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a b s t r a c t
Widely used models of meander evolution relate migration rate to vertically averaged near-bank velocity
through the use of a coefﬁcient of bank erosion (E). In applications to ﬂoodplain management problems, E is
typically determined through calibration to historical planform changes, and thus its physical meaning
remains unclear. This study attempts to clarify the extent to which E depends on measurable physical
characteristics of the channel boundary materials using data from the Sacramento River, California, USA.
Bend-average values of E were calculated from measured long-term migration rates and computed nearbank velocities. In the ﬁeld, unvegetated bank material resistance to ﬂuvial shear (k) was measured for four
cohesive and noncohesive bank types using a jet-test device. At a small set of bends for which both E and k
were obtained, we discovered that variability in k explains much of the variability in E. The form of this
relationship suggests that when modeling long-term meander migration of large rivers, E depends largely on
bank material properties. This ﬁnding opens up the possibility that E may be estimated directly from ﬁeld
data, enabling prediction of meander migration rates for systems where historical data are unavailable or
controlling conditions have changed. Another implication is that vegetation plays a limited role in affecting
long-term meander migration rates of large rivers like the Sacramento River. These hypotheses require
further testing with data sets from other large rivers.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Physically based meander migration models developed from the
theory of Ikeda et al. (1981) and Johannesson and Parker (1989) have
been used to investigate the long-term (i.e., decades to thousands of
years) evolution of meandering river planform (Stølum, 1998; Sun
et al., 2001a,b) and ﬂoodplain morphology (Howard, 1992; Sun et al.,
1996). Shorter term (i.e., decades to years) river responses to management decisions have also been predicted (Larsen and Greco, 2002;
Larsen et al., 2006). In these models, the rate of meander migration
(M) is predicted from the equation
M = E · ubV

ð1Þ

where E is a coefﬁcient of bank erosion and u′b is the difference
between the depth-averaged near-bank velocity and the crosssectionally averaged velocity (Ikeda et al., 1981). Field studies by
Pizzuto and Meckelnburg (1989) provided evidence in support of a
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linear relationship between M and ub′, which reﬂects the magnitude of
the shear forces acting on the bank. In predictions using Eq. (1), the
coefﬁcient E is typically determined through calibration to historical
planform changes (e.g., Larsen and Greco, 2002); therefore, the
meaning of E and the extent to which it depends on physical
characteristics of the channel or the bank material remain unclear.
Researchers generally agree that E reﬂects the geotechnical properties
of the bank material (Hasegawa, 1989; Wallick et al., 2006) and the
effects of vegetation on near-bank ﬂow and bank strength (Odgaard,
1987; Pizzuto and Meckelnburg, 1989; Micheli and Kirchner, 2002a;
Micheli et al., 2004). The coefﬁcient may also vary with other channel
characteristics such as bank height and local channel slope (Hasegawa,
1989), local channel width (Larsen, 1995; Wallick et al., 2006), and the
availability of sediment for deposition on point bars (Ikeda et al., 1981).
Other models have been developed in which bank migration
results from intermittent bank collapse in response to a slope-stability
criterion instead of depending on calibration to link ﬂow conditions in
the channel to the rate of erosion at the bank (Nagata et al., 2000;
Darby et al., 2002). Despite this beneﬁt, mechanistic models of bank
erosion face the limitation that they are speciﬁc to a particular type of
bank material or failure mechanism. For example, the model of Darby
et al. (2002) predicted the rate of bank retreat via planar failure.
Although planar failures are common at steep river banks (Thorne,
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1982), other types of failures are frequently observed in the ﬁeld.
Failures may be rotational where bank material is cohesive (e.g.,
Brunsden and Kesel, 1973) or cantilever where banks are stratiﬁed
(Thorne and Tovey, 1981). The occurrence of failure in these cases is
driven by the ﬂuvial removal of sediment at the base of the bank. As a
result of this natural variability in river bank type, failure, and sediment removal processes, mechanistic approaches are not as broadly
applicable as the linear approach in Eq. (1).
The purpose of this study is to make progress toward developing
the capability to estimate E from ﬁeld measurements of bank material
properties. The ability to deﬁne E without calibration is particularly
useful for understanding the rate-limiting controls on bank migration
and for predicting migration of rivers for which historical planform
data are unavailable or ﬂow and bank conditions have recently
changed. One of the hindrances to doing this in the past was the lack of
a quantitative ﬁeld method to measure directly the erodibility of both
cohesive and noncohesive banks. This limitation is addressed here by
using a recently developed jet-test apparatus and test procedure
(Hanson, 1990; Hanson et al., 2002; Hanson and Cook, 2004). The
procedure was designed to measure the erosion resistance of both
cohesive and noncohesive banks by subjecting the bank material in
situ to a realistic ﬂuvial shear rather than use a penetrometer or shear
vane or other geotechnical index of resistance to collapse. During the
course of the test, a known shear stress is applied to the bank in situ
through a submerged jet apparatus, and the erosion rate of the bank is
measured. The relationship between the applied stress and the erosion
rate is used to determine the critical shear stress and an erodibility
coefﬁcient k that describes bank material resistance to erosion by
ﬂuvial shear.
In this study, the results of jet tests completed on four different bank
material types were compared with E values calculated from historical
migration rate data and Eq. (1). To examine the inﬂuence of other
channel conditions on E, values of the coefﬁcient were also compared
with data on land cover, proximity to bank-protection structures,
local width-to-depth ratio, local slope, local bank height, local average
velocity, bed material grain size, and bed material storage change.
Results suggest a strong correlation between E and k, which implies that
E may be determined directly from ﬁeld measurements of bank material
resistance to ﬂuvial shear. Such an approach would allow for predictions
of meander migration that are independent of past patterns of channel
shifting. The correlation between E and k also suggests that bank
material properties are the predominant control on long-term meander
migration rates of the Sacramento River and perhaps other large rivers
with vegetation playing a more limited role. This hypothesis requires
further testing with more data from other large rivers.

ﬂows (Singer, 2007). The 2 year ﬂood at the upstream end of the study
area is ~ 2550 m3/s [U.S. Geological Survey (USGS) gauge 11383800].
Discharge declines downstream as overbank ﬂow is routed to Butte
Basin across the ﬂoodplain and through Moulton and Colusa weirs
where the channel and proximal ﬂoodplain are lined by levees (Fig. 1).
The 2 year ﬂood at Colusa is 1125 m3/s. Average bankfull width
follows discharge, declining from 340 m near Hamilton City to 150 m
at Colusa. Channel slope also declines downstream from 0.0005 near
Hamilton City to 0.0002 at Colusa. The channel bed throughout the
study area is composed of a poorly sorted mixture of gravel and sand.
Gravel dominates the mixture upstream, but sand makes up more
than 25% of the bed downstream of RM 160.
Natural river banks in the study area are primarily composed of
two types of material: relatively erosion-resistant Quaternary terrace
material and younger unconsolidated Holocene alluvium. The Quaternary Riverbank and Modesto Formations form two sets of terraces
that border the Holocene meander corridor. The Riverbank Formation,
which contains numerous partially cemented and cohesive layers
(Smith and Verrill, 1998), is more resistant to erosion. Both the
Modesto and the Riverbank Formations are in places underlain by
cemented Quaternary and Tertiary deposits. Banks composed of
Holocene alluvium typically have a lower layer of noncohesive gravel
and sand and an upper layer of silt; grain size and sand content of the
gravel base vary widely. Variations within the Holocene alluvium
include banks that are mainly sand and lack a gravel base and banks
that have a high percentage of clay and represent oxbow lake ﬁll.
The average 50 year meander migration rate in the study area is
about 4 m/y, but single-bend rates range from 0 m/y where the river
abuts terrace material to 10 m/y at unconstrained bends (Constantine,
2006). Although levees are present in the downstream portion of the
study area, they are set back from the river and spaced 0.75 to 2.5 km
(~1.0 to 3.3 times meander amplitude) apart (Fig. 1), encompassing
both the channel and proximal ﬂoodplain and allowing channel
shifting to occur. Bank-protection structures, primarily rock revetment
and concrete rubble, are present in most reaches and cover about 20%
of the bankline in the study area (California Department of Water
Resources, 1994). Included in this total are most of the locations
downstream of RM 175 where the river abuts a levee and where rock
and concrete serve as protection against levee degradation. Only freely
migrating bends were included in the analyses conducted for this
study.

2. Study area

Rates of lateral migration for individual bends were measured for the
period 1978–2004. This time period was chosen because it captured a
number of large erosion events and includes the post-1997 time period
for which bed material transport and storage changes were modeled
(see Constantine, 2006). Digital copies of aerial photographs taken in
May 1978 by the U.S. Department of Agriculture (USDA) (scale
1:40,000) were obtained from the California Department of Water
Resources (DWR), Northern District. Orthorectiﬁcation of the photos
was completed in ENVI (Research Systems, Inc.) using USGS orthophoto
quadrangles as base photos, a digital elevation model (DEM) from the
USGS National Elevation Dataset, and the appropriate USDA camera
calibration report. The average horizontal accuracy achieved was 3.5 m
(root mean square error). Orthorectiﬁed 2004 photos (1.9 m root mean
square error) were obtained from AirPhotoUSA.
Thalweg centerlines for 1978 and 2004 were digitized and intersected to deﬁne polygons that represent areas of ﬂoodplain eroded over
the 26 year period. Centerlines were drawn through small mid-channel
bars and, in multithreaded segments of the river, were drawn around
larger bars and islands, tracing the path of the widest (main) channel.
Following a method by Micheli (2000), the average migration rate for

The Sacramento River drains 68,000 km2 of northern California,
USA. Its basin has a Mediterranean climate characterized by cool, wet
winters and warm, dry summers. Average annual precipitation ranges
from 50 cm/y on the valley ﬂoor to 178 cm/y in the surrounding
mountains (California Department of Water Resources, 1994). The
study area is an 85 km sinuous portion of the lowland river between
Hamilton City (RM 196) and Colusa (RM 144) that exhibits active lateral
migration (Fig. 1). As a result of lateral shifting, river mile markers no
longer correspond with actual streamwise distance; however, river mile
designations are used as longitudinal reference points in this study in
accordance with published works by the different researchers and
agencies working in the watershed. For this reason, locations are
referred to in river miles, whereas all calculations are expressed in
metric units.
Peak ﬂows in the Sacramento occur in the winter and spring when
the basin receives most of its precipitation and snow melt. The natural
hydrograph was altered in 1943 with the closure of Shasta Dam, which
had the effect of dampening ﬂood peaks and elevating low summer

3. Methods
3.1. Measuring migration rates
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Fig. 1. Sacramento River study area location map. Segments for computing ub′ were determined based on differences in channel width and slope.

each eroded-area polygon was computed by dividing the polygon area
by one-half its perimeter and by the number of years elapsed between
the centerline dates (Fig. 2). This method provides estimates of mini-

Fig. 2. An eroded-area polygon formed from two channel centerlines. The polygon
represents the net centerline shift during the time period from 1978 to 2004. Average
polygon migration rate is determined as the polygon area divided by one-half the
polygon perimeter and the length of the time period in years (method by Micheli, 2000).

mum average migration rate because the direction of channel shifting
may have reversed at least once between 1978 and 2004. Polygons
formed where cutoff occurred were excluded from the analysis.
Polygons were classiﬁed according to the geology of the bank
eroded between 1978 and 2004 using a DWR map of surface geology
together with reports of individual Sacramento River bank erosion
studies (California Department of Water Resources, 1979, 1994) and
ﬁeld observations. Polygons were classiﬁed as terrace material, unconsolidated alluvium with a gravel base (N50% gravel), unconsolidated
alluvium with a sandy base, or clay-rich. The most extensive bank
material type around a bend was used as the classiﬁer; local variability
around single bends was not considered.
Error in the digitized position of channel centerlines was estimated
by Micheli et al. (2004) to be an average of about 5% of the total
channel width or about 15 m for the Sacramento River. Summing
digitization and aerial photograph rectiﬁcation error in quadrature
gives a total error of 21.9 m for a polygon formed from two centerlines.
When divided by the time interval of 26 years, the result is an error of
±0.42 m/y for the average migration rate calculated for a polygon. All
polygons with a calculated migration rate less than the error estimate
of 0.42 m/y were excluded from the study as were polygons whose
growth was restricted by bank-protection structures. This resulted in
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the elimination of all but one polygon classiﬁed as terrace material. At
most sites where the river abuts terrace material, the rate of channel
migration is below detection. Of the 27 polygons used in the ﬁnal
analysis, one was classiﬁed as terrace, one as clay-rich, one as having a
sandy base, and 24 as having a gravel base.
3.2. Calculating bank erosion coefﬁcients using a linear model of meander
migration
Bank erosion coefﬁcients for each eroded-area polygon were backcalculated from Eq. (1) following a method by Micheli and Kirchner
(2002a) and Micheli et al. (2004). For each polygon with a value of M,
the velocity difference u′b was calculated for the bankfull condition
from cross-sectional geometry data and measurements of the planform geometry of the 1978 and 2004 channels.
Ikeda et al. (1981) expressed u′b as
"
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where U is the depth-averaged velocity for the reach, s is streamwise
distance, H is the reach-averaged depth, Cf is a friction factor, b is onehalf the reach-averaged width, c is local curvature, g is gravitational
acceleration, and A is a scour factor deﬁned below. Eq. (2) is derived
from the depth-averaged equations for conservation of mass and
momentum in a sinuous channel. On the left-hand side of Eq. (2), the
ﬁrst term gives the inertial force resulting from spatial acceleration of
ﬂow, and the second term is a portion of the shear force from internal
friction. On the right-hand side, the ﬁrst term accounts for the
pressure gradient force resulting from downstream differences in
water-surface elevation caused by changes in curvature. The ﬁnal two
terms are components of the shear force from internal friction and
account for the effects of super elevation of the water surface and
secondary ﬂow, respectively. The friction factor Cf is determined from
Cf = τ = ρU

2

ð3Þ

where ρ is the density of water and τ is deﬁned by
τ = ρgHS

ð4Þ

where S is the average longitudinal water-surface slope. After the
original formulation by Ikeda et al. (1981), Johannesson and Parker
(1988) replaced the scour factor A, a coefﬁcient that characterizes the
cross-stream bed slope, with the quantity A +As − 1. The addition of the
term As quantiﬁes the effect of the secondary ﬂow in directing the core
of high velocity toward the outer bank, and the addition of −1 corrects
for an error in earlier work (Johannesson and Parker, 1988). The scour
factor A was determined for a cross section using the equation
A= −

m
Hnc

ð5Þ

where n is the cross-stream coordinate and m is the local bed elevation
(Ikeda et al., 1981). At the channel center, both n and m are 0. The term
As was calculated for a reach from the formula
 2 
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and α is 0.077 (Johannesson and Parker, 1988). In summary, Eq. (2)
accounts for the effects of secondary ﬂow and local and cumulative
upstream curvature on the velocity distribution in a bend.
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Assuming that u′b adjusts simultaneously relative to the migration
rate M, Eq. (2) may be treated as an ordinary differential equation
(Parker and Andrews, 1986) with a solution in the form of
ubV = − bUc +
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which suggests that u′b depends primarily on local curvature with
upstream curvature exerting a secondary inﬂuence (Sun et al., 1996).
Sun et al. (1996) found that Eq. (2) could be integrated quickly and
accurately by writing δu′b/δs as the explicit upstream difference where
Δsi is the streamwise distance between centerline points Pi − 1 and Pi
to give
V =
ub;i
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Where δc/δs is calculated as (ci − ci − 1)/Δsi.
Prior to calculating u′b for this study, the study area was split into
two segments based on differences in channel width and slope (Fig. 1;
Table 1). An approximate bankfull discharge Qb and water-surface
slope S were determined for each segment by completing steady ﬂow
simulations in HEC-RAS [U.S. Army Corps of Engineers (USACE)] using
a set of 380 cross sections extracted from a 1997 seamless channel and
ﬂoodplain DEM. Bankfull ﬂow was deﬁned as the discharge at which
ﬂow began to overtop the point bar or lower bank. For segment 1, this
discharge is 2400 m3/s and corresponds with the 2 year ﬂood at a
gauge in the study area (USGS 11389000 at RM 168.5). For segment 2,
this discharge is 2000 m3/s and has a lower recurrence interval of
about 1.7 years. Average bankfull width and depth of each segment
were determined from the set of cross sections. At each cross section,
bankfull elevation was deﬁned as the height of the point bar around
bends and the height of the lower bank in straight reaches. Average
velocity U was calculated for each segment as Qb/2bH. To check
calculated values of U, average velocity was also computed using the
Manning equation and with a roughness value (n) of 0.035 (USACE,
2002). The methods resulted in average velocities that differed by
0.1 m/s, or b10%. For each segment, A was determined by linear
regression to cross-stream topography data at 10 cross sections chosen
at random from among all the cross sections located at bends that were
included in the set of 380 cross sections from 1997. Computed values of
A are within the expected range for natural streams (Johannesson and
Parker, 1988).
In each segment, centerline points were digitized 120 m (0.3 to 0.7
channel widths) apart along the 1978 and 2004 channel centerlines
and local curvature was calculated for each point using a procedure by
Fagherazzi et al. (2004). At each point, u′b was determined from Eq.
(9), the computed curvature, and the quantities given in Table 1.
Once u′b was computed for each point along a centerline, the u′b
values were intersected with the eroded-area polygons and the
maximum u′b value in the direction of migration was selected for each
polygon (Fig. 3). Because signiﬁcant changes in the channel centerline
and curvature occurred over the 26 years represented by the polygons,
an average of the maximum u′b values selected for the 1978 and 2004

Table 1
Input values for u′b calculations.
Variable

Segment 1 RM 195-170

Segment 2 RM 170-144

Bankfull discharge Qb (m3/s)
Average bankfull width 2b (m)
Average bankfull depth H (m)
Average velocity U (m/s)
Average slope S
Friction factor Cf
Scour factor A
Correction As

2400
315
4.7
1.6
0.00035
0.0061
5.9
0.2

2000
210
6.3
1.5
0.0002
0.0054
4.3
1.0
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Fig. 3. Example of near-bank velocity difference ub′ calculations around a bend. Arrows show locations of maximum ub′ for the 1978 and 2004 centerlines. The inset shows ub′ at every
point between the upstream and downstream inﬂections of the bend. As a result of channel shifting between 1978 and 2004, the bend is longer in 2004.

centerlines was determined for each polygon. This average is an index
of the maximum shear force exerted on the outer bank during the
26 year time period. The average maximum ub′ and migration rate M
calculated for the polygon were used to compute E in Eq. (1). As
pointed out by Micheli and Kirchner (2002a) and Micheli et al. (2004),
E values determined using this method are conservative because they
are computed from maximum ub′ values for the polygon.
3.3. Measuring erodibility in the ﬁeld
To determine the dependence of E on the physical properties of the
bank material, the erodibility of different bank types was measured in
the ﬁeld using a jet-test apparatus (Hanson, 1990; ASTM, 1995). The
jet-test procedure was developed to obtain estimates of an erodibility
coefﬁcient (k) and critical shear stress (τc) that are based on direct
measurements of bank erosion under known, realistic ﬂuid stress
conditions. The calculated k and τc can be used to predict erosion by
ﬂuvial shear (ε) according to the following relationship:
e = kðτ e − τc Þ

ð10Þ

where τe is the effective shear stress. The jet as implemented for this
study applies a known shear stress to a horizontal streambank surface
and the amount of resulting vertical erosion is measured frequently over
a period of 1 to 2 h. From the observed relationship between measured
erosion depth and time, an equilibrium depth of scour can be determined and τc and k calculated. Examples of the change in scour depth
with time for two different bank material types are shown in Fig. 4.
Procedures for operating the jet-test apparatus and computing τc
and k from the collected data are described in detail by Hanson et al.
(2002) and Hanson and Cook (2004). Two primary assumptions of the
procedures are that the equilibrium depth is the scour depth at which
the stress at the boundary is no longer sufﬁcient to cause additional
downward erosion (i.e., critical stress τc) and that the rate of change in
the depth of scour prior to reaching equilibrium depth is a function of
the maximum excess stress applied at the boundary and the erodibility
coefﬁcient k (Hanson and Cook, 2004).
For use in streams, the apparatus is adjusted so that the shear
stress applied to the bank at the onset of testing is approximately
equal to the maximum shear stress that the bank would experience
under natural ﬂow conditions (Hanson and Cook, 2004).
In this application, the jet-test apparatus was used to obtain measurements of τc and k for four different bank types: terrace, unconsolidated alluvium with a gravel base, unconsolidated alluvium with a

sandy base, and clay-rich. Results for a total of eight jet tests conducted at seven sites are reported in this paper. The number of test
sites was limited by site access and the locations of bank-protection
structures. Relatively few sites were accessible for testing because
much of the land adjacent to the river is privately owned and the
10 m-tall outer banks around many bends were eroded so steeply that
no bench was present where the testing apparatus could be set up and
the tests conducted. The jet-test apparatus is too large to be used from
a boat.
Testing was carried out during low ﬂow on actively eroding
portions of the bank just below the water surface. We assumed that the
material being tested was the same as that composing the bank toe.
Because the areas tested were located well below the top of the bank,
no vegetation was present in the immediate test area and the bank
material contained no root or vegetative matter. Prior to beginning the
jet test, a horizontal bench at or below the water-surface was prepared
by using a shovel to remove the top layer of bank material and any large
irregularities. The jet housing was then secured to the bench.
The initial shear stress applied by the jet was set to be equal to one
to three times the average bankfull bed shear stress calculated for the
channel at that location. Field measurements of ﬂow in bends have
found this to be an accurate estimate of the peak shear stress at the toe
of the outer bank around bends (Bathurst et al., 1979; Dietrich et al.,

Fig. 4. Examples of the change in scour depth with time observed during the jet-test.
Results are shown for two different bank types: ﬁne sand and cemented terrace material.
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Table 2
A comparison of migration rate M, ub′ , and E for bends with different bank material
types.
Bank
material
classiﬁcation

Number of
polygons

Terrace
Clay
Sand base
Gravel basea

1
1
1
24

Measured migration
rate 1978–2004

Calculated average
maximum ub′

Backcalculated E

(m/y)

(m/s)

(x 10− 7)

0.6
7.4
10.3
4.9 ± 2.3
(1.3–9.4)

0.2
1.1
0.6
0.6 ± 0.3
(0.2–1.2)

1.0
2.1
5.3
2.8 ± 1.3
(1.0–5.6)

a

Average values for banks with a gravel base are ± 1 standard deviation; ranges are
given in parentheses.

1979). After setting the head tank to deliver the desired initial shear
stress, testing was initiated by opening the jet oriﬁce. The vertical
depth of erosion was measured every 10 min during the test using a
point gauge lowered down through the jet oriﬁce; lowering of the
point gauge automatically shuts off the jet for the time it takes to
complete the measurement. For cohesive material, testing continued
for a total of 1 to 2 h. For noncohesive material, testing was halted
when the hole created by the jet began to collapse or became so
armored by coarse lag that depth was no longer increasing. The ﬁrst
scenario occurred at sandy banks and the second where banks contain
gravel. Our experience has shown that truncating the data in this
manner is appropriate and leads to reproducible estimates of τc and k.
3.4. Estimating other regression variables
Other variables that have been suggested to inﬂuence the magnitude
of E in Eq. (1) were estimated or measured for individual bends from
aerial photographs, sediment transport modeling, cross-section data,
and ﬁeld data. These variables are ﬂoodplain vegetation type (Odgaard,
1987; Pizzuto and Meckelnburg, 1989; Micheli and Kirchner, 2002a;
Micheli et al., 2004); proximity to bank-protection structures (Wallick
et al., 2006); local average width-to-depth ratio (Larsen, 1995); local
average slope (Hasegawa, 1989); local average outer bank height
(Hasegawa, 1989); local average velocity (Larsen, 1995); median grain
size of the bed at the outer bank (Hasegawa, 1989); and local bed
material storage change (Ikeda et al., 1981). Floodplain vegetation type
was determined for each eroded-area polygon from 1978 and 2004
aerial photographs. Three major classes were distinguished: forest,
agriculture, and unvegetated gravel bar. The vegetative cover type for a
polygon was only classiﬁed as unvegetated gravel bar for cases where
meander migration was primarily in the downstream direction so that
relatively young deposits were eroded between 1978 and 2004. Because
upstream constraints on migration can inﬂuence rates of channel
shifting downstream, a measure was chosen to describe the distance
between a given polygon and the nearest upstream bank-protection
structure. The measure chosen was a count of the number of bends
separating the polygon and the protected bend. Average width-to-depth
ratio was estimated around each bend where an eroded-area polygon
was deﬁned using the set of 1997 cross sections and the deﬁnition of
bankfull elevation described previously. Average bankfull water-surface
slope around each bend was determined for the 2004 channel using the
1997 cross sections and HEC-RAS. Because channel length increased
signiﬁcantly as a result of migration at a number of bends, an estimate of
slope for the 1978 channel was also made by adjusting for the difference
in centerline length between 1978 and 2004. An average of the slope
values for 1978 and 2004 was used to represent the slope around the
bend. Outer bank height was taken as the elevation difference between
the top of the outer bank and the thalweg. An average value was
computed for each bend. From bankfull width, depth, and average slope
data, an average downstream velocity was calculated for each bend
using the Manning equation. Grain size was not sampled at every
eroding bank classiﬁed as having gravel at its base; however, extensive
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bed material sampling was conducted in the main channel in 2004 and
2005 (Singer, in press). Thirty bed material samples taken over the
distance from RM 236 to 131, which extends upstream and downstream
of the study area, were used to determine a relationship that describes
how median grain size declines with distance downstream. The
resulting exponential function was used to estimate the median grain
size of the bed and lower bank at the location of each eroded-area
polygon where the bank was classiﬁed as Quaternary alluvium with
gravel at its base. Comparison of bed material samples with available
bank material samples indicates that the grain size of the bed is a good
approximation for the grain size of the lower bank for this bank type. Bed
material ﬂux at each of the 380 cross sections was computed using the
numerical model FLUVIAL-12 (Chang, 1988a,b). Methods and results for
the computations were described in detail by Constantine (2006). The
net change in bed material storage around a bend was calculated as the
difference between the predicted bed material ﬂuxes at the upstream
and downstream cross sections at the bend.
4. Results
4.1. Measured migration rates and calculated values of ub′ and E
For the 27 eroded-area polygons included in the analysis, average
migration rates between 1978 and 2004 ranged from 0.6 to 10.3 m/y
and calculated values of maximum ub′ ranged from 0.2 to 1.2 m/s
(Table 2). Note that the only terrace polygon included was one where
lateral migration between 1978 and 2004 was measurable. At other
locations where banks are composed of terrace material, lateral
shifting was below detection. The greatest value of ub′ determined for
a polygon was 1.2 m/s, resulting in a predicted near-bank velocity of
2.8 m/s, or about 1.8 times the average cross-sectional velocity for the
segment. This result is within the limits of measured differences
between near-bank and cross-sectionally averaged velocities around a
bend. In one study, Frothingham and Rhoads (2003) measured
maximum depth-averaged velocities, which occurred near the outer
bank at curved sections, up to 2.0 and 2.5 times the cross-sectionally
averaged velocity.
Bank erosion coefﬁcients (E) calculated from measured migration
rates and computed ub′ values ranged from 1.0 × 10− 7 to 5.6 × 10− 7
(Table 2). Values of E calculated for gravel banks spanned the entire
range from 1.0 × 10− 7 to 5.6 × 10− 7 with 63% of the 24 sites having a
value between 1.0 × 10− 7 and 3.0 × 10− 7 (Fig. 5). Values of E shown in
Table 2 are similar to those calculated previously for the Sacramento

Fig. 5. Frequency distribution of E values calculated from historical data of planform
change over 26 years for the 24 eroding banks in the study area classiﬁed as having a
basal gravel layer.
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Table 3
Bank erodibility and critical shear stress from ﬁeld measurements.
Bank type

Number of tests
conducted

River mile
location(s)

Average
k (cm3/Ns)a

Average
τc (Pa)a

Terrace
Clay-rich
Sand base
Gravel base

1
2
2
2

164.5
197, 182.7
193.1
193.2, 171.5

0.5
2.2 (1.3, 3.1)
11.6 (10.9, 12.2)
1.2 (1.1, 1.4)

3.9
0.02 (0.01, 0.03)
0.07 (0.01, 0.1)
2.2 (1.6, 2.8)

a

Data for individual tests are given in parentheses.

River by Micheli et al. (2004). Micheli et al. (2004) did not segregate
their results by bank type.
When considering the average values computed for each bank
type, the erosion coefﬁcient appears to depend strongly on bank
composition, with banks composed of terrace material having the
lowest coefﬁcients and banks composed of unconsolidated sand
having the highest coefﬁcients (Table 2).
4.2. Jet-test results
Erodibility coefﬁcients (k), which quantify bank resistance to erosion
by ﬂuvial shear, and estimates of critical shear stress (τc) computed from
ﬁeld data are given in Table 3. As described in the methods section, k is a
function of the measured rate of erosion and τc is a function of the
equilibrium scour depth. According to the computed k values, banks
composed of terrace material exhibit the greatest resistance to erosion
followed by noncohesive banks that contain gravel, banks composed
of clay-rich material, and banks composed of sand. With regard to
noncohesive banks, those that are composed primarily of sand are about
10 times more erodible than those that include a gravel basal layer.
The data for the terrace bank type was collected at a location where
the jet housing apparatus could be hammered into the bank. Erosion
of the material during the test occurred through slaking of aggregates
rather than through particle-by-particle erosion. The testing site is the
one mentioned in the previous section as undergoing measurable
lateral migration between 1978 and 2004. At other terrace sites, the
banks were cemented to such an extent that the jet housing could not
be set into the bank material and no test could be performed. For these
cases, k should be essentially zero.
To quantify the grain size of the clay-rich banks, two samples, one
from each of the test sites, were sieved in the lab and found to contain 83
and 90% silt and clay with 17 and 7% sand. Much of the sand occurred in
ﬁne lenses that eroded relatively easily during the jet testing, and the site
with the higher sand content exhibited higher erodibility.
For cohesive streambeds in the midwestern United States, Hanson
and Simon (2001) found a nonlinear inverse relationship between k
and τc:
−0:5

k = 0:2τc

the topic (see Vanoni, 2006). Upon approaching the equilibrium scour
depth at sandy banks, grains were still in motion at the bottom of the
scour hole but were unable to be excavated from the hole. For this
reason, we believe that k, which is a function of the observed rate of
bank material erosion during the jet test, is a better measure of bank
material resistance to ﬂuvial shear than computed τc, which particularly in the case of noncohesive bank material is overestimated as a
function of the measured equilibrium depth of scour rather than the
onset of particle motion.
4.3. Correlation between E and erodibility determined from ﬁeld data
Values of E were calculated for a total of 27 bends: one with banks
classiﬁed as terrace, one with clay-rich banks, one with banks that
have a sandy base, and 24 with banks with a gravel base. Although jet
tests were performed at a total of seven sites, only three of those sites
were located at freely migrating bends for which E was calculated
because of the difﬁculty in accessing actively eroding banks. The other
four sites where jet tests were performed were located at bends where
migration was partially constrained; therefore, E values were not
calculated. The three sites with coincident E and k data included
locations with bank material classiﬁed as terrace, clay-rich, and gravel
(square symbols in Fig. 6). For sandy bank material, the calculated E
value was paired with k determined from a jet test performed on a
different sandy bank (circle symbol in Fig. 6).
The result of a linear regression between E calculated from Eqs. (1)
and (2) and k determined from ﬁeld data is shown in Fig. 6. Although
the sample size of Fig. 6 is small because of the difﬁculty in accessing
eroding banks for jet-testing, the relationship shown suggests that the
variability in the calculated bank erosion coefﬁcient E is dominated by
differences in bank material composition and associated resistance to
ﬂuvial shear. The correlation is consistent with the understanding that
ub′, which was used to calculate E, reﬂects the magnitude of the shear
force exerted on the bank and the grain-scale resistance to shearing.
One implication of a correlation between E and k is that vegetation
plays a limited role in determining long-term migration rates in the
Sacramento River. This suggestion will be discussed more fully in the
next section.

ð11Þ

The data collected for this study plot on the curve (Hanson and Simon,
2001; Fig. 8) in the areas the authors labeled as “very erodible” and
“erodible.”
Critical shear stress (τc) computed from the jet-test results was
lowest for the clay-rich banks and highest for banks composed of
cemented terrace material and those composed of gravel. The critical
shear stress as deﬁned here is the shear stress at which vertical erosion
of the hole formed by the jet ceases (Hanson and Cook, 2004). This is
different from the shear stress required to initiate motion of particles
from a planar bed surface. In the case of the jet-test procedure, the ﬂow
must exert sufﬁcient force on a particle to initiate motion and carry it
out of the vertical scour hole, which can be 10 or more centimeters in
depth (i.e., many times greater than the particle diameter). This
discrepancy in the deﬁnition of τc explains why values obtained from
the jet-test results are lower for clay- and silt-sized material than for
sand-sized material, a result that contradicts published literature on

Fig. 6. Coefﬁcient of bank erosion E calculated from historical data of planform change
over 26 years using Eqs. (1) and (9) plotted against erodibility coefﬁcient k determined
from ﬁeld measurements. Values of k represent bank material properties alone. Each
data point represents a different bank type: terrace, clay-rich, gravel, or sand. The square
data points show coincident E and k values for a given bend (i.e., the jet-test was
performed at the same bank for which E was calculated). Coincident E and k values were
available for only one of the 24 bends with gravel banks in the study area because of the
difﬁculty in accessing actively eroding banks for jet-testing. For the data point shown as a
circle, the calculated E value was paired with a k value determined from a jet-test
performed on a sandy bank at a different location. Error bars show the uncertainty
associated with measurement of the historical migration rates used to calculate E.
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4.4. Variability of E values for gravel banks
As described above, values of E calculated for the 24 banks with
gravel basal layers ranged from 1.0 × 10− 7 to 5.6 × 10− 7 with 63% of the
sites having a value between 1.0 × 10− 7 and 3.0 × 10− 7 (Fig. 5; Table 2).
Jet-test results suggest that this variability is a result of differences in
bank material properties despite a common broad classiﬁcation. At RM
193.2, for example, the basal gravel layer has a D50 of 10.6 mm and
contains 25% sand. The computed erodibility k at this location was
1.1 cm3/Ns (Table 3). At RM 171.5, the basal gravel layer has a smaller
D50 of 5.4 mm and has a higher sand content of 40%. The gravel layer
at this location had a higher computed erodibility k of 1.4 cm3/Ns
(Table 3). This difference in bank material properties and erodibility
represents the type of variability captured by E values computed from
measured historical migration rates.
In the absence of jet-test data for all 24 gravel sites, E values were
correlated with the median grain size of the bed at the outer bank,
interpolated from bed material sampled by Singer (in press) that ﬁnes
gradually downstream. A statistically signiﬁcant but weak negative
correlation was found between E and D50 at the outer bank around a
bend (r2 = 0.2, α = 0.05). Analysis of the bed material samples showed
that sand content increases linearly with the decreasing logarithm of
D50 (r2 = 0.95). The negative correlation with D50 therefore implies
that as noncohesive bank material grain size declines and/or sand
content increases, the migration rate for a given ub′ increases. This
suggests that better quantiﬁcation of erodibility of different gravel
banks using the jet test would produce additional pairs of E and k that
would plot on the curve shown in Fig. 6.
Other macroscale, site-speciﬁc variables were examined to determine if any factors other than grain-scale differences in bank material
resistance to ﬂuvial shear contributed to the wide variability observed
in E values calculated for gravel banks. Four nominal-scale factors were
examined: ﬂoodplain land cover (forest, agriculture, or unvegetated
gravel bar), proximity to upstream bank-protection structures (distance less than or equal to or greater than one bend length), average
segment velocity U (1.4 or 1.6 m/s), and bed material storage change
around the bend (net bed material erosion or deposition). Two-tailed
t-tests were performed at a 5% level of signiﬁcance for each factor to
evaluate whether the classiﬁcation distinguishes between the means
of different samples of E values.
We found that mean E values corresponding to the three different
land cover classiﬁcations cannot be considered signiﬁcantly different.
For the other three factors, proximity to bank protection, average
segment velocity, and bed material storage change, the null hypothesis
of equal sample means was rejected, indicating that local differences in
these variables are incorporated into E. The mean values of E corresponding to each classiﬁcation are given in Table 4. Calculated E values
are greater around bends where net bed material storage change is
positive (net deposition) than around bends where net bed material
storage change is negative (net erosion). This suggests that low availability of bed material for deposition on bars may have a limiting effect
on long-term meander migration rates in the Sacramento River. In the
linear model represented by Eq. (1), this effect is not described in the

Table 4
Results of t-tests performed on E values for gravel banks.
Factor
Bed material storage change
around bend
Average segment velocity U
Distance to nearest upstream
bank-protection structure
a

Mean Ea (x 10− 7)
Positive change

Negative change

3.5 ± 14
1.4 m/s
3.6 ± 1.3
1 bend
2.1 ± 0.8

2.1 ± 0.7
1.6 m/s
2.2 ± 0.9
N 1 bend
3.1 ± 1.3

Mean E values are ± 1 standard deviation.

p-value from
t-test
0.005
0.01
0.02

Fig. 7. An example of a bend where the back-calculated E value is low and its position relative
to upstream bank-protection. The arrow indicates the eroded-area polygon (hatched) for
which E is low. The upstream bank-protection structure is shown by the crosses. The dots are
the points along the 2004 channel centerline for which ub′ was calculated. Calculations of ub′
were also made along the 1978 channel centerline (points not shown here).

expression for u′b and is therefore incorporated into the calibrated
coefﬁcient of bank erosion E. Thus if back-calculated values of E are used
as measures of bank erodibility, banks will appear more erodible around
bends experiencing net bed material deposition. This result is not a
contradiction of Eq. (1) but may simply indicate that cross-sectional
changes in an aggrading or degrading stream affect the ﬂow ﬁeld and
would ideally be taken into account by constantly updated channel
surveys. Otherwise, unaccounted changes in the cross-channel advection of ﬂow will be incorporated into the coefﬁcient E.
The data in Table 4 show that E values are lower at bends located
immediately downstream of bank-protection structures. In general,
protected reaches preceding the bends in question are relatively long
and straight, exhibiting curvature that is low but constant in sign
(Fig. 7). Because computed ub′ depends on the sign or direction of
curvature and is cumulative [see the last term in Eq. (9)], ub′ increases
through the protected reach and into the downstream bend where it
reaches a maximum just before the inﬂection. Migration of the bend is
relatively low despite high ub′ because the upstream limb of the bend
(i.e., the protected reach) is pinned and unable to translate downstream. This combination of low migration rate M but high ub′ results
in a low value of E as calculated using Eq. (1).
At ﬁrst consideration, the result of greater E values in the downstream segment where cross-sectionally averaged velocity U is lower
(Table 4) is puzzling because segment velocity is already accounted
for in the U term in the expression for ub′ [Eq. (9)]. This suggests that
the difference in E is actually reﬂecting a downstream change in some
other parameter. The most probable explanation is that the difference
in E is related to the downstream reduction in grain size and increase
in sand content discussed above.
In addition to the four nominal-scale factors listed above, four
measurements of ﬂow and channel characteristics around bends were
examined for correlations with E: local width-to-depth ratio, local
slope, local bank height, and local cross-sectionally averaged velocity.
Because the direction of local bed material storage change was found
above to be a signiﬁcant factor in determining E, the magnitude of
storage change was included as a ﬁfth variable. No signiﬁcant correlation was found between E and local width-to-depth ratio, slope, bank
height, or velocity. This suggests that the average conditions (b, S, H, U)
used in the formula for ub′ [Eq. (9)] sufﬁciently represent the channel
and ﬂow characteristics in each segment. Correlations with E would be
expected if substantial local variability not captured by Eq. (9) was
producing measurable differences in rates of meander migration. A
statistically signiﬁcant but weak positive correlation was found between
E and bed material storage around a bend (r2 = 0.2, α = 0.05). This
correlation was anticipated based on the result of the t-test above.
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5. Discussion of results
5.1. Sources of error in the correlation between E and k
A potential source of error that may affect the relationship shown in
Fig. 6 is the uncertainty in erodibility coefﬁcients (k) obtained from the
jet tests. A weakness of the data set collected for this study is that
repeated jet tests were not conducted at most sites primarily because
of time limits on site access. A certain amount of variability in k
measured for a given bank should be expected as a result of local
variability in bank material grain size and, in the case of cohesive bank
material, subaerial exposure and weathering (Hanson and Simon,
2001). During testing for this study, variability resulting from varying
degrees of subaerial exposure and weathering were minimized by ﬁrst
scraping away the surface of the bank before attaching the jet housing.
At one bank composed of sandy material, two jet tests produced k
values of 10.9 and 12.2 cm3/Ns, which differ by ~10% (Table 3). The
10.9 cm3/Ns value corresponds to a location on the bank with ﬁner
sand and 12.2 cm3/Ns corresponds to a location on the bank with
coarser sand, as identiﬁed by ﬁeld inspection. Repeated testing of
cohesive banks by Hanson and Simon (2001) yielded differences in k
values of 0 to over 100% attributed to grain size variation at a single site.
Another question that may be raised is whether E and k are
functions of the same component of the total shear stress acting on a
river bank. In a river bend, the total boundary shear stress acting on
the outer bank is the sum of stress resulting from drag on bedforms
and the stress acting on the actual boundary. Smith and McLean
(1977) and, more recently, Kean and Smith (2006) gave methods for
partitioning the total shear stress into form drag and skin friction, or
the stress acting on the boundary. In the jet-test procedure used to
calculate k, a stress was applied directly to the smoothed, unvegetated
bank surface in a focused manner, precluding quantiﬁcation of the
inﬂuence of bank roughness elements. With regard to E, the migration
rate [M in Eq. (1)] used in its calculation is a record of the rate of
sediment removal from the base of the bank and is therefore a
function of skin friction. The migration rate M is then correlated with
ub′, which represents the total shear stress and does not take bank
effects into account; therefore, the inﬂuence of bank roughness would
be incorporated into E. The correlation of E with k (Fig. 6), however,
suggests that E values for the Sacramento River reﬂect the dominance
of skin friction, or the grain-scale resistance to ﬂuid shear. This ﬁnding
is speciﬁc to eroding banks like those of the Sacramento River that are
tall and generally free of low hanging vegetation and resistant failed
blocks.
5.2. The relationship between E and k
A relationship between E and k as suggested by Fig. 6 is consistent
with the current understanding that the rate of bank erosion
ultimately depends on the rate of removal of material from the base
of the bank by ﬂuvial entrainment (Thorne, 1982). This is true where
the primary mechanism of bank retreat is mass failure or ﬂuvial shear.
In the Sacramento River, most actively eroding banks are unconsolidated alluvium with a lower layer of noncohesive gravel and sand and
an upper layer of silt that fails via cantilever failure (K. Buer, DWR,
personal communication, 2002). Based on ﬁeld inspection, the failed
blocks of silt are typically easily eroded once wet; therefore, the rate of
bank retreat is controlled by the rate at which the coarser material at
the base of the bank is eroded.
An encouraging implication of the correlation in Fig. 6 is the
possibility that the bank erosion coefﬁcient E may be determined
directly from ﬁeld measurements of bank material resistance to ﬂuvial
shear, allowing for predictions of meander migration that are independent of past patterns of channel shifting. This interpretation is subject to
further testing under a wider range of conditions to augment the data
presented here.

Also subject to further testing is the hypothesis that the relationship between E and k shown in Fig. 6 varies with the size of the river.
Larsen (1995) found that E values are substantially higher for the
Mississippi River than for small creeks and concluded that E includes a
scale effect, which remains to be identiﬁed and explained but may
depend on the effect of bank height on slope stability, tree
reinforcement of low banks, or scale-related ﬂow-duration regimes
that extend the duration of competent ﬂows in large rivers. The data
presented here derive from only a single large lowland river.
5.3. The role of vegetation
An important implication of the correlation between E and k is that
riparian vegetation, the effects of which were not measured by the jettest device, plays a limited role in determining long-term bank erosion
rates in the Sacramento River. This hypothesis is supported by a small
number of other studies, while most of the existing literature on the
topic concludes that the inﬂuence of vegetation on bank erosion is
signiﬁcant. This apparent contradiction warrants further discussion.
Numerous researchers have found elsewhere that vegetation can
act to stabilize banks against failure (Abernethy and Rutherfurd, 2000;
Micheli and Kirchner, 2002b; Simon and Collison, 2002) and retard
near-bank ﬂow velocity (Pizzuto and Meckelnburg, 1989; Thorne and
Furbish, 1995). On the other hand, recent work utilizing a new model
of bank stability has shown that the inﬂuence of mature, woody
vegetation on bank stability, excluding any vegetation effects on pore
water pressures, is small relative to the inﬂuence of other bank
properties such as bank height and bank material composition (Van
De Wiel and Darby, 2007). In terms of erosion of failed or intact bank
material by ﬂuvial shear, vegetation that protrudes into the ﬂow may
actually enhance local turbulence and bank scour (Lawler et al., 1997),
and fallen trees may redirect ﬂow toward the eroding bank.
In considering the results of this and other studies, the problem of
whether or not the presence of vegetation affects migration rates
appears to be a question of scale and time frame. In rivers and streams
where bank height is less than rooting depth, vegetation can be
expected to increase the shear strength of the bank (e.g., Micheli and
Kirchner, 2002b; Van De Wiel and Darby, 2007) and bind together
noncohesive bank material. Wynn and Mostaghimi (2006) applied the
submerged jet test to vegetated banks along small streams with bank
exposures above base ﬂow ranging from 65 to 225 cm and drainage
areas between 9 and 322 km2. The authors found that in this type of
setting root density has a signiﬁcant impact on bank material erodibility under ﬂuid shear.
Average bank height in the Sacramento River is 8 to 10 m, greater
than the 2 to 4 m maximum rooting depths of woody riparian species
of the Sacramento Valley such as valley oak (Quercus lobata), California
black walnut (Juglans californica), and Oregon ash (Fraxinus latifolia)
(Canadell et al., 1996; Alpert et al., 1999), and the much shallower layer
of dense roots. The large size of the Sacramento River channel,
therefore, brings into question the impact of vegetation on geotechnical bank stability and also on rates of erosion via ﬂuvial shear. Where
vegetation is conﬁned to the tops of tall cutbanks, it can resist tension
cracking and exert a minor inﬂuence on the shear strength across a
potential failure surface, but not on the rate of the erosion at the toe of
the bank, which eventually undermines even root-reinforced slopes. In
this study, no vegetative matter (including root material) was observed
low on the banks where the jet tests were conducted. Furthermore, the
average angle of eroding banks along the Sacramento River is 30 to 35°
from the top of the bank to the bank toe, equivalent to the angle of repose
of unconsolidated gravel and sand. Fig. 6 suggests that for the
Sacramento and perhaps other large rivers any vegetation effects on
bank erosion rates are small compared with the inﬂuence of bank
material composition on resistance to ﬂuvial shear. Nanson and Hickin
(1986) discussed a similar implication of their data for 18 large rivers in
Canada with widths ranging from 30 to 278 m and bank heights
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ranging from 2 to 8.3 m; vegetation on tall banks does little to increase
geotechnical stability or protect the subaqueous portion of the bank
from boundary shear.
Micheli et al. (2004) calculated bank erosion coefﬁcients (E) from
Sacramento River planform data for three different time periods
(1946 –1969, 1981–1991, and 1991–1997) and compared values for
bends adjacent to forested and agricultural land. The authors found
that E values calculated for forested reaches were consistently lower
than those calculated for agricultural reaches. Equating E to bank
erodibility, the authors argued that forested ﬂoodplain is less erodible
than agricultural ﬂoodplain, reﬂecting primarily the slowing of nearbank velocities by bank vegetation and debris along forested banks. As
mentioned brieﬂy by the authors, the data showed a greater difference
between E values for forested and agricultural ﬂoodplain sections over
the two shorter time periods than over the longer time period.
Both forested and unforested banks along the Sacramento River
experience erosion at the bank toe that causes undercutting and
eventually collapse. Qualitative ﬁeld observations made for this study
suggest that large failed, root-bound blocks of sandy–silty soil from
the forested ﬂoodplain temporarily form a buffer to ﬂow that persists
through at least the low-ﬂow season following failure. It is unknown
whether the blocks, which are a few meters wide, persist through one
or more high-ﬂow seasons. The failures observed at forested banks
during the course of this study were ~10 times wider than those
observed at unvegetated or sparsely vegetated banks. The large size of
the failures, therefore, may compensate over the long term for the
retarding effects of failed blocks on bank erosion rates over the short
term. This may explain why Micheli et al. (2004) documented larger
differences in E between forested and agricultural banks for 6 and
10 year time periods than for a 20 year time period. As described in an
earlier section, no statistically signiﬁcant difference was detected
between mean E values at gravel banks corresponding to three
different land cover classiﬁcations (forest, agriculture, and unvegetated gravel bar) for the 26 year time period examined in this study.
6. Conclusions
The jet-test apparatus provides a quantitative measure of bank
material resistance to ﬂuvial shear (k) for both cohesive and
noncohesive banks. For a small data set that includes both types of
banks along the Sacramento River, a linear relationship was found
between the bank erosion coefﬁcient E, back-calculated from data on
long-term meander migration rates and channel characteristics, and k
measured using the jet test. Erodibility k computed in this study
depends only on bank material composition and does not incorporate
effects of vegetation, yet differences in k largely explain the variability
observed in E values at different banks, at least for the limited data set
presented here. One implication of this result is that vegetation may
play an insigniﬁcant role in determining long-term meander migration rates of the Sacramento River and other large rivers. Although a
number of previous studies support this hypothesis, work is needed to
clarify the role of vegetation while controlling for the size of the river
and the timescale of migration rate measurement.
The strong correlation between E and k suggests that E is primarily
a function of bank material properties; however, further examination
of results for banks with gravel bases indicate that other variables may
play minor roles in determining E. Values of E are signiﬁcantly lower
immediately downstream of bank-protection structures than elsewhere. Upstream bank protection affects the planform geometry and
stability and therefore the ﬂow ﬁeld at the entrance to the top of a
reach where bank erosion is measured; disproportionately high values
of ub′ but low values of M in the reach yield low values of E. In addition,
a weak positive correlation was found between E and net bed material
storage change, indicating the importance of accounting for availability of bed material for deposition when making predictions of
meander migration rates. It remains to be resolved whether this effect
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can be accounted for by frequently updating the channel geometry
inputs to Eq. (9) from ﬁeld surveys or modeling of bed material
storage changes.
Both the jet test over a wide range of bank material grain sizes and
the statistical analyses of factors affecting the bank erosion coefﬁcient E
at gravel banks indicate the importance of texture-scale geotechnical
controls in determining bank resistance to erosion, and therefore
meander migration rates, once ﬂow and channel curvature have been
accounted for. Results from the Sacramento River suggest the possibility
that modeling long-term meander migration of large rivers may be
facilitated by estimating the coefﬁcient of bank erosion E directly from
ﬁeld measurements of bank material resistance to erosion by ﬂuvial
shear. Given the opportunity for enhancing predictive capabilities
and addressing river engineering problems, this implication warrants
additional testing on other large rivers with a range of bank material
types.
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