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EXECUTIVE SUMMARY
This report describes results of NHC’s observations and calculations related to hydraulic conditions, bed
and bank material, sediment mobility, and regime analysis along the Lower Nooksack River in order to
clarify fundamental physical processes that control the cross-section and profile geometry of the river. It
supports the accompanying main report, and so focuses on direct reporting of observations,
calculations, and methods applied, in the anticipation that interpretation of these results will be
included in the main report for the project.
Hydraulic conditions were evaluated by extracting depth, slope, and shear stress information from the
County’s Full Equations (FEQ) hydraulic model of the river for floods ranging from a 2- to 100-year
recurrence interval. Results were evaluated for the water surface maximum along the whole river profile
and for the whole duration of flood hydrographs at select output locations. The channel bed profile is
distinctly concave, and flood water surface slopes correspondingly decline in the downstream direction,
dropping by an order of magnitude from a typical slope of about 0.3% in Upper Reach 4 to 0.02% in
Upper Reach 1. Channel depth also generally increases in the downstream direction. During the 2-year
flood, typical depths increase by a factor of two from 10-12 feet in the upstream portion of Lower Reach
4 (no current thalweg depth data are available for Upper Reach 4) to 20-25 feet in Lower Reach 2 and
Upper Reach 1. Because shear stress —a measure of the channel’s ability to move sediment— is a
function of the channel depth and slope, increasing depth in the downstream direction partially
counteracts the decrease in slope. However, the slope decreases more than depth increases, and so
typical channel shear stress also decreases in the downstream direction: during a 2-year flood, it drops
from greater than 100 Pa (capable of transporting medium-sized cobbles) upstream to approximately 20
Pa (capable of moving only relatively fine <45 mm gravel) through Upper Reach 1.
The grainsize distribution of channel bed material was determined by 15 pebble counts between RM 6
and 36, and 7 previously collected (NHC, 2015) bulk samples between RM 2 and 6. The grainsize
distribution declines from cobble-dominant in Upper Reach 4 to sand-dominant by Middle Reach 1. Key
transition zones occur in Lower Reach 4a, with a shift from cobble- to gravel-dominated bed material,
and at the transition between Upper and Lower Reach 3 with an abrupt loss of any cobble-sized material
and shift of the surface D50 from about 45 to about 32 mm. From the head of Lower Reach 3, the
grainsize gradually declines with increasing distance downstream to about 13 mm and then rapidly shifts
from gravel to sand across the remainder of Upper Reach 1, with few patches of fine gravel present to
downstream of the Marine Drive Bridge at RM 2. The abrupt shifts in grainsize far exceed typical rates of
downstream fining due to abrasion during transport and so suggest that sorting processes dominate the
downstream reduction in grainsize. The gradual decline in grainsize across Lower Reach 3 and Reach 2 is
lower than typical rates for sorting-dominated change in grainsize but substantially higher than typical
rates for abrasion, suggesting relatively ineffective sorting processes dominate the downstream
reduction in grainsize in that area.
Bank materials along the river can be divided into three broad zones. Upper Reach 3 and Lower Reach 4
have bank stratigraphy characteristic of migrating gravel bed rivers, with gravel along the base of the
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bank from about the height of bars in the reach down to the depth of scour overlain by zero to 8 feet of
sand (and sometimes silt) with generally increasing thickness of sand downstream. These banks have
little to moderate stabilization from roots of riparian trees, which appear to generally increase in depth
of stabilization with age of vegetation, with the exception that the one observation of late-seral Mixed
Riparian Forest had lower depth of root stabilization than mature early-seral cottonwood forest due to
the relatively shallow rooting depth of the coniferous trees in the Mixed Riparian Forest. Regime
assessment suggests that the reach-scale bank strength contribution from forest in Reach 4 and Upper
Reach 3 is negligible (μ values of 1.01 to 1.05). Bank conditions in Reach 2 and Lower Reach 3 are
dominated by material that is not Nooksack River alluvium including recessional glacial outwash, which
is only locally exposed in filled paleo channel cuts through surrounding fine-grained alluvium interpreted
to have been deposited in a low energy floodplain or lacustrine environment. The outwash is poorly
indurated while the fine-grained material is cohesive, resulting in substantially higher natural bank
strength along this portion of the river. Few exposed banks were noted through Reach 1, which flows
through the river’s recently-formed delta. The native material in these banks can be inferred to be
material deposited in that delta environment.
Select local hydraulic controls modulate the overall downstream trend of declining shear stress, and
therefore the overall pattern over sediment mobility. The most important of these are constructions
that form upstream backwaters with low shear stress during flood events. These occur at the lower edge
of Upper Reach 3, at the just downstream of the Guide Meridian Bridge in Upper Reach 2, and at Main
Street in Ferndale. Of these, the connection to change in channel morphology and grainsize is strongest
at the site in Upper Reach 3, suggesting that this location is the key capacity limitation for the Lower
River and area where the channel likely shifts from a capacity-limited transport condition to a supply
limited condition. This is likely a region of substantial movement of coarse sediment into long-term
storage, potentially driving channel aggradation. The pinch point just below Guide Meridian is formed by
levee restriction of overbank flow, while the constriction at Ferndale results from a combination of
Pleistocene sediment and bridge infrastructure. Both of these produce strong upstream backwaters and
shear stress reversal during higher floods but have little observable impact on the channel morphology,
suggesting that common flows have the capacity to move material that might accumulate during larger
floods.
There is a fundamental break in processes controlling channel morphology that occurs near the
boundary between Upper and Lower Reach 3. This change is interpreted as a legacy of the LateHolocene avulsion of the Nooksack River into its present course towards Bellingham Bay. Below this
point, channel migration following the avulsion has been limited enough to prevent establishment of
alluvial conditions along the river. Upper Reach 3 is below the avulsion node, but here channel migration
has established alluvial banks along the river. Declining slope combined with the relatively (compared to
downstream reaches) wide channel through Upper Reach 3 results in low shear stress, likely driving
sedimentation. Lower Reach 4b and 4c are interpreted to have initially degraded following the avulsion
and may now be in a near-equilibrium or potentially slightly aggradational condition. Lower Reach 4a
and the downstream portion of Upper Reach 4, in contrast, have relatively high shear stress and coarse
bed material, which may be a signal of upstream propagating degradation following the avulsion.
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Regime analysis suggests that the present cross-sectional channel morphology in Lower Reach 3 and
areas downstream is relatively insensitive to the past human modifications, while Reach 4 and Upper
Reach 3 have both been highly impacted by human activities and have the potential to respond to future
management. The effect of bank hardening has not yet caused wholesale change at the reach scale, but
because of the huge change from naturally low bank strength conditions, it has the potential to have
strong local morphologic impacts and would —if expanded— have the potential to radically alter the
channel morphology. Historic removal of in channel wood has likely been the largest other
anthropogenic impact through Reach 4. The regime predicted widths are substantially lower than
historic channel belt widths in this area suggesting that stable large wood jams played a governing
control by splitting flow into anabranching channels in this area.
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1

INTRODUCTION

This report describes results of NHC’s observations and calculations related to hydraulic conditions, bed
and bank material, sediment mobility, and regime analysis along the Lower Nooksack River. Considerable
previous work —and accompanying analysis— document the present and historical planform geometry
of the channel, the geologic context of the channel, and floodplain geomorphic conditions, while others
have modeled hydraulic conditions along the river, primarily for flood inundation mapping and
floodplain management planning.
The present study aims to understand principal habitat-forming geomorphic processes along the river.
Other components of the study are focused on understanding channel morphodynamics, controlling
geologic history, and floodplain vegetation interactions. This component brings together observations of
geomorphic conditions in the channel, modeled channel hydraulics, and information on the channel bed
and bank materials to quantify key physical fundamental geomorphic processes that control the crosssection and profile geometry of the river.
The memo focuses on direct reporting of observations, calculations, and methods applied, in the
anticipation that interpretation of these results will be included in the main report for the project.
Sections 2 and 3 present data describing channel hydraulics and boundary material, respectively, with
limited commentary on key river management implications. These data are integrated in Sections 4 and
5, which explore sediment mobility patterns and controls on channel cross-section geometry,
respectively; these sections begin to explore the river management implications of the hydraulic and
boundary material data. Finally, in conclusion, Section 6 describes—a the river system scale— process
controls governing channel morphodynamics. Reach definitions and river mile stationing conventions are
the same as those adopted in Table 1 of the accompanying main report.

2

CHANNEL HYDRAULICS

2.1

Hydraulic Model

The existing one-dimensional Full Equations (FEQ) hydraulic model of the Lower Nooksack River was
developed primarily for the goal of mapping inundation extents for relatively low-recurrence interval
floods (Linsley, Kraeger Associates, Ltd., 2004). The present iteration of the model utilizes bathymetry
data collected in 2006 and calibration against flood water levels.
In order to better reflect conditions during more frequent channel forming flood flows, the model was
run for scaled hydrographs representing 2-, 5-, 10-, 25-, 50-, and 100-year flows (Table 1) without
applying the invert-lowering calibration. The downstream base level control for these model runs was a
mean lower low water condition, and so hydraulic conditions imposed by tidal backwater along the
lower four miles of the channel are not represented. Two kinds of model results were provided to NHC:
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1) Summary tables showing the peak stage reached at each model cross-section along the river
(and floodplain flow paths), and
2) Special output tables showing the stage and discharge hydrographs at selected pairs of crosssections at key sites along the river.
Hydraulic results in the summary tables were mapped over recent (Anderson and Grossman, 2015)
bathymetry data and extrapolated into continuous two-dimensional grids of water surface elevation,
depth, water surface slope, and shear stress —computed as the depth slope product (ρghs)— across the
active channel. Because the hydraulics were only computed in a one-dimensional model, these twodimensional plots provide a relatively coarse approximation of real conditions across the channel. The
local accuracy of this extrapolation is probably higher for larger events as across-channel hydraulic
variability is reduced. The model input geometry substantially pre-dates the topobathymetric surface
onto which the outputs were mapped. This will produce inaccuracies in areas of substantial geomorphic
change to the extent that the channel hydraulics would have changed between the 2006 and recent
topography. In areas of aggradation, water depth (and therefore shear stress) will tend to be
underestimated, while in areas of degradation, depth may be overestimated.
Table 1: Peak main channel discharge at select cross-sections for scaled flood peak model runs.
Reach
Lower Reach 1
Middle Reach 1
Upper Reach 1
Lower Reach 2
Upper Reach 2
Lower Reach 3
Upper Reach 3
Lower Reach 4c
Lower Reach 4a
Upper Reach 4

XSID
RAXSZB
RAXSZP
RAXSAI
RBXSBB
RBXSAS
RCXSAP
RCXSEG
RDXSAJ
RDXSBP
RDXSFJ

2-yr
22,378
22,628
22,752
20,960
23,641
32,605
33,292
33,398
30,850
30,450

5-yr
26,168
26,791
31,506
21,792
24,041
38,517
40,722
40,920
39,341
40,723

Qmax (ft3/s)*
10-yr
25-yr
27,731
28,484
27,524
27,998
39,419
45,547
22,034
22,537
24,668
24,338
40,975
42,379
47,488
54,776
48,711
60,718
46,492
56,748
48,487
58,405

50-yr
28,692
28,820
51,428
22,867
24,929
42,653
56,409
65,278
62,588
65,922

100-yr
28,959
29,398
54,799
23,338
25,033
43,073
58,212
73,232
70,104
74,487

* Note that Qmax varies along the channel due to floodplain flow. Flow in Upper Reach 1 and Upper Reach 4
are approximately the total river discharge at those points.

2.2

Summary Hydraulic Profiles

Hydraulic conditions along the channel thalweg were extracted from the mapped summary hydraulic
outputs for each flood event described above. Figure 1 shows resulting profiles. The channel bed profile
(bottom plot) is distinctly concave, and flood water surface slopes correspondingly decline in the
downstream direction, dropping by an order of magnitude from a typical slope of about 0.3% in Upper
Reach 4 to 0.02% in Upper Reach 1. The increase in slope from Upper Reach 1 to Lower Reach 1 occurs
because the model was run with a low-tide downstream boundary condition. The decline along the river,
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however, is neither monotonic nor consistent for the range of modeled flood events due to the
formation of backwaters above localized constrictions.
Channel depth also generally increases in the downstream direction. During the 2-year flood, typical
depths increase by a factor of two from 10-12 feet in the upstream portion of Lower Reach 4 (no current
thalweg depth data are available for Upper Reach 4) to 20-25 feet in Lower Reach 2 and Upper Reach 1.
Shear stress —a measure of energy available to transport bed material— is computed as the product of
depth and slope and so the increasing depth in the downstream direction partially counteracts the
decrease in slope. However, because the slope decreases more than depth increases, typical channel
shear stress also decreases in the downstream direction. During a 2-year flood, it drops from greater
than 100 Pa upstream to approximately 20 Pa through Upper Reach 1. For reference —assuming a τ*c
value of 0.03 (See Section 4)— 100 Pa is capable of transporting medium-sized cobble while 20 Pa is
capable of moving only relatively fine (<45 mm) gravel.
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Figure 1: Summary of flood-flow hydraulic conditions along the Lower Nooksack River. Note: competence calculations for gravel mobility
assumed τ*c of 0.03. Dark bands indicate the position of special output evaluation for full flood hydrographs.
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2.3

Unsteady Hydraulic Conditions and Local Hydraulic Variability

The plots and description of the overall channel profile and accompanying hydraulic conditions
described above obscure important unsteady hydraulic conditions and local hydraulic variability. Special
output for flood hydrographs was evaluated at select locations to show the impact of unsteady
hydraulics and inform the following discussion of key hydraulic controls in each sub reach.
Figure 2 and Figure 3 show hysteresis loops for water surface slope and thalweg shear stress for each of
the special output locations over the course of 2- and 100-year floods, respectively. These plots illustrate
how in some areas, slope and shear stress increase with increasing discharge, while in others, a decrease
in slope due to the formation of backwater ponding results in a drop in shear stress at high flows.

2.3.1 Upper Reach 4
In Upper Reach 4, shear stress is competent to move small cobble-sized material during flow exceeding
about 10,000 cfs (Figure 2 and Figure 3) and can locally move large cobble at the 2-yr flow throughout
the reach (Figure 2, Figure 4 and Figure 5). At the selected special output location, the water surface
slope increases with increasing discharge to about 20,000 cfs and then levels out, producing substantial
convexity but a monotonic increase of shear stress with increasing flow. A localized dip in water surface
slope and shear stress occurs at RM 34, where hydraulic conditions at the time the FEQ model was
developed may have differed substantially from those at the present due to control from the Clay Banks
landslide just downstream at RM 33.
The SR 542 bridge crosses a notably narrow location relative to the surrounding channel. The narrow
channel at this location is mostly driven by deep scour along the left bank revetment, and is not due to a
constriction from the bridge. Shear stress is consistently high just upstream of and through the bridge
opening.
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Figure 2: Water surface slope and shear stress hysteresis loops for 2-yr flood simulation at select
locations. Grainsize competence thresholds assume τ*c=0.03.
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Figure 3: Water surface slope and shear stress hysteresis loops for 100-yr flood simulation at select
locations. Grainsize competence thresholds assume τ*c=0.03.
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Figure 4: Depth and shear stress maps for Upper Reach 4. The 2015 USGS bathymetry does not extend
into this area; depth is to the low-flow water surface and shear stress underestimated.
Pebble count locations (circles) and special output cross-sections are indicated.
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Figure 5: Depth and shear stress maps for Upper Reach 4 and Lower Reach 4a. The 2015 USGS
bathymetry does not extend above SR 542; depth is to the low-flow water surface and
shear stress underestimated. Pebble count locations (circles) and special output crosssections are indicated.
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2.3.2 Lower Reach 4
Shear stress along Lower Reach 4 during the 2-yr flow is generally in the range of 45 to 130 Pa, which is
competent to move small to medium-sized cobbles (Figure 5 and Figure 6). Because of the very wide
channel, depth does not increase appreciably with increasing flood magnitude and there is a narrow
band of shear stress from the 2- to 100-year recurrence interval flow (Figure 1).
Due to high along-channel variability and potentially complex interactions between discharge and shear
stress in Lower Reach 4, three locations were selected for evaluation of special output over the duration
of the flood hydrographs. The most upstream of these locations occurs at about the upstream boundary
of Lower Reach 4b, where the active channel width increases substantially in the downstream direction.
The FEQ output at this location (RM 29.8) shows a monotonic decrease in slope with increasing
discharge and consequently slow increase in shear stress with increasing discharge. Hydraulic conditions
at this site have probably changed due to channel migration since the FEQ model was developed, and so
this pattern may not accurately reflect existing conditions.
The lower two special output locations were located just above (RM 25.8) and spanning (RM 25.5) the
“funnel” where the active channel and flow zone become increasingly constricted as the river
approaches the Everson Road Bridge (Figure 6 and Figure 7). Both sites show pronounced declines in
water surface slope with increasing discharge (Figure 2 and Figure 3), and the upstream site occurs at a
substantial local shear stress minima. Furthermore, the maximum shear stress at this location occurs at a
fairly low flow of about 20,000 cfs. The water surface slope is uncharacteristically steep for the reach
through the funnel, resulting in high shear stress in the reach approaching the bridge.
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Figure 6: Depth and shear stress maps for Lower Reach 4b and 4c.Pebble count locations (circles) and
special output cross-sections are indicated.
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2.3.3 Reach 3
Shear stress consistently declines from over 100 Pa passing through the Everson Bridge upstream to
approximately 25 Pa at the downstream limit of Upper Reach 3 (Figure 1). Just below the Everson Bridge
(RM 24.1), shear stress is comparable to that observed through Reach 4. Water surface slope has a
maxima around 15,000 to 25,0000 cfs and declines very slightly for much larger flows, while shear stress
increases nearly monotonically with increasing flow (Figure 2 and Figure 3). The decline in shear stress
from upstream to downstream across Reach 3 is robust across the whole range of flows. This is shown
by substantial separation between shear stress across the whole range of flows from the Upper Reach 3
special output location —and all sites upstream— and the Lower Reach 3 special output location —and
all sites downstream in Figure 2 and Figure 3.
The upstream boundary (head) of Lower Reach 3 (including the RM 20.9 special output location) occurs
at a local shear stress minima (Figure 1) where the active channel is relatively wide, levees set back from
the top of the bank, and water surface slope relatively gentle. Downstream of this, shear stress increases
rapidly where levees confine the flow to a narrow corridor resulting in flow that is both relatively steep
and deep along the lower portion of the Abbott levee. At this location, slope remains approximately
constant across the range of flood flows, and so shear stress increases proportionally to depth (Figure 2
and Figure 3).
Although there is relatively little interaction between the channel and surrounding floodplain during the
2-year recurrence flow in this area, Lower Reach 3 marks the beginning of the river corridor where the
Nooksack is perched on an alluvial ridge and escaping flood flows fill (and are conveyed through) flood
basins along the valley margins, reducing the amount of flow conveyed by the main channel.
A major shear stress minima and site of ponding and shear stress reversal during larger floods occurs just
below the downstream limit of Lower Reach 3 and is described in the following section. It impacts
hydraulic conditions into the lower portion of Reach 3.
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Figure 7: Depth and shear stress maps for Upper Reach 3. Pebble count locations (circles) and special
output cross-sections are indicated.
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Figure 8: Depth and shear stress maps for Lower Reach 3. Pebble count locations (circles) and special
output cross-sections are indicated.
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2.3.4 Reach 2
Reach 2 extends from the Guide Meridian Bridge over the Nooksack River to the I-5 bridge over the
river. Two major shear stress minima occur in the reach, one just downstream of the Guide Meridian
Bridge and another that spans all of Lower Reach 2. In between the two minima, there is a zone of
elevated shear stress that increases rapidly upstream and then declines gradually through the remainder
of Upper Reach 2 (Figure 1).
The shear stress minima at the head of the reach is forced by a very substantial constriction at RM 15.3.
This constriction is formed by naturally high ground to the south (and slightly exaggerated by the
Vanderpool Levee to the south) and the River Road Levee to the north, which —along with the levee
system upstream and around Fishtrap Creek— prevents flow conveyance through the large flood basin
to the north of the channel. At this site (special output for RM 15.5), complex hysteresis loops occur
where shear stress is generally higher during the rising limb of floods and lower during receding limbs
(Figure 2 and Figure 3). During both the 2-yr and 100-yr hydrographs, the maximum shear stress occurs
during the rising limb of the flood at about 20,000 cfs. During large floods, the water surface slope and
shear stress upstream of the constriction decline substantially at flows greater than about 25,000 cfs.
A region of high shear stress (~100 pa) occurs in and below the constriction where flood flows escape
into the left bank floodplain (Figure 9), resulting in a very steep local gradient (Figure 1). The water
surface slope —and correspondingly shear stress— declines from this maxima to about the transition
from Upper Reach 2 to Lower Reach 2, where the backwater from the constriction at Ferndale begins to
affect channel hydraulics during larger floods.
During larger floods, formation of a pronounced backwater above the constriction at Ferndale (Figure 1)
causes the slope and shear stress in Lower Reach 2 to drop with increasing flood magnitude, such that
during the 100-year flood peak the minimum shear stress along the channel in Lower Reach 2 drops to
about 3 Pa, which is only competent to move granule-sized sediment and finer; during a large portion of
the 100-year flood duration, the slope and shear stress go to near zero (Figure 3). The surveyed bed
profile does not reflect this water surface slope impact (Figure 1) and larger sediment is transported
downstream, indicating that the sediment delivered to this backwater during larger floods is —in fact—
readily flushed downstream during flood recession and/or subsequent smaller events when shear stress
is higher (e.g. Figure 2).
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Figure 9: Depth and shear stress maps for Upper Reach 2. Pebble count locations (circles) and special
output cross-sections are indicated.
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Figure 10: Depth and shear stress maps for Lower Reach 2. Pebble count locations (circles) and special
output cross-sections are indicated.
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2.3.5 Reach 1
The constriction at Ferndale at the head of Upper Reach 1 is formed where the combined influence of
naturally high ground and a corridor of three bridges prevent floodplain flow around the channel (Figure
11). Slope, depth, and —therefore— shear stress, are all high through this constriction (Figure 1) but
abruptly decline where the channel widens as it debouches from confining Pleistocene sediment into its
late-Holocene delta at RM 6.5. Hydraulic model runs for this project were completed with a low-tide
boundary condition, and so relatively steep slopes and high shear stress reflect the most severe
hydraulic conditions expected in the reach. The total energy available for sediment transport likely
reaches a minimum near the head of tidal impacts at the transition from Lower Reach 1 to Middle Reach
1 around the Marine Drive Bridge.
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Figure 11: Depth and shear stress maps for Upper Reach 1. Pebble count locations (circles) and special
output cross-sections are indicated.
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Figure 12: Depth and shear stress maps for Lower Reach 1. Pebble count locations (circles) and special
output cross-sections are indicated.
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3

BED AND BANK MATERIAL

In addition to channel hydraulics, the material of which the channel bed and banks are composed is a
first order morphodynamic control. A thorough understanding of the bed and bank materials along the
channel is, therefore, necessary in order to estimate sediment transport rates and understand controls
on the channel’s planform.

3.1

Existing Data

Two existing older datasets describe bed material along the river through the project reach: data
collected by WEST in 1987 and data collected by KWL in 2005-2006 (reported in KWL, 2005). These
datasets provide broad spatial coverage but pose three significant challenges for the present application.
First, the along-channel stationing is somewhat ambiguous because the stationing maps utilized have
not been located. Stationing was matched to the 2013 centerline used here by applying the same
adjustment determined by NHC (2015). This is probably accurate to within about a mile or better.
Second, enough channel change has occurred in many locations along the river that the surface texture
from 1987, or even 2006, may not represent present-day channel hydraulics. Finally, it appears the
previous investigators excluded grain sizes above 2” (50.8 mm). The way this coarser material was
treated in the calculation of the cumulative grainsize distribution is not clear, and so reported grainsize
data from any location where cobble composes a substantial portion of the channel bed is suspect.
Cobble is present as a significant component of the channel bed from Upper Reach 3 upstream. In
addition to these two older datasets, NHC (2015) collected sediment samples extending from
approximately RM 6.2 to 2.5 and described bed material through the intervening reach. Locations of
these samples are shown in Figure 11 and Figure 12.
Relatively little description of the channel bank material is available. KWL (2008) assumed a model of
banks composed of alluvial gravel under 1.6 to 4.9 ft (0.5 to 1.5 m) of sand (Figure 13), which appears
generally applicable through alluvial areas of Upper Reach 3 and Reach where channel banks are neither
revetted nor intersecting the valley walls. Detailed specific observations follow in section 3.2.2.

Figure 13: Sketch illustrating KWL’s (2008) model of channel bank material composition.

Lower Nooksack River Hydraulics, Bed and Bank Material, Sediment Transport and Regime Appendix

D-21

3.2

Field Observations

Field observations of channel bed and bank material were collected during a float transect of the river
from the South Fork Confluence to Ferndale boat ramp at RM 6.5 on July 31-August 1, 2017. Flow at the
time of observation ranged from 1,800 to 2,000 cfs at the North Cedarville Gage (USGS 12210700) and
followed a winter with relatively modest (<2 yr recurrence) flood flows (Figure 14).

Figure 14: WY 2017 Hydrograph for Nooksack River at North Cedarville.
Pebble counts were conducted on bar-head locations that appeared typical of the surrounding channel
following a random-walk Wolman (1954) procedure, with one to four people selecting stones for each
count. The stratigraphy of cut banks was noted, with heights of each facies and degree of stabilization
from riparian vegetation visually estimated.
In addition to pebble counts, the surface texture across each bar along the raft transect route was
qualitatively categorized to provide indications of rapid shifts in grainsize distribution at a finer spatial
scale than practical for pebble counts. This texture was estimated by visually categorizing the dominant
and subdominant grainsize divided into groups according to the Wentworth (1922) classification system,
with the exception that gravel was divided into only two subclasses denoted as “gravel” consisting of
particles between 22 and 64 mm and “fine gravel” consisting of particles between 2 and 22 mm1. The

1

This use of “fine gravel” is not consistent with Wentworth’s “fine pebble” class which is restricted to particles smaller than 8
mm.
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proportion of each facies was then estimated from these notes for each river mile. Data below the raft
transect take-out location were filled in from notes associated with NHC’s (2015) fieldwork along that
reach.

3.2.1 Bed Material
Figure 15 shows a compilation of the available grainsize distribution data. There is a clear general
downstream fining trend, with alternating zones of relatively rapid downstream fining and little to no
downstream fining indicated by both the bar-head pebble count data and the facies distribution data.
A commonly used descriptor for the rate of downstream fining is the dimunation coefficient αd, which is
simply defined as the rate of decline of grainsize per unit distance, traditionally reported in units of phi
(Φ)/km. Between the coarsest sample at RM 34.2 and last pebble count above the gravel to sand
transition at RM 6.4, the D84 declines from 116 mm to 21 mm and D50 declines from 74 mm to 13mm; so
αd50 = 0.055 Φ/km and αd84 = 0.057 Φ/km. This value is within —but on the low side of— the range for
rivers where downstream fining is controlled by sorting processes, where values of 0.04< αd<1 are
typical and well above normal values for rivers dominated by abrasion, where values of 0.001< αd<0.01
are typical (Rice, 1999). If downstream fining is controlled by sorting processes, then the largest particles
in the river bed must be moving into long-term storage in the river or valley bottom, driving aggradation.
The general river-scale declining trend, however, is punctuated by regions of relatively fast downstream
fining, where sorting processes must be particularly effective and relatively fast sediment accumulation
may be inferred. There is little change in either the overall facies distribution or bar head grainsize
distribution from the head of Upper Reach 4 downstream through Lower Reach 4c, but a rapid shift from
cobble to gravel and cobble dominated bed material occurs near RM 29, where the river abruptly widens
and emerges into the broad braided zone of Lower Reach 4b (Figure 5, Figure 6, and Figure 15). Between
pebble counts at RM 29.7 and 27.3, D84 declines from 110 mm to 64 mm and D50 declines from 70 mm to
38 mm, resulting in αd50 and αd84 of 0.23 and 0.20, respectively.
Little change in the grainsize of bar-head locations selected for pebble counts occurs between RM 27.3
and the lower portion of Upper Reach 3 at RM 20.9, but the typical surface facies composition of bars
along the channel does continue to fine somewhat in this area (Figure 15). Lower Reach 3 is a zone of
persistent and monotonic downstream fining, with a substantial increase in the abundance of sand and a
change in the bar-head D84 and D50 values from 71 mm to 42 mm and from 49 mm to 26 mm,
respectively (comparing pebble counts at RM 20.9 and 15.3); the overall value of αd50 and αd84 across the
sub reach are 0.10 and 0.08, respectively.
There is little change in the bar-head texture between pebble counts at the upstream edge of and in the
middle of Upper Reach 2, with an αd50 value of about 0.04 and αd84 of 0.03. The area in between the
pebble counts has a relatively high abundance of gravel and scarcity of fine gravel and sand in observed
bars and locally high shear stress, suggesting that the limited downstream fining occurs because all bed
material delivered to the sub reach from upstream is readily flushed downstream.
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Figure 15: Summary of bed material grainsize data along the Nooksack River.
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The final zone of declining grainsize begins at the upstream edge of Lower Reach 2 and extends down to
the gravel-to sand transition at about RM 5. The lowest bar coarse enough for a pebble count was at RM
6.4. Between RM 9.9 and the bar at RM 6.4, D84 and D50 values decline from 29 to 20 mm and from 21 to
13 mm, respectively (αd50 = 0.06 and αd84 = 0.1). Fine gravel remains abundant on the bed down to just
below Slater Road at about RM 4, and below that sand becomes nearly ubiquitous with few patches of
fine gravel (see NHC, 2015 for a detailed description of this area).

3.2.2 Bank Material and Vegetation Stabilization of Eroding Banks
Field observation confirms the general applicability of KWL’s model of bed and bank material
composition for Upper Reach 3 through Reach 4, but shows conditions are very different in Lower Reach
3 and downstream (an area that was not the focus of KWL’s work). A layer of sand or sand and silt, the
depth of which depends mostly on the age of the floodplain surface and history of overbank
sedimentation, consistently overlies a gravel or cobble and gravel fill deposited to about the typical
height of bars through the reach (Photo 1). Where present, the sand unit in this area gradually increases
in thickness from about 2±0.8 feet in Upper Reach 4 to 4±3 feet in Upper Reach 3. The thickness of the
gravel unit depends mostly on the local depth of scour along the eroding bank and increases with
distance downstream from Upper Reach 4 through Upper Reach 3 from a characteristic eroding
thickness of about 8 feet to about 12 feet downstream (Figure 16).

Figure 16: Thickness of upper bank sand or silty sand and lower bank gravel or cobble-gravel bank
stratigraphic units.
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Figure 17: Observed pattern of bank conditions (bottom) and facies distribution in eroding banks
(top). Facies codes are the same as in Figure 15 with additional values M — Silt, Fill,
Qa(m)—Quaternary alluvium consisting of silt, clay, and abundant organic material and
wood believed to have been deposited in a lacustrine or low-energy floodplain
environment, and Qgo—recessional glacial outwash.
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Photo 1: A characteristic example of cutbacks in Reach 4 showing floodplain sand overlying gravel.
Also note the limited stabilization from the roots of this immature cottonwood stand.
The character of eroding banks changes dramatically from the upstream to downstream side of Lower
Reach 3. Major bank erosion is relatively restricted, but observed exposed banks from the downstream
side of Lower Reach 3 through Lower Reach 2 consistently contain material that is not Nooksack River
alluvium (Figure 17). This includes recessional glacial outwash —unit Qgo— in channel fills (Photo 2) that
cut through and underlie consolidated and cohesive muddy sediment — unit Qa(m)— (Photo 3)
interpreted to have been deposited in a lacustrine, floodplain, or possibly shallow marine environment.
The material in both of these units would be expected to have higher bank strength than the alluvial
gravels exposed from Upper Reach 4 through Upper Reach 3, but the cohesive clayey material likely has
substantially higher bank strength than the recessional outwash —this may explain the pattern of
observed bank erosion tending to correspond to areas of the bank where the outwash is locally exposed.
The roots of vegetation provide additional stability to channel banks, particularly where they are
composed of unconsolidated sediment. Figure 18 shows how the depth of bank stabilized by vegetation
roots increases with the age of the trees present along the bank. Notably, however, late seral mature
Mixed Riparian Forest (Photo 4) appears to have a lower depth of root stabilization than mature
Cottonwood dominated forest (Figure 18). Mature willow was never associated with eroding banks, but
was present through Reach 2 and locally elsewhere. It forms very dense root mats to below the low-flow
water surface. Appendix C maps the condition of riparian forest in detail, and so details of the observed
forest along eroding banks are not described here.
Bank material and cohesion provided by roots of riparian vegetation are a key parameter controlling
bank erosion rates and channel cross-section geometry. Presence of cohesive bank material and deep
rooted riparian vegetation in Reach 1 through Lower Reach 3 is conducive to lower migration rates and a
narrower, deeper channel than upstream where low bank strength tends to allow more rapid bank
erosion and promote a wide, braided channel planform. The magnitude of these influences is quantified
relative to hydraulic and bed material forcing in Section 5.
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Photo 2: Example of recessional glacial outwash exposed in a Nooksack River Cutbank.

Photo 3: Fine consolidated grained silt and clay with abundant wood and organic material
characteristic of banks through Reach 2 and potentially Lower Reach 3.
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Photo 4: Moderately deep root stabilization provided by Mature Mixed Riparian Forest.

Figure 18: Depth of observed root stabilization by age of bank top vegetation.
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SEDIMENT MOBILITY PATTERN

4

Comparing the hydraulic and grainsize distribution data described above with each other elucidates
along-channel sediment transport and connectivity patterns. Figure 19 shows observed grainsize data,
thalweg shear stress profiles, and bed material normalized shear stress computed for several floodmaximum water surface profiles.
τ∗

The normalized shear stress ( τ∗ ) is a measure of the excess shear stress available to transport
𝑐

sediment. It is the ratio of the Shields stress (τ* , sometimes denoted as θ) to the critical dimensionless
shear stress required to mobilize the bed material τ*c, assumed in these calculations to be 0.03. Shields
stress is computed as follows:
τ
τ∗ =
(𝑆 − 1) ρ𝑔𝐷
where τ is the bed shear stress (in this case computed from the FEQ output using the depth-slope
product), S is the specific density of the sediment (here assumed to be a typical value of 2.65), ρ is the
density of water (1000 kg/m3), g is acceleration due to gravity, and D is the grainsize of interest
τ∗
expressed in m. Values of ∗ greater than 1 indicate sediment mobility while values less than 1 indicate
τ 𝑐

the bed is mostly stable. For simplicity, Figure 19 has assumed a typically used constant value of τ*c ,
even though this value varies substantially when the bed consists of a mixture of sizes depending on the
ratio of the subject grainsize to that of the surrounding material. The value used in these calculations
was 0.03, which is appropriate for coarser material in a gravel-bed river, but values ranging from as high
as 0.055 (van Rijn, 1984) to as low as 0.02 are plausible (e.g. Andrews, 1983) —particularly for the
τ∗
coarsest grains on the bed. Using a value of 0.02 would increase the τ∗ value by a factor of 0.5.
𝑐

The Rouse number (P) provides another parameter for understanding sediment transport. It is given by
the following relation:
𝑤𝑠
𝑃=
𝐾𝑢∗
where ws is the sediment settling velocity, K is the von Karman constant (0.4) and u* is the shear velocity
𝜏

of the fluid, calculated as 𝑢∗ = √𝜌. Values greater than 2.5 indicate bedload transport, between 1.2 and
2.5 mixed suspended and bedload transport, between 0.8 and 1.2 suspended transport, and <0.8
movement as wash load. P was evaluated for coarse (1 mm), medium (0.5 mm), and fine sand (0.25 mm)
and coarse silt (0.063 mm). Based on these calculations:
•
•
•

fine sand and smaller material moves as wash load through the whole Lower Nooksack
medium sand moves as wash load through Reach 4, suspended load through Upper Reach 2, and
both in suspension and on the bed downstream of that, and
coarse sand moves as mixed load along the whole Lower Nooksack, except through the shear
stress minima in Lower Reach 2 and Upper Reach 1.
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Figure 19: Comparison of channel hydraulics with bed material grainsize illustrating along-channel
variability in sediment mobility. Pebble counts in blue, bulk samples in orange. (2015 and
2017 data only)
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Several important patterns in sediment mobility along the river are illustrated in Figure 19. First, there is
little change in shear stress from the upstream to the downstream boundaries of Reach 4, which is
somewhat surprising given the notable decrease in grainsize that occurs through Lower Reach 4. It is
important to note that shear stress is somewhat underestimated through Upper Reach 4 because the
depth used in the calculation is from the flood water surface to the low-flow water surface and not
thalweg. Taken together the relatively constant shear stress and downstream reduction in bed material
grainsize would suggest increasing sediment transport competence through Lower Reach 4. There is no
indication from sediment transport mobility calculations that the constriction above —and into— the
Everson Bridge forms a significant blockage to the downstream conveyance of bed material.
In contrast, sediment mobility plummets from upstream to downstream through Upper Reach 3, with
τ∗
dropping from 1 to 6 through Lower Reach 4 to reach values of 0.7 to 2 toward the downstream edge
τ∗
𝑐

of Upper Reach 3. Maximum calculated flood

τ∗
τ∗ 𝑐

values at local minima near the boundary between

Upper and Lower Reach 3 are about 1, indicating that this is an area of substantial competence
limitation controlling downstream sediment conveyance. This observation, combined with the declining
normalized shear stress trend across Upper Reach 3, suggests that this is likely an area of active and
substantial net movement of coarse sediment into long-term storage.
Normalized shear stress increases and then decreases to reach another local minima from upstream to
downstream across both Lower Reach 3 and Upper Reach 2, particularly during larger floods when
backwater effects of prominent constrictions just below the Guide Meridian Bridge at Lynden create
substantial ponded backwater regions upstream. These sequences are forced by “floodplain flow cells”,
where tight constrictions forcing all flow through a narrow corridor around the main channel alternate
with areas where flow —up to about 2/3 of the total discharge during the 100-yr event— can flow
through the large flood basins along the valley margins. In the constrictions, the water surface slope is
relatively steep, flow deep, and shear stress correspondingly high. Sediment supplied to these areas
from upstream is relatively fine-grained compared to the locally severe hydraulic conditions and,
therefore, readily flushed through as indicated by the high normalized shear stress. During larger flood
flows, water that had escaped into the floodplain returns to the channel above the next constriction
downstream and forms a backwater along the channel upstream; this shear stress reversal probably
limits sediment conveyance during larger events and may lead to aggradation during extreme floods —
followed by later evacuation. During the 2-yr flow, the shear stress minima at the bottom of Lower
Reach 3 is higher than the minima upstream, and so downstream sediment transport rates are still likely
regulated by export from Upper Reach 3.
The shear stress minima in the downstream portion of Upper Reach 2 extends through Lower Reach 2 to
the constriction formed by a combination of Pleistocene sediment and bridge abutments at Ferndale.
This area has an extreme shear stress reversal where increasing flow produces decreasing shear stress
and, therefore, sediment mobility for all flows above the 2-year recurrence interval flood. The highest
shear stress in this area likely occurs during a flow substantially lower than the 2-year peak. Physical
evidence —that is a general lack of bars and gently concave channel profile— does not suggest
substantial sediment accumulation in this reach and so these lower flows are interpreted to have the
capacity to ultimately convey the material that accumulates during floods.
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From Upper Reach 1 through Middle Reach 1, sediment mobility increases as the bed material shifts
from gravel- to sand dominated conditions. This is largely a result of the low-tide downstream simulation
boundary condition, but the calculated shear stress shows competence to move gravel all the way into
Lower Reach 1. NHC (2015) interpreted the shift from gravel to sand to occur mostly in response to sand
dropping out of suspension onto the bed and diluting gravel transport, as opposed to a competence
limitation for downstream movement of fine gravel.

5

REGIME AND PLANFORM GEOMETRY

Rational Regime Theory provides a useful tool for examining the key factors controlling the channel
planform and hydraulic geometry, and potential flexibility in the channel form due to natural variability
in water and sediment supply and anthropogenic changes —including both historic and potential future
management actions. It is a robust physically-based approach to predicting channel dimensions that has
been validated against a large empirical dataset. The UBC regime model (UBCRM Eaton et al., 2004;
Eaton, 2007; Millar et al., 2014) is based on this approach and accounts for many more of the key
controlling variables than traditional empirical regime equations while maintaining limited enough
required input data to be readily applicable. The model utilizes the controlling variables shown in Table
2, which importantly include specification of a bank strength parameter (μ). This parameter is defined as
the ratio of the critical shear stress required to mobilize the bank material to the critical shear stress
required to mobilize the bed sediment. Bank strength integrates effects of the grainsize distribution,
cohesion, and influence of vegetation roots, which increase the tensile strength of the bank soil.
Only one of the input parameters is not quantitatively known through the study area. Channel forming
flow (Q, here taken as the 2-yr main channel discharge in groups varied stepwise down the river at major
breaks), reach slope (S), and the bed material grainsize distribution (D50 and D84) are well known; while
the default value of τ* was retained. The value of μ is not quantitatively known, but the general
observations of bank characteristics suggest it is typically near unity through Reach 4, likely relatively
high in Reaches 1 through Lower Reach 3, and transitional through Upper Reach 3. The model was
calibrated to existing conditions by entering the known input parameters (listed in Table 2) and varying μ
until the approximate observed active channel width was reproduced. This calibration procedure is a
recommended approach (Eaton, 2015; personal communication) to evaluating conditions utilizing the
model.
Results of the regime analysis are summarized in Figure 20, which plots expected channel dimensions
and bedload transport rate during the channel forming flow against varied bank strength and channel
forming flow. Human activities have had the potential to change bank strength by modification of
riparian vegetation (typically decreasing bank strength) and construction of revetments (increasing bank
strength) and to change Qcf by modifying flow patterns through the construction of levees, bridges, and
other flow control features.
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Table 2: Calibrated parameterization for UBCRM Calculations
Input
Parameter
Q (cfs)
S (ft/ft)
D50 (mm)
D84 (mm)
*
μ

5.1

Upper
Reach 4
33,500
0.002
66
120
0.02
1.01

Lower
Reach
4b
33,500
0.002
70
110
0.02
1.01

Lower
Reach
4c
32,000
0.0025
42
71
0.02
1.05

Upper
Reach 3
32,000
0.00175
41
66
0.02
1.5

Lower
Reach 3
32,000
0.0004
49
71
0.02
1.25

Upper
Reach 2
26,500
0.0005
26
42
0.02
1.5

Lower
Reach 2
22,000
0.0003
21
29
0.02
2

Upper
Reach 1
22,000
0.0003
13
20
0.02
1.5

Bank Strength

Channel cross-section sensitivity to bank strength is explored in the left “column” of Figure 20, where
bank strength is varied across the X-axis and channel forming flow held constant. These results indicate
that bank strength is extremely low (near unity) in Reach 4 and moderate (1.5 to 2) in Reach 1 through
Reach 3. In other river systems, channels with continuous revetments typically have substantially higher
bank strength values (3 to 4); the comparatively low bank strength interpreted for Reach 1 through
Lower Reach 3 (1.25 to 2) suggests relatively limited reach-scale influence of revetments in controlling
the average channel cross-section from Reaches 1 through Lower Reach 3. Furthermore, the channel
cross-sectional form in Reach 2 and Lower Reach 3 is very insensitive to the bank strength but appears to
be controlled by variability in the channel forming flow and slope. The biggest anthropogenic impacts on
the channel morphology in Reaches 1 through Lower Reach 3 are interpreted to result from changes in
the channel length due to meander cutoffs and changes in partitioning of channel-forming flood flow
between the channel and valley bottom.
The natural bank strength of Upper Reach 3 may be transitional between the channel downstream and
Reach 4 and the relatively high bank strength in Upper Reach 3 (as compared to Reach 4) may suggest a
relatively strong geomorphic influence of revetments along this segment of the river.
Very low existing bank strength through Reach 4, correspondingly, means that this portion of the river
would be expected to be relatively sensitive to bank hardening, an inference that is supported by the
relatively significant local changes in the channel cross-sectional form where it is entrained against hard
banks through this reach.
There is one additional notable implication of the interpreted bank strength relative to the channel
width. The maximum predicted channel width for Upper Reach 4 and Lower Reach 4B are 700 and 900
feet, respectively, similar to the present channel but much narrower than the historic channel belt
width. Even with a substantial increase in Qcf, these historic channel widths are not reached. This result
highlights the important role that island-forming stable large wood jams played as a governing control
on the channel morphology in this area. The historic channel belt width included large stable vegetated
islands and many anabranching channels where flow was forced to spread through a much broader
corridor than would apparently have occurred in the absence of stable large wood.
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Figure 20: Summary of UBCRM calculations illustrating channel sensitivity to varying bank strength and
channel forming flow. Table 2 lists calibrated values of μ and Qcf. Circled values represent
calibrated condition.
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5.2

Channel Forming Discharge

Floodplain storage and conveyance through floodplain flow paths result in a substantial reduction in the
peak discharge for the 2-year flow in downstream reaches, with even more substantial impacts at higher
flows (Figure 2 and Figure 3), especially as flow begins to spill out of the basin towards Sumas.
Construction of levees and other flow modification features may have impacts on the channel forming
flow through the study area, with the biggest potential impacts in Reach 1 through Lower Reach 3. In
addition, natural climate variability and anthropogenic climate change may both impact the magnitude
of the channel forming flow, and so sensitivity to channel forming flow is also illustrated in Figure 20.
The right “column” of plots holds bank strength constant and varies channel forming flow. As with bank
strength, Reach 4 is the most sensitive to changes in the channel forming discharge. This is followed by
Upper Reach 3 and then by Reach 1.

5.3

Slope

The regime analysis indicates that Reach 2 and Lower Reach 3 are remarkably insensitive to changes in
bank strength and channel forming discharge. Another important anthropogenic modification has
occurred with the highest intensity in this area: channel straightening, which has reduced the sinuosity
and therefore increased the slope. The potential impact of this modification was evaluated by estimating
the historic slope for these reaches based on the change in sinuosity and running the regime model for
the calibrated existing condition but modifying the slope. Table 3 summarizes these results and suggests
that only Reach 3 would be predicted to have responded in a measurable way to the change in slope,
with the channel presently wider than it would be at its lower historic slope. The mean channel belt
width has actually declined through Reach 3 relative to the historic condition (see accompanying main
report), another indication that the planform of this reach has been particularly impacted by bank
hardening revetments.
Table 3: Summary of estimated changes in channel slope and corresponding change in width.

Upper Reach 3
Lower Reach 3
Upper Reach 2
Lower Reach 2

Proportion
change in
sinuosity
-0.21
-0.25
-0.14
0.08

Estimated
historic slope
0.0014
0.00032
0.00044
0.00033

Width with
historic slope
(ft)
482
255
319
238

Current
width (ft)
667
281
307
232

Proportion
change in
width
-0.38
-0.10
0.04
0.02
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KEY LARGE-SCALE PROCESSES CONTROLS GOVERNING CHANNEL
MORPHODYNAMICS

River processes through the Lower Nooksack River are organized by the large-scale controlling template
resulting from the legacy of the Late-Holocene channel avulsion from a course north to the Canadian
border at Sumas into its present alignment downstream to Bellingham Bay. Dynamic adjustment to the
avulsion appears to be ongoing along the river profile. The most acute impact occurs in the areas closest
to the avulsion node: a signal of degradation and bed material coarsening appears to be propagating
upstream near the transition between Upper Reach 4 and Lower Reach 4; downstream of the node,
gravel-cobble sedimentation is focused through Upper Reach 3 as the channel traverses across an
alluvial fan-like landform formed by the alluvium deposited into the low gradient valley downstream of
the avulsion.
The impact is not limited to the area proximal to the avulsion node. Channel migration through Lower
Reach 3 and Reach 2 has not yet occurred to the extent needed to surround the channel with alluvium
comparable to the bed material, with legacy cohesive sediment and relatively consolidated recessional
outwash banks contributing to the narrow channel planform through these reaches. The impact of
limited channel migration on the channel hydraulics is most acute during large floods, when constriction
from Pleistocene deposits at Ferndale—enhanced by piers and abutments of co-located bridges—
dramatically backs up flow above Ferndale.
Regime analysis suggests that there is limited potential to change the channel hydraulic geometry in
Reach 2 and Lower Reach 3, but that Upper Reach 3 and Reach 4 are quite sensitive to change—for
better or worse— in response to future channel management actions.
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February 11, 2019
Applied Geomorphology Inc.
211 N. Grand Suite C
Bozeman, MT 59715
Attention:

Karin Boyd
Principal Geomorphologist

Via email:

kboyd@appliedgeomorph.com

Re:

Nooksack River Geomorphic Assessment: Detailed Upper Reach 3 Regime Analysis

Dear Ms. Boyd:
NHC is assisting Applied Geomorphology with the Lower Nooksack River Geomorphic Investigation for
Whatcom County. As a part of our work in this project, we completed a rational regime assessment of
conditions along the river. This assessment is reported in Section 5 of NHC’s primary project report,
which is included as Appendix C for the main project report. That documentation summarizes the model
used and general methodology. You have requested that NHC explore potential controls on the historical
transition of Upper Reach 3 from a meandering to braided planform, with particular attention to
whether historical changes in the reach’s slope, which increased following meander cutoffs and a
reduction in sinuosity, may explain the planform transition. Channel pattern and slope are
characteristically related, with an increasing tendency towards braiding at steeper slopes for a given bed
material grainsize distribution and hydrology (Church, 2006). This relationship has been documented in
various channel pattern discrimination plots and functions (e.g. Leopold and Wolman, 1957), but a
regime model formulation allows an greater number of potentially controlling variables to be considered
(Eaton et al., 2010).
The UBC Regime Model (UBCRM) was used to evaluate to this hypothesis. The model is described in
Appendix C and documentation by its authors (Eaton et al., 2004; Eaton, 2007; Eaton and Church, 2007;
Eaton et al., 2010). In the model I reduced the reach slope from 0.00175, the present condition, to
0.00144 simulating a an increase in sinuosity from the current value of 1.1 to the historic value of 1.4 to
represent a best estimate of the historic conditions. I kept the other input parameters as calibrated to
the existing condition (Table 2 in appendix C). Initial results are described in Section 5.3 of appendix C,
which show the reduced slope would be expected to narrow the channel significantly but both slopes
have two channels. However, this threshold is extremely close; additional testing showed that it occurs
at a slope of 0.00140, only an additional 3% reduction, which is very much within the uncertainty for the

water resource specialists

historic reach slope. Applying only the sinuosity increase probably underestimates the actual historic
slope for the reach because I expect there has been preferential aggradation at the upstream side of
Upper Reach 3 compared to the downstream side, which would also have increased the slope of the
reach.
Because of the inherent uncertainty in estimating historic conditions for the reach, I applied formal
uncertainty and sensitivity analyses to the historical slope condition. For the uncertainty analysis a
Monte Carlo analysis was performed, sampling 1,600 permutations of the input parameter set from the
defined plausible range. For this assessment, input parameter variability was assigned to represent a
moderate level of uncertainty: from the best estimate of the historic conditions described above flow
was given a ±20 percent range, slope a ± 10 percent range, D50 a ± 20 percent range, D84 a ± 20 percent
range, and μ a ± 20 percent range. From the upstream channel base case, flow was given a ±30 percent
range, slope a ± 90 percent range, D50 a ± 45 percent range, D84 a ± 5 percent range, and μ a ± 50 percent
range.
Results of the uncertainty analysis (Figure 1) support the hypothesis that the slope change could easily
have caused the reach to cross a transition from a single thread sinuous planform to a braided planform:
45% of cases resulted in a single thread, 43% in two channels, and the remainder three or more
channels.

Figure 1: UBCRM sensitivity analysis with Monte Carlo sampling of input parameters.
Note values shown are in metric units and scale of the axes are different between panels.
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The sensitivity analysis systematically varied one input parameter and held all others constant to show
which controls have the biggest impact on the resulting channel form. For this assessment, the best
estimate of historic conditions described above was varied over a ±20 percent sensitivity range (Figure
2). In the figure, model-output width, depth, and transport capacity are normalized to the base case and
plotted on the dimensionless y-axis, while the ±20 percent perturbation in each input parameter is
shown on each dimensionless x-axis.

Figure 2: UBCRM sensitivity analysis with systematically varied individual boundary conditions (note
mu represents bank strength). The Y axes for all plots represent the values for width,
depth, and transport capacity normalized to the base-case value. For instance, a value of
1.2 for any given parameter would mean that it is 20% greater than for the base case.
Interestingly, at the transition from two channels to a single thread with reduced
discharge (Q) and slope (S), channel width decreases and depth increases
disproportionately to the reduction in energy from lower Q or S. This results in an initial
increase in the transport capacity.
These results show that the channel width which, other parameters being equal directly controls the
planform (Eaton et al., 2010) is extremely sensitive. Small reductions in any of slope, Q, D84 or increase
in bank strength (mu) result in a rapid reduction in width and transition to single thread condition. This
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finding, comb ined with the results of t he uncert ainty analysis stro ngly suggest s the following two
principal conclusions:
A) The reach was histori cally very close to a transition from single to mult i-th read
planform.
B) The best est imat e of th e slope change is j ust barely not suff icient to force th e planform
change. It may be th at the real slope change was slightl y greater or t hat a change in one
or more addit ional factors also inf iuenced th e change.

DISCLAIMER
This document has been prepared by Nort hwest Hydraulic Consult ants Inc. in accordance wit h generally
accepted engineering practices and is int ended for th e exclusive use and benef it of Applied
Geomorpho logy and Whatcom County and t heir autho rized repr esent atives fo r specifi c applicat ion to
t he Nooksack River near Everson, WA, USA. The contents of thi s document are not to be relied upon or
used, in whole or in part, by or for t he benefit of ot hers w it hout specific writ ten aut horizat ion from
North west Hydraulic Consultant s Inc. No oth er w arranty, expressed or implied, is made. Northwest
Hydraulic Consult ant s Inc. and its officers, directors, employees, and agents assume no responsibility for
t he reliance upon t his document or any of it s content s by any part ies othe r than Applied
Geomorphology and What com Count y.
Sincerely,

North we st Hydraulic Consultant s Inc.

Andrew Nelson, L.G.

Dave McLea n

Senior Geomorphologist

Principal Riv er Engineer

Analysis and Reporting

Reviewer
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