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1.0 INTRODUCTION
The primary purpose of coastal analysis is to assess nearshore wave behavior to support sediment
transport analysis and assess the effects of the project on coastal flooding and erosion.
This modeling study is one of two analysis endeavors for the project: There is also an applied
geomorphology analysis and report. The two studies (modeling and geomorphology) are needed
because of the inherent complexity of wave-driven sediment transport. Modeling of wave-driven
sediment transport is expected to be accurate to within +/- 50 % in terms of average annual transport
rates. The design and assessment of project effects will be informed by both lines of analysis.
Future sea level rise is addressed in Section 2. Sea level rise is pertinent because it directly increases
coastal flood potential, and indirectly increases the potential for beach erosion and wave-induced storm
damages by allowing larger waves to reach farther inland. This report identifies a range of potential sea
level rise amounts through the year 2100 using recently published projections. The sea level rise
projections improve the understanding of future site conditions.
Wave modeling of the Birch Bay area was accomplished previously for flood mapping. The Birch Bay
Flood Insurance Study was accomplished in the early 2000s, resulting in the existing effective Flood
Insurance Rate Maps. The work was accomplished by Whatcom County and FEMA Region X with
technical work by Philip Williams & Associates, Ltd. (PWA 2002, 2004). The study indicates high velocity
hazard zones extending over Birch Bay Drive, and lower risk inundation hazard zones extending well
landward. The flood study did not include sea level rise or coastal erosion. Wave analysis was limited to
several severe events comprised of high water levels and waves, in order to compute the 100-year flood
(0.01 annual chance flood event). Waves were transferred from deep water to the nearshore using
RCPWAVE (Regional Coastal Process Wave Propagation Model), which was created by USACE to model
linear plane wave propagation over a “regional” area of arbitrary bathymetry.
For this study, a series of models were used to assess potential rates of longshore sediment transport,
erosion, and flooding associated with storm conditions. A wind wave hindcast analysis was conducted in
order to generate a time series of wave conditions rather than just a few extreme events (Section 3).
Hindcasting provides wave data and is typically employed where adequate wave observation data are
not available, as is the case for Birch Bay. The hindcast offshore waves were transformed to the
nearshore using a contemporary wave model to provide a better understanding of nearshore wave
conditions than would be possible with the older RCPWave results (Section 3). Wave transformation is
the process of identifying changes in wave characteristics (height, length, direction) that occur when
waves transition from deep to shallow waters. As a result, waves typically strike beaches with a smaller
angle than their original approach direction in offshore waters. Wave transformation model output was
used to drive a longshore sediment transport and shoreline evolution model (Section 4).
Extreme high waves and water levels were applied to assess erosion and flooding associated with wave
runup (Section 5). Wave runup is the projection of wave momentum up onto the shore, and occurs
primarily as the interplay of water wave height and period (or frequency), and beach slope. Wave runup
was analyzed using empirical equations previously used in the FEMA flood study to facilitate a
ESA
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comparison with the flood maps. The XBeach model was also applied to provide more accurate
estimates of runup and overtopping, and also to assess the amount of shore erosion that may occur
during an extreme storm.
Section 6 provides a summary of findings from the coastal modeling.
Appendix A provides maps of historic shoreline positions plotted on aerial photographs.
Appendix B provides an assessment of the potential project effects on the shore at the mouth of Rogers
Slough, at the north apex of Birch Bay.
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2.0 RELATIVE SEA LEVEL RISE
Relative sea level rise is an important variable in understanding coastal processes. It was assessed for
this project so a comparison could be made between potential future water surface elevations in Birch
Bay and the design elevation of the proposed berm. This comparison allows us to infer a service life for
the proposed project.
Relative sea level change is the change of the sea level relative to land. Sea level has risen in absolute
terms and is expected to rise more rapidly in the future (Mote et al 2008, NRC 2012). Changes in sea
level are difficult to predict and are commonly reported in value ranges (high, medium, low). The rate of
sea level change at a specific location can be affected by local changes in land surface elevation. Vertical
land motions can be up (uplift) or down (subsidence) depending on location and induce an apparent
change in sea level drop and rise, respectively (NOAA 2009, NRC 2012, NOAA 2013). In Puget Sound the
legacy of glacial retreat has led to localized uplift in many areas. A special study for Washington (Mote et
al 2008) provided projections of relative sea level rise by region, as shown in Figure 1 (top). The report
provided a generalized vertical land motion (VLM) for all of Puget Sound consisting of subsidence of
between 0 and 2 mm/year. This reference was used to develop sea level rise for nearshore restoration
projects throughout Puget Sound using regional values, as indicated in Figure 1 (bottom).
A special study provided guidance regarding the expected sea level rise along the west coast of the
United States (Washington, Oregon and California) (NRC 2012). Figure 2 lists the components of relative
sea level rise estimated by location. The closest forecast location to Birch Bay is Seattle. The total sea
level rise “curves” for low, medium and high projections at Seattle are graphed in Figure 3 (top). Note
states, however, that these values use a “representative” vertical land motion for the northern coast
north of Cape Mendocino, CA. In order to represent the projected ocean rise in absolute terms for the
Seattle vicinity, the “north coast” vertical land motion was removed (Figure 3, bottom). A relative sea
level rise curve for Birch Bay can then be constructed by subtracting local vertical land motion from the
regional sea level rise projections, as shown in in Figure 3. We investigated vertical land motion closer to
the project site, and found records indicating local subsidence on the order of 2 mm/yr 1. These data are
based on relatively recent estimates (since 2005) and their relationship to long-term average rates is not
clear. Also, the subsidence rate of 2mm/yr is strong compared to the regional uplift value 1 mm/yr
included in Figure 2, and would greatly increase the projected relative sea level rise.
A review of readily available, contemporary and germane literature identified several NOAA (2009,
2013) studies of tide gage data. NOAA (2013) provides a means to estimate local relative sea level rise
and vertical land motion from tide gage data. Figure 4 shows the primary and secondary stations on the
west coast (NOAA 2009). The top of Figure 5 shows the computed historic regional sea level rise for the
west coast (NOAA 2013). The bottom of Figure 5 shows computed historic relative sea level rise trends
and vertical land motion rates for the tide gages near Birch Bay (NRC 2013). Cherry Point is the closest

1 VLM per PNGA (www.geodesy.cwu.edu/data/bysite) for benchmarks BELI, BRNB and P440.
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listed tide gage to the project site. Taking the vertical land motion for Cherry Point of 1.17 mm/year
uplift from this table and subtracting this rate from the projected sea level rise curves in Figure 3,
bottom, we develop predictions for relative sea level rise in the Cherry Point vicinity (Figure 6). While
this is the closest tide gage to Birch Bay, uplift at Cherry Point conflicts with the subsidence found at
benchmarks elsewhere near Birch Bay.
Further research is needed to ascertain whether the project area is subsiding and what local subsidence
rate to apply to the regional relative sea level rise curves shown in Figure 6. Such research is beyond the
scope of this project, and it may take years of data collection to clarify the appropriate vertical land
motion rate to use for long-term projections. We note that Figure 6 was developed for closest tide
station to Birch Bay for which sufficient data were found to apply the NOAA method for local relative
sea level rise projections, and therefore this may be the best available projection. Alternatively, given
the subsidence recently measured at local benchmarks, the regional sea level rise curve with no vertical
land motion (Figure 3) could be selected. Our recommendation is to use the regional projections by
NOAA 2013, for Cherry Point since this is closest location for which projections are available. These
projections are shown in Figure 6.
The range of potential future sea level rise in Birch Bay is presented in Table 1, based on the Cherry
Point location (Figure 6). The existing berm crest elevation in the project area is around 12.0 feet NAVD.
The proposed berm storm crest elevation (14.25 ft NAVD) is above a 100-year water level of 11.4 ft
NAVD plus future sea level under all scenarios, except for the High scenario after about year 2070.
However, as sea level rises, the shore profile is expected to respond by migrating landward as waves
reach higher elevations. Therefore, greater volumes of sediment will be required to counter future sea
level rise and to maintain the same berm and beach geometry seaward of Birch Bay Drive.
Table 1: Relative Sea Level Rise Projections for Birch Bay (values in inches)
SLR Scenarios

2030

2050

2100

High

8.8

18.4

55.6

Medium

2.4

6.2

23.6

Low

-1.6

-1.4

3.3

Values relative to 2000. Projections for regional sea level rise were taken from NRC 2012 report and adjusted for a
local uplift rate of 1.17 mm/yr at Cherry Point (NOAA 2014). Subsidence which may or may not be occurring at
Birch bay was not included in these values.

We recommend using the sea level rise amounts relative to the year 2000 because sea level rise has
been temporarily suppressed on the west coast of the US and conditions are little changed since 2000.
The suppression of sea level rise is likely due to ocean circulation and climate oscillations and is not
expected to persist (Bromirski et al 2010).
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For this study, we applied vertical land movement regional projections by NOAA 2013 for Cherry point
and combined with sea level rise estimates by NRC 2012 for the northern portion of the West Coast. We
recommend using the “high” sea level rise scenario, shown in Table 1, for sea level rise estimates in
Birch Bay.
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3.0 WAVE MODELING
The purpose of the coastal wave modeling is to describe the size, frequency, and direction of nearshore
waves in the project vicinity to support the sediment transport and wave run-up analysis. The sediment
transport analysis will inform estimates of gravel transport and deposition along the shorelines adjacent to
the placement areas. Also, the sediment transport analysis provides a basis for estimating the amount of
shore erosion associated with an extreme storm, and therefore also the likely level of protection afforded
to Birch Bay Drive due to the erosion being mitigated by the wider beach and berm. The analysis also
provides a basis for estimating the additional sediment placement that may be needed to maintain the
beach and berm after the initial construction is completed. The wave run-up analysis provides an
assessment of the project benefits toward reduction of flood risk for the road and community.

3.1 Wind Wave Hindcast
A wind wave hindcast is a calculation of wave conditions using measured winds and other data
associated with the geometry of the water body, which in this case is the Strait of Georgia and northern
Puget Sound area. Wind wave hindcasting is performed due to the absence of measured wave data.
The wind speed and direction, the duration of the wind, the length across which the wind is blowing
(fetch) and the water depth across that fetch are the parameters that determine the wave height and the
wave period of the locally generated wind waves at the site. There are several methods for computing
wind wave generation. This study used empirical equations published by the US Army Corps of Engineers
in their Coastal Engineering Manual (USACE 2006) for estuaries, bays and smaller water bodies where the
land limits the area available for wave growth. The methods used in this study are similar to those used in
the FEMA study (PWA 2002) and were found to provide estimates consistent with more detailed
contemporary models, including tests in this same northern Puget Sound area (PWA 2004, FEMA 2005).
The wave hindcast modeling methodology is called “composite fetch” because it represents the open
water wind generation area by a fan of fetch lines emanating upwind from the location of wave
prediction. This approach provides a better representation of the effects of wind generation area in a
single fetch. Typically a directional weighting function is applied to emphasize the fetches closest to the
principal wind direction.
3.1.1

Winds

There are multiple wind gauges in the region operated by the US and Canadian governments. Wind data
were reviewed and selected based on location and length of data set. The wind data were then adjusted
to conform to the required format for input to the wind wave generation equations.
Wind data were obtained from several meteorological stations that had long wind time series records
(Bellingham Airport (BLI); Saturna Island (WEZ, ID 71473); and the Tsawwassen Ferry Station
(ID 1102425) and are shown in Table 2. The raw data from all of these observations were organized and
suspicious values were removed. The wind speed was adjusted to a 10 m elevation, wind average
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duration adjusted to 2 minutes, and corrected from wind over land to wind over water according to
Resio and Vincent (1977) and USACE (2006).
Table 2: Wind Data Records Used in This Study
Station Name
Bellingham Airport
Saturna Island
Tsawwassen Ferry Station

ID

Years of Record

Source

BLI

1979-2014

IEM, ASOS, 2014

WEZ, 71473

1994-2014

Environment Canada, 2014

1102425

1971-2014

Environment Canada, 2014

The wind data at Tsawwassen Ferry Station was used for the previous FEMA study (PWA 2002) for
100-year conditions, but was not favored in this study because wind records were collected only once
per day. The wind data from Bellingham airport and Saturna Island were analyzed in more detail. The
wind data at Bellingham airport has a longer record but the wind directions appear biased by
topographic effects and differ from wind data closer to Puget Sound. Wind rose plots for Bellingham
Airport and Satuna Island are included in Figure 7. The wind data at Saturna Island was selected for use
because the wind directions are similar to the Tsawwassen data, the data sampling frequency was good
and the length for record adequate. The resulting wind time series at Saturna Island from January 1996
to December 2014 is graphed on Figure 8.
3.1.2

Fetches

Fetches are the areas of open water available for wind wave generation. When the length of a fetch
limits wave growth, the conditions are considered “fetch-limited” rather than “duration-limited.” This
allows simplified parametric wave equations, but requires that the wind speed be adjusted for a
duration long enough to achieve fetch-limited conditions.
The fetch lengths for the study were obtained by drawing straight lines from a point in Birch Bay to the
nearest land boundary on the upwind side at 10-degree intervals. Fetch directions for Birch Bay are
shown in Figure 9. If the fetch lengths varied considerably in a given band, the longer length was
considered as a conservative approach. Although Birch Bay is somewhat sheltered from direct wave
attack from the NW direction, wave refraction and wind can bring in waves to Birch Bay from this
direction. Therefore, curved fetch lengths were used in directions 270°, 280° and 290° to account for the
longer fetch lengths in the Strait of Georgia (Figure 10).
Fetches from the Birch Bay FEMA study (PWA 2002) were used for this study, and are shown in Table 3,
in terms of fetch compass direction, length and depth. There is a narrow 100-mile-long fetch up the
Strait of Georgia that allows large wind waves to form and propagate toward Whatcom County from the
west-northwest direction (290 degrees in Table 3).
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Table 3: Fetch Lengths and Representative Water Depths
Fetch direction degrees
(from N)

Fetch length
(miles)

Representative depth
(feet)

160

20.5

143

170

17.2

191

180

15.2

155

190

14.2

210

200

10.4

210

210

17.2

237

220

22.7

255

230

13.4

275

240

15.9

307

250

17.6

361

260

20.1

287

270

34.0

266

280

43.0

299

290

100.0

350

300

13.6

76

310

10.7

64

320

13.3

71

330

12.5

65

340

12.5

56

350

7.8

47

360

7.9

51

3.1.3

Wave Hindcast Model

Wave hind-casting for Birch Bay followed the methods outlined in the Coastal Engineering Manual
(USACE 2006) and the spectral contribution method using the Joint North Sea Wave Project (JONSWAP)
spectrum (Seymour 1977). Significant wave heights for individual fetch directions were first calculated
using the CEM method. The JONSWAP method was then applied to determine the wave energy spectra,
representative of each calculated wave height (for individual fetches). The final wave spectrum in a
given direction was obtained by averaging energy contributions from all the relevant fetches (with
respect to the primary fetch direction) to each frequency band, using a weighting function. The
page 8
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weighting function is the cosine-squared of the angle between the primary direction and the
contributing fetch-direction. The significant wave height and the peak period for the primary direction
were calculated from the resulting spectrum.
3.1.4

Hindcast Wave Time Series

The wave hindcast resulted in a time series of hourly wave conditions for a 19-year period (1994 to
2014) representative of the conditions at the mouth of Birch Bay. The results are shown in Figure 11.
Gaps in the time series indicate times when wind or tide data were not available to generate hindcast
conditions.

3.2 Wave Transformation Modeling
Wave height, length and direction transform as waves propagate into shallow water. The primary
transformation processes in Birch Bay are shoaling and refraction. Shoaling entails a wave slowing and
increasing in height and steepness. Shoaling waves tend to lose energy due to higher water velocities,
and ultimately break when their steepness exceeds a threshold also dependent on the waves and
depths. Refraction is the change in wave direction as waves enter shallow water at an angle to the
bottom elevation contours. Refraction can cause waves to focus and, in the case like Birch Bay, spread
and lose height.
Wave transformation was simulated using the model SWAN (Simulating WAves Nearshore). Waves from
the wind wave hindcast for the mouth of Birch Bay were transformed to shallow water locations. The
shallow water locations were selected to provide input along the boundary of the sediment transport
model. The output is in terms of “wave transformation matrices.” There are three matrices for each
output location: Height, Direction and Period. The matrices provide the ratio of the shallow water
parameter (e.g. height) to deep water parameter for a range of wave length and offshore direction
combinations. From the matrices, shallow water wave conditions are computed from offshore
conditions time series using a matrix multiplication. These shallow water time series are used to drive
the sediment transport model.
3.2.1

Bathymetry

Water depths used in the model are based on the water levels and bottom elevations. The bottom
elevations were derived from the best readily available data for each area and merged together to form
one bathymetry map. Offshore data were taken from NOAA navigation charts and the bathymetry used
in the FEMA flood study (PWA 2002). Upland data were taken from the FEMA flood study, and
augmented with LiDAR data from USGS (2006) except in the project area, where we used the survey
data recently collected by the County team. Figure 12 shows the bathymetry.
3.2.2

Water Levels

Water level records at Cherry point (NOAA, Id 944919) were gathered to cover the same period of the
wind data and wave calculations, 1996 to 2014. Water levels were modulated according to observed
tide data time series coincident with the transformed wave time series for the 19-year period (1996ESA
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2014). Table 4 shows the available records and the datum values for Cherry Point and Birch Bay. The
datum difference between the two locations varies from 0.01 to 0.3 ft. Figure 11 (bottom) shows the
time series of water elevation used in this study from Cherry Point.
Table 4: Tide Data and Datum for Cherry Point Tide Station
Cherry Point1
(1996 – 2014)

Birch Bay

Highest Measured Record

11.46

11.42

Mean Higher High Water (MHHW)

8.19

8.34

Mean High Water (MHW)

7.36

7.50

Mean Sea Level (MSL)

4.32

4.04

Mean Low Water (MLW)

1.65

1.64

Mean Lower Low Water (MLLW)

-0.96

-1.0

NGVD 292

3.99

4.04

NAVD 88

0.0

0.0

Datum
(ft, NAVD88)

1. Source: NOAA, 2014
2. PSE 2014 Survey (Project)

3.2.3

Shallow Water Output Locations

Waves were transformed to several shallow water locations in Birch Bay, called Extraction Points. Eleven
locations were selected from south to north along Birch Bay. These extraction points were used to drive
the GenCade shoreline (GENESIS and Cascade) evolution model (see next section for description).
Testing was accomplished to assess refraction in the shallower areas, between the 0 ft and the 6 ft
NAVD elevation contours. A water level of 8.3 feet NAVD, which is approximately the mean higher high
water, was used. The model testing showed that extensive refraction occurs all the way to shore.
However, the 6 ft contour was not appropriate for shore change modeling because it is inland of the
gravel berm toe (located at approximately 4 ft NAVD).
Testing showed that use of the 0 ft contour for wave model extraction resulted in southward transport
along the shore just north of the project limits, which is contrary to the net northward direction implied
by observation of shore orientation and geomorphic assessment. Moreover, the simplified refraction
routine used by GenCade, called Snell’s Law, presumes parallel depth contours between the offshore
boundary and the shore. This approximate GenCade refraction routine is acceptable in the southern half
of Birch Bay, but not in the northern portion where the 0 ft NAVD contour diverges offshore. Therefore,
the northern extraction points were taken in shallower water between the 0 ft NAVD depth contour and
the gravel beach at elevation +3 ft NAVD, just offshore of the gravel beaches. The extraction points
depths ranged from 0 ft NAVD (southern points) to 3 ft NAVD (northern points) and were selected to
page 10
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form a boundary nearly parallel to the existing high tide shore. This provides a reasonable balance
between extending SWAN as far shoreward as possible and providing a GenCade boundary offshore of
the active beach shoreline.
SWAN was run for a range of offshore wave directions and wave periods at an incident height of 0.1 m.
The wave height at each extraction point was divided by the incident wave height to create wave height
ratios, which are equal to the square root of the refraction coefficient. Similarly, the shallow water angle
and adjusted wave period were recorded in matrices. Therefore, each extraction point had three
matrices in terms of Height, Direction and Period, used to convert the offshore wave time series (from
the hindcast analysis) to nearshore wave time series. These nearshore time series at each extraction
point, along with coincident tide time series, formed the offshore boundary conditions driving the
shoreline evolution model GenCade. This matrix approach provides a computationally efficient and
accurate manner to estimate a time series of wave parameters at the GenCade model boundary.
3.2.4

Wave Refraction Model Results

Figure 13 shows the SWAN model extents, the deep water boundary and near-shore extraction points.
The figure also shows the model grid geometry. An example of model wave height is shown in Figure 14
for waves with a period of six seconds approaching from the south west (230 degrees, top) and waves
approaching from the north-west (320 degrees, bottom). Figure 15 shows the spatial distribution of
refraction coefficients for a 6-second waves coming from the southwest at from 250 degrees. The circles
are one set of near shore extraction points along the 0 ft NAVD contour. Figure 16 shows an example set
of directional wave transformation matrices for the extraction point at location 5 (Figure 14). The color
bar indicates the local wave height relative to the offshore incident wave height. In order to evaluate
sediment transport on the gravel beach, the time series were filtered to remove all waves when the
tides dropped below the toe of the beach, which is approximately +4 ft NAVD. Figure 17 shows the
transformed wave and coincident tide time series for the offshore boundary and for location 5 (nearshore) and the filtered wave time series for one week example period during a storm event on
December, 2001.
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4.0 LONGSHORE SEDIMENT TRANSPORT MODELING
The purpose of the longshore sediment transport modeling is to estimate the rate that placed sediment
will move away from the placement location. This transport rate will help define the sediment volumes
required to maintain the berm geometry and the approximate extent of sediment accumulation
adjacent to the placement area in the Cottonwood section and near the mouth of Roger’s Slough.
The US Army Corps of Engineers’ GenCade model (formerly called GENESIS) was applied. GenCade uses
the Coastal Engineering Research Center (CERC) equation modified to include the alongshore wave
gradient (USACE 1984; 2006). The model computes longshore sediment transport based on the
component of incident wave power parallel to the shore. The shore is divided into a series of small
reaches, called cells. If sediment accumulates the cell boundary moves water-ward, and vice versa. The
angle between adjacent cells is used to re-compute the wave-driven sand transport for the next time
step. In this way, the model simulates the longshore sand transport and the change in shoreline position
(hence the term “shoreline evolution model”). This model is called a “one-line” model because it
simplifies the analysis by tracking only one contour (the shoreline) and presumes the rest of the shore
profile maintains a uniform geometry. The XBeach modeling (Section 4) is complementary in terms of
modeling the cross-shore (on- and off-shore) sediment transport.
The bay planform was facilitated by using the GenCade equilibrium shore function, which establishes
the planform shape of the shore to guide shoreline evolution. We used a line roughly parallel to the
shore line at high tide, which is roughly parallel to the offshore boundary location.
The Birch Bay shore profile differs from the typical conditions that one-line shore evolution models are
designed to accommodate. The differences are primarily (1) a compound profile with (2) coarser
sediment in the upper reaches. Birch Bay has a flat, shallow, sandy bottom which transitions to a
steeper gravel-sand shore around mid-tide. However the model presumes a profile of more uniform
sediment distribution and models the total sediment transport across the entire active profile.
Therefore, the GenCade model input was only included waves during tides high enough to allow wave
breaking on the gravel beach. Also, the “closure depth” used to convert sediment volume to shore
location change was set just below the gravel beach toe rather than offshore of the low-tide wavebreaking limit. Further, the coefficient used to convert wave power to sediment transport rate was
modified for gravel rather than using the typical default for sand.

4.1 Verification Runs
The accuracy of the GenCade model was tested using historic shoreline positions provided by CGS
(2015a). Figure 18 shows the resulting shore position change rates based on a review of historic shore
positions and Figure 19 shows the shorelines. Additional shoreline reaches are included in Appendix A.
The shorelines were derived from interpretation of aerial photography using the toe of gravel beach
(approximately elevation +4 ft NAVD) as the shore.
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The historic data indicate changes that are not spatially uniform and appear to be affected by coastal
structures, indicting fluctuations rather than trends. The lack of strong trends makes model calibration
dubious but can still lead to verification based on similar indications from the model of no coherent
changes.
GenCade was run for 19 year data period and the results are shown in Figure 20. The GenCade
shorelines correspond to a higher elevation (+8.3 ft NAVD) approximating a high tide and better
representing the gravel berm elevation range contemplated by the project. Figure 20 (bottom) shows
fluctuations without clear trends, similar to the historic data in pattern but with greater variability. The
verification run did not include addition of sediment and construction of structures known to occur
during the time between the shoreline photographs from 1975 to 2013 (CGS 2015a). Also, the model
was not set-up to represent all the coastal structures (groins and seawalls) since these will be removed
or buried by the project. The results indicate that the model provides an approximate but useful
indication of actual sediment transport.

4.2 Project Modeling
GenCade was applied to model the project condition by starting with a post-construction, widened beach
and berm. The model was then run for a 19-year period consisting of the 1996 to 2014 data set. The
results show net sediment transport to the north. Figure 20 shows the estimated mean net transport
(top), the initial and final shoreline (middle) and the volume changes per grid cell along the reference line
(bottom) for the existing conditions for the 19-year period that was modeled. In the Figure, “minimum,”
“average” and “maximum” refer to the lowest, average and highest transport years for the 19-year period,
respectively. The results show an overall accretion in Birch Bay. The model is believed to overestimate real
volume change due to subtleties that the model does not incorporate such as nearshore bar effects on
waves. Computed sediment transport is called “potential” transport to distinguish from the “actual”
transport rates that may be limited by sediment supply, coastal structures, etc., rather than wave power.
Figure 21 shows the project conditions with a nourished shoreline along the 8-ft contour. The mean net
transport at Birch Bay (top) shows a tendency of accretion in grid cells along the reference line (bottom)
for the Design conditions for the 19-year model period. The results on Figure 21 show erosion on the
south part of the project and accretion in the north side of the Bay to approximately Cedar Avenue.
These calculations are indications of patterns and order of magnitude of potential sediment transport,
which are useful to informing project design.

4.3 Post-processing of Shore Changes
Sediment transport was analyzed further by post-processing the computed sediment transport time
series from GenCade. The transport amounts were averaged over the modeled time for each location
and tabulated to provide average annual transport rates. These rates were then modified using the
Kamphuis (1991) equation which includes additional input parameters and is understood be more
accurate for coarse sediments. The Kamphuis equation takes into an account the beach slope and
sediment size and is more sensitive to the incident wave direction A comparison indicated the Kamphuis
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equations estimates mean net transport between 2 to 3 times lower than the CERC equation used in
GenCade. The CERC equation was developed for sand environments and is independent of the grain
size. Therefore, the results from CERC are considered very conservative since much of the beach
material in Birch Bay is gravel. The Kamphuis equation is dependent on grain size and is believed to be
more accurate for this study. Based on observations, the Kamphuis equation is still believed to
overestimate the sediment transport in gravel beaches by a factor of 2 to 5 despite accounting for grain
size (Kamphuis, 1991). Table 5 compares the potential transport per year using the high values from the
CERC equation, the Kamphuis equation, and an adjusted Kamphuis equation (the original Kamphuis
equation divided by 5) for gravel beaches. Further discussion of these results is included in Section 4.4.
Table 5: Model Mean Net Potential Transport Per Year, From 1996-2014

Year

Mean Net Potential Transport
from GenCade (cy)
(CERC, 1984)

Mean Net Potential
Transport (cy)
(Kamphuis, 1991)

Mean Net Potential
Transport (cy)
(1/5* Kamphuis, 1991)

1996

2,120

1,060

210

1997

2,740

1,370

270

1998

2,960

1,480

300

1999

3,680

1,840

370

2000

2,580

1,290

260

2001

2,240

1,120

220

2002

2,350

1,180

240

2003

2,020

1,010

200

2004

2,640

1,320

260

2005

1,610

810

160

2006

1,140

570

110

2007

1,750

870

180

2008

2,600

1,300

260

2009

2,350

1,170

240

2010

2,470

1,230

250

2011

2,610

1,300

260

2012

2,590

1,300

260

2013

5,400

2,700

540

2014

6,300

3,150

630

Average

2,740

1,370

270
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The potential longshore sediment transport shows an increase during years 2013 and 2014 which is
roughly two times higher than the annual average, as shown in Table 5 and Figure 22(top). The offshore
wave power is largest in 1999 (Figure 22-middle), whereas the shallow water wave power is largest in 2013
and 2014 (Figure 22-bottom). Note that the wave power is affected by wave height and wave period, and
the wave power can change with propagation into shallower water: This is why the wave transformation
modeling is accomplished. This increase in potential sediment transport in the years 2013 and 2014 can be
explained by looking at the wave energy after shoaling and refraction, where a significant increase on the
wave energy is observed at the nearshore during the last two years Figure 22 (bottom). The increase in
wave power at the nearshore during these two years is a result of waves arriving with a more western
component. Figure 23 shows the directional wave distribution during the whole record (top), the
directional wave distribution during the most energetic year, 1999 (middle and bottom left), and the
directional wave distribution during the last year 2014 (middle and bottom right). Waves arriving in a more
western direction to Birch Bay have a direct path to the bay and don’t lose as much energy as waves
arriving from the northwest or the southwest. Westerly offshore waves result in nearshore wave heights
more than 50% larger than the average nearshore wave height during the period of record. The CERC and
Kamphius equations are highly sensitive to changes in wave height, and therefore have predicted higher
sediment transport volumes during the 2013 and 2014 years corresponding to a period of high nearshore
wave heights.

4.4 Longshore Transport Modeling Results
Per Table 5, the modeling results indicate that the average rate of net longshore sediment transport is
about 2,700 cubic yards per year (cy/yr) using the CERC equation, about 1,400 cy/yr based on the
Kamphuis equation and 270 cy/yr using the modified Kamphuis equation. Based on shore change
observations and estimates of net sediment transport made by CGS (2005), the Kamphuis equation is
considered more accurate for calculating gravel transport; therefore providing a better estimate for the
study, as detailed below.
Study of historic shore changes provides a way of estimating actual transport rates, and evaluating the
accuracy of these computed rates. A demonstration project comprised of a gravel berm was constructed
at the southern limit of the project area, just north of Terrell Creek, and monitored to ascertain
performance with the intent of informing the design of this project (CGS, 2005). This nourishment site,
sometimes called the ‘Bauer Test Berm’ in reference to prior work by Wolf Bauer (1974), extends north
of the mouth of Terrell Creek about 1,000 feet near the intersection of Birch Bay Drive and Alderson
Road. Since 1986, an equivalent of about 150 cubic yards of gravel has been placed annually on the site
(150 cy/yr). CGS monitored the beach after the last beach nourishment was performed in 2002 where
about 300 cubic yards of gravel were placed. They found that the beachface extended bayward (beach
widened) up to 4 feet since monitoring began in 2002 and estimated an average transport rate of gravel
of 112 cy/year. This transport rate was estimated using only the accretion of the beach and did not
consider the sediment that passed through the site and moved beyond the study area further north. As
a result, the total transport rate at the site is expected to be about 100 cy/yr or higher. This estimate of
the actual gravel transport rate is about one order of magnitude (ten times) less than the potential rate
calculated using modeling. Therefore, we conclude that the Kamphius equation also over-estimates the
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longshore transport rate of gravel and that the rates in Table 5 are conservative estimates. The GenCade
model provides a lower estimate of net erosion from the placement location, at a rate of about 600 to
700 cy/yr, but still 6 times higher than that estimated based on monitoring. We interpret this finding to
possibly relate to the “active” effect of a gravel or cobble berm, which is to dissipate wave downrush
and thereby reduce longshore transport in the upper intertidal zone and wave runup zone. This
interpretation is consistent with the original theories put forth by Wolf Bauer when he first advocated
for gravel and cobble berm installation at Birch Bay (Bauer, 1974). More recent analysis has indicated
that coarse sediment berms are more resistant to longshore transport unless the wave angle approach
is relatively large and larger than typical at the Birch Bay project site (PWA, 2005, Everts, 2000).
Based on the findings from CGS(2005) we conclude that the potential transport rate for gravel at Birch Bay
is probably around five times less than the transport estimated by Kamphius. We therefore estimate gravel
Longshore Sediment Transport (LST) is best represented by the far right column of Table 5.
For sand, the potential wave-driven longshore transport rate is much greater than for gravel. The
literature review indicates the CERC formula provides a reasonable approximation for sand, generally
expected to be +/- 50% of the actual potential transport (USACE, 1984; 2002).However, the sand
proposed for this project is coarser than most of the coasts that the CERC formula was developed for,
and logically the CERC formula is expected to over-estimate actual sand transport at Birch Bay. Van
Wellen et al., 2000, found that for coarse sand to gravel sizes, the estimated sediment transport is about
30% of the estimated by the CERC equation. This approximation for coarse sediments is selected for the
project case, where a coarse sand beach overlays a gravel berm with a natural shape conducive to wave
dissipation rather than armored shores which can increase turbulence and scour. For beaches comprised
of only sand, and especially sand with grain sizes finer than around a millimeter, we suggest that a
higher transport rate is appropriate, and approximately represented by the CERC equation. It is
important to recognize that these estimations are expected to be accurate to +/- 50% on an average
annual basis (USACE, 1984;2004) and natural variability can exceed a factor of five (Table 5).
In summary, we recommend use of potential transport rates summarized in Table 6.The values in
Table 6 are potential transport rates presuming there is adequate supply of sediment. Therefore these
rates are higher than the existing transport which we believe to be limited by the supply of sediment
rather than the transport capacity of wave action.
Table 6: Recommended Potential Longshore Sediment Transport Rates due to Waves at Birch Bay
Shore Restoration Area, Central Reach from Terrell Creek to Cottonwood South Parking Lot
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Sediment Size

Design Annual Rate
(cy/yr)

Gravel Berm – Design
(1/5 to 1) * Kamphuis Equation

270-1,400

Coarse Sand and Gravel – Design
1/3 CERC Eq.

1,000

Sand without gravel
CERC Eq.

3,000
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Accordingly, based on the modeled (GenCade) rate of erosion being less than the computed potential
transport rate, the estimated longshore sediment transport for the project area shows a total erosion
11,000-14,000 CY over the 19-year modeling period, which is an erosion rate of about 600-700 cy/yr for
both the existing conditions and the project conditions. This rate indicates that the berm would lose
about 7% of its volume over a 10-year period.
Just north of the project area a total accretion of about 11,000-12,000 cy is shown over the 19-year
model time period and a rate of about 600 cy/yr. A detailed study of the sediment transport near
Roger’s Slough is included in Appendix B. The study described in Appendix B concludes that the
longshore transport in Birch Bay between the beach nourishment project site and Roger’s Slough is very
weak and the project should not result in sediment accumulation in the slough mouth.
Conceptually, the actual sediment transport is probably below the potential transport rate calculated
because sediment is scarce and the groins partially block transport. With the project, the transport rate
is expected to increase owing to greater availability of sediment. The potential increased sediment
supply to the shore north of the project is therefore the model-predicted long-term net average erosion
rate of 600-700 cubic yards per year. Considering the results of the monitoring of the “test berm” near
Terrell Creek mouth, this rate could be as low as 100 cubic yards per year.
Note that wave-driven longshore sediment transport calculations are inherently approximate. Further,
the conditions at Birch Bay are challenging in that the conditions differ from simplified geometry and
sediment properties implicit to the modeling scheme. Also, storm conditions can result in substantial
sediment transport which may exceed the average annual rates. Hence, we suggest that these results
could vary substantially in any given time period. This modeling will be used together with the
geomorphic analysis (separate reports by CGS and ESA) to inform the design and evaluation of project
effects. Section 6 provides a table summarizing the estimated transport rates.
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5.0 WAVE RUN-UP AND STORM RESPONSE MODELING
Coastal flooding and erosion resulting from severe storm conditions were analyzed to quantify the
protective benefits of the project and the impacts to the beach. The project will result in a higher and
wider berm that and extends farther into Birch Bay. This new beach geometry will dissipate waves
farther bayward than under existing conditions, resulting in reduced wave energy reaching Birch Bay
Drive and adjacent areas. Erosion, which is often thought of in terms of shore recession after a storm,
will be offset bayward by the project. Essentially, the project berm and beach will absorb the majority of
storm wave energy, and thereby reduce impacts to the road and vicinity. To assess the significance of
the berm storm crest elevation on wave run-up and overtopping during storm events, the run-up
methodology used in the PWA (2002) coastal flood study was applied to the proposed beach profile. The
potential erosion to the no-project and with-project shores was computed using a profile evolution
model called XBeach, which also provided wave runup and overtopping estimates.

5.1 Prior - FEMA Flood Analysis
The FEMA flood study for Birch Bay identified wave run-up would extend inland of the beach and
overtop Birch Bay Drive, resulting in extensive flooding during the 100-year event. The same storm
conditions were applied to the proposed widened beach geometry to assess the benefit of the project in
terms of coastal flood risk reduction. The run-up model was adjusted, to account for porosity changes
due to the new gravel/cobble fill, and applied to the modified profile geometry. Otherwise, we used the
same methodology used in the FEMA flood study, including application of the three 100-year storm
events (Cases A, B, and C represent different combinations of wave and tidal heights). Case A represents
the most extreme case and is most likely to cause coastal flooding.
While overtopping of the proposed berm is expected, the increased berm height, beach width, and
berm porosity reduce the run-up heights by 50 percent on average for the FEMA 100-year event as
indicated in Table 7.
The above estimates of wave run-up were accomplished using RUNUP 2.0 software, which is preapproved by FEMA for coastal flood studies. Wherever the wave run-up elevations exceed the existing
high point in a profile (say, the berm crest), the run-up value is a potential based on extrapolating the
last slope upward to the theoretical limit of run-up. The actual elevation will be lower, and the inland
extent of flooding will be largely controlled by friction-induced losses associated with overland travel. A
more detailed analysis of wave run-up was also employed, as described below.
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Table 7: Run-Up Heights for FEMA 100-Year Storm With Existing Conditions
and With Berm in North-Central Reach – Prior Analysis (PWA, 2004)
100-Year
Storm Event

Water
level
(SWL1, ft,
NAVD)

Mean
Wave
Height
(ft)

Wave
period
(s)

Run-up Above Water Level
(ft)

Run-up Above Water Level
(TWL1, ft, NAVD)

No Project

With Project

No Project

With Project

12.75

4.0

8.1

9.5

4.2

22.2

16.9

12.75

4.0

7.7

8.7

3.8

21.5

16.5

12.75

4.0

7.3

7.3

3.4

20.1

16.1

12.37

3.5

11.0

11.2

6.3

23.6

18.7

12.37

3.5

8.3

8.2

4.3

20.6

16.7

12.37

3.5

6.3

5.6

2.9

18.0

15.2

12.58

3.0

11.0

10.0

6.2

22.6

18.7

12.58

3.0

9.1

8.4

4.3

21.0

16.8

12.58

3.0

7.1

6.6

2.6

19.2

15.1

Case A

Case B

Case C

1. TWL = Total Water Level which is the elevation of the runup added to the Still Water Level (SWL).
2. Bolded values indicate the maximum TWL event for each case.

5.2 XBeach Run-up, Overtopping and Erosion Modeling
A process based morphodynamic model for the nearshore and coast called XBeach (Roelvink et al 2009)
was used to model the wave propagation, mean flow, sediment transport and morphological changes on
the nearshore area, beach and the back barrier during storm events. The model includes wave breaking,
surf and swash zone process, dune erosion, over washing and breaching. The use of a storm response
model like XBeach allows a quantitative estimate of complex process as the maximum run-up,
overtopping flow and velocities and the beach response.
XBeach is applied in one dimension to estimate the cross-shore profile changes (erosion and accretion),
run-up and maximum total water level and wave overtopping discharge during a storm event using the
water level and wave conditions for the 100-year flood events defined in the coastal flood insurance
report (PWA 2004) and summarized on Table 7 (Case A). The model was run to simulate a five hour
storm starting 2 ft below the defined maximum SWL (12.71 ft), and reaching its peak at the third hour
and finishing again 2 ft below the maximum SWL. The results for the 5 hour modeling are shown on
Table 8, and the model results after 2 hr into the storm event are shown on Figure 24 for profile 8 and
Figure 25 for profile 10. Figure 26 shows the approximate locations of profile 8 and 10, which were
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selected to correspond to profiles used for the 2004 study (PWA 2004). The results show the benefit of
the designed profile over the existing conditions. For existing conditions, after 2 hours, a 100-year storm
event would have inundated the road. For the design profile, although the berm has been eroded and
overtopped, water has not inundated the road for the same event.
Table 8: Run-up Heights for FEMA 100-Year Storm with Existing Conditions
and With Proposed Berm in North-Central Reach – This Study
At the Road (5 hours)
TWL1 (NAVD, ft)

Average Velocity
(ft/s)

Max Velocity
(ft/s)

Flow Rate
Average (ft3/s)

Total Flow (ft3)
(5 hours)

Profile Station _57+00 (FEMA profile 8)
Design Profile

14.5

4.2

6.7

2.7

4.9x10^3

Existing
Condition (2014)

14.7

6.0

7.6

4.6

8.3x10^3

Profile Station _35+25 (FEMA profile 10)
Design Profile

14.4

5.6

8.3

4.3

7.7x10^3

Existing
Condition (2014)

14.7

6.6

9.4

5.8

1.05x10^4

1. TWL = Total Water Level which is the elevation of the runup added to the Still Water Level (SWL).

The Total Water Level (TWL) elevations computed using FEMA methods (Section 5.1) for project
conditions are lower (16.9 - 18.7 ft NAVD) than existing conditions (22.2 -23.6 ft NAVD) for all cases, as
shown in Table 7. These are the maximum run-up elevations computed on an imaginary extension of the
berm slope. These potential run-up heights are theoretical and based on extending the berm slope
upward, consistent with the methods used by FEMA to produce flood hazard maps. Therefore, these
elevations should be considered indicators of the intensity of wave-induced water movement at the
berm location and not the actual elevation that the runup would reach. Also, the project berm is farther
offshore than the existing berm, placing these potential high runup elevations farther offshore.
The XBeach modeling results show that overtopping flow velocities and volumes will also be reduced by
the project (Table 8). The flow velocities, flow rates and the overtopping volume are reduced by 30% to
40% during a 5 hour, 100-year storm event. However, the XBeach model does not show significant
difference in the TWL between project and existing conditions at the end of the storm event. This is due
to the fact that the berm is allowed to erode during a severe storm event for 5 hours. As a result, the
berm is completely eroded by the end of the simulation and thus resulting in the same TWL as the
existing conditions. The model simulation does show that for this extreme case, after 2 hours the road
would be completely inundated under existing conditions and it would not be flooded under the project
conditions (Figure 24 and 25). At the time this study was performed, XBeach was the best commercially
available model applicable to this study. The model was developed for sandy beaches and therefore is
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expected to overestimates the erosion process at Birch Bay. Since then, there have been considerable
studies and advances on the understanding of the hydrodynamics and morphology of gravel beaches
and the development and calibration of an XBeach model specifically for gravel beaches called XBeach-G
(McCall et al 2014, 2015). Recent testing with the XBeach-G model at Birch Bay shows less erosion than
the predicted by the original XBeach model, with an increased landward shift of the gravel berm during
storm events and significantly less overtopping and inundation than that indicated by the XBeach results
presented on Table 8 and in Figures 24 and 25.
Note that though overtopping flow rates and volumes are reduced under design conditions, overtopping
occurs under large storm conditions. Constructing a berm high enough to stop overtopping during the
100-year event would require a berm height that would likely not be feasible due to the high cost
associated with the large beach fill required and visual impacts, as well as environmental permitting
constraints. However, analysis indicates that the proposed beach and berm will provide a substantial
reduction in damage risk associated with wave run-up and overtopping, and erosion during a 100-year
storm and will reduce this risk even more during smaller events (e.g. a 50 year storm event).

5.3 Historic Storm Conditions
Historic storms were characterized based on dates provided by residents and hindcasting using available
data (PWA 2002). These events are summarized in Table 9. Several severe storms have occurred since
the time of the that study, including December 17, 2012, with damages as shown in Figures 27 top and
bottom (Bellingham Herald December 17, 2012), and February 4, 2006 Figure 28 top and bottom.
Table 9: Water Level and Wind Data for Historical Flood Events – Birch Bay

Month

Day

Dec

Year

Time

Max. Tide
Elev. (m)
MLLW

Max. Tide
Elev. (ft)
NAVD

1981

9:00 AM

3.50

10.53

Max. Wind
Gust (mph)

Wind
Setup (ft)

SWL
(ft NAVD)
[tide+wind setup]

1

16

1984

12:00 PM

3.05

9.04

53

0.56

9.60

Dec2

14

1984

11:00 AM

3.43

10.30

57

0.57

10.87

3

Nov

28

1996

8:00 AM

3.13

9.32

56

0.57

9.89

Dec4

16

1997

8:00 AM

3.68

11.14

58

0.57

11.71

Dec5

15

2000

9.67

71

0.86

10.53

6

14

2001

10.90

60

0.58

11.48

Dec

Dec

6:00 AM

Notes:
1. Wind gust Smith Island on Dec. 18 at 5:00 AM
2. Highest tide in Dec.1984
3. Saturna Island monthly max gust for Nov. 1996
4. Saturna Island monthly max gust for Dec. 1997
5. Saturna Island
6. National Weather Service
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5.4 Storm Performance
During storm events, waves can move sediment rapidly enough to significantly change the shore
geometry and its functions. Storm performance was evaluated using XBeach, adjusted for gravel
beaches. The results indicate limited loss of berm volume, and better performance than the existing
beach profile. It should be noted that this XBeach model is primarily applicable to sandy shores and may
not accurately predict gravel shore behavior.
It should be noted that the restored cobble or gravel berm has the potential to damage nearby
structures and property (Figures 27 and 28). Cobbles and gravel can be transported up the shoreface
building a higher berm crest during the high swash run-up. While moving up the shoreface, the
sediment particles may be launched inland beyond the beach at high velocities, posing a risk to
individuals or structures in the vicinity.

5.5 Summary
The proposed berm will significantly reduce but not eliminate flood and erosion hazards. Approximately
on the order of 0.6 to 0.8 CY per linear foot of berm will be displaced during severe storms. Therefore
the berm will degrade over time and require additional sediment placement to maintain its design
geometry and associated hazard reduction benefits. Presuming that the designed project beach and
berm are fully intact, the flood risk reduction due to the project is about 50% in terms of wave runup
intensity and overtopping rates, with a reduction in potential maximum runup elevation of about four
feet. Also, the wider beach and berm will absorb wave energy associated with a severe storm, thereby
providing erosion protection to Birch Bay Drive. The wave energy is dissipated by turbulence and drag of
flow in and over the gravel, by gravity as the wave runup is forced higher up, and by movement of the
gravel comprising the berm. Still, coastal flooding is anticipated for the 100-year storm event.
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6.0 COASTAL MODELING SUMMARY
6.1 Analysis
The coastal modeling addresses sediment transport and flooding with and without the project. Modeling
consisted of a series of analyses:
•

Site Conditions were characterized to support the modeling:
o Developed future sea level rise curves using recent guidance by the National Research
Council (2012) and National Oceanic and Oceanographic Agency (2013);
o The topography of the site and vicinity, including the offshore waters (bathymetry) was
mapped for modeling using the best available information;
o Shore profiles were gathered from the prior Federal Emergency Management Agency
(FEMA) flood study and 2014 topography, and modified to show proposed project
topography;
o High tide shorelines were developed from historic toe of beach slope mapping (CGS, 2005)
to test shore change modeling, and from recent topography to represent existing conditions
and project conditions;
o Extreme (100-year) wave and water level conditions were gathered from prior studies;
o Historic storm conditions were summarized based on prior studies;
o Measured tide data were gathered and processed to conform with the project datum;
Measured wind data were gathered from the Saturna Island station and processed for wave
modeling; and,
o Wave generation fetches were delineated.

•

Wave climate was computed for sediment transport and flooding calculations:
o Wind wave parameters were computed for a 19-year time period using methods consistent
with FEMA guidelines for Pacific Coast Flood Studies and the effective FEMA hazard
mapping completed in 2004;
o Wave parameters were converted to shallow water locations throughout Birch Bay using
contemporary software called Simulating WAves Nearshore (SWAN);

•

Sediment transport along the shore was modeled using contemporary software that combines the
engineering power of the GENEralized Model for Simulating Shoreline Change (GENESIS) model and
the regional processes capability of the Computational Assessments of Scenarios of Change for the
Delta Ecosystem (Cascade) model called GenCade:
o The model performance was verified by comparison with trends based on historic shoreline
positions;
o Adjustments were made to better represent site conditions by:
 Assessing sediment transport on the upper gravel beach above elevation + 4 ft NAVD;
 Modifying transport equation to better represent gravel sediment;
o The results were reviewed relative to geomorphic studies and showed relative agreement in
direction of transport and magnitude of transport for the modified Kamphius method.
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•

Sediment transport across the shore profile was modeled using a contemporary two-dimensional
model for wave propagation, long waves and mean flow, sediment transport and morphological
changes of the nearshore area, beaches, dunes and back barrier during storms called XBeach:
o The FEMA 100-year Coastal flood parameters were applied to assess storm erosion; and,
o The amount of erosion during a 100-year storm was computed based on the existing and
project shore profiles.

•

Coastal flood hazard reduction was assessed for the project relative to existing conditions:
o Runup and overtopping were computed using the methods from the FEMA flood study for
proposed project conditions and compared with the values calculated in the FEMA flood
study;
o Runup and overtopping calculations were repeated using contemporary software called
XBeach, which also provides overtopping volume and flow velocity.

•

A detailed sediment transport study was conducted to determine sediment transport rates near
Roger’s Slough (Appendix B):
o Refined modeling showed that northward sediment transport from the project site is very
slight and to the north. The project should not result in sediment accumulation in the
Roger’s slough mouth.

6.2 Results
The range of potential future relative sea level rise in the vicinity of Birch Bay is shown in Figure 6 and
Table 1, although there is some information that land subsidence at Birch Bay could increase relative sea
level rise to levels similar to or greater than those shown in Figure 2.
The coastal modeling results are described for each of the key questions in the following subsections.
The key topics are:
•
•
•
•

Longshore Transport Rate and Implications;
Post-Storm Gravel Renourishment Requirement;
Flood Risk Reduction; and,
Adequacy of the Modeling.

6.2.1

Longshore Transport Rate and Implications

The longshore transport of beach gravel and sand is computed using the GenCade model to be about
2,700 cy/yr to the north along the project reach. This value varied between 1,100 and 6,300 cy/yr over
the 19-year model period based on waves and water levels derived from historical records 1996-2014.
The computed values likely overestimate the actual transport and the actual transport rate for project
conditions is therefore expected to be closer to 1,000 to 1,500 cy/yr per the Kamphuis equation and as
low as 270 cy/yr using the modified Kamphuis equation. The overestimate is attributed to the modeling
equations which are best suited to sands rather than the coarser gravel and gravel sand mixture. The
transport rate for existing conditions is expected to be further reduced owing to the trapping efficiency
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of the multiple groins and the eroded shore. The actual transport rate is therefore less than the
potential rate computed by the modeling, and likely limited to the sediment supply rate from the
southern portion of the Bay. Therefore the net transport of sediment from the project area northward is
expected to increase by a factor of about two, from an average of about 500 cy/yr for exiting conditions
to about 1,000 cy/yr (Table 10) for project conditions.
Table 10: Model-derived Longshore Transport Rate Estimates

Condition

Estimated Annual
Average northward
sediment transport rate
(cy/yr)

Range1 over 19 year
modeling period 1994-2014
and gravel coefficient
(cy/yr)

Comment

GenCade Model

2,700

1,100 to 6,300

Potential rate

Project Conditions

1,500

200 to 3,000

Gravel less mobile

Existing Conditions

500

100 to 1,000

Supply limited

Net Change

1,000

100 to 2,000

Increased transport

1. Range is based on estimations from the Gencade model, the Kamphuis equation and the reduced Kamphuis equation
described on section 4.0

Therefore, we estimate that approximately 1,000 cy/yr of gravel will be “lost” from the project area, and
migrate north to deposit in the Cottonwood reach. Therefore, a reasonable renourishment requirement
is expected to be on the order of 10,000 cy every ten years, with a range of 4,000 to 20,000 cy, plus
storm-demand (see next section). The transport rate of gravel is less than sand and therefore the renourishment requirement can be adjusted by the size of sediment used.
We expect that the widened beach constructed by the project may erode more rapidly than the existing
shore. This is because increased sediment availability typically increases the actual transport rate from a
supply-limited rate to a higher rate closer to the transport (wave power) limit. However, the GenCade
model did not show an increase in transport away from the project area relative to existing conditions.
The model-predicted average rate of sediment loss is about 600 to 700 cy/yr. The adjustment for gravel
(versus sand) would bring this loss rate to about 300 to 400 cy/yr. This rate is also an estimate of the net
increase in sediment supply to the shore adjacent to Cottonwood North due to the project. However,
the higher rate of 1,000 cy/yr based on the total transport rate (see above table) is recommended for
impact analysis.
The increased transport rate is likely to result in deposition of sediment in the northern portion of Birch
Bay (Cottonwood Reach). As materials is transported north and distributed along the existing shore, it is
estimated the existing beach would widen over a decade by about 13 ft, with a potential range of 5 ft to
25 ft.
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The shore accretion is anticipated to decrease along the shore approaching Roger’s Slough based on
field observations of reduced gravels in the beach sediments along Roger’s Slough and by large wood
accumulation in this drift cell eddy. These observations are described and analyzed in the coastal
morphology study (CGS, 2015b) that accompanies this modeling work. These observations are
consistent with the interpretations of these sediment transport modeling results.
The potential beach accretion may also be initially more pronounced just north of the project area, with
the sediment moving northward in a pulse or “shore wave”, modulated by the actual intensity of wave
action in any given time frame. The GenCade model results indicated that most accretion occurred
within 2,000 feet of the project after 19 years. This indicates that the shore widening would occur
rapidly and then slow after widening to about 25 ft, with a range of 10 ft to 50 ft.
Note that storms increase the short term rate of transport. Therefore, these estimates are very
approximate and representative of long term rather than instantaneous responses. Additionally, these
estimates are for gravel mixed with sand. Sand is expected to migrate at a much faster rate, and excess
sand may be released by storm erosion, resulting in a somewhat complex post-project response.
However, these are natural processes that should occur if the sediment supply is restored, and hence
are not necessarily negative changes but rather restoration of a more dynamic system with wider
shores.
6.2.2

Post-Storm Gravel Renourishment Requirement

The Bauer Berm concept is one that restores natural processes including in particular the “malleable”
response to storm conditions that dissipates wave power by sediment movement. The natural processes
also result in a recovery of the natural profile by reversed sediment movement during calmer,
constructive wave conditions. The intent is to “absorb” the storm as much as possible in the beach and
berm, allowing sediment transport to be the “work done” by waves in lieu of damages to property and
infrastructure behind the beach. Since recovery can take much longer than the storm-driven
deformations, additional gravel may be placed after stormy winters, so that the function of the berm is
restored prior to the next storm season.
The cross shore transport of sediment during severe storm conditions is computed to be about 0.9 to
1.0 cy per foot of beach for existing conditions and about 0.6 to 0.8 cy per foot of beach for the
proposed project profile. For planning purposes, a renourishment volume of about 1.0 cy per foot of
shore can be assumed to be required following a severe winter, although this would very likely not be
required along the entire project area and would instead likely be confined to certain areas.
6.2.3

Flood Risk Reduction

The maximum wave runup elevation computed using the FEMA methodology (RUNUP 2.0) is reduced by
about 4 feet with the project relative to existing conditions as depicted in the FEMA flood study. This
indicates that the project will have important flood risk reduction benefits to the community. Using
more detailed modeling methods (XBeach), potential wave runup at the proposed berm storm crest is
also modeled to be less than elevations computed for existing conditions based on the equations used in
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the FEMA study. The more detailed XBeach modeling indicates a similar flow condition over the existing
and new berms, but lower flows and reduced flooding inland of the berm. Therefore, both methods
show that the project will reduce flood potential by waves. In addition, there is an important difference
because the project essentially displaces the berm storm crest bayward about 30 to 40 feet (see the 30%
complete drawings) and away from Birch Bay Drive, resulting in reduced wave action and energy at the
roadway.
This means that the FEMA “V Zone” where high velocity wave action is anticipated would be shifted
waterward. As the berm erodes and translates landward, this distance would diminish as the berm
degrades and be restored when the shore is renourished. Still, this implies a significant reduction in the
flood hazard along Birch Bay Drive. Inland of the V Zone is the A Zone, which indicates flooding to the
assigned elevation or depth, with limited wave action. The overtopping rate was computed to be
reduced by about 50% for project conditions. Also, the shift in the berm allows more of this flood zone
to be on the bay side of Birch Bay Drive, and hence less water is expected to pond in the backshore
areas. Therefore, significant reduction of flood risk landward of Birch Bay Drive will occur when the
berm is intact, but the project will not eliminate coastal flood hazards in the project area.
6.2.4

Adequacy of the Modeling

The wave and hydrodynamic modeling results described herein are considered reliable and utilize
industry standard methods and models. Estimating longshore sediment transport modeling is inherently
more uncertain and was further challenged by unique site conditions including:
•
•
•

Embayment plan form rather than straight shoreline
Perched beach above shallow nearshore with different sediment types
Coarse gravel beach sediment (rather than pure sand)

A range of methods were applied to estimate longshore sediment transport and these methods were
compared to field observations of actual sediment transport in Birch Bay. Modeling results appear to
overestimate sediment transport, compared to field observations for nearby reference beaches.
Therefore the sediment transport estimates are considered reliable and conservative for designing and
evaluating the project performance.
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Relative Sea Level Rise projections for Washington, USA (top) and Relative sea level rise projections for conceptual
restoration design adopted for the Puget Sound Nearshore Ecosystem Restoration Project (PSNERP) (bottom)

Sea level rise components for the west coast of the US

Sea level rise curves per NRC (2012) for Seattle (top) and Sea level rise curves for Seattle with regional uplift of 1mm /
year removed, resulting in higher sea level rise curves (bottom)
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Computed historic regional sea level rise for the west coast (top) and Computed sea level rise and vertical land motions
(bottom)

NRC 2012 SLR Scenarios Adjusted for Cherry
Point Vertical Land Movment, per NOAA 2013

Sea level rise curves adjusted with uplift for Cherry Point tide gage

Wind Data Distribution Rose from January 1996 to December 2014 for Bellingham Airport (top) and Saturna Island
(bottom).

2-Min Avg. Wind Speed (mph)

Time (Year)

Wind Speed U10 Time Series at Saturna Island (WEZ) from January 1994 to December 2014. The values plotted are 2
minute average.

NOAA Map 18421

Fetch Directions for Birch Bay.

PWA 2004

Curved Northwesterly Fetches for Birch Bay.

1995

2015

Time Series of Significant Wave Height in feet, Wave Period in seconds and the corresponding water level at Cherry Point in NAVD, ft.

Depth ft NAVD88

Bathymetry and Topography at Birch Bay. Elevations in ft NAVD88

SWAN Model Extent, Resolution and output points at the 0 ft Contour Level.
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Source:

Figure 14
Wave Pattern from SWAN for a Wave Period of 6 s coming from the South-West at 230 degrees
(top) and from the North-West at 320 degrees (bottom). Refraction Coefficient of 1 is Equal to
the Offshore Incident Wave Height.

Refraction Coefficient
(Wave Height Ratio)

Spatial Distribution of Refraction Coefficients (Wave Height Ratio) for a Wave Period of 6 s from the South-West
at 250 Degrees. Circles Show Extraction Points. Refraction Coefficient of 1 is Equal to the Offshore Incident Wave
Height.

Offshore Wave Peak Direction (deg)

Nearshore
Direction (deg)

Birch Bay Drive & Pedestrian Facility . 140206.00

Figure 16
Wave Transformation Matrix Wave Period vs Wave Peak Direction From SWAN Output for Location 5. Vertical
axis is wave direction offshore, and color indicates nearshore direction at Location 5 per colorbar key on right

Wave Height Transformation from offshore to nearhore at location 5 (top) Corresponding Water Level
(bottom). During a storm event on 2001 from December 13-15 (GMT/UTC-8).

Source: CGS, 2015

Figure 18

Shore change rates based on interpretation of historic shorelines derived from aerial photographs

Source: CGS 2015, Aerial Imagery Whatcom County 2013

Figure 19
Historic Shoreline Positions Near Terrell Creek

20
Mean net transport at Birch Bay (top), Distance from Reference line shoreline Year 1 and 19 (middle)
and volumes changes per grid cell along the reference line (bottom) for the Existing conditions.
Reference line begins (0 ft) near the intersection of Madrona Street and Birch Bay Drive and extends
north along the bayfront to Roger's Slough (~13,000 ft).

21
Mean net transport at Birch Bay (top), Distance from Reference line shoreline Year 1 and 19 (middle)
and volumes changes per grid cell along the reference line (bottom) for the Project. Reference line
begins (0 ft) near the intersection of Madrona Street and Birch Bay Drive and extends north along
the bayfront to Roger's Slough (~13,000 ft).
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Figure 22
Mean net potential transport per year (top) Annual average wave power offshore (middle). Annual average wave
power near‐shore at locations 1, 5 and 10 (bottom)
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Figure 23
Offshore wave distribution from January 1996 to December 2014 (top). 1999 (middle left) and 2014 (middle right)
Nearshore wave distribution at location N5 1999 (bottom left) and 2014 (bottom right)
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Figure 24
100‐Year wave modelling results 2‐hrs into the storm event at Profile 8 from XBeach model at existing conditions (top) and design profile (bottom).
Profile 8 is located 500 ft south of the intersection between Harborview Rd and Birch Bay Drive.

Source: Surface profile from NOAA, 2014, PWA, 2002, USGS, 2006
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Source: Surface profile from NOAA, 2014, PWA, 2002, USGS, 2006

Figure 25
100‐Year wave modelling results 2‐hrs into the storm event at Profile 10 from XBeach model at existing conditions (top) and design profile (bottom).
Profile 10 is located 450 ft south of the intersection between Clubhouse Dr and Birch Bay Dr.

Birch Bay Drive & Pedestrian Facility .140206.00

Figure 26
Location of Profile 8 and Profile 10

27
Top. Employee Bill Nieuwendorp looks over the Via Birch Bay Cafe & Bistro at 7829 Birch Bay Drive after a high tide
blew out windows and damaged the inside of the beach front restaurant , Monday morning, Dec. 17, 2012. Birch Bay
Drive was closed while county workers cleared the road of debris that washed up. Photograph by PHILIP A. DWYER —
THE BELLINGHAM HERALD; Article By ZOE FRALEY — THE BELLINGHAM HERALD. Bottom. Birch Bay Drive
was closed while county workers cleared the road of debris that washed up Monday morning, Dec. 17, 2012 PHILIP A.
DWYER — THE BELLINGHAM HERALD
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Coastal Flooding at Birch Bay in February 4, 2006
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Figure 1. Toe of Beach for the Birch Bay shoreline, 1947 to 2013. Detail view 1.
Aerial photograph courtesy Whatcom County (2013)
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Figure 2. Toe of Beach for the Birch Bay shoreline, 1947 to 2013. Detail view 2.
Aerial photograph courtesy Whatcom County (2013)
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Figure 3. Toe of Beach for the Birch Bay shoreline, 1947 to 2013. Detail view 3.
Aerial photograph courtesy Whatcom County (2013)
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Figure 4. Toe of Beach for the Birch Bay shoreline, 1947 to 2013. Detail view 4.
Aerial photograph courtesy Whatcom County (2013)
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Figure 5. Toe of Beach for the Birch Bay shoreline, 1947 to 2013. Detail view 5.
Aerial photograph courtesy Whatcom County (2013)
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Figure 6. Toe of Beach for the Birch Bay shoreline, 1947 to 2013. Detail view 6.
Aerial photograph courtesy Whatcom County (2013)
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Figure 7. Toe of Beach for the Birch Bay shoreline, 1947 to 2013.
Aerial photograph courtesy Whatcom County (2013)
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Introduction
This memo describes analysis of potential migration of beach sediment placed within the project area
and potential for project beach sediments to contribute to closure of Roger’s Slough mouth. Sediment
transport calculations are accomplished by refinement of previous wave analysis and sediment
transport modeling conducted for the project area (ESA, 2015). A companion study provides a coastal
geomorphic assessment of beaches and slough mouth historic conditions and evolutionary trajectory
(CGS, 2015).
In this study, the shore to the east of Roger’s Slough that includes the proposed beach nourishment area
is called the “east beach” and the shore south of Roger’s Slough is called the “southwest beach”.
Therefore, the mouth of Roger’s Slough is located between the southwest beach and east beach. Figure
A‐1 provides an overall site map of key features and wave model (SWAN) output points referenced
herein.
Wave Field at Birch Bay
The wave field at Birch Bay is characterized by wind waves propagating into shallow water from deep
water offshore in the Straits of Georgia. As the waves propagate from deep to shallow water, their
direction and heights transform. This transformation process was simulated using with the numerical
wave model SWAN (ESA, 2015). Figure A‐2 shows SWAN model wave direction vectors for the maximum
offshore wave period of 6 s and for the two dominant offshore wave directions for the northern part of
Birch Bay. The arrows in Figure A‐2 indicate the direction of wave propagation: from south (220 degrees,
blue arrows) and from north (330 degrees, white arrows). Due to broad areas of shallow water depths,
waves originating from both the north and south directions converge in shallow water and have nearly
identical direction as they approach the shoreline.
From Figure A‐2.2 and A‐2.3, it is observed that wave vectors are nearly perpendicular (normal) to the
sediment bar‐troughs and shorelines along East Beach and the project area. Modeled wave approach
angles are typical less than 5 degrees from perpendicular (Figure A‐3). This means that the wave crests
are essentially parallel with the contours of the shore and shallow flats, indicating relative equilibrium in
the shoreline plan form and little potential for longshore sediment transport.
Conversely, Figure A‐2.1 shows that the wave vectors are at oblique angle to the shoreline along the
Southwest Beach. Modeled wave approach angles are typically 25 degrees from perpendicular. This
indicates higher potential for net northward sediment transport toward Roger’s Slough from the
Southwest Beach. Geomorphic analysis along this shoreline indicates that the existing spit is moving
north towards Roger’s Slough (CGS, 2015), consistent with net northward transport inferred from the
wave analysis.
Longshore Transport Calculations
To better estimate potential sediment transport rates and net directions, the GenCade model output
(see ESA, 2015) was refined with additional analysis.
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The potential longshore sediment transport (LST) was estimated along the Birch Bay shore using the
19‐Years (1996‐2014) of nearshore wave hindcast records obtained for this study, the recorded water
levels from a nearby station at Cherry Point (NOAA, 2014), and the shore normal angle of the beach.
Due to the complexity and difficulty of estimating LST, a range of methods and parameters were
investigated, as summarized in Table A1. Because most LST formulae are derived for sandy beaches,
computed values must be corrected to account for less transport observed on mixed sand/gravel
beaches and gravel beaches.
Table A1 Potential Net Longshore Transport Equations
Method
CERC–1984
CERC ‐ 30%
CERC ‐ 15%
CERC – 7%
Kamphuis
½ *Kamphuis
1/5 * Kamphuis
Van Wellen

Description
Original CERC formula using the methodology described on the coastal engineering manual (USACE,
2002).
A study conducted by van Wellen et al (2000) confirmed a K reduction for coarse sediment and
indicate that the value of K in the presence of gravel beaches is around 30% of the value of K from a
sandy beach.
Nicholls and Wright (1991) found K to be between 1‐15% that of sands
Chadwick(1989) suggested a K value of 7% the K value for sandy beaches.
Kamphuis Equation (Kamphuis,1991)
Kamphuis(1991) found that for gravel beaches the equation over‐predicts the results by a factor of 2 to 5.
Kamphuis(1991) found that for gravel beaches the equation over‐predicts the results by a factor of 2 to 5.
Proposed Equation for LST for gravel beaches from van Wellen et al 2000 study

For gravel with the size proposed for Birch Bay (D50 = 13 mm), we selected the Kamphius method, and
applied a scaling factor of 1/5 to adjust for gravel transport:
LSTgravel = 1/5 * Kamphuis
The selected method (Kamphuis) and the adjustment (rate reduced by a factor of 1/5 ) are the result of
careful evaluation of several equations, sediment grain size, and germane literature. Based on literature
review and comparison with monitoring data from the Bauer Berm test section (See Geomorphic
Analysis), the reduced Kamphuis method is considered the most applicable for sediment transport in
Birch Bay. The resulting estimates of potential average net LST at each location in the bay using the
Kamphuis equation are shown on Figure A‐4. Along the Southwest Beach (N10‐SW), transport is north
toward the slough mouth. Transport along the East Beach is typically north towards the slough mouth.
The results show a clear northward transport of the sediment, that reaches his maximum at middle of
the bay at location N5. The sediment transport reduces on the north side of the bay (location N6‐N10),
where the sediment transport is close to zero. Near these locations, the waves arrive almost parallel to
the shore (Figure A‐3). Thus, small changes in angles can shift the direction of sediment transport; the
range in transport caused by small shifts is indicated by the grey bars. These small changes are within
the modeling accuracy of SWAN and the sediment transport equations, and can be interpreted as
essentially zero net transport in this region. The sensitivity to wave approach angle is discussed in more
detail in the next section.
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Sensitivity of wave approach angle
Wave modeling indicates that waves approach the Birch Bay shore nearly straight on with a range of
small approach angles depending on the offshore wind and wave directions. This implies that the
alongshore transport rate is small and that the Bay’s shore planform and offshore depths have reached
a shape that is close to an equilibrium condition that has little net alongshore transport. The orientation
of the shore and offshore contours indicate that this equilibrium planform shape varies with the water
level: The low tide shore (0 ft NAVD is shown in Figure A‐1, approximately where the wave output points
1‐10 are labeled) diverges from the high tide shore at the north end of the Bay. This is because the wave
approach directions are affected by depth, and change as the waves propagate into shallower water,
with depth best characterized as that relative to wavelength. The large expanse of shallow water and
migration of the water line with the tide level poses challenges to modeling. The gravel berm is located
at the high tide shore, where waves have refracted more than those farther offshore. The sensitivity of
the calculated longshore sediment transport rates to modeled wave angle was investigated as a means
of evaluating the potential error in the calculations.
The distribution of potential alongshore transport rates with each of the model output locations
depicted in Figure A‐1. A slight change in wave approach direction relative to the shore would have a
marked change along the east shore, partly because the range of directions is so narrow, as shown in
Figure A‐3. For example, two‐degree shift for locations N7 through N10 (north portion of east shore)
would reverse the computed direction of net transport. Farther south, at locations N5 and N6, a small
shift of two to four degrees would modify the rate of transport but not the direction. This analysis
indicates that the computed transport rates are within the margin of modeling error in the northern part
of the east shore (in the Cottonwood reach between the north project limit and Roger’s Slough), and
that the net transport at this location is close to zero. Moreover, the results indicate very low potential
net rates of longshore gravel transport and hence little chance of the project impacting Roger’s Slough.
Geomorphic Analysis
Sediment transport is difficult to quantify owing to its inherent complexity and difficulty in
measurement (USACE, 1984; 2002). Consequently, hydrodynamic and sediment transport calculations
are often augmented with geomorphic interpretations: These include measuring shore changes and
computing the apparent volume changes and interpretation of the shapes and patterns of these
changes. Both approaches have been applied for Birch Bay (CGS, 2007; 2015), and are reviewed here
along with additional interpretation and comparison with the model‐based calculations.
Bauer Test Berm
Beach nourishment in the southern portion of Birch Bay has been implemented since 1986 (CGS, 2005).
This nourishment site, sometimes called the ‘Bauer Test Berm’ in reference to prior work by Wolf Bauer
(1974, 1978), extends north of the mouth of Terrell Creek about 1,000 feet near the intersection of
Birch Bay Drive and Alderson Road. Since 1986, an equivalent of about 150 cubic yards of gravel has
been placed annually on the site (150 cy/yr). CGS monitored the beach after the last beach nourishment
was performed in 2002 where about 300 cubic yards of gravel were placed. They found that the
ESA
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beachface at the site extended bayward (beach widened) up to 4 feet since monitoring began in 2002
and estimated an average transport rate of gravel of 112 cy/year. This transport rate was estimated
using only the accretion of the beach and did not consider the sediment that passed through the site
and moved beyond the study area and to the north. As a result, the total transport rate at the site is
expected to be about 100 cy/yr or higher.
Wave‐model‐based calculations of the potential LST at Birch Bay (ESA, 2015; Section 4) indicate
potential longshore sand transport rates of about 2,700 cubic yards per year (cy/yr), with a range of
1,100 to 6,300 over the 19 year modeling period. Using the Kamphuis formula would reduce these
values by about one half, to about 1,300 cy/yr (range of 550 to 3,200). The calculated rates are called
potential as an indication of the transport capacity of the waves. Actual rates can be much lower if the
supply of sediment is lower than the transport potential. Therefore, the measurements of about 100
cy/yr vs the potential of 1,300 cy/yr indicates that the actual transport rate is “supply –limited”. Even so,
it appears that the calculated potential rate is too high for gravel, and the corrected value is on the
order of 1/5 that predicted by Kamphuis.
Vicinity of Roger’s Slough Mouth
The Roger’s slough area has experienced substantial amounts of change in natural conditions prior to
development and, to a greater degree, during several stages of anthropogenic change (CGS, 2015). The
natural changes appear to have been progradation of the spit from southwest to northeast, with
associated narrowing of the opening at the northern extent of Birch Bay. Also, the estuary was filled for
development, thereby reducing the volume of water exchanged with the tides, and reducing the
scouring of the mouth, thereby allowing the wave‐driven sediment to accumulate. Therefore, it appears
that Roger’s Slough is on an evolutionary trajectory to close off most tidal exchange, and form a creek
drainage outlet with higher backwater levels.
The historic analysis indicates that the sediment transport along the southwest shore is toward the Roger’s
Slough mouth, and the supply is sufficient to result in measureable accumulation. The presence of the
sediment spit is consistent with the wave vectors in Figure A‐2, which show a large angle of incidence. In
contrast, the historic changes do not show strong accumulation along the eastern shore even though the
net potential transport is northward in this area. Also, the sediment is primarily sandy with limited gravel,
indicating a declining alongshore transport potential as the shore approaches the slough mouth from the
project area farther south. The wave vectors in Figure A2 have a small angle relative to shore, which is
consistent with the limited sediment transport and absence of a spit‐like shape.
The maximum rate of sediment transport from the project toward Roger’s Slough can be bounded by
the rate of spit growth on the southwest shore. The spit growth on the southwest shore over the last 17
years (1997‐2014) shows a widening of the southwest beach of 130 ft and an accretion on the longshore
for the same period of 204 ft. This is the equivalent of a beach widening rate of 7 ft/yr and a movement
of the spit to the north towards Roger’s slough of ~12 ft/yr. The computed potential longshore transport
rate of gravel on the southwest shore is about 930 cy/yr is the same order of magnitude as the rate on
the eastern shore, which ranges from about 600 cy/yr in the project area to near zero in the northern
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reach near Roger’s Slough. As described above for the Bauer Test Berm, the measured rate of gravel
movement was only about 100 cy/yr and much lower than the modeled potential transport of 500 cy
/yr. Based on the highest ratio of the transport rates, the rate of transport of gravel would be up to 0.7
times that measured on the southwest shore (600/900 ~ 0.7), which is about 9 ft/yr. This is the
maximum potential sediment spit, or “sediment wave”, migration rate at the northern boundary of
gravel placement area (south Cottonwood reach). The actual rate is likely to be smaller and diminish
with distance northward to be near zero near the slough mouth. Given the distance between the
placement location and the slough mouth is over 4,000 feet, and applying the maximum rate of 9 ft/yr,
it would take about 400 years for the gravel to migrate to the slough. However, this maximum rate is not
likely to be realized based on the reduced transport potential along the northern section of the east
shore, as well as the very small angle of wave approach computed by modeling (Figure A‐2). This
analysis indicates that the gravel placed by the project will not be transported to the mouth of Roger’s
Slough.
Summary Conclusions
Numerical wave modeling, sediment transport analysis, and geomorphic assessment all indicate that the
longshore transport in Birch Bay between the beach nourishment placement area and Roger’s Slough is
very slightly northward and the project should not result in significant sediment accumulation or
impacts to the slough mouth, relative to existing conditions. Our interpretation of the longshore
sediment transport patters are shown in Figure A‐5. The historic accumulation of material at the slough
due to slough filling and resulting reduction in tidal scour, and the relatively rapid progression of the spit
located on Southwest Beach are more likely to impact the slough in the near term.
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Figures

Figure A‐1 Site map and SWAN wave model output location points 1 through 10.
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Figure A‐2 Wave Vectors from SWAN at Birch Bay A‐2.1) Southwest of Roger’s Slough A‐2.2) East of Roger’s Slough and A‐2.3) Cottonwood. Shown for
offshore waves with a period of 6 seconds. Blue arrows represent offshore waves arriving from a northwest direction of 330 degrees, white arrows
represent waves arriving from a southwest offshore direction of 220 degrees.
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Figure A‐3 Wave direction distribution relative to the local shore normal for locations N5 through N10.
Waves without a direction were removed. Directions are binned every 1 degrees and are displayed by
percent occurrence of each direction. Negative wave directions indicate waves arriving from the left at
the beach, and positive wave directions indicate waves arriving from the right at the beach.
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Figure A‐4 Average Potential Longshore Sediment Transport at Each Location
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Figure A‐5 Simplified schematics of the Sediment Transport Movement at Birch Bay
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