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[1] River beds are often arranged into patches of similar grain size and sorting. Patches
can be distinguished into ‘‘free patches,’’ which are zones of sorted material that
move freely, such as bed load sheets; ‘‘forced patches,’’ which are areas of sorting
forced by topographic controls; and ‘‘fixed patches’’ of bed material rendered immobile
through localized coarsening that remain fairly persistent through time. Two sets of flume
experiments (one using bimodal, sand-rich sediment and the other using unimodal,
sand-free sediment) are used to explore how fixed and free patches respond to stepwise
reductions in sediment supply. At high sediment supply, migrating bed load sheets
formed even in unimodal, sand-free sediment, yet grain interactions visibly played a
central role in their formation. In both sets of experiments, reductions in supply led to the
development of fixed coarse patches, which expanded at the expense of finer, more mobile
patches, narrowing the zone of active bed load transport and leading to the eventual
disappearance of migrating bed load sheets. Reductions in sediment supply decreased the
migration rate of bed load sheets and increased the spacing between successive sheets.
One-dimensional morphodynamic models of river channel beds generally are not designed
to capture the observed variability, but should be capable of capturing the time-averaged
character of the channel. When applied to our experiments, a 1-D morphodynamic
model (RTe-bookAgDegNormGravMixPW.xls) predicted the bed load flux well, but
overpredicted slope changes and was unable to predict the substantial variability in bed
load flux (and load grain size) because of the migration of mobile patches. Our results
suggest that (1) the distribution of free and fixed patches is primarily a function of
sediment supply, (2) the dynamics of bed load sheets are primarily scaled by sediment
supply, (3) channels with reduced sediment supply may inherently be unable to transport
sediment uniformly across their width, and (4) cross-stream variability in shear stress
and grain size can produce potentially large errors in width-averaged sediment flux
calculations.
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1. Introduction

[2] The grain size distribution of the surface of channel
beds typically displays significant spatial structure. Varia-
tions occur at all scales, but once they reach mappable
domains they are often referred to as patches or facies of

common size distributions [e.g., Dietrich and Smith, 1984;
Lisle and Madej, 1992; Seal and Paola, 1995; Crowder and
Diplas, 1997; Buffington and Montgomery, 1999a]. Some
patches can be texturally stable for many years (even after
considerable bed load flux) and remain in a fixed location in
the channel, while other patches may migrate downstream
as a distinct grain size varying pulse of sediment (as
reviewed by Dietrich et al. [2005]). The relatively stable
(in space) patches appear to arise from shear stress diver-
gences that are forced by topographic controls, such as bar
morphology [e.g., Mosley and Tindale, 1985; Laronne and
Duncan, 1992; Lisle and Hilton, 1999] flow obstructions
such as large woody debris [e.g.,Buffington andMontgomery,
1999b; Haschenburger and Rice, 2004], or immobile accu-
mulations of cobbles or boulders where patches of fine
material can accumulate in wake zones [e.g., Garcia et al.,
1999; Laronne et al., 2001; Yager et al., 2005; Yager, 2007].
Theoretical prediction of the size distribution and occur-
rence of these patches, however, remains challenging [e.g.,
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Parker and Andrews, 1985; Bridge, 1992; Lisle et al., 2000;
Sun et al., 2001a, 2001b; Julien and Anthony, 2002]. In
systems with decreasing sediment supply, spatially persis-
tent zones of coarse sediment can emerge as a consequence
of weaker topographic influences such as grain interactions
and general coarsening [Dietrich et al., 1989; Lisle et al.,
1993]. Downstream migrating zones of distinct clustering of
sediment sizes may organize into thin mappable features
referred to as bed load sheets [Whiting et al., 1988]. These
features develop from interactions between coarse and fine
grains [Whiting et al., 1988; Dietrich et al., 1989; Tsujimoto,
1990; Seminara et al., 1996; Whiting, 1996]. Following
the terminology proposed for bar types [e.g., Seminara,
1998], we refer to these end-member types of patches as
‘‘forced patches’’ (spatially persistent associated with strong
topographic controls), ‘‘fixed patches’’ (spatially persistent
because of weak topographic influences and coarsening),
and ‘‘free patches’’ (migrating patches, typically bed load
sheets in gravel bed rivers) [Nelson et al., 2005]. The
occurrence, distribution and dynamics of these patch types
have not been systematically mapped.
[3] Field and flume studies suggest that sediment supply

and bed texture are dynamically linked. Dietrich et al.
[1989] proposed that surface armoring depends on sediment
supply. They imposed stepwise reductions in sediment
supply to a flume with constant water discharge and
observed the expansion of coarse, inactive zones on the
channel bed. Lisle et al. [1993] used the same flume with a
much larger width-to-depth ratio to develop alternate bars.
Reductions of sediment supply to this channel caused it to
incise, the bars became stationary and emerged, and coarse
areas of the channel bed expanded while the zone of active
bed load transport narrowed. Buffington and Montgomery
[1999c] used these and other flume data to show that it may
be possible to estimate the quantity of sediment supplied to
a reach by comparing the grain size of the bed surface to a
theoretically competent grain size. Kinerson’s [1990] survey
of six field sites with varying supply of coarse sediment
suggested that the extent of fine patches may correlate with
sediment supply. Clayton and Pitlick [2008] suggested that
an essentially unlimited supply of coarse sediment allowed
the Colorado River to maintain an armor layer during flood
conditions. It has also been shown that as the supply of fine
material is reduced, armor patches and gravel jams can
develop [Gran et al., 2006], and elimination of sediment
supply can lead to distinct fixed grain arrangements that
substantially alter effective bed roughness [Church et al.,
1998; Hassan and Church, 2000]. Patches of fine sediment
may act as major sources of bed load when hydraulic
conditions only allow for partial mobility [Laronne et al.,
2001]. Yager’s [2007] field study of patches of fine material
in a steep mountain channel suggested that their area and
thickness should shrink and swell with changes in sediment
supply.
[4] All commonly used mixed grain size bed load trans-

port equations [e.g., Parker and Klingeman, 1982; Parker,
1990; Wilcock and Crowe, 2003] are effectively zero
dimensional (i.e., no spatial or time components) and do
not specifically deal with the effects of patchiness. Sediment
flux predictions based on average channel attributes (e.g.,
depth and mean slope) and spatially averaged grain size
distributions are unlikely to be accurate where streambeds

are spatially patchy [Paola and Seal, 1995; Seal and Paola,
1995; Ferguson, 2003; Chen and Stone, 2008]. For the case
of steep, coarse-bedded channels where patchy finer sedi-
ment passes over rarely mobile coarser sediment [e.g.,
Garcia et al., 1999; Laronne et al., 2001; Garcia et al.,
2007], Yager et al. [2007] show that bed load transport
estimates can be greatly improved by accounting for drag
loss over boulders when estimating the effective boundary
shear stress, and by applying bed load transport equations
only to the portion of the bed that is covered with mobile
finer sediment. In these systems, the interconnectedness of
fine patches and patch-to-patch transport may be of primary
importance under low-stress conditions [Laronne et al.,
2001; Yager et al., 2005; Gran et al., 2006]. Discrete
particle models that solve the equations of motion for
individual sediment grains [e.g., Schmeeckle and Nelson,
2003] or that model particle motion with step and exchange
rules [e.g., MacVicar et al., 2006] may eventually be able to
incorporate and predict patchiness. Thus far, most work has
focused mainly on forced patches and their consequences
for sediment transport; however, the combined influence of
fixed and free patches on bed load transport has not been
explicitly explored.
[5] Free patches may be the most active portion of

channel, especially if the forced patches are composed of
sizes that rarely move. Bed load sheets appear to be the
most common occurrence of free patches in the field
[Gustavson, 1978; Whiting et al., 1988; Ashmore, 1991a,
1991b; Ashworth et al., 1992a, 1992b; Dinehart, 1992;
Bunte et al., 2004] and in flumes during mixed grain size
bed load transport [Iseya and Ikeda, 1987; Kuhnle and
Southard, 1988; Arnott and Hand, 1989; Dietrich et al.,
1989;Wilcock, 1992; Bennett and Bridge, 1995; Pender and
Shvidchenko, 1999; Mikoš et al., 2003; Kuhnle et al., 2006;
Lunt and Bridge, 2007, Madej et al., 2009]. These sorting
features have coarse-grained fronts with heights of 1–2 grain
diameters and become progressively finer toward their
tails. Bed load sheets form and migrate downstream as a
consequence of the ‘‘catch and mobilize’’ process, in which
large grains are caught in the wakes of other large grains,
followed by infilling of their interstices by smaller particles,
which can in turn smooth out hydraulic wakes causing large
particles to be remobilized [Whiting et al., 1988]. The sorting
patterns across free patches suggest that they pose abrupt
changes in roughness and turbulence structure [Antonia
and Luxton, 1971, 1972; Best, 1996]. Seminara et al.
[1996] proposed that the stress perturbation due to this
sorting structure allows for the growth of bed load sheets.
Dietrich et al. [1989] noted that in response to sediment
supply reduction bed load sheets became less frequent and
distinct, but did not quantify this observation. Given the
growing acknowledgment of and emphasis on the influence
of sand on gravel mobility [e.g., Iseya and Ikeda, 1987;
Ferguson et al., 1989; Wilcock, 1998; Wilcock et al., 2001;
Wilcock and Kenworthy, 2002; Wilcock and Crowe, 2003],
it is reasonable to ask whether sheets will form in unimodal
bed material in which sand is absent. Gomez et al. [1989]
report ‘‘secondary dunes’’ of a few grain diameters in height
and a few tens of grain diameters in length in experiments
with gravel between 6 and 64 mm in diameter. They do not,
however, report sorting patterns over these features. In
general, it is not well known whether bed load sheets can
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form in the absence of sand and how sheet characteristics
may depend on sediment supply.
[6] In this paper we focus on the relationship between

sediment supply and bed surface patchiness and ask the
following three questions: (1) what is the relationship
between the distribution of free and fixed patches and
relative sediment supply; (2) how are the properties of
bed load sheets, specifically wavelength and migration rate,
influenced by supply; and (3) how does the presence of
fixed and free patches influence the prediction of channel
slope, grain size, and bed load flux in the simplest case of a
straight, lowwidth-to-depth ratio flume. To do this, we revisit
the work of Dietrich et al. [1989] and present previously
unreported data from those experiments. We build upon this
work with a new set of experiments conducted with the same
general procedure of a stepwise supply reduction under
constant water discharge, but in a larger flume using a
unimodal, sand-free sediment. We then use data collected
in these two sets of experiments to test the full 1-D morpho-
dynamic predictions of bed evolution using the spreadsheet
model RTe-bookAgDegNormGravMixPW.xls of G. Parker
(1-D sediment transport morphodynamics with applications
to rivers and turbidity currents, e-book, 2007, available at
http://cee.uiuc.edu/people/parkerg/morphodynamics_e-book.
htm). Our analysis shows that as supply is reduced, fixed
coarse patches expand at the expense of finer more mobile

patches and result in overall bed coarsening. Large, short-
term variations in sediment flux are associated with the
migration of free patches, the dynamics of which scale with
sediment supply. The Parker (e-book, 2007) model predicts
average sediment flux fairly accurately and predicts the
corresponding median bed surface grain size and slope to
within a maximum difference of 30%. Application of
common mixed grain size sediment transport algorithms
to our observed shear stress and areally averaged bed
surface grain size suggests that for some simple cases,
spatial grain size averaging may produce reasonable trans-
port estimates.

2. Methods

[7] The data presented in this paper were collected during
two sets of flume experiments. The first were conducted at
the University of Tsukuba in Japan in 1987, and have been
described in previous publications [Dietrich et al., 1989;
Kirchner et al., 1990]. The second set of experiments was
conducted at the University of California, Berkeley Rich-
mond Field Station in Richmond, California, United States,
in 2005. The procedures for each set of experiments were
similar and are described below.

2.1. Tsukuba Experiments

[8] Dietrich et al. [1989] progressively reduced the sed-
iment supply to a small (7.5 m long, 0.3 m wide) flume,
holding the water discharge (0.6 l/s cm), flume slope
(0.0046), and bulk (sediment feed) grain size distribution
constant. The width-to-depth ratio was maintained at �3 in
order to suppress development of any channel topography
and maintain a simple ‘‘one-dimensional’’ system. The
water surface slope, bed slope, and bed surface texture
were allowed to equilibrate to the imposed water discharge
and sediment supply rate. Sediment was fed into the
upstream end of the flume by hand or conveyor belt, and
bed load discharged from the end of the flume was collected
at 5-min intervals, weighed, and sieved. The water surface
and bed surface slopes were measured every 6 min from
point gage readings taken at 1-m intervals along the flume
centerline. When equilibrium was achieved, that is, when
the water surface slope stabilized and the rate and size
distribution of bed load transported out the end of the flume
matched those of the sediment feed, the run was halted.
Each run lasted 6–8 hours, and these procedures were
repeated for two reductions in feed rate. The sediment feed
was composed of a bimodal sand-gravel mixture of diam-
eter ranging from 1 to 12 mm and with a median grain size
(D50) of 3.6 mm (Figure 1a). The initial bed median grain
size due to just wetting (i.e., flow without significant
transport and particle vibration) was about 4.2 mm. In-
creased flow and high sediment supply quickly fined the
bed to a median grain size the same as the supply. In the
three runs, sediment was supplied to the channel at succes-
sively reduced rates of 17.4, 6.1, and 1.7 g/min cm. The
flow parameters at equilibrium for each run are given in
Table 1.
[9] During the experiments, the bed organized itself into

3 or 4 distinct patch types (Figures 2a and 2b and Table 2).
Patches were classified as ‘‘congested’’ (coarse-median
grain size D50 = 4.68 mm, geometric standard deviation

Figure 1. Grain size distributions for the bulk (feed)
sediment and bed surface for the (a) Tsukuba and (b) Berkeley
experiments.
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s = 1.76), ‘‘transitional’’ (D50 = 3.63 mm, s = 2.16),
‘‘smooth’’ (fine, D50 = 2.62 mm, s = 2.16), and ‘‘inactive’’
(coarse zones with no active bed load transport, D50 =
5.49 mm, s = 1.77) (see Iseya and Ikeda [1987] for a
discussion of the terms). The grain size distributions for
smooth, transitional, and congested facies were measured
after the experiment from areas of the bed that were fixed

onto removable boards with cyanoacrylate glue (seeKirchner
et al. [1990] for details); the grain size distribution for the
inactive facies was taken from a grid-by-number Wolman-
style [Wolman, 1954] pebble count after the lowest feed rate
experiment (1.7 g/min cm). This sorting was largely longi-
tudinal, forming migrating ‘‘congested-smooth’’ sequences
[Iseya and Ikeda, 1987] or bed load sheets [Whiting et al.,

Table 1. Hydraulic Conditions for Each Set of Experiments

Tsukuba Berkeley

Run 1 Run 2 Run 3 Run 5-1 Run 5-2 Run 5-3 Run 5-4

Sediment feed rate (g/min cm) 17.4 6.1 1.7 23.3 15.5 9 0
Water discharge (l/cm s) 0.6 0.6 0.6 2.38 2.38 2.38 2.38
Mean flow depth (cm) 10.2 ± 0.04 10.3 ± 0.02 11.3 ± 0.02 21.8 ± 1.6 22.1 ± 0.9 22.4 ± 1.4 22.8 ± 1.2
Water surface slope � 10�3 5.2 ± 0.2 4.6 ± 0.07 3.5 ± 0.08 4.8 ± 0.08 4.6 ± 0.03 4.0 ± 0.05 3.9 ± 0.05
Bed slope 0.0055 0.0051 0.0048 0.0043
Width-to-depth ratio 2.94 2.91 2.65 3.95 3.90 3.83 3.77
Mean flow velocity (m/s) 0.59 0.58 0.53 1.09 1.08 1.06 1.05
Froude number 0.59 0.58 0.50 0.75 0.73 0.72 0.70
Boundary shear stress (Pa) 5.20 ± 0.21 4.64 ± 0.07 3.88 ± 0.09 10.30 ± 0.78 9.94 ± 0.39 8.85 ± 0.55 8.64 ± 0.48
Boundary shear stress
(sidewall corrected) (Pa)

4.89 ± 0.20 4.37 ± 0.07 3.63 ± 0.08 10.14 ± 0.76 9.78 ± 0.38 8.71 ± 0.54 8.50 ± 0.46

D50 (bed surface) (mm) 3.74 4.26 4.85 9.61 10.05 10.73 11.82
Armoring ratio 1.03 1.17 1.34 1.19 1.25 1.33 1.47
Shields number 0.086 0.067 0.049 0.066 0.061 0.051 0.045
Width of zone of active
transport (cm)

– – – 61 ± 10 51 ± 12 46 ± 9 –

Length of run (hours) 7.5 7.5 6 16.0 28.9 27.9 20.7

Figure 2. Grain size distributions for patch types mapped during each experiment. (a) Cumulative and
(b) probability distributions from the Tsukuba experiments; (c) cumulative and (d) probability
distributions from the Berkeley experiments.
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1988], and during the run the along-flume location of the
congested heads of downstream migrating bed load sheets
was recorded at 1–2 min intervals. After each run, the entire
bed was mapped into these patch types. These patch
distributions were used to obtain an area-weighted average
grain size distribution for the entire bed surface (Figure 1a).
We use this area-weighted size as a metric of surface
response although its distribution does not actually occur
at any particular location on the channel bed.

2.2. Berkeley Experiments

[10] We performed a similar set of experiments at UC
Berkeley’s Richmond Field Station (RFS) in Richmond,
California. The Berkeley flume is a 28 m long, 0.86 m wide
channel. As in the Tsukuba experiments, the width-to-depth
ratio was narrow (�4) to suppress the development of bed
topography. In these experiments, we performed three
stepwise reductions in sediment supply while maintaining
a constant water discharge (2.38 l/s cm), flume slope (0.005)
and sediment feed grain size distribution. Sediment was fed
into the upstream end of the flume using an automatic screw
feeder. The downstream end of the flume was equipped with
a sediment trap and a load cell that sampled the sediment
discharge rate at 60-s intervals. Sediment that exited the
flume was diverted to a separate collection basin and
samples were taken from this basin at intervals of between
5 and 20 hours and sieved to obtain the average grain size
distribution of the transported sediment. The bed surface
and water surface elevation were monitored using an
ultrasonic water level sensor and an acoustic echo sounder
that traversed the flume on a mechanized cart that ran along
rails above the flume walls. Water and bed surface elevation
were measured at 30–60 min intervals along five longitu-
dinal profiles spaced at 218 mm in the cross-stream direc-
tion with the center transect located along the center of the
flume. Measurements in the along-channel direction were
obtained at an interval of 5 mm. Scans of the bed surface
and water surface were performed separately so the echo
sounder did not disturb the water surface measurements.
The three center profiles were used to calculate average bed
and water surface slopes. Between runs, the flume was
drained and a range-finding laser attached to the cart was
used to obtain a topographic scan of the bed on a 1 � 1 cm
grid. A camera was mounted to the cart and between runs
the entire bed was photographed from above.

[11] The grain size distribution of the bulk sediment
composing the bed and the sediment feed is presented in
Figure 1b. We used a unimodal mixture of sand-free gravel
ranging in size from 2 to 32 mm with a median grain size of
8 mm. Sediment was fed into the flume at successive rates
of 23.3, 15.5, 9 and 0 g/min cm. The run was halted when
equilibrium was reached; that is, when the quasi-steady
sediment transport rate exiting the flume as measured by the
load cell was equal to the sediment feed rate. Each run
lasted between 16 and 29 hours. The flow parameters for the
experiments are given in Table 1.
[12] During the experiments, the bed was classified (by

eye) into patches of similar grain size and sorting, and
mapped. As in the Tsukuba experiments, patches ranged
from smooth to congested to inactive, although with the
unimodal, sand-free bulk mixture, sorting (the geometric
standard deviation) played a more critical role in facies
discrimination than in the Tsukuba experiments, where the
median grain size was sufficient. Bed areas that appeared to
have a bimodal grain size distribution were classified as
‘‘scoured,’’ since it appeared that the intermediate-sized
material had been stripped from the bed, exposing some
finer grains. The coarsest areas that experienced little to no
sediment transport were classified as inactive. However,
some areas of the bed that experienced very little sediment
transport were distinguishable from the inactive facies in
that they contained a slightly higher percentage of fine
material; these were classified as ‘‘scoured-inactive’’ since
they resembled a coarser, inactive version of the scoured
facies. The grain size distributions of the patch types were
later derived by selecting representative photos and
performing a digital grain size analysis where a 10� 10 grid
with a spacing of 5 cm was overlain on the center of the
channel in the photo and at each point the intermediate axis
of the intersecting grain was recorded. Although grain size
distributions obtained from photographic analysis will be
affected by grain shape and imbrication (see review by
Bunte and Abt [2001]), these effects can be minimized in a
laboratory setting where the overall sediment characteristics
are known, and here the photographic method provided
both a time-saving technique and a nondestructive visual
archive of the entire bed. Figures 2c and 2d present the
average grain size distribution for each patch type, and
Table 2 summarizes the calculated median grain size (D50)
and geometric standard deviations (s) for these distribu-
tions. The D50 of the congested, smooth, and transitional
patch types was between 8.46 and 9.02 mm. The congested
and transitional patches could be visually distinguished by
their degree of sorting; congested patches were the most
well sorted (s = 1.81) and transitional patches were rela-
tively poorly sorted (s = 1.96). The scoured, scoured-
inactive, and inactive patch types each had similar sorting
values (s � 2) and the major difference between them was
in the median grain size, theD50 for the scoured patches was
9.3 mm while that of the inactive patches was 12.47 mm.
Maps were also constructed of the dry bed at the end of each
feed reduction. Similar to the Tsukuba experiment, the
photographically derived patch grain size distributions were
combined with patch areas derived from the maps to obtain
an area-weighted average grain size distribution of the entire
bed at the end of each run.

Table 2. Grain Size Characteristics of Patch Types Mapped in the

Berkeley and Tsukuba Experimentsa

Patch Type D50 (mm) s

Tsukuba
Smooth 2.62 2.16
Transitional 3.63 2.16
Congested 4.68 1.76
Inactive 5.49 1.77

Berkeley
Smooth 8.54 1.88
Transitional 8.46 1.96
Congested 9.02 1.81
Scoured 9.3 2.05
Scoured-inactive 11.21 2.05
Inactive 12.47 2.02

aMedian grain size D50 and geometric standard deviation s.

F02005 NELSON ET AL.: BED PATCHINESS AND SEDIMENT SUPPLY

5 of 18

F02005



2.3. One-Dimensional Morphodynamic Modeling

[13] One-dimensional morphodynamic models cannot ac-
count for lateral bed surface heterogeneity; however, the
difference between experimental results where patches are
documented and 1-D model predictions can provide an
avenue for quantifying the effect of patches on sediment
transport and channel characteristics. To facilitate such a
comparison, we simulated the Tsukuba and Berkeley
experiments with a one-dimensional morphodynamic model,
RTe-bookAgDegNormGravMixPW.xls, which is freely
available as an Excel (# Microsoft Corp.) spreadsheet
accompanying an e-book (Parker, 2007, available at http://
cee.uiuc.edu/people/parkerg/morphodynamics_e-book.htm).
In order to have greater control over the model output (i.e., to
allow us to smoothly incorporate stepwise reductions in
sediment supply), we translated the VBA code in the Excel
spreadsheet into MATLAB (# Mathworks Inc.) code. The
main input parameters to the model include the reach length,
the initial grain size distributions of the bed surface, subsur-
face, and sediment feed, the initial slope, the sediment feed
rate, and the water discharge. At each computational node in
the modeled reach, the model calculates shear stresses using
a normal flow approximation, calculates bed load transport
using the surface-based relation of Parker [1990] orWilcock
and Crowe [2003], and calculates changes in bed surface
elevation and grain size using the 1-D Exner equation with
the active layer assumption. Here, the Tsukuba experiments
(which had a significant sand component) were modeled
using theWilcock and Crowe [2003] relation, while the sand-
free Berkeley experiments were modeled using both the
Parker [1990] and Wilcock and Crowe [2003] relations.
Table 3 provides the input parameters used in the modeling.

3. Results

3.1. Mean Hydraulic Conditions and Bed
Characteristics

[14] Table 1 shows the mean hydraulic conditions at the
end of each run for both sets of experiments. In the Tsukuba
experiments, as the sediment feed rate was reduced from
17.4 to 6.1 and then to 1.7 g/min cm, the water surface
slope decreased from 0.0052 to 0.0046 and then to 0.0035

(Figure 3a), and the mean flow depth varied only slightly,
ranging from 10.2 to 11.3 cm. These slope reductions along
with the relatively constant depth resulted in a decrease in
the boundary shear stress during the experiment, from 5.2 Pa
under the 17.4 g/min cm feed rate to 3.88 Pa under the
lowest feed rate of 1.7 g/min cm (Figure 3b). The slope
decrease was accompanied by bed degradation, which was
greatest at the upstream end because the downstream
elevation of the bed was fixed.
[15] In the Berkeley experiments, the mean depth varied

only slightly, increasing from 21.8 cm at the highest feed
rate of 23.3 g/min cm, to 22.8 cm at a feed rate of zero. The
water surface slope was 0.0048 with the highest sediment
feed rate of 23.3 g/min cm and decreased with each feed
reduction, ultimately reaching a value of 0.0039 during the
zero-feed run. The bed slope exhibited a similar decrease
from 0.0055 at the highest feed rate to 0.0043 during the
zero-feed run, although both the bed and water surface slope
displayed substantial variability throughout the course of
the experiment (Figure 4a). These slope reductions decreased
the boundary shear stress, which fell from 10.3 Pa at the
highest feed rate to 8.64 Pa with zero feed (Figure 4b). As in
the Tsukuba experiments, the slope decrease was accompa-
nied by bed degradation that was greatest at the upstream
end of the flume.
[16] For each experiment, the shear stress tb was calcu-

lated as tb = rghS where r is the density of water, g is
gravitational acceleration, h is mean flow depth, and S is the
water surface slope. The uncertainties in the depth and slope
measurements (the standard error calculated from the re-
peated measurements) were propagated through the calcu-
lation to estimate shear stress uncertainties. Table 1 also
presents sidewall-corrected shear stress (calculated with the
Williams [1970] method).
[17] Substantial changes in the surface grain size distribu-

tion also accompanied the reduced sediment feed. For both
experiments, on a flume-averaged basis, the surface coars-
ened with each supply reduction. Figures 1a and 1b show
the area-weighted average surface grain size distributions at
the end of each run for each experiment. In the Tsukuba
experiment, the average median grain size of the bed surface
was 3.74 mm at the highest feed rate of 17.4 g/min cm.

Table 3. Input Parameters for Morphodynamic Modela

Variable
Variable

Abbreviation Units

Tsukuba Berkeley

Run 1 Run 2 Run 3 Run 5-1 Run 5-2 Run 5-3 Run 5-4

Sediment feed rate qbTf m2/s � 10�6 10.90 3.82 1.07 14.63 9.75 4.88 0
Water discharge qw m2/s 0.06 0.06 0.06 0.238 0.238 0.238 0.238
Intermittency I 1 1 1 1 1 1 1
Initial bed slopeb Sfbl 0.0046 – – 0.0051 – – –
Reach length Lr m 7.5 7.5 7.5 30 30 30 30
Time step dt days � 10�5 2.6 2.5 1.4 0.12 0.12 0.12 0.12
Number of segments M 30 30 30 90 90 90 90
Active layer factorc na 1 1 1 1 1 1 1
Upwinding coefficient au 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Output frequencyd Mtoprint 2000 3000 3000 120 120 120 120
Output frequencyd Mprint 6 6 6 480 868 836 620
Time simulated Calc time hours 7.5 10.8 6 16.0 28.9 27.9 20.7

aSee Parker (e-book, 2007) for details of the model.
bOnly used in the first run, later runs used the final bed profile from the previous run.
cFactor by which surface D90 is multiplied to obtain active layer thickness.
dMtoprint is the number of steps until output is recorded; Mprint is the number of printouts after the initial one.
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After the feed rate was reduced to 6.1 g/min cm, the surface
D50 increased to 4.26 mm, and after the feed rate was
further reduced to 1.7 g/min, the surface coarsened to a D50
of 4.85 mm. As noted above, the initial surface grain size
before transport was coarser than the load, but with first
introduction of the high feed rate the areally averaged
channel D50 fined to nearly that of the load. Assuming that
the D50 of the subsurface and that of the sediment feed were
similar (D50 = 3.65 mm), these average median surface
sizes correspond to armoring ratios (surface D50/subsurface
D50) of 1.03, 1.17, and 1.34 for feed rates of 17.4, 6.1, and
1.7 g/min cm, respectively. Similar overall coarsening was
observed in the Berkeley experiments (Table 1). Under the
highest feed rate of 23.3 g/min cm, the areally weighted
surface D50 was 9.61 mm. The surface coarsened to a D50
of 10.05mm after the feed rate was reduced to 15.5 g/min cm,
then coarsened further to 10.73 mm after the feed rate was
reduced to 9 g/min cm, and finally it coarsened to 11.82 mm
after an extended period with no feed. When compared with
the D50 of the feed (8.06 mm), these values correspond
to average armoring ratios of 1.19, 1.25, 1.33, and 1.47
respectively.

3.2. Observations of Bed Surface Patchiness

[18] In both the Tsukuba and Berkeley experiments, the
bed became organized into patches whose distribution
varied with sediment supply. Figures 5 and 6 are maps
representing the bed during each experiment under different

sediment feed conditions. In the Tsukuba experiments
(Figure 5), as mentioned by Dietrich et al. [1989], inactive
and congested zones expanded as the sediment supply was
reduced. Active transport became confined to a corridor
down the center of the channel, the width of which
narrowed as sediment supply was reduced. At the lowest
sediment transport rate the bed ultimately exhibited a
virtually uniform pavement. A map of the bed at the lowest
sediment feed rate was not made because of this lack of
variability.
[19] Similar results were observed in the Berkeley experi-

ments (Figure 6). As the supply was reduced, coarse
inactive zones along the flume walls expanded at the
expense of the finer smooth and transitional areas. These
coarse patches along the channel edges were not forced by
topography, but were fixed as a consequence of coarse grain
interactions and near-wall boundary shear stress reduction
(and were present to some degree even at the highest load).
Sediment transport was primarily confined to a narrow, finer
corridor in the center of the channel. The width of this zone
of active transport decreased as the sediment supply was
reduced (Table 1). Analysis of bed maps indicates that at the
highest supply rate of 23.3 g/min cm, the width of this zone
of active transport was 61 ± 10 cm (mean ± 1 standard
deviation), and it narrowed to 51 ± 12 cm at 15.5 g/min cm,
then 46 ± 9 cm at 9 g/min cm. At 0 g/min cm, all bed
surface heterogeneity had essentially been eliminated and
this zone of active transport effectively disappeared as the

Figure 3. Experimental results and model predictions for the Tsukuba experiments for (a) water surface
slope, (b) shear stress, (c) median grain size of the bed surface, and (d) median grain size of the sediment
discharge.
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