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Executive Summary
This report presents the results of a geomorphic assessment of Upper Reach 4 of the Nooksack River,
which extends from the confluence of the North and South Forks of the Nooksack River near Deming
Washington downstream about four miles to Nugents Corner. The project site is located just
downstream of the confluences of the three major Nooksack River drainages (North Fork, Middle Fork,
and South Fork), at the transition between the upland and lowland provinces of the watershed. The
geomorphology of the river is strongly impacted by glacial advances and retreats that resulted in cycles
of deposition and erosion in the valley, including the deposition of glaciomarine drift that comprise
“clay bank” exposures of Upper Reach 4 that are prone to mass failure.
The levee system in Upper Reach 4 includes the Deming Levee, Sande-Williams Levee, Bamboo Willie
Levee, and Lee Levee. These levees are all on the north side of the river and total 2.9 miles in length.
These armored embankments form a man-made boundary along about two thirds of the river corridor
between the confluence of the North and South Forks of the Nooksack River above Deming and
Nugents corner several miles to the west. They confine the Nooksack River between the levee
embankments and south valley wall, substantially narrowing the corridor area available for active river
processes. Both the Deming and Sande-Williams Levees have “hooks” on their downstream ends that
bend southward into the stream corridor, forming a sharp deflection in the man-made river corridor
boundary. Although some levee segments were in place by the mid-1950s, the majority of construction
took place between 1955 and the mid-1990s. Maintenance work, which has included some levee
extension, has been ongoing for decades.
The impacts of the levees on Upper Reach 4 geomorphic processes include the loss of about eight miles
of anabranching channel length, an increase in in-stream energy due to flow concentration, a more than
doubling of mean migration rates since 1976, a five-fold increase in the rates of forest erosion, high
maintenance requirements at constriction points and hooks, and potential contributions to hillslope
instabilities on the south valley wall.
To address issues associated with the Upper Reach 4 levee system, a series of three levee
reconfiguration alternatives were collaboratively developed as part of the SWIF process. The
alternatives were developed with the primary intent of protecting infrastructure and existing land uses
while enveloping ground that will most effectively benefit river function, reduce risk of avulsion, and
reduce maintenance costs. Two of these alternatives have the potential to incorporate miles of side
channel and hundreds of acres of riparian forest older than 40 years. Each alternative provides
demonstrable gains towards restoring geomorphic processes, while retaining variable levels of risk or
anticipated maintenance needs with respect to pinch points, hooks, flanking risk and/or avulsion risk.
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1 Introduction
This assessment was performed by Karin Boyd of Applied Geomorphology Inc. (AGI). The geomorphic
assessment component the Upper Reach 4 SWIF process was subcontracted to AGI by Shannon and
Wilson Inc., who held the primary SWIF contract with Whatcom County.

1.1 Acknowledgements
This project benefited greatly from the assistance of numerous individuals. AGI would like to extend its
gratitude to Dave Cline of Shannon and Wilson for project contracting and management. Early on in the
project, the provision of multiple key datasets and insights from Paul Pittman of Element Solutions
made initial analyses much more efficient and consistent with other projects in the area. Paul’s early
work on Upper Reach 4 provided a foundation for the results presented here. Throughout the entire
project, valuable feedback was consistently provided by staff of Whatcom County Public Works, notably
Paula Harris, John Thompson, and Ben Floyd. Their input, collaboration, and encouragement
throughout this entire process, which has been ongoing for over two years, have been greatly
appreciated. David Roberts and Todd Eastman of Kulshan Services effectively and consistently managed
Upper Reach 4 SWIF team meetings which were a critical component of this effort. The SWIF meeting
attendees provided valuable feedback that was incorporated throughout the process, and specific
comments from Mike Maudlin were especially helpful. The assistance provided by Drs. Scott Linneman
and Doug Clark from Western Washington University towards understanding the glacial history of the
area was helpful in deciphering the interactions between landforms and Nooksack River processes.
Local landowners Art Anderson and Harry Williams were generous with their time on field visits and at
meetings; their insight, histories, and personal photos of the area were all very helpful throughout the
project. All of the people listed above provided valuable input, critical review, and encouragement in
this process of deciphering the history and condition of this very dynamic and complex segment of the
Nooksack River. From my perspective, this collaboratively-based understanding of river process has
proven critical in in the development of effective strategies for long term management of both
ecological process and risks to human health and safety within the reach.

1.2 Basis and Execution of Study
This project was performed in support of SWIF development for Upper Reach 4. The assessment
includes an analysis of historic and modern river conditions, and an evaluation of associated risks to
levee stability. These results were used to help develop SWIF alternatives, which were then evaluated
in terms of the geomorphic implications of their implementation. The project execution was launched
by an initial compilation of existing data and presentation of that material to the SWIF Team in February
2014. During the spring of 2014, preliminary results from the data analysis and a site visit were
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presented. This stage consisted of a compilation of the historic impacts and geomorphic evolution of
Upper Reach 4, as well as a preliminary synopsis of the impacts of the levee system on stream
geomorphology. The fall 2014 SWIF meeting focused on the geomorphic implications of Alternative 1
with regard to side channel access, woody debris recruitment, and floodplain turnover rates. A similar
assessment for Alternative 2 was presented in March of 2015. During the fall of 2015, the SWIF
meeting presentation focused on risks associated with the levee configuration, and opportunities to
address those risks. Three alternatives were presented and evaluated at this stage. In December of
2015 a final presentation was provided to the SWIF team to summarize the entire study as well as the
benefits and remaining issues associated with each alternative.
An economic analysis of each alternative was performed separately.
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2 General Physical Setting
The following section contains a general summary of the physical setting of Upper Reach 4 to provide
context regarding to the geomorphic behavior of the Nooksack River. Upper Reach 4 is defined here as
the reach of the Nooksack River that extends from the confluence of the North and South Forks above
Deming to the Mount Baker Highway Bridge at Nugents Corner.

2.1 The Nooksack River Basin
The Nooksack River basin encompasses about 790 square miles in the western flank of the Northern
Cascades (Figure 1). One of the most prominent features in the watershed is Mount Baker, which is a
stratovolcano that is about 30 miles due east of Bellingham, WA. Mount Baker is the highest peak in
the Northern Cascades (10,781 ft.), and the northernmost volcano in the conterminous United States
(www.volcanoes.usgs.gov). It is a relatively young volcano; the most recent eruption occurred about
6,700 years ago, and was accompanied by a major collapse on its flank which created lahars (volcanic
mudflows) that ran down the Nooksack River. There were renewed signs of volcanic activity in the mid1970s, which resulted in increased monitoring on the mountain by the USGS (www.volcanoes.usgs.gov).
Mount Baker remains heavily glaciated, and is known for record-setting heavy snowfall. During the
winter of 1998-1999, the Mt Baker Ski Area, located 8 miles northeast of the volcano, recorded 1,140
inches of snowfall, which is a world record for snowfall in one season. The Mt Baker Ski Area averages
641 inches of snowfall per year.
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Figure 1. Nooksack River basin (kula.geol.wwu.edu.com) showing location of Upper Reach 4.

West of the Cascade crest, the Nooksack River basin is comprised of three major sub-drainages
including the North Fork, Middle Fork, and South Fork drainages (Figure 1). The confluence of these
drainages is near Deming, which is the head of Reach 4. Above the confluence of these drainages, the
basin is described as the “upland province”, whereas the “lowland province” lies below the confluence
(Dickerson, 2010). Whereas the upland province is characterized by steep relief, extensive faulting,
dense forest, and mass wasting, the lower province is typified by low elevations, low relief, and a
dominance of glacial sediments that control channel morphology. Upper Reach 4 of the Nooksack
River, which is the focus of this report, is located at the transition between these two provinces.

2.2 Quaternary Geology and Glaciation
The Quaternary Period of geologic history is the most recent period of the Cenozoic Era, spanning from
about 2.6 million years ago to the present. It includes the Pleistocene Epoch (2.6 million to 11,700
years) and Holocene Epoch (11,700 years to present).
By the beginning of the Pleistocene, the major bedrock landforms of the North Cascades had largely
formed. During the next few million hears, however, the landscape was modified by multiple
glaciations by the Puget Lobe of the Cordilleran Ice Sheet (Figure 2; Bovis, 1987). These glacial advances
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have strongly influenced the modern geomorphology of the Nooksack River. During the last (Vashon)
glaciation, which reached its peak about 17,000 years ago, much of the area was scoured by ice, and
meltwater channels eroded the Nooksack River valley during the subsequent glacial retreat. This
retreat is referred to as the Everson Interstade, during which time marine conditions predominated and
a thick sequence of glaciomarine drift was deposited. The glaciomarine drift, which comprises the “clay
bank” exposures of Reach 4, consists of up to 200 feet of poorly to moderately sorted and poorly
compacted clay, silt, sand, and gravels with marine fossils.
Following the Everson Interstade, glacial rebound drove uplift, erosion, and downcutting by rivers into
the glaciomarine deposits. Dragovich and others (1997) suggest that the Nooksack River valley was
then impacted by a minor southward re-advance of the Cordilleran ice that resulted in the deposition of
moraines and glacial outwash that non-conformably overly the glaciomarine deposits. This is referred
to as the Sumas advance, which is thought to have dammed up the Nooksack River valley near Deming
and overran the clay banks site (D. Clark, pers. comm., 2016). The location of the eastern edge of the
ice is not clearly understood, however it appears it may have gotten close to modern Deming, but not
to the South Fork Valley. The modern Nooksack channel then developed as it downcut into the glacial
sediments only after the Sumas ice began to retreat and undammed the valley, which was sometime
post-13,000 years ago (D. Clark, pers. comm., 2016).

Figure 2. Extent of the Puget Lobe of the Cordilleran Ice Sheet during the latest ice advance; Bellingham is
located in the top center of the rendering (Washington DNR).
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2.3 Seismicity and Landslides
Active seismicity and hillslope failures have been documented in the Upper Reach 4 area. Active
hillslope failure is ongoing on the south valley wall within the glacial deposits. Although this failure at
what is known as the “Clay Banks” is at least in part due to hillslope undermining by the river, elements
of the deep seated movement may also be attributed to other factors such groundwater and weak
layers within the glacial deposits. Other hillslope failures in the reach have been attributed to active
faulting in the region.
A thrust fault referred to as the “Macaulay Creek Thrust” has been mapped as extending below the
Nooksack River valley west of Deming (Dragovich and others, 1997). This thrust has been associated
with recent earthquakes, most notably a 5.2 magnitude earthquake that occurred on April 14 1990.
This was the largest earthquake to hit the Puget lowland between 1965 and 1996, and the largest
shallow crustal earthquake to occur in Washington State north of Seattle since 1920. Dragovich and
others (1997) suggest that deformation on the Macaulay Creek thrust relates to the anomalously high
incidence of deep seated land sliding in the area.

Figure 3. Geologic map constructed from DNR website showing mapped landslides and recorded earthquakes
exceeding magnitude 1.0 (yellow squares). “Hillslope Failure” label identifies where clay bank failures have
occurred in Reach 4, and the inferred trace of the Macaulay Creek Thrust is shown as a dashed blue line.
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2.4 Flood History
Most flooding on the Nooksack River occurs between late October and February, driven by heavy
rainfall on low elevation snowpack or saturated soils. A workup of the flood history for the USGS
Gaging station at Ferndale (USGS #12213100) is shown in Figure 4, as well as estimated peaks for many
of those events at Deming (Franz, 2005). The increased flows at Deming reflect the influence of Everson
overflows on flood peaks between Deming and Ferndale. Franz (2005) calculated flood frequencies and
peak flows at Deming and showed that since 1975, only the November 1990 flood exceeded a 20-year
event, although the November 1989 flood was just under a 20-year event. The 2009 flood, based on
Franz’s methodology, would have been about 55,000 cfs at Deming, which is just under a 20-year event.
All of the annual peak floods occurred between late October and mid-January.

Figure 4. Dates and magnitudes of annual peak discharges that exceeded a 2-year event, Nooksack River at
Ferndale, and estimated peaks at Deming (Franz, 2005).

Although annual peak discharge helps provide a context for flood history, the Nooksack River is capable
of multiple flood events in a given year that have the potential to do major geomorphic work on the
system. To assess the potential influences of multiple floods in a single year, the mean daily flow data
at the Ferndale Gage were evaluated with respect to the dates during which the instantaneous 4-year
flow was exceeded on a mean daily basis. For the 40 years from 1975 to 2015, whereas there were 14
annual peak flow events that exceeded the 4-year discharge at Ferndale, there were 20 days during
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which the four year flow was exceeded using the mean daily flow data (Figure 5). These results show
that the mean daily flows, which are typically lower than instantaneous peak discharges, exceeded the
Ferndale 4-year flood magnitude over six days during three discreet events between November 1989
and December 1990. These sequential events represent the most intensive flood period on the river
since 1975 that had the capacity to impart a large amount of geomorphic work on the river system.

Figure 5. Dates and magnitudes of mean daily flow events that exceeded the 4-year flood discharge, Nooksack
River at Ferndale.

Other historic floods that caused extensive damage in the system include the floods of 1909, 1932,
1935, and 1951 (KCM, 1995).
During the 1989 and 1990 floods, extensive bank erosion occurred at the levee on the Mt Baker School
District Property at Deming (the Deming Levee). The 1989 flood also washed out the southwestern
approach span of the Mount Baker Highway Bridge (KCM, 1995). The 1990 Thanksgiving Day weekend
flood caused a major channel overflow at Mariotta Road above Nugents Corner (KCM, 1995).
KCM (1995) described the 1990 flood damage in Reach 4, which almost caused an avulsion between the
Sande-Williams and Bamboo-Willie levees, as follows:
The most significant flood problem (in the Upper Reach 4 area) during the 1990
Thanksgiving weekend flood occurred in the vicinity of Mariotta Road. At this location
(Sande Farm) the river overtopped the right bank to create a major overflow channel
that nearly cut off a large meander bend. Floodwaters flowed over farmlands and
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around farm buildings and homes for over half mile before returning to the channel a
short distance above Nugents Corner. Up to 75 percent of the Nooksack River flow
passed through this overflow channel creating a flow path 100 to 150 feet wide and 6
to 10 feet deep. The levee at this site had been severely weakened by the Veterans
Day flood two weeks prior, allowing the overflow to occur. A riprap dike over 2,000
feet long was constructed after the flood by the SCS. Concerns that the Nooksack
River would continue its overbank rampage and flow through Nugents Corner
prompted this major flood fighting effort.
By 1993 the badly eroded farmlands had been reclaimed and little evidence of the
flood remained. This area experienced overflows during previous floods as well. At
that time, however, the river channel was in a different position and overflows
occurred several thousand feet upstream of the 1990 location. These overflows had
historically caused flooding problems in the Smith Creek area above Nugents Corner.
During the floods of 1990 the developed areas of Nugents corner were not flooded but
floodwaters passed around both sides following a system of natural channels.
Project costs following these floods reached almost 1.8 million dollars, which when
normalized to 2006 dollars is almost an order of magnitude greater than any other 5-year
timeframe project costs (Figure 6).

Figure 6. Project costs for Upper Reach 4 (Deming to Nugents Corner), 1960-2005 (Whatcom County).

2.4.1

Potential Climatic Influences on Hydrology

Recent modeling of the hydrologic ramifications of climate change on streamflow in the Nooksack River
basin projects increases in temperature and variable changes in precipitation, which will likely result in
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increased winter flow, decreased summer flows, decreased snowpack, and a shift in the timing of peak
spring runoff (Dickerson, 2010).
In his thesis research at WWU, Ryan Murphy modeled the effects of climate change on late summer
streamflow in the Nooksack River basin (www.geol.wwu.edu). His preliminary results indicate an
increase in winter streamflows due to more rainfall rather than snow, and a decrease in summer flows
with a general shift in peak spring flows toward earlier in the spring. Glacier melt contribution to
streamflow initially increases throughout the first half of the 21st century and decreases in the latter
half after glacier ice volume decreases substantially.

2.5 Early Settlement and Historic River Conditions
Several groups of Native Americans have aboriginal territory in the Nooksack River basin, primarily the
Nooksack, Semiahmoo, Skalakhan, and Lummi peoples (KCM, 1995). Many winter villages were located
in elevated areas near the Nooksack River, and the river was used as a trade and travel route,
commonly requiring overland portage around debris jams and rapids (KCM, 1995).The tribes in the area
were relocated to reservations following the Treaty of Point Elliot in 1855. As part of the Indian
Homestead Act, many Nooksack people were able to stake claims within their traditional lands in the
1870s (KCM, 1995). Lummi Nation and Nooksack Indian Tribe are currently the two federally
recognized tribes with reservation lands and salmon co-management authority in the Nooksack River
watershed.
The onset of non-Indian settlement began in the late 1820s when the Hudson’s Bay Company arrived at
Fort Langley on the Fraser River to promote fur trading. About 30 years later, the Fraser River gold
drew thousands of miners to Nooksack territory in the mid-1800s, with miners arriving at Whatcom
(now Bellingham) as part of their overland route to Canada (KCM, 1995). In general, however, valley
settlement was hampered by massive logjams on the river, dense forest, and marshy terrain.
Probably the first big geomorphic impact to the river was in the late 1870s when log jams were
removed to provide for navigability on the Nooksack River. This allowed steamboat service and drove
economic development. The railroad arrived in 1890, further driving development, including clear
cutting of valley forests by 1914 (KCM, 1995).
The following timeline developed by Deardorff (1992) and other local historians describes the historic
conditions on the Nooksack River and provides additional context as to the geomorphic history of the
system (bellinghamherald.com).
• Early 1800s: a logjam blocked the river's passage to Bellingham Bay and the river terminated via the
Lummi River into Lummi Bay. To get past the jam, people had to exit their canoes and walk around.
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• 1877: People living along the river raised money to have the logjam removed and clear the channel to
Bellingham Bay. Soon after, steamer traffic started up the river from Bellingham, and logging companies
used it as a sluice.
• 1890: Bellingham Bay Boom Co. constructed a piling boom across from the channel in Bellingham Bay
to collect logs as they came down. The U.S. Supreme Court later ruled that the boom illegally blocked
the river's mouth, but by then the company was broke. Remnants of the boom still exist in the bay.
• 1897: Logjams that formed at the mouth of the river blocked traffic. Congress approved spending
$90,000 to clear the channel.
• 1901: Despite efforts to remove the logjam, it kept growing, reportedly reaching more than a mile up
the river.
• 1908: Newspapers said the river's channel to the bay was once again clogged and that an unknown
event had forced a new passage a mile east of the former outlet.
Between 1935 and 1940, the Works Progress Administration (WPA) spent $378,000 on Nooksack River
improvements, most of which consisted of bank protection and clearing of snags (KCM, 1995).
Subsequent to the mid-1900’s, continued land use changes in Reach 4 included riparian clearing for
agricultural development, levee construction, and removal of large wood from the system (Figure 7).
Pittman (2007) describes historic disturbances in Reach 4 as including:
•

Removal of Large Woody Debris (LWD);

•

Reduced root strength and bank erosion from riparian clearing;

•

Decreased floodplain roughness from riparian clearing;

•

Increased confinement from levee construction;

•

Channel shortening and straightening for navigation and transport; and,

•

Increased sediment supply from upstream leading to increased lateral erosion.

All of these impacts transformed the system from a complex multi-thread condition with high volumes
of LWD to a more confined, single thread, and wood-limited system of today.
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Figure 7. Burning of woody debris piles in Reach 4, 1971 (Whatcom County).
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3 Geomorphic Influences of the Upper Reach 4 Levee System
Currently, Upper Reach 4 has four main levees: the Deming Levee, Sande-Williams Levee, Bamboo
Willie Levee, and Lee Levee (Figure 8). These levees collectively confine the river between the levee
embankments and the south valley wall, substantially narrowing the natural migration corridor of the
river. Both the Deming and Sande-Williams levees have “hooks” on their downstream ends that turn
southward into the corridor, forming an abrupt deflection in the corridor margin.
Historic air photos indicate that the Lee and Bamboo Willie levees in the lower portion of the study
reach were in place by the mid-1950’s. Between 1955 and 1976, the Bamboo Willie levee was
extended upstream and a portion of the Sande-Williams levee was constructed. By the mid-1990s, the
complete levee system was in place; an overlay of the levees on historic banklines indicates that
mapped channel remnants from 1885 and 1933 are currently north of the levee system, isolated from
the active river corridor. Figure 9 shows the layout of the modern Sande-Williams levee on the 1933
imagery, indicating that the levees were locally built directly on historic channels. Much of the upper
part of the Sande-Williams levee was built on a large channel mapped as active on the 1859 GLO maps
(this can be seen later in this report in Section 4, Figure 48).
Collectively, the levees are 2.9 miles long, forming about 66% of the north corridor margin between the
confluence of the North Fork and South Fork above Deming and Nugents Corner. The longest levee is
Sande-Williams, which is currently about 1.65 miles in length. The influence of each levee on Nooksack
River broad-scale geomorphic processes is described in greater detail in the following section.
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Figure 8. Upper Reach 4 of Nooksack River showing current levee configuration.

Figure 9. Modern location of Sande-Williams Levee on 1933 air photo.
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The evaluation of the influence of Upper Reach 4 Levees on the historic and modern geomorphic
behavior of the Nooksack River is a primary focus of this study. The following section summarizes the
results of that analysis as it forms a foundation for the subsequent alternatives development and
assessment. The results show that the influences of the levees on river behavior include increased
corridor confinement, a loss of side channel length, increased migration and floodplain turnover rates,
and altered riparian age class extent and distribution. Major findings include the following:
•

About eight miles of anabranching and side channel length has been lost in the reach since the
1930s.

•

Lost side channel length has resulted in conversion from a multi-thread system with effective
energy dissipation to a primary meandering thread with concentrated energy.

•

Mean migration rates have more than doubled from under 20 feet pre year pre-1976 to over 45
feet per year since 2002.

•

The rate of forest erosion in the stream corridor has increased by five-fold.

•

Corridor constriction points and hooks in levees create high-maintenance areas due to the
frequency of flow against these levee segments, and their disruption in meander translation.

•

The lowermost Sande-Williams levee forms a hook into the corridor that directs flows into
failing clay banks. Fluvial undermining of these banks appears to be a contributing driver in
their failure.

The geomorphic assessment indicates that the fluvial trends described above are the result of combined
influences of land use change, debris clearing, and corridor confinement.

3.1 Methods
The methods used herein consist of a remote evaluation of GIS data combined with field observations,
hydraulic modeling output, and other existing datasets. The primary datasets used in the evaluation
include the following:
•

Historic Imagery: Historic air photos were made available from Whatcom County for
1933, 1955, 1976, 1994, and 2002. Georeferenced General Land Office Survey maps
were also provided depicting the approximate 1885 river course. Additional post-2002
imagery was downloaded and integrated into the GIS.

•

Digitized Banklines: Banklines previously digitized for the historic photo suite and GLO
maps were provided by Whatcom County. Banklines for more recent imagery were
digitized in-house.

•

LiDAR Data: 2013 LiDAR data provided by Whatcom County proved to be a critical tool
in mapping floodplain features that are masked by vegetation on the aerial imagery.

Applied Geomorphology Inc

June 2016

Nooksack River Upper Reach 4 Geomorphic Assessment

Page | 16

•

Levee Locations and Maintenance: Whatcom County provided shapefiles showing the
locations of the levee and the dates/extents of repairs.

•

LiDAR-based topographic analysis: The LiDAR data were used to develop a static model
of floodplain connectivity. The general technique involves creating a flood surface
based on cross section elevations extracted from the DEM. This model surface is then
intersected with the DEM to create a surface representing relative depth. This is often
used to approximate floodplain connectivity and it also is a useful tool for identifying
areas isolated by levee features as well as areas prone to avulsion.

•

Migration Rate Measurements: Air photos were used to quantify progressive bank
movement for given timeframes. Vectors were drawn in the GIS and statistically
summarized to assess trends.

•

Side Channel Mapping: Historic and active flowlines were provided by Whatcom
County and expanded upon using LiDAR data and historic imagery.

•

Vegetation Mapping: Vegetation polygons were mapped using historic imagery to
estimate the time of establishment of woody vegetation stands.

3.2 General Geomorphic Character of Upper Reach 4
The project reach is just under five miles in length, extending from the confluence of the North and
South Forks of the Nooksack River just upstream of Deming downstream to Nugents Corner (Figure 10).
Within this reach, the Nooksack River is currently a primarily single thread meandering coarse grained
river that is confined by a distinct valley wall to the south and the levee system to the north. The
sinuosity of the river is 1.20, indicating that the channel is 1.20 times longer than the straight line valley
distance.
The project reach is located just below the confluence of three major subwatersheds (Figure 1) which
has a major impact on its geomorphology. The North Fork of the Nooksack River is coarse grained and
braided, whereas the South Fork is lower gradient, with a wider valley and more developed fine grained
floodplain surface. According to Dragovich and others (1997), the differences in these two contributing
river systems is due in part to geological source area; whereas the braided North Fork is eroding
primarily gravelly glacial outwash from terraces on the north side of the river, the South fork is eroding
primarily alluvial fans and glaciomarine drift. The south fork sediment source area is finer grained and
more cohesive due to higher clay content, which has resulted in a relatively high level of streambank
stability and meandering form (Dragovich and others, 1997). As Reach 4 of the Nooksack River is just
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below the confluence of the three forks, and also because it is at the junction between the upland and
lowland provinces, the river is a “response reach” to upstream inputs that may be highly variable
through time.

Figure 10. 2013 NAIP imagery showing extent of project reach.

The current channel patterns in the reach reflect combined influence of geology, physical setting, and
historic land uses. LiDAR-based topographic analysis shows that the corridor is characterized by a
dominant main channel, and extensive historic and modern anabranching channel threads (Figure 11).
Anabranching channels flow around islands that exceed bankfull height and typically support riparian
vegetation (versus gravel bars). They tend to dissipate stream energy due to their added bank and bed
roughness. Although they can still be relatively dynamic, their lateral migration rates tend to be slower
than a single thread channel with the same hydrology. On the north side of the stream valley, alluvial
fans form the valley margin and on the south side, clay bank failures that are locally gullied are exposed
south of the Sande-Williams levee.
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Figure 11. LiDAR- based topographic depiction showing channel and floodplain features in Upper Reach 4.

3.3 Temporal Trends in Channel Behavior
The following section summarizes the overall patterns of channel evolution observed in Upper Reach 4
over the past century. This includes an evaluation of flowlines (lengths and locations of side channels),
bank migration rates, and patterns and rates of woody vegetation turnover. The results show that since
the 1930’s, the river has become more of a single thread, high energy, rapidly migrating river with
expansion of woody vegetation into old channels and open gravel bars. The woody stands, although
more extensive, are experiencing more rapid turnover than historically when the river was multithreaded and lower energy. These changes relate to both late-19th to mid-20th century activities such as
debris jam clearing, as well as levee construction/corridor confinement over the last ~60 years.
3.3.1

Flowline Analysis

In order to help evaluate the influence of Upper Reach 4 levees on Nooksack River geomorphology, the
digitized flowlines were quantified through time to assess changes in channel length. The flowlines
evaluated include the main channel thread, secondary channels, and anabranching channels. Secondary
channels are those that flow around open gravel bars and are as a result in part a function of flow
conditions at the time of the imagery. In general, however, all of the imagery suites were collected at
relatively low flows so the results are generally comparable. Anabranching channels are those channels
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that flow around perennially vegetated islands, and are visible at any flow condition. The data includes
all suites of imagery from 1933 on, as well as the GLO maps from the 1880s. Whereas the accuracy in
mapping detail from the imagery is quite high, the GLO maps should be considered approximate due to
the inherently coarse nature of that mapping.
The results show that whereas the length of the main channel has remained relatively consistent at
about 31,000 feet (5.9 miles), there has been a reduction in both secondary and anabranching channel
lengths since the 1930s. This indicates that the loss of these channels began prior to the major phase of
levee construction on the Nooksack River, which was from the mid-1970s to mid-1990s. These data
indicate that earlier influences of debris clearing and land use change resulted in some channel
simplification (conversion to a single thread channel) and that the trend has continued through the
period of levee construction. This trend is also shown by braiding parameter, which is a ratio of total
channel length divided by main channel length. A high braiding parameter indicates a more complex
channel network, whereas a braiding parameter of 1 indicates no side channels.

Figure 12. Measured channel flowline lengths through time, Upper Reach 4.
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Figure 13. Braiding parameter (length of side channels plus main channel/main channel) through time.

3.3.2

Bank Migration Rates

Bank migration distances were collected for multiple suites of imagery and average migration rates
were estimated for those periods. A total of 220 measurements were made, each with a minimum
migration distance of 70 feet. Figure 14 shows that pre-1976 mean migration rates increased from less
than 20 feet per year to almost 30 feet per year from 1976-2002. And since 2002, mean migration rates
have exceeded 45 feet per year in Upper Reach 4. These results are fairly consistent with those of
Collins and Sheikh (2004) who evaluated migration rates for shorter timeframes between Deming and
Everson (Figure 15). Their analyses, which extend over a broader reach than this study, and which used
different methodologies, show that average annual migration distances increased from about 6 meters
per year (20 feet per year) through the 1970s to about 18 meters per year (59 feet per year) in recent
decades.
Figure 16 shows a simple bar chart of mean migration rates for each timeframe.

Applied Geomorphology Inc

June 2016

Nooksack River Upper Reach 4 Geomorphic Assessment

Page | 21

Figure 14. Migration rate measurements for individual timeframes; mean values are labeled in feet per year.

Figure 15. Mean annual rate and 1 standard error of channel movement for Collins and Sheikh (2004) study
segment G (Deming to Everson), Nooksack River.
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Figure 16. Mean measured migration rates for multiple timeframes, Upper Reach 4.

3.3.3

Corridor Cover Types

Trends in cover types were evaluated using mapped bankline polygons provided by Whatcom County.
Using those low flow bankline polygons as a base data layer, all open bar wooded areas within the
active channel footprint were digitized and attributed as either open bar (OB), sub-mature woody
vegetation (SV), or mature woody vegetation (MV) (Figure 17 through Figure 19). Figure 20 shows that
whereas the active channel encompassed 676 acres in 1933, by 1955 it had contracted by about 100
acres. This ~16% reduction in overall footprint was due to a re-orientation of the corridor to the south
after 1933. It is unclear whether this was engineered, but at least one meander cutoff at the SandeWilliams levee site as seen in the 1933 imagery appears intentionally channelized to the south (Figure
9).
It is also important to note that the 1933 imagery reflects some degree of land use change. Although
these values provide a starting point for quantitative assessment, they do not reflect a pristine river
condition.
From 1955 on, the overall mapped corridor footprint remained relative stable between 545 and 587
acres. Cover types shifted during this time period, however, with a reduction in open bar area coupled
by an expansion of vegetation. Between 1955 and 1992, there was a reduction of about 180 acres (over
half) of the open bar area in Upper Reach 4. More recently there has been a rebound in open bar area,
with an increase of about 75 acres since 2000.
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Figure 17. Example map showing sub-mature and mature woody vegetation polygons in 1933, Upper Reach 4
corridor.

Figure 18. Example map showing sub-mature and mature woody vegetation polygons in 1955, Upper Reach 4.
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Figure 19. Example map showing sub-mature and mature woody vegetation polygons in 2013, Upper Reach 4.

Figure 20. Cover types mapped within the active channel corridor through time, Upper Reach 4.
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Figure 21. Comparison of total mapped open bar and woody vegetation through time, Upper Reach 4.

Trends in woody vegetation extent were also evaluated in terms of acres per year of woody
establishment and acres per year loss due to erosion by intersecting the mapped polygons to define
conversions. The results support those shown above in that through time there has been an increase in
rates of riparian turnover (both forest expansion and erosion) through time (Figure 22 and Figure 23).
For example, whereas there was balanced erosion and colonization rates of about 10 acres per year
between 1933 and 1955, later timeframes such as 1994-2002 show more rapid erosion (~22 acres per
year) and even more rapid colonization (~78 acres per year). This reflects overall vegetation
encroachment in the system, as well as more rapid turnover rates. As a result, there is more woody
vegetation, but that vegetation is more rapidly eroded out than historically, so age classes available for
recruitment are younger.
Upper Reach 4 has also seen an increase in the average patch size (acreage of any given polygon),
indicating that the forest has consolidated to fewer, larger stands (Figure 24). This relates directly to
the loss of side channels and conversion of the river from a multi-thread anabranching condition to a
predominantly single thread meandering form today. Additionally, the increased migration rates within
the single thread channel have increased turnover rates, which has affected the relative ages of the
stands. This trend has been further exacerbated by the confinement of the stream corridor to a smaller
footprint caused by the levees on the north side of the river.
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Figure 22. Mature woody riparian establishment (acres per year) from sub-mature stands, open bar areas, and
channel.

Figure 23. Mature woody vegetation loss due to bank erosion and conversion to younger vegetation, open bars,
or channel.
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Figure 24. Mature woody vegetation patch quantity and size, Upper Reach 4.

3.4 Corridor Impacts by Levees
The trends described above relate to the combined influences of riparian clearing, woody debris
removal, levee construction, and potentially other drivers. The following section expands on the direct
influences of each levee on river process.

3.4.1

The Deming Levee

The Deming Levee is located just south of Deming (Figure 25). It is about 3,200 feet long and forms the
northern margin of the river corridor as the river enters the broad valley at Deming. The Deming levee
was constructed to follow the curvature of the active streambank when it was built, and as a result it is
not straight, but curved. Air photos from 1986 show the original levee configuration (Figure 26), which
is following the meander bend present at the time. The 1986 configuration has a distinct hook on the
downstream end to follow the shape of the meander. By 1994 however, that hook had failed, and the
levee was reconstructed downstream with the new configuration creating another hook. The first hook
visible in 1986 completely failed, and the present hook is an area of intense river action and
maintenance cost. Figure 27 and Figure 28 shows how in recent years the river has intersected the
levee at a right angle at the hook, which has disrupted that down-valley meander translation process,
causing the river bend to get “hung up” on the lower end of the Deming Levee. Figure 27 also shows
that by 2015, the meander has migrated past the end of the hook and migrated rapidly northward. This
accelerated erosion has created an avulsion risk in Upper Reach 4.
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Figure 25. The Deming Levee (2015 NAIP imagery).
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Figure 26. Deming levee in 1986 (left) and 1994 showing original 1986 hook and later reconstruction (1986 hook
is shown in yellow in 1994 image). Flow direction is right to left.

Figure 27. Orientation of Nooksack River to Deming Levee Hook, 2010-2015.
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Figure 28. View upstream from the Deming Hook showing direct angle of attack by Nooksack River.

3.4.1.1 Avulsion Risk at the Deming Levee
The accelerated channel migration downstream of the Deming Levee has occurred in recent years as
the river has translated down-valley past the Deming Hook (Figure 29). Whereas the migration rate on
this bend prior to 2013 was about 25 feet per year, between 2013 and 2015 it accelerated to
approximately 150 feet per year. The avulsion risk created by this migration can be seen in the
enhanced LiDAR image in Figure 30. As the bendway is migrating northward, it is intercepting floodplain
channels that deepen and enlarge in that direction. As the river migrates in that direction those
floodplain channels will become increasingly accessible to the river as their entry points on the river
bankline will drop in elevation. This in turn will cause increasing flows in the direction of the arrow in
Figure 30. The floodplain channel configuration includes some channels that return to the main river at
the upstream end of the Sande-Williams Levee, but also channels that go behind the levee. The
avulsion risk stems from the potential for increasing channelized flow to travel behind the SandeWilliams Levee and establish a route back to the river, either by forming new channels or enlarging the
Smith Creek channel to the north.
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Figure 29. View downstream of eroding bankline below Deming Hook, 2014.

Figure 30. Channel migration and associated avulsion hazard below Deming Levee; migrating bank of concern is
denoted by arcuate arrow and avulsion path is shown in blue arrow.
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Between 2013 and 2015, rapid erosion of the bendway has resulted in about 270 feet of migration at
Cross Section A-A’ that is not captured in the 2013 LiDAR data (Figure 31). A plot of that transect shows
the progressive lowering of the right bank height with the migration into low elevation floodplain
channels (Figure 32). Based on the LiDAR data, the elevation of the floodplain channel entrance is at
least two feet lower than in 2013, and this elevation is similar to that of the gravel bar on the left side of
the channel, which estimates a minimum bankfull elevation. As such, more frequent and longer
duration flow should be anticipated in these channels, some of which flow behind the Sande-Williams
Levee.

Figure 31. LiDAR hillshade from 2013 overlain on 2015 air photo showing extent of channel migration below
Deming Hook in those two years. Cross Section A-A’ is

Figure 32. Cross Section A-A’ showing 2013 LiDAR and estimated 2015 river location due to bank migration
along transect below Deming Levee.
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Sande-Williams Levee

The Sande-Williams Levee (S-W levee) is about 8,700 feet long, and is located in the middle portion of
Upper Reach 4. It was constructed in piecemeal fashion starting at least in the early 1970s. Similar to
the Deming Levee, it forms the north boundary of the river corridor, and its curvilinear orientation
reflects the river planform at the time of construction, which includes several phases of levee extension
and repair. The S-W levee is also similar to the Deming Levee in that it has a distinct hook on its
downstream end. There are three main areas on the S-W levee where the river has consistently been
flowing along the structure; at the upstream and, at a major corridor constriction in the middle area,
and on the downstream hook (Figure 34). These are all areas that have had multiple levee projects for
repair or extension.

Figure 33. The Sande-Williams Levee (2015 imagery); red circles depict the areas shown in Figure 44.
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Distance from south
valley wall

Figure 34. Low flow traces showing stream orientation relative to S-W Levee and overall belt width; low flow
and levee lines show distance from south valley wall and proximity to one another. Circles that highlight sites of
long-duration flow against levee are high maintenance areas.

Figure 35. View across river at Sande-Williams Levee constriction.
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3.4.2.1 Avulsion Risk at S-W Levee
The S-W levee experienced an overtopping event in 1990 at the lower hook that resulted in flows
getting behind the Lee Levee downstream and forming channels in the floodplain. The floodplain scour
is reported to have damaged a natural gas pipeline that runs perpendicular to the river in this area (G.
Aarstol, pers. comm., 2015; Figure 36). This event is described in some detail in Section 2.4. Reports
indicate that the meander bend below the Sande-Williams levee almost cut off behind the Lee levee, as
“up to 75 percent of the Nooksack River flow passed through this overflow channel creating a flow path
100 to 150 feet wide and 6 to 10 feet deep” (KCM, 1995).

Figure 36. General overtopping and flow pathways over S-W Hook in 1990 causing avulsion risk.

3.4.2.2 The Clay Banks
Directly opposite from the lower S-W levee, exposures of glaciomarine drift and till in the south valley
wall have repeatedly failed, creating concerns regarding the potential impacts of such landslides on
human safety and infrastructure (Figure 37). One failure in February of 2014 largely blocked the river
for a short period of time; this blockage was observed at the gaging station at North Cedarville when
Nooksack River flows rapidly dropped from over 2,000 cfs to about 400 cfs in the early morning hours of
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February 21 (Figure 38). A similar event on January 14, 2014 shows a similar blockage with flow rapidly
dropping from approximately 9,500 cfs to 7,750 cfs before recovering. This first event raised less
attention as it was masked by higher background flow rates.
The potential influences of the S-W levee on the frequency and magnitude of clay bank failure is of
concern, as the levee both constricts the stream corridor and the lowermost hook intercepts meander
translation processes, directing flows towards the clay banks for prolonged periods of time (Station
19500 on Figure 34). A comparison of aerial imagery shows that there are three main areas of clay bank
failures, and multiple failure events have occurred in each area (Figure 39). The most recent 2014
failure shown in Figure 37 occurred in the area mapped as “middle” in Figure 39, and the 2013 LiDAR
base imagery shows that at that time, the river was eroding into the toe of the clay banks at the failure
site. Although it is difficult to directly correlate the impact of the S-W levee on hillslope instability, the
undermining of the banks by the river plays a role in driving failure as demonstrated in 2014.
Figure 39 also shows that there have been historic failures that were substantially larger than those
recently observed, especially between 1933 and 1954. One concern expressed during the stakeholder
meetings held in the SWIF process is that the older landslide runout materials from the clay banks have
been eroded away, leaving no empirical evidence of the potential magnitude of these runout events.
As such, river corridor constrictions across from the clay banks may exacerbate an underestimated
potential for Nooksack River blockage, especially at the two constriction points.
It is interesting to note, however, that the upstream constriction point shown in Figure 39 is in an area
where no historic failures were mapped, and there has been no measureable bankline erosion into the
valley wall. This appears to be a non-erodible hard point, and local landowners have indicated that is
the case and that bedrock may be exposed in the channel at this location. Failure potential in this area
of the clay banks is unknown, although geologic mapping indicates that the hard point is overlain by
failure-prone glaciomarine drift.
Recently acquired 2015 NAIP imagery indicates that the river is currently migrating rapidly towards the
“upper site” of Figure 39.
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Figure 37. May 2014 photo across Nooksack River of clay bank failure, failure occurred on February 21, 2014.

Figure 38. USGS gage data showing rapid drop in river flow at Cedarville following clay bank failure in Reach 4.
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Figure 39. Historic patterns of clay bank failure with major corridor levee constrictions (arrows); the S-W hook is
just across river from “lower” failure site. Cross hatch south valley wall is mapped glaciomarine drift.

3.4.3

Lee and Bamboo-Willie Levees

The Lee and Bamboo Willie levees are each approximately 1,600 feet long, and form the north corridor
or the river just upstream of Nugents Corner. These are the oldest levees in the reach; records indicate
that 1,550 linear feet of a rock armored levee was constructed as the Lee Levee in 1948. These two
levees are discontinuous (Figure 40 and Figure 41). They are robust and narrow the corridor such that
the river has consistently flowed against the levee embankments. The Lee Levee forms a sharp bend in
the river, and the lower end of the levee is an area of high velocity and deep scour. The levees orient
the river to the Mount Baker Highway Bridge.
These levees have been repeatedly repaired through time due to flood damages. Although their
discontinuous nature creates an inherent risk in flow getting behind the levees as did occur in 1990,
there are no demonstrable immediate concerns with the function of these levees or their impact on the
stream corridor, especially since they are critical infrastructure components that guide the Nooksack
River to the Mount Baker Highway Bridge. The most vulnerable portion of these levees with respect to
river process appears to be the upper end of the Lee Levee which could be exposed to flanking in the
event of right bank erosion upstream of the structure.
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Figure 40 Bamboo Willie and Lee levees (2015 imagery).

Figure 41. View upstream of the sharp bend in the Lee Levee
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4 Alternatives Development
The initial development of alternatives for Upper Reach 4 was based on an evaluation of the
geomorphic belt width of the river. The basis for exploring belt width configurations was to allow
consideration of the potential benefits of belt width restoration layouts to help develop optimal levee
reconfiguration alternatives. The belt width concept was applied essentially blind to land uses and
infrastructure, and then modified to more pragmatically consider existing levee layouts and land uses to
create more specific project alternatives. Ultimately, three alternatives were then developed, each of
which have been evaluated in terms of their potential benefits to river process and habitat complexity.

4.1 Belt Width Analysis
The belt width of the Nooksack River belt is defined by the lateral extent of river meanders and side
channels at any given valley transect. It can reflect a single point in time, or can reflect a composite
channel footprint for a longer timeframe. The belt widths evaluated here include the 2013 river
footprint, as well as a series of corridor-based statistics describing a longer-term (80-year) condition.
The characteristics described for each belt width configuration include the extent and age of forest area
included within the corridor, the extent of side channels, and the estimated rate of floodplain turnover.
The corridors include the average belt width, the 75th percentile, 90th percentile, and maximum belt
measured on a composite 1933-2013 river channel map. The 75th percentile value, for example, reflects
that belt width for which three-fourths of the measurements fit within the corridor, and one quarter of
the measurements extend beyond the margin. The maximum belt width reflects the highest
measurement made in each of the subreaches.
The primary findings of the belt width assessment include the following:
1. The belt width corridors re-incorporate miles of isolated Nooksack River anabranches. The 90
percentile and 80-year maximum belt width configurations encompass over 3 miles of
additional anabranching channel length relative to current conditions.

th

2. Currently, the vast majority of forest in the Upper Reach 4 corridor is less than 40 years old, and
there is no forest in the active river corridor that is over 100 years old. The more expansive belt
width corridors incorporate a broader extent of older forest, including an additional 130 acres
of forest older than 75 years, and between 6 and 12 acres of forested floodplain area that was
established in the late 1800s.
On dynamic rivers such as Reach 4 of the Nooksack, belt width varies both in the upstream/downstream
direction and through time. As such, it is important to consider belt width in both a spatial and
temporal context. In order to develop a series of belt width configurations, Upper Reach 4 was divided
into three subreaches based on typical rates and patterns of channel migration (Table 4-1 and Figure
42). Second, digitized banklines of the river provided by Whatcom County were compiled for 1933,
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1955, 1975, 1994, 2002, and 2013 (Figure 43). Based on this composite footprint of the river locations
since 1933, belt width measurements were collected at 1000 foot stations along the valley centerline.

Table 4-1. Upper Reach 4 Subreach Delineation.
Subreach

Valley Station

Valley Length
(feet)

Description

1 (Upper)

0 – 40+00

4,000

Upstream of Deming Levee

2 (Middle)

40+00- 210+00

17,000

Upper End Deming Levee to just upstream of Lee Levee

3 (Lower)

210+00-260+00

5,000

Lee Levee to Highway Bridge

Table 4-2 summarizes the measured belt width statistics, which are based on the 1933-2013 timeframe.
The only available data from pre-1933 is the GLO maps from 1880; these maps show a large meander to
the north of the Sande-Williams levee that was not included in this analysis (Figure 43). The 1880 maps
are generalized drawings that are difficult to incorporate into the analytical dataset due to a lack of
information regarding specific channel location, floodplain condition, and side channel locations.
However, the maps do provide historical perspective on the extent of the pre-1933 meanderbelt, and
help determine the approximate ages of older swaths of riparian forest.

Table 4-2. Belt Widths used in Upper Reach 4 Corridor Assessment.
Composite Belt Width Statistic 1933-2013
Reach
Mean

75th Percentile

90th Percentile

80-year Max

Lower

1,135

1,304

1,494

1,712

Middle

1,672

1,940

2,047

2,120

Upper

584

649

715

758
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Figure 42. Upper Reach 4 Subreach Map.

Figure 43. Composite banklines, 1885-2013
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Using the belt widths listed in Table 4-2, a series of river corridor envelopes were developed to
encompass varying extents of the post-1933 belt width of Upper Reach 4 (Figure 44). The widths
evaluated include the mean, 75th percentile, 90th percentile, and maximum values for the 80-year
timeframe (1933-2013). These corridors were then extended northward from the south valley wall for
Reaches 1 and 2 (Upper and Middle Reaches). In Reach 3 (Lower Reach), the corridor was extended
southward from the Lee and Bamboo-Willie levees to accommodate infrastructure needs at the Mt
Baker Highway Bridge (Figure 44). These values represent the conditions over the last 80 years; the
GLO mapping indicates that the pre-1933 belt width was locally broader than anything post-1933. As a
result, the maximum statistic is referred to as the “80-year maximum”, as the longer-term historic
maximum belt width was locally wider.

Figure 44. Upper Reach 4 belt width corridors.

4.1.1

Geomorphic Characteristics of Belt Width Corridors

To provide a starting point for developing levee configuration alternatives, the belt width-derived
corridors were evaluated with respect to the incorporation of forest area of various age classes,
incorporation of historic anabranching channels, and estimated rates of overall floodplain turnover.
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The results of the corridor analysis was then be used to help inform the relative benefits of levee
reconfiguration alternatives.
4.1.1.1 Wood Recruitment Potential
A major concern in this reach is the lack of mature forest available for recruitment (M. Maudlin, pers.
comm., 2014). To that end, one potential benefit of levee setback is the increased accessibility to
forested areas of varying age classes. In order to determine the approximate ages of forest cover
encompassed by each belt width corridor, forest polygons were digitized and attributed by the
approximate age of establishment based on available aerial imagery (Figure 45). Areas of cleared land
were also digitized. These polygons were dissected by the corridor boundaries to allow the
summarization of acreage of each age class within each belt width envelope (Figure 46 and Figure 47).
Results show that the total corridor areas attributed as woody vegetation or cleared land range from
432 acres under existing conditions to 790 areas within the 80-year maximum belt width (Figure 46).
Each successively widened corridor incorporates greater acreage of relatively old forest; at the
maximum belt width, approximately 180 acres of floodplain supporting forest older than 75 years is
included. Figure 46 also shows that the wider corridors contain substantially more cleared ground; for
example the 80-year maximum belt width encompasses 169 acres of non-woody floodplain area.
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Figure 45. Upper Reach 4 woody vegetation mapping.
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Figure 46. Total acreage of forest and cleared land incorporated by each corridor.

Figure 47 shows the net gain in just the mapped forest area relative to current conditions (cleared
ground is excluded). The maximum 80-year belt width corridor envelops 130 additional acres of forest
over 75 years old.
Within Upper Reach 4, the area that would provide the most mature wood to the system is a small
remnant of relatively old forest north of the Sande-Williams levee. The 1859 GLO mapping suggests
that that this surface was established at that time, indicating that any original trees are over 100 years
old. The forest represents the core of a large 1880 meander that extended northward from the modern
river axis, and has since become isolated by the Sande-Williams levee (Figure 48). The geomorphic
corridors incorporate between 6 and 12 acres of this older forest.
It is important to note, however, that although this area may represent a floodplain surface that is over
100 years old, the actual age of the modern forest may be somewhat less. During the field
investigation, relatively mature trees that are likely over 50 years in age were identified in the area
(Figure 49), however some of the oldest trees appear to have been cleared (Figure 50).
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Figure 47. Acreage of additional forest incorporated into corridor with each corridor; ground currently cleared is
not included.

Figure 48. 1859 map showing historic meander north of Sande Williams Levee.
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Figure 49. Relatively mature forest remnant on north side of Sande-Williams Levee.

Figure 50. Old ~6 ft diameter tree stump north of Sande Williams Levee.
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4.1.1.2 Anabranching Channel Connectivity
In order to estimate the length of anabranching channels incorporated by each geomorphic corridor,
individual existing channels were mapped and attributed in terms of their respective position (Figure
51). The results of the anabranching channel assessment indicate that the broader belt width corridors
incorporate thousands of feet of anabranching channel north of and in between the Deming and SandeWilliams levees. The mean belt width corridor does not add any anabranching channel length, however
the increased width provided by each of the 75th, 90th, and maximum 80-year belt width statistics
th
contribute over a mile of potential anabranching channel length. The 90 percentile belt width corridor
envelops over three miles of side channels that are currently either isolated or activated only at high
flow. Re-establishment of these channels would provide total side channel lengths similar to the prelevee 1933 condition (Figure 52).

Figure 51. Anabranching channel incorporation by geomorphic corridor.
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Figure 52. Potential anabranching channel length relative to historic conditions under setback alternatives.

4.1.1.3 Geomorphic Corridors and Floodplain Turnover Rates
The third consideration with respect to the various corridors consists of an estimation of floodplain
turnover ratios and rates for each layout. For the historic condition, floodplain turnover rates were
calculated as the amount of woody vegetation that was converted to an open channel or open bar
cover type; this value was then normalized in terms of acres per year. Figure 53 shows that floodplain
turnover rates in Upper Reach 4 have increased substantially from 1933-1955 (11.1 acres per year) to
2002-2013 (55 acres per year). This order of magnitude increase may reflect the influence of recent
flooding, and the longer timeframe for the earlier time series may underestimate total turnover due to
the potential for repeated cycles of turnover in any given area. As such, the results are estimates.
However, the indication that floodplain turnover rates have increased is consistent with migration rate
measurements, which show that migration rates have increased in Upper Reach 4 since the 1930s
(Figure 16). Increased migration rates, increased floodplain turnover rates, and a relatively young
riparian forest all relate to the geomorphic changes in Upper Reach 4, in which a historically
anabranching river has converted to a primary channel with concentrated energy and fewer stable side
channels.
Because of the uncertainties in factors that affect floodplain turnover rates (e.g. time period analyzed
and hydrologic record), the belt width corridors were evaluated using a fairly moderate turnover rate of
29 acres per year, which is the average rate measured in Upper Reach 4 since 1976 when the levees
became prominent features in the corridor (Figure 53). This approximated future turnover rate was
then used to determine floodplain turnover ratios and timeframes for each belt width. The floodplain
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area was estimated by combining mapped vegetated stream corridor polygons with additional areas
outside of the belt width considered accessible by the river.

Figure 53. Historic and estimated future floodplain turnover rates.

Results of the turnover ratio assessment indicate that at an estimated turnover rate of 29 acres per
year, approximately 4% to 6% of the floodplain area within each belt width corridor would be eroded in
any given year (Figure 54). These values can then be used to estimate the total number of years it
would take for the floodplain area contained within any given alternative to be turned over (Figure 55).
These estimates indicate that the entire floodplain would be turned over in about 25 years for the
maximum belt width scenario, whereas the pre-levee condition turnover time period was over 115
years. Although an expanded stream corridor does not begin to recover the historic condition, it is
substantially slower than the current turnover period, which is about 16 years
The reason it is difficult to recover low historic floodplain turnover rates in Upper Reach 4 is because of
the rapid modern migration rates measured since the mid-1990s. However, if anabranching channels
are effectively restored to a more historic condition, migration rates may commensurately drop. If a
densely vegetated multi-thread anabranching system results in the reduction of mean migration rates,
the floodplain turnover rates may more closely approach the historic condition.
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Figure 54. Estimated floodplain turnover ratios for historic and proposed conditions.

Figure 55. Estimated number of years for complete floodplain turnover.

4.2 Alternatives Analysis
The results of the geomorphic assessment of levee influences on river function along with the
subsequent belt width analysis were used in several SWIF meetings to collaboratively develop three
levee reconfiguration alternatives. These three alternatives reflect strategic configurations that both
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protect infrastructure and existing land uses while incorporating areas that will most effectively benefit
river function, reduce risk of avulsion, and reduce maintenance costs.
A brief description of the alternative components is as follows:
1.

Alternative 1 (Figure 57): Alternative 1 is the most expansive levee setback, with the following
components:
a. Remove the Deming Hook
b. Complete setback of the Sande-Williams Levee and removal of the S-W hook
c. Construct an additional levee to connect lower S-W and upper Lee levees and setback the
upper portion of the Lee Levee.

2. Alternative 2 (Figure 58 through Figure 61): This alternative is similar in concept to Alternative 1,
but it represents the following phased approach:
a. Phase 1: Remove Deming Hook and construct new lower end of Deming levee, tying back
to north. Remove upper portion of S-W levee. Reconstruct continuous levee behind
between remaining S-W and railroad embankment below Deming.
b. Phase 2: Remove S-W hook and upper end Lee Levee; construct new continuous levee from
lower S-W to Lee.
c. Phase 3: Set back remainder of S-W levee and tie in for continuous levee protection.
3. Alternative 3 (Figure 62): Alternative 3 represents the most limited expansion of the stream
corridor, and includes the following components:
a. Remove Deming Hook and construct new lower end of Deming levee, tying back to north.
b. Extend upper S-W levee to tie back to corridor margin to north.
c. Remove S-W hook
d. Remove Upper Lee levee
e. Construct new segment to connect lower S-W and Lee levees.
It is important to note that for the comparisons, an Existing corridor was estimated that assumes some
future channel migration and side channel reactivation. The existing footprint is an estimated No Action
boundary that would presumably be limited on the north side due to imminent avulsion risk, and this
boundary is shown as the brown line on Figure 59. As a result, the side channel incorporation under the
Existing scenario is greater than the geomorphic assessment results presented previously in Section 3.3,
as that trend analysis only addressed currently active anabranches.
4.2.1

Comparison of Alternatives to Belt Widths

As the assessment presented in Section 4.1 describes the potential benefits of restoring various belt
width configurations, it is useful to compare them to the various alternative layouts. Each alternative
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was evaluated in a similar fashion to the belt widths; with measurements made at 1,000 foot stations
along the valley line. The results compare the belt widths, which are the composite footprint areas of
all active channels, to the “available corridor areas”, which reflect existing and alternative conditions.
The major influences of the alternatives on belt widths are in the middle reach, which extends from
above the Deming Levee to below the Sande-Williams Levee (Figure 42). This area is affected by
modifications in the Deming Hook as well as the Sande-Williams levee. The results for this area show
that in general, the existing corridor shows the most confined conditions, with about half of the
measurements less than 1500 feet wide (Figure 56). Alternatives 1 and 2 consistently expand the
corridor, so that virtually every statistic exceeds the 1933-2013 composite footprint statistics evaluated
in Section 4.1. Alternative 3, although it provides some local expansion of the corridor at the Deming
and Sande-Williams hooks, it retains numerous constrictions in the current levee layout, with half of the
measurements less than 1,560 feet which is similar to the existing condition.

Figure 56. Comparison of existing and alternative corridor widths with historic belt width measurements.
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Figure 57. Alternative1.
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Figure 58. Alternative 2 (all phases)
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Figure 59. Alternative 2, Phase 1
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Figure 60. Alternative 2 Phases 1 and 2
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Figure 61. Alternative 2 Phase 1-3.
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Figure 62. Alternative 3
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Anabranching Channel Length

Table 4-3 and Figure 63 show the lengths of mapped historic anabranching channel threads that are
incorporated within the corridors defined by each alternative. Currently, there are about 2.4 miles of
potential anabranching channels in the existing footprint, and Alternatives 1 and 2 (Phase 1) both add
another 3.1 miles of mapped historic channel. Alternative 3 adds a substantially smaller length of
anabranch, with a 1.3 mile increase relative to the approximated No Action footprint.

Table 4-3. Incorporate anabranching channel length, existing conditions and Alternatives 1-3.

Alternative

Total
Anabranching
Channel Length
(feet)

Total Anabranching
Channel Length
(miles)

Gain in Length
(feet)

Gain in Length
(miles)

Existing

12,818

2.4

0

0.0

Alternative 1

29,098

5.5

16,280

3.1

Alternative 2
Phase 1

29,098

5.5

16,280

3.1

Phases 1-2

29,098

5.5

0

0.0

Phases 1-3

29,098

5.5

0

0.0

19,593

3.7

6,775

1.3

Alternative 3

Figure 63. Length of historic anabranching channels incorporated by each alternative.
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Corridor Expansion

Floodplain turnover rates are a function of both the rate of turnover and the total floodplain area. As a
result, just by expanding the corridor area, the total number of years required to turn over the
floodplain will increase, which will in turn increase the likelihood of relatively old forest expansion and
ultimate recruitment by the river. Results show that with an existing estimated corridor footprint of
642 acres Alternative 1 expands the corridor by 177 acres or about 28% (Table 4-4, Figure 64, and
Figure 65). Alternative 2, which is phased, ultimately expands the corridor by 189 acres or 29%, with
the greatest increase in Phase 1 (104 acres) and additional increases of 27 and 58 acres in Phases 2 and
3, respectively. Alternative 3 increases the footprint by 40 acres or about 6%.
Table 4-4. Acreage of each alternative corridor footprint.

Alternative

Existing Acres
(no channel)

Added Acres

Total Acres within
Corridor

Existing

642

0

642

Alternative 1

642

177

819

Alternative 2

642
Alt 2 Phase 1

104

746

Phase 1& 2

27

773

Phase 1-3

58

831

40

682

Alternative 3

642

Figure 64. Increased corridor acreages provided by each alternative.
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Figure 65. Percent corridor expansion provided by each alternative.

4.2.4

Woody Vegetation Recruitment Potential

With respect to each alternative and the potential for the recruitment of mature forest, woody
recruitment, Alternatives 1 and 2 add between 175 and 190 acres of ground, most of which is forest
that is approximated at 75-100 years in age. The alternatives also incorporate between 10 and 30 acres
of cleared land, most of which is between the Sande-Williams and Lee levees.

Figure 66. Increase in area available for woody recruitment relative to existing conditions, Alternatives 1-3
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Estimated Turnover Rate

As described in previous sections, the number of years required for complete floodplain turnover
increase with both corridor expansion and a slowing of migration rates. Figure 67 shows estimated
periods of floodplain turnover based on both recent, relatively rapid migration rates of 1976-2013 (29
acres per year) as well as pre-1976 rates (6.3 acres per year. If widening the corridor and restoring
anabranching channels effectively dampens migration rates to those more typical prior to levee
construction and debris clearing, it appears feasible to increase the number of years estimated for
complete floodplain turnover to increase from less than 25 years to almost 100 years. Alternative 1 and
2, because of their relatively large corridor footprint, will have the longest periods for floodplain
turnover; Alternative 3 is estimated to experience complete turnover every 79 years, assuming
migration rates drop with corridor expansion.

Figure 67. Estimated number of years for complete floodplain turnover using recent rates (1976-2013) and prelevee rates (1955-1976).
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5 Summary and Discussion
The results of this assessment indicate that within Upper Reach 4, the Nooksack River has responded to
a series of disturbances that have resulted in a shift in its overall geomorphic character. Since 1933
there has been a demonstrable loss of miles of active side channel, and migration rates have increased.
Riparian vegetation has consolidated into fewer large patches as the river has evolved from a multithread system to a single thread channel today. Erosion is concentrated in fewer sites, promoting
riparian expansion on large point bars. These changes stem from combined effects of land use change,
in-stream wood removal from both this river segment and upstream, and corridor confinement with
armored levee, highway, and bridge construction.
The results from this assessment are in agreement with previous studies. For example, Pittman (2007)
concluded that Reach 4 corridor disturbances coupled with an increase in sediment supply resulted in
the conversion of the Nooksack River project reach from a complex multi-channeled system comprised
of individually narrow threads to a single, wide thread channel system. Pittman also indicated that the
modern Nooksack River is characterized by higher velocities, reduced bank cohesion, and reduced
woody debris accumulation.
Maudlin and Hansen (2002), describe on how the South Fork Nooksack River, historic accounts of
extensive wood accumulation would have caused frequent channel avulsions among a series of
configurations. They note that channel movement through avulsion would have generated a patchwork
mosaic of forest age classes. Maudlin and Hansen (2002) also conclude that a reduction in the
formation of stable in situ logjams has occurred due to isolation of the channel from the riparian zone
by bank armor, and by the removal of in-stream wood. On the South Fork Nooksack River, they
concluded that total length was historically defined by a multi-channel configuration. As the channel
converted to a single thread, sinuosity became an increasingly important parameter in the expression of
channel length.
Pittman (2007) also suggests that gradient within Reach 4 of the Nooksack River is indicative of a
channel that would have trended toward an anabranching form in the undisturbed condition. This is
reinforced by recent work by Eaton and others (2010), who developed a model to indicate that channel
bifurcation is a viable stabilizing mechanism through the production of stable anabranches. According
to their equations, the Nooksack River is within a transitional zone between a single thread and
anabranching channel system (Figure 68).
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Figure 68. Approximate location of Upper Reach 4 Nooksack River (star) on Eaton (2010) anabranching channel
plot.

The evaluation of three alternatives shows a range of geomorphic consequences of levee
reconfiguration (Table 5-1). The most expansive alternatives, Alternatives 1 and 2, which are a
minimum of 1,500 feet wide in the Deming-Sande-Williams area, would incorporate the historic 19332013 channel area, over five miles of side channel, and over 200 acres of forest older than 40 years.
Alternative 3 has a much smaller footprint, and as a result incorporates substantially less side channel
and forest. Each alternative maintains certain risk or anticipated maintenance needs with respect to
either pinch points, hooks, flanking risk and/or avulsion risk. In general, these risks are most effectively
minimized by Alternatives 1 and 2.
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Table 5-1. Summary of Alternatives with regard to area, side channel incorporation, forest incorporation, and
unresolved risk/maintenance.

Alternative

Footprint
(acres)*

Side Channel
Length (miles)

Forest >40
years (acres)

Primary Remaining Risk/
Anticipated Maintenance

Existing

642

2.4

80

Hooks
Pinch Points
Flanking Risk (High)
Avulsion Risk (High)
Clay Bank Failure (High)

Alternative 1

819

5.5

214

Avulsion Risk (Low)
Clay Bank Failure (Mod)

Alternative 2
(all phases)

831

5.5

224

Avulsion Risk (Low)
Clay Bank Failure (Mod)

Alternative 3

682

3.7

101

Pinch Points (High)
Avulsion Risk (Mod-High**)
Clay Bank Failure (Mod)

*Does not include low flow channel (168 acres)
** Design-dependent

One major question regarding long-term geomorphic function in Upper Reach 4 is whether, even with
corridor expansion, it will be possible to recover an anabranching channel form that will more
effectively dissipate energy, provide habitat, and sustain a variable array of riparian age classes. On the
South Fork Nooksack, Maudlin and Hansen (2002) recommended the restoration of the historically
anabranching channel pattern in Reach 3 of the South Fork Nooksack River by adding functional LWD
and increasing wood residence time in the reach. Reach 4 may similarly require active measures to
restore and anabranching channel type.
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