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Previous studies have shown that spatial variance in fluid and critical shear stress, caused by form roughness,
can increase bedload flux. Others have revealed that variance in flow velocity increases with relative submer-
gence and that bed mobility is reduced at lower submergences. The paper explores the link between these
observations and addresses the following questions: is grain roughness sufficient to cause variance in fluid
shear stress and an increase in bedload flux; if this variance changes with submergence, does this mean
that the increase is dependent on submergence; and does this explain the change in mobility with submer-
gence? A simple, statistical bedload model, based on spatial distributions of fluid and critical shear stress, has
been used to explore these effects over a water-worked gravel deposit. Estimates of spatially distributed fluid
shear stress were gained from laboratory flumemeasurements of near-bed flow velocity, and a distribution of
critical shear stress was simulated using a discrete particle model of the sediment distribution used in the
flume. The velocity data were used to describe the change in the spatial distribution of near-bed velocity
with relative submergence, which allowed the effects of submergence on flux to also be considered. The
main conclusions were: (i) spatial variance in fluid shear stress from grain roughness was not sufficient to
have an appreciable effect on bedload flux over water-worked gravel beds with a spatial distribution of crit-
ical shear stress; (ii) spatial variance in critical shear stress, caused by grain roughness, had a much larger in-
fluence and increased bedload flux. This was a similar level of increase observed in studies for conditions
where form roughness was high; (iii) spatially averaged estimates of fluid and critical shear stress should
not be used to estimate bedload flux even if form roughness is low; and (iv) a rise in relative submergence
increased bedload flux. This was due to changes in the spatial distribution of near-bed velocity and not due
to a lowering in the local flow velocity as has been suggested by previous studies.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Bedload transport is a controlling factor in the morphological
change of gravel-bed rivers. It is a nonlinear process so the bedload
flux within a river depends not only on the mean values of fluid and
critical shear stress but also on their spatial variances. In gravel-bed
rivers, the surface of a water-worked sediment deposit is spatially
complex and highly three-dimensional because of the presence of
bedforms occurring at different roughness scales. Commonly fluid
shear stress is subdivided into two components: (i) the shear stress
caused by the resistance of grains (grain roughness); and (ii) the
stress caused by the resistance of the form of the river bed (form
roughness). It is well established that grain roughness, caused by
things like grain shape, orientation, exposure, sorting, packing and
protrusion, controls the distribution of critical shear stress at this
granular scale (e.g., Wiberg and Smith, 1987; Kirchner et al., 1990;
l rights reserved.
Buffington et al., 1992). Less is known about the spatial variance in
fluid shear stress, which occurs because of this grain roughness, and
its effect on bedload flux. Up until now, focus has been on examining
the influence of form roughness on the variance in fluid shear stress
and how this affects bedload flux.

For example, Ferguson (2003) developed an analytical model to
quantify the effect of lateral variability in fluid shear stress, caused
by changes in channel planform, on bedload transport capacity. He
examined its influence on bedload flux for beds with and without
spatial variability in critical shear stress. The lateral variability was
simulated by using a statistical model that described a theoretical
probability distribution for the lateral distribution of shear stress.
This allowed both the mean and variance of the distributions to be
changed, allowing different degrees of lateral variability in fluid
shear stress to be applied. He found that the bedload flux was consid-
erably greater when a lateral variation in fluid shear stress was pre-
sent, such that bedload flux increased with the variance of fluid
shear stress. He showed that lateral variability in fluid shear stress
can produce bedload fluxes more than five times greater than those
predicted for an invariant fluid shear stress. In a similar fashion,
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Paola (1996) outlined a model of flow and bedload transport for
braided rivers. He used the spatial probability distribution of flow
depth as a surrogate measure of the distribution of fluid shear stress.
His model showed, if fluid shear stress is assumed to be invariant,
bedload transport calculations will underestimate bedload flux by a
factor of around three. Nicholas (2000) further developed this
model to account for the relationship between flow discharge and
the distribution of flow depth at a cross section of a braided river.
The revised model showed that lateral variability in fluid shear stress
exerts the most influence on bedload flux at low flows, in which
bedload fluxes were two to three times greater than those predicted
with invariant fluid shear stress. All previous attempts to quantify
the effect of spatial variance in fluid shear stress on bedload flux
have not been based on velocity measurements.

For beds without any notable form roughness, studies have
revealed that the flow is also spatially heterogeneous. For example,
low-speed wall streaks, near-wall region bursts (ejections and
sweeps), and large-scale flow structures occupying the whole flow
depth have been described (e.g., Grass and Mansour-Tehrani, 1996;
Shvidchenko and Pender, 2001; Hardy et al., 2009). Also significant
spatial variability in time-averaged velocity has been observed (e.g.,
Lawless and Robert, 2001; Mignot et al., 2009) and shown to have
an effect on the fluid shear stress distribution (e.g., Aberle et al.,
2008; Cooper and Tait, 2010).

The spatial structure of the flow field is dependent on relative sub-
mergence (ratio of flow depth to roughness length scale). This has
been observed at the grain scale, as well as at the patch and reach
scales. Measurements both in the laboratory and in the field have
shown that large-scale flow structures scale with flow depth: their
length is typically three to five flow depths, and they have a width
and height that is more or less equal to one flow depth
(Shvidchenko and Pender, 2001; Roy et al., 2004). An increase in
flow depth has also been shown to increase the degree of spatial
variability in the turbulent (Lamarre and Roy, 2005; Buffin-Bélanger
et al., 2006) and time-averaged properties of the flow (Clifford,
1996; Buffin-Bélanger et al., 2006), as well as influence its spatial
structure (Lamarre and Roy, 2005; Legleiter et al., 2007; Cooper and
Tait, 2008; Hardy et al., 2009). This led some to conclude that flow
depth has a strong control on flow structure in gravel-bed rivers
(Roy et al., 2004; Lamarre and Roy, 2005; Legleiter et al., 2007).

Relative submergence also has an important influence on the mo-
bility of a gravel bed. A number of studies have highlighted that the
mean fluid shear stress at which sediment is entrained is positively
correlated to channel slope (e.g., Ashida and Bayazit, 1973; Bathurst
et al., 1983; 1987; Shvidchenko and Pender, 2000; Mueller et al.,
2005; Pender et al., 2007; Lamb et al., 2008; Parker et al., 2011). The
reduced mobility on steep slopes has been attributed to a lower
relative submergence (e.g., Buffington and Montgomery, 1997;
Shvidchenko and Pender, 2000; Mueller et al., 2005; Lamb et al.,
2008; Parker et al., 2011), and not to changes in form roughness
(Mueller et al., 2005; Parker et al., 2011) or increased drag from chan-
nel walls and morphologic structures (Lamb et al., 2008). The correla-
tion can exist when only grain roughness dominates. Studies have
suggested that this occurs because a lower relative submergence
causes a decrease in local flow velocity around bed particles (Ashida
and Bayazit, 1973; Graf, 1991; Lamb et al., 2008). This has yet to be
confirmed with velocity measurements.

In short, evidence exists that (i) spatial variance in fluid shear
stress, caused by form roughness, influences bedload transport capac-
ity; (ii) variance in flow velocity is present at the grain scale; (iii) its
distribution and magnitude change with relative submergence; (iv)
relative submergence affects bed mobility when only grain roughness
dominates; and (v) that grain-scale changes in near-bed flow velocity
could cause this change in mobility. No study has explored how this
evidence links together and so a number of important questions re-
main unanswered: (i) is grain roughness sufficient to cause variance
in fluid shear stress and an increase in bedload flux in a similar
manner to form roughness; (ii) if this variance changes with submer-
gence, does this also mean that the increase is dependent on
submergence; and (iii) does this explain the change in mobility?

This paper attempts to address these questions. A series of labora-
tory tests were performed over a water-worked gravel bed in which
spatially distributed velocity measurements were made of the near-
bed flow field. The bed had no notable form roughness elements
and was dominated by granular roughness. By carrying out the veloc-
ity measurements at various flow depths, the effect of relative
submergence on the near-bed velocity distribution was sought. A
discrete particle model (DPM) was used to simulate a spatial distribu-
tion of critical shear stress for the sediment deposit used in the labo-
ratory experiments. These data are incorporated into a simple,
statistical bedload transport model that allows the effects of variance
in fluid and critical shear stress, as well as relative submergence, on
bedload flux to be isolated. The aim of the paper is to (i) describe
the change in the spatial probability distribution of time-averaged
velocity with relative submergence; (ii) estimate how these changes
in flow influence bedload flux; (iii) estimate how relative submergence
affects bedload flux; and (iv) understand how variance in critical shear
stress affect the results in (ii) and (iii).

2. Methodology

2.1. Experimental setup

The tests were conducted in an 18.3 m-long, 0.5 m-wide laborato-
ry flume, with a working length of 15 m, which could be tilted to pro-
duce a range of flume slopes. A mixture with a log-normal, unimodal
grain size distribution (0.15 mmbDb14 mm; D16=3.50 mm;
D50=4.97 mm; D84=7.00 mm) was used to produce a water-
worked gravel deposit. This was formed by feeding material into
running water, with the feed rate being twice the estimated transport
capacity of the flow. Further details on this methodology and the
surface topography of the bed can be found in Cooper and Tait
(2009). Briefly, the bed was water-worked and dominated by granu-
lar roughness with no notable form roughness elements (standard
deviation=2.14 mm; range=15.2 mm; skewness=0.10; kurto-
sis=2.84). At the granular scale, the particles were well imbricated,
and an abundance of particle clusters along the whole length of the
deposit were evident. The bed had a number of properties that closely
resembled those found for natural water-worked gravel beds that are
dominated by grain roughness: (i) the distributions of the bed surface
elevations were positively skewed; (ii) the vertical roughness length
scales were less than half the horizontal roughness length scales, i.e.,
the grain roughness scales were appropriately scaled; (iii) the two-
dimensional structure function displayed two distinct regions: a scal-
ing region at small spatial lags and a saturation region at large scales;
(iv) the contour plots of the two-dimensional structure function
revealed an elliptical shape that extends to scales several times the
median grain diameter, indicating the presence of grain-scale sedi-
mentary structures and an anisotropic bed structure; and (v) prefer-
ential particle orientation and direction of imbrication in the
subsurface, as well as bulk porosity and hydraulic conductivity values
that closely resemble those found in poorly sorted gravel lithofacies
of in-channel fluvial deposits. This showed that the fed bed was
able to simulate, in a simplified manner, both the grain roughness
and subsurface properties of established gravel-bed river deposits.

A total of 11 tests were carried out using a range of bed slopes and
relative submergences (Table 1) over the same bed. The selected flow
conditions were below those required for sediment movement so the
bed surface topography did not change during each test. This was so
that the adjustment in the velocity distributions was attributable
purely to changes in relative submergence rather than surface topog-
raphy. For each experimental run, a steady flow rate was introduced



Table 1
A summary of the experimental conditionsa.

Run S Q (m3/s) h (m) h/k τ0 (N/m2) Re

1 0.00285 0.0016 0.0181 1.2 0.47 2427
2 0.00285 0.0039 0.0286 1.9 0.72 5933
3 0.00285 0.0064 0.0395 2.6 0.95 9680
4 0.00285 0.0087 0.0484 3.2 1.13 13,246
5 0.00285 0.0140 0.0628 4.1 1.40 21,339
6 0.00285 0.0280 0.0900 5.9 1.85 42,618
7 0.00375 0.0162 0.0635 4.2 1.86 24,750
8 0.00465 0.0123 0.0492 3.2 1.87 18,720
9 0.00555 0.0098 0.0399 2.6 1.87 14,905
10 0.00645 0.0069 0.0335 2.2 1.87 10,546
11 0.00735 0.0065 0.0295 1.9 1.90 9977

a S is the bed slope, Q is the flow discharge, h is the flow depth, k is the geometric
roughness height (range of bed elevations), τ0 is the bed shear stress (calculated
from the depth-slope product) and Re is the flow Reynolds number.
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and the downstream weir was adjusted to achieve uniform depth for
as large a reach as possible. The flow depth was measured using a ver-
nier point gauge located on the flume rails. The experimental runs
were divided into two phases. The first phase of the tests was
designed to investigate the effect of a change in relative submergence
at a single bed slope (runs 1–6 in Table 1). Different flow depths h
were created using different flow discharges. In the second phase, ex-
perimental runs were carried out that used a combination of different
flow discharges and bed slopes so that the mean bed shear stress was
almost identical (±3%) for each run (runs 6–11 in Table 1).

The use of a flume provided a number of advantages to carrying
out the tests in the field: it was possible to (i) provide a more detailed
spatial investigation of the near-bed flow field than would have been
feasible within a gravel-bed river. This was important given that pre-
vious attempts to examine the effect of spatial variance in fluid shear
stress on bedload flux have relied on theoretical distributions
(Ferguson, 2003) or the assumption that the spatial distribution of
flow depth can act as a suitable surrogate (Paola, 1996; Nicholas,
2000). (ii) Conduct tests at the same mean bed shear stress by
using different combinations of flow depths and bed slopes. This
would not have been possible within the field. (iii) Conduct tests at
different bed slopes but with the same bed surface topography.
Again impossible within the field.

2.2. Velocity measurements

A two-dimensional particle image velocimetry (PIV) system was
used to provide detailed spatial measurements of fluid velocity
above the gravel deposit. Many previous approaches to utilise PIV to
study the hydrodynamics of flows over rough sediment boundaries
have taken measurements at one lateral position across the bed by
using a vertical light sheet orientated normal to the bed surface (in
a vertical plane) (e.g., Campbell et al., 2005; Sambrook Smith and
Nicholas, 2005; Hardy et al., 2009). A different approach was adopted
here, whereby the light sheet was located parallel to the deposit sur-
face to obtain streamwise and lateral velocities at one vertical height
above the bed. This allowed velocity measurements at many more
measurement locations over the deposit than is possible with the
use of PIV in a vertical plane. In addition, it enabled the characterisa-
tion of the areal variability in streamwise velocities; this is important
if the range of fluid drag forces on surface sediment grains are to be
examined. For every experimental run, baring runs 1 and 11, PIV
measurements were taken at six different heights above the bed: 3,
5, 7, 9, 11 and 18 mm above the maximum bed elevation. For run 1,
heights of 11 and 18 mm were not measured because they were too
close to the water surface, and for run 11, the PIV data for heights of
11 and 18 mmwas lost during backup. The light sheet had a thickness
of ~2 mm so measurements were not possible closer than 3 mm to
the maximum bed elevation. This was to ensure there was no inter-
ference between the light sheet and the deposit surface. The mea-
surements made at all the different heights will be used to analyse
the velocity distributions, whereas only those at a height of 3 mm
will be used for investigating the effects on bedload flux.

The cameras imaged a measurement area of 198.4×200.0 mm2 at
9.1 m from the inlet. An interrogation area of 3.15×3.15 mm2 was
used in the cross-correlation of the images and allowed the flow
field to be measured close to the grain scale. These areas were over-
lapped by 50% in both the streamwise and lateral direction. This
arrangement provided 62 velocity measurements in each lateral
direction and 61 measurements in each streamwise direction, and
resulted in 3782 measurement locations within the image area. The
flow was sampled for 5.5 min at a frequency of 9 Hz. For each PIV
plane, the measurements were used to derive the time-averaged
streamwise velocity ū for each of the measurement locations over
the bed. This enabled the double-averaged (time and space averaged)
streamwise velocity 〈ū〉 to be calculated at a given height above the
bed. The probability density functions of the distributions of ū/〈ū〉
will be examined, along with their statistical moments. This informa-
tion will be used to describe the change in the spatial distribution of
time-averaged velocity with relative submergence.

The distributions will be compared for the different hydraulic con-
ditions at the same relative height z/k. The datum height z is the
height above the maximum bed elevation (roughness crest), and k
is the bed geometric roughness height (equal to the range of bed sur-
face elevations). These estimates are derived from a laser scan of an
area of bed covering the PIV measurement area. Runs are compared
at the same height relative to the roughness height, rather than
relative to flow depth, because previous studies have shown that
the vertical change in the spatial properties of the flow scale well with
k (e.g., Manes et al., 2007; Aberle et al., 2008; Cooper and Tait, 2010).

2.3. Modelling the effect of spatial variance on bedload flux

To investigate the effect of fluid and critical shear stress variance
on bedload flux, a statistical model of bedload transport used by
Ferguson (2003) is modified. It is used in three ways. First to compare
the bedload flux with variance in fluid shear stress τ and no variance
in critical shear stress τc to the bedload flux when both are assumed
invariant. This allows the effect of variance in τ to be isolated from
the effects of variance in τc. Secondly to understand how this compar-
ison changes when variance in τc is incorporated. Finally to compare
the bedload flux with variance in both τ and τc to one where both
are assumed invariant. This will allow the applicability of spatially
averaged estimates of bedload flux to be assessed.

All approaches use the same form of equations. The total bedload
flux Qb [L3 T−1] over some width w is estimated using the Meyer-
Peter and Müller (1948) transport function

Qb ¼ wa ∫
ymax

0

y1:5p yð Þdy ð1Þ

where a is an empirical coefficient, y=τ−τc, and p(y) is the proba-
bility density function of y. Eq. (1) is used to calculate the flux when
one or both of τ and τc are set as variable. If both are assumed constant,
the spatially averaged bedload flux is given by

〈Qb〉 ¼ wa 〈τ〉−〈τc〉½ �1:5 ð2Þ

where the angled brackets denote a spatial average.
For the first stage of the analysis y in Eq. (1) is set equal to τ− 〈τc〉

to give the bedload flux with variable τ, denoted by Qτ, 〈τc〉. To com-
pare this with flux with no variance in τ and τc, the relative flux
Q*

〈τc〉
∗=Qτ, 〈τc〉/〈Qb〉 is examined. This means that the flux has arbi-

trary units such that Q*
〈τc〉

∗=1 when τ is invariant and w and a can
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Fig. 1. The modelled distribution of critical entrainment velocities uc scaled by their
spatial mean 〈uc〉.
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be set to any arbitrary value. For the second stage of analysis, Qb is
compared to the flux given by setting y= 〈τ〉−τc, denoted by Q〈τ〉, τc.
Here the relative flux is given by Q*

τc
∗=Qb/Q〈τ〉, τc. In the final stage

the relative flux is given by Q*
b
∗=Qb/〈Qb〉.

For the first part of the analysis the excess shear stress τ− 〈τc〉will
be varied to examine how the effect of the spatial variability changes
for different levels of excess shear stress. This also allows the results
to be better compared with the results in Ferguson (2003) and to
model different transport conditions. Ferguson (2003) identified
that 1/c= 〈τ〉/〈τc〉 is a dimensionless transport stage and that a
gravel-bed river typically conveys most bedload when it attains a
value of 1.2–1.4 (e.g., Parker, 1978; Andrews, 1984; Paola, 1996), im-
plying c≈0.7–0.8. As such, Ferguson used a c value of 0.8 to represent
conditions of maximum bedload transport in a gravel-bed river. To
simulate increasing amounts of sand within the bed he lowered the
value of c. The present paper follows this approach using 〈τc〉=c〈τ〉
to give different (mean) levels of excess shear stress. Because a de-
crease in c reflects a fining of the bed surface, c is varied between
0.3 and 0.8, in which 0.8 represents the condition of maximum bed-
load conveyance. The lower limit is based on the following reasoning.
A gravel bed with D50=2.00 mm is the lower end of the size range
that would normally be used to classify a gravel bed (assuming a
low sand proportion within the bed) (cf. Singer, 2008). At c=0.8,
the D50 is 4.97 mm (the grain size of the deposit); assuming that
τc=0.045(ρs−ρ)gD50, the ratio of τc for D50=2.00 mm to τc at
D50=4.97 mm is equal to 0.4. If 0.4 is multiplied by c=0.8, this pro-
duces a lower limit of c=0.3. This limit represents a fine gravel bed.

It is reasonable to use the same velocity spatial distributions for
different c values for two reasons. Firstly, the results from the PIV
measurements indicate that the degree of spatial variance in velocity
is similar to the levels measured over other gravel deposits (see
below). Secondly, Sambrook Smith and Nicholas (2005) showed
that the spatial patterns of mean flow velocity and fluid stress are
broadly similar for gravel beds with varying degrees of sand deposi-
tion (and therefore fining).

2.4. Estimation of fluid shear stress

The velocity data from the laboratory tests is used to estimate the
spatial distribution of fluid stress. At a spatial location x,y over the
bed, it is given by

τx;y ¼ 0:5ρCD�u
2
x;yA ð3Þ

where CD is the drag coefficient and A is the exposed frontal area of
the sediment grains. This provides a spatial distribution of τ over a
water-worked gravel bed, rather than a lateral distribution, as mod-
elled by Ferguson (2003).

Eq. (3) provides “time-averaged” shear stress values, and the
model therefore captures the effects of fluid drag on bedload flux
under steady state conditions. The experimental approach allows
the fluid shear stress to be estimated at 3 mm above the roughness
crest, at z/k=0.2. The total fluid shear stress has an approximately
linear profile within the region between this measurement height
and the roughness crest for the range of studied submergences
(Cooper and Tait, 2010). As such, the discrepancy between the fluid
shear stress, estimated using near-bed flow velocities, and the stress
experienced on the grain surface is consistent for the different exper-
imental runs.

To compare the effects of spatial variability in τ on bedload flux for
the different experimental runs, the fluid stress distribution is scaled
by its spatial mean to give the dimensionless fluid stress τ*. This has
the added effect that CD and A in Eq. (3) can have arbitrary values.
2.5. Estimation of critical shear stress

Measurements of τc for water-worked gravel beds are rare and we
are not aware of any study that has measured its full distribution.
Bottacin-Busolin et al. (2008) performed measurements at a level of
shear stress just above the critical shear stress, so they were only
able to characterise the lower range of critical entrainment velocities.
Instead we have simulated the distribution of τc using a discrete par-
ticle model first developed by McEwan and Heald (2001). The model
estimates the distribution of near-bed flow velocities at the threshold
of motion for all surface grains. Only a brief description is provided
here; further details of the model can be found in Heald et al.
(2004). The model represented individual grains as spheres and
formed a sediment deposit with the same grain size distribution
used in the laboratory tests. The deposit was formed by releasing
the spheres in sequence into a still fluid, each from a random position
in a horizontal plane located well above the surface. Each particle fell
under the influence of gravitational and fluid drag forces before it
underwent a series of collisions with previously deposited particles
and came to rest in a stable position. The submerged weight and
the exposed area of the individual particles in the numerically depos-
ited beds was then analysed to estimate the near-bed flow velocity
that would cause the drag force to be capable of moving the individ-
ual particles exposed on the surface. This was resolved by calculating
the critical value of streamwise velocity that produced a destabilising
moment sufficient to overcome the stabilising moment caused by the
grain's submerged weight. Implicitly, therefore, the model accounts
for the influence of grain roughness on critical shear stress. The mod-
elled critical entrainment velocities uc are shown in Fig. 1. These are
used to estimate the distribution of τc through Eq. (3). The distribu-
tion is assumed to be statistically stationary. To use the DPM data
for the different hydraulic conditions, τc will be scaled by its spatial
mean to give τ*c∗.

The use of a drag force term is justified for two reasons. Firstly,
Schmeeckle et al. (2007) found a strong correlation between the in-
stantaneous drag force acting on a grain and the instantaneous
streamwise velocity. This was not the case for the instantaneous
velocity cross products or lift forces. Secondly, a number of studies
have demonstrated that some aspect of streamwise velocity strongly
correlates with sediment entrainment transport, but that the cross
products of velocity have a poorer relationship with sediment en-
trainment (Williams et al., 1989; Clifford et al., 1991; Papanicolaou
et al., 2001). For example, Bottacin-Busolin et al. (2008) discovered
that over half of the grain movements observed over a gravel bed
were due to variations in the streamwise component of velocity,
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and only in a relatively small percentage of the cases (around a tenth)
were they characterised by changes in the cross-product of temporal
fluctuations in velocity.

3. Results

3.1. Effect of relative submergence on the spatial distribution of flow
velocity

The probability density functions of ū/〈ū〉 for all the experimental
runs are shown in Fig. 2. This is taken from the velocity measure-
ments made at a relative height of z/k=0.2, the lowest height
above the deposit. They show the considerable spread in ū. Some
areas of the bed can experience ū values as low as 60% of 〈ū〉, but
others display values over 120% of 〈ū〉. Therefore some areas have
values that are over two times higher than others areas. Fig. 2 also
shows that the degree of spread in the values and the shape of the
distributions differ between the experimental runs, varying with the
value of relative submergence. This is investigated further in
Figs. 3–4 by examining the moments of the distributions. These are
shown at different relative heights above the bed to demonstrate
the consistency of the results.

The standard deviation in ū, σū is used as a measure of the degree
of spatial variance in ū. Only absolute values of standard deviation
will be compared between the different runs because the interest is
in quantifying the variation in shape with a change in relative
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Fig. 2. Probability density functions of ū/〈ū〉 for the experimental runs performed at
(A) a single bed slope and (B) the same mean bed shear stress at z/k=0.2.
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Fig. 3. The change in spatial variability in time-averaged velocity with relative submer-
gence at various heights above the bed. This is for the experimental runs performed at
(A) a single bed slope and (B) the same mean bed shear stress.
submergence. Fig. 3 reveals that, at the same values of z/k, σū displays
a clear trend to increase with a rise in relative submergence.

The skewness in the distribution of ū also displays a clear change
with relative submergence (Fig. 4A). As the flow becomes deeper,
the distributions become less negatively skewed and more symmetri-
cal in all but the test at the lowest submergence. This indicates that,
typically, at lower submergences the flow over the bed has localised
areas of distinctly low ū balanced by large areas of just slightly
higher-than-average ū. As the submergence increases, the flow orga-
nisation becomes more uniform. The distributions of ū are all nega-
tively skewed, except for one distribution that is near symmetrical
(run 6 at z/k=1.2).

Fig. 4B shows that the kurtosis of the distributions of ū also change
with relative submergence. Typically distributions change from being
leptokurtic at the low submergences to be being near-normal in
peakedness at the higher flow depths. This reflects the change in
skewness, showing that the distributions tend toward the shape of a
normal distribution as submergence rises. The effects of the variance
and changes with submergence on bedload flux are now examined.

3.2. Effect of fluid shear stress variance and relative submergence on
bedload flux

In the first stage of analysis τc is assumed to be invariant so that
the effects of variance in τ can be isolated. The change in Q*

〈τc〉
∗ with

excess shear stress is shown in Fig. 5 for the tests at a single bed
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Fig. 5. The change in relative bedload flux with excess shear stress for the first stage of
analysis when only the effects of variance in fluid shear stress are considered. This is for
the experimental runs performed at (A) a single bed slope; and (B) the same mean bed
shear stress.
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Fig. 6. The change in relative bedload fluxwith relative submergence for the three different
stages of analysis. This is shown for all experimental runs at c=0.8.
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slope and those at the same mean bed shear stress. Considering the
two plots together, bedload flux is greater when τ is variant. At a
low excess shear stress, bedload flux is nearly 40% higher than
when τ is invariant. This is because the increase in specific flux in
areas of the bed with above-average τ is bigger than the decrease in
specific flux in parts with below-average τ.

The relative bedload flux decreases with a rise in excess shear
stress such that at a high excess, variance in τ has little influence.
It implies that its effects are more important in low transport
conditions.

Now focussing on the differences in Q*
〈τc〉

∗ between the different
experimental runs, Fig. 5 shows there is an increase in flux with a
rise in relative submergence both at a single bed slope and for the
tests at the same mean bed shear stress. At low submergences, bed-
load flux can be 15% higher – but a factor of nearly 1.4 times larger
at the highest submergences – than when τ is invariant. This increase
is purely attributable to changes in the probability distribution of τ.

Relative submergence has a more noticeable influence on Q*
〈τc〉

∗

with a decrease in excess shear stress, and has little effect at high
levels of excess shear stress. This is because the variance in τ in-
creases with relative submergence, and this variance has a greater
influence on bedload flux at the lower values of excess shear stress.

3.3. Effect of critical shear stress variance on bedload flux

The second stage of analysis involves examining the effect of
variance in τ when the bed has a spatial distribution of τc. Fig. 6
summarises the change in Q*
τc
∗ with relative submergence at

c=0.8, along with Q*
〈τc〉

∗ for comparison. Data points are plotted for
experimental runs undertaken both at a single bed slope and at the
same mean bed shear stress. It shows that variance in τ now has little
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effect on bedload flux. Incorporating variance in τc causes the spatial
distribution of excess shear stress to be close to symmetrical; the in-
crease in specific flux in areas of the bed with above-average τ is only
slightly larger than the decrease in specific flux in parts with below-
average τ. This is related to the shape of the distributions of τ and
τc; the former is negatively skewed and the later is positively skewed.

For the third stage of the analysis, the effect of assuming an invari-
ant τ and τc is sought. The Q*

b
∗ values in Fig. 6 show bedload flux is

around four times under this assumption. When compared to the
values from the previous two stages of analysis, clearly spatial vari-
ability in τc has a much larger effect than variance in τ. This is because
the spread of the distribution of τc is much higher than that of τ (see
Figs. 1 and 2). The increased bedload flux, caused by variance in τ and
τc, is therefore primarily because the reduction in flux from the more
stable grains is significantly less than the increase in flux from the less
stable grains. This is caused by the positive skewness of the distribu-
tion of τc.

The bedload flux shows the same trend observed earlier, increasing
with relative submergence. This is a consistent trend, demonstrated by
the overlapping of data points at the same levels of submergence but at
different bed slopes. The differences between Q*

τc
∗ and Q*

b
∗ reduce

slightlywith a rise in submergence. This indicates that the effects of var-
iance in τc become slightly less important compared to the effects of
variance in τ at higher submergences (because variance in τ rises with
submergence).
4. Discussion

4.1. Spatial distribution of flow velocity

The velocity measurements revealed that the near-bed velocity
distribution had a number of characteristics that closely matched
those found both in gravel-bed rivers and other gravel beds in labora-
tory flumes. First, the results revealed that the degree of spatial vari-
ability in flow velocity increases with relative submergence. This was
shown to be consistent throughout the flow. This is the same trend
observed by Clifford (1996) in a gravel-bed river, and the degree of
increase in σū with submergence is very similar to that predicted by
the regression model of Buffin-Bélanger et al. (2006) for a water-
worked gravel-bed surface in a laboratory flume. In the laboratory
tests in the current paper, an increase in relative submergence corre-
sponds with an increase in Reynolds number (see Table 1). As such, it
shows that σū also increases with a rise in Reynolds number, and this
supports the laboratory observations of Hardy et al. (2009) for a
water-worked gravel bed. Secondly, the degree of velocity variance
compares favourably with those reported by field studies in gravel-
bed rivers (Smart, 1999; Byrd et al., 2000; Roy et al., 2004). Thirdly,
the skewness and kurtosis values for the distribution of velocity
revealed that the probability distributions tend toward the shape of
a normal distribution as the flow became deeper. This supports the
observations of Legleiter et al. (2007) who found that the spatial
structure of time-averaged velocity became more uniform with a
rise in flow depth as the bed particles became increasingly drowned
out. And also those of Lamarre and Roy (2005) who concluded that
the distribution of the mean flow properties displayed a well-
organised, coherent spatial pattern that was controlled by flow
depth. The distribution shapes are also similar to those reported for
other gravel beds (Barison et al., 2003; Cooper and Tait, 2009). Finally,
all these results support the conclusions of others that flow depth is
an important control on flow structure over water-worked gravel
beds (Roy et al., 2004; Lamarre and Roy, 2005; Legleiter et al.,
2007). Overall this reveals that the trends that have been observed
in the laboratory tests are consistent with results where both grain
and form roughness effects are present, and the flow has a spatial dis-
tribution that resembles features found over other gravel beds. This
provides assurance that it was appropriate to use this data in the
bedload model.

4.2. Effect of fluid shear stress variance

At the grain scale, variance in τ only had an appreciable influence
on bedload flux when the bed was assumed to have no variance in τc,
when levels of excess shear stress were low, and when the flow had a
high relative submergence. It had a negligible influence when the bed
had a spatial distribution of τc. Its largest influence was observed
through its effect on the variation in bedload flux with relative
submergence.

To compare these results to those of Ferguson (2003), who used a
statistical model of τ, a consideration must be made of the degree of
spatial variance simulated in his study. He assumed shear stress to
be below its mean value r in a proportion p of the total channel
width and to vary randomly between 0 and r within p. The spatial
variability in τ was equal to r2p/3(1−p), and the influence of this
spatial variability on bedload flux was investigated by varying the pa-
rameter p, which was used as a stress variance index and accounted
for changes in channel planform. For sake of comparison, the p values
for the PIV data can be estimated by examining the proportion of the
distribution where τb 〈τ〉. This was found to range from 0.36 to 0.54
and corresponds well with Ferguson's thought that low values of p
correspond to flume-like conditions. For a p value of 0.5, the fluid
shear stress was simulated by Ferguson (2003) to be distributed uni-
formly across the channel width between 0 and 2〈τ〉, so any direct
comparisons are difficult. Nonetheless at c=0.8 and with a constant
τc, he found a threefold increase in bedload conveyance compared
to flows with no variance in τ. Paola (1996) and Nicholas (2000) ap-
plied their model to measurements from a laboratory-scaled model of
a braided river and from a braided river in New Zealand for compara-
ble conditions, in which they also assumed a spatially averaged value
of τc. Paola (1996) found that the increase was a factor of ~3, and
Nicholas (2000) discovered a range of two to three. At similar p
values and c=0.8 the increase in bedload flux from the velocity
data is around half of that found by these previous studies.

The results from the laboratory showed that the effect of variance
in τ on bedload flux increased with a lowering in excess shear stress.
This supports the conclusions of Nicholas (2000), in which the fluxes
estimated with and without τ variance also converged at the highest
bedload transport rates. Overall, these comparisons suggest that flow
variance caused by grain roughness has the same, but reduced, effect
on bedload flux as when high levels of form roughness are present.

4.3. Effect of critical shear stress variance on bedload flux

The results reveal that variance in τc has a much larger influence
on bedload flux than variance in τ. This is revealed through three ob-
servations. First, when the analysis was repeated for the deposit used
in the flume, which had a spatial distribution of τc, the effects of var-
iance in τ on bedload flux were negligible. Bedload flux was only a
few percent higher than when τ was invariant. Ferguson (2003) ex-
amined the influence of bed patchiness on bedload flux for different
scenarios, one of which was the effect of random patchiness, which
most closely simulated the influence of grain roughness. His results
also show a diminished effect. For example, at a p value of 0.5 and
c=0.8 his results revealed that the bedload flux increase is only
around half of what it was when the bed was assumed to have no var-
iance in τc.

Secondly, bedload flux was around four times higher when both τ
and τc was variant, and it was only 15–40% higher when only τ was
variant. A similar, but reduced effect, was also observed by Ferguson
(2003). At a p value of 0.5, his results showed that bedload flux was
around 4–5 times higher with a variance in both – a very similar
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magnitude to the laboratory results – and about 3 times higher with
just a variance in τ.

Finally, spatial variability in τc caused bedload flux to be much
higher. Bedload conveyance was around three times higher than
when the bed was assumed to have no variance in τc. At a p value
of 0.5, Ferguson (2003) found the increase to be around 100–200%.

Overall then, variance in τc is observed to have a similar but larger
effect on bedload flux in the laboratory tests than simulated by
Ferguson (2003), even though the effects of grain roughness are
only considered. This is because of a difference in the spread of the
distributions. Ferguson (2003) simulated τc to vary symmetrically
by ±50% and ±100% around its mean value, producing a different
distribution shape to the one simulated by the DPM. The DPM distri-
bution had a much greater spread and a positively skewed shape (see
Fig. 1) that acted to make its influence greater. It suggests that
Ferguson (2003) underestimated the effects of form roughness on
the distribution of τc, or that grain roughness effects are greater
than commonly acknowledged.

4.4. Effect of relative submergence on bedload flux

The changes in the spatial distribution of τ caused the bedload flux
to increase with a rise in relative submergence. This increase was a
consistent trend regardless of whether τc was variant or not. It oc-
curred for flows at the same bed slope as well as at different bed
slopes, and at the same submergence, the bedload flux was almost
identical. This supports the thought that a reduction in river width
will, with other things being equal, lead to an increase in bedload
transport. The changes with relative submergence are, however,
more minor in comparison to those caused by variance in τc.

The effects of relative submergence were also slightly reduced
when τc was variant. Given that variance in τ increased with relative
submergence, this matches the pattern predicted by Ferguson (2003).
He found bedload flux to rise more considerably with an increase in
variance in τ for a bed with invariant τc.

A number of studies have highlighted that the mean bed shear
stress at which sediment is entrained is positively correlated to chan-
nel slope (e.g., Ashida and Bayazit, 1973; Bathurst et al., 1983, 1987;
Shvidchenko and Pender, 2000; Mueller et al., 2005; Pender et al.,
2007; Lamb et al., 2008; Parker et al., 2011). Several arguments
have been used to explain this relationship: in steeper rivers in-
creased channel form roughness is present (Petit et al., 2005), stabi-
lising bed structures and hiding effects are more prominent
(Mueller et al., 2005), and flow aeration occurs (Wittler and Abt,
1995). None of these completely account for the effect of slope. The
critical shear stress is still positively related to slope in flows where
form roughness is low (Shvidchenko and Pender, 2000; Mueller et
al., 2005; Parker et al., 2011), and the effect of slope is not caused
by increased drag from channel walls and morphologic structures
(Lamb et al., 2008).

Numerous studies have suggested that the reduced mobility on
steep slopes can be attributed to a lower relative submergence h/k
(e.g., Buffington and Montgomery, 1997; Shvidchenko and Pender,
2000; Mueller et al., 2005; Lamb et al., 2008; Parker et al., 2011).
The results in the present paper confirm this. Bedload flux increased
with a rise in submergence at a constant bed slope and over a bed
with the same spatial distribution of τc, which exhibited only grain
roughness. Slope had an indirect effect.

Previous studies have hypothesised that the correlation between
mobility and submergence arises because a lower relative submer-
gence causes a decrease in local flow velocity around bed particles
(Ashida and Bayazit, 1973; Graf, 1991; Lamb et al., 2008).
Shvidchenko and Pender (2000) suggested this is caused by the in-
creased effect of wake eddies shed from bed particles at higher slopes
on the overall flow resistance. Lamb et al. (2008) demonstrate, using
a one-dimensional force balance model, that the decrease in local
flow velocity is caused by a change in eddy viscosity (induced by
the wakes) and not by a reduction in fluid stress caused by increased
grain-induced fluid drag.

The results in the present paper partially support this hypothesis.
The results revealed that with the same distribution of τc and the
same mean τ (which was a result of grain-induced fluid drag) an in-
crease in bedload flux with submergence still occurred. The increase
was attributable purely to changes in the spatial distribution of τ.
These reflect a change in the distribution, rather than an overall
lowering, of local near-bed flow velocity at the grain scale.

4.5. Implications for bedload modelling

The findings have a number of implications for bedload sampling,
but the focus here will be on their implications for predicting bedload
transport. The results have revealed that, even for beds where just
grain roughness dominates, if τc is assumed to be constant, the bed-
load flux will be severely underestimated by a one-dimensional
model of bedload flux. However, a spatially averaged estimate of τ
may be sufficient to achieve accurate calculations for water-worked
sediment beds that have variance in τc. However smaller but signifi-
cant errors do arise because of variance in τwhen the bed has no var-
iance in τc. The implication is that one-dimensional estimates of
bedload flux should not be used in the design of irregular, artificial
channels. Because of the correlation between bedload flux and rela-
tive submergence, one-dimensional estimates will be less accurate
in wider channels and in higher flows.

Overall, the work suggests that the concept that bedload transport
models can be calibrated by mean bed shear stress and applied across
a range of submergences (e.g., during a flood) is a flawed one. It is the
spatial distribution of excess shear stress that is important, and this
will depend on the spatial organisation of τ (which is influenced by
the level of relative submergence) and τc (which will presumably de-
pend on the bed surface topography). A more complete understand-
ing on how the spatial variance in τ and τc affect bedload flux, and
how we might correct spatially averaged estimates, will require cov-
ering a wider range and more diverse conditions than studied here. A
number of questions therefore still remain. How do the spatial pat-
terns of τ and τc change with different roughness scales (and different
combinations thereof), from patch to patch, section to section of riv-
ers, and between rivers of different geometries? One could speculate
that for sinuous channels where form roughness dominates, the spa-
tial variance in τ and τc is likely to be higher and the discrepancy be-
tween modelled and measured fluxes will be greater. This suggests it
will be problematic to apply the same parameterised bedload trans-
port model to different flow, bed, and channel conditions.

Thus, the spatial distributions of τ and τc need to be incorporated
into bedload transport models for a given channel condition, not only
to account for their variance but also the change in shape of τ with
relative submergence. Presently we know very little about the shape
of the spatial distributions, let alone how they may vary in time dur-
ing active transport. Efforts are required to estimate/measure spatial
distributions of τ and τc to arrive at a fuller assessment of the influ-
ence of spatial variance in τ and τc on bedload flux and to understand
the best way to incorporate their effects within bedload transport
models. There are two issues that need to be resolved if this is to
occur:

• Traditionally, the estimation of bed shear stress in rivers usually in-
volves either (i) the assumption of steady, uniform flow and the ex-
trapolation to the bed of a linear vertical stress profile; (ii) the
extrapolation of a vertical velocity profile down to the roughness
trough and then the use of empirical drag/roughness coefficients
to estimate a value of shear stress; or (iii) the use of the locally mea-
sured, time-averaged Reynolds stress extrapolated to the bed. All
these methods either suffer from very restrictive assumptions,
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ignore the spatial complexity of gravel beds, or rely on site-specific
coefficients. They are often only able to evaluate a spatially and/or
temporally averaged shear stress and not at an individual grain or
pore level. The present paper has used spatially distributed velocity
measurements to estimate τ through a drag force equation
Although these measurements are at the grain scale, it is not ideal
because the fluid shear stress above the bed differs from the shear
stress acting directly on the surface of a grain. Presently no methods
exist to evaluate directly boundary shear stress. Spatially distribut-
ed measurements within the roughness layer are required (see
Cooper and Tait, 2010) over surfaces with different topographies
so we can evaluate/parameterise the link between bed geometry
and shear stress organisation.

• The author is not aware of any study that has been able to charac-
terise fully the spatial distribution of τc for a gravel bed. This is a
more acute problem because the results reveal that variability in
τc has a larger effect on bedload flux. It has not been possible to
validate the DPM simulations against observed data. Even to just
explore the effects of grain roughness, grain-scale, simultaneous
and co-located measurements of τ, bed surface topography and
grain displacement over a wide range of τ/τc ratios are required.
The nature of the link between bed surface topography and grain-
scale τc has still not been examined despite modelling studies sug-
gesting a strong link (see Measures and Tait, 2008). This data is
required to parameterise transport models.

4.6. Implications for bed evolution

With all other things constant, spatial variability in τ and τc will
cause variance in bedload flux even when just grain roughness is pre-
sent. At the grain scale it offers partial explanation as to why beds
without any notable form roughness elements become armoured.
One can speculate that grain roughness will be sufficient to create a
sufficient degree of spatial variance in flux to promote spatially non-
synchronous sediment motion and size-selective transport.

Now consider the effects of a flood on bed evolution at the grain
scale. If the effects of relative submergence on flux during a flood
are first put to one side, previous studies show that as a bed becomes
armoured, the standard deviation in bed elevations increases (Pender
et al., 2001; Mao et al., 2011). It is likely that the variance in τc is cor-
related with the variance in elevation, so the variance in τc will also
increase. Barison et al. (2003) showed, albeit with a limited data set,
that the trend is for the distributions of near-bed, time-averaged ve-
locities to also becomemore variable as the bed armours, and so caus-
ing an increase in the variance in τ. This leads one to speculate that
variance in bedload flux will increase during armouring, reflecting
the fact that entrainment becomes more size and spatially selective.

If the effects of relative submergence are added in to this scenario,
during the rising limb the flux will be enhanced, along with the pace
of degradation, relative to the increase in flux that normally occurs
with an increase in bed shear stress. During the falling limb, the de-
crease in submergence will have a lowering effect on flux and cause
a lessening in the pace of aggradation. However, because only signif-
icant vertical sorting of sediment is likely to occur during the falling
limb of the hydrograph (Hassan et al., 2006) and the effects of bed
surface material changes on flux are greater, one can speculate that
relative submergence will only have a noticeable effect during the
rising limb.

Although the experimental design limited the study to examining
grain roughness effects, a consideration of the influence of the results
on large-scale bed evolution in gravel-bed rivers is worthwhile. This
appears reasonable given that the results in the present paper
matched the trends observed by Paola (1996), Nicholas (2000)
and Ferguson (2003). One-dimensional sediment routing models
(SRMs), which use width-averaged estimates of τ and τc, are com-
monly used to model bed evolution (e.g., Hoey and Ferguson, 1994;
Wong and Parker, 2006). Because the results in the present paper
show that the level of underestimation made by one-dimensional
calculations varies with excess shear stress and relative submergence,
it is also likely to vary from section to section in most rivers. Therefore,
not only will SRMs misrepresent the pace of aggradation or degrada-
tion, they will also misrepresent its pattern. This will influence the abil-
ity of an SRM to simulate the longitudinal patterns of change in bed
elevation and the associated fining or coarsening.

5. Conclusions

A simple, statistical bedload model has been used to examine the
effect of variance in fluid and critical shear stress on bedload flux
over a water-worked gravel deposit. This was achieved by gaining es-
timates of spatially distributed fluid shear stress from laboratory
measurements of near-bed flow velocity and simulating the distribu-
tion of critical shear stress using a DPM of the sediment distribution
used in the laboratory. Only grain roughness effects on the variance
in fluid and critical shear stress were considered. The velocity data
were used to describe the change in the spatial distribution of near-
bed velocity with relative submergence, which allowed the effects
of submergence on flux to also be considered. These are the main
conclusions:

(i) Spatial variance in fluid shear stress, because of variance in
near-bed velocity, only caused an appreciable increase in bed-
load flux when the bed was assumed to have no variance in
critical shear stress. It was much lower than has been observed
by other studies in conditions where form roughness was high.

(ii) The variance in fluid shear stress, caused by grain roughness,
was not sufficient to have an appreciable effect on bedload flux
over water-worked beds with a spatial distribution of critical
shear stress.

(iii) Spatial variance in critical shear stress, caused by grain rough-
ness, had a much larger influence than variance in fluid shear
stress on bedload flux. It increased bedload flux by nearly
400%. This was a similar level of increase observed in studies
where form roughness was high.

(iv) The spatial variance in near-bed velocity increased and the
spatial probability distributions tended toward the shape of a
normal distribution with a rise in relative submergence. This
occurred when the surface topography was invariant.

(v) A rise in relative submergence caused an increase in bedload
flux. This was because of changes in conclusion (iv) and not
because of a lowering in the local flow velocity as has been
suggested by previous studies.

(vi) Spatially averaged estimates of fluid and critical shear stress
should not be used to estimate bedload flux, even if form
roughness is low. Their spatial distributions need to be incor-
porated into bedload transport models, not only to account
for their variance but also the change in the shape of the distri-
bution of fluid shear stress with relative submergence.
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