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Abstract: Braided rivers are widespread in nature, and their bed morphology is complex and variable.
This paper aims to investigate and quantitatively analyze the bed surface roughness of braided rivers
utilizing statistical theory. In this paper, a physical model of braided rivers is developed, and four
constant discharge experiments are carried out. Based on Structure-from-Motion photogrammetry
and direct measurement of bedload transport using a load cell, data on bedload transport rate, bed
morphology, and bed elevation are obtained, facilitating the in-depth investigation of the correlations
between these parameters. The results show that the morphological active width increases with
increasing discharge. There was a significant positive correlation between the morphological active
width and the bedload transport rate, although there is considerable scatter due to the inherent
variability in braided river morphodynamics. The elevation probability distribution of bed surfaces
shows negative skewness and leptokurtic distribution. There is a relatively significant correlation
between skewness and the dimensionless bedload transport rate. The two-dimensional variogram
values of bed elevation are variable, and the bed is anisotropic. Additionally, both the longitudinal
sill and correlation length values exhibit an increase with the rise in stream power. Remarkably,
the correlation between the dimensionless sill and correlation length, as well as the dimensionless
bedload transport rate, proves to be highly significant. Consequently, this correlation can serve as a
reliable general factor for predicting bedload transport rate in the reach.

Keywords: braided rivers; active width; bedload transport; roughness properties; statistical
parameters; variogram

1. Introduction

Braided rivers can be found in diverse climatic regions and physiographic settings [1],
and are one of the major types of alluvial rivers characterized by an unstable network of
multiple channels and very active channel processes. Originally proposed by Leopold
and Wolman [2], braided rivers have distinctive geomorphological features, including
scattered and fragmented planforms, easily eroded and deposited sandbars, and channels
that are constantly branching and reconfiguring, while the complex movement of water
and sediment within these rivers makes their geomorphological units highly dynamic [3,4].
These characteristics make it impossible to predict the evolution of flow velocity and
sediment deposition in braided rivers by constructing analytical models, as is the case for
straight or meandering rivers [5–8], and therefore, it is difficult to predict the evolution of
braided rivers from the point of view of flow structure. The bed structure of braided rivers
is complex and variable due to a variety of factors such as different flow and sediment
conditions, particle morphology, grain size gradation, and spatial distribution. How to
reasonably quantify bed roughness has been a difficult problem in river dynamics [9,10],
and bed roughness is an important component in studying river bed resistance, which
affects sediment transport [11–13]. The research results are important for revealing the
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riverbed evolution mechanism, accurate river resistance estimation, sediment transport
rate, river management, and ecological protection.

At present, there are four methods for quantifying bed surface roughness: the rep-
resentative particle size method, the exposure coefficient method, the statistical analysis
method, and the fractal analysis method. The sediment particles on the bed surface in
natural rivers are almost always non-uniform, and the bed roughness characteristics are
related to the particle size. The representative particle size method was initially proposed
by scientists to quantify bed roughness characteristics, i.e., ks = mdi, where ks, m, and
di represent the bed surface roughness, the multiple factors, and representative particle
size, respectively. For example, Ackers et al. [14] considered ks = 1.25d35, Kamphuis [15]
thought ks = 2d90, Whiting et al. [16] assumed ks = 2d50, Powell [17] applied ks = 3.5d84,
and so on. It is evident that the quantification of bed roughness varies considerably among
researchers, and there is no single formula that universally applies. In addition, several
studies [18,19] have shown that the representative particle size method is only a rough
approximation, which ignores the overall spatial distribution and fine local structure of
bed surface sediment particles; therefore, it is difficult to comprehensively quantify bed
roughness characteristics. The exposure coefficient method refers to the degree of exposure
of sediment particles relative to the average bed surface. It includes not only the position
of individual sediment particles on the bed surface but also the position of adjacent sed-
iment particles. This method primarily uses exposure coefficients, exposure angles, and
probability density functions to characterize bed roughness. Wu et al. [20] proposed an
exposure coefficient to quantify the clustering effect on the gravel bed surface. Bai et al. [21]
found that the random position of the sediment on the bed can be represented by a hiding
factor or an exposure degree. Xing et al. [22] found that the exposure angle of the bed
surface follows a normal distribution. Although the exposure coefficient method provides
a relatively clear physical interpretation for describing bed roughness and the arrangement
of adjacent particles, a reliable expression for the distribution of the coefficient of exposure
remains elusive.

The fractal analysis method was introduced with the development of nonlinear math-
ematical theory and the understanding of bed roughness characteristics and is based
on the scale dependence of bed roughness characteristics. Sapozhnikov and Foufoula-
Georgiou [23] found that the fractal dimension of braided rivers under water-worked
surfaces is greater in the longitudinal direction than in the transverse direction. Robert [24]
and Butler et al. [25] used a two-dimensional variogram to study the fractal characteristics
of the bed surface, suggesting that there are three scale regions of subgranular, granular, and
bed morphology on rough surfaces. Papanicolaou et al. [26] explored the fractal quantifica-
tion of the morphology of cluster microforms. Aubenau et al. [27] demonstrated that fractal
properties of the bed topography do indeed influence the residence time distributions of
solutes. Although fractal analysis provides a more accurate description of bed roughness,
it is more complex to apply in practice. For the statistical analysis method, the bed surface
was considered a randomly distributed elevation field, and the statistical parameters of
elevation probability distribution and variogram were used to quantify bed roughness
characteristics. With the advancement of measurement technology, high-resolution Digital
Elevation Models (DEMs) can be obtained using digital imaging and laser scanning technol-
ogy [28–30], which makes statistical analysis based on bed elevation fields more accessible
and more reliable. Nikora and Aberle [31–33] found that the second-order or high-order
structure function can be used to describe bed roughness characteristics and suggested that
the statistical analysis of bed elevations was a helpful tool for quantifying armoring effects,
identifying particle orientation, and providing information on the orientation and direction
of the flow that formed the surface. Aberle et al. [34] introduced statistical parameters
of bed elevation, structure function, and spectral analysis to investigate bed roughness.
Pan et al. [35,36] discussed the effects of average particle size and inhomogeneity on the
statistical roughness characteristics of gravel bed surfaces and investigated the statistical
roughness characteristics of gravel bed surfaces in a meandering channel. Unlike the previ-
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ously discussed methods, the statistical analysis method considers the overall structural
nature of the bed surface. It provides both qualitative analysis and quantitative descriptions
of the bed surface roughness characteristics.

Braided rivers are complex and variable, inherently unstable rivers, and current
research has predominantly focused on quantifying and characterizing the channel plan-
form [37–39], with less research on the variability of the riverbed topography. In addition,
studies on the roughness properties of the bed surface based on statistical analysis have
mainly focused on straight or meandering rivers and have rarely involved braided rivers.
Hence, the roughness properties of the bed surface in braided rivers remain uncertain.
For this reason, this study constructed a braided river model, four constant discharge
experiments were conducted, and the planform, bed elevation, and bedload transport
rate of the channel were measured using digital cameras and a load cell. The roughness
properties of the bed surface in braided rivers are discussed using statistical theory.

2. Experimental Arrangements

The experiments were conducted at the State Key Laboratory of Hydraulics and
Mountain River Engineering, Sichuan University, using a 20 m long and 2.7 m wide flume
with a 1.5% gradient. The flume is self-circulating, and the discharge is measured by a
specially installed electromagnetic flowmeter. To ensure a smooth and controlled flow into
the flume, a front reservoir is positioned upstream, followed by a 2 m gravel transition
section. A tail reservoir is provided at the end of the flume to ensure self-circulation of the
experiment flow. To accurately measure sediment transport, a sediment collection tank
spanning the entire width of the flume is installed at the end of the flume. The sediment
collection tank efficiently transports sediment from the outlet to a sediment basket, and
a load cell provides real-time data on the amount of sediment delivered from the river
section. In addition, a sediment sorter machine is placed at the inlet of the channel to
supply sediment as required. A moveable bridge is equipped with a digital camera mount
and the wood blade is positioned across the model sidewalls. Above the experimental
flume, lights and cameras are placed for monitoring and recording changes in the channel
planform over time. Control points are mounted on the inside of both sidewalls to allow
Structure-from-Motion photogrammetry of the bed topography.

The schematic diagram of the modeling flume, shown in Figure 1, illustrates the
established coordinate system. The coordinate system is defined with the origin at the
point of contact between the bed surface and the upstream right sidewall of the flume. The
x-axis pointing downwards is parallel to the flow, while the y-axis perpendicular to the
sidewall is pointing towards the left bank, perpendicular to the flow direction. The z-axis
pointing upwards is perpendicular to the coordinates.
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Figure 1. Schematic of the river modeling flume. (a) plan view; (b) side view. (Note: the unit in the
figure is cm.)
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The bed sediment of the flume was placed at a thickness of 0.3 m. The bed sediment
composition was sand and gravel, and the bed grain size distribution is shown in Figure 2
where D10 = 0.293 mm, D50 = 0.904 mm, and D90 = 1.895 mm. In this work, four constant
discharge experiments were carried out with discharge rates of 0.8 L/s, 1.3 L/s, 1.9 L/s, and
2.5 L/s. The experiments were divided into two phases: free evolution and experimental
measurements. The experimental conditions are shown in Table 1.
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Table 1. Summary of the experimental conditions.

Experiment

Slope Discharge Stream
Power

Evolution
Time

Experimental
Run Time Threshold

S Q Ω

(%) (L/s) (W/m) (h) (h) (mm)

Run 1 1.5 0.8 0.12 15 16 2.42
Run 2 1.5 1.3 0.19 15 16 2.18
Run 3 1.5 1.9 0.28 12 16 1.98
Run 4 1.5 2.5 0.37 10 16 1.70

At the beginning of each experiment, the bed of the flume was flattened using a
large wood blade that spanned the width of the flume. A relatively small, straight initial
channel was carved into the flat bed to concentrate the flow over the bed and speed up free
evolution. During the experimental run, the sediment sorter rate at the upstream inlet was
manually adjusted according to the load cell readings of sediment transport in the reach so
that the upstream sediment supply was equal to downstream sediment transport to ensure
that the channel was always in a state of equilibrium between erosion and deposition.
The average wetted width and braiding intensity of the experimental reaches are used to
determine whether the experimental channel has freely evolved from an initially straight
channel to a braided channel with dynamic stability. It was observed that the time required
for the free evolution of the channel is generally reduced as the stream power increases.
During this time, the average wetted width and braiding intensity of the experimental
channels were calculated by manual visual observation and recording, supplemented by
photographs taken by cameras at the top of the flume. The time taken to develop from
an initially straight channel to a dynamically stable braided channel for experiments 1–4
was 15 h, 15 h, 12 h, and 10 h. After the channel had reached dynamic stability, all four
experiments underwent a 16 h measurement phase.

For each experiment, the 16 h of experimental runs were divided into 15 or 30 min
intervals. Morphological methods, like those used here, are sensitive to the time interval
between surveys, which must be long enough to allow for a detectable amount of morpho-
logical change but short enough that major changes in morphology are not compensated,
resulting in no net vertical change. In light of this, preliminary experiments were conducted
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at corresponding discharge, and 15 min intervals were deemed appropriate for capturing
images in the flume. However, experiment 1 necessitated an adjustment to 30 min intervals
due to the limited morphological change observed within 15 min intervals, rendering it
difficult to detect significant variations.

During each experiment run of either 15 or 30 min, six cameras positioned at the top
of the flume diligently captured images of the channel morphology at 1 min intervals.
Within the 2 min preceding the end of each experimental run, a digital camera affixed to the
moveable bridge was employed to capture images of the wet surface. At the end of each
experimental run, the flow within the model ceased, and the sediment in the downstream
sediment basket was weighed. The flume was then left to drain until there was no obvious
standing water in the deepest scour holes. A digital camera mounted on the moveable
bridge was used to capture images of the dry surface. Two dry bed photo surveys were
taken of each dry surface before moving on to the next experimental run.

3. Calculation Methods
3.1. Data Collection and Processing

There were six cameras installed at the top of the flume. Each camera covered an area
of 4.5 m × 3.5 m, and there was an overlap of about 1 m between adjacent cameras. By
setting up the cameras, all six cameras simultaneously captured images of the river channel
morphology at 1 min intervals. These photographs were used to record the continuous
evolution of the channel planform and to facilitate the calculation of wetted width and
braiding intensity. Although the photos taken by these cameras were slightly different, these
differences were corrected in post-processing using Adobe Photoshop. Adobe Photoshop
was used for lens correction, cropping, and final image stitching.

In order to reduce the influence of the upstream water inlet and downstream water
outlet of the model, a river section with a total length of 15 m from x = 3.5–18.5 m was
selected as the research area for the experiments; at the same time, in order to eliminate
the influence of the sidewalls of the flume, the above research area was cropped and
finally selected the range of x = 3.5–18.5 m and y = 0.1–2.6 m as the research area of the
experiment. The software package Agisoft PhotoScan Professional 1.7.5.13229 was used
for photogrammetric processing to convert both the dry and wet bed photo surveys into
high-resolution Digital Elevation Models (DEMs) and to generate orthophotos with 0.6 mm
pixels, which is similar to the D50 of the model at 0.904 mm.

Orthophotos of the wetted surface were digitized using AutoCAD to quantify average
braiding intensity, which represents the average number of wetted channels based on 1 m
cross-section counts, and wetted width, calculated as the total area of water in channels di-
vided by reach length. Given the large number of experimental runs, only a small subset of
orthophotos was digitized for each experiment. For Experiment 1, only 8 orthophotos were
digitized every two hours of experimental time. For Experiments 2–4, one orthophoto was
digitized every hour of experimental time, evenly spaced out throughout the experiment.
The DEMs of Difference (DoD), produced by subtracting successive DEMs, were used
to quantitatively assess the temporal variations in the topography. Different thresholds
corresponding to different experimental conditions were established to identify whether
there were topographic changes, and these thresholds were subsequently applied to the
original DoDs to calculate the parameters associated with each morphological change.
If any absolute z values were below the threshold, these regions were considered to be
unchanged and removed from the analysis. The corresponding thresholds for four constant
discharge experiments are shown in Table 1.

3.2. Morphological Parameters

The total active area, defined as all areas of the flume that had topographic
(i.e., morphological) change, were quantified in the DoDs as the sum of all erosion and
deposition cells multiplied by the cell size. The reach-averaged morphological active width
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was estimated for each experimental run by dividing the total active area by the reach
(i.e., 15 m) length:

active width =
active area

reach length
(1)

By multiplying the elevations (sum of z values) in the active areas of deposition and
active areas of erosion by the cell size, it was possible to calculate the volume of deposition
and erosion. The summed volumes of erosion represent all of the sediment moving from
storage (i.e., eroding banks or bars), while the summed volumes of deposition represent
additions to sediment storage (i.e., aggradation of bars). The total volume of morphological
change, also known as the bulk change, was then calculated for each experimental run:

bulk change = deposition volume + scour volume (2)

The reach-averaged morphological active depth was estimated by dividing the total
bulk change by the total active area for each experimental run:

active depth =
bulk change
active area

(3)

The thresholds were applied to the original DoDs. The values between the thresholds
are regarded as 0; therefore, any change in elevation (z value) greater than 0 represented
depositional areas, and less than 0 represented erosional areas. In this way, active area
and bulk change, as well as active width and active depth, could be calculated from their
separate erosional and depositional components for further analysis.

In order to compare and analyze the experimental data in different experimental con-
ditions, it was necessary to calculate dimensionless stream power (ω∗) and dimensionless
bedload transport rate (q∗b ). The calculation methods were as follows:

ω∗ =
QS

b
√

g∆D3
50

(4)

q∗b =
QS

ρb
√

g∆D3
50

(5)

where Q is discharge, S is slope, D50 is mean grain size, ∆ is relative submerged density,
b is the average wetted width, g is the acceleration due to gravity, QS is bedload flux, and
ρ is the water density.

3.3. Statistical Parameters

The statistical parameters primarily include variance (σ2), skewness (Sk), and kurtosis
(Ku). These can be calculated according to Formulas (6)–(8):

σ2 =
1
N

N

∑
i=1

(zi − z)
2

(6)

Sk =
1

Nσ3

N

∑
i=1

(zi − z)
3

(7)

Ku =
1

Nσ4

N

∑
i=1

(zi − z)
4

(8)

where zi, z, and N represent the bed surface elevations, the sample mean, and the total
sample number, respectively.
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The variance reflects the degree of dispersion of the elevation samples relative to the
sample mean. Skewness describes the symmetry of the elevation probability distribution,
where Sk > 0 is a positively skewed distribution, Sk < 0 is a negatively skewed distribution,
and Sk = 0 is a symmetrical distribution. Kurtosis expresses the steepness of the elevation
probability distribution, where Ku = 3 is a normal distribution, Ku > 3 is a leptokurtic
distribution, and Ku < 3 is a platykurtic distribution.

3.4. Variogram

A variogram, also known as the structure function, is a basic tool unique to geostatistics
that can describe structural and random changes in regionalized variables. The variogram
is usually defined as half the variance of the increments in two regionalized variable

values, Z(x) and Z(x + h), separated by
∣∣∣∣→h ∣∣∣∣ (representing the modulus of the vector) in

either direction α (representing the direction of the vector
→
h , i.e., the angle of the vector

→
h with the x-axis), where x represents coordinate space, h represents vector space, and
Z(x) and Z(x + h) are the values of the regionalized variables at spatial points x and x + h,
respectively. The formula for calculating the two-dimensional variogram is

γ(h) = γ
(
hx, hy

)
=

1
2(M−m)(N − n)

M−m

∑
i=1

N−n

∑
j=1

[
z
(
xi + mlx, yj + nly

)
− z
(
xi, yj

)]2
(9)

where γ(h) represents the variogram. xi and yj are the spatial point coordinates, respectively.
The above formula can be used to calculate the one-dimensional and two-dimensional

structure function. In special cases, when hy = 0 but hx changes, or hx = 0 but hy
changes, Formula (9) can be used to analyze the elevation variability in the x-axis and
y-axis directions, respectively. The variability of the bed elevation can be reflected from
different perspectives by the variation in the structure function and related parameters. In
order to comprehensively understand the elevation variability of the entire study area, a
number of variogram theoretical models have been proposed, among which the spherical
model is the most commonly used, and its mathematical expression is

γ(h) =


0, h = 0

C0 + C
(

3
2

h
a −

1
2

h3

a3

)
, 0 < h ≤ a

C0 + C, h > a

(10)

where C0 is the nugget variance, C is the structural variance, C0 + C is the sill, and a is the
correlation length. The physical meaning of each parameter is as follows:

1. The nugget variance C0 reflects the magnitude of the randomness of the regionalized
variables. Theoretically, when the sampling scale h = 0, the value of γ(h) should be
equal to 0. However, due to the presence of microstructural variations (i.e., internal
variability that occurs at scales smaller than the sampling scale h) and errors associated
with sampling, measurement, and analysis, γ(h) 6= 0 when two sampling points are
very close, leading to the existence of a nugget variance.

2. The sill C0 + C reflects the magnitude of the variability of the regionalized variables,
indicating the intensity of the variation within the study area. The ratio of the nugget
variance to the sill is defined as the nugget coefficient, denoted as RC = C0/(C0 + C),
which represents the proportion of spatial variability caused by the random compo-
nent to the total variability, indicating the strength of spatial variability. If RC < 25%,
it indicates strong spatial correlation of the variable; if 25% ≤ RC ≤ 75%, it indicates
moderate spatial correlation; if RC > 75%, it indicates weak spatial correlation. A
larger RC suggests that the variability is mainly due to random factors.

3. The correlation length a reflects the extent of spatial autocorrelation of the regionalized
variables and represents the point where the spatial correlation transitions from
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existence to non-existence. When the sampling scale h < a, there is spatial correlation
and mutual influence between two points in space, with the influence decreasing as
the distance between the points increases. When the sampling scale h ≥ a, there is no
spatial correlation between the two points.

The spherical model, as shown in Figure 3, has the slope of the tangent of this model
at the coordinate origin (h = 0) is 3C/2a, and the distance from the tangent to the value C
is 2a/3. In order to quantitatively describe the variable characteristics of the entire region
and accurately reflect the pattern of variable changes, it is necessary to perform the optimal
curve fitting of the spherical model based on the experimental variogram values to estimate
the parameters of the spherical model, namely, the nugget variance, sill, and correlation
length. When estimating the parameters of the spherical model, the curve model can be
transformed into a linear model using an appropriate transformation method, as follows:

γ(h) = y (11)

h = x1 (12)

h3 = x2 (13)

C0 = b0 (14)

3C
2a

= b1 (15)

− C
2a3 = b2 (16)

By substituting Equations (11)–(16) into the mathematical expression of the spherical
model Equation (10), it can be transformed into the following linear model:

y = b0 + b1x1 + b2x2 (17)

Then, the variogram values are fitted using the least squares method or the multi-
variate linear weighted regression method to calculate the parameters b0, b1, and b2, and
subsequently compute the three parameters C0, C, and a of the spherical model.
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Figure 3. Spherical model of variogram.

4. Results and Discussion
4.1. Morphological Parameters of Braided Rivers

For each experimental run of the four constant discharge experiments, the DEMs of
Difference (DoD) between two consecutive DEMs were used to determine the active area
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and bulk change, as well as active width and active depth of erosion and deposition in
the reach. Figure 4 shows the DoD at the end of each constant discharge experiment and
shows that even with 30 min intervals, there was minimal topographic change observed
in Experiment 1. Compared to Experiment 1, Experiment 2 did not show a significant
increase in the range of topographic change. This can be attributed to the more apparent
phenomenon of flow adhering to the sidewall in Experiment 2, resulting in less lateral
migration of the flow. However, it is noteworthy that the scour depth of Experiment 2
exceeded that of Experiment 1. One reason for this is the increase in stream power, resulting
in a greater sediment transport capacity. Experiments 3 and 4 showed a border range
of topographic change compared to Experiment 1, indicating increased complexity with
greater braiding and higher active braiding intensity. In addition, several regions showed
two or more major active channels (i.e., channels actively conveying sediment) and more
extensive and continuous areas of erosion and deposition. The following conclusions can
be drawn from the figure: (1) the active area and the average morphological active width
became greater as discharge increased; (2) the active area became more continuous and
contiguous as areas of erosion and deposition expanded; (3) the maximum depth of the
morphological active layer remained almost unchanged.

Water 2023, 15, x FOR PEER REVIEW 9 of 19 
 

 

 

Figure 3. Spherical model of variogram. 

4. Results and Discussion 

4.1. Morphological Parameters of Braided Rivers 

For each experimental run of the four constant discharge experiments, the DEMs of 

Difference (DoD) between two consecutive DEMs were used to determine the active area 

and bulk change, as well as active width and active depth of erosion and deposition in the 

reach. Figure 4 shows the DoD at the end of each constant discharge experiment and 

shows that even with 30 min intervals, there was minimal topographic change observed 

in Experiment 1. Compared to Experiment 1, Experiment 2 did not show a significant in-

crease in the range of topographic change. This can be attributed to the more apparent 

phenomenon of flow adhering to the sidewall in Experiment 2, resulting in less lateral 

migration of the flow. However, it is noteworthy that the scour depth of Experiment 2 

exceeded that of Experiment 1. One reason for this is the increase in stream power, result-

ing in a greater sediment transport capacity. Experiments 3 and 4 showed a border range 

of topographic change compared to Experiment 1, indicating increased complexity with 

greater braiding and higher active braiding intensity. In addition, several regions showed 

two or more major active channels (i.e., channels actively conveying sediment) and more 

extensive and continuous areas of erosion and deposition. The following conclusions can 

be drawn from the figure: (1) the active area and the average morphological active width 

became greater as discharge increased; (2) the active area became more continuous and 

contiguous as areas of erosion and deposition expanded; (3) the maximum depth of the 

morphological active layer remained almost unchanged. 

 

Figure 4. DEMs of difference generated using the final two DEMs from the four constant discharge 

experiments. Flow was from left to right. (a) Run 1: Q = 0.8 L/s. (b) Run 2: Q = 1.3 L/s. (c) Run 3: Q = 

1.9 L/s. (d) Run 4: Q = 2.5 L/s. 

Figure 4. DEMs of difference generated using the final two DEMs from the four constant discharge
experiments. Flow was from left to right. (a) Run 1: Q = 0.8 L/s. (b) Run 2: Q = 1.3 L/s. (c) Run 3:
Q = 1.9 L/s. (d) Run 4: Q = 2.5 L/s.

4.2. Relationship between Morphological Active Width, Stream Power, and Bedload Transport Rate

During the constant discharge experiments, the average morphological active width of
the reach for each experimental run was calculated based on DoD in the previous subsection.
The average wetted width of the reach was calculated from the digitized orthophoto of
the wetted surface. The mass of sediment transported was measured directly by the load
cell. As illustrated in Figure 5, there is a clear positive correlation between the average
morphological active width and total stream power, albeit exhibiting temporal variability
during each constant discharge experiment. Figure 6 also indicates a noticeable positive
correlation between the sediment transport rate and stream power. Based on the analysis
conducted in the preceding section, it can be inferred that the average active width is
closely associated with changes in the area and volume of the reach. Therefore, it can be
used as an index of channel planform changes. In addition, sediment transport is related



Water 2023, 15, 2612 10 of 18

to flow movement and bedform. Consequently, it is possible to establish a connection
between sediment transport, active width, and stream power. Figure 7 demonstrated a
significant positive relationship between the bedload transport rate and the average active
width and stream power; this finding is significant. To some extent, it showed that the
easily measured and obtained data of discharge, bed surface particle size, wetted width,
and active width, which characterize changes in river morphology, can be used to predict
the mass of sediment transport that is difficult to measure directly.
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4.3. Elevation Probability Distribution and Statistical Parameters of the Bed Surface

The bed surface elevation is considered a random distribution field, organized in
ascending order and grouped based on specific elevation intervals for frequency statistics.
In the analysis of this section, for each constant discharge experiment, the bed elevation
within the river channel study area was measured and calculated every 2 h, involving a
total of 32 sets of bed elevation data. This analysis takes the bed elevation information
at the last moment of each constant discharge experiment as an example, as shown in
Figure 8. It can be seen from the figure that the bed elevation probability distribution of
the constant discharge experiments is basically “thin and high” with a negatively skewed
distribution, which shows that the bed elevation distribution is relatively concentrated, and
the elevation values below the average bed surface are slightly dominant, which also means
that the mean value of the bed elevation distribution is basically the same and close to zero.
According to the analysis in the two previous subsections, the bedform at different times is
inconsistent due to the inherent variability of braided rivers. In order to facilitate analysis
and comparison, for each constant discharge experiment, the average value of eight groups
of statistical roughness parameters is taken to represent the roughness characteristics of the
bed surface under this discharge. As the flow intensity increases, the lateral instability of
braided rivers causes the flow to no longer be concentrated in the erosion and deposition
of a few channels; instead, it develops into more extensive and more continuous channels,
which also keeps the scour depth of the channel not getting bigger and bigger. Although
the entire reach is in a state of erosion–deposition equilibrium, Figure 4 shows that the
total erosion in the research reach is greater than deposition. This is due to the insufficient
sediment transport capacity of the upstream reach, causing some sediment to deposit
upstream. Specifically, the amount of upstream sediment supply was determined based on
the downstream sediment transport, and thus, the upstream sediment supply had a certain
hysteresis; in addition, the morphology of the river channel was constantly changing,
which led to the fact that during the experimental run, the sediment transport capacity
of the upstream flow could not always carry all the sediment supply at the inlet to the
middle and downstream reaches, and thus, the upstream reach was occasionally slightly
deposited, which mainly occurred in the range of x = 0–3 m . For the whole reach, the
occasional deposition in the upstream does not affect the dynamic equilibrium state of the
braided river, because when there is occasional slight deposition in the upstream, there
is bound to be slight scouring in the middle and downstream reaches, which leads to the
overall equilibrium state of the upstream sediment supply and the downstream sediment
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transport. However, for the research reach with changing bed topography (x = 3.5–18.5 m),
slight deposition in the upstream inevitably leads to an overall scour greater than overall
deposition in this research reach, which puts this research reach in a non-equilibrium state.
It can be seen from Figure 9 that as the discharge increases, the overall variance of the bed
surface elevation decreases, the overall negative skewness increases, the overall kurtosis
changes little, and there is a relatively clear trend of correlation between skewness and the
stream power. The relationship can be used as an index to characterize the topographic
change in the bed surface.
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Therefore, the relationship between the stream power and the bedload transport rate
and the bed elevation skewness at the corresponding time is established here, and for the
convenience of comparative analysis, the stream power and the bedload transport rate
are dimensionless. Figure 10 shows that there is a relatively clear trend of correlation
between the dimensionless stream power and the dimensionless bedload transport rate
and skewness, but due to the complexity and inherent variability of braided rivers, the
correlation coefficient is not sufficiently high. Therefore, as Figure 10c shows, the average
values of the dimensionless bedload transport rate and skewness of different constant
discharge experiments were analyzed, and it was found that there was a strong correlation
between the two. To some extent, this means that the skewness based on the bed surface
elevation can be used to estimate the bedload transport rate of braided rivers preliminarily.
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4.4. Two-Dimensional Variograms of the Bed Surface Elevations

Based on the bed elevation data in the previous subsection, the two-dimensional
variogram in geostatistics is used to analyze the riverbed area of the research reach. In
order to facilitate analysis and comparison, the variance of the bed surface elevations is
used to perform dimensionless processing on the two-dimensional variogram value, and
the processed two-dimensional variogram is shown in Figure 11. It can be seen from the
figure that the dimensionless two-dimensional variogram values are not the same in each
direction, indicating that the bed elevation is anisotropic within the research reach. In
addition, it can be found that the x-axis direction has less variability and is more stable
than the y-axis direction. This can be attributed to the fact that the y-axis direction is
perpendicular or intersects at a large angle to the flow direction. Bars are formed in braided
rivers, and channel avulsion and bifurcation lead to the lateral movement of sediment,
resulting in frequent changes in lateral erosion and deposition, and the lateral topography
is complex and changeable. The bed surface elevation variogram in the x-axis direction is
closer to the spherical model and only shows small fluctuations when the calculation scale
is larger than the correlation length. Therefore, the spherical model can be an excellent
theoretical model for quantifying its roughness properties.
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4.5. One-Dimensional Variograms of the Bed Surface Elevations

Figure 12 shows the one-dimensional average variogram of the bed elevation in the
x-axis direction, which is very consistent with the spherical model. As the discharge
increases, the nugget variance, sill, and correlation length of the variogram all increase.
At the same time, the nugget coefficient RC ranges from 0.112 to 0.184. It can be seen that
RC < 25% indicates that the bed elevation variable in the x-axis direction has a strong
spatial correlation, and the bed surface elevation variation caused by random factors can
be ignored. As flow intensity increases, the range of movement of the sediment on the bed
surface expands and the randomness of the bed surface increases. The areas of erosion
and deposition become more extensive and continuous, and the bed surface becomes more
uneven and rougher, indicating that the sill and the correlation length can be used to
characterize the bed surface roughness.

In order to make the analysis and comparison, the variance of the bed surface elevation
is used to make the parameters of the spherical model dimensionless. It can be seen from
Figure 13 that all three parameters increase with the increase in the dimensionless stream
power, but the changing trend of the dimensionless nugget variance is not significant
enough, and there is a relatively obvious relationship between the other two dimensionless
parameters and the dimensionless stream power. However, the inherent variability and
complexity of braided rivers lead to complex topographic changes, as reflected in the
relatively scattered data points in the figure. In order to remove the influence of the
inherent variability of braided rivers, this paper takes the average values of the relevant
parameters for further analysis. It can be seen from Figure 14 that there is an obvious
correlation between the average value of the three parameters of the spherical model and
the dimensionless average stream power, but the correlation coefficient of the dimensionless
nugget variance is only 0.64, whereas the other two parameters have correlation coefficients
around 0.9, the correlation is very significant. In addition, it can be seen from Figure 15
that the correlation coefficients between the average value of the three parameters of the
spherical model and the skewness are all above 0.9, and they all have very significant
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correlations. When the stream power increases, the movement time and distance of the
sediment particles on the bed surface increase, so that the areas of erosion and deposition
changes in the bed surface morphology increase. This leads to the occurrence of various
phenomena such as channel bifurcation–confluence unit, bar formation, avulsion, and chute
cutoff, which contribute to a more complex channel morphology. This process increases the
variability of the bed surface elevation and enhances the spatial correlation of the elevation.
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Figure 14. Average spherical model parameters of the variograms plotted against average dimension-
less stream power. (a) The variation in average C0/σ2 with average ω∗; (b) the variation in average
(C0 + C)/σ2 with average ω∗; (c) the variation in average a/σ2 with average ω∗. The dashed line
represents the linear regression through all observations.
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Figure 15. Average spherical model parameters of the variograms plotted against average skewness.
(a) The variation in average C0/σ2 with average Sk; (b) the variation in average (C0 + C)/σ2 with
average Sk; (c) the variation in average a/σ2 with average Sk. The dashed line represents the linear
regression through all observations.

Based on the previous analysis, a clear correlation can be observed between the bed-
load transport rate, the stream power, skewness, and the parameters of the spherical model.
In particular, the sill and correlation length have significant positive correlations with
the stream power and skewness. Therefore, it can be tentatively assumed that there is a
relationship between the variogram parameters and the bedload transport rate. Figure 16
demonstrates a significant positive correlation between the dimensionless sill, the dimen-
sionless correlation length, and the dimensionless bedload transport rate, with correlation
coefficients greater than 0.93. Therefore, the variogram parameters can be used to estimate
the bedload transport rate in the reach.
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Figure 16. Average spherical model parameters of the variograms plotted against average dimension-
less bedload transport rate. (a) The variation in average C0/σ2 with average q∗b ; (b) the variation in
average (C0 + C)/σ2 with average q∗b ; (c) the variation in average a/σ2 with average q∗b . The dashed
line represents the linear regression through all observations.

5. Conclusions

This paper investigates the bed surface roughness properties of braided rivers by
conducting four constant discharge experiments. It investigates the relationship between
characteristic parameters of the channel planform morphology, bed surface elevation, and
variogram parameters. The main conclusions are as follows:

1. The morphological change area of the reach becomes more continuous and extensive
with increasing discharge. The average morphological active width increases, while
the average morphological active depth remains almost unchanged.
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2. There is a significant positive correlation between the bedload transport rate and the
reach-averaged morphological active width and the stream power. This indicates that
the easily measured parameters such as discharge, bed surface particle size, wetted
width, and active width, which characterize morphological change, can be used to
predict the mass of bedload transport that is difficult to measure directly.

3. The bed elevation probability distribution in braided rivers is negatively skewed and
leptokurtic. There is a relatively significant correlation between skewness and the
dimensionless bedload transport rate, providing a simple index for the preliminary
prediction of bedload transport rate in braided rivers. The two-dimensional variogram
values of the bed surface elevation differ in each direction, indicating anisotropy in
bed surface roughness within the research reach.

4. As flow intensity increases, bed surface roughness, the corresponding sill, and cor-
relation length increase. The bed elevation variable in the x-axis direction has a
strong spatial correlation, and elevation variation caused by random factors can be
ignored. The sill and correlation length of the bed surface elevation variogram can be
used to estimate the bedload transport rate in the constant discharge experiments of
braided rivers.

5. This study primarily focused on different flow intensities. In the future, more exten-
sive and systematic research should be conducted to analyze the influence of bed
surface particle sizes, slopes, and different flow and sediment conditions on the statis-
tical roughness properties of the bed surface in braided rivers to enrich the relevant
research achievements.
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