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Executive Summary
Skagit Conservation District (SCD) is assisting Skagit County Dike District No. 22 (DD22) to
comply with conditions of a National Marine Fisheries Service ESA Section 7 Consultation
Biological Opinion (BO). The BO relates to mitigating impacts to juvenile Chinook salmon
caused by work on DD22’s tidegates at Dry Slough, Skagit County, Washington in 2003.
Currently, two, 4-foot diameter, conventional tidegates at the dike at the mouth of Dry Slough
block tidal flow from Skagit Bay into the slough. SCD and DD22’s preliminary plan for
complying with the BO includes installing a new culvert through the dike adjacent to the existing
two pipes. Flow through the new culvert will be regulated by a self-regulating tidegate (SRT),
which will remain open during enough of the tidal cycle to provide for the tidal influence and fish
passage functions identified in the BO. Other options may be considered, such as reconfiguring
one or both of the existing tidegates to operate as an SRT.
This report describes hydraulic modeling to address the following questions related to the design
of this Dry Slough Estuary Function Restoration Project, and in particular the new culvert and
SRT:
·

What pipe diameter should be used for the new culvert and SRT? At what water surface
elevation should the closure mechanism of the SRT(s) be set, in order to ensure
maximum tidal influence into the slough, without increasing the risk of overtopping of
the slough banks during a design storm event?

·

What elevation should be used for a new levee to be constructed along the perimeter of
the slough, to allow for the necessary tidal range while also preventing overflow into the
adjacent agricultural fields during a design storm?

·

What are the implications of introducing new culverts and flapgates at the west ditch
confluence, in terms of restricting tidal flow and preventing overflow into the fields
above the confluence?

This report also reviews the likelihood that the new culvert and SRT may affect sediment
transport and channel stability in the slough, based on a comparison of historical and present
conditions and on empirical correlations of hydraulic geometry with the restored tidal prism.
The recommended configuration for the new culvert and SRT is as follows.
·

A new culvert with a diameter of 4 feet and downstream invert elevation of +2.5 feet
relative to Mean Lower Low Water (MLLW) is adequate to reintroduce tidal flow to Dry
Slough.

·

The self regulating tidegate (SRT) should be under upstream control. That is, it should be
closed based on the water surface elevation in the (upstream) tidepool, not in the
(downstream) outlet pool.

·

A closure elevation of +7.0 feet MLLW is sufficient to reintroduce tidal flow, without
exacerbating the potential for upstream flooding.

·

The peak water surface elevation under 25-year flood conditions is rather insensitive to
details of the restoration project. With a single, 4-foot culvert and tidegate as described
above, the peak water surface elevation is +9.3 feet MLLW. This suggests a levee
elevation of +10.0 feet MLLW may be needed to allow about between six inches and one
foot of freeboard (the distance between the peak water surface elevation and the levee
top).
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·

There is no significant benefit, in terms of either tidal range or flood conditions within the
slough, to retrofitting the existing tidegates with SRTs in parallel with the new culvert
and SRT.

The effects of the new culvert and SRT include the following.
·

The SRT will be open for fish passage approximately 50 percent of the time based on a
closure elevation of +7.0 feet MLLW. The tidal elevation at the outlet pool is below +7.0
feet MLLW approximately 40 percent of the time: the additional 10 percent results from
the lag between the water surface elevations in the (downstream) outlet pool and the
upstream) tidepool during rising tides.

·

The tidal prism will be approximately 710,000 cubic feet, or 16.3 acre-feet. This
represents about 25 percent of the total storage capacity of the slough downstream of Fir
Island Road.

·

The risk of overtopping the slough banks at 25-year high flow is reduced compared with
the existing situation, because of the improved drainage capacity and new setback levees.

·

Construction of two 4-foot diameter culverts with flapgates downstream of the West
Ditch confluence increases the 25-year peak surface elevation by about 0.2 feet relative to
the condition with a new SRT and no structure at the West Ditch Confluence. Most of
this increase is removed if three culverts and flapgates are constructed at the confluence.
The increase in water surface elevation results from the flow resistance provided by the
proposed new culverts, and from the fact that the vast majority of the runoff reaches the
slough upstream of the proposed new culverts.

·

The highest flow velocity is approximately 10 feet per second and occurs during the flood
tide. Flow velocities are much higher during flood tides, because only one of the three
culverts conveys flow during flood tides but all three culverts, including those with
existing tidegates, convey flow during ebb tides. The average velocity during flood tides
is 5.5 feet per second (upstream), while the average velocity during ebb tides is 2.1 feet
per second (downstream). If the flood velocities are considered unacceptably high then
consideration could be given to retrofitting one of both of the existing tidegates with
SRTs could be considered.

·

The channels in the restored slough are expected to scour down, but not to increase in
width or to change their planform, in response to the reintroduction of tidal flow. It is
possible that a second channel in the mudflat, which was historically present, could
reestablish itself in response to the tidal flow.
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1.

Introduction

1.1

Background

Skagit Conservation District (SCD) is assisting Skagit County Dike District No. 22 (DD22) to
comply with conditions of a National Marine Fisheries Service ESA Section 7 Consultation
Biological Opinion (BO). The BO relates to mitigating impacts to juvenile Chinook salmon
caused by work on DD22’s tidegates at Dry Slough, Skagit County, Washington in 2003.
Currently, two, 4-foot diameter, conventional tidegates at the dike at the mouth of Dry Slough
block tidal flow from Skagit Bay into the slough. Among other requirements, the BO requires
DD22 to ensure partial fish passage and partial tidal influence into 6.2 acres of open channel
habitat upstream of the dike. SCD has determined that the mitigation area encompasses
approximately 3,800 linear feet of channel immediately upstream of the tidegate inlets.
SCD and DD22’s preliminary plan for complying with the BO includes installing a new culvert
through the dike adjacent to the existing two pipes. Flow through the new culvert will be
regulated by a self-regulating tidegate (SRT), which will remain open during enough of the tidal
cycle to provide for the tidal influence and fish passage functions identified in the BO. Other
options may be considered, such as reconfiguring one or both of the existing tidegates to operate
as an SRT.
This report describes hydraulic modeling to address the following questions related to the design
of the tide gate:
·

What pipe diameter should be used for the new culvert and SRT? At what water surface
elevation should the closure mechanism of the SRT(s) be set, in order to ensure
maximum tidal influence into the slough, without increasing the risk of overtopping of
the slough banks during a design storm event?

·

What elevation should be used for a new levee to be constructed along the perimeter of
the slough, to allow for the necessary tidal range while also preventing overflow into the
adjacent agricultural fields during a design storm?

·

What are the implications of introducing new culverts and flapgates at the west ditch
confluence, in terms of restricting tidal flow (salinity) above the confluence and
preventing overflow into the fields above the confluence?

This report also reviews the likelihood that the new culvert and SRT may affect sediment
transport and channel stability in the slough.
1.2

Report Outline

Section 2 gives an overview of the existing condition of Dry Slough and its vicinity, and
describes the proposed project elements (including optional elements such as a potential new
culvert and flapgate structure upstream of the primary restoration area). Sections 3 through 5
focus on the hydrologic and hydraulic modeling, which is used to size the project elements. The
hydraulic model used to address these questions is a spreadsheet-based hydraulic routing model
previously developed by Moffatt & Nichol (M&N). It concentrates on the capacity of the culverts
to convey flow through the Dry Slough system and between Dry Slough and Skagit Bay. The
spreadsheet exposes every time step in the simulation and every calculation to engineering
analysis and review, allowing M&N to provide a high level of confidence that subtle features of
the SRT design have been correctly represented.
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Section 6 takes a geomorphic approach to the analysis and reviews the nature of channel
evolution that may result from the proposed project. The results of the work are summarized in
Section 7.
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2.

Existing Condition and Proposed Project Elements

2.1

Overview of the Study Area

Figure 1 gives a general overview of the study area; the aerial photograph was obtained from
Skagit County’s iMap system (Skagit County 2008). Dry Slough extends from immediately south
of the North Fork Skagit River to the mudflats in Skagit Bay, and is slightly more than 5 miles in
length.
Figure 1 highlights the elements of Dry Slough and its tributaries that are included in this
hydraulic study.
·

Dry Slough does not have a direct hydraulic connection to the North Fork Skagit River.
However, at flood stage there is seepage under the North Fork dike into the slough.

·

The slough is confined in 30-inch culverts under Moore Road, Polson Road, and four
smaller private roads (not shown in Figure 1).

·

The slough is confined in two 4-foot culverts under Fir Island Road. The culverts are in
poor condition, with the crest rusted out and partly blocked with sediment. Flow at this
point is impeded by cattails south of the road.

·

The West Ditch, an agricultural drainage ditch, is the largest tributary to Dry Slough. The
ditch drains approximately 650 acres. For comparison, Dry Slough drains approximately
500 acres at the West Ditch Confluence. Drainage areas for Dry Slough and its tributaries
are shown in Figure 2 (based on information from SCD 2008a).

·

A side channel from Dry Slough, approximately 80 feet upstream of the main dike at the
downstream end of the slough, leads towards the East Ditch. A flapgate prevents water
from backing up into the ditch.

·

Two 4-foot diameter culverts, each about 90-feet long, with tidegates at their downstream
end connect Dry Slough to Skagit Bay.

The primary focus of this hydraulic study is the area south of Fir Island Road, shown in Figure 3.
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Figure 1. Overview of Dry Slough
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Figure 2. Drainage Areas for Dry Slough
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Figure 3. Primary Study Area: Tidegates to Fir Island Road
2.2

Channel Characteristics

The channel and culverts were surveyed by the Nooksack Salmon Enhancement Association
(NSEA) in May 2008 (SCD 2008b); supplementary cross sections were surveyed by SCD. Figure
4 shows the locations of the channel cross sections; Figure 5 and Figure 6 show a subset of the
measured cross sections upstream of Fir Island Road and in the primary study area downstream of
Fir Island Road. Only those cross sections illustrated in Figure 5 and Figure 6 are labeled in
Figure 4. All elevations in this report are provided relative to the Mean Lower Low Water
(MLLW) datum.
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Figure 4. Channel Cross-Sections Measured by NSEA and SCD, 2008
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Figure 5. Measured Cross-Sections North of Fir Island Road, Upstream of the
Primary Study Area
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Figure 6. Measured Cross-Sections in the Primary Study Area, South of Fir Island
Road
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Upstream of the primary study area, the bankfull channel width is typically 50 to 75 feet and the
channel thalweg (the lowest point in the channel) is typically at +6 to +8 feet relative to Mean
Lower Low Water (MLLW). Within the primary study area south of Fir Island Road – and
including the channel immediately south of the tidegates – the bankfull channel width is typically
40 feet and the channel thalweg is typically at +2 to +4 feet MLLW. The main exception to this is
the tidepool (not shown in Figure 6), which has a thalweg elevation of -1.4 feet MLLW.
Table 1 gives details of the dual culverts at Fir Island Road and the dual downstream tidegate
culverts. Details of the dual culverts in the West Ditch, which can carry more flow than the main
channel because of the larger and better-maintained culverts, are also shown. Additional culverts,
typically 30-inch diameter single concrete pipes, are found at Polson Road, Moore Road, and at
several private driveways along Dry Slough Road.
Table 1. Culverts in Primary Study Area
Diameter
(feet)

Material

Length
(feet)

U/S Invert
(ft, MLLW)

D/S Invert
(ft, MLLW)

Comment

Dry Slough
Fir Island
Road, west

4.0

CMP

75

Unknown

4.66

Fir Island
Road, east

4.0

CMP

75

Unknown

4.42

Poor condition.
Survey crew
found only one
upstream
culvert

Downstream,
west

4.0

HDPE

90

3.59

3.30

With tide gate

Downstream,
east

4.0

HDPE

90

2.75

2.64

With tide gate

Fir Island
Road, west

4.0

Concrete

Not
measured

Not
measured

4.02

Only one invert
surveyed

Fir Island
Road, east

3.0 ´ 5.0
box

Concrete

Not
measured

Not
measured

5.38

Concrete box
culvert

West Ditch

Note:

CMP = Corrugated Metal Pipe
HDPE = High Density Polyethylene

U/S = Upstream
D/S = Downstream

The channel drops 1.4 feet at Fir Island Road. Immediately north (upstream) of Fir Island Road,
the lowest point in the channel is at +6.0 feet MLLW, while immediately south of the road the
lowest point is +4.6 feet MLLW just south of the culverts.
The following photographs illustrate the main features of the primary study area. The
photographs are from two sources: Skagit Conservation District, taken between May 18 and 22,
2008 (SCD 2008b), and Moffatt & Nichol, taken on August 26, 2008.
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Figure 7 and Figure 8 show the Fir Island Road crossing. Figure 7 shows the rock headwall from
the south (left photograph) and one of the CMP outlets from above (right photograph; the crest of
the pipe has fallen in and cattails are growing on the remaining portion of the upper pipe). Figure
8 shows the area downstream of Fir Island Road, which is choked with cattails; the left
photograph is looking south and the right photograph is looking west.

SCD

M&N

Figure 7. Fir Island Road Headwall and Culvert

SCD

SCD

Figure 8. Cattails Downstream of Fir Island Road
The culverts at Fir Island Road may be replaced, and the channel may be cleaned out, in the
future. While there are no known plans for this, it cannot be ruled out. The potential future
condition, with relatively free flow under Fir Island Road, will tend to increase the flood risk in
the primary study area compared to existing conditions, because of the significant freshwater
runoff that drains to Dry Slough above Fir Island Road. To be conservative, the modeling of
extreme (25-year) storm conditions described below assumes this to take place.
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Figure 9 shows Dry Slough and the West Ditch close to their confluence. Both channels are clear
of cattails and other growth at this location.

M&N

M&N

Figure 9. Dry Slough, Immediately Downstream of West Ditch Confluence (Left
Photograph), and West Ditch (Right Photograph)
Figure 10 is a closer view of the downstream end of Dry Slough, near the tidegates. This
photograph was taken at low tide.
Dry Slough
Main Channel

Tide Pool

Dry Slough
Side Channel
to East Ditch

Flapgate
East Ditch
Tidegates

Photograph
source: Swinomish
Tribe GIS, 2004

Figure 10. Dry Slough at Tidegates
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Figure 11 shows the Dry Slough side channel that connects the slough to the East Ditch, and the
flapgate that prevents water from backing up into the ditch.

SCD

SCD

Figure 11. Dry Slough Channel to East Ditch and Flapgate Connecting to East
Ditch
Figure 12 shows the tidegate inlet pool, immediately north of the existing tidegates.

SCD

M&N

Figure 12. Tidegate Inlet Pool
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Figure 13 and Figure 14 show the inlet (upstream) and outlet (downstream) ends of the two
HDPE culverts with tidegates.

M&N

M&N

Figure 13. Inlet (Tidepool) Ends of the West (Left Photograph) and East (Right
Photograph) Pipes

SCD

NSEA

Figure 14. Outlet (Skagit Bay) Ends of the West (Left Photograph) and East (Right
Photograph) Pipes
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Finally, Figure 15 shows the channel downstream of the dike and tidegates. It appears that fill has
been artificially placed on both sides of this main channel. The cross section immediately
downstream of the tidegates, Section U in Figure 6, also indicates the presence of spur dikes on
either side of the main channel.

Figure 15. Dry Slough, Looking Downstream from Culverts and Tidegates
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2.3

Proposed Project Elements

Figure 16 gives the layout of the main elements of the proposed Dry Slough Estuary Function
Restoration Project. All of the proposed work would occur south of Fir Island Road, primarily
downstream of the confluence of Dry Slough with the West Ditch.
·

A possible project element is the construction of a new crossing over the slough
immediately downstream of the confluence. This construction would include new
culverts and flapgates. The purposes of this new element would be:
o

The prevention of salinity intrusion into the slough upstream of the confluence and
into the ditch, so that water could be stored in this area and used for irrigation during
the summer months.

o

A decrease in flood risk upstream of the confluence.

o

The availability of a new crossing over the slough (this is a minor benefit).

·

Between the ditch confluence and the tidegates, new levees would be constructed with a
crest elevation of +9.5 feet or +10.0 feet MLLW, set back approximately 50 feet from the
existing banks. This is not a major levee structure: the field elevations in the general area
vary from about +8 to higher than +9.5 feet MLLW. The area between the existing top of
bank and the new levees would be graded between +7 feet MLLW at the top of bank and
the surrounding field elevations.

·

An overflow towards Claude Davis Slough is provided at an elevation of about +8.5 feet
MLLW close to the tidegates. It is assumed this allows for additional storage of about 50
acres at the existing field elevations of +8.5 to +9.0 feet MLLW in the local downstream
drainage area shown in Figure 2. Note this storage is also available under existing
conditions.

·

A new culvert and self-regulating tidegate (SRT) would be constructed parallel to the
existing tidegates. Alternatively, one or both of the existing tidegates could instead be
replaced with an SRT, or with conventional side-hinged gates that provide improved fish
passage conditions.

The purpose of the hydraulic modeling described in this report is to establish and verify the main
characteristics of the proposed project:
·

Is the new culvert and flapgate structure at the ditch confluence desirable or necessary? If
so, what should the culvert characteristics (number and diameter) be?

·

Is the previously proposed levee crest elevation of +9.5 feet MLLW adequate?

·

What should be the diameter and invert elevation of the new culvert and SRT?

·

How should the new SRT be controlled – that is, at what elevation should the SRT be
closed to incoming tides?

·

Is it desirable or necessary to retrofit one or both of the existing culverts and tidegates
with SRTs?
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Fir Island Rd

Possible new crossing with
culverts and flapgates
downstream of confluence

Raise levees
to 9.5’ MLLW

Claude Davis
Slough
New culvert and SRT parallel
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Overflow to Claude Davis
Slough at 8.5’ MLLW ±

0
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Figure 16. Proposed Project Elements
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3.

Design Conditions

3.1

Tides

The nearest NOAA tide station to the project site is at La Conner, WA. Mean Higher High Water
(MHHW) at La Conner is at +10.35 feet relative to MLLW. Skagit Conservation District
estimates that MHHW at the project site is +11.9 feet relative to MLLW, based on earlier
analyses performed for the Wiley Slough restoration (e.g., Wiley Slough Design Team 2005).
The tidal elevations used in this report are based on NOAA predictions for tidal elevations at La
Conner, WA, with the high tides scaled up to match MHHW at the project site.
Skagit Conservation District measured the water surface elevation at the tidegate outlet and at the
upstream tide pool elevations on May 7, 2008. This was a dry period, with very little runoff
entering the slough. Figure 17 shows the measured water surface elevations at the tidegate outlet,
together with the scaled-up tide predictions for La Conner, WA on that date. The majority of the
measurements were taken in the low part of the tidal cycle. The water surface elevation at the
tidegate outlet did not drop below +5.4 feet MLLW throughout the tidal cycle on that day. Spot
measurements by SCD on September 18, 2008, showed an outlet elevation at slack tide of +5.3
feet MLLW.
The bottom elevation of the outlet pool is +3.9 feet MLLW (NSEA 2008); the aerial photograph
in Figure 10 shows that the channel connecting the pool to Skagit Bay is not as deep as the outlet
pool. Thus, it is intuitively reasonable that the tides are muted and do not drop below an elevation
of +5 to +6 feet MLLW.
Tidegate Outlet

Predicted Tide

12

Elevation (feet, MLLW)

10
8
6
4
2
0
-2
-4
6:00

8:00

10:00

12:00

14:00

16:00

18:00

Time

Figure 17. Measured Tides at Outlet on May 7, 2008, with Prediction for La Conner
The modeling described in this report uses a synthetic tidal sequence based on hourly tide
predictions for La Conner for the 5-year period July 1, 2003 to June 30, 2008. The highest
predicted tide on this period was +12.1 feet MLLW on January 13, 2005. With the rescaling of
high tides described above, the highest tide becomes +13.9 feet MLLW on that date. The tides are
muted as indicated by the measurements in Figure 17.
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The synthetic tidal sequence joins the tides for the following dates:
·
·
·

January 13, 2005, including the highest spring tide in the 5-year period;
January 20, 2005, including the neap tide that follows this highest spring tide;
January 13, 2005, repeated.

The resulting downstream (tidal) boundary conditions for the modeling are shown in Figure 18.
The tidal sequence includes both high winter tides, and a neap tide sequence in which the water
surface elevation in the outlet pool does not drop much below +8 feet MLLW for more than 8
hours. These cases represent the most flood-prone conditions for the slough.
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Figure 18. Constructed Tides used for Downstream Boundary Conditions
3.2

Low Flow Conditions

The low flow conditions considered here assume that local runoff (including return flow from
irrigation) varies between about 0.5 and 2.0 cubic feet per second (cfs), with an average flow of 1
cfs or 2 acre-feet per day. The runoff flows from the West Ditch, from Dry Slough upstream of
Fir Island Road, and the East Ditch, in quantities proportional to the drainage areas (see Figure 2).
This is about ten percent of the peak runoff under two-year storm conditions (see Section 3.3).
This is not the lowest possible flow. For example, essentially no runoff was observed on May 7,
2008, when Skagit Conservation District measured pool elevations upstream and downstream of
the tidegates (see Section 4.1). However, it is low enough that the runoff does not fill up the
available storage during the period modeled.
3.3

Storm Conditions

Two storm conditions are considered: a moderate storm with a return period of two years, and a
significant storm with a return period of 25 years.
For both storm conditions, runoff is based on the output of the Western Washington Hydrology
Model (WWHM; Washington State Department of Ecology 2006). This model predicts runoff
based on historical rainfall patterns, and is commonly used for planning storm drainage and
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retention systems. Site-specific inputs to the model are the general location of the site (for rainfall
intensity), the drainage areas, and the land type (pasture in this case).
The WWHM predicts the runoff for the entire period of the water years 1949 through 1999, rather
than synthetic hydrographs for storms with a specific return period. The model also gives peak
runoff based on return period. In order to develop a 2-year and a 25-year storm, Moffatt & Nichol
used the runoff hydrograph based on the rainfall associated with the November 1990 storm. This
runoff hydrograph was rescaled so that the peak of the hydrograph matched the 2-year and the 25year peaks. The hydrograph peaks are 25.3 cubic feet per second (50 acre-feet per day) for the 2year storm and 80.6 cubic feet per second (160 acre-feet per day) for the 25-year storm.
For the 25-year storm, an additional source of water into the system is seepage under the dike
separating the North Fork Skagit River from Dry Slough and the area drained by the West Ditch.
The amount of flow can be significant. It has been described as equivalent to a 30-inch culvert
running full for the main channel of Dry Slough and a 12-inch culvert running full for the West
Ditch (Bob Hughes, Commissioner, Diking District #22, reported in Skagit Conservation District
2008). For a culvert 20-feet long and with a head difference of 0.7 feet between the upstream and
downstream end, this corresponds to 18 cubic feet per second (36 acre-feet per day) for the main
channel and 2.5 cubic feet per second (5 acre-feet per day) for the West Ditch. It is assumed the
Skagit River peaks, and the seepage begins to affect Dry Slough, a day after the start of the
rainstorm that generates the local runoff.
Figure 19 shows the total storm inflows under 2-year and 25-year conditions. Seepage under the
North Fork dikes is not included for the 2-year storm.
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Figure 19. Total Storm Inflows to Dry Slough and its Tributaries
Under existing conditions, the poor condition of the culverts under Fir Island Road and the thick
growth of cattails downstream of that road (see Figure 7 and Figure 8) can impede the flow of
runoff and seepage from the upstream portions of Dry Slough. This report includes this effect in
the modeling for the 2-year condition. However, given that the culverts may be replaced and the
channel cleaned out in the future, this report does not include this effect in the modeling for the
more extreme 25-year condition.
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4.

Low Flow Conditions

4.1

Calibration

Figure 20 shows measurements of the water surface elevation performed by Skagit Conservation
District on May 7, 2008. The solid green diamonds show the water surface elevation at the outlet
of the tidegates (identical to the tidegate outlet elevations shown in Figure 17), while the open
blue squares show the water surface elevations in the tide pool upstream of the gates. The line
shows the model output based on the conditions at the tidegate outlet, the initial tidepool water
surface elevation, and the assumption that no runoff entered the system during the day.
The flow in Dry Slough was very low at the time, and the tide in Skagit Bay was low through
most of the day: consequently the water surface elevation did not vary much during this
calibration period. This limits the range over which the model calibration could be tested, but it
does allow a detailed understanding of the tidal muting at the tidegate outlet.
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Figure 20. Measured Water Surface Elevations and Modeled Tide Pool Elevation
4.2

Existing and With-Project Conditions

Results for the low-flow conditions described in Sections 3.1 and 3.2 are illustrated in Figure 21.
In this case, no new structures (culverts and flapgates) are constructed at the West Ditch
confluence. This section assumes the new culvert and SRT have the following geometry:
·

The culvert is 90-feet long, 4-feet diameter, with upstream and downstream invert
elevations of 2.6 and 2.5 feet MLLW.

·

The SRT is under upstream control, meaning that it closes when the tidepool elevation
reaches the defined setpoint of +7.0 feet MLLW.

For comparison, the existing east and west pipes and tidegates are also 90-feet long with 4-feet
diameter. Their downstream inverts are 2.64 and 3.3 feet MLLW respectively. Different culvert
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diameters and inverts are investigated in Section 5. In this case, there is no new structure –
culverts and flapgates – at the west ditch confluence (see Figure 16).
The three water surface elevations shown in Figure 21 are as follows:
·

Thin blue line: tidegate outlet elevations, based on La Conner tides as described in
Section 3.1.

·

Red line: tidepool elevations under existing conditions. The tidepool drops at low tide
(below about +6.0 feet MLLW), and gradually refills between low-tide conditions based
on the small amount of runoff entering the system.

·

Black line: tidepool elevations under proposed, with-project conditions. The tidepool
drops at low tide. It then increases with the rising tide, until the tidegate closes at the
control elevation of +7.0 feet MLLW. The tidepool gradually continues to refill between
the low tides based on the small amount of runoff entering the system.

Under these low flow conditions, the SRT is open approximately 50 percent of the time.
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Figure 21. Water Surface Elevations under Low-Flow Condition, No New Structure
at West Ditch Confluence
Figure 22 shows the water surface elevations assuming two new 4-foot diameter culverts with
flapgates are installed immediately downstream of the West Ditch confluence. The thin blue line
(tide) and red line (tidepool elevation under existing conditions) are identical to those in Figure
21. The two black lines, thick and thin, represent the water surface elevations at the tidepool,
below the confluence, and immediately upstream of the confluence below Fir Island Road.
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Figure 22. Water Surface Elevations under Low-Flow Condition, Culverts and
Flapgates at West Ditch Confluence
The tidepool elevations in this case are similar whether or not the culverts and flapgates are
installed at the confluence: the tidepool increases with the rising tide until the control elevation of
+7.0 feet MLLW is reached, after which it gradually continues to refill based on the small amount
of runoff entering the system. Upstream of the confluence, the water surface elevation is similar
to that under existing conditions. It refills slightly more rapidly between low tides because the
amount of available storage is slightly decreased. In the proposed condition shown in Figure 22,
the storage available for runoff from West Ditch and the upstream portion of Dry Slough is only
that above the confluence. However, the water surface elevation remains low (well below +7.0
feet MLLW).
4.3

Alternative SRT Configurations

Two alternative configurations for the new culvert and SRT are considered here: construction of a
larger culvert (6-foot rather than 4-foot diameter) to increase the quantity of tidal exchange, and
potential different control mechanisms for the SRT.
Figure 23 is identical to Figure 21, except that the new culvert and SRT have a 6-foot diameter in
Figure 23. The water surface elevation within Dry Slough reaches the control level of +7.0 feet
MLLW more rapidly with the larger culvert. However, even with the smaller culvert (Figure 21)
there is plenty of time for the water within the slough to reach this elevation. The quantity of tidal
exchange is not increased by the larger culvert.
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Figure 23. Water Surface Elevations under Low-Flow Condition, 6-Foot Diameter
Culvert and SRT
The next question relates to the control mechanism. The modeling clearly shows that the new
SRT should be controlled by the upstream (tidepool) water surface elevation, not by the outlet
elevation. That is, the SRT should close when the tidepool reaches the control elevation.
Figure 24 shows a typical case in which the SRT is under downstream control. The culvert and
SRT parameters in this case are set in an attempt to mimic the well-controlled behavior in Figure
23:
·

The culvert is 90-feet long, increased to 6-feet diameter, with upstream and downstream
invert elevations lowered to 1.6 and 1.5 feet MLLW in an attempt to increase the flow
through the culvert and to decrease the elevation difference between the upstream and
downstream sides.

·

The SRT is under downstream control, and closes when the tidegate outlet elevation
reaches the defined setpoint of +8.0 feet MLLW. This outlet elevation is increased in an
attempt to obtain an acceptable tidal range.
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Figure 24. Water Surface Elevations under Low-Flow Condition, SRT Control at
Downstream End
The behavior of the water surface in the tidepool is much more complex than that shown in either
Figure 21 or Figure 22. In the first rising tide at about 0.5 days after the start of the simulation,
the water surface in the tidepool only reaches +6.2 feet MLLW before the tidegate closes.
However, by day 2, the water surface has reached +7.5 feet MLLW – when the tide level dipped
below +8.0 feet MLLW at day 1.8, the tidepool elevation rapidly increased by more than 0.5 feet.
This behavior has two undesirable consequences. First, in general the tidal inundation within the
slough will be less than under upstream control. This is particularly the case with very high tides
(around days 0.5 and 2.5), when the downstream pool level rapidly increases past the control
point of +8.0 feet MLLW. Second, if the control point is increased to make up for this, the water
level within the tidepool will tend to increase during neap tide periods, such as those between
days 1.5 and 2.0.
The hydraulic resistance of the 90-foot culvert is long enough that it is important to maintain
upstream control given that the upstream water level is of most interest.
4.4

Flow Velocities

The maximum flow velocity in the culvert is of interest because it affects fish passage. Figure 25
illustrates the flow velocity under the low-flow conditions considered above, and under moderate
(5-year return period) storm conditions. Flow velocities are shown as positive for downstream
flows (ebbing tides) and negative for upstream flows (flooding tides).
The predicted speeds are larger for flooding compared to ebbing tides. This is largely because all
three culverts, including the existing culverts with standard tidegates, are able to convey flow
during ebb tides, while only the new culvert with SRT is able to convey flow for flood tides. The
greatest speed (most negative velocity) predicted during the period shown here is -9.7 feet per
second. This speed is larger for the low-flow compared to the storm condition, because the
upstream flow is opposed by the runoff during storm conditions.
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Flow Velocity: 5-year Storm
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Figure 25. Flow Velocities within the New Culvert with SRT under Low-Flow and
5-Year Storm Conditions
Table 2 gives statistics for the flow velocities during flood and ebb tides, under low-flow
conditions and during the 5-year storm. In storm conditions, the runoff increases flows during ebb
tides and decreases flow during flood tides. Even during the 5-year storm, the flow velocities
during ebb tides exceed 4 feet per second less than 5 percent of the time.
Table 2. Flow Velocity Statistics for the New Culvert
Low-Flow

5-Year Storm

Flood Tide
Velocity
(ft/sec)

Ebb Tide
Velocity
(ft/sec)

Flood Tide
Velocity
(ft/sec)

Ebb Tide
Velocity
(ft/sec)

Median (50th Percentile)

-5.4

1.3

-4.9

1.8

Average

-5.5

2.1

-4.9

2.2

90 Percentile

-8.9

2.3

-8.2

3.6

Maximum

-9.7

2.4

-9.2

4.3

Quantity

th

If the flow velocities during flood tides are considered unacceptably high, retrofitting one or both
of the existing tidegates with SRTs could be considered.
4.5

Salinity

The modeling described here does not cover salinity. However, some general comments can be
made regarding the level of salinity expected in the slough based on the tidal prism.
Under low-flow conditions, the water surface elevation in the lower reaches of Dry Slough can be
expected to fluctuate between about +5.4 and +7.0 feet MLLW. This corresponds to a tidal prism
of approximately 710,000 cubic feet of water, compared to approximately 580,000 cubic feet at
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+5.4 feet MLLW. For comparison, the freshwater flow based on 1 cfs provides 80,000 to 90,000
cubic feet in 24 hours, or two acre-feet per day.
These general volumes suggest that moderate salinity levels (more than brackish but not reaching
the levels in Puget Sound) will be reached throughout the area downstream of the confluence in
low runoff conditions. The salinity will drop significantly in moderate rainfall events, and will
gradually build up in subsequent days and weeks.
If the SRT is closed off prior to the summer irrigation season, the saline water should flush out in
response to the first moderate rainfall event. Consequently, it should be possible to continue to
use water in the Slough for irrigation, without the need to install a tide flap at the drainage ditch.
It is important to understand that this conclusion is based on general arguments regarding tidal
prisms and runoff rates. The salinity in the Slough should be monitored for at least the first year
after installation of the SRT in order to confirm this conclusion.
It is possible that the tidal range could increase at the low end in future, if the downstream
channels scour and deepen in response to the reintroduction of tidal flow. This could improve
tidal circulation in Dry Slough; increase salinity under low runoff conditions; and improve the
ability of the channel to empty at low tide under high runoff conditions.
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5.

Storm Conditions

5.1

Two-Year Storm

The runoff under the two-year storm condition is approximately 10 times greater than the runoff
under the low-flow conditions discussed in the previous section. This affects the rate at which
runoff can refill the slough between low tides.
Figure 26 shows the water surface elevation at the tidegate outlet and in the tidepool under
existing conditions and under proposed conditions with no new culvert or flapgate structures at
the West Ditch confluence. The general behavior is very similar to that under low-flow
conditions, shown in Figure 21. The difference is that the greater runoff causes the water surface
to rise more rapidly between low tides. The peak water surface elevation remains below +8.0 feet
MLLW.
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Figure 26. Water Surface Elevations under Two-Year Storm, No New Structure at
West Ditch Confluence
The majority of the runoff enters the Dry Slough system above the West Ditch confluence. The
area draining to this confluence is about 1,150 acres, compared to less than 400 acres below the
confluence. Consequently, if culverts and flapgates are installed downstream of the confluence,
the runoff refills the reach of Dry Slough above the confluence more rapidly than the reach below
the confluence. As shown in Figure 27, the introduction of culvert and flapgate structures at the
confluence only slightly affects the peak water surface elevations in Dry Slough for the two-year
storm. There is a slight decrease in the peak water surface elevations, which results from a slight
increase in additional storage because the rising tides are not able to intrude above the confluence.
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Figure 27. Water Surface Elevations under Two-Year Storm, Culverts and
Flapgates at West Ditch Confluence
To summarize: under the two-year storm, the peak water surface elevation is slightly higher
without new structures at the West Ditch confluence than with the new structures; and in either
case the peak water surface elevation is higher than it is under existing conditions. However, in
no case does the water surface rise above +8.0 feet MLLW.
5.2

25-Year Storm

The runoff under the 25-year storm condition is approximately three times as large as under the
two-year storm condition (Figure 19). This is large enough that there is a risk of flooding into the
adjacent fields, under both existing and proposed conditions. This case must be examined more
carefully.
Figure 28 shows the water surface elevations in the tidepool under existing conditions and under
proposed conditions with no new culvert or flapgate structures at the West Ditch confluence.
The water surface elevations shown here reach above +9.0 feet MLLW. Under existing
conditions – with no perimeter levee – the slough will flood into the surrounding fields. The
water surface elevation for existing conditions is limited to +9.5 feet MLLW in Figure 28. In fact,
the slough will flood into the surrounding fields before reaching this level. The most flood-prone
areas are near the downstream end of Dry Slough: between Dry Slough and Claude Davis Slough,
and in the vicinity of the East Ditch. The modeling includes an overflow towards Claude Davis
Slough at an elevation of +8.5 feet MLLW. Approximately 50 acres are assumed accessible for
flood storage, with ground surface elevations between +8.5 and +9.0 feet MLLW.
Based on the results shown here, flooding of the fields and other areas above the West Ditch
confluence appears unlikely. Less flooding is anticipated under proposed compared to existing
conditions for two main reasons: the new 90-foot culvert with SRT at the slough mouth increases
the rate at which water can drain from the slough, and the new levees with a crest elevation of
+9.5 feet or +10.0 feet MLLW provide protection.
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Figure 28. Water Surface Elevations under 25-Year Storm, No New Structure at
West Ditch Confluence
The available storage is increased slightly by the proposed regrading of the area between the
levees (from the existing field elevation sloping down to +7.0 feet MLLW). However, this does
not significantly affect the peak flood conditions.
If new structures – 4-foot diameter culverts and flapgates – are installed immediately downstream
of the West Ditch confluence, the peak water surface elevations increase slightly compared to
those without the new structures. Figure 29 and Figure 30 show the water surface elevations
under existing and proposed conditions with two (Figure 29) or three (Figure 30) parallel 4-foot
diameter and 30-feet long culverts and flapgates. The upstream and downstream pipe inverts are
set to 3.1 and 3.0 feet MLLW, respectively.
With two culverts and flapgates, the water surface elevation above the Dry Slough confluence is
equal to that under existing conditions. Even though the two new culverts are much shorter than
the culverts at the tidegates – 30 feet long compared to 90 feet – they still provide significant flow
resistance. The difference between the water surface elevations upstream and downstream of the
new culverts can be as much as 1 foot. A third culvert allows more drainage and removes most of
this difference. However, the additional upstream storage provided by restraining tidal flows from
intruding past the confluence is outweighed by the additional flow resistance provided by the
culverts. Two or three new 4-foot culverts and flapgates at the West Ditch confluence do not
improve, and most likely degrade slightly, flooding conditions upstream of the confluence.
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Figure 29. Water Surface Elevations under 25-Year Storm, Two Culverts and
Flapgates at West Ditch Confluence
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Figure 30. Water Surface Elevations under 25-Year Storm, Three Culverts and
Flapgates at West Ditch Confluence
Figure 31 is provided to address the concern that the results shown here may arise from the very
specific timing of the tides and runoff hydrographs. The case shown in Figure 31 is identical to
that in Figure 28, except that the spring and neap tides have been switched. The general result –
that the highest slough water levels occur during the neap tide, when the low tide is not low
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enough to allow for significant drainage – is unchanged. The peak flood elevation is at +9.6 feet
MLLW for the existing condition and +9.4 feet MLLW for the proposed condition.
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Figure 31. Water Surface Elevations under 25-Year Storm with Different Tide
Sequence
5.3

Alternative SRT Configurations

This section considers two alternative configurations for the new culvert and SRT, assuming no
new structures are installed at the West Ditch confluence: installation of a 6-foot rather than a 4foot diameter pipe, and providing the option to close the SRT (causing it to operate like a
standard flapgate) before a predicted storm.
Figure 32 shows a case identical to that in Figure 28, with a 25-year storm and no new structures
at the West Ditch confluence, except that the new culvert at the tidepool has a 6-foot rather than a
4-foot diameter. The peak water surface elevation drops by less than 0.1 feet compared to the case
of a 4-foot culvert. The ability of the slough to drain is limited by the high water levels at the
tidegate outlet, not by the size of the culvert.
Figure 33 shows a case where the SRT has been closed – meaning that it acts as a standard
tidegate – before the storm starts. This means that after the slough drains during a low-tide period,
it does not immediately refill to the +7.0 feet MLLW level with the rising tide. Instead, the slough
only refills in response to runoff.
However, the amount of storage between the lowest water surface elevation of about +5.6 feet
MLLW and the control point of +7.0 feet MLLW is relatively small. The additional storage made
available by closing the tide gate early only marginally lowers the peak flood elevation.
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Figure 32. Water Surface Elevations under 25-Year Storm, 6-Foot Diameter Culvert
and SRT
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Figure 33. Water Surface Elevations under 25-Year Storm, SRT Closed Prior to
Storm
There is no harm in closing the tidegate early in response to predicted flood conditions. However,
it should not be expected to improve the level of flooding dramatically.
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5.4

Summary

Table 3 summarizes the results of Sections 5.2 and 5.3 by giving the peak water surface elevation
under 25-year storm conditions. The base proposed condition includes a 4-foot diameter culvert
and SRT at the downstream end, closure of the new SRT at +7.0 feet MLLW, and no new
structures at the confluence.
Table 3. Peak Elevations for 25-Year Storm Conditions
Case

Peak Water Surface
Elevation
(feet, MLLW)

Existing condition

9.7 *

Proposed, no new structures at confluence

9.3

Proposed, two culverts and flapgates at confluence

9.5

Proposed, three culverts and flapgates at confluence

9.4

Proposed, new pipe and SRT radius 6-feet

9.2

Proposed, SRT closed prior to storm

9.3

* The slough will flood into the surrounding fields before reaching this elevation
The results vary remarkably little from case to case. The main conclusions for the project are twofold:
·

The proposed new culverts and flapgates immediately downstream of the West Ditch
confluence have a slight detrimental effect on flooding upstream of the confluence. This
is because the flow resistance associated with the culverts outweighs any slight increase
in flood storage that results from the flapgates.

·

A diameter of 4-feet is adequate for the new culvert and SRT. Increasing the diameter
and size of the SRT only slightly improves flood conditions.

·

A levee elevation of +10.0 feet MLLW is desirable to maintain a freeboard of six inches
to one foot.
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6.

Channel Evolution

6.1

Introduction

This section moves away from the hydraulic modeling used to develop the design for the
proposed new SRT and associated project elements, and uses geomorphic analysis tools to review
the potential for resulting effects on the channel evolution. Two main approaches are used: a
review of historical changes to Dry Slough, and an assessment of the current channel geometry in
light of the proposed level of tidal exchange.
6.2

Historical Changes

Skagit County’s iMap system (Skagit County 2008) provides access to aerial photography
collected by the U.S. Army Corps of Engineers in 1937, in addition to the more recent (1998 to
present) examples. Figure 34 shows Dry Slough – then known as Deer Slough – and its vicinity at
that time. The slough had not yet been diked off from either the North Fork Skagit River or
Skagit Bay.
The 2007 channel layout, traced from the aerial photograph in Figure 1, is overlaid on Figure 34.
Deer Slough had already been diked over much of its length, and the West Ditch was already in
place, by 1937. As a result, the 2007 and 1937 channels diverge only marginally.
The only significant difference between the channel alignments is in the mudflat. In 1937, Deer
Slough downstream of the present-day tide gates divided into two distributaries: the present-day
main channel (marked with a blue dotted line in Figure 1 and Figure 34) and a second channel
(marked with a red dotted line) to the east. The eastern channel, which is just visible in more
recent photographs (1998 to present), was apparently the main channel in 1937.
More generally, there are visible differences between the channel morphology at the downstream
and upstream controls constructed since 1937. Figure 35 gives a side-by-side comparison of the
downstream portion of the slough in 1937 and 2007. The loss of the eastern channel is clearly
visible. A new tidal pool has formed south of the dike. A pool of this type is a typical result of a
loss of upstream tidal prism – flooding tides, which previously would have continued upstream
along the slough channel, back up at the dike.
Spur dikes have been constructed on either side of the main slough channel immediately
downstream of the tidegates, in the approximate location shown in Figure 35. It does not appear
that these dikes have affected the morphology, in that they confine the channel to its original
location and this portion of the channel would probably be stable in any case.
Finally, Figure 36 gives a side-by-side comparison of the upstream portion of the slough in 1937
and 2007. A new pool has formed at the upstream end of the slough, adjacent to the North Fork
dike. This pool is not present in all recent photographs – it only appears when the water level in
Dry Slough is generally high.
The upstream pool must result from a different mechanism compared to the new tidal pool at the
downstream end. The upstream pool has a lower bottom elevation compared to the adjacent
slough channels: about +7 feet MLLW at the pool compared to +8 feet MLLW in the channels. It
is possible that the slough channel was originally lower near the North Fork Skagit River, in
which case construction of the North Fork dike would immediately have converted a drainage
channel (to the North Fork Skagit River) into an ephemeral pond. There is no reason to expect
that the introduction of tidal flow to Dry Slough will affect this pool, since – with the exception
of backwater effects – the tidally influenced portion of the slough will not extend past Fir Island
Road.
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Fir Island Rd
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Figure 34. Dry Slough (Deer Slough) in 1937, with 2007 Channel as Overlay
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Figure 35. Downstream Portion of Dry Slough (Deer Slough) in 1937 (Left
Photograph) and 2007 (Right Photograph), at Mudflat
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Figure 36. Upstream Portion of Dry Slough (Deer Slough) in 1937 (Left
Photograph) and 2007 (Right Photograph), at North Fork Skagit River
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6.3

Anticipated Evolution

Given that the overall channel configuration has changed little since the construction of the
tidegates at the mouth of Dry Slough, it is unlikely that major changes will result from the
reintroduction of partial tidal flow. However, it is possible that the channels have silted in
because of the reduced flow, in which case some scour can be anticipated. It is also possible that
the eastern channel in the mudflat, which has essentially filled in since 1937 (Figure 34), could
reestablish itself (Hood 2004 discusses downstream effects of diking and dike removal).
An estimate of the equilibrium channel cross section for Dry Slough and its approach channel can
be obtained from empirically observed correlations between channel cross sections and the tidal
prism served by those channels (Williams, Orr and Garrity 2002). The correlations used here are
based on measurements of saltmarshes in the San Francisco Bay, which have characteristics
reasonably similar to those in the Skagit Delta. The tidal range in San Francisco Bay is smaller
than that in Skagit Bay – Mean Higher High Water (MHHW) is only 5.84 feet above Mean
Lower Low Water (MLLW) at San Francisco, compared to nearly 12 feet at Dry Slough.
However, given the restored tides will be muted from above – the tide gate closes at an elevation
of +7.0 feet MLLW – the effective tidal range in Dry Slough will be similar to that in the San
Francisco Bay marshes.
Three correlations between channel geometry and diurnal tidal prism given in Williams, Orr and
Garrity 2002 are the following:

channel depth below MHHW = 0.388 (tidal prism )

0.176

channel top width = 0.147 (tidal prism )

0.461

cross sectional area below MHHW = 0.0284 (tidal prism )

0.649

where all values are measured in metric units (meters). For the purpose of this analysis, MHHW
is taken to be at +7.0 feet MLLW, the elevation at which the SRT closes.
Using these relationships but converting all values to standard units (feet) gives the comparison
between existing and predicted channel geometry shown in Table 4. The existing geometry is
based on two cross sections: Section U, immediately downstream (south) of the tidegates, and
Section C which is the upstream (north) of the tidegates and outside the tidepool. The tidal prism
upstream of the tidegates, between +5.5 and +7.0 feet MLLW, is 710,000 cubic feet or 20,000
cubic meters. The channel geometry is calculated directly from the correlations given above.
Table 4. Existing and Predicted Equilibrium Channel Geometry with MHHW at
Tidegate Closure Elevation, +7.0 feet MLLW
Quantity

Existing
Section U

Existing
Section C

Equilibrium
Section

Channel thalweg elevation
(feet, MLLW)

3.9

3.6

-0.3

Channel depth below MHHW
(feet)

3.1

3.4

7.3

Channel top width
(feet)

42

31

46

Channel cross sectional area
below MHHW (sq.ft.)

77

66

190
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This table suggests that the existing channel top width in the mudflat at Section U is similar to the
predicted equilibrium width – not surprising, given the channel form does not appear to have
changed since 1937. Section C is somewhat narrower than the predicted equilibrium section; this
is the narrowest cross section in the vicinity of the tidegates. The channel depth and cross
sectional areas are much smaller than the predicted equilibrium depth and areas.
Based on these observations, the following predictions can be made.
·

The narrowest part of Dry Slough, around Section C, may become slightly wider in
response to the reintroduction of tidal flow. This section will remain well within the
newly constructed levees, levees, which will be set back 30 to 50 feet from the top of
bank.

·

The channels that carry the majority of the new tidal flow are likely to scour down, but
not to change their overall planform or location.

·

The spur dikes in the channel immediately south of the tidegates are separated by a
distance sufficient to contain the equilibrium channel top width, so they are not expected
to undergo scour.

It is possible that the east channel in the
mudflat, which was the primary channel in
1937, will reestablish itself (Figure 37).
Based on the aerial photography, the west
channel, which is now the primary channel,
is much narrower than the equilibrium
section. However, this equilibrium geometry
approach does not address the question of
where the channels will form – it is also
possible that the existing mudflat channel
will become wider and deeper.

West channel
(primary in 2007)

East channel
(primary in 1937)

0

1000 ft

Figure 37. Channels in Mudflat
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7.

Conclusions and Recommendations

The recommended configuration for the new culvert and tidegate is as follows.
·

A new culvert with a diameter of 4 feet and downstream invert elevation of +2.5 feet
MLLW is adequate to reintroduce tidal flow to Dry Slough.

·

The self regulating tidegate (SRT) should be under upstream control. That is, it should be
closed based on the water surface elevation in the (upstream) tidepool, not in the
(downstream) outlet pool.

·

A closure elevation of +7.0 feet MLLW is sufficient to reintroduce tidal flow, without
exacerbating the potential for upstream flooding.

·

The peak water surface elevation under 25-year flood conditions is rather insensitive to
details of the restoration project. With a single, 4-foot culvert and tidegate as described
above, the peak water surface elevation is +9.3 feet MLLW. This suggests a levee
elevation of +10.0 feet MLLW may be needed to allow six inches to one foot of
freeboard (the distance between the peak water surface elevation and the levee top)

·

There is no significant benefit, in terms of either tidal range or flood conditions within the
slough, to retrofitting the existing tidegates with SRTs in parallel with the new culvert
and SRT.

·

The maximum flow velocity in the new culvert is about 10 feet per second.

The 25-year peak water surface elevation is slightly increased, to +9.5 feet MLLW, if two 4-foot
diameter culverts with flapgates are constructed downstream of the West Ditch confluence. This
is the same as the peak water surface elevation under existing conditions. Construction of three
culverts with flapgates reduces the peak water surface elevation to +9.4 feet MLLW. The increase
in water surface elevation results from the flow resistance provided by the proposed new culverts,
and from the fact that the vast majority of the runoff reaches the slough upstream of the proposed
new culverts.
The channels in the restored slough are expected to scour down, but not to increase in width or to
change their planform, in response to the reintroduction of tidal flow.
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