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Abstract
The present study reveals the turbulence dynamics and morphological adjustments of mobile dune-shaped bedforms
in an alluvial stream. Results demonstrate acceleration of flow over the dune crest enhancing streamwise velocity,
while the initial and the lee side sections of the dune experience flow circulation. The near-bed regions of the initial
and lee sections experience peak Reynolds shear stress, marking zones of higher momentum exchange and active
sediment entrainment. Turbulence is dominated by streamwise fluctuations, with spanwise and vertical components
reinforcing lateral mixing and particle suspension. Octant analysis indicates that sweep events dominate in the
near-bed regions of the initial, crest and lee sections of the dune, driving bedform migration and intensifying scour
development on the lee side. Probability distribution functions highlight strong non-Gaussian behaviour and inter-
mittency at crest and lee sections, linked to vortex shedding and flow separation. Higher-order structure functions
further confirm the presence of intense turbulent bursts in the near-bed region, underscoring the role of coherent
structures in driving sediment motion. Morphological analysis shows progressive scour development at the lee side
and downstream crest erosion, resulting in continuous dune migration. These findings advance understanding of
turbulence–morphology interactions and their control on sediment transport in alluvial channels.

Impact Statement
1. Comprehensive analysis of streamwise flow velocity, Reynolds shear stress (RSS) and turbulent intensity

patterns over different sections of the mobile bedforms.
2. The study provides insight into the flow’s randomness and chaotic nature by analysing the probability

distribution function (p.d.f.) of velocity fluctuations and RSS.
3. Detailed investigations on the flow field’s higher-order structure function to understand the turbulence’s

multi-scale nature.
4. Assessment of bedform growth and migration with time.

1. Introduction
Sediment transport in alluvial channels can alter both the flow dynamics and the morphological char-
acteristics of the channel, potentially leading to the development of bed features. Bedforms, which may
range from ripples to dunes depending on the flow velocity, are dynamic topographic features that nat-
urally develop on the beds of alluvial channels due to sediment movement driven by flowing water.
The volume and rate of sediment transport are strongly influenced by flow velocity, turbulence and the
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coherent structures generated within the channel due to obstructions such as bedforms (Huai et al., 2020;
Wang et al., 2023; Mishra et al., 2024; Mahon et al., 2024).

The size of sediments entrained and transported can vary from fine particles, such as silt and sand, to
coarse materials, including gravel, depending primarily on the prevailing flow conditions. Rapid changes
in hydraulic conditions can significantly disrupt the sediment transport equilibrium, leading to substan-
tial morphological changes in alluvial streams over short periods (Kleinhans, 2001, 2002; Carling et al.,
2005; Tayfur and Singh, 2006, 2007). As a result, understanding how dunes and other bedforms interact
with flow dynamics is crucial for modelling sediment transport in fluvial systems (ASCE Task Force,
2002; Li et al., 2024).

Research has shown that coherent turbulent structures are key in initiating sediment movement in
natural channels (Best, 1992; Raudkivi, 1997). This sediment mobilisation often results in the transition
from flatbeds to more complex two-dimensional and three-dimensional bedforms (Raudkivi and Witte,
1990; Robert and Uhlman, 2001; Venditti et al., 2005; Zomer and Hoitink, 2024; Das et al., 2024).
More recent findings indicated that turbulent flow events, especially those producing strong horseshoe
vortices, can intensify scour processes and accelerate sediment erosion in alluvial streams (Ikani et al.,
2023; Bauri et al., 2024).

Field observations in braided river systems have identified dunes as a dominant form of bedform
deposit, particularly in sandy riverbeds (Best et al., 2003; Bridge, 2003). These dunes are character-
istically asymmetrical, featuring a gently inclined upstream slope (stoss side), where the flow velocity
gradually increases, and a steep downstream slope (lee side), which experiences a sudden decrease in
elevation, accompanied by flow deceleration due to flow separation and recirculation zones. Both exper-
imental investigations and numerical modelling (Bridge, 2003; Lyn and Altinakar, 2002; Yue et al.,
2006; Dimas et al., 2008; Xie et al., 2014) have consistently shown a wake zone with circulating eddies
and a shear layer that divides the recirculating flow from the main flow.

Understanding turbulence characteristics in alluvial channels is crucial for predicting sediment trans-
port, bedform development and channel morphology. Due to the highly stochastic and nonlinear nature
of turbulence, traditional deterministic models are often inadequate (Lu & Willmarth, 1973; Nakagawa
& Nezu, 1977). Therefore, various researchers have extensively applied probability distribution func-
tions (p.d.f.s) and structure functions to capture the statistical behaviour of turbulent flow parameters
and coherent structures in the flow field (Grass, 1971; Cellino & Graf, 2000). P.d.f.s offer a statistical
framework to describe these fluctuations at a given point or over a specific spatial domain. In mobile-bed
alluvial systems, analysing the p.d.f.s associated with the fluctuating components can provide valuable
insights into the frequency and intensity of turbulence, which are directly linked to sediment entrainment
and transport (Nezu et al., 1993).

Previous experimental studies by Nezu (1977) and Antonia et al. (1995) showed that streamwise
and vertical velocity fluctuations in open-channel flows deviate from normality in the near-bed region.
Skewed or heavy-tailed p.d.f.s have been more successful in representing the velocity distributions in
these regions (Raupach 1981). These p.d.f.s are particularly effective in capturing the intermittent, high-
intensity turbulent events responsible for sediment detachment. Similarly, Reynolds shear stress (RSS),
which governs the momentum exchange in turbulent flows, exhibits strong temporal and spatial variabil-
ity. The p.d.f.s of RSS in the near-bed region of an alluvial stream are observed to be non-Gaussian and
often display a positive skew reflecting the dominance of high-magnitude turbulent bursts that enhance
sediment entrainment, near-bed mixing and momentum exchange, which play a critical role in driving
erosion and bedform evolution (McLean et al., 1994; Shvidchenko & Pender, 2001).

Recent numerical simulations using Reynolds-averaged Navier–Stokes (RANS), large eddy simu-
lation (LES) and direct numerical simulation (DNS) methods have used p.d.f.s to validate turbulence
models and to evaluate the probabilistic behaviour of subgrid-scale stresses and eddies (Yue et al., 2006).
P.d.f.s derived from these models help to tune turbulence closure models and improve predictive capa-
bilities under complex boundary conditions like seepage, sediment motion or mobile bed deformation.
Similarly, among the various tools developed to quantify turbulent fluctuations, structure functions of
higher-order moments have proven instrumental in exploring the scaling behaviour and intermittency
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within turbulent boundary layers. These functions capture the statistical moments of velocity incre-
ments over varying spatial or temporal separations, thus enabling insights into the energy cascade and
anomalous scaling behaviour in the inertial range (Sreenivasan et al., 1997).

Classical turbulence theory postulates a universal scaling for the second-order structure function
in the inertial subrange, assuming local isotropy and self-similarity (Frisch & Kolmogorov, 1995).
However, subsequent experimental and numerical investigations have consistently revealed deviations
from this linear scaling at higher orders, indicating the presence of intermittent, localised, intense bursts
of velocity fluctuations that simple dimensional arguments cannot capture (Anselmet et al., 1984; Benzi
et al., 1996). These deviations have motivated the development of refined models, including extended
self-similarity (ESS) and multifractal formulations, to better account for the observed non-Gaussianity
and scale-dependent behaviour (Parisi & Frisch, 1985).

In the flow field above dune bed features, these high-order moments offer critical information about
the momentum transfer and flow–bed interactions, especially under modified conditions such as sedi-
ment mobility (Marusic et al., 2013). Recent studies have extended the analysis of these moments into
the logarithmic region of turbulent boundary layers, demonstrating that the 2pth moment of velocity fluc-
tuations raised to the power 1/p follows a generalised logarithmic law, emphasising the universality and
structural consistency of turbulent flows at high Reynolds numbers (Pathikonda & Christensen, 2017).
Thus, integrating p.d.f.-based approaches and structure–function in analysing the flow field in the allu-
vial channel has proven advantageous in capturing the stochastic nature of entrainment and deposition
(Einstein, 1950).

While the analytical tools such as p.d.f.s, turbulence intensities and higher-order structure functions
have been extensively employed in previous literature to analyse the turbulence patterns in alluvial
channels, their application to mobile dune-shaped bedforms and how they influence sediment trans-
port behaviour along the dune has remained unexplored. Previous studies have examined turbulence
statistics over fixed dunes or have treated morphological evolution separately from turbulence analysis.
The present study addresses this gap by integrating turbulence statistics with continuous measurements
of dune morphology. This study aims to find out the direct linkage between the turbulent intermittency,
coherent structures and non-Gaussian velocity fluctuations to dune crest erosion, scour formation and
downstream migration. Thus, the study provides new physical insights into how turbulence characteris-
tics govern sediment entrainment and transport from different sections of the dune during the transition
from an initially mobile bedform towards a quasi-equilibrium state.

2. Experimental set-up and methodology
The experiments were carried out in a hydraulics flume with dimensions of 20 m (length) × 1 m (width)
× 0.72 m (depth). The flume was installed with a longitudinal slope of approximately 0.0025, deter-
mined using a Total Station. A comprehensive description of the flume design and set-up is provided by
Behera et al. (2024). A schematic representation showing the flume side elevation and main structural
components is illustrated in Figure 1.

River sand was used as the bed material for flume preparation. The sand had a median grain diameter
(D50) of 1.1 mm and was distributed uniformly across a mesh above the underlying pressure chamber.
The geometric standard deviation of the sediment particle was found to be 1.03, indicating that the
sediment was well-graded and met uniformity standards as outlined by Marsh et al. (2004). The dry
repose angle of the sand was measured at 31.154◦, reflecting its natural stability on the flume bed. The
resulting Shields parameter (θ) for the present study was found to be 0.193, whereas the critical Shields
parameter (θc) was estimated to be 0.0322. Thus, the ratio of the Shields parameter with respect to the
critical Shields parameter θ/θc ≈ 6, indicating the flow substantially exceeds the threshold for particle
motion, which can result in continuous bedload transport.

The sand particles were used to create dune-shaped bedforms. These dune-shaped bedforms were
modelled based on the empirical relationships proposed by Van Rijn (1984), which related the bed-
form geometry to sediment size, flow depth and transport conditions depending on the flow regime.
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Figure 1. Schematic diagram illustrating the experimental flume (side view) and locations of instanta-
neous velocity measurement over the dune.

To replicate these bedforms within the flume, metal sheets matching the target profile of the bedform
were temporarily fixed along the sidewalls. The sand was packed between the sheets to form the structure.
Once compacted, the sheets were carefully removed, leaving behind well-defined dunes.

The constructed bedforms occupied a 5 m section between 10 m and 15 m downstream of the flume
inlet to minimise disturbances from inlet and outlet effects. Flow measurements focused on the third
dune, which is centrally located within this section. The flow depth was consistently maintained at 14
cm for the experimental studies. A 0.5 m wide rectangular notch installed at the tail end of the flume
was used for discharge measurement (Deshpande and Kumar, 2016). The flow rate was established at
0.042 m3 s−1 and the average streamwise velocity was 0.30 m s−1. Calculated dimensionless numbers
indicated the flow regime under turbulent subcritical flow, with a Reynolds number of 41 860 and a
Froude number of 0.218.

Each dune had a width of 1.0 m and a total length of 0.85 m, consisting of a gently sloping stoss
side (0.77 m) and a steep lee side (0.08 m). The dune crest rose 5 cm above the base at 77 cm along
the profile, then sharply dropped to the bed level by 85 cm. Van Rijn (1984) developed the equation for
calculating the bedform dimensions based on transport stage parameter, depth of flow and particle size
diameter. From the sediment size and flow specification in the present study, dimensionless ratios are
evaluated to check and justify whether the dune dimensions are within the range specified by Van Rijn
(1984). The calculation of the dimensionless ratios is provided in Table 1.

Five such dunes were constructed between the 10 and 15 m positions along the flume to ensure flow
development before and after the test section. Instantaneous velocity measurements over the central dune
profile were captured using a four-beam, down-looking acoustic Doppler velocimeter (ADV). Data were
collected at ten vertical positions along the third dune. Systematic instantaneous velocity measurements
were carried out at 10 different sections along the length of the dune as shown in Figure 2. The 10 sec-
tions consist of four initial sections (0–30 cm), the four middle sections (40–70 cm), the crest portion
(77 cm) and the lee section (83 cm). This comprehensive measurement approach allowed us to capture
the complete flow field evolution over the central line of the dune profile. However, the results shown in
the present study are limited to a few critical sections where distinct transitions in flow behaviour were
observed, such as at the initial section, the middle section, the crest and the lee side section, where the
flow pattern changes. These sections were selected because they best illustrate the shift from accelera-
tion over the stoss side to flow separation and recirculation on the lee side. Presenting results at every
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Table 1. Dimensionless ratio

Dimensionless Evaluated Typical dune range (as
ratio value specified by Van Rijn (1984)) Remarks
Relative dune
depth (H/h)

0.357 0.05–0.4 Reasonable

Length-to-height
ratio (L/H)

17 10−20 Acceptable

Length and
particle-based
scaling (L/D50)

773 500−2000 Fits Van Rijn’s
empirical data

Height and
particle-based
scaling (H/D50)

45 10–50 Reasonable

Froude number 0.256 < 1 Subcritical flow
Reynolds number 41 860 Re > 2000 Turbulent flow

Figure 2. Instantaneous velocity measurements over the dune.

measured section would have added redundancy and complexity, making interpretation less clear (see
Figure 2).

The ADV sampling frequency for instantaneous velocity measurement was set to 100 Hz for the
instrument. The instrument set-up, calibration and data collection methodology follow the procedures
detailed by Behera et al. (2024). Post-processing of velocity data included the removal of signal spikes
using the acceleration threshold technique described by Goring and Nikora (2002), which identifies and
corrects anomalous values in the velocity time series. The acceleration threshold method is a detection
and replacement technique used for removing spikes from the instantaneous velocity data collected by
the ADV. It operates in two phases: one for negative accelerations and the second for positive acceler-
ations. In each phase, numerous passes through the data are made until all data points conform to the
acceleration criterion and the magnitude threshold.

Before conducting the actual experimental runs, the reliability and precision of velocity measure-
ments were verified through uncertainty analysis. Ten repeated trials were conducted with the ADV
positioned 3 mm above the bed surface. Each trial included 15 signal samples, comprising 12 000 sam-
ples collected for two minutes at 100 Hz. The resulting standard deviations and associated uncertainties
for the longitudinal, lateral and vertical velocity components, and their respective turbulent fluctuations
are presented by Behera et al. (2025).
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Figure 3. Variation of non-dimensional (a) streamwise velocity at some critical sections of the dune
and (b) streamwise velocity with error plot.

3. Results
3.1. Time-averaged streamwise velocity
The non-dimensional time-averaged velocity (U+) in the direction of flow can be estimated using

U+ =

1
n

n∑
i=1

Ui

U∗
, (1)

where n defines the number of samples recorded at individual measurement locations and Ui depicts
the instantaneous velocity measured in the longitudinal direction of flow. To compare the flow patterns,
the instantaneous velocity readings of all the sections along the length of the dune are normalised with
a constant value of shear velocity U∗ (= 2.97 cm s−1), estimated at the dune’s crest portion. The value
of shear velocity obtained at the crest portion is estimated using the turbulent kinetic energy method
in the near-bed region (z/h < 0.25) (Taye and Kumar, 2021). Figure 3 illustrates the variation of non-
dimensional streamwise velocity at some critical sections along the length of the mobile dune.

At the initial section, the velocity profile shows a steady and continuous increase with depth towards
the surface of the water. The negative value of streamwise velocity in the near-bed region at the dune’s
initial sections confirms the flow circulation due to a strong wake effect from an upstream dune. In the
middle sections (40 and 70 cm) on the stoss side of the dune, the streamwise velocity increases more
rapidly in the region z/h < 0.4, confirming enhanced shear and acceleration of flow as it ascends the dune
slope. The velocity profile at 77 cm shows a similar trend, with maximum velocity observed in this zone,
reflecting further flow adjustment and momentum gain.

At the lee side section of the dune, the streamwise flow velocity is lower as compared with the velocity
at the crest section, indicating a recirculation or wake zone resulting from flow separation at the dune
crest and the subsequent reattachment process downstream. While this zone exhibits typical post-crest
flow behaviour, an important observation is that the streamwise velocity in the near-bed region on the
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Figure 4. Variation of non-dimensional (a) RSS at some critical sections of the dune, (b) RSS with error
plot.

lee side of the considered dune is higher than at the initial section. This suggests that the wake generated
by the preceding dune (influencing the initial section) is stronger than the wake formed at the lee side
of the current dune.

3.2. Reynolds shear stress
A higher Reynolds shear stress (RSS) value at a given location in the flow field depicts greater momen-
tum exchange within the flow. Studies have revealed that bed features in the flow field cause higher
Reynolds stress patterns, leading to higher momentum exchange (Bernard and Handler, 1990). The plot
of non-dimensional RSS against the normalised vertical position (z/h) at various sections along the dune
reveals the spatial variability in turbulent momentum flux, as shown in Figure 4. The momentum flux
influences sediment entrainment, transport and deposition, providing insights into bedform evolution
(Järvelä, 2005; Yang & Choi, 2009; Huai et al., 2019). The non-dimensional RSS (τuw) in the flow can
be presented by

u′w′+ =
−ρwu′w′

ρw
(
U2∗
) (2)

where u′ and w′ are the fluctuating components associated with the flow in streamwise and vertical
directions, respectively, and ρw is the density of water.

At the initial section (0 cm) and the lee-side section (77 cm) of the dune, the RSS is observed to be
relatively high. The magnitude of the RSS is maximum at 0.2 < z/h < 0.4 and in the near-bed region.
The observation indicates intense turbulent mixing and strong momentum exchange between the flow
layers in the initial sections. Physically, this elevated turbulence near the bed enhances the ability of the
flow to entrain and transport sediment particles, contributing to bedform initiation and mobility. The
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shear stress distribution suggests a well-developed turbulent boundary layer that actively interacts with
the mobile bed, potentially initiating sediment.

The patterns of RSS at the middle sections (40 and 70 cm) exhibit moderate values, with peaks
more concentrated in the near-bed regions. This trend implies that the flow is adjusting to the evolving
bedform geometry. As the flow traverses the dune, sediment particles already in motion may continue
to be transported, but the capacity for fresh sediment entrainment diminishes slightly due to reduced
shear intensities towards the end sections of the stoss side of the dune. This could represent a zone
of transitional sediment transport, where the morphology begins to stabilise and the flow gradually
approaches an equilibrium condition with the bedform.

RSS at the crest portion of the dune is featured by a sharp peak near the water’s surface. In the near-
bed region, the trend exhibits the lowest values, with a flatter and less structured profile and a flattened
trend. This value suggests that sediment motion at the crest portion is not as profound as in the region
of the lee-side sections or the initial sections. However, localised erosion at the crest portion may occur,
reshaping the crest and contributing to the dune’s downstream migration.

3.3. Turbulent intensities
Turbulent intensity determines the contribution of fluctuating velocity components in the streamwise,
spanwise and vertical flow directions. A higher turbulent intensity corresponds to higher turbulence
in the flow field. Non-dimensional turbulent intensities in the streamwise (σu

+), spanwise (σv
+) and

vertical (σw
+) directions are given by (3)–(5), respectively:

σu
+ =

√∑n
i=1 (Ui−U )2

n−1
U∗

, (3)

σv
+ =

√∑n
i=1 (V i−V )2

n−1
U∗

, (4)

σw
+ =

√∑n
i=1 (Wi−W )2

n−1
U∗

, (5)

where u′, v′ and w′ are the fluctuating components associated with the flow in streamwise, lateral and
vertical directions, respectively.

Figures 5(a)–5(c) show the distribution of non-dimensional turbulence intensities in the streamwise,
spanwise and vertical directions, respectively.

Among the three components of turbulent intensity, the streamwise turbulence intensity is most pro-
nounced in the flow as compared with the turbulent intensity in the vertical and spanwise directions. At
the initial section (0 cm) and middle section (40 cm) of the dune, high values are observed in the region
of 0.25 < z/h < 0.45. In the region near the crest portion (70 cm) and at the crest portion sections (77 cm),
the elevated turbulence intensities in the near-bed region indicate strong fluctuations in the streamwise
velocity component, a direct consequence of flow acceleration over the rising bedform. The lee-side
section shows significantly higher streamwise turbulence intensity, reflecting a region of intense mixing
due to the formation of a scour hole. This spatial variability illustrates how the dune’s shape governs the
distribution of shear stress and, consequently, the erosion and deposition zones.

Similar to the streamwise velocity pattern, at the dune’s initial section (0 cm), the magnitude of lat-
eral turbulent intensity is higher in the region of 0.25 < z/h < 0.45. It exhibits moderate values across
the middle sections, indicating lateral instabilities induced by the three-dimensional structure of the
bedform. These spanwise fluctuations contribute to the redistribution of sediment perpendicular to the
main flow direction, facilitating the maintenance of the dune’s transverse geometry and enhancing mix-
ing. However, spanwise turbulence increases in the near-bed region of the crest portion and the lee-side
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Figure 5. (a) Variation of non-dimensional (i) streamwise turbulent intensity at some critical sections
of the dune, (ii) streamwise turbulent intensity with error plot. (b) Variation of non-dimensional (i)
spanwise turbulent intensity at some critical sections of the dune, (ii) spanwise turbulent intensity with
error plot. (c) Variation of non-dimensional (i) vertical turbulent intensity at some critical sections of
the dune, (ii) vertical turbulent intensity with error plot.

https://doi.org/10.1017/flo.2025.10035 Published online by Cambridge University Press

https://doi.org/10.1017/flo.2025.10035


E41-10 Behera et al.

Figure 5. Continued.

section, reinforcing higher energy dissipation in the flow due to the development of scour holes on the
lee-side section of the dune.

The magnitude of vertical turbulence intensity is the lowest among the three turbulent intensi-
ties. Across all sections, vertical turbulence remains relatively uniform, showing only minor variations
among the different bedform positions. This suggests a more consistent vertical momentum exchange
throughout the flow field. However, slightly higher vertical turbulence in the near-bed region of the crest
portion and the lee-side sections indicates localised upward bursts and turbulent events capable of lifting
particles.

3.4. Octant analysis of bursting events
Octant analysis quantifies different bursting events associated with the turbulent characteristics of flow
into eight bursting events as follows.

1. Class I-A, Internal outward interaction (u′ > 0, v′ > 0, w′ > 0).
2. Class II-A, Internal ejection (u′ < 0, v′ <0 , w′ > 0).
3. Class III-A, Internal inward interaction (u′ < 0, v′ < 0, w′ < 0).
4. Class IV-A, Internal sweep (u′ > 0, v′ > 0, w′ < 0).
5. Class I-B, External outward interaction (u′ > 0, v′ < 0, w′ > 0).
6. Class II-B, External ejection (u′ < 0, v′ > 0, w′ > 0).
7. Class III-B, External inward interaction (u′ < 0, v′ > 0, w′ < 0).
8. Class IV-B, External sweep (u′ > 0, v′ < 0, w′ < 0).
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Figure 6. Occurrence probability of bursting events along the dune.

The occurrence probability of each event can be defined as (Keshavarzi and Gheisi, 2006)

Pk =
nk
N
, (6)

where N =
∑8

k=1 nk , k = 1,2,3,4 . . . ,8..
Here, Pk is the occurrence probability of each event, nk is the number of events in each class and N is

the total number of bursting events. Figure 6 represents the occurrence probability of different bursting
events across the dune.

The probabilities of occurrence of internal outward interaction (Class I-A) and external outward inter-
action (Class I-B) events are low to moderate probability (∼6 %–12 %) across the dune length. The
probability of occurrence of I-A has slightly higher intensity in the near-bed region and upstream dune
face, while I-B shows localised stronger events near the crest. The findings suggest that outward inter-
actions are less dominant, contributing minimally to strong Reynolds stress generation. However, the
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probabilities of occurrence of both inward and outward ejection (Class II-A and Class II-B) events are
higher. The inward and outward ejection (Class II-A and Class II-B) events dominate at the crest portion
and lee-side sections of the dune and stoss side. The study also confirms that ejection events (upward
motion of low-momentum fluid) are major contributors to turbulence in the wake zone located at the lee
side of the dune.

The internal and external inward interaction (Class III-A, Class III-B) shows lower probabilities of
occurrence throughout the flow field along the length of the dune. Although some localised peaks in the
occurrence of internal inward interaction (Class III-A) can be observed in mid-depth regions and external
inward interaction (Class III-A, Class III-B) can be observed near the crest location, the dominance of
this event is less. However, the probabilities of occurrence of an internal sweep event (Class IV-A) are
very strong near the bed and stoss side, showing strong downward momentum transport in the near
region at the initial section and the lee-side section of the dune, which will enhance sediment transport
behaviour. Further, a very strong dominance external sweep event (Class IV-B) can be observed at the
dune crest, which suggests dune crest movement along the flow direction leading to overall bedform
migration. The results confirm that sweeps (downward rush of high-momentum fluid) dominate in the
near-bed region of the initial section, crest portion and lee-side section of the dune, confirming strong
turbulence production, which is crucial for sediment entrainment.

3.5. Probability distribution functions
P.d.f.s in turbulence represent the likelihood of observing a specific value of a fluctuating quantity over
time, which helps quantify turbulence’s randomness and chaotic nature. Mathematically, for a random
variable x, the p.d.f. f (x) satisfies

P (x1 < x < x2) =

x2∫
x1

f(x) dx, (7)

where x represents the velocity fluctuations or turbulent shear stress. Details about the probability distri-
bution function of fluctuating components and RSS, along with the equation to evaluate it, are provided
by Sharma and Kumar (2017) and Gurugubelli et al. (2025).

3.5.1. Probability function of fluctuating component
Figure 7 depicts the p.d.f. of streamwise velocity fluctuations (Pu) plotted against the normalised velocity
fluctuation (û) at some critical sections along a dune. At the initial section (0 cm), the experimental data
are relatively well-aligned with the theoretical curve, with a peak value of approximately 0.35. However,
there is some scatter in the tails, especially in the positive range. These results suggest that although
extreme velocity fluctuation events characterise this section, the flow is adjusting to the presence of the
bedform.

The experimental data in the middle sections of the dune start to deviate more from the theoreti-
cal prediction, with an observable right-skewness in the distribution. This asymmetry signifies stronger
turbulent interactions and the amplification of flow instabilities due to a steepening slope and stream-
line convergence, which elevate the likelihood of high-magnitude streamwise velocity fluctuations. The
agreement between theoretical and experimental data further deteriorates at the crest portion. The exper-
imental curve is broader and flatter, indicating increased turbulence intensity and a higher probability
of positive and negative velocity fluctuations.

At the lee-side section, where flow separation and reattachment dominate, the experimental p.d.f.
closely follows the theoretical prediction near the peak, but some spread persists in the tails. This pattern
suggests that although the mean flow becomes more symmetric, the region still experiences intermittent
turbulent structures, such as vortices and eddies, contributing to deviations from idealised distributions.
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Figure 7. Probability distribution of streamwise velocity fluctuations.

The p.d.f. of lateral velocity fluctuations (Pv) against the normalised lateral velocity fluctuation (v̂) across
different sections of the dune profile is shown in Figure 8.

The dune’s initial section (0 cm) is characterised by a symmetric distribution about the mean, which
aligns fairly well with the theoretical curve. The close match indicates less disturbed lateral flow in this
upstream region. Lateral velocity fluctuations are minimal here, showing weak cross-stream turbulent
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Figure 8. Probability distribution of spanwise velocity fluctuations.

activity. However, in the middle sections, the experimental data diverge slightly from the theoretical
distribution, particularly in the positive fluctuation range. Evidence of a subtle increase in asymmetry
indicates enhanced lateral movement due to the evolving boundary layer and interaction with the dune
slope. Turbulence begins to develop more strongly, influencing the lateral component of velocity due
to turbulent mixing and lateral transport, influenced by pressure gradients and flow convergence on the
stoss side of the dune.
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Similarly, the asymmetry at the crest portion widens further and becomes flatter than the theoretical
distribution, indicating high turbulence intensity in the lateral direction. The enhanced lateral fluctua-
tions here are physically significant, as they suggest the possible formation of lateral eddies and swirling
motions, which can affect sediment suspension and redistribution. The experimental p.d.f. regains better
agreement with the theoretical curve at the lee-side section, especially near the centre. The reduction
in fluctuation intensity suggests a restabilisation of the flow in the lateral direction. Although residual
turbulence remains from upstream interactions, the flow in the lateral direction becomes relatively more
symmetric and less chaotic, which is reflected in the closer match to the theoretical p.d.f.

Figure 9 represents the distributions of the p.d.f. of vertical velocity fluctuations (Pw) against the
normalised vertical velocity fluctuation (ŵ) at some critical sections over a dune-shaped bedform.

The theoretical distributions generally exhibit a sharply peaked shape centred at zero, resembling a
Laplace or exponential type distribution, indicating the assumption of symmetric and less variable verti-
cal motions in the model. However, the experimental data deviate from the theoretical trend, especially
in the middle and downstream sections, showing broader tails and occasional skewness. The experi-
mental values deviate towards the positive side at the dune’s initial and lee-side sections, suggesting
asymmetric vertical velocity. The experimental p.d.f. shows broad tails, underscoring the turbulent and
chaotic flow in these regions due to vortex shedding, which can enhance the sediment’s vertical motion
and initiate sediment transport.

However, in the middle sections of the dune, the experimental distribution becomes more symmetric
with the theoretical curve, reflecting reduced vertical motions caused by the influence of the upstream
dune slope. The spread of the patterns slightly narrows, indicating a partial recovery of flow stability
in these regions. The crest region displays the most significant deviations between experimental and
theoretical curves. The experimental p.d.f. is markedly wider, revealing strong vertical fluctuations and
coherent turbulent structures.

3.5.2. Probability function of RSS
Figure 10 presents comparative plots of the probability density function of Reynolds shear stress (Pτ)
against normalised shear stress (τ̂) at some critical sections of the dune. It was observed that at dif-
ferent sections along the dune-shaped bedform, the theoretical distribution exhibits a sharp peak at
τ̂ = 0, indicating the dominance of low-magnitude shear stress events, which is commonly observed
over the alluvial bedform. However, the experimental data show varying degrees of agreement with the
theoretical distribution depending on the position along the dune profile.

At the initial (0 cm) and the lee-side sections of the dune, the plot of experimental distribution func-
tion aligns well with the theoretical curve on the negative side of τ̂, but shows noticeable deviation on
the positive side, suggesting asymmetries in shear stress behaviour. These dune sections display the
most significant deviation between theoretical and experimental results in the positive range, represent-
ing significant flow separation and recirculation zones. The findings suggest that turbulence is highly
anisotropic and disorganised due to vortex shedding. The wide scatter in experimental values indicates
an abundance of energetic turbulent structures that simplified theoretical models do not capture well.

However, at the middle sections (40 and 70 cm), the correlation between experimental and theoretical
distributions improves, particularly near the peak and left tail, though some divergence is still visible
on the positive side. This improvement indicates the progressive development of shear layers along
the stoss side of the dune as the flow accelerates along the dune and becomes more turbulent. The
theoretical and experimental curves remain similar at the dune’s crest, but the experimental data again
show considerable spread on the positive side, signifying the onset of flow separation and strong shear
layer formation.

3.5.3. Jensen–Shannon divergence
The Jensen–Shannon divergence (JSD) is a statistical tool used to measure the similarity between two
probability distributions. In turbulence flow, JSD is applied to analyse the differences between p.d.f.s of
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Figure 9. Probability distribution of vertical velocity fluctuations.

turbulence intensities between the theoretical and experimental data. It quantifies how much the turbu-
lent characteristics deviate from a reference data set. A lower JSD value indicates that the p.d.f. of the
experimental data set is more similar to the theoretical data set, while a higher value suggests greater
divergence and complexity in the turbulent behaviour.

At the initial section, the probability distribution of turbulence intensity in the streamwise and span-
wise directions has equal JSD values, while the probability distribution of vertical turbulence intensity
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Figure 10. Probability distribution of RSS.
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has a slightly lower value. The probability distribution of RSS has a JSD value of 0.375. This suggests
that the flow at the initial section has a certain level of intensity and complexity. At the middle section,
the JSD values for the probability distribution of streamwise and lateral turbulence intensity decrease
to 0.065–0.075, indicating reduced divergence in horizontal turbulence. Contradictorily, the probability
distribution of streamwise and lateral turbulence intensity increases between the range of approximately
0.095–0.105, indicating a greater influence of vertical turbulence at these sections. The JSD value for
RSS also drops between 0.173 and 0.275, suggesting a more stabilised or uniform turbulence structure
in the middle portion compared with the dune’s initial section.

The JSD values for the probability distribution of streamwise turbulence intensity obtained at the
crest portion of the dune decrease to 0.055, while lateral and vertical turbulence increase to ∼0.13. This
reflects a more asymmetrical turbulence structure with increased lateral and vertical activity prevailing
at the crest portion of the dune. The slight rise in JSD value of RSS to 0.225 provides evidence of
localised disturbances or transitions in the flow behaviour. However, at the lee-side section of the dune,
the JSD values for the probability distribution of turbulence intensity in all directions decrease. Despite
the decrease in individual turbulence intensity divergences, the divergence of RSS increases significantly
to 0.325, indicating the presence of sporadic or intermittent turbulent bursts. Such elevated divergence
is a direct outcome of non-Gaussian events like ejections, sweeps and vortex shedding, which occur
intermittently in dune flows.

3.6. Higher-order structure functions
In a turbulent flow field, higher-order structure functions are statistical tools used to quantify the differ-
ences in velocity across varying spatial scales. They are critical to understanding the multi-scale nature
of turbulence and provide a robust framework for characterising the strength and scale of intermittent
events.

The nth-order structure function can be defined as

Sn (r) =
〈|δu (r) |n〉 = 〈|u(x + r) − u (x) |n〉 , (8)

where u(x) is the velocity at position x, δu (r) is the velocity increment over distance r and n is the order
of the moment. While second-order structure functions (S2(r)) relate to the energy spectrum, higher-
order structure functions (n > 3) provide information on intermittency and non-Gaussian features of
turbulence, especially in the small-scale dissipative range. Figure 11 presents the variation of the higher-
order velocity fluctuation in the streamwise direction with the non-dimensional flow depth (z+) across
different flow sections over a dune-shaped mobile bedform. Here, z+ = (zu∗)/ν is the non-dimensional
distance from the bed surface of the dune.

Higher-order structure functions reveal the evolving nature of turbulent bursts, coherent structures and
energy transfer mechanisms influenced by bedform topography. A general pattern is observed where the
magnitude of the structure–function increases with higher orders of 2p, at all the sections. These patterns
indicate a stronger contribution from intermittent turbulent events and extreme velocity fluctuations. At
the initial section (0 cm), the structure–function values are relatively modest across all orders, reflecting
a less developed turbulent field. However, in the near-bed region of the initial section, the magnitudes
are observed to be on the higher side, suggesting extreme velocity fluctuations due to flow circulation.
Similar to the initial section, in the middle section on the stoss side of the dune, an increase in the mag-
nitude of the structure functions was observed in the near-bed region. This implies a stronger turbulent
interaction, likely caused by flow acceleration and increased shear stress as the flow climbs the stoss side
of the dune. At the 70 cm section, the structure–function values continue to rise, particularly towards
the surface of the flow, indicating enhanced turbulence and intermittency near the surface of the water
rather than in the near-bed region at these locations.
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Figure 11. Variation of the higher-order velocity function at some critical sections of the dune.

The crest portion exhibits the highest structure function values, but is only confined towards the
surface of the flow. On the lee-side section, the structure–function patterns exhibit the highest value,
particularly in the wake region, confirming vortex shedding and maximum energy dissipation, generat-
ing complex and fluctuating turbulent behaviour in this region due to the development of scour holes.
The sharp peaks in the structure–function curves at the lee-side section suggest the presence of intense
turbulent bursts and strong nonlinear interactions. Thus, the structure–function analysis across the dune
highlights a progression in turbulence intensity and intermittency in all the sections on the stoss side
of the dune and redistribution on the lee side. These findings suggest the strong influence of bedform
topography on turbulent flow structure, highlighting the importance of spatially resolved turbulence
measurements in understanding sediment transport and flow dynamics over mobile beds.

3.7. Morphological patterns of the mobile bedforms
In addition to the experimental assessment of turbulence characteristics over mobile bedforms, the study
also examines the morphological evolution of the bedform shape. Bedform morphology along the dune
length was analysed using URS (ultrasonic ranging system). Four morphological profiles of the bedform
surface were recorded at 8-hour intervals. Figure 12 illustrates how the change in bedform morphology
changes with time.
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Figure 12. (a) Change in bedform morphology changes with time and (b) error plot.

The findings indicate a progressive increase in the maximum scour depth at the lee side of the dune.
Initially, the depth from the water surface was 13 cm, gradually increasing to 13.5, 14.5 cm and eventu-
ally 14.8 cm over the observation period. Similarly, due to sediment being eroded from the crest region
and transported downstream, the dune’s crest migrated, increasing the distance from the water surface.
Initial readings suggest the distance of the dune crest from the water surface to be below 9.5 cm, which
increased to 10 cm at 8 h and approximately 10.8 cm at 24 h. This crest movement contributes to develop-
ing more sinuous, three-dimensional bedform features with time. Sediment transport in the river system
with dunes primarily occurs due to sediment motion from the stoss side (upstream face) of the dune and
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Figure 13. (a) Volume of sediment transport and (b) depth of bed surface from water surface over the
experimental run.

the development of scour holes on the lee side, facilitating dune migration in the direction of the flow.
Figure 13 depicts the change in depth of crest and scour, along with the volume of sediment transport
over the experimental run.

During the first 8 hours, sediment transport was notably high, reaching∼2722 cm3. However, after the
16-h mark, the volume of sediment transport decreased to 1986 cm3. At the end of 24 hours, the trans-
ported sediment volume further reduced to 521 cm3, suggesting that the dune bedform was approaching
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an equilibrium state, beyond which significant sediment motion would likely cease with time. The exper-
imental results highlight a clear trend of increasing scour depth and crest elevation with time, pointing
to active morphological evolution of the mobile bedform. The sediment transport volumes observed
suggest that the dune undergoes an initial phase of high mobility, which diminishes over time as the
system approaches equilibrium.

At the 24-h observation period, the amount of sediment transported was estimated to be ∼521 cm3,
highlighting that the dune bedform is on the verge of achieving equilibrium conditions. The results
obtained from estimating the amount of sediment transport indicate that downward seepage signifi-
cantly enhances sediment transport. As the downward seepage rate increases, the cumulative amount of
sediment transported also increases, leading to a higher speed of bedform migration.

4. Discussions
The present experimental study provides a detailed description of the hydrodynamic processes and
morphological evolution of mobile dune-shaped bedforms. The study underlines the interplay between
velocity structure, turbulence and sediment transport, revealing the mechanisms responsible for dune
migration and stability. While previous literature focused on analysing the flow dynamics over fixed
bedform, they thus failed to directly couple turbulence statistics with the morphological evolution of
mobile dunes. The profiles of streamwise velocity indicate a strong spatial variability across different
dune sections. Negative velocities prevail in the near-bed region of the initial sections, confirming the
presence of recirculation due to the wake generated by the preceding dune. Accelerated flow on the
stoss side enhances flow shear, while the crest portion shows maximum streamwise velocity. The lee
side of the dune is characterised by flow separation and reattachment, leading to a wake zone of reduced
velocity but persistent near-bed turbulence. Similar observations were also reported in previous stud-
ies. These observations demonstrate how dunes generate alternate zones of accelerated and decelerated
zones that promote variable amounts of sediment entrainment at different sections of the dune. The
higher magnitude of Reynolds shear stress in the near-bed region at the initial and lee-side sections of
the dune confirms vigorous turbulent mixing and enhanced sediment entrainment capacity. However, a
lower magnitude of RSS values at the crest portion of the dune suggests limited entrainment and poten-
tial stabilisation. Results highlight the dominance of the streamwise component at the lee side of the
dune, intensifying the development of scour holes and strengthening vortical structures.

Analysis of p.d.f.s shows that experimental data exhibit significant deviations at critical dune sections
compared with the general trend of theoretical Gaussian-type assumptions. The streamwise velocity
p.d.f.s show right-skewness on the stoss side and crest, indicative of asymmetric and intermittent bursts,
whereas at the lee-side section of the dune, p.d.f.s are more symmetric, consistent with vortex-dominated
wake flows. At the initial section, p.d.f.s of lateral functions agree with the theoretical distribution, but
the deviations increase over the crest, reflecting the development of lateral eddies. The lee-side section
again exhibits a symmetry trend, confirming reattachment and stabilisation. However, vertical velocity
p.d.f.s reveal broad tails at the initial and lee-side sections, underscoring vortex shedding and chaotic
vertical bursts that lift particles. The p.d.f.s deviate most at the crest portion as compared with the
theoretical distribution pattern, reflecting maximum turbulence complexity in the crest region due to
the influence of the wake generated at the lee-side section of the considered dune. P.d.f.s of Reynolds
shear stress exhibit asymmetry and wide scatter, particularly at the lee side, showing the presence of
strong, anisotropic turbulence structures. JSD quantifies and justifies these findings, confirming that
the middle sections exhibit lower divergence (stabilised turbulence), while crest and lee sections show
elevated divergence due to flow separation and intermittent bursts.

The results obtained from octant analysis suggest the dominance of sweep and ejection events at the
initial, crest portion and lee-side section of the dune. Higher occurrence probability of a sweep event
in the near-bed region of the initial sections, crest portion and lee-side section of the dune suggests
enhanced sediment motion from these regions as compared with the middle section. The intensified
sediment motion from the lee-side sections promotes continuous erosion and scour development, while
sediment transport originating from the crest contributes to the overall downstream migration of the
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bedform. The findings of the octant analysis also hold direct significance for explaining vortex shedding
and the dominance of specific coherent structures. The alternation between ejections (upward movement
of low-momentum fluid) and sweeps (downward penetration of high-momentum fluid) provides the
necessary conditions for the formation of coherent vortices in the wake zone.

The spatial concentration of these events near the dune crest is consistent with the onset of vortex
shedding, as the instability of the separated shear layer amplifies these burst-dominated motions. Hence,
the findings also closely aligned with the observed non-Gaussian features of p.d.f.s, where the initial sec-
tions and the crest portion show heavy-tailed distributions due to the intermittent and intense occurrence
of ejection and sweep events, which directly correspond to the generation of coherent vortices. The com-
bined action of the dominating event (sweeps and ejections) would establish a cycle of sediment pickup,
suspension and downstream delivery, which is further modulated by the coherent vortices shed in the
wake of the dune crest. This coupling between turbulent structures and sediment movement explains the
spatial variability in bedform evolution and highlights the role of bursting events as fundamental drivers
of sediment dynamics in alluvial streams.

Structure function analysis highlights the intermittent and multi-scale nature of turbulence over the
dune. Increasing magnitudes of structure function with higher orders confirm the dominance of extreme
turbulent events in the near-bed region at the stoss side and in the wake region at the lee side of the dune.
The crest exhibits enhanced intermittency near the surface, while the lee side displays the strongest
turbulent bursts, confirming the role of vortex shedding in driving sediment suspension and energy
dissipation. Results of morphological evolution of the dune highlight that the dune undergoes continuous
evolution, with progressive scour deepening on the lee side and crest migration downstream. Sediment
transport rates are high at the initial phase of experiments (up to 8 hours) but reduce substantially with
time, indicating a transition towards equilibrium. The observed patterns confirm that dunes experience
an initial adjustment phase leading to intense sediment motion, which is followed by stabilisation as the
bedform reaches dynamic equilibrium with the flow.

The combined outcomes of the present mobile bed experimental study illustrate a unified mechanism
governed by turbulence statistics in sediment transport. Alternating zones of high and low velocity along
the dune length were identified, which correspond to peaks in Reynolds shear stress, turbulence intensi-
ties and coherent structures identified by octant analysis. Statistical analysis reveals the deviations from
Gaussian behaviour coincide with these zones, highlighting the role of intermittent bursts in driving
sediment motion. Further, structure functions confirm the scale-dependent and intermittent nature of
turbulence near the bed, consistent with the observed morphological changes. Together, these findings
confirm the presence of heterogeneous turbulence along the mobile dunes-shaped bedform, which gen-
erates alternating regions of sediment entrainment and deposition, with coherent structures acting as the
primary drivers of sediment transport. The convergence of independent analytical approaches reinforces
the robustness of this interpretation, providing a comprehensive perspective on how turbulence shapes
mobile bedform evolution in alluvial channels.

5. Conclusions
The present study advances understanding of how turbulent flow structures govern the evolution of
mobile dune bedforms in alluvial channels. Rather than treating turbulence statistics and morphology
separately, the findings of the study demonstrate their coupled dynamics and reveal the key insights by
linking these turbulence statistics directly to bedform morphological evolution, as follows.

• Flow acceleration over the stoss side and deceleration with flow separation at the crest and lee side
generated strong spatial heterogeneity in turbulence intensity and Reynolds shear stress devel-
opment of complex turbulence structures along the dune. These variations directly controlled
zones of sediment entrainment, scour formation and deposition at different sections of the dune.
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• A higher magnitude of RSS and streamwise turbulence intensity in the near-bed region at both the
initial and lee-side sections of the dune indicates zones of active sediment entrainment and trans-
port. In contrast, reduced RSS near the crest suggests limited sediment mobilisation, although
localised erosion can reshape the bedform.

• The patterns of turbulence intensities and Reynolds shear stresses confirm that streamwise tur-
bulence is the primary driver of sediment entrainment, while lateral and vertical turbulence
contribute to redistribution and suspension.

• The prevalence of sweep and ejection events, along with vortex shedding at the lee side,
established a clear mechanistic link between bursting phenomena and sediment mobilisation.
This coupling explains the observed scour-hole deepening and downstream dune migration,
highlighting their fundamental role in shaping alluvial stream morphology

• P.d.f.s and higher-order structure functions exhibited clear deviations from Gaussian distribu-
tions, particularly at the initial and lee-side sections, revealing the intermittent, anisotropic and
non-Gaussian nature of turbulence developed over dunes. These statistical signatures directly
corresponded to the most dynamically active zones of erosion. The strongest intermittent events
occurred at the lee-side section of the dune, making it the most dynamically active region for
sediment erosion.

• Bedform morphology evolves dynamically over the 24-hour observation period, characterised
by an increase in scour depth and migration of the crest in the downstream direction. However,
the findings suggest that the sediment transport diminishes over time, highlighting the natural
tendency of the system towards stability.

Thus, this study demonstrates that well-established turbulence tools, when applied to evolving dune-
shaped bedforms, can yield new physical insights into how coherent flow structures drive sediment
entrainment, scour development and dune migration. These findings can contribute to a more mecha-
nistic understanding of turbulence–morphology interactions in alluvial channels, with implications for
sediment management and river engineering. Further research can be extended to larger-scale dunes with
variable sediment sizes and flow discharges to better represent natural riverine conditions. Coupling the
present experimental results with high-resolution numerical simulations can also be done to improve
predictive accuracy, which can have direct applications in flood management, navigation channel design
and habitat preservation in alluvial rivers.

Notations

h Depth of the flow
z Vertical distance from the bedform surface
D50 Median diameter of the particle
Ui Instantaneous velocity in the direction of flow
n Number of samples
θ Shields parameter
θc Critical Shields parameter
U∗ Shear velocity
σu , σv and σw Turbulent intensities of flow in streamwise, spanwise and vertical directions,

respectively.
u′, v′ and w′ Fluctuating components associated with the flow in streamwise, spanwise and

vertical directions, respectively
Pk Occurrence probability of each event
nk Number of events in each class
N Total number of bursting events
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P(x) Probability distribution functions (p.d.f.s)
Pu, Pv and Pw P.d.f. of streamwise, spanwise and vertical velocity fluctuations, respectively
Pτ P.d.f. of RSS
u(x) Velocity at position x
δu(r) Velocity increment over distance r
Sn(r) nth-order structure function
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