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Introduction
The Skagit River Basin is the largest river system contributing to the Puget Sound trough
(Burns, 1985). At its terminus with the Puget Sound, the river has migrated and contributed
hydraulically with an extensive geomorphic delta that extends from Samish Bay in the North, to
Port Susan in the South. Prior to European settlement, the Skagit delta was laced with wetlands
and tidal channels (Figure 1). Within this landscape, large distributary channels provided a
complex series of inter‐linkages between Samish, Padilla, and Skagit bays which, in part,
provided migratory corridors and rearing habitats for a variety of aquatic species.

Figure 1. Historic Skagit Geomorphic Delta (Collins, 2001)

Swinomish Slough, connecting Skagit and Padilla Bays in Northern Puget Sound, was
historically a significant migratory corridor for juvenile Skagit River Chinook salmon seeking
rearing habitat in Padilla Bay. Historic accounts of this waterway span generations of local
residents. Ranging from storied fishing grounds for tribal families to a focal point for modern
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day commerce, the chronicles documenting the metamorphosis of this waterway provide both
a testament to man’s ingenuity and the tragedy of ill‐conceived plans.
Decades of engineering have changed this waterway from a highly complex, braided deltaic
distributary wetland to a simplified, yet efficient, navigation channel. In the process this
conversion has changed the balance of nature, providing benefits to agriculture, transportation,
recreation, and maritime commerce at the expense of certain species, in particular Pacific
salmon, and the economies that depended on their success.
The objective of this report is to assess the feasibility of restoring connectivity of natural
processes between the North Fork of the Skagit River and this historic distributary. This report
recognizes that full connectivity at levels mimicking historic conditions are virtually impossible
given the geomorphic changes induced to the system through decades of development. Nor
can we expect historic connectivity in the context of our modern day reliance on this waterway
for commerce and national security. However, we do explore the prospect of measured actions
that seek to restore a level of hydraulic and geomorphic connections that work to the benefit of
Pacific salmon.
To help guide this effort, the Skagit River System Cooperative, in collaboration with
researchers from Battelle Memorial Institute and the United States Geological Survey (USGS),
conducted surveys of existing conditions, developed analytical models to explore hydraulic
processes, looked to historic conditions for clues and strategies, and carefully considered the
chronology, the construction and management of the waterway by the Army Corps of
Engineers (ACOE). In conclusion, the researchers found enough evidence to merit further
investigation of two alternatives that seek to establish connectivity through the “causeway” to
McGlinn Island and/or lower the overall height of the jetty from McGlinn Island to the “fish
hole” (Figure 2). To help guide this second phase of work, this report contains a set of
conceptual designs that merit a finer level of detailed investigation.
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Goals & Objectives

Problem Statement
As previously mentioned, a series of development actions were undertaken by Congress and the U.S
Army Corps of Engineers between 1892 and 1937 that led to to the final configuration of the Swinomish
Channel that is known today. This series of alterations has contributed, in some part, to two critical
changes in the environment for Pacific salmon native to the Skagit basin.

Figure 2. Location of the Swinomish Channel Causeway to McGlinn Island & Jetty to Goat Island.

Problem [1]: Salinity Gradient
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Fish catch data (Yates 2001; Beamer, unpublished) indicate that while some juvenile salmon enter
the Swinomish Channel, their abundance is very low relative to other areas in the North Fork Skagit tidal
marshes. Additionally, catches of juvenile Chinook show a steady decline to zero on a northward
gradient in the Swinomish Channel. Sampling of water salinity (Yates 2001; Hood, unpublished data)
shows that North Fork Skagit discharge east of the jetty is entirely fresh (0 ppt) from surface to bottom.
On the west side of the jetty, there is a small area of mixing between fresh river water seeping through
the rock jetty and marine water in the Swinomish Channel. North and south of this mixing area, salinity
becomes relatively uniform along the channel, ranging from 15 ppt to 25 ppt depending on tide stage
and rainfall (variable freshwater inputs include streams to the west of the Swinomish Channel,
agricultural drainage adjacent to the channel, and Skagit River seepage through the jetty and discharge
which dilutes Skagit Bay saline waters). Historically, mixing of freshwater from the North Fork Skagit
River with marine water from Padilla Bay and Skagit Bay presumably resulted in a salinity gradient in the
Swinomish Channel that allowed juvenile salmon opportunity to seek out appropriate habitat while
undergoing transition from a freshwater to a saltwater physiology. Such a gradient no longer exists;
instead, a sharp salinity contrast exists between the Skagit River and the Swinomish channel that serves
as a physiological barrier to migrating juvenile salmon, especially physiologically sensitive Chinook (Yates
2001, Beamer unpublished).

Problem [2]: Salmonid Rearing Capacity
Density dependence has been documented for Chinook salmon rearing in the Skagit tidal marshes
(Beamer et al. 2003). While this density dependence has not been resolved to finer spatial resolution
than the Skagit tidal marshes as a whole, it is likely that density dependence is greater in the North Fork
Skagit River marshes than the South Fork marshes. Similar river discharge passes through both the
North and South Forks, suggesting similar numbers of juvenile salmon pass through both river branches.
However, the area of intertidal marsh is three times greater in the South Fork than in the North Fork,
which suggests that density dependent effects are three times greater in the North Fork than in the
South Fork. Consequently, while there is need for estuarine marsh restoration throughout the Skagit
system, the need is greatest in the North Fork area. Reconnecting the North Fork Skagit River with the
Swinomish Channel will allow access to significant current habitat within the channel and in Padilla Bay,
and to significant future restoration sites in the Swinomish Channel which are in progress or proposed.

Goal Statement
Reconnecting the North Fork Skagit River with the Swinomish Channel while maintaining a navigable
channel requires understanding sediment transport and freshwater/saltwater mixing patterns under a
variety of restoration scenarios. The causeway and jetty were constructed to prevent river‐borne
sediment from filling the Swinomish navigation channel. Thus, breaching the causeway or jetty to allow
salmon passage must account for sediment transport and its effect on current maintenance dredging
schedules. Additionally, simply allowing salmon to have physical access to the Swinomish Channel is not
sufficient; they must also have physiological access, i.e., sufficient freshwater must enter the Swinomish
Channel to allow Chinook salmon to take advantage of a salinity gradient along the channel to reach
additional rearing habitat in the northern half of the channel and in Padilla Bay. Consequently,
modeling of sediment transport, tidal and riverine currents, and freshwater/saltwater mixing patterns
under a variety of restoration scenarios is essential to determine whether reconnecting the Swinomish
Channel, and ultimately Padilla Bay, to the North Fork Skagit River is feasible.
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Objectives
Each of the following objectives corresponds to a decision point on a feasibility decision tree (Figure
3).
Objective 1: Determine likely location(s) for breaching the causeway or jetty to restore connectivity
between the North Fork Skagit River and the Swinomish Channel. Likelihood refers to maximizing
freshwater and salmonid passage while minimizing sediment transport from the North Fork Skagit River
to the Swinomish Channel. It also includes a very general (1st‐order) assessment of likely construction
feasibility and costs, and a general estimate of the likely maintenance needs or risks.
Objective 2: Determine the amount of freshwater flow that could be restored from the North Fork
Skagit River into the Swinomish Channel to create a salinity gradient along the channel suitable for
outmigrating Chinook, and investigate alternatives for producing such a diversion.
Objective 3: Predict likely changes in salinity for the Swinomish Channel and the lower North Fork
of the Skagit River following restoration of connectivity.
Objective 4: Predict changes in juvenile salmon, especially Chinook, passage from the North Fork
Skagit River to Padilla Bay following restoration of connectivity.
Objective 5: Determine the changes in sediment transport and deposition in Swinomish Channel
resulting from reconnection to the North Fork Skagit River, and investigate alternatives for minimizing
the introduction of sediment with the fresh water form the Skagit. Acceptable levels will be determined
in consultation with the US Army Corps of Engineers (USACE), who have already declared that some
increase in sediment deposition in the Swinomish Channel that may result from reconnecting the North
Fork Skagit River to the Swinomish Channel can be accommodated by current and ongoing maintenance
dredging for the channel.

9

Page 10

2/7/2008

Figure 3. Project feasibility decision tree. Each decision stage corresponds with a project
objective.
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Historic Context
Pre‐dredge conditions throughout Swinomish Channel reflected the complexity of the Skagit River
delta. Swinomish Slough (as it was known prior to development) was a key migratory corridor for river
hydrology and associated aquatic species between Skagit & Padilla Bays. Figure 4 gives a general
overview of the changes imposed on this system over time. At the southern end of the channel near the
terminus of the North Fork of the Skagit and the area known as Dunlap Bay, we can see in Figure 5 the
extent of this landscape change. McGlinn Island is now connected by a 900 meter (~3,000 foot)
causeway constructed of dredge material. At the southern side of this island, a 1800 meter (~6,000 ft)
rock jetty stretches to Goat Island (Yates, 2001). These two features in particular are the focus of this
report and our subsequent analysis.

Figure 4. Pre- and post-dredge habitat conditions for the Swinomish Channel and environs.
Significant changes during this time period include [1] causeway and jetty construction interrupting the connection
between the North Fork Skagit River and the Swinomish Channel, [2] loss of channel complexity and associated
intertidal marsh (1000 acres) in the north end of the Swinomish Channel, [3] filling of intertidal wetlands with dredge
spoils along the Swinomish Channel.

11

Page 12

2/7/2008

Figure 5. US Coast and Geodetic Survey map (1892). The 1892 coastline has been highlighted in blue.
The 2000 coastline is shown for comparison in red. Significant changes from 1892 to 2000 include (from west to east) [1]
filling of the Shelter Bay marshes with dredge spoils and later development into a marina and waterfront homes, [2]
straightening of the Swinomish Channel, and [3] construction of the causeway between the Swinomish Channel on the
west and Dunlap Bay and the North Fork Skagit River on the east.

Habitat Effects of ACOE Swinomish Channel Projects
The causeway and jetty have dramatically reduced riverine inputs to the Swinomish
Channel, including freshwater, sediments, and salmon (Blukis Onat et al. 1999; Hood and
Beamer, unpublished data). Most critically, the causeway and jetty have strongly reduced
access to rearing habitat in the extensive (8,000 acres) Padilla Bay eelgrass meadows for
juvenile pink, chum, and coho salmon, and eliminated access for juvenile Chinook (Yates 2001;
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Beamer, unpublished data). In addition to physical obstruction of migratory pathways for
juvenile and adult salmon, reduced freshwater input to the channel has likely greatly increased
the salinity of the channel and created a physiological barrier for juvenile Chinook, which are
particularly sensitive to high salinity (Yates 2001; Hood, unpublished data). Restoration of river‐
channel connectivity is necessary to allow juvenile salmon to access rearing habitat in Padilla
Bay. It is also an important adjunct to salmon habitat restoration along the channel or in the
extensive historical flats at the north end of the channel.
In addition to being an important migratory pathway for juvenile salmon, the Swinomish
Channel was also important to returning adults. Prior to construction of the causeway and
jetty, the Swinomish Channel was a critical fishing area for the Swinomish Tribe, and tribal
villages were located along the channel to be close to the fishery (Blukis Onat et al. 1999).
Shortly after causeway and jetty construction, this fishery and several associated canneries
collapsed (Moore 1972; Blukis Onat et al. 1999). The Swinomish Tribal Community objected to
the causeway and jetty when they were first constructed, and they have been trying to undo
the damage to Skagit fisheries caused by the causeway and jetty ever since.
Several estuarine restoration projects are underway or are being proposed for the north
end of the Swinomish Channel. However, the benefit of these projects to juvenile Skagit River
Chinook salmon will be relatively low if reconnection of the North Fork Skagit River to the
Swinomish Channel is not achieved. If existing and proposed restoration projects in the
Swinomish Channel are to provide significant benefit to Skagit River Chinook and other salmon,
it will be essential to restore river‐channel connectivity through the causeway or jetty. Even
without any habitat restoration in the channel, river‐channel reconnection would provide
significant benefits to juvenile salmon by restoring access to eelgrass habitat in Padilla Bay.
History of ACOE Swinomish Channel Projects
Starting with project authorization in the 1890’s, and culminating in the 1930’s, the
ACOE transformed the Swinomish Slough into the straightened, dredged waterway now known
as Swinomish Channel (Yates, 2001). This study conducted a thorough review of this history so
that we might identify methods of construction and clues to help guide deconstruction or
alterations. The development of the waterway can be separated into four separate
components, all of which work together to provide for navigation with varying levels of annual
maintenance by the ACOE. The following discussion summarizes construction projects
completed from 1894 to present on the Channel itself, the North Dike, the McGlinn Dike, the
South Jetty, and the McGlinn‐to‐Goat‐Island Jetty in the interest of maintaining a navigable
waterway through Swinomish Slough.
The Navigation Channel
The progression of the alteration of Swinomish Slough to a “channel” is perhaps best
summarized in a history compiled by W.M Borland in 1976. Starting when European settlers
13
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first arrived in the Skagit Valley, levees and dikes were constructed along the many sloughs and
tidal channels throughout the Skagit Flats, including along Swinomish Slough. Small boat traffic
was also beginning to favor the protection of Swinomish Slough in order to avoid passage
through Deception Pass and Rosario Strait to travel between Skagit and Padilla Bays. At the
mouth of the North Fork of the Skagit, mud flats caused shifting shoals in the natural channels
across the flats, making navigation difficult and presenting a hazard to boat traffic.
To secure a more reliable navigation channel, the River and Harbor Act of July 13, 1892
provided for dredging and maintaining a channel 100 feet wide and four feet below Mean
Lower Low Water (MLLW). After its passage the Act provided for a channel from Goat Island
through Hole‐In‐The‐Wall and up to the railroad bridge at the north end of Swinomish Slough.
No work was done at this time in Padilla Bay or the north end of the channel.
After the River and Harbor Act of August 30, 1935, the channel was dredged to –12 feet
MLLW. This project maintained a dredged channel to –12 feet MLLW from deep water in
Saratoga Passage to deep water in Padilla Bay (Figure 9).

Figure 6. Swinomish Channel project components
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North Dike
The North Dike was one of the first dikes placed for the purpose of the Swinomish Slough
Navigation Channel. A 7000‐foot dike from the south end of the Swinomish Reservation,
running along the north side of the dredged channel, to Goat Island (Figure 6, North Dike) was
constructed by 1894. This dike, referred to as the North Dike, was built to +13 feet MLLW. It
was constructed of a mattress sill, with various sections of wattled pile, brush, and stone to
form the Dike. Improvements and an extension to this Dike were proposed in 1903, as shown in
the cross‐sectional detail of the existing and proposed dike, shown below (Figure 7).
Improvements to the North Dike were never completed, but many other projects in the area
were completed (Figure 9).

Figure 7. Detail of existing (1903) and proposed North Dike. Adopted from the map,
‘Improvements of Swinomish Slough, Washington.’ Printed March 1903, by J.M. Clapp, Assistant Engineer,
Corps of Engineers, US Army

McGlinn‐Island‐to‐Mainland Dike (AKA “The Causeway”)
The initial construction of a dike from McGlinn Island to the Mainland at Gallagher’s Point
was also completed by 1894. The McGlinn‐Island‐to‐Mainland Dike was built to +13 feet MLLW,
and separated Dunlap Bay from Swinomish Slough. This original dike was constructed of
wattled pile.
Figure 8, below, shows improvements proposed in 1903 for the McGlinn‐Island‐to‐Mainland
Dike. Improvements to the Dike were not completed until 1930. It was strengthened with rock
and maintained a top elevation of +13 feet MLLW. A storm in 1940 damaged the Dike. It was
repaired, and after this point in time, the McGlinn‐Island‐to‐Mainland Dike became a disposal
area for sediments dredged from the Swinomish Slough navigation channel. From 1936 through
the 1970’s, the elevation of this dike was slowly raised to approximately +15 feet MLLW due to
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the disposal of dredge spoils (Figure 9). Today, McGlinn Island Lane, a private road, runs along
the top of this fill material, allowing one to drive from the mainland to McGlinn Island. A few
buildings have been constructed on the fill material.

Figure 8. Detail of existing (1903) wattled pile and proposed rock
McGlinn-Island-to-Mainland Dike. Adopted from the map, ‘Improvements of
Swinomish Slough, Washington.’ Printed March 1903, by J.M. Clapp, Assistant Engineer,
Corps of Engineers, US Army.

South Jetty
Sediment continued to enter Swinomish Slough after initial construction of the North Dike
and the McGlinn‐Island‐to‐Mainland Dike. Navigation improvements and additional
construction activities continued. Between 1907 and 1908, a South Jetty was constructed from
the west end of Goat Island westward toward Saratoga Passage (Figure 6, South Jetty). This
jetty extended 3650 feet and had a top elevation of +13 feet MLLW.
The South Jetty was again improved in 1973. Originally built to +13 feet MLLW, storms had
reduced its top elevation to +6 feet MLLW. Water, sand, and mud all passed over the top of the
South Jetty. Also, the mudflats in this location had prograded 1000 feet toward Saratoga
Passage since 1890 (Borland, 1976). In 1973, the South Jetty was raised again to +13 feet
MLLW, and extended out from Goat Island 2700 feet (Figure 9).
McGlinn‐to‐Goat‐Island Jetty (AKA “The Jetty”)
The River and Harbor Act of August 30, 1935 modified the Swinomish Channel Project. It
provided for a channel 100 feet wide and 12 feet deep at MLLW to be maintained from deep
water in Saratoga Passage to deep water in Padilla Bay, and called for diking and dredging
where necessary. Construction of the McGlinn‐to‐Goat‐Island Jetty was a result of this Act, and
16
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its construction was completed in April 1937. The McGlinn‐to‐Goat‐Island Jetty was a 6000‐foot
long rock jetty, and had a top elevation of +5 feet MLLW. At its northeastern end, it abutted
McGlinn Island. It extended 800 feet south, accommodated a 20‐foot wide gap known as the
Fish Hole, then continued 5000 feet west to Goat Island. A storm in 1940 damaged the
McGlinn‐to‐Goat‐Island Jetty, and in 1946 it was raised to +15 feet MLLW. In 1963, repairs were
made and the top elevation was again brought up to +15 feet MLLW. Today, the top elevation
of the McGlinn‐to‐Goat‐Island Jetty is approximately 13‐15 feet MLLW using Lidar (Light
detection and ranging data) (Figure 9). The Lidar data were collected in April 2002 during a
spring low tide and have a claimed vertical accuracy to 15 cm.

Figure 9. Dikes and Navigation Channel Chronology. Adopted from W.M. Borland, September 1976,
Hydrology of Swinomish Slough and Skagit Bay. Unpublished memorandum from W.M. Borland of the Phoenix Bureau
of Indian Affairs, working out of the Western Washington Indian Agency, Everett, Washington.
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Present Day Channel Conditions
Eric E. Grossman
Andrew Stevens
Guy Gelfenbaum
U.S. Geological Survey

The following sections are summarized from the companion USGS report titled “Nearshore
Circulation and Water Column Properties in the Skagit River Delta, Northern Puget Sound,
Washington PART I: Juvenile Chinook salmon habitat availability in the Swinomish Channel”
Compiled by Eric Grossman, Andrew Stevens & Guy Gelfenbaum of the Coast Geologic Group
stationed at the USGS Pacific Science Center, Santa Cruz, California. The full report is available
at pubs.usgs.gov/sir/2007/5120.
Methods & Data Collection
Two instrumented tripods equipped to measure currents and water properties were
deployed at the north (near Fornsby Slough) and south (between Shelter Bay and McGlinn
Island) ends of the Swinomish Channel for a 1.5 month period between March and May of
2006. Each tripod was equipped with a SonTek 1500 kHz Acoustic Doppler Profiler. Water
temperature was measured at the north tripod using a Brancker temperature sensor. At the
south site, a Seabird SB‐37 Microcat recorded temperature, conductivity and pressure. Each
tripod had a retrieval system consisting of an Edgetech Cart acoustic release connected to a line
and buoy. An acoustic pinger was placed on the tripod to aid in its recovery in the event that
the release system failed (Figure 10). Continuous temperature and salinity measurements of
the surface water were made with a Seabird SB‐37 Microcat attached to a surface mooring
(Figure 10). The mooring consisted of a Gilman 4CFR buoy with a Carmanah solar light attached
to the top. The microcat was fixed to the mooring to measure temperature and salinity at 50
cm below the surface. The mooring was deployed near the Rainbow Bridge between the two
tripods to detect the extent of northward advection of freshwater from the North Fork Skagit
River.
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Figure 10. The tripod deployed at the north end of the Swinomish Channel (left). The mooring
deployed at Rainbow Bridge, Swinomish Channel (right).

SonTek Acoustic Doppler Profilers (ADPs) are designed to measure profiles of velocity
throughout the water column. The sampling scheme for the current meters was designed in
order to obtain accurate measurements in a region known to have relatively high current
velocities and provide high resolution vertically in the water column. The current meters were
set to average current measurements for a 5 min period to produce a current profile every 15
min. The start of each burst was set to begin 2.5 min before each quarter‐hourly measurement.
The vertical cell size was set to 0.25 m beginning 0.4 m from the transducer. The ADPs also
measured water temperature and pressure. An internal compass and two‐axis tilt sensor
measured heading, pitch and roll. Using the measurements of the compass, velocity
measurements were transformed and stored in geographic components of velocity (east, north,
up).
Water column properties including conductivity (converted to salinity), temperature,
salinity, and depth were measured at stations along the Swinomish Channel in March, May, and
July 2006 with a Seabird Electronics model 19+ Profiling CTD. The Seabird 19+ operates at 4 Hz
and downcasts were conducted manually at an approximate rate of 1 m/10 sec to acquire at
least 10 samples per 0.25 m. In addition to conductivity, temperature, and depth, turbidity,
dissolved oxygen, photosynthetically active radiation, and chlorophyll were measured and
average sound velocity was derived. Locations and times of CTD casts were obtained with a
Garmin GPS.
High quality data were recovered from all of the instruments deployed in this study, with
the exception of a malfunctioning analog to digital converter (B. Macone, Sontek, personal
communication) which resulted in bad pressure and temperature data recorded by ADP C132 at
the south site. Fortunately, the south site tripod was also equipped with a SBE‐37 microcat that
made temperature and pressure measurements.
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Data collected by the compass and 2‐axis tilt sensor in the ADP suggested minor movement
of both tripods within the first 2 days of deployment as the tripod settled into the bed.
Afterwards, the heading, pitch and roll changed only gradually, suggesting neither tripod was
significantly disturbed during data collection. Time periods where valid data were collected
were determined by visual inspection of the pressure as well as heading, pitch and roll time‐
series data. Data points recorded when the instruments were out of the water were removed
from the record. The east and north components of velocity were rotated to account for the
site‐specific variation in magnetic declination at the time of the deployment (17.8 °E).
To investigate net water movement in the channel, velocities in three layers were rotated
into along‐ and across‐ channel components using principle component analysis (PCA). A
standard (pl33) low‐pass filter was then applied to the rotated velocities to plot current
patterns occurring at subtidal frequencies. Cumulative along‐channel transport was calculated
by taking the cumulative sum of the product of the along‐channel velocity component and ∆t
(15 min or 900 s).
CTD measurements were processed with standard Seabird protocols using Seabird
calibrations and correcting for surface soak and instrument priming. Measurements were
averaged at 0.25 m depth intervals and merged with navigation, environmental data (tide
stage, winds, river discharge), and current measurements. Analyses of CTD casts including
cross‐sections and surface maps were made using Matlab and ArcMap nearest neighbor grid
algorithms.

Results & Analysis

Tides
The tidal height at the north site was measured using the internal pressure sensor in the
ADP. At the south site, where pressure data were corrupt, pressure data from the microcat
were used to estimate water levels. Water level at each site was estimated by assuming that
each dbar of pressure represents one meter of water depth. Water level comparisons between
the two sites (Figure 11) suggest tidal oscillation amplitudes were larger at the south site
compared to the north site. The instantaneous difference in tidal elevation was as high as 0.5 m
at some times during the deployment. Low‐pass filtered differences in tidal elevation show that
the water level at the south site is higher at subtidal frequencies throughout most of the data
record.
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Figure 11. Comparison of water levels between the north and south sites (top panel).
Positive values indicate the water level was higher at the south site relative to the north site. The middle and
bottom panel show the difference (South Site‐North Site) and low‐pass filtered difference between the two sites,
respectively.

Harmonic analysis on each of the water level time‐series was carried out using the T_Tide
analysis package for MATLAB (Pawlowicz et al. 2002). Comparison of the major harmonic
constituents at each site (Table 1) shows that the amplitude of the two biggest components, K1
and M2, are larger at the south site than at the north site. Also, there are differences in the
phase of major tidal components between the two sites. For instance, a phase difference of 4.3
degrees for the M2 component equates to about a 9 min difference between the two sites.
Table 1. Comparison of the amplitude and phase of major harmonic tidal constituents at the north (NS) and
south (SS) sites.
Constit
uent

Frequ
ency
[1/hr]

NS
Amplitude
[m]

SS
Ampl
itude [m]
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N-S
Amplitude
Diff.
[m]

NS
Pha
se [deg]

SS
Pha
se [deg]

N-S
Phase
Diff [deg]
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Q1
O1
K1
J1
N2
M2
L2
S2
M3
M4
S4
2MK5
M6

0.037
2
0.038
7
0.041
8
0.043
3
0.079
0
0.080
5
0.082
0
0.083
3
0.120
8
0.161
0
0.166
7
0.202
8
0.241
5
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0.076

0.073

0.003

0.494

0.498

0.800

0.823

0.037

0.036

0.004
0.023
0.001

0.150

0.189

0.725

0.923

0.025

0.037

0.199

0.271

0.006

0.009

0.007

0.012

0.001

0.002

0.012

0.017

0.012

0.018

0.039
0.198
0.012
0.072
0.003
0.005
0.001
0.005
0.006

231
.7
254
.7
268
.0
319
.0
336
.6
15.
7
77.
1
31.
8
235
.5
297
.6
261
.5
131
.2
215
.9

231
.9
253
.3
268
.4
323
.3
337
.5
19.
9
97.
9
35.
4
213
.9
311
.9
300
.5
106
.9
146
.8

-0.2
1.4
-0.4
-4.3
-0.9
-4.2
-20.8
-3.6
21.6
-14.3
-39
24.3
69.1

Currents
Maximum horizontal velocities at the north site were 57.7 and 108.5 cm/s for the u‐ and v‐
velocity components, respectively while at the south site they were 92.2 and 97.8 cm/s for the
u‐ and v‐ velocity components, respectively (Figure 12),. Vertical velocities were always less
than 10 cm/s and typically less than 5 cm/s. The maximum observed current speed at the north
site was 115 cm/s at the surface and 109 cm/s depth‐averaged, while at the south site it was
133 cm/s at the surface and 113 cm/s depth‐averaged. The direction of the currents was
primarily in the along‐channel directions of 330° (toward Padilla Bay) and 150° (toward La
Conner/ Skagit Bay).
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Figure 12. Time-series of u (positive eastward), v (positive northward), and w (positive up)
velocity components, speed and direction for the top 1 m of the water column. Low‐pass
filtered data (red lines) show the trends occurring at subtidal (> 33 hr) frequencies. °T‐ degrees from true
north. The north channel site is shown in the left panels and the south channel site in the right. Note y‐
axis scale differences between the north and south graphs.

Representative current speed and direction show in detail the vertical structure of currents
in the water column during the deployment (Figure 13). At both the north and south ends of
the Swinomish Channel current speeds do not appear to closely match the range of a given tide,
nor does the direction of the current switch exclusively at high and low tide. That is, slack water
is not exclusively occurring at the crest and trough of the tidal cycle. Also, the current is
asymmetric, typically flowing toward the northwest for a longer period than it does to the
southeast.
The low‐pass filtered, along‐channel velocities (Figure 14) indeed show net transport to the
northwest toward Padilla Bay, with only brief periods where net transport was directed to the
southeast. Over the course of the 1.5 month deployment, net along‐channel transport for the
top 1‐m was around 250 km for the north site and 400 km for the south site. As would be
expected in a confined channel, cross‐channel net transport was negligible.
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Figure 13. Representative ADP water velocity data. Relative to the water column (middle panels)
during the week of 4/11 to 4/18 (gray box, top panels) for the north (left) and south (right) Swinomish Channel. The
bottom panels show surface (red lines) and depth‐averaged (blue lines) current vectors.

Figure 14. North (left) and south (right) Swinomish Channel time-series of low-pass
filtered, along-channel velocity (top panels) for the surface (blue line), depth-averaged (red
line) and bottom (black line) portion of the water column. Positive values indicate northward
transport while negative values indicate net southward transport. The bottom panel shows the cumulative along‐
channel transport of water for the surface, depth‐averaged and bottom. The surface values are representative of the
top 1 m while the bottom represents the bottom 1 m measured by the ADP. Note differences in y‐axis scale between
the north and south sites.
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Mooring Site Water Column Properties
Salinities at the surface mooring (Figure 15) range from 9 to 26 ppt. At the south site,
salinities measured at roughly 64.5 cm above the bed vary between 13 to 27 ppt. The surface
water salinity is typically lower than the near bottom salinities recorded at the south site. Low
frequency fluctuations in salinity at both sites are minor except during one time‐period
between April 12 and April 19 when salinity was fresher compared to the rest of the
deployment.

Figure 15. Salinity time-series at the surface mooring (blue lines) and at the
south channel site (red lines).

In both the temperature and salinity records, high frequency fluctuations were important in
addition to longer term trends. The power spectral density of the temperature and salinity
time‐series were calculated using Welch's averaged modified periodogram method of spectral
estimation. These spectra indicate that higher frequency fluctuations in both the temperature
and salinity time‐series are occurring at frequencies close to the major diurnal (K1, 23.9 hr) and
semi‐diurnal (M2, 12.4 hr) constituents. The temperature time‐series is dominated by a diurnal
signal, while the salinity time‐series shows a stronger influence of semi‐diurnal (M2) and other
shorter frequency fluctuations (M3, M4, 2MK5 and M6), indicating greater tidal influence.
Over the course of the deployment, the salinity measured near the Rainbow Bridge was
between 20 and 25 for 66 percent of the time (Figure 16). Salinities between 15 and 20 were
recorded for about 30 percent of the time while salinities lower than 15 were only present for
less than 3 % of the data record.
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Figure 16. Normalized histogram of salinity at the mooring site.

Spatial Patterns in Water Properties
Repeat spatial measurements of surface water temperature and salinity reveal that north of
the Rainbow Bridge in La Conner, salinities between March and July were generally higher than
23 ppt and water was relatively well mixed throughout the Swinomish Channel. Between
Shelter Bay and the Rainbow Bridge, salinities were slightly lower 20‐22 ppt with an occasional
thin (<1‐3 m) fresher surface lens occurring only during peak flooding tides or high river flow.
The only appreciable low salinity surface lenses occur between the Fish Passage near station
3B and the south tripod station (Figure 17). At the south tripod station, salinities in the upper 3
m reached as low as 18 ppt and showed a slightly fresher surface lens in 50% of the casts made.
These conditions were generally associated with high river discharge but also occur during only
modest river discharge and during ebbing tides suggesting that lower salinity lenses (18‐20 ppt)
may temporarily extend north of the south tripod site and are advected back to the south
during reversal of flow. Salinity at station 3B typically ranged 12‐25 ppt. Importantly, the
surface low salinity lens was generally found to be only 1‐2 m thick in this part of the Swinomish
Channel.
A slight limitation of this data is the coverage of CTD profile data which span a greater range
of ebb tide conditions than flood. It is likely that lower salinity surface water extends northward
for greater duration of time than observed with these casts, but is limited to the area between
the south tripod station and the bridge as indicated by the time‐series data collected by the
surface mooring. These results are consistent with those found by Yates (2001) who also
observed low salinity zones restricted to the region near the jetty and Hole in the Wall.
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The only appreciable low salinity surface water lenses are restricted to the southern
Swinomish Channel near the Fish Passage and Hole in the Wall as shown for two different time
periods in July during modest river discharge (13,253 cfs) and ebb tide conditions. In both cases,
the low salinity surface lens was restricted to the region south of the Hole in the Wall and
salinities ranged between 8 and ~18 ppt. During flood conditions this low salinity lens is
advected northward along with saline water from Skagit Bay. Depending on river discharge
level, current velocities and possibly local wind patterns, these water masses are largely mixed
by the south tripod site and only during the highest river flows and flood currents do low
salinity lenses extend to the Rainbow Bridge.

27

Page 28

2/7/2008

Figure 17. Cross-sections of salinity between the Rainbow Bridge and
station 4B (seaward of the Fish Passage) at two different tidal elevations.
Gray bars indicate the times when CTD transects were sampled.
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Hydrodynamic Modeling
Zhaoqing Yang
Tarang Khangaonkar
Battelle Pacific Northwest National Laboratory

The following discussion is summarized from the companion report from Battelle Pacific
Northwest Laboratory titled “Hydrodynamic Modeling Analysis for McGlinn Island Causeway
Feasibility Study” by Tarang Khangaonkar and Zhaoqing Yang. The full report is available at
www.skagitcoop.org.

Model Set‐up
This study used hydrodynamic modeling of Skagit Bay and the Swinomish Channel to
explore potential effects of connectivity restoration on Swinomish Channel salinity, fish
movement (as passive particles) from the North Fork Skagit River into and through the
Swinomish Channel, and sediment dynamics within the Channel.
The model selected for this study is the Finite Volume Coastal Ocean Model (FVCOM)
developed by University of Massachusetts (Chen et al. 2003). FVCOM is a three‐dimensional (3‐
D) hydrodynamic model that can simulate wetting‐drying and tide‐ and density‐driven
circulation in an unstructured, finite element framework. The unstructured grid model frame
work of FVCOM is especially suited to the Skagit River delta and bay which has complex
shoreline geometry and complicated dynamic physical processes in the intertidal zone. FVCOM
solves the 3‐D momentum, continuity, temperature, salinity, and density equations in an
integral form. A sigma‐stretched coordinate system was used in the vertical plane to better
represent the irregular bathymetry. The model employs the Mellor Yamada level 2.5 turbulent
closure scheme for vertical mixing and the Smagorinsky scheme for horizontal mixing. The
model has been successfully applied to simulate hydrodynamics and transport processes in
lakes and estuaries (Zheng et al. 2003; Chen et al. 2004).
The hydrodynamic model setup for Skagit Bay consists of two procedures: 1) construction
of an unstructured model grid in the study area, and 2) specification of the model boundary
conditions and forcing mechanisms. The Skagit Bay hydrodynamic model was initially
developed for the Rawlins Road Study for the Skagit Watershed Council. After the initial model
development, it became apparent that the simulations of hydrodynamics in the intertidal zone
could be affected by the accuracy of the bathymetry data. Therefore, a model improvement
consisting of updating the model bathymetry with lidar data collected by the Skagit River
System Cooperative (SRSC) and the USGS in the Skagit Bay mudflat region was conducted as
part of this study. The model grid was also extended to the Swinomish Channel. The updated
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Skagit model grid is shown in Figure 18. The model grid represents the physical study area
overlaid by the computational grid that defines the model boundaries and model cells.

Figure 18. FVCOM Model Grid for Skagit Bay Including Swinomish
Channel. Note: Number of elements = 9,122. Number of nodes = 5,496. Number of layers
= 10.

The model element size varied from 16 m near the mouth of the estuary to 400 m at the
entrance of Skagit Bay. The model grid resolution was gradually reduced away from the
estuarine delta to the open boundaries in order to maintain the computational efficiency of the
model. The model consists of 9,122 elements and 5,496 nodes in the horizontal plane. To
increase to accuracy of prediction of salinity stratification, 25 uniform vertical layers were
specified in the water column in a sigma‐stretched coordinate system. The model was set up in
UTM NAD 83 (Zone 10) coordinates in the horizontal plane with reference to MSL in the vertical
direction. Water depths in most of Skagit Bay are less than 5 m. The deepest water is 40 m
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near Deception Pass in the north of the model domain. The model bathymetry is shown in
Figure 19.

Figure 19. Hydrodynamic Model Bathymetry for Skagit Bay. Note: Water depths are
relative to mean sea level (MSL). Negative values indicate depth above MSL.

Open boundary conditions specified were tidal elevations predicted using the XTIDE
program based on National Oceanic Service algorithms. Tidal elevations were specified at the
following three open boundaries: 1) mouth of Skagit Bay, 2) Deception Pass, and 3) Swinomish
Channel. There were no salinity data available along the open boundaries. Salinity profiles
along the open boundaries were initially estimated based on historical data in the Puget Sound
area and further adjusted during model calibration. At the water surface, wind stress was
specified. Wind stress was applied uniformly to the entire model domain.
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Model Validation I. (6 to 23 June 2005)
After the model was updated with bathymetry data, it was validated with the same data set
(from June 6 to 23, 2005) collected for the Rawlins Road Study. All model parameters remained
the same as model calibration. Figures 20 to 22 show the comparisons of model results and
field‐data. The model and data comparisons indicated that the updated model maintained at
least the same level of accuracy at the observation stations. Predicted surface salinity at flood
and ebb tides are shown in Figure 23. Model results indicated that large areas of tidal mudflat
became dry during ebb tide, which agreed well with field observations. Detail discussion of
model results can be found in Yang and Khangaonkar (2006).
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Figure 20. Comparison of tidal elevations and velocities at Skagit
Bay station.
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Figure 21. Comparison of tidal elevations and velocities at
North Fork Skagit River station.
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Figure 22. Salinity comparisons at Skagit Bay and North Fork Skagit River
stations.
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Figure 23. Surface salinity at ebb (top) and flood (bottom) tides. Model result
corresponds to 06/08/2005, 7:00 pm. Brown Indicates dry area.
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Model Validation II (1 to 30 May 2006)
Data collected for the Rawlins Road Study in 2005 focused on the North Fork Skagit River area.
To increase confidence in the model with application to the McGlinn Island Causeway project, it
was important to validate the model with Swinomish Channel data. USGS collected a large data
set in the Skagit Bay system in 2006 (Figure 24), which was used for model parameterization
and validation.

Figure 24. Locations of USGS monitoring stations. S1= ADP 1.345m above
the bottom; S2 = ADP 1.35m above the bottom; S3 = CTD 0.35m below water surface;
S4 = CTD 0.625m above bottom; S5 = ADP 1.345m above bottom; S6 = ADP 1.35m
above bottom; S7 = CTD 0.645m above bottom.

Model forcing (tides and inflows) were obtained for May 2006 to simulate system
hydrodynamics. Tidal elevations were obtained from XTide predictions. Tides are gradually
damped as they propagate from the mouth of Skagit Bay (Crescent Harbor) towards to the
north end of the bay (Yokeko Point) and further to the Swinomish Channel. Wind data for May
2006 were obtained from the National Weather Service for Paine Field Station at Everett, WA.
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Wind speed was in the range of 5‐20 m/s and direction was primarily from the north or the
south, aligned in general with the long axis of Whidbey Basin. Skagit River inflow was obtained
from the USGS gage at Mt. Vernon, WA (Figure 25). Skagit River flow during the first half of
May 2006 was in the range of 11,000 to 17,000 cfs, which was at the low end of the typical
range for the salmon outmigration season (13,000 to 24,000 cfs). In the second half of the
month, a high flow event occurred during which the river the flow reached 40,000 cfs. The
model was set up and applied for the entire month of May 2006 corresponding to the field data
collection period. Model parameters were retained the same as in the model calibration and
validation runs.
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Figure 25. Skagit River flow at Mount Vernon gage (RM 15.7)

Comparisons of predicted salinity to field‐data were conducted at stations 3, 4, and 7.
Initial salinity comparisons at Station S3 in Swinomish Channel indicated the model was unable
to capture a sharp salinity drop during low tides that was observed in the field‐data. Field
observations and careful evaluation of bathymetry near Station S2 identified significant
freshwater leakage through the northern section of the Goat Island jetty from the North Fork
Skagit River to the Swinomish Channel (Figures 24 and 26‐30). To simulate this leakage,
freshwater discharge through the leaking jetty was estimated based on the water elevation
difference on both sides of the jetty (Figures 27 and 28).
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Figure 26. Leaking jetty at the south end of the Swinomish Channel.

Note scoured channels leading away from the jetty base.
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Water Surface Elevation at North Swinomish Channel Station-S1
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Figure 27 Comparisons of tidal elevations (MSL) and
velocities at Station S1.
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Tidal Elevation (m)
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Figure 28. Comparisons of tidal elevations (MSL) and
velocities at Station S2.

Figure 29 shows predicted water surface elevations at west and east sides of the leaking jetty.
Water surface elevations are the same on both sides of the jetty during high tides. However, during low
tides, water surface elevation on the east (river) side of the jetty is higher than on the west (Swinomish
Channel) side of the jetty. Water level differences could be as high as 2.0 m during spring tides.
Because there is no measurement for flow through the leaking jetty, leakage flow was estimated
iteratively by matching the predicted salinity to the observed data in Station S3. Figure 30 shows the
estimated leaking flow rate through the jetty after several model run iterations with comparison to the
measured surface salinity at Station S3. The estimated leaking flow ranges between 50 and 500 cfs. The
sharp drops in measured salinity correspond to the leaking flow with a phase lag of about 4 hours. The
phase lag was adjusted so that model results matched the salinity data. The leaking flow at the jetty
was simulated using a source and sink approach with FVCOM. That is, on the river side of the jetty,
outflow was withdrawn based on the time history of estimated flow rate. On the west side of the jetty,
a freshwater inflow was discharged into Swinomish Channel with the same flow rate withdrawn from
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the river side of the jetty. This approach is a simple approximation to simulate the effect of a leaking
jetty.
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Figure 29. Predicted water surface elevations west and east of the jetty (at pink model
grid points in the inset figure).
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Figure 30. Estimated leaking flow through the jetty.
Surface salinity is for the point at Station S3.
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After a few days of model initialization, predicted surface salinity time history shows sharp drops
during ebb tides as observed in the field‐data, although overall salinity was underestimated by the
model (Figure 31). A relative decrease in mean salinity is also seen in model results and field‐data
corresponding to the increase of freshwater inflow around May 8 to 10, 2006. The model was able to
simulate the general salinity distribution trend, but did not reproduce enough stratification in
comparison to Station S3 surface salinity. Model‐predicted bay salinity matched field data reasonably
well. Precise matches between model and field data did not occur, but the general behavior of model
and data were similar.
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Figure 31. Comparisons of Measured and Predicted Salinities at
Stations S3, S4, and S7. Elevation is relative to MSL.

Overall, the updated hydrodynamic model reproduced water surface elevations and velocities well
in the bay and Swinomish Channel. The model was able to simulate the general salinity distributions,
particularly the sharp salinity drops caused by the leaking jetty. Thus, the model can be used to evaluate
relative effects of project alternatives on Swinomish Channel salinity resulting from restoring Skagit
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River freshwater inflows. Model behavior could likely be improved by extending boundary conditions
northward into Padilla Bay with concomitant water salinity and velocity data collection.
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Figure 32. Comparisons of tidal elevations (MSL) and velocities at
Station S5.

42

Page 43

2/7/2008

Water Surface Elevation at Swinomish Channel Station S6
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Figure 33.Comparisons of tidal elevations (MSL) and velocities at North Fork Skagit River.
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Restoration Alternatives Analysis
Availability of low‐salinity water (5‐10 ppt) to juvenile Chinook salmon is key to their
physiological adaptation to marine conditions during the early phases of seaward migration.
Thus, in addition to providing direct conveyance of fish from the North Fork Skagit River to the
Swinomish Channel, restoring low‐salinity waters in the Swinomish Channel is also a project
goal. Both model results and field data for the existing condition showed that salinity ranges in
Swinomish Channel are generally in the range of 15 to 25 ppt, which is higher than the desired
salinity for juvenile Chinook migration. Freshwater discharged from the North Fork is currently
restricted by the McGlinn Causeway and jetty, and is either transported to the south away from
Skagit Bay during ebb tide or to the north end of the bay around the jetty during flood tide.
Two restoration alternatives were considered to divert freshwater from the North Fork to the
Swinomish Channel and reduce Swinomish Channel salinity. In addition to providing
freshwater, the alternatives would also provide a route for fish migration. The alternatives
considered are:
1. Lower the jetty to allow additional freshwater flow to the Swinomish Channel from
the North Fork Skagit River.
2. Extend an existing channel from Dunlap Bay to the Swinomish Channel through a
breach in the McGlinn Causeway.
The improved Skagit Bay hydrodynamic model simulated the hydrodynamic and salinity
response of the above alternatives. Salinity changes under alternative conditions with respect
to existing condition were compared. Simulations for the restoration alternatives were
conducted for the same period as model validation conditions in May 2006. Model parameters
and forcing functions were retained at the same values as those set up during the model
validation. Because river flows were at the low end of their normal range during salmon
outmigration, the simulations represent worst‐case scenarios.
Model grid modifications were needed to simulate the restoration alternatives. In Alternative
1, a section of the leaking jetty was replaced with a semi‐submerged weir. The existing model
grid was modified to represent this change (Figure 32). The solid boundary representing the
jetty in the existing model grid was partially removed at the north end and the water bodies on
both sides of the existing jetty were connected through new elements. The width of the
opening was specified at 60 m, about one‐fourth of the existing jetty length between the Fish
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Hole and McGlinn Island. The jetty crest elevation was set to mean sea level (1.35 m above
NAVD88), representing a semi‐submerged weir. Bathymetry around the existing jetty was
retained at the existing condition to avoid additional dredging or construction costs. For
Alternative 2, a diversion was constructed to connect the North Fork Skagit River and the
Swinomish Channel through a breach in the McGlinn Causeway (Figure 33). The width of the
diversion channel was about 50 m, similar to the widths of natural tidal channels near the
mouth of North Fork. The depth of the diversion was specified as 1.0 m below MSL.

Existing
Condition

Alternative 1

Figure 34. Model grid/bathymetry comparisons between existing jetty conditions at the
south end of the Swinomish Channel, and Alternative 1. Red circles enclose the significant
differences.

Existing
Condition

Alternative 2

Figure 35. Model grid/bathymetry comparisons between existing jetty conditions at the
south end of the Swinomish Channel, and Alternative 2. Red circles enclose the significant
differences. Note: the jetty is treated as a solid boundary in this scenario—the grid is disjunct along the jetty,
although this is not apparent at the scale of these figures.
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Model forcing, boundary conditions, and model parameters were set at same values as in model
validation except the leaking flow was not considered in Alternative 1, because the jetty is so greatly
modified in this alternative that much of the leakage would be replaced and surpassed by direct river
flow. The model was applied for the period from May 1 to May 16, 2006.
Flow rates for discharges into Swinomish Channel were back calculated for both alternatives based
on model response. The maximum flow rate for Alternative 1 was about 1,500 cfs (Figure 34). Fresh
water was discharged into Swinomish Channel most of the time, especially during neap tide. In spring
tide, reverse flow from the Swinomish Channel to the North Fork Skagit River was observed. The salinity
of the reverse flow was generally below 10 ppt, due to mixing between the freshwater from the Skagit
River and the existing Swinomish Channel water. In Alternative 2, the flow rate discharged into
Swinomish Channel was similar to Alternative 1 with maximum flow rate of 1,500 cfs. However, the
reverse flow was stronger than in Alternative 1, and the corresponding reverse flow salinity was also
higher than that in Alternative 1, reaching as high as 20 ppt because of the influence from northern
open boundary condition at Padilla Bay (25 ppt).
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Figure 36. Predicted flow and salinity through river diversion
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alternatives 1 (above) and 2 (below). Positive flow is from the river toward the
Swinomish Channel.

To evaluate the effects of restoration alternatives on the salinity distribution in Swinomish
Channel, surface salinity time histories were compared between existing and alternative
conditions at selected locations. Figure 35 shows four locations selected for the model result
comparison. Stations C1 and C2 were located at the south end and north end of both
restoration sites, respectively. Station C3 was located at the midpoint of the Swinomish
Channel and Station C4 was located near the north end of the Swinomish Channel.
Comparisons of salinity time histories at the four locations are presented in Figures 36 and 37.
Salinity distributions were very similar between Alternative 1 and 2 at all the locations. This
was expected because the freshwater discharge rates were similar between the two
alternatives. Salinities at Station C1 in the restoration conditions were reduced about 2.0 ppt
compared to existing condition. Significant drops of salinity were observed for both alternative
conditions at Station C2. Salinity reduction as much as 10 ppt was observed during ebb tides.
Moving north, the magnitude of salinity reduction decreased. At Stations C3 and C4, salinities
for both existing and alternative conditions merged together during high tides, and reached its
maximum of 25 ppt, which was controlled by the open boundary condition at the north end of
Swinomish Channel. However, salinity reduction could still be as much as 5 ppt at Station C3
and 3.0 ppt at Station C4 during low tides. This indicated that salinity reduction was not
continuous in the Swinomish Channel. Freshwater discharged from either restoration
alternative (Jetty opening ‐Alternative 1 or Dunlap Bay diversion ‐ Alternative 2) was isolated
between each tidal cycle and transported up to the north of Swinomish Channel with the tide.
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C4

C3

C2

C1

Figure 37.Selected locations for salinity comparisons.
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Figure 38. Comparisons of predicted surface salinity time series for stations C1
(above) and C2 (below).
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Figure 39. Comparisons of predicted surface salinity time series for stations C3 (above) and
C4 (below).
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Summary and Conclusions
Under the current Swinomish Channel circulation regime, low salinity (<10 to 15 ppt)
surface waters are largely restricted to the area between the Fish Passage of the North Fork
Skagit River jetty and the Hole in the Wall. Periodically, but for short duration, salinity lenses
ranging as low as 15 ppt extend to the Rainbow Bridge during high river discharge and peak
flood tidal currents. These salinities are marginally suitable for juvenile Chinook salmon
migration.
An important consideration is the influence of high current velocities on freshwater mixing
and transport of juvenile Chinook that get entrained in the Swinomish Channel flow. Habitat
restoration aimed at reconnecting the migratory pathway for juvenile Skagit Chinook between
the North Fork Skagit River and the Swinomish Channel, and at providing a source of fresh
water to maintain low salinity gradients for their migration will benefit from the net northward
current flow in the Swinomish Channel. High northward current velocities will also affect the
rate at which juvenile Chinook are transported northward through the high salinity waters en
route to important rearing habitat in the nearshore eelgrass meadows of Padilla Bay. High
northward current velocities will also influence the degree and extent of mixing of freshwater
introduced through restored connections with the North Fork Skagit River. Given the record of
circulation during the deployment we can calculate the travel time of passive particles over the
11 km distance between the McGlinn Island Causeway and Padilla Bay. Fresh water or juvenile
fish unable to swim against high currents can be advected the length of the Swinomish Channel
(11 km) in as little as 0.3 days or as long as 5.5 days during the strongest southward current
reversals. Twenty eight percent (28%) of the time the travel time is 1 day and 56% of the time it
is less than or equal to 1.5 days (Figure 38).
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Figure 40. Surface Water Travel Times (A) Surface water transport during the instrument deployment;
positive current velocities = northward flow, negative velocities = southward flow. (B) Calculated surface water travel
time between McGlinn Island and Padilla Bay (11 km). (C) Distribution of surface water travel times between McGlinn
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Island and Padilla Bay.

Two restoration alternatives were evaluated in this study:
1. Alternative 1: Allow additional freshwater discharge to Swinomish Channel from
North Fork branch during low tide by lowering the jetty elevation or creating an
opening in the jetty.
2. Alternative 2: Create a diversion from Dunlap Bay to Swinomish Channel along the
thalweg of the historical natural channel.
The configurations of these two alternatives are at an exploratory conceptual level and are not
suitable for engineering design. Instead, these analyses provide a preliminary hydrodynamic
response of the system to proposed alternatives. They indicate that there is little difference in
system response between the two alternatives. Salinity depression in the Swinomish Channel
was similar under both alternatives. Salinity depression was relatively modest, rarely dipping to
the 5 to 10 ppt range, but it was also modeled for relatively low river flows of 11,000 to 17,000
cfs, when more typical ranges during salmon seaward migration are 13,000 to 24,000 cfs (USGS
Mount Vernon river gage—historical data). Additionally, the effect of freshwater spates
(25,000 to 50,000 cfs), which are relatively common during snowmelt and spring rains, was not
evaluated. (For context, 2‐year flood events are 65,000 cfs.) These spates can be significant
events during which juvenile Chinook are flushed from the river. Consequently, the analysis
presented here represents a “worst case” scenario of relatively low river flows.
Subsequent modeling and analysis should evaluate a broader and more typical range of flows,
including common river spates. It should also produce a probability histogram of salinity
depression in the Swinomish Channel based on model hydrodynamics and the probability of
various river flows. Additionally, it would be useful to relate the potential restoration options
to the system’s capacity to respond to complete restoration (complete jetty removal/complete
jetty and causeway removal) to estimate a historical baseline for salinity and velocity
comparisons with proposed restoration. Finally, model quality could be improved by expanding
the northern model boundary into Padilla Bay. Such an expansion of boundary conditions could
serve double‐duty by establishing a Padilla Bay model grid that could later be used to evaluate
coastal impacts of possible flood by‐pass projects currently under consideration by the US Army
Corps of Engineers.
The first two questions in the project decision tree (Figure 3) have been answered in the
affirmative. The third question (Is Swinomish Channel salinity reduction sufficient to improve
Chinook outmigration) needs to be more precisely answered, as described in the preceding
paragraph. The fourth question (Will new tidal/river currents affect passive salmon transport
into and through the Swinomish Channel?) has not yet been modeled, but we now have an
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estimate of current travel time and it is likely proposed restoration will not impact juvenile
salmon transport. The fifth and last question in the decision tree (Will unacceptable levels of
sedimentation occur in the Swinomish Channel?) will be addressed only after the preceding
questions have been definitively answered.

Conceptual Design
To help guide the second phase of feasibility work, two conceptual designs were generated to
help communicate the intent and scope of this project. These design drawings are presented in
Appendix A, Figures 1 through 8.
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