates that of the Monroe hydrograph. Review
of the Skykomish near Gold Bar and Snoqualmie near Carnation USGS streamflow hydrographs further
shows that the first peak at Monroe corresponds to the arrival of the Skykomish flood peak while the
second peak at Monroe is due to the arrival of the Snoqualmie flood peak, leading to the conclusion that
the Snoqualmie peak was an overestimation. As a result of the overestimation of flows at Carnation, the
model is simulating higher flow coming from the Snoqualmie River and entering the Snohomish River
than supported by the USGS streamflow record at Monroe. This overestimation leads to elevated
simulated water levels throughout the Snohomish River portion of the model and may have also caused
poor calibration at the SR 203 bridge on the lower Skykomish River due to backwater influence. These
handful of poorly calibrated HWMs are also primarily responsible for the large variance between median
and mean differences for the November 2008 event shown in Table 8.

2

Labeled Below SR 203, LB Snohomish @ SR 522, LB Snohomish above Pilchuck, and Lowell-Snohomish Road in Appendix C
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Figure 5 – November 2008 Calibration Event Hydrographs Indicating Flow Overestimation

The exact cause of flow discrepancies between USGS streamflow records and corresponding model
results is unclear, but it highlights the potential effects of hydrologic errors on the simulations. It is
generally accepted that USGS streamflow estimates may be off by five to ten percent or more during
flood events due to limitations in field measurements, shifts in rating curves due to changing channel
conditions, or extrapolations of rating curve to higher stages. Therefore, the effects of these hydrologic
uncertainties need to be recognized when evaluating the model calibration.
Significant differences between observed and calibrated water levels may also result from one or both
of the following:
•

Changes between current conditions (e.g., channel geometry and land use) represented in the
model versus conditions that existed during the calibration flood events, especially near channel
splits and confluences

•

Inconsistencies or errors in HWM elevations, including field data indicating poor quality marks,
ambiguous field notes, area of complex terrain or hydraulics, or survey collected well after the
flood peak

There are several locations where HWM elevations from adjacent measurements varied for a given
event considerably more than would be likely given their close proximity. For example, three HWMs
were collected for the November 2006 flood event below the SR 203 bridge near Monroe very close to
each other but with survey elevations differing by up to 1.8 feet.3 In contrast, modeled water levels
varied by a maximum of 0.1 feet between these three locations, indicating that at least some of the
HWM data were inconsistent but not providing enough information to determine which, if any, point(s)
could be removed from the calibration data set. As a result, Manning’s n values were adjusted to target
an average of the three points for this particular area of the model. At other locations where there was a

3

Labeled RB below SR 203 in Appendix C
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single outlier compared to numerous other nearby HWMs, the outlier was removed and the calibration
was adjusted to favor the remaining points.
Due to the size and complexity of the hydraulic model, instances arose for which the fit to observed
HWM observations could not be improved at one location for one event without worsening the fit at
other locations for the same event, or at the same location for other events. Therefore, the calibration
effort focused on optimizing the fit across the full range of events and locations. The full range of
differences between modeled and observed HWM data is available in the calibration results of Appendix
C. On average, the results are reasonable, especially considering the model uses a single geometry and
single set of roughness values calibrated to the full range of flow magnitudes.
Summary statistics from the comparison of model results to observed HWMs for each of the validation
flood events are shown in Table 9. Model validation generally indicated good correspondence between
simulations and observations with the exception of a few specific areas of poor agreement. These few
groups of poorly matched data result in a slightly greater positive bias in the model for the validation
events as compared to the calibration results. With model results within 0.5 foot at 51% of HWMs and
within 1.0 foot at 68% of HWMs, the validation flood event simulations indicate that the calibrated
model is able to reasonably replicate observed flood elevations despite a few areas of significant
difference and the challenges described above. The full validation results from which these statistics
were calculated can be found in Appendix C.
Table 9 – Statistics for Validation Flood Events Indicating Model Performance

FLOOD EVENT

MEDIAN
DIFFERENCE (FT)

MEAN
DIFFERENCE (FT)

HWMS WITHIN
+/- 0.5 FT (%)

HWMS WITHIN
+/- 1.0 FT (%)

HWMS WITHIN
+/- 2.0 FT (%)

January 2009

0.63

0.71

33%

75%

88%

October 2015

0.67

0.56

36%

45%

73%

February 2020

0.25

0.31

83%

83%

100%

Average

0.52

0.53

51%

68%

87%

To better understand the calibration results, HWMs from each of the validation events were compared
with one another and with HWMs in the calibration events to identify patterns or relationships that
could inform additional refinements in the model. No such patterns or relationships were identified
through the comparisons, leading to the conclusion that additional model calibration or refinement
could not further improve model accuracy. Overall, it was concluded that the model was simulating
floodplain hydraulic conditions within an acceptable range of accuracy and could be used to analyze
flooding across the watershed to meet the objectives of this study.
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4.0

MODEL RESULTS & INUNDATION MAPPING

The hydraulic model was run to produce flood profiles and floodplain inundation maps for three time
periods – historical, mid-century (2040 to 2069), and late-century (2070 to 2099). For each time period,
balanced hydrographs corresponding to the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year floods were
simulated. Figure 6 shows an example inundation map of the Skykomish River near Monroe for the 10year flood events. Complete sets of flood profiles (based on SWM River Mile designations) and
inundation maps covering each subreach (based on SWM subreach designations) are included in
Appendices D and E, respectively. Additional results, including maximum depth, velocity, and water
surface elevation results for each of these simulations, were provided in digital format to SWM.

Figure 6 – Example Inundation Map Included in Appendix E

Model results for the 10- and 100-year flood events were further analyzed to quantify the effects of
climate change on flooding in the Snohomish watershed. Changes in inundation area and flood levels
from historical conditions were computed for each of the subreaches and are displayed in Table 10 and
Table 11, respectively.
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Table 10 –Change in Inundation Area from Historical for the 10- and 100-year Flood Events

CHANGE IN INUNDATION AREA FROM HISTORICAL
RIVER

SUBREACH

Snohomish

Estuary

Snohomish

Marshlands

Snohomish

French Slough

Snohomish

Confluence

Snoqualmie

Snoqualmie

Skykomish

1

Skykomish

2

Skykomish

3

Skykomish

4

Skykomish

5

Skykomish

6

Skykomish

7

10-YEAR FLOOD EVENT

100-YEAR FLOOD EVENT

MID-CENTURY

LATE-CENTURY

MID-CENTURY

LATE-CENTURY

5%
13%
27%
1%
1%
11%
12%
6%
4%
5%
3%
11%

9%
14%
27%
1%
1%
14%
25%
10%
7%
7%
6%
24%

5%
1%
1%
1%
2%
3%
3%
1%
1%
2%
5%
7%

8%
1%
1%
1%
3%
4%
4%
2%
2%
3%
10%
15%

In general, changes in inundation area are more significant in the 10-year flood event than the 100-year
flood event. The historical 10-year flood event is large enough to send water into overbank areas, but it
does not completely inundate the floodplain. As a result, increased flows due to climate change would
flood a larger area than historical conditions. In contrast, the 100-year flood event is large enough to
inundate most of the floodplain, leaving little additional area to be flooded even with the higher
projected flows in the future.
In the 10-year flood event, relative changes in inundation area are greater in the middle Snohomish and
lower Skykomish rivers than in most of the upper Skykomish River. Levees along the middle Snohomish
River that experience little to no overtopping under historical conditions are expected to experience
more overtopping by the mid- to late-century. This results in many areas that are currently protected by
levees becoming inundated in the future. By mid-century, the leveed areas of Marshlands and French
Slough are expected to be mostly inundated, meaning only small additional increases in inundation area
are expected by late-century. The lower Skykomish River similarly has leveed areas, particularly adjacent
to Haskel and Riley sloughs, that experience more significant overtopping and greater inundation with
projected climate change. Skykomish subreach 7 doesn’t have levees that overtop in the mid- or latecentury runs, but it does have side channel areas that become activated under projected flow
conditions.
In the 100-year flood event, the floodplain throughout almost all subreaches is mostly inundated in the
historical condition, meaning increased streamflow as a result of climate change will not significantly
increase inundation area. However, Skykomish River subreaches 6 and 7 experience moderate increases
in inundation area by mid- and late-century due to the activation of additional side channel areas with
higher projected streamflow. The Snohomish Estuary subreach also experiences moderate increases in
inundation area, primarily due to sea level rise.
Table 11 shows changes in average flood water levels from historical to mid- and late-century periods.
These are based on average water surface elevation computed for each river subreach and provide a
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general indication of how water levels are expected to change. They do not represent changes at any
particular location within the floodplain. Changes in average flood levels from historical to mid- and latecentury conditions are generally similar between the 10- and 100-year flood events for each subreach,
with some exceptions.
Table 11 – Change in Average Flood Levels from Historical for the 10- and 100-year Flood Events

CHANGE IN AVERAGE FLOOD LEVELS FROM HISTORICAL (FT)
RIVER

SUBREACH

Snohomish

Estuary

Snohomish

Marshlands

Snohomish

French Slough

Snohomish

Confluence

Snoqualmie

Snoqualmie

Skykomish

1

Skykomish

2

Skykomish

3

Skykomish

4

Skykomish

5

Skykomish

6

Skykomish

7

10-YEAR FLOOD EVENT

100-YEAR FLOOD EVENT

MID-CENTURY

LATE-CENTURY

MID-CENTURY

LATE-CENTURY

1.4
5.3
9.2
1.3
2.1
2.0
0.9
0.8
0.8
0.6
0.4
0.6

2.4
6.1
9.7
1.5
2.5
2.3
1.5
1.4
1.5
1.1
0.9
1.3

1.9
1.2
0.7
1.5
2.7
2.5
0.7
0.7
0.8
0.6
0.6
0.6

2.3
1.4
0.8
1.7
3.3
3.0
1.3
1.4
1.6
1.3
1.1
1.3

In the 10-year flood event, levees within the Snohomish River Marshlands and French Slough subreaches
overtop more significantly in the mid- and late-century runs as described above, leading to larger
increases in average flood levels. In addition to those areas, moderate increases in average flood levels
are seen near the Skykomish and Snoqualmie confluence, primarily due to the narrowing of the
floodplain at the head of the Snohomish River. Moderate increases also occur in the Snohomish Estuary
subreach due mostly to sea level rise.
In the 100-year flood event, most of the floodplain is already inundated, and increases in average flood
levels by mid- and late-century are more similar between subreaches. As was the case in the 10-year
event, moderate increases occur near the confluence of the Skykomish and Snoqualmie rivers due
mostly to effects of the narrowing floodplain and in the Snohomish Estuary due to mostly to sea level
rise.
These tables and discussion, along with flood inundation maps included in the appendix, provide insight
into the potential effects of climate change on flooding in different parts of the Snohomish watershed
by mid- and late-century.

P a g e | 21

5.0

SUMMARY & CONCLUSIONS

The Snohomish County Department of Public Works, Surface Water Management Division tasked WSE
with characterizing current floodplain hydraulic conditions in the Snohomish River watershed and
assessing projected impacts of climate change on flood depths and inundation extents along reaches of
the Skykomish, Snoqualmie, and Snohomish rivers. The study area included the Skykomish River as far
upstream as Gold Bar, the Snoqualmie River as far upstream as the King-Snohomish County Line, and
the entire length of the Snohomish River from Monroe to Possession Sound.
Hydrologic and hydraulic analyses were conducted to characterize floodplain hydraulic conditions within
the Snohomish watershed for three time periods: historical, mid-century (2040-2069), and late-century
(2070-2099). Flow frequency analyses were conducted on USGS streamflow records and balanced
hydrographs representing historical floodplain conditions were created. Climate scalars were developed
from hydrologic modeling of climate projections, completed by CIG, and used to adjust the historical
balanced hydrographs to represent floodplain conditions for each of the future time periods.
A detailed HEC-RAS 2D hydraulic model was created encompassing the Snohomish River mainstem and
portions of its major tributaries. The model covers approximately 76 river miles and 70,560 acres of
floodplain. Model inputs were developed using the most up-to-date topographic, bathymetric, and land
use data available. The model was calibrated and validated to a range of historical flood events to
ensure it provides reasonable estimates of flood water surface elevations and floodplain extents over
the range of anticipated discharges. The model was run to produce flood depths, velocities, water
surface elevations, and inundation extents for the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year flood events
for historical, mid-century, and late-century time periods.
The hydrologic analysis, hydraulic model, and floodplain mapping produced for this investigation can be
used to support future flood hazard management and habitat restoration activities in the Snohomish
watershed. The hydraulic model can be updated in the future, as necessary, to reflect changing river
conditions and analyze new hydrologic scenarios.
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6.0
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