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Key points 10 

 Dune slipface angle adjusts to the imposed flow at time scales similar to the evolution of 11 

dune height and length.  12 

 The initiation of a flow separation zone intensifies trough scour, and results in acceleration 13 

of dune growth. 14 

 Sediment transport distributions reveal that bed material avalanche processes over dune 15 

leesides depend on dune slipface angle.  16 
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Abstract 17 

Dunes dominate the bed of sandy rivers and they respond to flow by changing shape and 18 

size, modifying flow and sediment transport dynamics of rivers.  Our understanding and ability 19 

to predict dune adaptation, particularly dune growth and decay, remains incomplete. Here we 20 

investigate dune growth from an initial flatbed in a laboratory setting by continuously mapping 21 

the 3D bed topography using a line laser scanner combined with a 3D camera. High-resolution 22 

profiles of flow velocity and sediment concentration providing both bedload and suspended 23 

sediment fluxes were obtained by deploying Acoustic Concentration and Velocity Profiler 24 

technology. Our analysis reveals that the magnitude of the dune slipface angle, which determines 25 

flow separation and controls turbulence production, adjusts to the imposed flow at time scales 26 

similar to the evolution of dune height and length. The initiation of a flow separation zone 27 

intensifies through scour, and results in acceleration of the dune growth. Gradients in sediment 28 

transport and the rate of dune growth are inherently linked to spatial variations in slipface angles. 29 

During dune growth, the slipface angle evolves differently than the ratio of dune height to length, 30 

which immediately reaches its equilibrium value after dune initiation.  31 



1 Introduction 32 

Interaction between a flow field and the underlying sandy bed gives rise to bedform 33 

topography at a wide range of spatial and temporal scales. Dunes are the most common and 34 

prominent bedforms observed in sandy alluvial systems. They are an important source of flow 35 

resistance, generating macroturbulent coherent structures that lead to enhanced dissipation of 36 

flow kinetic energy at viscous microscales (e.g., Venditti & Bennet, 2000). In addition, dune 37 

development, migration and growth dominate sediment transport dynamics in sand-bedded rivers 38 

(Gomez et al., 1990; Venditti et al., 2005a; Frings and Kleinhans, 2008; Ma et al., 2017). Dune 39 

migration also leaves a characteristic signature in the rock record – cross stratification – a key 40 

building block of alluvial deposits on Earth as well as on other planets (e.g., Ewing et al., 2015; 41 

Galeazzi et al., 2018; Best & Fielding, 2019; Leary and Ganti, 2020). Hence, dunes have 42 

attracted substantial attention from geomorphologists, sedimentologists, and hydraulic engineers 43 

with a rich history of observations from Sorby (1859) and Gilbert (1914) until today.   44 

Research on dunes have considered dune initiation from a flatbed and growth towards a 45 

dynamic equilibrium state in steady uniform flows. Theories that explain dune initiation include 46 

the generation of bed defects by coherent turbulent flow structures that grow by downstream 47 

propagation (e.g., Grass, 1970; Williams and Kemp, 1971; Gyr and Schmidt, 1989; Best, 1992) 48 

and instability interface theory that suggests instantaneous generation of bedforms due to an 49 

instability formed at the water-sediment interface (Liu, 1957; Venditti et al., 2006).  Defect 50 

initiation occurs near the threshold of motion for a sand bed while instantaneous initiation occurs 51 

when a general motion of a sand bed occurs (Venditti et al, 2005b). Once initiated, dune growth 52 

has been explained by invoking hydrodynamic or kinematic processes (Venditti and Bradley, 53 

2020). Gradual dune growth by hydrodynamic processes has been explained with linear stability 54 



analysis that involves imposing a spatial lag φ between sediment transport maximum and 55 

topographic maximum, allowing growth or diminution of initial bed perturbation (e.g., Smith, 56 

1970; Kennedy, 1963; Fredsøe, 1981; Colombini & Stocchino, 2008). Rapid growth by 57 

kinematic processes occurs by bedform coalescence to form larger features (Raudkivi and Witte, 58 

1990; Coleman and Melville, 1994; Martin and Jerolmack, 2013; Myrow et al., 2018; Leary and 59 

Ganti, 2020). Smaller bedforms merge or amalgamate of smaller, faster migrating bedforms to 60 

form larger, slower migrating dunes. 61 

While existing initiation and growth theories explain how bedforms initiate and grow, 62 

they provide little insight into bedform morphology (shape and dimensions) and kinematics 63 

(translation and deformation) during growth.  Recently, Bradley and Venditti (2019a) used large-64 

scale flume experiments that covered a wide range of flow and sediment transport conditions to 65 

show that the process of dune growth from an initial flatbed is more complex than previously 66 

conceptualized, and that the functional form of dune growth curves – depicting spatially-67 

averaged time evolution of dune height and length – strongly depend on the transport stage 68 

applied. In particular, a punctuated growth curve was found for mixed load dominated 69 

conditions, with an initial slow linear growth of bedforms followed by a period of exponential 70 

growth. The initial growth was attributed to organization of small 2D features which gradually 71 

grew into 3D features. It was further suggested that the successive exponential growth phase may 72 

be a result of increased trough scour due to enhanced turbulence at the bed caused by flow 73 

separation behind dune leesides. Although growth curves are prevailing tools that allow 74 

prediction of dune dimensions and their response to imposed flows, particularly of importance 75 

through passage of a flood wave, their explanatory power of underlying dune growth 76 

mechanisms remains limited.  77 



Understanding dune growth requires consideration of turbulent flow fields, dune 78 

morphology, sediment transport, and the redistribution of sediment over and among dunes, 79 

details of which are not captured by mean geometric parameters such as dune height and length 80 

(Parsons and Best, 2013; Reesink et al., 2018). Significant progress has been made into 81 

understanding the dynamics of flow separation and eddy generation over fixed and mobile, high-82 

angle dunes (HADs) (e.g. Omidyeganeh and Piomelli, 2013; Naqshband et al., 2014b, 2017; 83 

Bourgoin et al., 2020; Dey et al., 2020) and low-angle dunes (LADs) (e.g., Best and Kostaschuk, 84 

2002; Motamedi et al., 2012; 2014; Kwoll et al., 2017; Unsworth et al., 2018; Lefebvre et al., 85 

2016; 2019). Yet quantitative observations and simulations of sediment fluxes along migrating 86 

and changing dune forms remain extremely rare (Naqshband et al. 2014b, 2014c, 2017). 87 

Consequently, we lack insight into sediment erosional and depositional processes causing dune 88 

adaptation (changes in dune morphology and kinematics) to imposed flows. More specifically, 89 

there is no mechanistic explanation of how changes in a turbulent flow field associated with 90 

changes in dune morphology – most notably dune slipface slope (steepest segment of dune 91 

leeside) – result in sediment transport gradients along dune beds, and how this spatiotemporal 92 

variation in sediment flux contributes to dune growth. 93 

Here we investigate dune growth from an initial flatbed in a shallow laboratory flume by 94 

continuously mapping 3D bed topography as it evolved towards a dynamic equilibrium. High-95 

resolution sediment flux profiles referenced to the exact measured position of the bed were 96 

obtained by deploying an advanced hydroacoustic flow instrumentation known as the Acoustic 97 

Concentration and Velocity Profiler (ACVP). Our analysis demonstrates how sediment transport 98 

gradients and the rate of dune growth are associated with spatial variation in dune slipface 99 

angles, paving the way for understanding and predicting of form-related components of shear 100 



stress and flow resistance, and ultimately river morphodynamics. We show that the dune slipface 101 

angle progresses similarly to dune height during dune growth, as opposed to the dune steepness, 102 

which reaches its equilibrium value immediately after initiation. 103 

2 Methods and Experimental conditions 104 

Experiments were carried out at the Kraijenhoff van de Leur laboratory for Water and 105 

Sediment Dynamics, Wageningen University & Research. A 1.2 m wide and 14.4 m long flume 106 

was used, focussing on an effective measuring section of 4 m. The slope of the flume can be 107 

accurately adjusted up to 4% (Figure 1). Both water and sediment were recirculated, with a fine-108 

meshed filter mounted at the downstream end of the flume, guaranteeing full recirculation of the 109 

mobile sediment load. Our experimental design, procedure, and instrumentation are briefly 110 

outlined below. For more specific details of our methodology and experimental techniques see 111 

Naqshband et al. (2017), and Naqshband and Hoitink (2020). 112 

To investigate dune growth and adaptation, a 15-cm thick layer of uniformly distributed, 113 

light-weight polystyrene particles was installed as a surrogate for sand after Naqshband and 114 

Hoitink (2020). This allowed dynamic similarity of both flow characteristics (Froude number) 115 

and sediment transport conditions (Shields number) between our shallow laboratory flows and 116 

rivers that are an order of magnitude deeper. The bed was flattened and the flume was slowly 117 

filled with water from both the upstream and downstream ends, preventing significant bed 118 

disturbance. A predefined flow discharge, flume slope and water depth were chosen to represent 119 

a mixed load dominated (MLD) transport condition (Table 1), with both bedload and suspended 120 

load transport. The water surface slope adjusted to the imposed mean bed slope while reaching a 121 

dynamic equilibrium in which dunes were not systematically growing or shrinking. Flow 122 



discharge was continuously measured with an electromagnetic flow meter, and water levels were 123 

monitored at four positions using evenly spaced stilling wells along the centreline of the flume. 124 

The effective measurement section of the flume bed (x = 4 m to x = 8 m) was continuously 125 

scanned along a 0.51 m centre strip (y = 0.35 m to y = 0.86 m) with a streamwise resolution of 2 126 

mm and a crosswise resolution of 3 mm, over a period of approximately 8 hours with an average 127 

time interval of 12.5 min between consecutive scans. This continuous bed level monitoring was 128 

carried out using a line laser scanner combined with a 3D camera using the methods in de 129 

Ruijsscher et al. (2018). As the line laser scanner is not submerged in water, bed elevation is 130 

measured without disturbing the flow field and underlying bed morphology. Each bed scan 131 

consists of 167 evenly spaced parallel transects over the 0.51 m wide strip. Distribution of 132 

bedform dimensions (dune height Δ, length λ, and slipface angle α) were obtained from these 133 

transects using a frequently applied bedform tracking tool (van der Mark et al., 2008). The 134 

outlined experimental procedure was repeated to investigate the reproducibility of these 135 

experiments, and to quantify the spatiotemporal variation of dune dimensions during dune 136 

growth from an initial flatbed.  137 

In a successive experiment under the exact same flow and sediment condition, sediment 138 

flux profiles were measured over the entire flow depth, over a period of 125 min (time needed to 139 

reach a dynamic equilibrium starting from an initial flatbed, Te [min] in Table 1). Direct 140 

sediment flux profiles in horizontal and vertical directions were obtained using the ACVP as 141 

described by Hurther et al. (2011). It provides quasi-instantaneous, simultaneous, and colocated 142 

vertical profiles of the two-component velocity field (streamwise u and vertical w) together with 143 

the acoustic intensity profiles referenced to the exact location of the undisturbed bed level (using 144 

the Acoustic Bed Interface Tracking method of Hurther and Thorne 2011), with a spatial and 145 



temporal resolution of 1.5 mm and 1/70 s, respectively. The acoustic intensity profiles are 146 

transformed into sediment mass concentration profiles applying inversion methods and 147 

incoherent scattering theory to polystyrene particles (Hurther et al., 2011; Thorne and Hurther, 148 

2014). Measured sediment flux profiles are further decomposed into turbulent and mean 149 

contributions for both bedload and suspended load (Naqshband at al., 2014c, 2017; Fromant et 150 

al., 2019). The ACVP was mounted on a measurement carriage and positioned at a fixed location 151 

along the flume (x = 6 m, see Figure 1d) with dunes migrating underneath. ACVP data presented 152 

herein are time-averaged over a period of 10 s in which bed displacement was negligible 153 

compared to dune length. An equivalent distance is also shown which is derived by transforming 154 

ACVP measurement time series into streamwise distance along the flume, using mean bed 155 

displacement. 156 

The ACVP technology was previously used to investigate the contribution of both 157 

bedload and suspended load to migrating sand dunes in equilibrium (Naqshband et al., 2014b), to 158 

quantify sediment transport distribution during dune transition to upper stage plane bed 159 

(Naqshband et al., 2017), and to study boundary layer flow and sediment transport dynamics 160 

under gravity current- and wave-driven sheet flows (Revil-baudard et al. 2015; 2016, Fromant et 161 

al. 2018; 2019). In the present study, we deploy the ACVP to investigate dynamics of flow 162 

separation in the dune leeside and associated sediment transport gradients during dune growth 163 

from an initial flatbed. This will provide quantitative knowledge of the mechanisms governing 164 

dune adaptation and will facilitate more accurate predictions of form-related components of 165 

shear stress and flow resistance, which are crucial components in modelling sediment transport 166 

and river morphology. 167 



3 Results 168 

3.1. Dune Growth from an Initial Flatbed 169 

Measured bed topography illustrates successive stages of dune development and growth 170 

towards a dynamic equilibrium (Figure 2). Small bedforms instantaneously appeared over the 171 

entire bed as soon as water flow began (Figure 2a). The initial growth phase is characterised by 172 

3D irregular features (Figure 2b) that grew and merged into larger 2D bedforms (Figure 2c). 173 

Superimposed bedforms were also observed on dune stoss slopes, causing additional events of 174 

dune splitting and merging, observed in previous research (Carling et al., 2000; Venditti et al., 175 

2005a; Venditti et al, 2016; Reesink et al., 2018; Leary and Ganti, 2020). Soon after, however, 176 

bedform spurs (ridges parallel to the mean flow direction, Figure 2c) appeared, transforming 177 

dune crestlines back to 3D (Swanson et al., 2017). During the second, more rapid dune growth 178 

phase, dunes became higher and longer with deeper scours in their troughs (Figure 2d). Trough 179 

scouring continued during the final growth stage reaching a dynamic equilibrium.  180 

Dune growth curves show initial linear growth followed by a period of exponential 181 

growth after t/Te = 0.35 (red circle in Figure 3). Topographic variability in dune height (mean ± 182 

standard deviation) increased during the growth stage but decreased and remained constant after 183 

reaching a dynamic equilibrium (Figure 3a). Dune lengths had larger and fairly constant relative 184 

variability over the entire duration of the experiment as in previous research (Naqshband et al., 185 

2014a; Venditti et al., 2016). Dune steepness varied through time, but showed no systematic 186 

change as the dunes grew (Figure 3c).Time evolution of spatially-averaged dune slipface angles 187 

had a rapid initial increase followed by a more gradual increase towards equilibrium (Figure 3d). 188 

Variability in dune slipface angles remained large after reaching equilibrium. Ultimately, the 189 

evolution of dune slipface angles revealed that as the onset angle for initiation of flow separation 190 



(predicted to equal 11 by Lefebvre and Winter, 2016) is exceeded (red circle in Figure 3d) and 191 

trough scour is intensified, less sediment bypasses the flow reattachment point, consequently, 192 

more sediment arriving at the dune crest is maintained within the dune, accelerating its growth.  193 

Dune slipface angle distributions change during dune growth towards dynamic equilibrium 194 

(Figure 4). During the initial stage of dune development, distributions are positively skewed 195 

towards lower slipface angles with mean values deviating from the corresponding modes (Figure 196 

4a and 4b). In the equilibrium phase distributions are near Gaussian (Figure 4c and 4d). 197 

3.2. Flow Field, Sediment Concentration, and Sediment Flux 198 

Measured flow fields over growing dunes reveal distinct flow patterns caused by 199 

topographic forcing (Figure 5). During the initial growth stage with relatively small dunes and 200 

low slipface angles, the flow pattern is characterised by a strong downslope near-bed current and 201 

gentle vertical gradients, with a maximum flow velocity over the dune trough. Recent work by 202 

Kostaschuk and Venditti (2019) showed that a strong downslope current over dune leeside is 203 

associated with LADs, and that these currents transport large amounts of sediment ultimately 204 

contributing to the generation of small-scale, migrating, superimposed bedforms on dune 205 

leesides. As dunes grow in size and their slipface angles increase, the downslope current 206 

decreases in strength and a zone of flow separation starts to develop with reversed near-bed flow, 207 

vertical gradients become more distinct, and the location of maximum flow velocity shifts 208 

upstream towards the dune crest. In the second stage of dune growth towards equilibrium, a 209 

shear layer developed and the flow separation zone further expanded, with more pronounced 210 

negative near-bed velocities (e.g., Naqshband et al., 2014b; Kwoll et al., 2016).  211 

The evolution of the flow field results in a characteristic sediment concentration pattern 212 

over the dune bed (Figure 6a), with sediment concentration just above the undisturbed bed level 213 



(detected with the ABIT method of Hurther and Thorne, 2011) equal to the granular bed density 214 

𝜌𝑠(1 − 𝜖) = 633 [𝑘𝑔 𝑚−3] (𝜌𝑠 = 1055 [𝑘𝑔 𝑚−3] is sediment density, and 𝜖 = 0.4 [– ] is 215 

granular bed porosity). The highest concentrations are observed close to the bed, with peaks in 216 

suspended sediment over the dune stoss, at the dune crest, and over the dune leeside during the 217 

initial growth phase. With initiation and expansion of flow separation in the second stage of dune 218 

growth, peaks in suspended sediment concentration were observed over the dune trough due to 219 

flow deceleration and the associated turbulence production, with smaller suspension peaks 220 

caused by turbulent bursts that result from shear layer vortices impacting the dune bed at t/Te = 221 

0.92.  222 

The product of flow velocity and sediment concentration gives the sediment flux (i.e. 223 

mean streamwise 𝑐𝑢̅̅ ̅ and mean vertical 𝑐𝑤̅̅̅̅  sediment fluxes in Figures 6b and 6c, respectively). 224 

Gradients in those fluxes ultimately drive local changes in dune morphology and dune 225 

interaction. During the initial growth stage, with relatively small dunes and low slipface angles, 226 

the largest streamwise fluxes are encountered at the dune crest and over the dune leeside. As 227 

dunes evolve and become larger towards equilibrium, with increased slipface angles, 𝑐𝑢̅̅ ̅ 228 

decreases over the dune leesides and eventually becomes negative due to flow separation and the 229 

upslope current. Larger slipface angles are associated with weaker downslope near-bed currents 230 

(Best and Kostaschuk, 2002; Kwoll et al., 2016, 2017; Kostaschuk and Venditti, 2019), which 231 

results in less pronounced (negative) downward vertical flux 𝑐𝑤̅̅̅̅  over dune leesides. The 232 

observed pattern in 𝑐𝑢̅̅ ̅ further reveals a discontinuity over the dune trough at t/Te = 0.55, which 233 

corresponds to the location of the flow reattachment point with zero net sediment flux.   234 



3.3. Sediment Transport Dynamics  235 

Integration of mean streamwise flux profiles over the entire flow depth H gives the 236 

distribution of total sediment transport per unit channel width along the migrating dune bed 237 

(Figure 7a). Although sediment transport is usually considered as a steady flux calculated using 238 

reach-averaged flow conditions, it is clear that sediment fluxes vary with topography. Bedload 239 

(Figure 7b) varies with topography more than suspended load (Figure 7c). As such, bedload 240 

variation controls the depth-integrated sediment flux. Consequently, dune morphology (shape 241 

and dimensions) is set by bedload fluxes under the considered transport stage. The combination 242 

of small dunes that possess low slipface angles associated with a strong downslope near-bed 243 

current, and high sediment concentration over their crest and leeside, results in the largest 244 

sediment transport rates observed during the initial stage of dune growth. As dunes grow in size 245 

and their slipface angles increase, the contribution of form related flow resistance becomes 246 

larger, reducing sediment transport capacity of the flow (e.g., Kwoll et al., 2017; Lefebvre et al., 247 

2016; Ma et al., 2017). This is reflected in a decrease of both dune-averaged as well as dune-248 

maximum sediment transport rates over the course of dune growth.  249 

The sediment transport distribution further illustrates distinct avalanching processes of 250 

bed material over dune leesides. In the presence of a flow separation zone associated with steep 251 

slipface angles, avalanching is characterized by an immediate decay of bedload transport over 252 

the dune leeside, reaching zero transport just ahead of the flow reattachment point. In absence of 253 

a flow separation zone throughout the initial stage of dune growth, avalanching is more gradual, 254 

with sediment being deposited over dune leesides and much further into dune troughs. 255 



4 Discussion 256 

4.1. Dune Slipface Angle and Flow Separation 257 

Existing dune growth curves exclusively consider time evolution of dune height and 258 

length from an initial flatbed towards a fully developed equilibrium dune field (e.g., Nikora and 259 

Hicks, 1997; Iseya, 1984; Baas, 1999; Colombini & Stocchino, 2008; Coleman et al., 2005; 260 

Venditti et al., 2005a; Bradley and Venditti, 2019a). Dune slipface angles – determinative for 261 

flow separation and turbulence production – are often assumed to instantaneously reach high 262 

angles sloping at the angle-of-repose (30). Our experimental study with light-weight 263 

polystyrene grains allow for dune morphodynamic similarity between shallow laboratory flow 264 

conditions and rivers that are an order of magnitude deeper (Naqshband and Hoitink, 2020). We 265 

show that dune slipface angles adjust to the imposed flow at time scales similar to the evolution 266 

of dune height and length (Figure 3d). Although HADs with steep slipfaces at the angle-of-267 

repose that produce a permanent zone of flow separation are characteristic for shallow laboratory 268 

flows, such steep slipface angles are an exception for our shallow flow dunes, analogous to 269 

observed slipface angles of dunes in deeper rivers (e.g. McLean and Smith, 1979; Kostaschuk 270 

and Villard, 1996; Galeazzi et al., 2018; Cisneros et al., 2020). 271 

Using high-resolution numerical modelling, Lefebvre (2019) showed that the size of the 272 

flow separation zone and magnitude of reversed flow, in addition to the magnitude of the slipface 273 

angle, is controlled by slipface orientation relative to the mean flow direction. For a slipface 274 

orientation > 25° compared to the flow, a strong cross-stream current develops, suppressing 275 

turbulence and reversed flow. Previous work has also shown that sediment is dispersed in the 276 

cross-stream direction in the presence of dunes, which become more pronounced when dunes 277 

have a 3D character (Allen, 1982; Parsons et al., 2005; Reesink et al., 2018). By quantifying 278 



particle hop distance and travel time over equilibrium mobile dunes, Ashley et al. (2020) showed 279 

that dunes significantly increase mean and standard deviation of cross-stream hop distances 280 

relative to a flatbed. Although flow and sediment data in our study is limited to 2D slices through 281 

dunes which possess a 3D character from time to time (Figure 2), the analysis and insights 282 

presented herein provide a basis for our understanding of dune morphodynamics, with important 283 

implications for the way we consider dune morphology and its adaptation to imposed flows, flow 284 

resistance and sediment transport over dunes. 285 

4.2. Mechanisms of Dune Growth 286 

The evolution of a bedform field from a flatbed has been shown to display exponential 287 

growth at lower transport stages (e.g., Baas et al., 1999; Bradley & Venditti, 2019a; Venditti et 288 

al., 2005a) and punctuated growth, when a period of initially linear growth is abruptly 289 

interrupted by exponential growth, at higher transport stages (Bradley & Venditti, 2019a). 290 

Exponential growth is expressed as  291 

𝛥 = 𝑎𝛥(1 − 𝑒−𝑏𝛥∗𝑡) ,     (1a) 292 

Λ = 𝑎Λ(1 − 𝑒−𝑏Λ∗𝑡)      (1b) 293 

where 𝑎𝛥 and 𝑎Λ are asymptotes that describe equilibrium height and length, respectively, and 𝑏𝛥 294 

and 𝑏Λ are growth constants.  The dune height and length growth curves observed in these 295 

experiments (Figures 8a and 8b) show punctuated growth. Growth curves are marked by a linear 296 

phase of relatively slower growth as bedforms initially evolve from the flatbed until they reach a 297 

height where exponential growth occurs. In our experiments, the linear growth phase is 298 



interrupted by exponential growth when t/Te = 0.35 (Figure 3). Exponential model fit results 299 

(Table 2) show that dune height reaches equilibrium slightly faster than dune length. 300 

Bradley and Venditti (2019a) argued that the linear phase of growth is punctuated 301 

because there is a shift in the mode of sediment transport. During the linear phase, nascent 302 

bedforms grow to exceed a critical height where they can no longer be contained in the near-bed 303 

flow layer.  Growth then shifts to exponential as intense scour in troughs leads to more rapid 304 

bedform growth.  These morphodynamics are likely responsible for the height and length growth 305 

curves observed in Figure 8. The Bradley and Venditti (2019a) observation of punctuated growth 306 

were limited to flow depths < 0.20 m and θ/θC conditions up to < 21.2. Beyond this transport 307 

stage, growth appeared instantaneous because it happened too quickly so that it was difficult to 308 

confirm the form of the growth curves.  These observations at a flow depth of 0.25 m with lower 309 

density material, suggests that punctuated growth occurs at a higher transport stage (θ/θC = 47.8, 310 

see Table 1) than observed by Bradley and Venditti (2019a). 311 

The slipface angle growth curve shows purely exponential growth without an initial 312 

linear phase expressed as 313 

𝛼 = 𝑎𝛼(1 − 𝑒−𝑏𝛼∗𝑡)      (1c) 314 

where 𝑎α describes the equilibrium slipface angle and 𝑏α is a growth constant.  The slipface 315 

angle evolution to equilibrium lags behind dune height and length (Table 2).  316 

Explaining dune growth by hydrodynamic processes requires imposing a spatial lag 317 

between sediment transport maximum and topographic maximum, yet, demonstration that the 318 

physical lags are real has proven challenging (c.f.  McLean, 1990; Venditti, 2013). Smith (1970) 319 

argued that if maximum sediment transport is located upstream of dune crest, then sediment 320 



deposition will occur on the dune crest and dunes will grow larger. If the sediment transport 321 

maximum is downstream of dune crest, then the dune crest will erode resulting in dune decay. 322 

And, if sediment transport maximum is in-phase with the topographic maximum, dunes will 323 

migrate downstream without changing shape and dimension. The measured sediment transport 324 

distribution over dunes in the present study reveals – for the first time – an upstream spatial lag 325 

between dune crest and maximum sediment transport which appears to vary significantly with 326 

evolution phases (Figure 7a). This lag becomes more pronounced as the onset angle for initiation 327 

of flow separation is exceeded during the second stage of dune growth, with sediment being 328 

eroded from the dune stoss, and deposited on dune crest and leeside, resulting in dune growth. 329 

Closer to equilibrium, as bedform dimensions start to stabilize, the lag disappears and the 330 

sediment flux maximum coincides with the topographic maximum. Future research should 331 

address the detailed causes of variability in the observed spatial lag, to provide a better basis for 332 

its use in numerical bedform evolution models (e.g., Giri and Shimizu, 2006; Nelson et al., 2008; 333 

Shimizu et al., 2009; Naqshband et al., 2016; Van Duin et al., 2017). 334 

4.3. Low-angle Dune Formation 335 

The rapid decay in bedload transport rates over the dune leesides necessarily leads to 336 

oversteepening of the upper slope and avalanching on the slipface. Slipface angles in this study 337 

can be compared to the two types of avalanching processes proposed by Kostaschuk and Venditti 338 

(2019) to explain why deep (>2.5 m) rivers have low-angle dunes on their beds. Theoretical and 339 

experimental analysis has indicated that granular avalanches composed of sand are unlikely to 340 

flow on gradients <24° (Cassar et al., 2005). Kostaschuk and Venditti (2019) use this criterion to 341 

separate small high-angle dunes found in flumes and shallow rivers from larger, low-angle dunes 342 

in deeper flows. Low-angle slipfaces <24
o
 are maintained by a combination of liquefied 343 



avalanches capable of transporting sediment over longer distances and at lower angles than 344 

granular avalanches, and downslope currents that transport bedload over the leeside when flow 345 

separation becomes intermittent or absent. Mean slipface angles for the dunes in this study 346 

increase from around 2
o
 to 18

o
 during the initial stage of dune growth to around 19.8

o
 for 347 

equilibrium dunes (Fig. 3d, Table 1). Extremes above the mean reach 27
o
 for equilibrium dune 348 

slipfaces, but most are below 24
o
, making them low-angle dunes.  349 

Application of the Wallis-Lowe liquefaction model (see Kostaschuk and Venditti, 2019 350 

for details) allows us to determine if the low lee angles are maintained by liquefied avalanches. 351 

The model assumes that, at the instant of liquefaction in a deposit, the particles are supported by 352 

excess pore pressure and the fractional particle concentration (volume of sediment/total volume) 353 

of the dispersion is constant with a concentration C0. As pore pressures decline, the particles 354 

settle to the bed in a simple two-layer resedimentation process where the interface between the 355 

dispersed grains at  C0 and the resedimentated grains, at a higher concentration C1, rises at a 356 

uniform velocity. Resedimentation is complete when the interface between the overlying clear 357 

water and the liquefied dispersion coincides with the surface of the resedimented grains. 358 

Complete resedimentation of the dispersion occurs over a time 𝑡𝑟:  359 

𝑡𝑟 =
𝜁(𝐶1−𝐶0)

𝐶1 𝑤𝑑 𝑐𝑜𝑠𝛼
                                                                     (3) 360 

where 𝜁 is the initial thickness of the deposit, α is slipface angle, wd = wf(1 − C0)n is the 361 

aggregate fall velocity of the dispersion, wf is the fall velocity of a single particle, and n is an 362 

empirically derived coefficient. For the simplest case of laminar flow and no interaction between 363 

the liquefied grains, the maximum distance travelled by the flow is Γ = truh, where uh =364 

0.7 √(δρl−f/ρl)g Υ   is the slope-parallel velocity of the head of the flow,  ρl−f is the density 365 



difference between the liquefied avalanche ρl and the overlying fluid ρf, and Υ  is the thickness 366 

of the head. We assume characteristic values (see Lowe, 1976: cgs units are used herein to 367 

maintain consistency with empirical constants in the model) of C0= 0.54, C1= 0.6, n = 4.7 and g  368 

= 981 cm s
-2

. The settling velocity for the polystyrene particles is measured as wf = 2.9 cm s
-1

 369 

(Table 1). Application of the model requires an estimate of the initial thickness of the triangular 370 

wedge deposit. Flume experiments have shown that slipface avalanches result from the failure of 371 

triangular-shaped wedges at the top of the slipface that are 10-20% of dune height (e.g., Venditti 372 

et al., 2005b; Reesink and Bridge, 2007). Following Kostaschuk and Venditti (2019), we assume 373 

a rectangular deposit thickness of 5-10% of dune height (1/2 the maximum triangular wedge 374 

thickness).  375 

 Kostaschuk and Venditti (2019) calculated values of Γ/Sl = 0.29-0.83 (Sl is slipface 376 

length)  for a small high-angle sand dune comparable in size to the equilibrium dunes in this 377 

study, 0.59-1.51 for a large low-angle dune in the rock record (Røe, 1987) and 0.55-1.46 for a 378 

large low-angle dune in the Fraser River. When Γ/Sl > 1, liquefied avalanches can travel the 379 

whole length of the slipface and therefore exert a first order control on the slipface angle. When 380 

Γ/Sl < 1, liquefied flows would be confined to the upper slipface and would then have to fail as 381 

granular avalanches dominated by grain-to-grain contacts. Table 3 summarizes the values of 382 

parameters in the Wallis-Lowe model as applied to the equilibrium dunes in this study. 383 

Comparison of the predicted maximum liquefied avalanche travel distances Γ with respect to the 384 

measured length of the slipface Sl shows that the putative liquefied avalanche would travel a 385 

fractional distance along the slipface of Γ/Sl = 0.12-0.34. This suggests that the dune slipface 386 

angles in this study are not controlled by liquefied avalanches, and are instead controlled by 387 

granular avalanches. 388 



This result suggest that low lee angles can be maintained without liquefied avalanches. 389 

The specific reason low lee angle dunes form in the light-weight sediments is not immediately 390 

obvious. A likely explanation for the low slipface gradients in this study are that polystyrene 391 

granular avalanches are able to travel on lower gradients compared to granular avalanches of 392 

quartz density sand particles. The static angle of repose in water of the polystyrene particles is 393 

24
o
 (Table 1). The dynamic angle of repose is generally 3-10

 o
 lower than the static angle (Al-394 

Hashemi and Al-Amoudi, 2018), which is consistent with the avalanche slipface angles of the 395 

equilibrium polystyrene dunes herein (Table 2). In addition, angle of repose is affected by 396 

particle shape, increasing with deviations from roundness and sphericity (Al-Hashemi and Al-397 

Amoudi, 2018). The measurements of roundness (R = 0.46) and sphericity (S = 0.81) of the 398 

polystyrene particles show that the particles can be classified as subrounded (Hryciw et al., 399 

2016), which would result in steeper slipface angles compared to round and spherical particles of 400 

the same density (Al-Hashemi and Al-Amoudi, 2018). Combined, the effects of relative 401 

sediment density and roundness on the angle of repose produce low angle dunes in our 402 

experiments without the liquefied avalanches described by Kostaschuk and Venditti (2019) over 403 

dunes in deep rivers. We expect that experiments with rounder and more spherical polystyrene 404 

particles would allow exploration of dunes with even lower slipface angles.  405 

While the experiments suggest that light-weight sediments cannot be used to explore the 406 

liquefied avalanches that dominate low lee angles in deep rivers, the particles do produce dunes 407 

similar to those formed in deep rivers. This provides an opportunity to investigate flow 408 

dynamics, roughness and form drag of actively migrating LADs at laboratory scale. The 409 

experiments also point to other mechanisms that may control low lee angles for dunes close to 410 

the threshold value estimated as 24
o
, such as dunes observed in the Río Paraná, Argentina (α ~ 411 



15
o
-24

o
; Parsons et al., 2005). The relative density of sediment evidently plays an important role 412 

in the emergence of low lee angles, a phenomenon not readily evident for dunes formed in water 413 

flows on Earth because there is so little variation in the relative density of sediment. 414 

4.4. Implications for Modelling Dune Morphodynamics and Flow Resistance 415 

These experimental findings are useful to get insight into sediment transport processes 416 

associated with bedform growth that, in turn, could be used to verify and improve the approach 417 

and performance of numerical models. Physics-based morphological models are increasingly 418 

used to simulate bedform morphodynamics. The models range from simple to complex in terms 419 

of both hydrodynamics and sediment transport (Tjerry and Fredsøe, 2005; Giri and Shimizu, 420 

2006; Shimizu et al., 2009; Paarlberg et al, 2009; Niemann et al., 2010; Uchida and Fukuoka, 421 

2013; Nabi et al., 2014; Khosronejad and Sotiropoulos, 2014; Nabi et al., 2015; van Duin et al., 422 

2017; Sun and Xiao, 2016; Lefebvre and Winter, 2016; Goll, 2017; Yamaguchi et al., 2020). 423 

Most of these models include a parameterized spatial lag between sediment transport maximum 424 

and topographic maximum, based either on bed slope effects, or a non-equilibrium sediment 425 

transport relation using pick-up and deposition functions. One of the fundamental challenges is 426 

to replicate the interaction between flow, sediment transport and morphology physically reliably. 427 

The question regarding which approach replicates physically correct sediment transport and 428 

morphological processes associated with bedform growth remains ambiguous. Given the fact that 429 

the sediment transport formulations, used in most of the numerical models, are empirical or 430 

semi-empirical, it is rather difficult to capture the physics of sediment transport associated with 431 

bedform initiation and growth processes.  432 



Our experimental findings shed some light on these underlying processes, revealing 433 

spatial lag between sediment transport and bed morphology at different stages of dune growth. 434 

The observed variation in this spatial lag is similar to findings from a numerical dune evolution 435 

model with non-equilibrium sediment transport formulation in Yamaguchi et al. (2020). The 436 

experimental results also highlight the sediment transport processes over the leeside of the dunes, 437 

which include both the distribution of bed and suspended sediment transport. Another important 438 

outcome of the experiment is the lower slipface angle, which could be useful for verifying 439 

numerical models, since they usually predict higher slipface angles close to the angle of repose. 440 

Moreover, the model concept of a bed slope effect used to simulate dune evolution and growth 441 

even requires an avalanche function of sediment load over dune leeside to restrict the leeside 442 

angle to the angle of repose. This should be explored in a future study with the numerical model 443 

including similar lightweight materials as used in current experiments.  444 

The experimental findings presented herein can be employed for detailed exploration and 445 

verification of different sediment transport approaches in numerical models. This will help to 446 

further verify model performance, as well as to improve fundamental aspects of sediment 447 

transport approaches in numerical models. Another important aspect is the accurate prediction of 448 

form drag exerted by bedforms. The numerical model must be verified for the case when the 449 

slipface angle is lower than angle of repose. Consequently, it is necessary to explore the 450 

evolution of form drag and its effect on water surface, particularly for the case with a lower 451 

slipface angle as found in these experiments and in the field. Physical experiments and numerical 452 

modelling can be combined to develop a generic method for assessing flow resistance.   453 



5 Conclusions 454 

Flume experiments were designed to study dune adaptation to an imposed flow, and in 455 

particular the mechanics of dune growth. The 3D bed topography was continuously monitored 456 

using a line laser scanner combined with a camera. High-resolution profiles of flow velocity and 457 

sediment concentration, providing direct estimations of both the bedload and the suspended load 458 

sediment flux, were obtained by deploying an Acoustic Concentration and Velocity Profiler. The 459 

main findings of our study are summarized as follows: 460 

1. Dune slipface angles – determinative for flow separation and turbulence production – adjust 461 

to the imposed flow at time scales similar to the evolution of dune height and length. 462 

2. The evolution of dune slipface angles reveals that as the onset angle for initiation of flow 463 

separation is exceeded, and trough scour is intensified, less sediment bypasses the flow 464 

reattachment point. This accelerates dune growth as more sediment arriving at the dune crest 465 

is maintained within the dune. 466 

3. The sediment transport distribution illustrates distinct avalanching processes of bed material 467 

over dune leesides. Avalanching is characterized by an immediate decay of bedload 468 

transport over the dune leeside in presence of a flow separation zone. In absence of a flow 469 

separation zone, avalanching is more gradual, with sediment being deposited over dune 470 

leesides and much further into dune troughs.   471 
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Table 1. Overview of flow, sediment, and dune bed characteristics. 747 

Parameter Value  

Discharge, Q [m3 s-1] 

Water depth, H [m] 

Flume slope, S × 10-3 [-] 

0.050 

0.25 

1.0 

Mean bulk velocity, U [m s-1] 

Froude number, Fr [-] 

0.17 

0.11 

Bed shear stress, τb [Pa] 1.73 

Bed shear velocity, u* [m s-1]                               0.04 

Suspension number, u*/ws [-] 1.43 

Shields number, θ [-] 1.53 

Transport stage, θ/θc [-] 47.8 

Mean particle diameter, D50 × 10-2 [m] 0.21 

Sediment density, ρs [kg m-3] 1055 

Settling velocity, wf [m s-1]                               0.029 

Critical Shields number, θc [-] 0.032 
aStatic angle of repose, β [degrees] 24.0 
bParticle Roundness, R [-]

 0.46 
cParticle Sphericity, S [-]

 0.81 

Dune height in equilibrium, Δe [m] 0.083 

Dune length in equilibrium, Λe [m] 1.43 

Dune steepness, Δe /Λe [-] 

Dune slipface angle in equilibrium, αe [degrees] 

Time needed for equilibrium, Te [min] 

0.058 

19.8 

125 
a
Static angle of repose of polystyrene particles is determined using the fixed funnel method 748 

according to Al-Hashemi and Al-Amoudi (2018).  749 
b
Particle roundness quantifies the sharpness of particle corners calculated after the method 750 

described by Zheng and Hryciw (2015), and Hryciw et al. (2016).  751 
c
Particle sphericity is the ratio of particle width to particle length.   752 

  753 



Table 2. Model Fitting Results. Exponential phase results are from fits using Equation 1.  754 

Equilibrium dimensions are the asymptotes in Equation 1 plus the dimensions at the end of the 755 

linear growth phase.  Following Baas (1994), Venditti et al. (2005), and Bradley & Venditti 756 

(2019), Te;fit is the time required for the growth curve to reach 99% of the asymptote. 757 

 

 

Dune property 

Growth Phase 

Equilibrium 

Dimension 

[m, °] 

Te;fit   

[hr] 

Linear Exponential 

Slope 

[-] 

Intercept 

[m] 

Phase end 

      [hr] 
𝑎  

[m, °] 

𝑏 

[-] 

Height 0.0394 0.00890 0.650 0.0404 3.86 0.0811 1.91 

Length 0.669 0.181 0.650 0.819 2.94 1.54 2.28 

Slipface angle - - - 19.1 1.51 19.1 3.05 

 758 

  759 



Table 3. Parameters for the Wallis-Lowe model.  760 

Parameter Value  

Initial deposit thickness, 𝜁 [cm] 0.42-0.84 

Slipface angle, 𝛼 [o] 19.8 

Density of liquefied avalanche, 𝜌𝑙 [g cm-3] 1.03 

Density of water, 𝜌𝑓 [g cm-3] 1.00 

Avalanche head velocity, 𝑢ℎ [cm s-1]  2.40-3.41 

Avalanche head thickness, 𝛶 [cm] 0.42-0.84 

Resedimentation time, 𝑡 [s] 0.56-1.12 

Liquefied avalanche travel distance, 𝛤 [cm] 1.34-3.88 

Slipface length, 𝑆𝑙 [cm] 11.25 

 761 

 762 

  763 



Figure 1. Overview of the experimental set-up, (a) side view of the tilting flume with the 764 

effective measurement section between x = 4 m to x = 8 m in streamwise direction, (b) 765 

positioning of the line laser scanner on a semi-automatic carriage, (c) fully developed 766 

equilibrium dunes, and (d) set-up of the Acoustic Concentration and Velocity Profiler (ACVP, 767 

see Naqshband et al., 2014b for details).  768 

  769 



  770 

(c) (d) 

(a) 

(b) 

(c) 



Figure 2. Different stages of bed morphology illustrating dune growth from an initial flatbed 771 

towards a dynamic equilibrium with fully developed dunes, time evolves from top to bottom, 772 

with Te the time needed to reach a dynamic equilibrium from an initial flatbed.   773 



 774 



Figure 3. Morphological growth curves showing the evolution of dune dimensions over time, (a) 775 

relative dune height (Δ/Δe), (b) relative dune length (Λ/Λe), (c) dune steepness (Δ/Λ), and (d) 776 

dune slipface angle. Te is the time needed to reach a dynamic equilibrium from an initial flatbed, 777 

shaded green area is mean values ± standard deviation. Red circles in (a) to (c) indicate the 778 

moment of transition between a linear and an exponential growth, which coincides with the time 779 

that the onset angle for initiation of flow separation is exceeded, indicated with red circle in (d). 780 
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Figure 4. Distribution of dune slipface angle at four different stages of dune development as 795 

shown in Figure 1. The solid green lines represent kernel density fits to dune slipface data with 796 

circles indicating spatially averaged values. 797 
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(a)  (b)  

(c)  (d)  



41 
 

Figure 5. Flow field over mobile dunes, with (a) mean streamwise flow velocity and (b) mean 799 

vertical flow velocity. Arrows represent the mean velocity vector field 𝑽(𝑢̅, 𝑤̅). Flow direction is 800 

from left to right with measured dune profile in solid black line. Open black circle indicates the 801 

location of flow reattachment point. An equivalent distance is derived from transforming ACVP 802 

measurement time series into streamwise distance along the flume, using mean bed displacement 803 

(see section 2). 804 
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43 
 

Figure 6. Sediment concentration and fluxes over mobile dunes, with (a) mean sediment 808 

concentration, (b) mean streamwise sediment flux, and (c) mean vertical sediment flux. Solid 809 

black line is the measured dune profile.  810 
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812 



45 
 

Figure 7. Sediment transport distribution over mobile dunes, with (a) showing total load, (b) 813 

bedload, and (c) suspended load transport. Solid black line is the measured dune profile, with 814 

black open circle the location of flow reattachment point. Orange circles in (a) indicate the 815 

location of dune-maximum sediment transport, relative to dune topographic maximum (open 816 

gray circle).817 
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47 
 

Figure 8. Growth curve fits through time with (a) height, (b) length, and (c) slipface angle. (a) 819 

and (b) display punctuated growth, where a period of linear growth is followed by exponential 820 

growth, while (c) shows only exponential growth (see Table 2 for model fitting results). 821 



48 
 

 822 

 823 

 824 

 825 

(a)  

(b)  

(c)  


