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Abstract Surface grain size in gravel‐bed rivers is inherently heterogeneous, with marked spatial variability
that remains challenging to predict, even in the presence of regular bedforms. This study investigates surface
grain size variability on self‐formed alternate bars at the scale of a single bar unit, and is divided in two parts. In
Part 1, controlled laboratory experiments were conducted in a straight flume with fixed banks under steady
water discharge and sediment supply conditions. High‐resolution maps of bed topography and surface grain size
were created using close‐range photogrammetry and automated image analysis, while numerical simulations
provided estimates of the flow field and bed shear stress distribution. Experiments show the formation of
initially migrating bars, which gradually slow down, eventually leading to a steady configuration. Analysis of
this equilibrium state reveals recurring periodic patterns in bed topography, shear stress, and grain size. Coarser
sediment patches predominantly occur on the stoss side, upstream of the bar crest, while finer sediments
concentrate near the bar front, upstream of pools. Grain size distribution is not directly correlated with bed
elevation or bed shear stress but displays a systematic upstream shift with a consistent phase lag across all
experiments. These patterns were unaffected by changes in discharge or channel width. Moreover, our analysis
shows that the flow deflection induced by bars limits sediment transport on bar tops, which explains the lack of
migration and the relatively long bar wavelength. In Part 2, a theoretical model is formulated to provide a
mechanistic interpretation of the experimental results.

Plain Language Summary Gravel‐bed rivers are characterized by sediments of various sizes,
ranging from sand to gravel and cobbles, which move differently and settle in specific locations. This process
creates grain size patterns that influence the river's shape and dynamics, making them crucial for understanding
sediment transport and predicting river evolution. This study, presented in two related papers, examines how
these patterns vary on regular gravel bars, large sequences of alternating scour and deposition zones that
naturally form in rivers. In this first paper, we present the outcomes of a series of controlled experiments
conducted in a straight laboratory channel. Using advanced imaging tools, we created detailed maps of bed
topography and grain size, while numerical simulations were used to reconstruct water flow. The results show
that coarse gravel is more likely to deposit on the upstream slopes of bars, while finer sediments accumulate near
pools farther downstream. These grain size patterns are not directly linked to bed height but instead appear
consistently shifted upstream, forming predictable distributions across different conditions. Over time, the
deposition of coarse grains at bar heads alters the flow and slows sediment movement, preventing downstream
bar migration and leading to bar elongation.

1. Introduction
Gravel‐bed rivers are typically characterized by significant sediment heterogeneity, with surface grain size
distributions varying across multiple spatial scales (e.g., Buffington & Montgomery, 1999; Paola & Seal, 1995;
Parker, 2008). This variability arises from the adjustment of riverbed composition to changes in flow and bed
topography, producing vertical, lateral, and downstream changes in grain size distribution through different grain
sorting mechanisms (e.g., Parker, 2008; Powell, 1998). The spatial changes of grain size typically appear in the
form of patches of coarser or finer surface bed material. Sorting patches can be associated with various bedforms,
including dunes, antidunes, riffles and pools, bedload sheets, longitudinal streaks (Alexander & Fielding, 1997;
Colombini & Parker, 1995; Hassan et al., 2022; Hodge et al., 2013; Nelson et al., 2009; Seminara et al., 1996;
Whiting et al., 1988). By modifying bed roughness and sediment mobility, such features directly affect flow
dynamics and sediment transport processes (e.g., MacKenzie et al., 2018). In addition to their morphological
significance, sorting patches provide ecological benefits, increasing habitat diversity, providing ideal substrates
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for fish reproduction, and creating favorable conditions for riparian vegetation and benthic species (Garcia
et al., 2012; Gurnell et al., 2001; Tockner et al., 2006).

In this work, we focus on sorting patches at the scale of the channel width, as those commonly occurring within
meander bends, on river bars, and among branches in multi‐thread rivers (e.g., Ashworth et al., 1992; Lisle &
Madej, 1992; Storz‐Peretz & Laronne, 2013). A key mechanism driving these patterns is gravitational selection,
which tends to move larger and heavier particles to lower elevations (Parker & Andrews, 1985; Powell, 1998).
This explains why in meander bends coarser grains are typically found in pools, while point bars tend to be finer
(Julien & Anthony, 2002; Parker & Andrews, 1985; White & Nelson, 2023). Another key mechanism is the
selective transport of different grain‐size fractions within a mixture, which appears particularly important in
relatively straight reaches (e.g., Lisle et al., 1991; Lisle & Madej, 1992; Nelson et al., 2015a).

The spontaneous formation of bars in relatively straight reaches of gravel‐bed rivers is a frequent phenomenon,
arising from an intrinsic large‐scale, three‐dimensional bed instability that governs the morphodynamics of
channel bifurcations and drives the development of braided rivers (e.g., Callander, 1969; Colombini et al., 1987;
Fredsoe, 1978; Parker, 1976; Seminara, 2010). From a practical perspective, gravel bars can affect navigability,
enhance bank erosion, and interact with instream engineering structures (e.g., Claude et al., 2014), and can
provide valuable ecosystem services (e.g., Ward et al., 2002).

Gravel bars have been found to form distinct sediment sorting patterns. The most widely reported pattern consists
of a grain size gradient, with coarser material at the bar head and finer material at the bar tail (e.g., Ashworth &
Ferguson, 1986; Lewin, 1976; Lunt & Bridge, 2004; Rice & Church, 2010). Several studies also observed that
fine material tends to accumulate in pools, while bar crests are often coarser (Lanzoni, 2000; Lisle &Madej, 1992;
Nelson et al., 2010). However, other studies report contrasting patterns. For instance, experimental and numerical
findings by Takebayashi and Egashira (2001), conducted under well‐above‐threshold transport conditions,
revealed a clear coarsening of pools and a fining of crests, nearly opposite to the experimental and numerical
results by Nelson et al. (2010, 2015a). Numerical simulations by Cordier et al. (2019) also revealed how stationary
bars exhibit a different trend with respect to migrating bars, with the former showing coarsening within bar pools.
Finally, Qian et al. (2017) obtained numerically coarser pools and finer crests under partial mobility conditions,
while a nearly opposite pattern was found under high mobility conditions.

Evidence of consistent formation of sorting patches around bars also appears in contrast to several investigations
showing almost zero correlation between bed elevation and grain size. For example, laboratory experiments by
Gardner and Ashmore (2011) and Leduc et al. (2015) showed a poor correlation between elevation and grain size
along a braided channel network. Similarly, measurements taken along compound bars of the Fraser River by
Rice and Church (2010) revealed no correlation between bed elevation and grain size, although there appears to be
a limit on the maximum elevation that coarse particles can attain. Extensive measurements along a reach of the
gravel‐bed Ashley River by Mosley and Tindale (1985) also highlighted a lack of any obvious relationship be-
tween grain size parameters and their location on diagonal bars, transverse bars and pools. Finally, analysis of the
surface bed material within the gravel‐bedded Urumqi River by Guerit et al. (2014) showed how the grain size
range of anabranches and bars is too close to be distinguished, with only the chute channels showing significantly
coarser material. The question then arises whether this lack of correlation implies that some river systems are so
complex that no systematic patterns can be predicted, or whether consistent patterns can still be identified,
possibly not in the form of a direct, pointwise correlation between elevation and grain size.

The lack of a coherent picture emerging from the mentioned works mirrors a lack of understanding of the physical
controls underlying the different observations. In particular, it is still unclear how the arrangement of sorting
patches is related to the spatial variation of bed shear stress, which is expected to be the main driver of size‐
selective sediment transport along alternate bars (Lanzoni, 2000). In this context, numerical simulations based
on 2‐D shallow water equations provided useful information, as they allow detailed mapping of flow field and
grain size distribution to be obtained. Using this approach, Cordier et al. (2019) showed that coarser patches
forming on the crests of stationary bars correspond to areas of high bed shear stress, suggesting that the surface
bed composition is directly related to the flow capacity to transport bed material of varying sizes. In contrast,
simulations by Nelson et al. (2015b) indicated that sorting patterns are not directly related to the magnitude of bed
shear stress, but rather to its divergence, as also suggested by experimental analysis by Lisle et al. (1991).
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In this study, we aim to understand whether the equilibrium state of self‐organizing alternate bars is associated
with systematic and reproducible sorting patterns, at least under controlled conditions. Moreover, we aim at
exploring the spatial arrangement of sorting patches, and their relationship with the bar topography and the
associated bed shear stress distribution. The study is divided into two parts. The present manuscript (Part 1) is
based on the experimental analysis in a physical laboratory model, while the companion paper (Part 2, Ragno &
Redolfi, 2026) presents a more general, mathematical description of the key mechanisms through a linear
perturbation analysis. Specifically, in the present Part 1 we performed a series of experiments in a mobile‐bed
flume, exploring different combinations of flow discharge and channel width, and consequently bar height and
length. These experiments allowed us to systematically explore the occurrence and distribution of sorting pat-
terns, leveraging recent experimental methods that enable detailed and extensive measurements of bed topog-
raphy and median grain size. Additionally, we performed two‐dimensional fixed‐bed simulations to generate
high‐resolution spatial maps of flow depth, velocity, and bed shear stress along the bars. A specific, novel
analysis of these data allows us to explain the spatial relationship between observed sorting patterns, bed
topography and flow field.

2. Method
2.1. Experimental Setup

The experiments were conducted at the Hydraulic Laboratory of the University of Trento in a 25 m long flume.
Vertical banks were installed within the flume to create a straight channel with a width of either 40 cm or 60 cm, as
illustrated in Figure 1a. Water flow was recirculated using a submerged, software‐controlled pump to maintain a
constant discharge throughout the experiments. The channel bed was prepared with a 15 cm thick layer of a sand
and small gravel mixture, sieved to remove particles finer than 0.5mm to prevent cohesion effects and system
clogging. The grain size distribution varied slightly between the two experimental series, with the narrower
channel configuration (width W = 40 cm) exhibiting a finer distribution, as shown in Figures 1b and 1c. Spe-
cifically, the median grain size decreased from 1.29mm to 1.22mm, and the geometric standard deviation
decreased from 0.77 to 0.75 when comparing the 60 cm and 40 cm channel widths, respectively. These grain size
distributions have a sorting coefficient (ϕ16 − ϕ84)/2≃ 0.8 and are thus classified as moderately sorted (Folk &
Ward, 1957). To ensure a uniform initial bed composition, the sediment mixture was thoroughly mixed, and the
bed surface was leveled to achieve a consistent longitudinal slope of 1%. The same mixture was used for sediment
feeding at the upstream end of the flume. The sediment feed rate, controlled with a motorized screw, was constant
for each run and was selected to maintain overall equilibrium conditions throughout each experiment, thereby
preventing changes in the average longitudinal gradient. The feeding rate was determined through an iterative
process based on preliminary experiments. At the downstream end, transported sediments were collected in a tank
supported by four load cells, providing continuous measurements of sediment transport flux.

A total of nine experimental conditions were tested, each with a different constant water discharge (Q). Four
experiments were conducted with the narrower channel width (W = 40 cm), referred to as the MW40 series, and
five with the wider channel width (W = 60 cm), referred to as the MW60 series. For the MW40 series, each
experiment was repeated twice to verify results reproducibility. The parameters for each experimental run are
detailed in Table 1. Each run lasted between approximately 12 and 80 hours, a duration chosen to ensure that the
bed morphology reached an equilibrium state, characterized by stable bar wavelength and amplitude. The mean
wetted width (Ww) for each experiment was determined by averaging manual measurements of submerged width
taken along 22 equally‐spaced (0.5 m) cross‐sections during the final phase of each run.

At the end of each experiment, after stopping the water flow, the bed surface topography and surface grain size
distribution were surveyed using close‐range photogrammetry. Vertical images were captured using a Nikon
D7100 camera equipped with a fixed 28 mm focal length lens, mounted on a movable carriage. This setup enabled
a rapid survey consisting of 150 images (three images per cross‐section and 50 rows along the flume length), with
approximately 70% side and forward overlap. Ground control points (GCPs) were placed at 25 cross sections
spaced 1 m apart along the flume's longitudinal axis. At each cross section, four GCPs were positioned outside of
the flume banks at different elevations to minimize collinearity issues, resulting in a total of 100 GCPs. Image
processing was performed using the Structure‐from‐Motion software Agisoft PhotoScan (version 1.2.2, 2294),
which generated digital elevation models (DEMs) and rectified image mosaics of the entire flume at a spatial
resolution of 0.5 mm (Redolfi et al., 2025). Ground‐truthing points were used to assess the accuracy of the DEMs,
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yielding a mean absolute error of approximately 2 mm, which is comparable to the bed surface roughness. Further
details on the survey method can be found in Javernick et al. (2018). Detrended bed topography was then
computed by subtracting a linear elevation profile with uniform slope, resulting in detrended bed elevation maps
η(x,y), where x and y represent the longitudinal and transverse coordinates, respectively.

Figure 1. Panel (a): schematic view of the flume experimental setup, showing: (1) the central channel delimited by straight
vertical banks; (2) the submerged pump that conveys the water dischargeQ (indicated by arrows); (3) the upstream sediment
feeder; (4) the downstream sediment collection apparatus; (5) the movable carriage on which the SLR camera (6) is mounted.
Panels (b, c): grain size distribution of the sandy mixture employed for MW40 (b) and MW60 (c) experimental series, where
Ds50 (green markers) is the median grain size,Ds10 (purple markers) andDs90 (red markers) are the 10% and 90% percentiles,Dsg

(vertical dashed line) is the geometrical mean grain size, σg is the geometrical standard deviation, and Ds,ref is a reference size
conventionally set to 1mm.
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2.2. Grain Size Estimation

The rectified image mosaics were analyzed to estimate the spatial distribution of median grain size. We employed
a procedure based on the method proposed by Rubin (2004), which establishes a relationship between grain size
and the spatial correlation of image intensity values across various lateral offsets. The underlying principle is that
the color within individual sediment particles is relatively uniform, while it varies significantly between different
particles. As a result, correlation remains high for offsets shorter than the grain size, while it decreases rapidly for
larger offsets. The correlation value at a fixed intermediate offset is therefore expected to increase with grain size.
Moreover, in our experiments the larger grains, primarily composed of white carbonate rock, contrasted sharply
with the darker, porphyritic sandy component. This color distinction facilitated the identification of grain size
variations.

To calibrate the method, images of 24 sediment samples with varying grain size distributions were analyzed. The
mean correlation function (ryk + rxk)/2 was computed as a function of offset k using a 25mm quadrat window.
The optimal offset value for both longitudinal (rxk) and transverse (ryk) directions was determined to be 2 pixels,
corresponding to a spatial distance of 1mm. Two regression relationships were developed to link the mean
correlation function to median grain size, depending on the proportion of light‐colored pixels p (i.e., pixels with
an intensity greater than 130/255). Specifically, samples with p < 9% and p ≥ 9% were treated separately (see
Figure 2a). As illustrated in Figure 2b, this regression provides a mean absolute percentage error in the prediction
of Ds50 of 6.4%. By applying this method to a moving window across the domain, detailed maps of the median
surface grain size Ds50(x,y) were generated for all experimental runs.

2.3. Hydraulic Modelling

Information about the spatial distribution of water depth, velocity, and bed shear stress was obtained through
fixed‐bed numerical simulations. We used the two‐dimensional software Basement (version 4.0.1), which solves
the depth‐averaged shallow water equations on an unstructured triangular mesh (Vanzo et al., 2021). For the
MW40 and MW60 experiments, two distinct computational meshes were generated with a maximum edge length
of 2 cm, resulting in 48164 elements for MW40 and 71656 elements for MW60. The elevation of each mesh
element was calculated as the mean value of all measured points falling within the corresponding triangular cell.
The rectangular domain was bounded laterally by no‐flux boundary conditions. At the upstream end, a constant
discharge was prescribed, while at the downstream end a flow rating curve corresponding to critical conditions
was imposed to replicate the free‐falling flow observed at the flume outlet.

Each simulation was run for 600 s, which was found to be sufficient to achieve a steady‐state configuration.
Bed roughness was considered to be spatially variable, based on the measured grain size distribution.

Table 1
Summary Data of the Laboratory Experiments, Where S Is the Initial Bed Slope, Ds50 Is the Median Grain Size, Q Is Water
Discharge, Qs Is the Measured Mean Volumetric Sediment Discharge, and Ww/W Indicate the Measured Ratio Between the
Mean Wetted Width and the Flume Width

Exp Id # Run W [m] S Ds50 [mm] Q [l s− 1] θ (D50) β Qs [g s− 1] Ww/W

MW40_Q17 2 0.40 1.0% 1.22 1.7 0.057 17.5 0.62 0.97

MW40_Q20 2 0.40 1.0% 1.22 2.0 0.062 15.9 1.67 1

MW40_Q25 2 0.40 1.0% 1.22 2.5 0.071 14.0 3.14 1

MW40_Q30 2 0.40 1.0% 1.22 3.0 0.079 12.6 4.19 1

MW60_Q30 1 0.60 1.0% 1.29 3.0 0.059 23.8 2.64 –

MW60_Q36 1 0.60 1.0% 1.29 3.6 0.066 21.4 4.68 0.98

MW60_Q42 1 0.60 1.0% 1.29 4.2 0.072 19.5 5.36 0.99

MW60_Q48 1 0.60 1.0% 1.29 4.8 0.078 18.1 7.29 0.98

MW60_Q55 1 0.60 1.0% 1.29 5.5 0.085 16.7 11.02 1

Note. The Shields number relative to the median grain size θ(D50) and the channel aspect ratio β (here defined as half the
width‐to‐depth ratio) are estimated considering a reference uniform flow computed via the logarithmic friction formula 1.
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Specifically, the dimensionless Chézy parameter (C) was computed using the logarithmic expression proposed
by Keulegan (1938):

C = 6 + 2.5 log(
D

αDs50
), (1)

whereD is the water depth,Ds50 is the local median grain size, and α is a dimensionless calibration parameter. The
value of α was determined through calibration against measurements of the mean wetted width (Ww) in five
distinct MW60 experiments. This yielded a value of α = 1.2, which was associated with errors inWw/W of about
1 − 2%. The resulting value of α falls within the typical range reported in the literature (e.g., García, 2008).

Resulting maps of the bed shear stress τ allowed for estimating the mobility of different grain sizes by computing
Shields number as:

θ(Ds) =
τ

g(ρs − ρ)Ds50
Hr (

Ds

Ds50
), (2)

where g is the gravitational acceleration, ρs and ρ are sediment and water densities, and Hr is the reduced hiding
function, here evaluated using the Wilcock and Crowe (2003) formulation.

2.4. Correlation Analysis

Alternate bars can be interpreted as two‐dimensional waves, in which all quantities exhibit periodic repetitions
along the longitudinal direction. However, not all flow and bed structure parameters are synchronous, and they
may be shifted longitudinally by a specific spatial lag. Quantitative insight into the spatial arrangement of bed
topography, median grain size, and bed shear stress can thus be obtained through cross‐correlation analysis, which
identifies the spatial lag between different quantities.

Considering two generic maps K and Z constituted by a regular grid of N × M points, we compared the values of
K at each point (i, j) with values of Z at (i + k, j), where k is an integer variable representing the spatial offset ψ:

ψ = k dx, (3)

Figure 2. (a) Regression between correlation parameter and measured median grain size Ds50, for the two subsets having a
percentage of white pixels p higher (blue line and square markers) and lower (red line and circle markers) than the threshold
value 0.09. RMSE denotes the root mean square error of the linear regression. (b) Comparison between measurements and
prediction from linear regression, with dashed line indicating perfect agreement. R2 is the coefficient of determination, while
MAPE indicates the mean absolute percentage error.
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with dx indicating the grid spacing

Specifically, the cross‐correlation function was computed as:

rxk(K,Z) =

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∑
N− k

i=1
∑
M

j=1
K′

i,jZ
′
i+k,j/∑

N

i=1
∑
M

j=1
K′

i,jZ
′
i,j k ≥ 0

∑
N+k

i=1
∑
M

j=1
K′

i− k,jZ
′
i,j/∑

N

i=1
∑
M

j=1
K′

i,jZ
′
i,j k < 0

, (4)

where Kʹ and Zʹ indicate the maps obtained by subtracting their respective mean values, and the subscript x
denotes that the offset is applied in the longitudinal direction. For a simple case where the two maps K and Z are
identical but Z is shifted downstream by a spatial lag ℓ, the correlation function, as the offset ψ varies, will reach a
maximum when the offset matches the spatial lag (ψmax = ℓ). Thus, identifying changes in correlation across
different offsets, particularly the occurrence of a maximum, allows for the determination of whether a consistent
spatial lag exists between the two maps.

To illustrate the behavior of the correlation function, consider the example of two periodic sinusoidal waves
(Figure 3). In this scenario, the correlation function oscillates with nearly the same period as the waves them-
selves, such that the distance between consecutive maxima or minima provides an estimate of the wavelength, L.
For such wavelike signals, it is useful to define the phase lag, which can be calculated as:

Figure 3. (a) Example of sinusoidal signals K and Z with wavelength L, where Z is shifted downstream by a spatial lag ℓ.
(b) Cross‐correlation as a function of the offset ψ , where ψmax represents an estimation of the spatial lag ℓ, while
2|ψmax − ψmin| estimates the wavelength L. The red dash‐dotted line represents the dominant component of the Fourier
spectrum, which can also be used to measure both the spatial lag and the wavelength.
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δ = 2π
ℓ
L
= 2π

ψmax
2|ψmax − ψmin|

, (5)

where ψmax and ψmin are defined as the points where the local maximum and minimum closest to ψ = 0 occur,
respectively. The phase lag ranges from − π (ψmin = 0 and ψmax < 0) to π (ψmin = 0 and ψmax > 0), with a
value of zero indicating no lag (ψmax = 0).

While the above procedure provides a straightforward estimate based on peak locations, a more robust quanti-
fication of phase lag and wavelength is obtained using Fourier analysis of the correlation signal. Specifically, we
identified the dominant component from the Fourier spectrum, and we computed both the wavelength and the
angle of its complex amplitude. To improve the spectral resolution, we padded the rxk signal with a large number
(= 9N) of zeros, effectively yielding a nearly continuous Fourier transform in the frequency domain. Compared
with the peaks analysis presented above, this procedure is less sensitive to noise in the correlation signal, which
can slightly shift the position of the nearest maximum and minimum. However, the overall results turn out to be
essentially independent of the procedure used to estimate phase lags and wavelengths.

Correlation analysis was performed for all experimental runs to quantify the spatial relationship between median
grain size, bed elevation, and bed shear stress. To remove potential reach‐scale longitudinal trends and local
differences in bar topography, the cross‐sectional mean was subtracted from the bed elevation maps.

2.5. Ensemble Analysis

To provide a statistically robust description of the bar unit topography and grain size distribution, we computed
the “ensemble bars” following the idea proposed by Redolfi et al. (2020). The method is based on isolating in-
dividual bar units, overlapping their topographical map (or other maps), and then computing the average value
among all observed bars to obtain a statistical representation of their spatial arrangement.

Differently from Redolfi et al. (2020), here we employed a fully‐automated procedure to isolate individual bar
units, similar to that proposed by Nelson and Morgan (2018). Our algorithm first calculates the average bed
elevation for the left and the right halves of each cross‐section (ηL and ηR). Computing their difference and
smoothing the resulting signal gives the plot of Figure 4b, in which minimum points represent cross‐sections
where bar crest is located on the right, while maximum points occur where crest is at the left side. In this way
we obtained separation lines among individual semi‐bars (Figure 4a), where the prefix “semi” is used to indicate

Figure 4. Illustration of the automatic procedure used to identify bar units: (a) topography of the experiment MW60_42, in
which the division line among individual semi‐bars is positioned on the basis of the extreme values of the signal ηL − ηR
illustrated in panel (b), which represents the difference between the average elevation of the left and the right halves of the
channel (smoothed by applying a moving average with a 50 cm window). Left and right semi‐bars are conventionally defined
depending on whether bar crests start at the left or the right side of the channel.
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that each unit actually represents half of a bar period. Specifically, we defined left semi‐bars as those starting with
the crest on the left, and right semi‐bars as the others. Within each semi‐bar, we then defined a regular sub‐grid of
(500 × 200 points) and we resampled the map at these grid points. For each point, we then computed the average
across all observed left and right semi‐bars. In this way, we obtained an average representation for the left and
right semi‐bars, which were then joined to obtain a complete averaged representation—referred to as ensemble
map—expressed in normalized coordinates x/L and y/W.

3. Results
3.1. Bed Topography, Grain Size Sorting, and Bed Shear Stress

In all the experiments, an alternating bar pattern spontaneously developed from the initially flat bed. Following an
initial transitional phase, the bed configuration reached a quasi‐equilibrium state, with the presence of large, non‐
migrating and irregular alternate bars. Figure 5a illustrates an example of fully developed topography, charac-
terized by relatively flat bar crests and a main sinuous channel that meanders between both sides of the flume.

A clear alternating pattern also appears in the orthophoto shown in Figure 5b, where brighter areas indicate
coarser surface material. This spatial distribution is quantified in the median grain size map presented in
Figure 5c. At a first sight, finer material appears to accumulate in the deeper sections of the main channel, while
coarser material is preferentially located on the bars. This observation suggests a potential correlation between the
elevation and the median surface grain size. However, as shown in Figure 6a, data exhibit significant scatter, and
no clear relationship between median grain size and bed elevation emerges. This is confirmed by the low value
of R2.

A stronger correlation might be expected when comparing surface composition to bed shear stress, as the latter
constitutes an important control on selective transport processes (e.g., Parker, 2008). Figure 7 presents the
simulated water depth, bed shear stress, and velocity field for the same experiment, showing that bar crests are
almost dry, while water depth in the main channel reaches a few centimeters, and bed shear stress values approach
approximately 2 Pa. However, as shown in Figure 6b, the relationship between local bed shear stress and median
grain size exhibits again considerable scatter, although a weak positive trend is apparent.

3.2. Correlation and Associated Spatial Lags

The lack of a point‐by‐point correlation (Figure 6), combined with the observation that similar spatial arrange-
ments can be identified from the maps of topography, grain‐size, and bed shear stress (Figures 5 and 7), suggested
an investigation into the occurrence of spatial lags between these signals. The correlation function between bed
elevation η and median grain size Ds50 for varying offset values is reported in Figure 8a. This function closely

Figure 5. Example of (a) bed topography, (b) RGB orthophoto, and (c) median grain size map for the experiment
MW60_Q30. Flow is from left to right. Axes are not in scale (transverse coordinates are magnified by a factor 4). Bed
elevation data has been detrended to remove the mean longitudinal slope.
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resembles the example in Figure 3, suggesting that the observed bed topography can be effectively characterized
as a wave‐like phenomenon with a distinct wavelength. This result is expected, as bars are known to form due to
an instability mechanism that, in its simplest form, can be represented as a double sinusoid in the longitudinal and
transversal directions (e.g., Colombini et al., 1987; Parker, 1976). However, it is notable that this fundamental
wave pattern can be clearly extracted from the correlation of inherently noisy and irregular maps. A similar
correlation function was observed across all experimental runs, enabling consistent estimation of bar wavelength
and spatial lag. Figure 8b illustrates the wavelengths for all runs, which range from approximately 9 to 17 times
the channel width. An overall trend emerges, showing that wavelength increases with increasing unit discharge
(p‐values < 0.01 for both experimental series) and decreasing channel width.

The correlation peak in Figure 8a is not centered at ψ = 0, but instead occurs at negative offset values, indicating
that the median grain size maps are shifted upstream relative to the bed topography. Figure 9a reveals that the
spatial lag ℓ between bed elevation and median grain size is consistently negative, with values ranging from
approximately − 0.8 m to − 2.2 m. Additionally, the spatial lag appears to slightly decrease with decreasing
channel width and with increasing unit discharge (p‐values of 0.02 and 0.37 for the MW40 and MW60 series,
respectively). In terms of phase lag, the results are highly consistent across experiments (Figure 9c). Specifically,
the phase lag δ lies within a relatively narrow range, approximately from − π/4 to − π/2, with no discernible trend
related to unit discharge (p‐values 0.51 and 0.83) or channel width.

Using the same procedure, we analyzed the correlation between bed elevation and bed shear stress. As illustrated
in Figure 9b, values of the spatial lag ℓ are consistently negative, ranging from about − 1 m to − 3.5 m and

Figure 6. Scatter plot illustrating how the median grain size is related to local values of (a) bed elevation and (b) bed shear
stress for the experiment MW60_Q30. The dash‐dotted lines represent the linear interpolations, with R2 indicating the
coefficients of determination.

Figure 7. Simulated (a) water depth and (b) bed shear stress with superimposed velocity field (arrows) for the experiment
MW60_Q30. Flow is from left to right. Axes are not in scale (transverse coordinates are magnified by a factor 4).
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significantly decreasing with discharge (p‐values< 0.01 and 0.02 for MW40 andM60 experiments, respectively).
Moreover, values of ℓ are lower than those observed for the correlation between bed topography and grain size
maps (Figure 9a). The corresponding phase lag varies between − π and − π/2, indicating an upstream shift of half
to a full wavelength (Figure 9d). Noteworthy, as in Figure 9c, no significant trends with discharge (p‐values of
0.91 for both series) can be detected. These findings reveal that neither median grain size nor bed shear stress are
in phase with bed elevation, with bed shear stress consistently shifted further upstream.

Finally, it is worth highlighting that the maximum correlation value in Figure 8a generally remains below 0.5,
indicating that a simple longitudinal shift is not sufficient to fully align the maps. Such alignment would only
occur in the presence of a linear relationship between the variables. This limited correlation can be attributed to:
(a) irregular bar shapes and variable wavelengths along the channel, (b) localized effects on sediment transport
and grain size patterns, and (c) potential measurement errors, particularly in the automatic procedure for the grain
size estimation.

3.3. The Ensemble Configuration

A comprehensive and direct description of the average spatial arrangement of grain size along the bars is provided
by the ensemble analysis, with results shown in Figures 10 and 11. To enhance visualization of the overall pattern,
contour lines and maximum points are overlaid after smoothing the images with a Gaussian filter using a kernel
with a standard deviation of 50 pixels. The resulting patterns reveal an almost regular alternating structure: the left
(x/L < 0.5) and right (x/L > 0.5) ensemble semi‐bars are nearly identical, but mirrored across the channel
centerline. The dashed contours, representing the mean value, enclose nearly half of the area in the median grain
size mapsDs50, but a larger area in the bed elevation maps η. This suggests that the distribution of bed elevation is

Figure 8. (a) Correlation between bed elevation and median grain size as a function of the offset, shown for the experiment
MW60_42. Triangles indicate the peak correlation values, while the red dash‐dotted sinusoidal line represents the dominant
Fourier component of the signal. (b) Bar wavelength for all experiments, calculated as the wavelength of the dominant
Fourier component.
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more negatively skewed compared to that of median grain size. Bar crests (points of highest bed elevation) and bar
pools (deepest points) are consistently located near the channel banks. Similarly, in the median grain size maps,
coarse patches and fine patches also tend to occur near the banks. However, an exception is observed in theMW60
experiment with Q = 3.6ls− 1, where the central channel area appears slightly coarser than the sides. Coarse
patches are consistently located just upstream of the bar crests (on the stoss side), while fine patches are located
upstream of the bar pools (on the lee side), aligning with the bar front. Overall, the results are consistent with the
correlation analysis, confirming a systematic upstream shift of the median grain size maps relative to bed
topography, a pattern observed across all experiments.

In Figures 10 and 11 it is also evident that the points of minimum and maximum bed elevations are approximately
aligned along the same cross‐section, but located on opposite sides of the channel. In contrast, the positions of
minimum and maximum surface grain size appear staggered, with fine patches found upstream of the corre-
sponding coarse patches. Consequently, when cross‐sectional averages are computed, the extreme values of bed
elevation tend to cancel out, whereas the surface grain size retains its variability. This effect is further highlighted
through 1‐D profiles derived by normalizing the ensemble quantities ‐ that is, subtracting the mean and dividing
by the standard deviation ‐ and performing lateral or longitudinal averaging to produce longitudinal profiles η(x)
and transverse profiles η( y). The longitudinal profiles shown in Figure 12 display a clear double periodicity,
directly reflecting the alternating nature of the spatial pattern. Moreover, they appear rather symmetrical with
respect to a flipping of the x‐axis. The longitudinal profiles of bed elevation (Figure 12a) show minimal variation
across different runs, with minor differences in elevation range. In contrast, the longitudinal profiles of surface
grain size (Figure 12b) display larger oscillations: while the amplitude remains similar across experiments, the
locations of the maxima and minima vary slightly. The peak of η(x) does not coincide with the bar crests but is
instead located midway between crests and pools. Interestingly, the opposite trend is observed in the
longitudinally‐averaged transverse profiles (Figures 12c and 12d). The bed elevation follows a pronounced bell‐
shaped profile, with scouring concentrated near the channel banks. On the other hand, variations in surface grain
size are more subdued, although a general coarsening trend toward the channel center is observed.

Finally, the ensemble topography was used to calculate the bar height HBM, defined as the difference between
maximum and minimum bed elevation. As shown in Figure 13a, bar height decreases with increasing water

Figure 9. Spatial lag (upper panels) and phase lag (lower panels) between bed elevation and median grain size (left panels)
and between bed elevation and bed shear stress (right panels), for all the experiments. Negative values indicate that median
grain size or bed shear stress maps are shifted upstream relative to bed topography.
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discharge, whereas it increases with channel width. This trend can be explained by considering the channel aspect
ratio as the primary controlling parameter (e.g., Colombini et al., 1987), with higher aspect ratios associated with
relatively taller bars (Figure 13b). Notably, the data point with higher aspect ratio in Figure 13b deviates from this
relationship. Rather than representing an outlier, this point likely reflects a reversal of the trend when bars emerge
significantly above the water surface, as described by Redolfi et al. (2020). Excluding this point, for all the data
series of Figures 13a and 13b linear regression provides p‐values < 0.01.

4. Discussion
4.1. Relationship Between Bed Surface Composition and Bar Topography

Sorting of bed material is clearly not essential for the formation of bar patterns, as similar bedforms can be
observed even in experiments with nearly uniform grain size. This marks a clear difference with bedforms that are
generated or dominated by sediment sorting such as bedload sheets, longitudinal streaks, and sand ridges, as
discussed by Seminara (1995). From a top‐down hierarchical perspective, the formation of sorting patches along
bars can therefore be considered as a secondary effect, where bed topography is primary driver, while sediment
sorting mainly arises as a consequence. Nonetheless, grain sorting remains important in controlling quantitative
bar properties such as height, wavelength, and migration rate. In this sense, according to Seminara (1995),
alternate bars can be considered sorting‐influenced bedforms.

The experimental results reveal a systematic response of median grain size to the alternate bed topography,
despite the inherent complexity of the bed surface composition. However, this relationship does not take the form
of a direct correlation between median grain size and bed elevation. Instead, a systematic lag is observed between
the peaks of these two variables. This finding aligns with the observations of Milne (1982), who investigated

Figure 10. Ensemble bar topography and grain size pattern for the experimental series MW40. Upward and downward
triangular markers indicate points of maximum and minimum, respectively; solid contours represent the mean value, while
dashed and dash‐dotted contours correspond to half a standard deviation above and below the mean, respectively. Flow is
from left to right.
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cross‐sectional variability of grain size within riffle and pool sequences and reported that bed material tends to
coarsen approximately 5–7.5 m downstream of the pool.

The emergence of a lag explains why the presence of a clear sorting pattern is not necessarily in contrast to the
lack of correlation between grain size and bed elevation. Specifically, the observed phase lag is close to the
quadrature of phase (δ = − π/2), which represents the exact configuration that minimizes the correlation be-
tween the two quantities. In more physical terms, the coarser sediment is preferentially located neither in the pool
nor in the crest, but rather at intermediate elevations. Therefore, when assessing grain size relative to average bed
elevation, no systematic trend of coarsening or fining is expected.

Our findings appear to be qualitatively consistent with the experimental results of Lisle et al. (1991), which
reported deposition of coarse particles at the upstream edges of bar deposits. On the other hand, they differ from
the results of both Nelson et al. (2010), who observed coarser bar tops and finer pools, and Takebayashi and
Egashira (2001), who noticed almost the opposite pattern. However, grain size data reported by Nelson
et al. (2010) do not provide a clear picture of the sorting pattern, particularly near the pool, which makes it difficult
to identify the presence of potential lags, especially considering that only data of a single bar unit are available.
The grain size mapping by Takebayashi and Egashira (2001) appears clearer. In this case, the different pattern
may be explained considering the relatively high values of Shields number, which are expected to reduce dif-
ferences in mobility between coarse and fine grains (e.g., Parker, 2008). Similarly to Nelson et al. (2010), ex-
periments by Lanzoni (2000) also reported an overall coarsening of bar tops. However, in those experiments, bars
were migrating downstream, as opposed to the steady bars reproduced in our experiments. As clearly highlighted
by Cordier et al. (2019), freely migrating bars tend to form sharp fronts, with coarse patches located at the bar top,
thus with a sorting pattern that is shifted downstream compared to the case of steady bars.

Figure 11. Ensemble bar topography and grain size pattern for the experimental series MW60. Upward and downward
triangular markers indicate points of maximum and minimum, respectively; solid contours represent the mean value, while
dashed and dash‐dotted contours correspond to half a standard deviation above and below the mean, respectively. Flow is
from left to right.
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The poor correlation observed between median grain size and simulated bed shear stress contrasts with the nu-
merical results of Cordier et al. (2019), which showed systematic fining in low bed shear stress areas and
coarsening in high shear stress areas. Instead, our findings are consistent with the field measurements of Lisle
et al. (2000), who reported no significant correlation between bed shear stress and surface grain size in gravel‐bed
rivers with alternate bars. They attributed this lack of correlation to stage‐dependent adjustments in surface
particle size driven by temporal variations in the bed shear stress field. However, this explanation clashes with our
results, as the experiments were conducted under constant discharge conditions. Similarly to the previous ob-
servations on the relationship with the bed elevation, we attribute the absence of direct correlation between grain
size and shear stress not to the lack of a regular pattern, but rather to the occurrence of a phase lag, which indicates
an upstream shift of the bed shear stress signal relative to grain size.

Rice and Church (2010) documented significant grain size variations at the bar scale in the Fraser River, Canada,
often exceeding the magnitude of downstream fining observed at the reach scale. Their observations of down‐bar
fining—characterized by coarser particles upstream and along bar edges—can be partially explained by our
finding that surface grain size patterns respond to the topographic forcing exerted by alternate bars with an
upstream shift. However, grain size patterns were found to be more complex on compound bars and in areas
where secondary unit bars and bar‐top channels were present. Complex morphological settings, such as braided

Figure 12. One dimensional profiles of the bed elevation (left panels) and surface grain size (right panels). Upper panels (a, b)
report the cross‐sectionally averaged, longitudinal profiles, while lower panels (c, d) illustrate the longitudinally‐averaged,
transverse profiles. To make the variations comparable, profiles are rescaled by removing the global mean and dividing by
the standard deviation of the original maps.
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rivers, often show little correlation between grain size, bed elevation, and bed shear stress (Leduc et al., 2015).
The surface composition in these systems may appear random due to the interplay of various processes across
multiple spatial scales. Nevertheless, our results suggest that a spatial relationship between topography and grain
size may exist in the form of patches that are consistently shifted with respect to bars.

Furthermore, our experimental observations offer insight into the contrasting grain size distributions observed in
relatively straight reaches with bars as opposed to meandering reaches. In meander bends, the bed surface tends to
be markedly coarser in pools (e.g., Bluck, 1971; Ikeda et al., 1987; Parker & Andrews, 1985; White &
Nelson, 2023), where coarser grains accumulate in depressions—similar to the sorting observed also in scour
zones at channel confluences (e.g., Ashmore & Gardner, 2008; Ashworth et al., 1992). This sorting mechanism
operates most effectively when sediment transport is mainly governed by secondary flows and gravitational
effects. Conversely, in low‐sinuosity reaches with alternate bars, the morphodynamics is primarily controlled by
flow inertia and gravity, while the role of secondary flows is comparatively weaker (Redolfi, 2021), leading to
distinctly different sorting patterns.

4.2. A Physical Explanation of the Bed Shear Stress Lag

The observed phase lags between bed topography, bed shear stress, and median grain size illustrated in Figure 9
remained relatively constant across the analyzed range of conditions. This can be explained by considering that
flow velocity, bed shear stress, and sediment flux gradients are expected to depend mainly on the position along
the bar, rather than on reference flow parameters, such as channel the aspect ratio β and the Shields number θ (see
Table 1). In order to elaborate more on this reasoning, we follow a derivation starting from the standard equation
of conservation of depth‐averaged longitudinal momentum, and then introducing proper simplifying assumptions.
Under steady conditions, momentum conservation reads:

ρDU
∂U
∂x

+ ρDV
∂U
∂y

= − ρgD
∂H
∂x

+ τx , (6)

Figure 13. (a) Bar height (HBM) as a function of unit discharge (Q/W). (b) Dimensionless bar height (scaled with the
estimated uniform water depth D0) as a function of channel aspect ratio β = W / (2D0).
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where H is the water surface elevation, and U and V are the depth‐averaged flow velocity components in the
longitudinal and lateral directions, respectively. Considering a spatially uniform Chézy coefficient C0, the bed
shear stress is calculated as:

τx = − ρ
U

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U2 + V2

√

C2
0

. (7)

We then assume the free surface to have a uniform inclination (i.e., neglecting free surface deformation),
consistently with previous models of bar dynamics in straight and meandering channels (Camporeale et al., 2007;
Struiksma & Crosato, 1989). As discussed by Redolfi (2021), this assumption is justified by the distinctive
characteristics of three dimensional bedforms with a length scale several times the channel width, where the flow
gently circumvents bars without significantly deforming the free surface. It follows that:

∂H
∂x

= − S0. (8)

Equation 6 can be linearized by considering a small perturbation (denoted with the subscript 1) relative to an
undisturbed uniform flow on a plane bed (subscript 0), namely:

U = U0 + U1, (9a)

V = 0 + V1, (9b)

D = D0 − η1, (9c)

where it is noted that the depth perturbation is exactly equal and opposite to the bed perturbation (i.e.,D1 = − η1).
At the leading order we get the following uniform‐flow relation:

gD0S0 =
U2

0
C2
0
, (10)

while at the linear level, we obtain:

C2
0D0

∂U1

∂x
= −

U0

D0
η1 − 2U1. (11)

We now consider purely sinusoidal variations along the longitudinal direction, which can be generally expressed
using the following complex exponential notation:

U1 = ûexp (
2πix
L

) + c.c., (12a)

η1 = η̂exp (
2πix
L

) + c.c., (12b)

where û and η̂ are complex coefficients, and c.c. denotes the complex conjugate. Substituting Equation 12 into the
linearized momentum Equation 11 gives:

û = − η̂
U0

D0

1
(2 + 2πi/L∗)

, (13)

where the dimensionless length L∗ is defined as:
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L∗ =
L

C2
0D0

. (14)

Equation 13 highlights the relationship between the perturbation of bed elevation and water velocity. Information
about the phase are contained in the argument of the complex numbers. Specifically, the phase lag is given by:

δ = − arg(
û
η̂
) = − π + arctan(

π
L∗). (15)

This analysis shows that the phase lag between bed elevation and velocity waves merely depends on the scaled
wavelength L∗. The result becomes particularly interesting when looking at Figure 14a, showing how the
experimental values of L∗ are essentially constant, which implies that the predicted phase lag δ is also invariant (p‐
values of 0.82 and 0.52 for the MW40 and MW60 experimental series respectively). Values of the scaled
wavelength range approximately from 2.8 to 3.8, which, according to Equation 15, correspond to phase lags from
− 0.73π to − 0.78π, consistent with the observed values around − 3/4π. This is markedly different from result of
Figure 14b, where both series show a negative trend of L/W with β (p‐values ≤ 0.01). Notably, the scaling
quantity C2

0D0 brings a clear physical meaning: it represents the spatial scale at which flow inertia and friction
becomes comparable, and it has proven to be relevant for a variety of fluvial processes (e.g., Ragno et al., 2022;
Struiksma et al., 1985).

It is worth noting that, in reality, perturbations are not small, and the longitudinal variation is not exactly sinu-
soidal as in Equation 12. However, this first‐order representation is sufficient, as a first approximation, to explain
why the phase lag of Shields stress is observed to be nearly constant. Similarly, this helps to explain why the lag of
median grain size is also found to be constant, considering the dependency of transport processes on Shields stress
and bed slope.

Figure 14. Bar wavelength as a function of channel aspect ratio (β = W / (2D0)) for all experiments, scaled by (a) the
quantity C2

0D0 and (b) the channel width W.
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4.3. Effects of Sorting on Bar Morphodynamics

In our experiments, alternating bars developed freely from an initially flat bed without obstructions or other
external disturbances. Unlike typical “free bars”, these bars exhibited minimal downstream migration, at least
during the mature stage of their development. Consequently, they may be considered “free, non‐migrating bars”,
similarly to those observed in tidal channels (Ragno et al., 2021; Seminara & Tubino, 2001).

A similar reduction in bar migration was reported in other experiments involving sediment mixtures (Lan-
zoni, 2000; Lisle et al., 1991; Nelson et al., 2010; Venditti et al., 2012). Several explanations have been proposed.
The analytical model of Lanzoni and Tubino (1999) suggests that sediment heterogeneity generally dampens both
the growth rate andmigration speed of bars, even during the early stages of their development from an initially flat
bed. In addition, the reduction in bed shear stress over the top of developing bars can locally inhibit bedload
transport, especially when accompanied by local surface coarsening. For instance, Lisle et al. (1991) attributed the
reduction in bar migration speed to the deposition of coarse grains at bar heads, which deflects the flow around the
bar, suppresses bedload transport over the bar top, enhances bar emergence, and likely prevents downstream
migration.

It therefore seems reasonable to assume that bar migration ceases when bars can no longer transport sediments
across their surface. To examine sediment transport conditions in our experiments, we analyzed the spatial
distribution of Shields number resulting from numerical simulations, calculated using Equation 2. The results
reported in Figure 15 show that, although the average Shields number remains well above the critical value (see
Table 1), the reduction in bed shear stress over fully‐developed bars renders large portions of the bed near bar tops

Figure 15. (a, b, c) Maps of Shields number for Experiment MW60_Q55, with the red contour encompassing area with
θ < 0.03, where sediment transport is expected to vanish. (d) Percentage of active area (θ > 0.03) for all experiments,
calculated with reference to fine, median and coarse grain sizes. While uniform valuesDs10 andDs90 are taken from the analysis
of Figures 1b and 1c, the median grain size Ds50 is considered to spatially vary as estimated from image analysis. However, we
found that considering spatially uniform values Ds50 provides almost the same results.
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unable to transport sediment. While the active (i.e., transporting) area increases with discharge, especially in the
narrower‐width configuration, in all runs except MW40_Q30 there is at least 10% of the surface area where the
bed shear stress is insufficient to mobilize even the finer fraction (Ds10).

A similar behavior likely occurred in the experiments of Venditti et al. (2012) and in those by Nelson et al. (2010),
both of which documented a gradual slowdown of bar migration leading to complete arrest. In both cases, the
Shields number was relatively low, with average values below twice the critical threshold. Conversely, in the
experiments of Lanzoni (2000) the Shields number of the reference flow was much higher, which explains why in
several runs bar migration persisted over the long term. For experiments conducted at lower bed shear stress,
however, bar migration eventually ceased; those cases were found to fall within the partial‐transport regime,
where the coarsest grains remain immobile. Persistent bar migration was also observed by Nelson and Mor-
gan (2018), where the Shields number of the reference flow was nearly twice the critical threshold for sediment
motion.

In addition, it is worth mentioning that bar migration can be hindered by the presence of forcing effects such as
instream obstacles, channel bends or uneven boundary conditions. These effects are expected to be particularly
important when the channel is wide enough to exceed the so‐called resonant conditions (Zolezzi & Semi-
nara, 2001). In this case, any small but persistent asymmetry (e.g., in the upstream boundary condition) is ex-
pected to produce a spatially‐growing disturbance that may disrupt bar migration. For example, Lanzoni (2000)
suggested that steady bars can be triggered by the asymmetrical feeding of the recirculated sediment, while in the
field‐scale experiment by Venditti et al. (2012) bars were forced by an upstream flow constriction. Our results
confirm this behavior when compared to the experiments of Redolfi et al. (2020), who used uniform sediment
under similar flume conditions. In their case, bar migration occurred in all runs except when discharge was
considerably low and bar crests partially emerged. In contrast, our experiments with sediment mixtures showed
no migration, even when bars remained fully submerged (see all cases with Ww/W = 1 in Table 1).

The bar height, when normalized by the average water depth, shows values comparable to those reported by
Redolfi et al. (2020), ranging from two to four times the average depth, and increasing under lower discharge
conditions, when the width‐to‐depth ratio is larger. In contrast, the bar wavelength exhibits an unexpected trend,
increasing with discharge. This behavior differs from previous studies (e.g., Jaeggi, 1984; Kinoshita, 1961;
Redolfi, 2021; Redolfi et al., 2020; Sukegawa, 1972), which typically reported a decrease in bar wavelength with
increasing discharge. Furthermore, the observed bar wavelength, when normalized by channel width, is notably
large, ranging from 9 to 17 times the channel width, compared with the more common range of 5–10 channel
widths documented for free alternate bars (e.g., Fujita & Muramoto, 1985; Jaeggi, 1984; Sukegawa, 1972). The
observed larger values of L/W may be attributed to the reduction in migration rate, as the measured wavelengths
approach those of steady “forced bars”, which are typically about twice as long as free bars (e.g., Siviglia
et al., 2013; Tubino et al., 1999). From this perspective, the influence of grain sorting on bar wavelength appears
twofold: (a) it is expected to decrease the initial wavelength of migrating bars; and (b) it can halt bar migration,
leading to marked bar elongation.

Moreover, the trend of bar wavelength with the width‐to‐depth ratio can be further interpreted on the basis of
Figure 14a, which shows that the scaling length C2

0D0 yields nearly constant values of L∗. Consequently, as
channel width increases relative to flow depth (i.e., increasing β), L/W is expected to decrease, consistent with the
trend in Figure 14b. It should also be noted that while the scaling length C2

0D0 naturally arises in analyses of
steady bar formation that neglect free surface deformation (Camporeale et al., 2007; Struiksma et al., 1985), this
approach is not suitable for studying the initial wavelength selection of migrating bars, where Froude‐dependent
free surface effects play a relevant role (Redolfi, 2021).

The relatively large values of L/W we observed appear in contrast with previous experiments, in which sediment
heterogeneity produced no significant effect or even a decrease in wavelength (Lanzoni, 2000). This suggests that
the lack of sediment transport over bar tops introduces an internal forcing mechanism, preventing migration and
producing bar elongation. In this case, the forcing is internal, and caused by the bar growth, in contrast to typical
external forcing effects such as channel curvature, channel widening, or instream obstacles. In this respect,
Redolfi et al. (2020) reported a similarly long bar wavelength in the case of an emerged bar pattern, with a uniform
sediment distribution. Further investigation is needed to distinguish the relative roles of sediment heterogeneity
and bar emergence in driving these elongation effects.
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4.4. Availability of Spatially Distributed Data for Modeling Purposes

Mathematical and numerical models have been extensively used to investigate river bar morphodynamics and
sediment sorting patterns. However, their parametrization remains challenging, particularly when simulating
sediment mixtures. Specifically, the resulting sorting patterns are found to depend considerably on whether the
drag coefficient is assumed to be uniform or allowed to spatially vary with local bed roughness (Nelson
et al., 2015b), as well as on the parametrization of the hiding effect on bedload transport over a sloping bed (Ragno
et al., 2023). Moreover, the mathematical nature of sorting equations can lead to issues of well‐posedness and
numerical accuracy, potentially limiting their ability to fully reproduce sorting patterns (Chavarrías et al., 2018).
Similarly, the stochastic nature of sediment transport can make local application of deterministic transport models
problematic (Ancey, 2020; Kleinhans & van Rijn, 2002). The availability of spatially distributed data, such as that
obtained in this study, provides an opportunity to refine and validate mathematical models. For example, the
observed phase lag may be used to directly test the ability of models to reproduce sorting pattern, at least under
controlled hydraulic conditions. Finally, the use of two‐dimensional spatial correlations between bed topography
and grain size maps proved to be a robust tool for estimating the wavelengths of complex bar units, offering
insights that cannot be captured by pointwise correlations alone.

4.5. The Relevance of Bar Sorting Patterns

The observed variability in topography and surface texture significantly influences sediment transport and
downstream fining processes (e.g., Toro‐Escobar et al., 2000). As highlighted by Paola and Seal (1995), the
variability in bed shear stress and grain size associated with alternating bars enhances overall sediment transport
rates and mobility differences among sediment grain size classes. Specifically, spatial variations are found to
enhance differences in mobility between fine and coarse particles. Although this effect may be mitigated in cases
where a positive correlation exists between bed shear stress and grain size (Paola & Seal, 1995), our experiments
do not exhibit such a correlation. As a result, the observed spatial variability is expected to play a significant role
in driving downstream fining processes through selective transport.

This variability also has ecological implications. Sorting patterns play an important role in determining habitat
suitability for aquatic organisms. Specifically, the wide distributions of bed shear stress and grain size, and the
lack of a direct correlation between them, can generate a large variety of physical habitat conditions. Coarse
substrates with low bed shear stress, for instance, may serve as critical spawning grounds for fish species or as
refugia for benthic organisms during high‐flow events (e.g., Diplas & Parker, 1985; Kondolf, 2000; Lisle &
Hilton, 1999).

4.6. Limitations and Future Perspectives

This study focused on a limited grain size range, corresponding to relatively fine to coarse gravel in gravel‐bed
rivers. For example, considering our experiment as a 1:40 Froude‐scaled model of an ideal prototype river, our
0.5–2 mm range corresponds to 20–80 mm, in a channel 16–24 m wide, subject to a formative discharge ranging
from 17 to 49 m3/s. Therefore, our experiments cannot capture the behavior of sand deposits often observed in
natural settings (e.g., Lisle & Hilton, 1999; Wathen et al., 1995). Additionally, the sediment mixture was only
moderately sorted, with a Folk and Ward (1957) sorting coefficient of approximately 0.8. Poorer sorting dis-
tributions could result in stronger sorting effects and more rapid bar emergence. It is also worth mentioning that,
despite preserving Froude and Shields numbers, undistorted laboratory models of river morphodynamics also
produce reduced Reynolds numbers relative to the ideal prototype, which can affect flow resistance and sediment
transport processes when viscous effects near the bed become dominant (Young & Warburton, 1996). However,
since in our experiments the dimensionless particle size remained greater than approximately 10, these scale
effects are assumed to play a secondary role (e.g., Lanzoni, 2000).

To isolate sorting effects driven by internal mechanisms, we also intentionally considered steady discharge.
Therefore, we could not reproduce the effects of flow unsteadiness (Laronne & Reid, 1993) and variations in
sediment supply (e.g., Bankert & Nelson, 2018; Hassan et al., 2023; Miwa et al., 2007; Venditti et al., 2012).
Moreover, the interpretation of our experiments does not account for factors present in natural rivers, such as
vegetation growth, exposure of bedrock, channel curvature, and geometric discontinuities that are likely to in-
fluence bed topography and sorting patterns. Future work should explore these effects to develop a more
comprehensive understanding of sediment sorting under natural conditions.
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Finally, the present analysis is based on the equilibrium state of bed and grain size arrangement and considers only
bar‐scale averaged parameters. Therefore, it does not allow reconstruction of time‐dependent processes, such as
the transient phase of bar development from the initially‐flat bed. Further analysis based on recent experimental
techniques (e.g., Moteki et al., 2022) could provide a more detailed description of the topography and grain
sorting patterns, and may also help explain the differences among individual bars observed even in a regular
flume.

5. Conclusion
This study provides a detailed analysis of surface grain size patterns on alternate bars at equilibrium in a straight
channel with fixed banks and constant water and sediment supply. Using image analysis techniques we obtained
high‐resolution maps of the median grain size of the bed surface. In addition, simulations with a 2‐D fixed‐bed
numerical model complemented the data set by providing flow field and bed shear stress information. The data
were processed to reconstruct an average bar configuration and to explore spatial correlations through a 2‐D
analysis. The median grain size displays regular spatial patterns resembling those of the alternate bars. How-
ever, point‐by‐point correlations with bed elevation and shear stress are negligible.

The main novelty of our study lies in the identification of a systematic sorting pattern along alternate bars across
multiple laboratory experiments, characterized by an upstream shift of about one quarter of the bar wavelength
with respect to the bar topography. Coarser patches are consistently located just upstream of the crest, whereas
fine patches are found on the lee side, upstream of the bar pool. This sorting pattern is largely independent of
formative discharge and channel width, at least within the range of conditions tested in this study. The occurrence
of these patterns can be interpreted considering that:

• Bed shear stress is shifted further upstream relative to the bed topography, with a phase lag of approximately
− 3/4π, thus showing also a spatial lag relative to the median grain size.

• The observed sediment sorting significantly affects bar dynamics, by suppressing sediment transport over the
bar crest, effectively halting bar migration and transforming the bar into a fixed bedform. This process also
results in a noticeable increase in bar wavelength compared to bars formed under similar conditions but with
uniform sediments.

• Alternate bars can thus be regarded as sorting‐influenced bedforms, in which the development of grain size
patterns is not essential for their formation but can significantly affect their average properties, such as height,
wavelength, and migration speed.

• Although these bars form freely from the inherent instability of the flow‐sediment interaction, they eventually
exhibit characteristics of forced (hybrid) bars, in terms of wavelength and (lack of) migration. This behavior is
likely driven by the lack of sediment transport over the top portion of the bar, which creates a form of internal
forcing.

The lack of systematic, high‐resolution data in controlled environments has often limited a thorough validation of
mathematical and numerical models and the empirical formulations used to describe the transport of different
grain size fractions under the influence of flow and gravitational forces. The results presented here will be used in
the companion paper (Ragno & Redolfi, 2026) to validate a 2‐D mathematical model reproducing sorting patterns
on steady alternate bars, highlighting the importance of accurately representing the effects of lateral slope.
Similarly, these experimental findings, along with the associated data sets, provide a valuable foundation for
investigating other key relevant factors, such as flow variability and changes in sediment supply.
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