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EXECUTIVE SUMMARY
This report assesses potential geomorphic risk to infrastructure (specifically pipeline crossings, levees,
and Marine Drive) from implementation of the proposed Lower Nooksack Habitat Restoration Project
(LNRP). The lower Nooksack is a geomorphically complex environment, where sediment and water
inputs from upstream interact with tidal fluctuations. These processes create an environment of
persistent sediment accumulation with a consequently constantly shifting network of river and tidal
channels. The alternatives considered here (3B: left bank levee removal and 4E: right bank western
levee setback extension ) provide large scale flood level reduction and habitat benefits, primarily
through the removal and setback of existing levees. This will result in significant re-distribution of flow
between the main channel, the floodplain, and distributary channels, and consequent geomorphic
adjustments to the system.
The project reach is located in the greater Nooksack River Delta, where the Nooksack River has
periodically switched courses abruptly (avulsed) between Bellingham Bay and Lummi Bay, most recently
shifting into Bellingham Bay in the late 19th century. Since then, the Nooksack had deposited
approximately 650 million cubic yards of sediment and built the active delta out approximately 1.5 miles
into Bellingham Bay. This delta progradation, in turn, has caused the river channel upstream to aggrade
because it lengthens the channel and reduces the rivers slope. Long-term average aggradation rates
between Ferndale and the active delta have likely been on the order of 0.5 in/yr, which given the area of
channel influenced is equivalent to approximately 16,000 yd3 /yr of total sediment accumulation in the
river channel. Recent aggradation rates have been faster: the river has aggraded approximately 1.5 feet
between 2005 and the present. This deviation from the estimated long-term average rate is attributed
to influences of recent floods and likely river and land-management practices including cessation of
historic gravel removal that may have supressed the long-term aggradation rate.
Presently, the active delta (below Marine Drive) is responding to a recent (2009-2011) major avulsion:
one of two historic main distributary channels has filled with wood and sediment causing increased
flood water surface elevations upstream. This in turn is causing sediment and wood accumulation in the
main channel near Marine Drive and growth of several secondary offtake channels including Marietta
Channel. It is also likely contributing to overtopping of the left bank levee upstream of Marine Drive and
formation of breaches in that levee. As the secondary offtake channels expand in the future, flow
conveyance across the delta may increase and upstream effects may decrease commensurately.
The texture of a rivers bed material will influence its response to hydraulic changes, so sediment
samples were gathered through the project reach to document existing bed material conditions. The
project reach spans the area where the river bed shifts from 100% gravel-dominated to approximately
90% sand-dominated (the gravel to sand transition or GST). The shift occurs somewhat gradually, but
the last major complex of gravel bars is in the vicinity of Hovander Homestead Park, upstream of Slater
Road. Gravel patches with similar texture to those observed upstream are present, however,
downstream of Marine Drive.
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Alternative 3B and 4E both reduce the river’s main channel discharge and increase discharge conveyed
through overbank areas and distributary channels. In addition, Alternative 4E substantially increases the
tidal prism conveyed by Kwina Slough because it reconnects a large subsided floodplain area on the
Lummi Nation Reservation. Key hydrologic changes caused by the alternatives at channel-forming flood
recurrences (1.25 to 2 yr) are as follows:
1. The main channel discharge decreases by 30-40 %
2. Discharge in Silver Creek increases by a factor of 3 to 6,
3. Overbank discharge between the main channel and Kwina Slough increases by a factor 10 (for
Alternative 4E only)
4. Discharge in Kwina Slough increases by a factor of 3 for Alternative 4E and decreases slightly for
Alternative 3B.
Three key geomorphic responses to these hydraulic changes that could impact the infrastructure in the
project reach were identified based on stakeholder concerns and NHC’s experience with similar projects:


Sedimentation patterns within the main channel. The proposed project will steepen the
water surface slope upstream of Slater Road and is expected to cause up to 2’ of down
cutting tapering off within the first 2000’ upstream of the road. This will mobilize gravel
form the vicinity of Hovander Homestead Park, which is expected to accumulate near RM 2,
just upstream of Marine Drive. The down cutting would just reverse the aggradation
observed in this reach in the past 15 years and so would not be expected to exacerbate
scour beyond design conditions for upstream infrastructure including revetments and
pipeline crossings.
Discharge reduction in the main channel will reduce the slope and shear stress between
Marine Drive and Slater Road, which may cause the main channel to narrow and aggrade,
likely on the order of 2’. This aggradation will not directly influence navigability in the
channel, but may change flow partitioning between the main channel and offtake channels,
which would have consequences for navigation.



Hydraulic geometry of distributary channels under Marine Drive. Increased channelforming flows in Silver Creek and Kwina Slough are expected to cause these channels to
expand to 210 ft, and 100 ft, respectively — approximately twice their present widths.
Bridges over Kwina Slough and Silver Creek will need to be widened as a part of the project
design to accommodate this expansion.



Channel avulsion potential. The dominant channel migration process in the lower
Nooksack River environment is that of abrupt river channel avulsion. The project opens new
distributary channels, which could be paths for avulsions. Application of hydraulic model
results to a geomorphic framework for predicting avulsions suggests that the constructed
breaches into the Silver Creek floodplain area (as modeled) are expected to enlarge due to
the high flow energy through these breaches. A full main channel avulsion is not considered
likely because the Silver Creek flow path does not offer a significantly different channel

Lower Nooksack River Project Alternatives Analysis
Geomorphic Characterization
Final Report

II

length than the main channel currently occupies. In contrast hydraulic conditions in the
constructed breach into Slater Slough suggests this feature may be stable as modeled.
Under Alternative 4E, a comparable amount of flow to that passing through Kwina Slough
will also pass over Marine Drive between Kwina Slough and the Main Channel. This flow will
inundate Marine Drive to deeper depths at 1-2 year flows than at the present time. This
flow path is steep enough that the greatly increased flows could cause a new channel to
form in this area.
Finally, the head of tidal backwater, which is typically the location of the dominant avulsion
node in active deltas, does not shift significantly upstream as a result of the project, and so
the long-term dominant avulsion node is not expected to be pulled back upstream due to
project influences. Nonetheless, major changes in the morphology of the main channel such
as formation of very large wood jams could still cause avulsions upstream of Marine Drive;
but this is not a risk created by the proposed project but one inherent to aggrading river
channels.
This work is based primarily on an analysis of hydraulic conditions immediately after project
implementation, which is sufficient to determine the direction of initial geomorphic adjustment but
cannot be used to quantify long-term geomorphic adjustments because feedback loops exist between
the geomorphic response and channel hydraulics. Therefore, an iterative approach coupling project
design modifications, hydraulic modeling, and geomorphic analysis would be appropriate to employ
during project design phases to optimize project design and quantify the expected long-term
geomorphic response.
In sum, the proposed project will restore important habitat forming natural geomorphic processes
including expansion of the distributary channel network and contraction of the main channel. These
processes, however, create dynamic conditions that may pose a hazard to infrastructure and navigability
of the main channel. Therefore, successful project design will require an approach coupling iterative
design, hydraulic, and geomorphic analyses. The project will require substantial infrastructure
improvement, particularly along Marine Drive.
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INTRODUCTION
The primary purpose of this report is to provide an assessment of potential geomorphic risk to
infrastructure from implementation of the proposed Lower Nooksack Habitat Restoration Project
(LNRP). The Lower Nooksack is a geomorphically complex environment (Figure 1), where sediment and
water inputs from upstream interact with tidal fluctuations and anthropogenic influences to create a
constantly shifting network of river and tidal channels. The considered alternatives provide large scale
flood level reduction and habitat benefits, primarily through the removal and setback of existing levees.
This will result in significant redistribution of flow between the main channel, the floodplain, and
distributary channels, and consequent geomorphic adjustments to the system. Identification of changes
that could impact existing or proposed infrastructure is important in order to mitigate or avoid increased
risk. The assessment also provides information on the likely floodplain and habitat evolution of restored
areas over time.

Project Alternatives Evaluated
Project alternatives evaluated consisted of a series of project elements that were combined in an
additive manner, beginning with simple, smaller scale elements and adding in additional elements for
each new alternative. Alternatives 1, 2 and 5 did not change flow patterns enough to induce significant
geomorphic change. Alternatives 3B (left bank levee removal) and 4D/E (3B and additional right bank
levee setbacks) were evaluated in detail due to their potential to be geomorphically significant. The
specific measures included in each of these alternatives are described in detail in the main project report
(The Watershed Company et al., 2015).

Infrastructure
Three groups of infrastructure were identified along the lower Nooksack River that could be impacted by
changes to system geomorphology:


Pipelines: Two pipelines were identified by Whatcom County staff that run underneath the
main channel, just upstream of Slater Road and further upstream at Ulrich Road. Channel
degradation or downcutting can expose pipelines and lead to increased failure risk.



Right Bank (West) Levee: The existing right bank levee is proposed to remain as-is under
Alternative 3B, and have the lower end setback under Alternative 4D/E. Potential concerns
with the levee are mainly related to changes in main channel bed level. Degradation can
undermine levee toes and initiate failure, while aggradation can increase flood levels,
reduce freeboard, and lead to greater risk of overtopping failure.



Marine Drive: This is an important County rural secondary arterial that consists of four
floodplain road segments and three bridges. The bridges over Kwina Slough and Silver Creek
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could be threatened by channel expansion. Development of new floodplain channels would
also threaten the roadway portions in between the bridges.
In addition to these infrastructure elements navigation and fishing in the Nooksack River Channel are
also important human uses considered in this assessment.

Key Geomorphic Processes
The proposed LNRP will increase floodplain connectivity through the removal and setback of existing
levees, reducing flood flows in the main channel and increasing flow into overbank and distributary
channels. Three key geomorphic processes that could impact the infrastructure in the project reach
were identified based on stakeholder concerns and NHC’s experience with similar projects:


Sedimentation patterns within the main channel. The proposed project occurs in the
region where the bed material shifts from gravel dominated to sand dominated and where
substantial aggradation has occurred in recent years. Given the ways the proposed project
will alter channel hydraulics, changes to aggradation rates or even degradation could occur
in different locations.



Hydraulic geometry of distributary channels under Marine Drive. Increased flows in Kwina
Slough under Alternative 4D/E, and in Silver Creek under Alternatives 3B and 4D/E, are
predicted by the hydraulic models. Expansion of the channels in response to increased
flows could exceed the capacity of the bridges.



Channel avulsion potential. The dominant channel migration process in the lower Nooksack
River environment is that of abrupt river channel avulsion. The project opens new
distributary channels, which could be paths for avulsions. A full-scale avulsion of the
mainstem channel upstream of Marine Drive into one of the existing distributary channels,
or through a new path across the floodplain, would lead to destruction of the roadway.

A characterization of the existing geomorphic conditions and processes in the project reach was also
required to provide a baseline for comparison against project-induced changes. The existing conditions
and key project related geomorphic changes were analyzed using a variety of methods, described in
more detail in the following sections. They included field surveys including bed material sampling, GIS
based delta growth mapping, specific gage analysis, evaluation of hydraulic geometry relationships, and
evaluation of avulsion risk metrics. Hydraulic model outputs, described in LandC, Etc. (2015) were
utilized throughout.
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EXISTING GEOMORPHIC CONDITIONS
Reach History and Sediment Deposition Rates
The project reach is located in the greater Nooksack River Delta (Figure 1), where the Nooksack River has
periodically switched courses abruptly (avulsed) between Bellingham Bay and Lummi Bay. The
topography of the greater delta shows that avulsions have dominated historical channel migration
processes in this region. Dominant landforms such as alluvial ridges and splay deposits are associated
with avulsions, while features such as meander scrolls and oxbow lakes indicative of lateral meander
migration are conspicuously absent. The timing and patterns of these avulsions is likely controlled by a
combination of delta subsidence and sediment and wood accumulation in the river channels (Collins and
Sheikh, 2002). The most recent of these shifts occurred between the 1860s and 1880, when the
Nooksack River flow was shifted from what is now the Lummi River towards Bellingham Bay by settlers
clearing a log jam that had blocked the present main channel (Judson, 1925) and subsequent formation
of a log jam in the Lummi River (Collins and Sheikh, 2002).
The Nooksack River has deposited a tremendous volume of sediment in the active delta filling
Bellingham Bay since this avulsion. Between 1855 and 1956, approximately 650 million cubic yards of
sediment deposited, building the active delta out approximately 1.5 miles into Bellingham Bay (Collins
and Sheikh, 2002; Higgins, 2002). This delta growth rate of about 6.5 million cubic yards a year gives a
minimum estimate of the river’s long-term total sediment load1. Applying typical (Meckel et al., 2007)
values of 1.1 tons/yd3 (1 ton = 2,000 lb) for deltaic deposits suggests an annual transport rate on the
order of 3.2 million tons/yr. Other recent estimates of Nooksack River sediment transport yield slightly
smaller but comparable values ranging from 1.2 million tons/yr (Czuba et al., 2011) to 1.5 million tons/yr
(Embrey and Frans, 2003) of annual suspended sediment transport. This converts to 1.3 to 1.7 million
yd3/yr of sedimentation, assuming a bulk sediment density of 1.1 tons/yd3. For purposes of comparison,
the total sediment yield for the Nooksack River is second among rivers draining to Puget Sound only to
the Skagit, which contributes 2.8 million tons/yr; further, it has the highest specific sediment yield with
1,700 tons mi-2 yr-1 (Czuba et al., 2011).
Though estimation of bedload transport rates from suspended or total sediment transport rates is
subject to wide scatter, an estimate of 5 to 20% bedload may be appropriate for the lower Nooksack
(Turowski et al., 2010). Applying the range of estimates above yields a typical annual bedload transport
rate of 80,000 to 380,000 yd3/yr (equivalent to approximately 50,000 to 230,000 yd3/yr using a typical
density for alluvial sediment of 1.47 tons/yd3). This independent estimate is similar to that of KWL (2008)
who estimated the gravel input was 125,000 ± 50,000 yd3/yr, based on records of gravel extraction and
repeat cross-section survey.

1

The amount of the river’s washload component transported in suspension past the delta into deep water is unknown.
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Figure 1: The greater Nooksack River Delta area.
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Channel Aggradation
Progradation of the delta front lengthens the river channel and reduces the slope upstream, one of the
mechanisms which make deltas inherently aggradational environments. The rate of vertical channel
aggradation can be estimated by several different means. Since 1887, shortly after the main channel
avulsed into the bay, the delta has prograded approximately 1.5 miles (Figure 2). This progradation is
expressed in movement of both the avulsion node, which indicates the approximate extent of tidal
backwater influences (Chatanantavet et al., 2012) and the boundary of salt marsh vegetation, which
closely corresponds to the MHHW elevation of the delta surface.
By making the assumption that the hydraulic geometry of the channel has not significantly changed, it is
possible to use the positions of the salt marsh edge and avulsion node to estimate the channel bed
elevation at each of these points through time, and thus to define the base level for the channel
upstream: these estimates suggest that the channel may have aggraded in response to base level change
by three to five feet between 1887 and the present (Figure 3), giving an average long-term aggradation
rate of approximately 0.5 in/year. If this aggradation is assumed to be evenly distributed between RM 1
and 6, it would be equivalent to approximately 16,000 yd3 /yr of total sediment accumulation.
Further evidence for aggradation in the last few decades is found in the record of discharge
measurements at the USGS Ferndale gage. The specific gage record here (Figure 4) shows that the
channel downcut approximately 1 ft between 1966 (the beginning of the record) and 1980, was stable or
slightly aggradational between 1980 and 2005, and has aggraded approximately 1.5 feet between 2005
and the present. The scatter in the plots also shows the interannual variation of bed level can reach
between one- half and one foot regardless of the longer term trends in the data.
Downcutting in the specific gage record between 1966 and 1980 corresponded to a period with
combined significant gravel extraction (KWL, 2005) and atypically low flood flows. Between 1980 and
1987, gravel extraction activity was modest and flows were still atypically low. The 1990s were a period
of renewed intense gravel extraction, but also high-magnitude flood flows, which may have provided
enough material to compensate for the volume removed by mining. From 2005 to the present, there
have also been several large floods and there has not been significant gravel removal.
The aggradation rates indicated at the Ferndale gage generally match repeat cross section surveys
between Marine Drive and Ferndale taken in 2006 by Whatcom County and 2013 by Eric Grossman of
the USGS (Figure 5). Three of the four sections compared show from one to three feet of aggradation.
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Data Sources: 1887
T-sheet, 1933 and
1955 aerial photos
courtesy of Puget
Sound River History
Project; 2013 Aerial
photo, NAIP.

Figure 2: Delta progradation into Bellingham Bay 1887-2013.
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Figure 3: Illustration of delta progradation potential influence on 10-year flood profile upstream.
Created by shifting the current 10-year flood water surface profile upstream by the difference between the present Salt
Marsh edge and salt marsh edge in the considered year.
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Figure 4: Specific gauge record for USGS gauge 12213100 at Ferndale.
Dashed lines are 2 point moving averages. Error bars indicate the estimated stage value accounting for the difference
between the measured discharge and bin-center discharge, assuming a slope of 500 cfs/ft based on the rating table.
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Figure 5: Comparison of 2006 and 2013 cross sections.
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Recent Lower Delta Geomorphic Changes
The active delta area below Marine Drive is continually changing, as might be expected given the high
sediment loads and location of the avulsion node in the area. Preliminary review of summertime aerial
photos (Figure 6) suggests that recent floods have restructured the active lower delta, which would be
expected to change hydraulic and sediment transport characteristics. The most recent significant floods
have occurred on November 7, 2006, January 8, 2009 and December 13, 2010 with peak flows at
Ferndale of 38,000, 51,000, and 38,300 cfs, respectively (Figure 9). In 2006, nearly all of the river’s flow
passed through the left bank distributary (A) and the main right bank distributary (B) was dormant.
Between 2006 and 2009, the main right bank distributary (B) reactivated, approximately evenly splitting
the flow between the two main distributaries (A and B). Between 2006 and 2011 Distributary A was
choked with a plug of large wood (Figure 8), forcing river outflow through Distributary B and Marietta
Channel and initiating sedimentation that filled Distributary A between 2009 and 2011. This plug of
wood accumulated behind a small jam initially formed between 2004 and 2006, Between 2011 and
2014, the right bank distributary (B) and Marietta Channel offtake both continued to enlarge (Figure 8c
& d), as did what had been a minor distributary channel (Figure 6c) that had split the delta
approximately in two.
Additionally, large volumes of wood and sediment are now accumulating upstream of the main delta
bifurcation (Figure 8d, Photo 1 and Photo 2), and that the Marietta Channel offtake is enlarging, as
evident through exposed banks and falling trees on either side of the channel, aerial photos , and
comparison to NHC staff memory of the channel condition during the early 2000s (Figure 8, Photo 3).
Upstream of Marine Drive, the left bank levee has several locations showing in-process levee breach
formation (Figure 6, Photo 4, and Photo 5). This is similar to natural crevasse formation in the natural
levee, and is indicative of overtopping flows and differential water surface elevations between the main
channel and floodplain. Under the right conditions, these head differences can provide the energy
needed to induce a partial or full avulsion of the main channel. These breaches conveyed flow during at
least one flood in recent months, even though no flow exceeded a 2-yr recurrence interval flood.
Taken together with the recent flow history these field observations and pattern of channel changes
indicate that conveyance efficiency through the delta has decreased, increasing the backwater influence
of the delta, decreasing sediment transport capacity, and increasing overbank and offtake channel flow.
The river is continually adjusting to these changes. If the central distributary opens up more, it may
provide a very efficient outlet for the river for a period of time and upstream effects may decrease
commensurately.
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Figure 6: Changes in the active Nooksack Delta between 2006 and 2014. P1 through P3 are locations of
photos that follow. Pushpins indicate USGS River Miles.
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Figure 7: Long-term daily and annual instantaneous peak flow history for the Nooksack River at
Ferndale (USGS gage 12213100).

Photo 1: Sediment accumulation downstream of Marine Drive Bridge.

Photo 2: Detail of jams and bars in background of Photo 1.
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Figure 8: Detail showing wood and sediment plug formation, expansion of Marietta Channel offtake,
and recent large wood jam formation at the Marietta Channel offtake.
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Photo 3: Enlarging Marietta Channel offtake.

Photo 4: Crevasse channels cutting through levee upstream of Marine Drive.
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Photo 5: Another crevasse channel cutting through levee upstream of Marine Drive.

Bed Material
Characterization of the main channel bed material was conducted in order to support critical shear
stress calculations, delineate the current gravel-sand transition (GST) zone, and by comparison with past
bed sampling, determine if the GST had shifted over time.
NHC geomorphologists visited the lower Nooksack River on March 10, 2015 to document the character
of existing bed material. Because flow was extremely low (~1,800 cfs, less than ½ of the mean daily flow
for March 10), bars were well exposed and flow was typically shallow and clear enough to visually
establish that the sampled bar material was similar to the locally dominant bed material.

Flow History and Geomorphic Conditions at time of Survey
The character of surficial bed material depends both on the supply of material from upstream and on
the antecedent flow conditions. The surface of bars showed little to no periphyton growth, indicating
bed mobilization had occurred at least once during floods this past winter and fall. Prior to the field visit,
the bed had been conditioned by a sequence of high winter flows, all less than the 2-year recurrence
interval flood (approximately 22,000 cfs at Ferndale; Linsley, Kraeger Associates, Ltd., 2004), ranging
from 15,000 to just over 20,000 cfs (Figure 9).
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Figure 9: Daily Flow history for the Nooksack River at Ferndale (USGS gage 12213100) between
January 1 and March 10, 2015.

Substrate Characteristics
Sampling Strategy
NHC sampled the surface of five bars between Main Street in Ferndale and Marine Drive (Figure 10). On
two of these bars, NHC collected samples representing facies at both the bar head, which are believed to
represent the mobile bedload (e.g. Klingeman and Emmett, 1982; Parker et al., 1982) and bar tail,
which are believed to represent the bed-material component of the suspended load. At the other three
bars, samples were collected only on bar heads. As initially suspected, the river bed material grades from
gravel-dominated at Ferndale to sand-dominated at Marine Drive. Descriptions of the bed material at
each observed (and sampled) bar follow.
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Figure 10: Sample locations and field notes describing channel substrate along the Nooksack River
between Marine Drive and Main Street Bridges.
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Sampled Bar Descriptions
Both bars and the bed at the thalweg between RM 4.9 and Main Street were dominated by medium
gravel. In addition to the bulk sample, a pebble count was collected at the head of the sampled bar at
RM 5.5, which showed the bar surface was composed of evenly graded gravel with a D50 of 13 mm.
At RM 4.0, the channel substrate is dominated by medium gravel (Photo 7 through Photo 9), which is
commonly (30-50%) overlain by sand bodies including ~6” drapes and locally thicker bedforms. These
sand bodies appear to have been deposited during the recessional limb of the most recent flood.
There are no bars between RM 3.2 and 3.8 (on either side of the Slater Road Bridge) and the channel is
straight and relatively deep. The right bank bar at RM 3.2 is composed entirely of sand (Photo 10) but
the left bank bar just downstream (RM 3.0) is dominated by fine gravel at the head and grades to coarse
sand downstream. Overall, these two facies (fine gravel and sand) cover approximately equal portions of
the visible bed in this vicinity. Fine gravel is likely actually dominant because this coarser material is
more likely present on the stream bed. Compared to the small bedforms observed upstream at RM 4.0,
here sand forms very large bedforms (including bars).

Photo 6: Sample Location at head of RM 5.5 LB Bar.
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Photo 7: Overview of RM 4 LB Bar.

Photo 8: Sand ripples overlying dominant medium gravel bed material, RM 4 LB.

Photo 9: Shovel slice through sand-blanket visible along margin of bar in Photo 7 showing underlying
dominant medium-gravel bed material, RM 4 LB.
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Photo 10: Right bank sand bar at RM 3.2

Photo 11: Overview of RM 3.0 LB Bar with insets showing fine gravel material (right) at head that
grades smoothly to coarse sand (left) on the downstream side of the bar.
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A small right bank bar at RM 2.2 was visited because it is believed to have been one of the locations of
1987 vintage sediment samples2 (discussed in the next section). The head of this bar was dominated by
very fine gravel and granules3, but the vast majority of the bar was covered in coarse sand. The coarse
sand was visually similar in texture to the dominant bed material downstream to the limit of field
investigations at the Marietta Channel Offtake. This is illustrated by large left bank bar extending from
RM 1.4 to 1.9 (and other large bars in the vicinity of the Marine Drive Bridge; e.g. Photo 1 and Photo 2).
A substantial quantity of fine gravel, however, was still present on the bed, located at the head of the LB
bar at RM 1.9, and in small local patches in various locations downstream (e.g. Photo 14 and the small
mid-channel bar in Photo 3).

Photo 12: Coarse sand dominated LB bar at RM 1.5.

2

Their sample from RM 1.6 using 1976 USACE RM stationing.

3

Granules are small fragments of rock between 2 and 4 mm, often consisting of individual crystals.

Lower Nooksack River Habitat Restoration Project
Geomorphic Impact Assessment
Final Report

20

Photo 13: Head of large LB bar at RM 1.9.

Photo 14: Gravel patch on tail of LB bar above Marine Drive bridge. Also note the large log jam
attached to the bridge pier.
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Bulk Sediment Gradations
Bulk samples were collected from the locations indicated in Figure 10, and sent to the laboratory of
Materials Testing and Consulting in Tukwila, Washington for sieve analysis. Sample volumes equalled or
exceeded the 1% criterion of Church et al. (1987). Figure 11 shows the resulting gradation curves, and
Table 1 provides a comparison between these data and those collected by WEST in 1987 (reported in
KWL, 2005).
Though the proportion of the bed covered by sand increases dramatically downstream through the
study reach, there is only very slight downstream fining of the gravel patches: D84 values decrease from
16 mm upstream to 8-14 mm downstream and D50 values decrease from 5.6 mm upstream to 3.5 mm
downstream. Though the average bed material size decreases dramatically from Ferndale to the Marine
Drive Bridge, medium to coarse gravel is present along the entire studied reach in positions indicating
recent transport. This is interpreted to indicate that the observed gravel to sand transition occurs
primarily because the river is transferring large volumes of sand from suspension onto the bed, rather
than because the river lacks competency to move gravel-sized material.
Comparison of WEST’s 1987 data and that collected as a part of this study do not show any clear
indication that the texture of the bed material in the study reach has changed, though it is possible that
more gravel is currently present than in 1987.
Grainsize (mm)
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Figure 11: Grainsize gradation curves for sediment samples along the lower Nooksack River.
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Table 1: Lower Nooksack grainsize data
USGS RM Location
6.4
bar (head)
6.4
bar (tail)
5.6
bar (head)
5.6
bar (head)
4.4
bar (head)
4.4
bar (tail)
4.0
bar (head)
4.0
bar (tail)
3.0
bar (head)
2.2
bar (unsp.)
2.2
bar (head)
2.2
bar (tail)
1.7
bar (head)

Type1
bulk
bulk
bulk
pebble count
bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk

WEST 19872
D50
D84
0.9
6.5
2.1
12

5.2
2.8

0.7

NHC 2015
D50
D84

5.4
13

16
20

4.1
0.6
3.1

11
3.0
7.5

4.2
0.48
3.5

7.2
0.77
14

15
4.6

2.5

Notes:
1.
Bulk represents a grab sample of the subsurface material or aggregated surface and subsurface samples if no
armor was evident. Pebble count represents results of a 100-stone Woman Pebble count.
2.
WEST 1987 Samples are as reported by KWL (2005), river miles adjusted from USACE 1976 stationing to USGS
stationing by adding 0.6 miles. This shift was determined by comparing bar positions along the river and
defining the best fit for locations of LB and right bank bars.
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EXPECTED GEOMORPHIC PROJECT IMPACTS
Discharge Distribution
Geomorphic impacts of restoration alternatives are primarily related to changes in the distribution of
flows between the main channel, overbank, and distributary flow paths. The volume of water moving
through these various flow paths controls sediment transport characteristics, channel geometry, and
hydraulics related to avulsion likelihood. Therefore, an accounting of changes to flow imposed by the
alternatives is discussed first, prior to consideration of specific geomorphic changes.
For the purposes of this geomorphic investigation, two project scenarios with the largest potential
geomorphic impacts were evaluated: Alternative 3B and 4E. Figure 12 shows Alternative 4E. Alternative
3B consists of all the left/east bank elements shown in the Figure. The side channel connections shown
were simulated with a bottom width of 10 feet and an invert set 1 foot below the water level at mean
annual flow and MHW tide level.
Both alternatives reduce the river’s main channel discharge and increase discharge conveyed through
overbank areas and distributary channels. In addition, Alternative 4E substantially increases the tidal
prism conveyed by Kwina Slough because it reconnects a large subsided floodplain area on the Lummi
Nation reservation. The hydraulic change in the main channel is illustrated in Figure 13, and along three
principal overbank and distributary flow paths in Figure 14. These figures plot the cumulative flow
duration between September 1, 2014 to January 29, 2015 (Figure 9). This period included several
moderate (up to approximately the 2-year recurrence interval) floods as well as significant base-flow
periods with substantial tidal influence.
Channel forming flows in environments like the Pacific Northwest are typically somewhere between a 1
and 2-year recurrence interval flood (Wolman and Gerson, 1978; Castro and Jackson, 2001). Table 2
shows the flow partitioning for existing conditions and Alternative 3B and 4E at Marine Drive for the 1.25
and 2-year recurrence interval flows. Depending on the alternative and specific flow, key hydrologic
changes at these flood recurrences are as follows:
1. The main channel discharge decreases by 30-40 %
2. Discharge in Silver Creek increases by a factor of 3 to 6,
3. Overbank discharge between the main channel and Kwina Slough increases by a factor 10 (for
Alternative 4E only)
4. Discharge in Kwina Slough increases by a factor of 3 for Alternative 4E and decreases slightly for
Alternative 3B. Additionally, Slater Slough, which is now isolated, is reconnected and conveys
substantial fluvial and tidal flows.
The pattern of flow redistribution shown in Figure 13 and Figure 14 continues up through approximately
a 25-year recurrence interval flood. Above this flow magnitude, the relative changes decrease as an
there is significant overbank and distributary flows even under existing conditions (though reductions in
the mainstem water surface elevation remain substantial).
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Figure 12: Summary of Alternative 4E measures.
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Figure 13: Mainstem Nooksack Discharge between September 1, 2014 and January 29, 2015, as
modeled for existing conditions, Alternative 3B and Alternative 4E.
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Figure 14: Overbank and distributary channel discharge between September 1, 2014 and January 29,
2015, as modeled for existing conditions, Alternative 3B and Alternative 4E. Alternative
4D is included for Kwina Slough to illustrate the change in tidal prism between Alternative
4D and 4E.
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Table 2: Summary of discharge changes at channel-forming flows
Main Channel
Silver Creek
Right overbank
Kwina Slough
1.25-year 2-year 1.25-year 2-year 1.25-year 2-year 1.25-year 2-year
existing
19,182
20,785
711
1,535
163
274
294
312
3B
13,302
14,769
4,996
7,500
10
28
180
220
4E
11,790
12,173
4,094
5,860
1,691
2,400
1,057
1,123

Main Channel Sediment Transport and Bed Profile Change
Main Channel Hydraulic Changes
The discharge in the main channel decreases over a broad range of flows in response to both project
alternatives that are the focus of this evaluation (3B and 4E, Table 2 and Figure 13). The impact that this
flow reduction has on the channel hydraulics is illustrated in Figure 15 through Figure 17. The flood
profiles show water surface elevation reductions of 1-2 feet at Slater Road and 0 to 1 foot at Marine
Drive, converging to no change slightly downstream of Marine Drive. This reduces depth, water surface
slope, and shear stress between Marine Drive and Slater Road. The impact of the water surface
reduction at Slater Road propagates upstream about one mile, steepening the water surface slope and
increasing shear stress in that reach.

Upstream Water Surface Steepening and Bed Degradation
The shift from a gravel to sand-dominated bed presently occurs near Slater Road (section 2.4.2). The
sequence of gravel bars in the vicinity of Hovander Homestead Park (RM 3.75 to 5) form a riffle zone
that will be particularly influenced by the water surface steepening and shear stress increase upstream
of Slater Road. The downstream flood level reduction will create a hydraulic knickpoint of about 2’ at the
base of the riffle zone. Subsequent upstream propagation of the knickpoint will cause the bed to erode
in this area.
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Figure 15: Project
impact on main
channel hydraulics
during a 1-year
recurrence flood
event. Blue
represents
existing
conditions, green
is Alternative 3B,
and orange is
Alternative 4E.
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Figure 16: Project
impact on main
channel hydraulics
during a 2-year
recurrence flood
event. Blue
represents
existing
conditions, green
is Alternative 3B,
and orange is
Alternative 4E.
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Figure 17: Project
impact on main
channel hydraulics
during a 10-year
recurrence flood
event. Blue
represents
existing
conditions, green
is Alternative 3B,
and orange is
Alternative 4E.
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The approximate footprint and magnitude of this erosion was evaluated by applying the model of Brush
and Wolman (1960). Assuming it evolves through simple upstream diffusion, a knickpoint will propagate
a distance of 𝑥 feet where:
𝑥=

𝑧
𝑡 𝑆𝑖

(1)

𝑧 is the initial height of the knickpoint,𝑆𝑖 is the initial slope of the reach upstream of the knickpoint, and 𝑡
is the threshold slope difference, expressed as the proportion of the threshold slope to 𝑆𝑖 . Brush and
Wolman (1960) suggest4, a 𝑡 value of 0.2, and empirical observations of channel response to meander
cutoffs, pit captures, and other base level drops through the Pacific Northwest suggest a t value of 0.15
(Nelson et al., 2015).
Applying the expected base level drop of 2 feet, a reach slope of 0.005, and t .of 0.15 indicates that
channel degradation could be expected in approximately the first 2000 ft upstream of Slater Road. The
total volume of sediment mobilized by this erosion can be estimated by assuming an eroded wedge of
sediment, with dimensions defined by the knickpoint height and length, and channel width. This
approach yields a total volume of approximately 20,000 yd3, a modest volume comparable to typical
annual bed material sediment loads estimated to be 50,000 to 230,000 yd3/yr (section 2.1).
The maximum depth of degradation would be approximately that of the water surface change at Slater
Road: 2 ft. This magnitude of downcutting would just reverse the aggradation observed in this reach in
the past 15 years (Figure 4); and so would not be expected to exacerbate scour beyond minimum
historic conditions experienced by upstream infrastructure including revetments and pipeline crossings.
The degradation would not reverse, but only provide temporary relief from the long-term aggradational
trends of the lower Nooksack River.

Downstream Water Surface Flattening and Bed Aggradation
Though the volume of eroded material due to upstream knickpoint diffusion is expected to be relatively
small, this eroded material may be substantially coarser than the typical bed material downstream. This
eroded material would be expected to flush through higher shear stress zone around the Slater Road
Bridge and accumulate in bars between Marine Drive and RM 3. It would contribute to localized
aggradation in this area.
In addition to limited aggradation caused by transfer of coarser gravel material from bars upstream of
Slater Road to bars downstream of the road, reduction in shear stress between Slater Road and Marine
Drive would also be expected to drive aggradation due to a reduction in sediment transport competence
and/or capacity. This shear stress reduction is most pronounced at RM 1.8, where values drop below the
threshold required for movement of the gravel-sized material that is presently conveyed through the
reach. The magnitude of possible aggradation due to the shear-stress reduction can be evaluated by

4

They do not explicitly state this in their text, but presumably this choice was related to their experience watching flume
experiments evolve.
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defining the response as that necessary to return the shear stress to the existing condition, as this is
what is necessary to maintain the (assumed) dynamic equilibrium present in the reach5. Shear stress is
proportional to the product of the channel depth and slope and so given reduced channel depths, the
water surface slope will have to become steeper in order to regain the current bed material transport
rate through the reach. This suggests that bed aggradation on the order of 1 to 2 ft may be expected in
the vicinity of RM 2 to 3. Another possible channel adjustment that would increase shear stress is
channel narrowing due to preferential sediment deposition in bank attached bars. This response is
evaluated in the following section.
The above estimate of potential aggradation at RM 1.8 is highly uncertain. Application of a mobile-bed
hydraulic model, a task outside of the scope of the present assessment, could provide an improved
estimate of this response. Additional other factors, such as channel narrowing, downstream avulsions in
the active delta, or downstream channel down cutting due to reduced supply as material accumulates in
the vicinity or RM 1.8 all may help mitigate the predicted aggradation.

Channel Geometry Changes
Increased flows in distributary channels and overbank flow paths (Figure 14 and Table 2) are expected to
cause these channels to expand. The primary concern for potential changes to distributary channel
hydraulic geometry occur where these channels cross Marine Drive, because their expansion could
damage or destroy existing bridges.
Hydraulic geometry relationships are widely applied to predict channel cross section area, width, and
depth from a formative discharge (e.g. Leopold and Maddock, 1953; Ferguson, 1986; Knighton, 1998
Chapter 5). For fluvial channels, the formative discharge is usually between 1 and 2-year recurrence
interval flow, and has been determined to be a 1.2 ±0.5 year recurrence interval flow (± 1σ) in the Pacific
Maritime Mountain Physiographic region (Castro and Jackson, 2001). For tidal channels, formative flow
is that which occurs during a typical spring tide exchange, and is usually expressed as the total volume of
flood or ebb tide conveyed through a given channel cross section, called the tidal prism (Langbein, 1963;
Williams et al., 2002). Analysis of hydraulic geometry for this project is complicated by the fact that
these channels convey both tidal and fluvial flows, and so hydraulic geometry relations were evaluated
using methods developed for both types of flows.

Distributary Tidal Hydraulic Geometry
Comparison of predicted and observed channel widths using tidal hydraulic geometry relationships
(Table 3) show a good match for the Silver Creek channel at Marine Drive, suggesting it is presently
tidally formed. There is little change to the tidal prism in Silver Creek with implementation of Alternative
3B. In contrast, the Kwina Slough channel at Marine Drive is substantially larger than would be expected
if it were tidally formed. Further, even with a doubling of the Kwina Slough tidal prism under Alternative

5

In reality, as discussed in section 2.1 the reach is not in equilibrium but aggrading at a rate of approximately 0.5 in/year.
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4E the hydraulic geometry relationships do not predict a channel as large as the measured existing
channel. This is taken to be evidence that the Kwina Slough channel is riverine formed.
Table 3: Summary of tidal hydraulic geometry calculations at marine drive crossings
Silver Creek

Measured
Existing

Predicted*
Existing
Alt 3B

% Change
from predicted

3 to 20
109

4,831,875 4,876,290
10
10
112
113

1%
0.2%
0.4%

Total Spring Tide Ebb Flow (ft3)
Max Channel Depth (ft)
Channel Top Width (ft)
Cross Sectional Area (ft2)

**

655

Kwina Slough
Total Spring Tide Ebb Flow (ft3)
Max Channel Depth (ft)
Channel Top Width (ft)
Cross Sectional Area (ft2)

659

1%

Alt 4E
~10
60

261,000
6
29

541,395
7
41

107%
14%
40%

**

99

158

61%

* Predictions made using Williams et al(2002) exponents.
** No recent cross section data available for comparison

Fluvial Hydraulic Geometry
Evaluation of fluvial hydraulic relationships for existing and proposed conditions suggests that both
Silver Creek and Kwina Slough would be expected to expand, with Silver Creek shifting from tidal to
fluvial control. In addition, a large volume of water would be conveyed across Marine Drive between the
main channel and Kwina slough during channel forming flood flows, perhaps initiating channel formation
in that area.
Table 4 summarizes hydraulic geometry calculations computed utilizing the Castro and Jackson (2001)
maritime mountain hydraulic geometry relations. Based on these calculations, Silver Creek would be
expected to increase in width by approximately 50% over its observed existing condition (both
alternatives) and Kwina Slough would be expected to increase in width by about 30% over its observed
existing condition (Alternative 4E). Depths are also expected to increase, and consequently cross
sectional area increases of up to 6 times larger for Silver Creek and 3.6 times large for Kwina Slough are
predicted. Under Alternative 3B, flows are reduced in Kwina Slough, leading to a predicted reduction in
channel geometry, and potentially a switch to tidally formed channel.
The Castro and Jackson hydraulic geometry relations under-predict the size of the Kwina Slough channel
near the Marine Drive Crossing for existing conditions. This is not surprising, given the typical range of
scatter in the data used to generate hydraulic geometry predictions. If Kwina Slough is assumed to have
reached an equilibrium geometry and is used as a calibration point for the calculations of width, then
Silver Creek would be expected to more than double in width near the Marine Drive Crossing to
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approximately 210 ft for Alternative 3B flow conditions, and Kwina Slough would be expected to nearly
double in width near the Marine Drive Crossing to 100 ft given Alternative 4E.
The predicted expansion of Silver Creek and Kwina Slough would be expected to substantially increase
the vulnerability of the existing Marine Drive bridge crossings, that were designed for much smaller
channels and flow magnitudes. The predicted bankfull channel widths of 210 ft for Silver Creek and 100
ft for Kwina Slough are suggested as a starting point for the design of appropriate bridge openings and
modeling of future hydraulic conditions in response to the project.
Table 4: Summary of fluvial hydraulic geometry calculations for Marine Drive crossings
Measured
Existing

Hydraulic Geometry Predicted*
Existing
Alt 3B
Alt 4E

Main Channel
1.25 yr Qw (ft3/s)
2

Bankfull XS Area (ft )
Bankfull Width (ft)
Average Depth (ft)

**

19,182

13,302

11,790

3,500
312
10

3,693
328
13

2,644
273
11

2,368
257
10

**

711

4,996

4,094

110

182
63
3

1,081
168
7

901
152
6

**

294

180

1,057

50

81
41
2

52
32
2

262
77
3

Silver Creek
1.25 yr Qw (ft3/s)
2

Bankfull XS Area (ft )
Bankfull Width (ft)
Average Depth (ft)
Kwina Slough
1.25 yr Qw (ft3/s)
2

Bankfull XS Area (ft )
Bankfull Width (ft)
Average Depth (ft)

1.25 yr Qw (ft3/s)
2

Bankfull XS Area (ft )
Bankfull Width (ft)
Average Depth (ft)

**

163

10

1,691

no
channel

Right Bank Overflow (floodplain between Kwina Slough and Main
Channel)
48
30
1

4
7
0.4

402
97
4

* Using Castro and Jackson Maritime Mountain Hydraulic Geometry parameters
** No Measurement data available to evaluate existing flow distribution
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Hydraulic geometry relations for the main Nooksack River channel and right bank overflow path
(between the mainstem and Kwina Slough) are also presented in Table 4. The calculated change in
Nooksack River depth provides a second way to evaluate potential aggradation as a result of reduced
flows in that channel. The difference between the predicted existing and with-alternative flow depths
suggests that 2-3 feet of aggradation may be expected (change in depth from 13 to 10 or 11 feet shown
in Table 4), along with a slight reduction in channel width. This provides a similar result to the shearstress based estimate of potential main channel aggradation from section 3.2.3.
Finally, hydraulic geometry estimates for a potential new channel between the mainstem and Kwina
Slough indicate that a channel of comparable magnitude to Silver Creek and Kwina Slough may develop
along this flow path (D in Figure 18). Alternately, the increased flows could accelerate natural levee
formation and floodplain accretion through increased sediment delivery, reducing the risk of channel
formation over the long term. This potential is considered in more detail in the following section.
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Channel Avulsion Potential
Both of the considered project alternatives connect side channels to the main channel that divert a
substantial portion of the flow into low-lying floodplain areas. Section 3.3, above, has considered the
likely response of the downstream portion of these channels where they cross Marine Drive. This section
considers the possible hazard of a major avulsion into one of these channels, which would cause
enlargement of the constructed side channel to dimensions similar to that of the current main channel.
An avulsion is defined as the case where a river rapidly abandons its existing channel and creates a new
one elsewhere on the floodplain; partial avulsions can also occur when a new side channel captures only
part the river’s flow. Avulsions occur when a shorter, steeper, less obstructed path is available for the
channel than the one occupied prior to the avulsion. Normally, this is the result of aggradation of the
channel and proximal floodplain and/or elongation of meander bends.
By connecting the river channel and these floodplain areas, the project could theoretically trigger an
avulsion, if conditions have been primed to allow that. The Nooksack River and distributary channels in
the project reach have formed alluvial ridges (Figure 18). Alluvial ridges are features that form in
depositional environments like the Nooksack River Delta when rivers build up their beds and banks
through sediment deposition at faster rates than more distant parts of the floodplain. On the Nooksack,
this process has caused the historical periodic switching of the river channel between Lummi and
Bellingham Bays (see section 2.1), and will most likely lead to avulsions at various scales in the future.
A broad body of literature has developed specifying the conditions in which avulsions are likely to occur.
Two parameters that can be used to evaluate whether a given site is susceptible to avulsion are the
superelevation of the channel, and the slope ratio between an avulsion path and the existing channel
(Figure 19) (e.g. Mackey and Bridge, 1995; Slingerland and Smith, 1998; Mohrig et al., 2000; Törnqvist
and Bridge, 2002; Jerolmack and Mohrig, 2006). Additional factors that influence the likelihood and scale
of an avulsion include the availability of an floodplain outlet with existing low topography, erodibility of
floodplain material, and potential for large wood jams to block the existing or incipient avulsion channel
(Aslan et al., 2005; Bolla Pittaluga et al., 2003; Jerolmack and Mohrig, 2006; Jones and Schumm, 2009;
Slingerland and Smith, 1998, 2004).
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Figure 18: Nooksack River Alluvial Ridge and Potential Avulsion Paths (yellow arrows), which are
referenced in the text according to the topographic sections they parallel.
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Figure 19: Detail of cross section A to A’ from Figure 18 showing key geometric parameters used to
evaluate avulsion likelihood.
Superelevation describes the degree to which a channel is perched above the floodplain. It can be
evaluated in two ways: Absolute superelevation (S in Figure 19) is the height of the channel margin or
natural levee above the floodplain; Normalized superelevation is defined as the ratio of the absolute
superelevation (S in Figure 18) to channel depth (D in Figure 19). When normalized superelevation
reaches values on the order of 0.5 to 1.1, avulsions typically occur, but on some large, low gradient
rivers, such as the Mississippi, avulsions can occur at superelevation values as low as 0.19 to 0.62
(Mackey and Bridge, 1995; Mohrig et al., 2000; Jerolmack and Mohrig, 2006).
The Slope Ratio provides another parameter that can predict the likelihood of avulsion. It is defined as
the ratio of the slope of a possible avulsion path (Sc in Figure 19) to the existing main channel slope.
Slope ratios in the range from 3 to 5 — consistent with theoretical predictions of Slingerland and Smith
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(1998) — are observed in naturally avulsing systems, though slope ratios an order of magnitude higher
have been observed both during an active avulsion (Mohrig et al., 2000) and in some non-avulsing
systems (Törnqvist and Bridge, 2002). In systems carrying medium sand in suspension such as the lower
Nooksack, a slope ratio of approximately 4 is the threshold between crevasse channel enlargement and
stability. A slope ratio of 0.5 to 1 is the boundary between crevasse channel stability and closure,
depending on the height of the crevasse lip (H) relative to the bankfull channel depth (D) (Slingerland
and Smith, 1998, Figure 3).
Five potential avulsion pathways were evaluated at locations of planned side channel offtakes and at the
Right Bank Overflow Path identified as a concern in the previous section. Table 5 summarizes the values
of superelevation, normalized superelevation, and slope ratio for each of the five potential avulsion
paths shown in Figure 18. The following key observations can be drawn from the values shown below:
1) Normalized superelevation values between the main channel and Silver Creek and Slater Slough
floodplain areas range from 0.4 to 0.5, at the threshold or slightly below values typically thought
to produce avulsions (0.5 to 1.1).
2) The slope ratio between the main channel and Silver Creek floodplain area is high (up to 19)
under existing conditions, indicating existing avulsion risk (the observations of recent crevasse
formation in the levee confirm this, see Photo 4 and Photo 5); however,
3) Either alternative increases flow into the Silver Creek floodplain area, raising water surface
elevations and lowering the slope ratio below the typical crevasse enlargement threshold (4) for
the 10-yr flood, but maintaining a slope ratio for the 2-year flood that would be expected to
cause crevasse enlargement at paths A and B.
4) The slope ratio decreases from upstream to downstream along the Silver Creek floodplain area.
5) The slope ratio for the flow path into the Slater Slough area is below the typical threshold for
avulsions.
6) Both normalized superelevation and slope ratios for avulsion path D, leading from Kwina Slough
across Marine Drive, indicate that an avulsion is likely.
Given the relatively low normalized superelevation and extremely deep scour that would be required to
excavate a mainstem channel in the left bank floodplain, a complete avulsion is probably not the most
likely scenario. Rather, significant expansion of any constructed side channels breaching the levee should
be expected. As these enlarge, progressively more flow will move into the Silver Creek floodplain area,
raising water surface elevations and reducing the slope ratio between the main channel and crevasse
channel. The reduction in slope ratio between the 2-yr and 10-yr flood supports this hypothesis – the
increase in flood magnitude serving as a surrogate for increased channel size. Ultimately, the Silver
Creek flow path does not offer a significantly different channel length than the main channel currently
occupies, whereas the slope ratio suggests it must be at least four times shorter to make a full avulsion
likely. It seems likely that the head difference between the main channel and Silver Creek floodplain area
would normalize long before the floodplain area captured more than ½ of the total flow.
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In contrast, avulsion from the main channel into Slater Slough would not be predicted based on these
results. Under Alternative 4E, the large increases in flow (section 3.3.2), high normalized superelevation
value, and high slope ratio along avulsion path D, make channel formation in this area likely.
It is not likely that the project would cause the dominant active delta avulsion node to shift upstream
above Marine Drive. The dominant avulsion node has shifted steadily toward Bellingham Bay as the
delta has prograded (Figure 2); it is currently at the expected location for a delta avulsion node near the
upstream influence of the tidal backwater (Chatanantavet et al., 2012). The project does not shift the
position of the tidal backwater during base flow conditions and moves the backwater just slightly
upstream during small floods; it is therefore not expected to shift the position of the long-term
dominant avulsion node. It is important to note that major changes in the morphology of the main
channel such as formation of very large wood jams could potentially, nonetheless, cause avulsions
upstream of Marine Drive.

Table 5: Geometric parameters for evaluating avulsion likelihood
Slope Ratio

Location
Path A
Path B
Path C (to
Silver Creek)
Path C (to
Slater Slough)
Path D

Absolute
Superelevation (ft)*
10.32
8.8

Normalized
Superelevation*
0.4
0.4

2 yr
15
19

10 yr
6.6
5.6

2 yr
4.6
4.6

10 yr
2.3
1.2

2 yr
5.3
5.0

10 yr
2.1
0.7

10.5

0.5

8.1

2.0

1.1

0.47

1.2

-0.5

9.5

0.5

NA

NA

NA

NA

1.2

1.4

7

1.0

2.1

1.2

NA

NA

108

5.8

Existing

3B

4E

Blue shaded cells indicate values that suggest an avulsion may occur, green shaded cells indicate values suggesting the
offtake crevasse channel may close, and unshaded cells indicate possible equilibrium geometry.
* Superelevation may increase in the future due to aggradation of the main channel.
NA shown for locations where no flow was modeled for the given alternative.

Over a decadal timescale, flow spreading into the floodplain area along constructed side channels will
deposit suspended sediment and build the floodplain grade. This deposition will likely be concentrated
near the channels (Moody and Troutman, 2000), allowing additional alluvial ridge topography and
associated habitat complexity to form.
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SUMMARY AND RECCOMENDATIONS
Expected Project Related Geomorphic Changes
The proposed Lower Nooksack Habitat Restoration project will restore dynamic habitat-forming
processes to a large portion of the lower Nooksack River and Delta. Key geomorphic impacts, shown in
Figure 20, are described below:
1) Removal of levees and creation of side channels between floodplain areas and the mainstem
channel will impact hydraulics and sediment transport patterns in the main channel. The
position of the dominant gravel-sand transition is not expected to shift, but a temporary
increase in gravel abundance between Marine Drive and Slater Road is possible due to sediment
mobilization and channel downcutting in the vicinity of RM 4 to 5. Further, reduced energy
gradient slope and shear stress in the vicinity of RM 2 may cause bed aggradation. The
magnitude of this aggradation is likely to be on the order of 2 ft, a value relatively small
compared to existing bankfull depth (~20 ft) and long-term aggradational trends.
2) The flow during common, channel-forming floods (1-2 year recurrence interval) will increase by:
 a factor of 10 in Silver Creek under Alternative 3B,
 a factor of 10 in both Silver Creek and Kwina Slough under Alternative 4E, and
 a factor of 100 in the floodplain between the main channel and Kwina under Alternative
4E.
These changes are expected to cause Silver Creek and Kwina Slough to expand to approximately
twice their present widths.
3) Under Alternative 4E, a comparable amount of flow to that passing through Kwina Slough will
also pass over Marine Drive between Kwina Slough and the main channel. This flow will inundate
Marine Drive to deeper depths at 1-2 year flows than at the present time. This flow path is steep
enough that the greatly increased flows could initiate channel formation. However, Marine Drive
acts as a flow-spreading weir, which may keep the flow from becoming concentrated enough to
form a channel.
4) In addition to expansion of the downstream portion of the distributary channels, the
constructed breaches into the Silver Creek floodplain area (as modeled) are expected to enlarge
due to the high slope ratio of the crevasse water surface slope to mainstem channel slopes. A
full main channel avulsion is not considered likely because normalized superelevation values are
at or below the threshold typically associated with avulsions and because the down-valley slopes
of the existing channel and potential avulsion channel are very similar.
5) The modeled offtake channel toward Slater Slough appears to be in an equilibrium geometry
where it is neither expected to expand or close.
6) The head of tidal backwater does not shift significantly upstream as a result of the project, and
so the long-term dominant avulsion node is not expected to be pulled back upstream due to
project influences.
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Figure 20: Summary of expected geomorphic response to project. Impacts on the right bank only occur
given Alternative 4 options.
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Effects of Feedback Loops
Analysis based on hydraulic conditions immediately after project implementation is sufficient to
determine the response vector, but an iterative approach coupling project design modifications,
hydraulic modeling, and geomorphic analysis would be appropriate to employ during project design
phases to fully quantify the long-term geomorphic response. This is because this present evaluation is
based primarily on an analysis of hydraulic conditions immediately after project implementation, but
two coupled positive feedback loops potentially exist in the system (Figure 21). Diversion of flow from
the main channel into the overbank floodplain area is expected to cause two impacts that could increase
the proportion of flow moving into the overbank floodplain area: 1) it will cause some sedimentation in
the main channel, reducing main channel conveyance capacity and pushing yet more flow into the
floodplains, and 2) it will cause downstream portions of the side channel network to expand, lowering
the overbank water surface upstream, steepening the crevasse slope, and causing the offtake crevasse
channels to expand, pulling more flow into the floodplain. Note the loop could also theoretically function
in reverse, with offtake channel sedimentation shutting down that flow path and causing the main
channel to expand again. An equilibrium condition may be achieved once these forces are balanced.

Figure 21: Geomorphic feedback loop discussed in the text.
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Infrastructure Protection and Design Recommendations
The following project design considerations derive from the expected geomorphic response:
1. The bridges over Kwina Slough and Silver Creek will need to be widened as a part of the project
design to accommodate channel expansion. Expected bankfull widths for these channels are 210
ft for Silver Creek and 100 ft for Kwina Slough. These widths are suggested as a starting point for
the design of appropriate bridge openings and modeling of future hydraulic conditions in
response to the project. The ultimate bridge openings may need to be somewhat larger.
2. The project will need to account for the possibility of increased flow across Marine Drive
between the main channel and Kwina Slough under Alternative 4E. This increased flow could
potentially initiate channel formation and/or erosion on the downstream side of the road prism.
This is not an insurmountable problem; potential countermeasures could include installment of
an additional bridge opening, armoring of the downstream face of the road prism, or further
enlargement of the Kwina Slough channel and the associated Marine Drive Bridge opening to
lower water surface elevations in Kwina Slough above Marine Drive.
3. Constructed side channels should be sized using geomorphic criteria for stability. As described
above, an iterative approach coupling project design modifications, hydraulic modeling, and
geomorphic analysis would be appropriate to employ during project design phases to fully
quantify the long-term geomorphic response and optimal project design.
4. Side channel offtakes may need to be designed to prevent downcutting. As modeled, the
channels offtakes would be dry under low flow conditions, and hence not affecting mainstem
flows or depths at these times. Downcutting could result in perennial diversion of water and
navigability concerns in the main channel.
5. Long-term channel bed adjustment in the main channel should be modeled quantitatively to
ascertain the magnitude of impacts of bed aggradation on the upstream channel water surface
profile. This has important implications for the flow distribution between the main channel and
distributary channels and on the high-magnitude flood profile and long-term level of protection
provided by levees.
6. No increased risk of damage to existing levees or pipelines due to scour is expected; where
mainstem bed degradation is expected the magnitude is not sufficient to counteract the longterm aggradation the channel is undergoing. Pipeline crossings are upstream of the area where
avulsions may occur. Aggradation downstream of Slater Road is not s not expected to raise
water levels enough to counteract the lowered water levels modeled to result from the project.
In sum, the proposed project will reduce flood levels and restore important habitat forming natural
geomorphic processes including expansion of the distributary channel network and contraction of the
main channel. These processes, however, create dynamic conditions that may pose a hazard to
infrastructure and navigability of the main channel. Therefore, successful project design will require an
approach coupling iterative design, hydraulic, and geomorphic analyses.
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