
1. Introduction

The interaction between flowing water and a mobile bed composed of loose sediment often results in bedform 

formation in both shallow (fluvial, coastal, and glacigenic) and deep-water settings (Alexander et al., 2001; Araya 

& Masuda, 2001; Best, 2005; Covault et al., 2017; Froude et al., 2017; Kostaschuk et al., 2010; Lang et al., 2021; 

Paola et al., 1989; Parkash and Middleton, 1970; Spinewine et al., 2009). Subaerial (fluvial, open channel, and 

shallow water) bedforms are generally divided into two broad categories: those with height and length that scale 

with flow depth (small bedforms) and bedforms with height and length that scale with flow depth and channel 

width (bars), respectively (Garcia, 2008; Hayashi & Ozaki, 1979; Ikeda, 1984; Seminara, 2010). Open channel 

small bedforms are further classified into lower and upper regimes, loosely linked to specific hydraulic states of 

the flow (e.g., Froude number). Lower regime bedforms are out of phase with the bed surface (e.g., dunes) and 

are generally associated with relatively high flow resistance due to flow separation. Upper regime bedforms, 

on the contrary, are typically in phase with water surface oscillations, presenting in some cases little or no flow 

separation (Simons and Richardson,  1962,  1966; Task force on Bedforms in Alluvial Channels,  1966). The 
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Plain Language Summary Bedforms are sediment bumps that form and move at the bottom of 

channels transporting water and sediment. Bump size and direction of movement depend on flow and sediment 

properties. Although bedforms have been observed and studied for a long time, predicting type and shape 

remains to be open problems. Here, we present results from laboratory experiments designed to study bedforms 

made of sand that form under fast flows. Our results show that, in these conditions, bedform type and size 

depend on the ratio between volumes of transported sediment and water and the size of sand grains. In addition, 

our results suggest that if sand is transported in a thin layer near the bed, bedforms tend to move in the direction 

of the flow, while bedforms tend to move in the direction opposite to the flow if some sand is suspended in the 

water column.
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extrapolation of these long-standing definitions to deep-water (subaqueous) cases has been recently challenged in 

light of new experimental and some field data (Fedele et al., 2016).

Bedform phase diagrams and relations based on empirical data or mathematical modeling abound and were 

proposed to determine equilibrium bedform type and geometry in terms of non-dimensional parameters repre-

sentative of flow and sediment properties (see e.g., Andreotti et al., 2012; Charru et al., 2013; Colombini, 2004; 

Colombini & Stocchino, 2008; Engelund, 1970; Garcia, 2008; Ohata et al., 2017, 2022; Pen et al., 2018; Simons 

and Richardson, 1966; Southard and Boguchwal, 1990; Vanoni, 1974; Yokokawa et al., 2011). Incorporating 

these criteria into morphodynamic models, however, remains a challenge because given the hydrologic regime, 

sediment supply and caliber, a resistance formulation is needed to characterize the flow. Flow resistance, bed 

roughness and friction factors in the presence of bedforms may be very different than in the case of a flat, granular 

bed (Einstein & Barbarossa, 1952). Estimating flow properties using existing bedform predictors is thus challeng-

ing because flow resistance is not properly estimated when the bed configuration is unknown (van Rijn, 1984).

We present experimental results on the open channel, upper regime bedforms at equilibrium, that is, when bed 

elevation averaged over a series of bedforms does not change in time. The scope of the experiments was to under-

stand if and how antidune geometry and migration direction varied with the sand supply rate, grain size, and 

preferential mode of transport, such as bedload or suspended load. In other words, experiments were designed to 

investigate if upper regime bedforms at equilibrium depend on parameters controlling the equilibrium state, that 

is, flow regime, sediment supply and caliber (Blom et al., 2016, 2017; Seminara, 2010; Viparelli and Eke, 2021).

This paper is organized as follows: we briefly discuss previous research on bedform progression relevant to this 

study and then present an overview of the experimental program followed by a description of the experimental 

setup and procedures. Experimental results are then presented, and our results are compared with previous open 

channel flow and submarine experiments in the discussion section.

2. Bedform Progression in Open Channels Transporting Sand

Bedform progression is well understood in fine sands, defined here as sands with characteristic grain size smaller 

than 0.5 mm (Garcia, 2008). If we consider a laboratory flume with a plane bed of uniform fine sand and consider 

to gradually increase flow velocity, we first observe water flowing on an immobile bed, then sediment grains 

start moving and ripples form. As flow velocity further increases, bedforms evolve into dunes, which migrate 

downstream. In the presence of well-developed dunes, the water surface is low on crests and high on troughs. 

At relatively high velocities dunes are washed out and the bed becomes flat again. This flat bed at the transition 

between dunes and antidunes is called the upper regime plane bed and sediment transport is characterized by 

individual grains rolling “almost continuously downstream in sheets one or two grain diameters thick” (Simons 

and Richardson, 1966). At even higher velocities, antidunes form and migrate upstream. In the presence of anti-

dunes, the water surface is in phase with the bed. Further increasing flow velocity results in the formation of 

cyclic steps, upstream migrating bedforms with hydraulic jumps forming between consecutive steps (Engelund & 

Hansen, 1967; Muto et al., 2012; Parker and Izumi, 2000; Simons and Richardson, 1962; Sun and Parker, 2005; 

Taki and Parker, 2005).

In the presence of coarse sand, ripples do not form (Simons and Richardson, 1966). At relatively small velocities, 

sediment is transported on a flat bed and dunes form as flow velocity increases (Engelund & Hansen, 1967). This 

flat bed is referred to as the lower regime plane bed. In the presence of coarse sand and shallow flow, an upper 

regime plane bed may not form and as flow velocity increases, bedforms transition from dunes to antidunes 

(Simons and Richardson, 1966).

The analysis of field and flume data by Naqshband, Ribberink, and Hulsher  (2014) and Ohata et  al.  (2022) 

revealed that suspended bed material transport is critical for reducing dune height and transitioning to the upper 

plane bed. Naqshband, Ribberink, and Hulsher  (2014) Figure  2 shows how threshold Froude number at the 

dune—upper plane bed transition decreases with increasing values of suspension number, defined as the ratio 

between shear velocity and settling velocity, with transition Froude numbers equal to 0.2 for values of suspension 

number equal to 3. The same plot shows a lack of upper plane bed data points for values of suspension number 

smaller than 1, corresponding to the absence of suspended bed material transport (Naqshband, Ribberink, & 

Hulsher, 2014).
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With high resolution measurements of flow velocity and suspended bed material transport, Naqshband, Ribberink, 

Hurther, & Hulsher et  al.  (2014), Naqshband et  al.  (2017) explained the physics behind these observations. 

Bedload transport is fully trapped in each dune, thus contributing entirely to translation. Suspended bed material, 

on the contrary, is transported further downstream, contributing to dune deformation and thus bed flattening. 

Two-dimensional morphodynamic modeling based on the solution of Reynolds-averaged Navier-Stokes equa-

tions for the flow and the disequilibrium bedload transport model by Nakagawa and Tsujimoto (1980), however, 

revealed that the presence of suspended bed material transport is not the only reason for changes in dune geom-

etry with flow properties (Nelson et al., 2011). The variability of particle step length with flow and bedform 

geometry (local bed level change) must be accounted for to properly capture bedform evolution from one bed 

state to another (Nelson et al., 2011).

Laboratory experiments with ∼1 mm sand reported in R. R. Hernandez Moreira (2016) and R. R. Hernandez Moreira 

et al. (2020) showed that at flow velocities higher than those typical of the antidune regime, the bed became flat 

and sand was transported in a near bed layer of colliding grains with thicknesses of 10 grain diameters or more. 

This near bed layer is called the sheet flow layer (Wilson, 1987). Long bedforms with small height can form in 

the presence of bedload transport in sheet flow mode (R. R. Hernandez Moreira et al., 2020). These bedforms are 

different from those observed by Paola et al. (1989) and Bridge and Best (1988) at the dune-antidune transition. 

R. R. Hernandez Moreira et al. (2020) obtained bedforms with values of Froude number higher than 1.4. These 

bedforms did not migrate (or migrated very slowly) and emplaced structureless (massive) deposits. Bedforms 

described by Paola et al. (1989) and Bridge and Best (1988) were obtained with values of Froude number smaller 

than 1.2, migrated downstream in the absence of sheet flow and emplaced parallel laminated deposits (Best & 

Bridge, 1992).

Antidunes can migrate upstream and downstream (Engelund & Fredsoe,  1982; Fukuoka et  al.,  1982; R. 

R. Hernandez Moreira,  2016; R. R. Hernandez Moreira et  al.,  2020; Kennedy,  1961; Nunez-Gonzalez and 

Martin-Vide, 2010; Yokokawa et al., 2010). If upstream migration velocity is relatively small, antidunes maintain 

their shape. In the case of rapid upstream migration, however, antidunes grow until they become unstable, break 

and the bed becomes plane until a new train of upstream migrating antidunes forms (breaking antidunes) (Simons 

and Richardson, 1966; Yokokawa et al., 2011).

Analytical work by Engelund  (1970), Fredsoe  (1974), and Colombini and Stocchino  (2008), empirical phase 

diagram by Yokokawa et al.  (2011), and experiments by Spinewine et al.  (2009) and Yokokawa et al.  (2011) 

suggest that bedload transport may be important for downstream migrating antidune formation. Carling and 

Shvidchenko (2002) reported on downstream migrating antidunes in gravel beds with characteristic grain sizes 

smaller than 7 mm. Downstream migrating antidunes maintain the geometry as they travel in the direction of 

the flow (R. R. Hernandez Moreira, 2016) with a different scaling of their wavelength when compared to the 

upstream-migrating case.

3. Overview of the Experiments

Laboratory experiments were conducted in a sediment feed flume with glass walls in the Hydraulics Laboratory 

of the Department of Civil and Environmental Engineering at the University of South Carolina. The flume was 

13 m long, 0.5 m wide and 0.9 m deep. A sediment trap was placed 9 m downstream of the flume entrance and a 

tailgate controlled the downstream water level. A calibrated orifice plate and a Dwyer series 490 wet-wet manom-

eter were used to measure the flow rate from the head tank.

The flume cross-section was gradually narrowed to 0.19 cm with marine plywood in the most upstream 2 m 

(Figure 1). This left a 7 m long test reach, reduced the sediment volume and supply rate during experiments, as 

well as occurrence of three-dimensional bedforms (R. R. Hernandez Moreira et al., 2020; Jafarinik et al., 2019). 

A siphon rake was used to measure suspended sediment concentration profiles.

Grain size distributions of sediment supplied to the test reach or collected downstream of the sediment trap are 

presented in Figure 2, where legend labels indicate sand geometric mean size Dg. Two uniform quartz sands with 

Dg equal to 0.22 and 0.62 mm were mixed to obtain the sediment mixtures with Dg and geometric standard devia-

tion σg respectively equal to 0.43 and 1.85 mm (continuous blue line) and 0.34 and 1.95 mm (continuous red line). 

Purple sand that can be seen in pictures and videos corresponds to the 0.62 mm sand (black line in Figure 2). 
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Sediment collected downstream of the sediment trap is representative of sediment transported in suspension (dash 

lines in Figure 2).

Experiments are summarized in Table 1 in terms of Dg and D90 of the sediment fed into the flume, flow rate Qw, 

and mass feed rate Gs, with D90 denoting the diameter such that 90% of the sediment is finer. Part of the sediment 

fed into the flume was transported as bedload transport (typically coarse fractions) and the rest was transported 

in suspension. Thus, at equilibrium Gs represented the total (bedload plus suspended load) mass transport rate of 

bed material.

Experiments are named with a number and name initials of the lead experimentalist; for example, 1-SS denotes 

the first experiment ran by Sydney Sanders and 9-SJ denotes the ninth experiment ran by Sadegh Jafarinik. Exper-

iments 1-SJ–4 SJ were performed to investigate the role of water depth (flow rate) on upper regime bedforms. 

Experiments 5-SJ to 9-SJ and 1-SS to 7-SS were designed to study the role of sand transport mode in upper 

regime equilibrium configurations. The experimental database of Table 1 was integrated with experiments by R. 

R. Hernandez Moreira (2016) and R. R. Hernandez Moreira et al. (2020) to study the role of sediment caliber in 

bedform type and geometry.

4. Experimental Procedure

Experiments started from a condition of disequilibrium (net-depositional 

or net-erosional) and continued until flow and sediment transport reached 

equilibrium. At equilibrium, suspended sediment concentration was meas-

ured, and the experiment was terminated. Experiments 1-SJ, 5-SJ, and 8-SJ 

started with a nearly empty flume. Few bags of sand were emptied to cover 

the flume bottom and favor sediment deposition in the test reach (Johnson 

et al., 2014). Experiment 1-SS started with a 10 cm thick layer of 0.43 mm 

sand. Initial conditions of experiments 2-SJ to 4-SJ, 6-SJ, 7-SJ, 2-SS, 3-SS, 

and 5-SS to 6B-SS were equilibrium deposits from previous experiments. 

For example, the initial bed of experiment 3-SJ was the equilibrium bed at 

the end of experiment 2-SJ. After experiment 3-SS, an approximately 3 cm 

thick layer of sand with Dg equal to 0.34 mm was sprinkled over the existing 

deposit to perform experiments with a finer sediment grain size. This process 

was repeated before experiment 7-SS by sprinkling instead coarse sediment 

with Dg equal to 0.62 mm. The duration of each experiment varied between 

45 min to 2 hr depending on the time required to reach equilibrium.

Bed evolution from one equilibrium state to the other was characterized 

by observation and measurements of bed and water surface elevations, as 

done in previous experimental studies on open-channel flow bedforms by 

Figure 2. Grain size distributions of the sediment used in the experiments. 

Legend labels correspond to the sand geometric mean diameter Dg. Dashed 

lines are grain size distributions representative of suspended sand load in the 

SS experiments.

Figure 1. Schematic representation of the laboratory flume. Drawing not to scale.
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Kennedy  (1961), Simons and Richardson  (1962, 1966), Guy et al.  (1966), 

Task Force on Bed Forms in Alluvial Channels (1966), Fukuoka et al. (1982), 

and R. R. Hernandez Moreira et  al.  (2020) among many others. Bedform 

height, length, and migration rate were measured using rulers attached to the 

flume and from the analysis of video recordings.

If the bed and water surface were in opposition to phase, bedforms were 

classified as washed-out dunes WD because of the relatively high (but still 

subcritical) Froude number. If the bed and water surface were in phase, 

migrating bedforms were classified as antidunes and non-migrating bedforms 

were considered standing waves (SW). Depending on the direction of migra-

tion, antidunes were classified as upstream UA or downstream migrating DA. 

Plane bed configurations were classified on the basis of bedload transport 

mode, that is, upper plane bed with a few grain diameters thick bedload layer 

UP or upper plane bed with bedload transport in sheet flow mode PS.

4.1. Measurements of Bed and Water Surface Profiles and Flow 

Resistance

Vertical rulers on the glass wall and horizontal rulers on top of the flume 

indicated elevation above the flume bottom and distance from the flume 

entrance respectively. Bed and water surface elevations were measured with 

ruler readings at streamwise intervals of 10 cm in the SJ experiments and 

20 cm in the SS experiments. The first measurement was recorded at 2.2 m 

from the flume entrance in SJ experiments and at 3.5 m in SS experiments. 

The last measurement was taken approximately at 8.85 m from the flume 

entrance.

During each experiment, measured elevations were reported in a spreadsheet, 

plotted, bed slope and water surface slope were estimated with best fit lines. 

When bed and water surface slopes did not significantly change in time, the 

flow and the sediment transport were deemed to be at equilibrium (R. R. 

Hernandez Moreira et  al.,  2020; Viparelli et  al.,  2015). Equilibrium water 

depth and bed slopes were respectively determined as the average difference 

between measured water surface and bed elevation and the slope of the best fit line of the last measured longitu-

dinal profile.

Experiments were performed with water depths varying between 0.04 and 0.13 m. The width to depth ratio was 

thus smaller than 5 and the cross section was considered narrow. In a narrow cross section, different roughness 

between sediment covered bed and smooth side walls must be accounted to estimate the shear stress acting on the 

bed (Vanoni and Brooks, 1957). Here, we followed the procedure to remove sidewall effects from measured data 

introduced by Vanoni and Brooks (1957) as formulated by Chiew and Parker (1994).

In the presence of bedforms, flow resistance is the result of friction introduced by the granular bed (skin friction) 

and flow separation at bedform crests (form drag). Stresses that act tangentially to the bed, known as skin friction, 

are critical to sediment entrainment and bedload transport. When no bedforms are present, the drag on the bed 

is  associated only with skin friction (Einstein & Barbarossa, 1952; Parker, 2004). For the partition of flow resist-

ance between skin friction and form drag, an ideal flat bed configuration was considered. This ideal flow had the 

same grain roughness, energy slope, and mean flow velocity as those in the presence of bedforms (Parker, 2004). 

For further details, we refer to the Supporting Information S1 file Data Set S1 that was used to analyze the data.

4.2. Measurements of Suspended Sediment Concentration

The volumetric suspended sediment concentration, c, was measured with a rack of six plastic siphons located 

approximately 2 cm apart. No attempt was made to sample isokinetically. Similar devices and sample strategies 

were used in previous experimental studies such as, for example, those by Parker et al. (1987), Garcia (1990), 

Run name Dg (mm) D90 (mm) Qw (l/s) Gs (kg/min)

1-SJ 0.87 1.68 15 1.5

2-SJ 0.87 1.68 15 6

3-SJ 0.87 1.68 15 16

4-SJ 0.87 1.68 8 6

5-SJ 0.62 1.10 15 1

6-SJ 0.62 1.10 15 2.2

7-SJ 0.62 1.10 15 6.9

8-SJ 0.22 0.38 15 0.6

9-SJ 0.22 0.38 8 0.6

10-SJ 0.22 0.38 8 2.2

1-SS 0.43 0.93 30 10

2-SS 0.43 0.93 20 10

3-SS 0.43 0.93 10 10

4-SS 0.34 0.84 10 10

5-SS 0.34 0.84 10 15

6A-SS 0.34 0.84 10 20

6B-SS 0.34 0.84 5 20

7-SS 0.62 1.10 10 10

Note. Experiments were run in two different experimental sets and are 

denoted by the lead experimentalist's initials (i.e., SS and SJ) along with each 

unique run number where Experiment 1 ran by Sydney Sanders is denotated 

as 1-SS and Experiment 3 ran by Sadegh Jafarinik is denoted 3-SJ. Dg denotes 

the geometric mean diameter of the sediment used in each experiment, Qw 

is the flow discharge and Gs the total (bedload plus suspended load) mass 

sediment feed rate.

Table 1 

Summary of Experimental Conditions
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Mohrig et  al.  (1998), Toniolo et  al.  (2006), and Sequeiros et  al.  (2009, 2010). Samples were collected in 

1,500 cm 3 containers, the suspension was filtered, sediment was dried, weighted and volumetric concentration 

was computed. To convert sediment weight into volumes, a density equal to 2.65 gr/cm 3 was used.

Measurements of suspended sediment concentration were performed in experimental runs 1-SS to 6B-SS, 5-SJ 

to 7SJ, 9-SJ, and 10-SJ. In SJ experiments, the rack was placed at 8.2 m from the flume entrance and the distance 

between the siphon closest to the deposit and the deposit was kept equal to few percent of the flow depth. In the 

SS experiments, the rack was placed close to the downstream end of the deposit. The distance between the siphon 

closest to the deposit and the deposit varied from one experiment to another because the rack was anchored to 

the flume sidewalls.

5. Results

Experimental results are summarized in Table 2 in terms of equilibrium bed slope S, flow depth H, bedform 

height Δ, bedform length λ, migration rate v, depth-averaged flow velocity U, Froude number associated with 

skin friction Fro, sidewall corrected shear velocity u*, shear velocity associated with skin friction � �
∗

o
 and bed 

configuration. As expected, the equilibrium slope increases with the sediment supply rate and consequently, 

equilibrium flows get shallower and faster (see, e.g., experiments 1-SJ, 2-SJ, and 3-SJ). In response to an increase 

in flow rate, on the contrary, the equilibrium slope decreases and equilibrium flow becomes deeper than in case 

of comparatively smaller discharges (see, e.g., experiments 1-SS, 2-SS, and 3-SS).

A close look at Table 2, however, reveals that such straightforward arguments for equilibrium are not always 

applicable because the presence of bedforms clearly complicates the problem. For example, in experiments 4-SS, 

Run S (–) H (cm) Δ (cm) λ (cm) v (cm/min) � (m/s) Fro (–) u* (cm/s)� �
∗

o
 (cm/s) Bed configuration

1-SJ 0.0057 8.70 1.8 33 35 0.91 1.05 5.65 5.65 WD

2-SJ 0.0110 6.16 1.5 30 60 1.28 1.76 6.74 6.74 DA

3-SJ 0.0211 5.32 0.5 45 18 1.48 2.15 9.15 9.15 PS

4-SJ 0.0178 3.97 – 65 – 1.06 1.75 7.59 7.59 UP

5-SJ 0.0049 10.27 2.8 38 30 0.77 0.84 5.86 5.39 WD

6-SJ 0.0074 7.91 3.2 25 29 1.00 1.21 6.26 6.26 DA

7-SJ 0.0135 4.87 – 35 – 1.62 2.55 6.22 6.22 UP

8-SJ 0.0024 10.17 0.8 10 17 0.78 0.89 3.25 3.25 WD

9-SJ 0.0029 8.42 1.0 10 18 0.50 0.63 4.24 3.20 WD

10-SJ 0.0049 6.36 1.8 28 17 0.66 0.92 4.81 4.22 UA/SW

1-SS 0.0072 13.14 – 0 – 1.20 1.16 7.27 7.27 UP

2-SS 0.0080 12.91 1.0 65 – 0.82 0.87 8.88 5.87 SW

3-SS 0.0150 3.96 2.0 50 −35 1.33 2.25 6.52 6.52 UA-breaking

4-SS 0.0140 4.09 3.0 50 −130 1.29 2.14 6.39 6.39 UA

5-SS 0.0130 4.98 4.5 80 −150 1.06 1.58 7.05 7.05 UA

6A-SS 0.0150 5.52 5.5 90 – 0.95 1.41 8.23 7.06 UA-breaking

6B-SS 0.0180 3.89 3.0 100 – 0.68 1.24 7.92 5.66 UA-breaking

7-SS 0.0110 5.92 1.0 55 −18 0.89 1.24 7.18 6.67 UA

Note. Bed configuration is reported using the following abbreviations: WD for washed-out dunes, UP for upper plane bed 

with a few grain diameters thick bedload layer, SW for standing waves, UA for upstream migrating antidunes, DA for 

downstream migrating antidunes, and PS for upper plane bed with bedload transport in sheet flow “mode. “–” indicates that 

bedform height or migration rate were not measured.

Table 2 

Summary of Experimental Results, Where S = Bed Slope, H = Flow Depth, Δ = Bedform Height, λ = Bedform Wavelength, 

v = Migration Rate, Negative Values Indicate Upstream Migrating Bedforms, U = Mean Flow Velocity, Fro = Sidewall 

Corrected Froude Number Associated With Skin Friction, u* and � �
∗

o
 Respectively Denote the Sidewall Corrected Values of 

Shear Velocity and Shear Velocity due to Skin Friction
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5-SS, and 6-SSA, sediment type and discharge did not change, and the sediment feed rate increased from 10 to 

20 kg/min. This notwithstanding, the bed slope did not change significantly, and the water depth increased in 

response to a change in bedform geometry.

5.1. Bedform Classification

The Engelund phase diagram after Parker (2004) (see also Figures 2–37 in Garcia, 2008 and Figure 2 in Muto 

et al., 2012) is utilized to compare our bedform classification based on observations of bed and water surface, with 

a well-established classification criterion (Figure 3). Bedforms are classified based on Fro and non-dimensional 

wavenumber k defined as 2πHo/λ, where Ho is the flow depth associated with skin friction (Colombini & 

Stocchino, 2008). Black lines in Figure 3 identify three regions of the (k, Fro) plane corresponding to the lower 

and upper regimes with bedform migrating upstream or downstream. Most data pertaining to experiments with 

fine sand are found in the region of upstream migrating bedforms. Data of upper regime experiments with coarse 

sand are in the region of downstream migrating bedforms or close to the boundary between upstream and down-

stream migrating waves (Figure 3).

Upstream migrating antidunes were further classified as stable or breaking. Figures 4a and 4b and Movie S1 show 

upstream migrating antidunes with stable geometry in experiments 5-SS and 7-SS. In experiment 4-SS, bed and 

water surface deformation was larger than in experiments 5-SS and 7-SS. Water surface amplitude periodically 

became so large that surface wave broke, and the bed locally flattened (Figure 4c, and Movie S2). In experiments 

3-SS, 6A-SS, and 6B-SS, the deformation of the alluvial bed became so strong that waves formed, grew, broke 

and the bed became flat until a new train of upstream migrating antidunes formed. These bedforms are called 

breaking antidunes, following Simons and Richardson (1966), and are shown in Figure 4d (experiment 3-SS), 

Figures 4e and 4f (experiment 6B-SS), and in Movie S3 and S4.

Measurements of suspended sediment concentration are presented in Figure 5 in plots of volumetric suspended 

sediment concentration c against non-dimensional elevation above the channel bed z/H. In experiments with 

upstream migrating antidunes, the volumetric suspended sediment concentration was about one order of magni-

tude higher than in experiments with other bed configurations. At high flow velocities typical of an antidune 

regime, our experiments show that sand with grain size smaller than 0.3 mm was preferentially transported in 

suspension and sand with grain size coarser than 0.3 mm was preferentially transported as bedload, as shown by 

Figure 3. The Engelund phase diagram after Parker (2004) with the experiments of Table 2 (black marker line) of 

Hernandez Moreira (2016) and Hernandez Moreira et al. (2020) (gray marker line). Empty symbols indicate experiments 

with coarse sand (Dg > 0.5 mm) and symbols with gray fill are experiments with fine sand (Dg ≤ 0.5 mm). Circles represent 

washed out dunes, diamonds denote upper plane bed conditions, triangles are downstream migrating antidunes and squares 

indicate upstream migrating antidunes. “x” represents standing waves (SW) (experiment 2-SS), “x” with a gray background 

indicates conditions at the transition between SW and upstream migrating antidunes (experiment SJ-10) and “+” indicates 

upper plane bed with bedload transport in sheet flow mode.

 2
1

6
9

9
0

1
1

, 2
0

2
3

, 7
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
2

JF
0

0
6

8
2

0
 b

y
 C

o
ch

ran
e Jap

an
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

4
/0

7
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n

s L
icen

se



Journal of Geophysical Research: Earth Surface

SANDERS ET AL.

10.1029/2022JF006820

8 of 19

sediment samples in Figure 2 and by the absence of purple sand (Dg = 0.62 mm) in suspended sediment samples. 

It is important to note here that fine sand did not behave as wash load, as shown by the significant presence of 

white sediment in the deposits of Figure 3 and of the Supporting Videos.

5.2. Role of Sediment Size and Supply on Bedform Geometry and Progression

Pictures taken during experiments 4-SS, 5-SS, and 6A-SS with fine sand (Dg = 0.34 mm) are given in Figure 6. 

When the total sediment transport rate increased from 10 to 15 to 20 kg/min and the flow rate was kept equal to 

10 l/s, the antidune length increased from 50 to 80 cm and height increased from 3 to 5.5 cm, as upstream-migrating 

antidunes (4-SS and 5-SS) evolved into breaking antidunes (6A-SS). As the sediment load increased with a 

constant flow rate, Table 2 shows an increase in overall flow resistance, as suggested by the increasing total shear 

velocity along with changes in flow velocity (decrease), flow depth (increase), and Froude number (decrease). 

Figure 5. Profiles of suspended sediment concentration measured during experiments 1-SS–5-SS, 5-SJ, 6-SJ, 9-SJ, 

and 10-SJ. z denotes an upward oriented vertical coordinate with origin on the channel bed, H the water depth and c the 

volumetric suspended sediment concentration Line color indicates sand geometric mean size and symbols indicate the bed 

configuration. Gray, red, blue and black lines represent experiments with sand Dg equal to 0.62, 0.43, 0.34, and 0.22 mm, 

respectively. As shown in Figure 4, circles, triangles, diamonds, “x” and squares respectively denote bed configurations of 

washed out dunes, downstream migrating antidunes, plane beds, standing waves (SW) and upstream migrating antidunes. 

Empty symbols indicate experiments with coarse sand (Dg > 0.5 mm) and symbols with gray fill are experiments with fine 

sand (Dg ≤ 0.5 mm). The “x” symbol with a gray background indicates the transition between SW and upstream migrating 

antidunes of Experiment 10-SJ.

Figure 4. Breaking and non-breaking upstream migrating antdunes in experiments (a) 7-SS, (b) 5-SS, (c) 4-SS, (d) 3-SS, (e) 6B-SS, and (f) 6B-SS.
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The equilibrium slope increased from upstream migrating antidunes (4-SS and 5-SS) to breaking antidunes 

(6A-SS).

In experiments with coarse sand, we also observed bedform length increasing with increasing sediment transport 

rate. Runs 2-SJ and 3-SJ were performed using sand with Dg equal to 0.87 mm. In these runs, the bedform length 

increased from 30 to 45 cm as the transport rate increased from 6 kg/min to 16 kg/min (same flow rate). In runs 

6-SJ and 7-SJ, sand had Dg equal to 0.62 mm and as the transport rate increased from 2.2 to 6.9 kg/min (same 

flow rate), the bedform length also increased from 25 to 35 cm, as shown in Figure 7.

In contrast to fine sand experiments, however, bedform height decreased with increasing sediment supply for 

all coarse sand experiments. Increasing sediment supply rate resulted in bedform progression from washed-out 

dunes to downstream migrating antidunes and plane bed with bedload transport in sheet flow mode in exper-

iments 1-SJ to 3-SJ (lower to upper regime transition and downstream migrating to sheet flow transition). In 

experiments 5-SJ to 7-SJ, equilibrium bed configuration varied from WD, to downstream-migrating antidunes, to 

upper plane beds with a few grain diameter thick bedload layer (lower to upper regime transition). When sediment 

transport rate increased to 10 kg/min and flow discharge decreased from 15 to 10 l/s, on the other hand, plane bed 

of experiment 7-SJ evolved into upstream migrating antidunes of experiment 7-SS.

Figure 6. Pictures of experiments with fine sand (Dg = 0.34 mm). As the mass feed rate Gs increases, bedform wavelength λ and height Δ increase.

Figure 7. Pictures of experiments with coarse sand (Dg = 0.62 mm). As the mass feed rate Gs increases, bedform wavelength λ increase and bedform height Δ 

decreases.
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5.3. Role of Flow Discharge on Equilibrium Bedforms

In experiments 1-SS, 2-SS, and 3-SS, flow discharge decreased from 30 to 20 to 10 l/s, sediment transport rate 

was kept at 10 kg/min, and sand Dg was 0.43 mm. This reduction in flow discharge caused an increase in equi-

librium bedform height and the following bedform progression: upper plane bed with a few grain diameters thick 

bedload layer in experiment 1-SS, SW in experiment 2-SS, and upstream migrating antidunes in experiment 

3-SS (Figure 8). In experiments 2-SJ and 4-SJ, flow discharge decreased from 15 to 8 l/s and bed configuration 

changed from downstream migrating antidunes to upper plane bed with a few grain diameters thick bedload layer 

(Figure 8). Furthermore, a change in flow discharge was not always associated with a change in bedform type: for 

example, in experiments 6A-SS and 6B-SS, as Qw decreased from 10 to 5 l/s, observed configurations of breaking 

antidune height decreased from 5.5 to 3 cm and length increased from 90 to 100 cm.

A change in antidune migration direction induced by a change in water discharge and sediment size was observed 

in experiments 6-SJ and 10-SJ. Water discharge decreased from 15 l/s (6-SJ) to 8 l/s (10-SJ) and Dg decreased 

from 0.62 mm (6-SJ) to 0.22 mm (10-SJ). Antidunes migrated downstream in run 6-SJ, whereas bedforms in 

run 10-SJ were close to the standing wave-antidune transition and slowly migrated upstream. Equilibrium slope, 

water depth, flow velocity, bed shear velocity, and Froude number decreased when comparing 10-SJ to 6-SJ (i.e., 

as both discharge and sediment caliber decreased), but a first order estimate of the overall flow resistance showed 

an unexpected increase from 10-SJ to 6-SJ. The effect of sediment size on upstream migrating antidunes was also 

observed by comparing experiments 3-SS, 4-SS, and 7-SS with Qw = 10 l/s and Gs = 10 kg/min. Bedform length 

did not change with sediment size (∼50 cm), but antidune height was the highest and migration rate was fastest 

with the finest sediment size (experiment 4-SS).

5.4. Comparison With Previous Experiments Performed in the Same Flume

Results of the experiments in Tables 1 and 2 are summarized as follows: An increase in sediment transport rate 

caused an increase in upstream migrating antidune height and length (Figure 6). In experiments with coarse sand, 

increasing sediment transport rate resulted in longer and smaller equilibrium bedforms with a transition from WD 

to downstream migrating antidunes to a plane bed with either a few grain-diameter-thick bedload layer or sheet 

flow (Figure 7).

Reducing flow discharge from 30 to 10 l/s in experiments with fine sand caused bedform progression from the 

upper plane bed to SW to upstream migrating antidunes. Further reducing flow discharge to 5  l/s resulted in 

smaller antidune height in experiments 6B-SS than in 6A-SS. Decreasing water discharge from 15 to 8  l/s in 

Figure 8. Pictures showing a change in equilibrium bed configuration with the water discharge Qw.
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coarse sand experiments resulted in a transition from downstream migrating 

antidunes to the plane bed.

R. R. Hernandez Moreira (2016) and R. R. Hernandez Moreira et al. (2020) 

noticed a similar behavior in upper regime experiments with coarse sand. 

As the sediment transport rate increased, downstream migrating antidunes 

became longer. At transport rates higher than 10 kg/min, variations in bedform 

geometry were associated with the development of the sheet flow layer (R. R. 

Hernandez Moreira, 2016; R. R. Hernandez Moreira et al., 2020).

Experiments 1-SJ, 2-SJ, and 3-SJ are compared with experiments by R. R. 

Hernandez Moreira (2016) with the same sediment transport rate and similar 

sediment size. Changing the flow discharge from 30 to 15 l/s did not modify 

the bed configuration. However, bedform height and length in experiments 

with Qw equal to 15 l/s were smaller than in the experiments with Qw equal to 

20 and 30 l/s, as shown in Table 3, where Hernandez Moreira experiments are 

denoted as RHM. Reducing flow discharge from 30 to 20 l/s did not impact 

washed out dune height but caused a height reduction of long bedforms in 

experiments with bedload transport in sheet flow mode (PS).

5.5. Non-Dimensional Summary of Experiments

Results of experiments presented above, in R. R. Hernandez Moreira (2016) 

and R. R. Hernandez Moreira et al.  (2020) are summarized in Figure 9 in 

terms of (a) ratio Qs/Qw between volumetric total (bedload plus suspended load) bed material (sand) load and flow 

discharge, (b) sediment size in terms of fine sand (Dg ≤ 0.5 mm or particles Reynolds number Rep ≤ 45) or coarse 

sand (Dg > 0.5 mm, Rep > 45), (c) bed configuration, (d) non-dimensional bedform length λ/H and λ/Dg respec-

tively in panels a and b, and height Δ/H in panel c, and (e) ratio between shear velocity u* and settling velocity of 

sand geometric mean size vs in panel d, with u*/vs = 0.8 indicating the threshold value for significant suspension 

(Bagnold, 1966). Particle Reynolds number is a non-dimensional grain size defined as ��p =
√

����∕� with 

R being the sediment submerged specific gravity equal to 1.65, g the acceleration of gravity and ν the kinematic 

viscosity of water. Quantitative details on the agreement between the proposed bedform classification, the crite-

rion for significant suspension and the data are in Text S1 and S2 in Supporting Information S1.

5.5.1. Bedform Progression

Equilibrium bed configurations in Figure 9 are WD, upper plane bed with a few grain diameters thick bedload 

layer (UP), downstream migrating antidunes (DA), SW, upper regime plane bed with bedload transport in sheet 

flow mode (PS) and upstream migrating antidunes (UA). In agreement with what observed in fine sand (Engelund 

& Hansen, 1967), as Qs/Qw increases equilibrium configuration transitions from lower to upper regime (Simons 

and Richardson, 1962). Our data suggest that this transition occurs for Qs/Qw between 0.0003 and 0.0007.

A second transition characterizes the upper regime. For Qs/Qw smaller than 0.0015, antidunes migrated down-

stream. When Qs/Qw was larger than 0.0032, two equilibrium bed configurations were observed. Upstream 

migrating antidunes formed in experiments with fine sand. A plane bed with bedload transport in sheet flow 

mode characterized equilibrium in experiments with coarse sand. This type of plane bed was also recognized by 

Ohata et al. (2022), who did not include it in their re-analysis of plane bed configurations for the paucity of exper-

imental data. An upper plane bed with a few grain diameters thick bedload layer occurred in 3 out of 4 cases in the 

transition regions. Standing waves occurred for values of Qs/Qw between 0.0015 and 0.0032. Breaking antidunes 

occurred for the highest values of Qs/Qw suggesting that at such high values of Qs/Qw antidunes become unstable 

and may transition toward a different bed configuration.

5.5.2. Bedform Geometry

As Qs/Qw increased and equilibrium bed configuration transitioned from washed out dune to upper regime, λ/H 

remained relatively unchanged with bedform length equal, on average, to 3–4 times the water depth (Figure 9a), 

a value that is of the same order of magnitude as the average value reported in Naqshband, Ribberink, and 

Hulsher  (2014). On the contrary, non-dimensional length λ/D decreased, indicating that bedforms shortened 

Run name Qw (l/s) Gs (kg/min) Δ (cm) λ (cm) Bed configuration

1-SJ 15 1.5 1.8 33 WD

RHM 20 1.5 3.8 78 WD

RHM 30 1.5 4.0 77 WD

2-SJ 15 6 1.5 30 DA

RHM 30 6 5.0 42 DA

3-SJ 15 16 0.5 45 PS

RHM 20 16 1.0 70 PS

RHM 30 16 4.0 80 PS

Note. Qw denotes the flow discharge and Gs the mass feed rate. Bed 

configuration is reported using the following abbreviations: WD as washed-

out dunes, DA as downstream migrating antidunes, and PS as upper plane bed 

with bedload transport in sheet flow mode.

Table 3 

Comparison Between Bedform Height Δ, Wavelength λ and Bed 

Configuration in Experiments Performed With Coarse Sand With 

Dg = 0.87 mm (SJ) and Dg = 1.11 mm (RHM)
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across the lower regime—upper regime transition (Figure 9b). Equilibrium bedform length increased across the 

transition from downstream migrating antidunes to upstream migrating antidunes and sheet flow. This suggests 

that in fine sand at values of Qs/Qw higher than those considered here, upstream migrating bedforms may be very 

Figure 9. Non-dimensional summary of the experiments presented in this paper, in Hernandez Moreira (2016) and 

Hernandez Moreira et al. (2020). Qs/Qw is the ratio between volumetric bed material load and flow discharge, H denotes 

water depth, λ bedform wavelength, D characteristic sediment size, Δ bedform height, u* shear velocity, vs settling velocity of 

sand with geometric mean size Dg. Here, fine sand has Dg ≤ 0.5 mm (blue symbols), and coarse sand has Dg > 0.5 mm (gray 

symbols). Line symbols indicate lower regime bedforms (washed out dunes WD) and upper regime plane bed with a few 

grain-diameter-thick bedload layer UP. Symbol shapes indicate upper regime bedforms, with open shapes denoting stationary 

(or slowly moving) bedforms such as standing waves (SW) and upper plane beds with bedload transport in sheet flow mode 

PS. Filled shapes indicate migrating bedforms such as downstream migrating antidunes DA and upstream migrating antidunes 

UA, bed configurations at the downstream migrating antidune—standing wave transition DA/SW, at the upstream migrating 

antidune—standing wave transition and UA/SW and at the transition between downstream migrating antidunes and upper 

regime plane bed with bedload transport in sheet flow mode DA/PS.
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long, corresponding to cyclic steps, also known as chutes and pools (Figure 9, panels a and b), or even transition-

ing to a more generalized plane bed as finer material can be readily entrained into suspension. As suggested by 

some experimental evidence, an increase in sediment concentration can dramatically change bedform mechanics 

(e.g., Wright and Parker, 2004a, 2004b).

Non-dimensional bedform height Δ/H increased with Qs/Qw from washed out dune to the limit between down-

stream and upstream migrating bedforms. In particular, Δ was approximately equal to 20% of the flow depth in 

washed out dune experiments and increased up to 50% of H in the experiments with downstream migrating anti-

dunes, ranges that are comparable with those reported by Naqshband, Ribberink, and Hulsher (2014). For values 

of Qs/Qw greater than 0.0032, Δ/H increased in experiments with fine sand and decreased in the experiments with 

coarse sand (see also Figures 6 and 7).

5.5.3. Mode of Sand Transport

The ratio u*/vs on the vertical axis of Figure  9d is used to distinguish experiments in which sand was not 

suspended u*/vs < 0.8, from those with significant suspended sand load, u*/vs > 0.8 (Bagnold, 1966), with vs 

being the settling velocity of the geometric mean size of the sediment fed into the flume. This criterion correctly 

predicts the suspended sand load in 13 experiments. It does not capture the presence of a suspended load in 

experiment 5-SJ only. Further, in agreement with experimental observations, it correctly predicts suspended 

sand load in all experiments with upstream migrating antidunes and does not predict suspension in 17 of the 18 

experiments with downstream migrating antidunes and bedload transport in sheet flow mode (Figure 5, R. R. 

Hernandez Moreira, 2016; R. R. Hernandez Moreira et al., 2020). In summary, Figure 9d suggests that suspended 

sand load may be important for the development of equilibrium upstream migrating bedforms, in agreement with 

Engelund (1970), Fredsoe (1974), Colombini and Stocchino (2008) and with recent analytical work by Ohata 

et al. (2021).

6. Discussion

6.1. Comparison With Other Datasets

To determine if bedform progression of Figure 9 can be generalized to other open channel flow and submarine 

experiments, we plotted data by Kennedy  (1961), Guy et al.  (1966), and Fukuoka et al.  (1982) pertaining to 

subaerial (open-channel) antidunes, SW, upper plane bed and cyclic steps. We also considered data by Fedele 

et al. (2016) pertaining to subaqueous (saline and turbidity currents). Figure 10 includes non-dimensional plots 

analogous to those in Figure 9 but for the above-mentioned data sets. In the submarine case, only a few experi-

ments were available from all those reported in Fedele et al. (2016) due to the combined availability of suspended 

sediment concentration and videos, from which bedform migration speeds were taken to reliably estimate sedi-

ment transport rates. In addition, videos and a few reliable velocity profiles available were used to estimate the 

thickness of the denser layer of the flow, which was used as the relevant flow-related vertical length scale H. The 

submarine cases include both downstream and upstream migrating antidunes.

Transition zones between lower and upper regime (0.0003  <  Qs/Qw  <  0.0007) and between upper regime 

bedforms migrating downstream and upper regime bedforms migrating upstream or the presence of a sheet flow 

layer (0.0015 < Qs/Qw < 0.0032) well represent the equilibrium bed configurations of Figure 10 for all these 

data sets, including the subaqueous cases. Points representing SW for the subaerial cases are in the transition 

zone with 0.0015 < Qs/Qw < 0.0032. Many upstream migrating bedforms, including equilibrium cyclic steps, are 

correctly predicted for Qs/Qw > 0.0032. For the submarine cases, downstream-migrating antidunes are correctly 

predicted within the proposed range of Qs/Qw < 0.0032 and long upstream migrating submarine sediment waves 

occur for values of Qs/Qw larger than those characterizing cyclic steps in open channel flow experiments (see 

Normark et al., 2002 and Kostic, 2014 for possible field analogues).

The proposed classification criterion correctly predicts the upper regime (Qs/Qw > 0.0003) for all open-channel 

(subaerial) 109 points representing plane bed with Fr > 0.65, SW, antidunes, chutes and pools (cyclic steps) by 

Guy et al. (1966). It further correctly classified 38 of the 43 experiments by Kennedy (1961) and 60 of the 64 

experiments by Fukuoka et al. (1982). Five WD in experiments by Kennedy (1961) and four dunes in experiments 

by Fukuoka et al. (1982) were misclassified as upper regime bedforms.

The distinction between downstream and upstream migrating bedforms (Qs/Qw > 0.0015) also agrees with other 

experimental observations, including the submarine bedform cases. All subaerial cyclic steps are well classified 
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as upstream migrating bedforms, 19 SW configurations of the 26 reported by Guy et al. (1966) are classified as 

transitional between upstream and downstream migrating bedforms. Only one downstream migrating antidune 

and two standing wave experiments by Kennedy (1961) and one downstream migrating antidune of the upper 

regime data by Fukuoka et al.  (1982) were misclassified as upstream migrating bedforms. Further details are 

presented in the Table S1 in Supporting Information S1.

The classification of upper plane bed with few grain diameters thick bedload layer UP as typical of the transition 

zones of Figures 9 and 10 correctly predicts plane bed conditions for 47% of Guy et al.  (1966) and Fukuoka 

Figure 10. Data of experiments by Guy et al. (1966) (green), Kennedy (1961) (blue), Fukuoka et al. (1982) (red), and Fedele 

et al. (2016) (pink) in non-dimensional spaces of Figure 9. Line symbols denote lower regime bedforms, that is, dunes and 

washed out dunes D/WD, upper regime plane bed with a few grain diameters thick bedload layer UP and transitional states 

between bed configurations T. Shape symbols indicate upper regime bed configurations with open symbols indicating 

stationary bedforms, that is, standing waves (SW) SW, and filled symbols indicating migrating bedforms such as antidunes 

A (DA and UA respectively migrating downstream and upstream) and cyclic steps CS. Kennedy (1961) and Fukuoka 

et al. (1982) do not report measurements of bedform height. Guy et al. (1966) do not systematically report antidune migration 

direction, but their antidunes mostly migrate upstream.
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et al.  (1982) experiments and for only 33% of the Kennedy experiment, suggesting that Qs/Qw is not a good 

predictor for upper plane bed configurations in the absence of bedload transport in sheet flow mode. As suggested 

by Naqshband, Ribberink, and Hulsher (2014) and Ohata et al. (2022), a predictor of the upper plane bed config-

uration UP should account for the presence of suspended bed material transport.

As observed in Figure 9, non-dimensional bedform length λ/H remains relatively constant and approximately 

equal to 3–5 for downstream migrating bedforms (Qs/Qw < 0.0015) and this is remarkably similar to the subma-

rine case, where λ/H of most downstream-migrating antidunes reported by Fedele et al. (2009, 2016) (called in 

these studies “short” antidunes) is within the same range. Then, λ/H rapidly increases as the equilibrium config-

uration transitions to SW, upstream migrating antidunes, and cyclic steps (Figure 10a).

The gradual decrease in λ/Dg at the transition between the lower and upper regimes observed in Figure 9b is 

also present in Figure 10b (the scale of the vertical axis in Figure 10b is logarithmic). For Qs/Qw > 0.0015, the 

bedform height relative to water depth Δ/H increases with Qs/Qw. Heights of upstream migrating antidunes are 

greater than 60% of water depth (Figure 10c), as observed for the experiments with fine sand of Figure 9.

These trends are also noted for submarine cases although, as indicated in Fedele (2003), a characteristic imprint 

of the grain size effect is seen when looking at the bedform steepness, the ratio between bedform height to 

wavelength. In particular, for both downstream and upstream migrating equilibrium antidunes, the steepness 

(or “bumpiness”) increases with grain size, suggesting effects of the importance of bedload to suspension in the 

mechanics of bedform formation, equilibrium and migration (Fedele, 2003; Fedele et al., 2016).

Finally, Figure 10d confirms that (a) suspended sand load (u*/vs > 0.8) occurred in experiments with upstream 

migrating bedforms (antidunes and cyclic steps), (b) downstream migrating antidunes formed with limited or 

negligible suspended load, and (c) upper plane bed conditions occurred with and without suspended sand trans-

port. Interestingly, at values of Qs/Qw typical of upstream migrating bedforms (Qs/Qw > 0.0032), upper plane bed 

configurations occur with values of u*/vs close to or smaller than 0.8, indicating limited suspended sand load. The 

criterion u*/vs > 0.8 correctly predicts suspended load in 100 of the 113 experiments with significant suspension 

and in 57 of the 60 experiments with antidunes in the experiments by Guy et al. (1966) considered here.

6.2. Comparison With Other Non-Dimensional Parametric Spaces

Bedform classifications based on non-dimensional groups used in previous studies fail to capture either the 

progression from lower regime to upper regime bedforms, the progression from downstream migrating anti-

dunes to upstream migrating antidunes or both. Data of Figure  9 are plotted against Froude number Fr and 

non-dimensional flow depth H/D with D denoting a characteristic sediment size (Vanoni, 1974) in Figures S1 

and S2 in Supporting Information S1, ratio U/u* (Engelund, 1966) in Figure S3 in Supporting Information S1, 

sidewall corrected Shields number � �∗
b
= �∗2∕��� and Rep (Ohata et al., 2017) in Figures S4 and S5 in Supporting 

Information S1. We also considered three parameters associated with skin friction to characterize the flow in the 

absence of bedforms (i.e., base flow of many analytical studies): the Froude number Fro, the ratio U/� �
∗

o
 and the 

Shields number � �
∗

bo
 , results are in Figures S6–S8 in Supporting Information S1 respectively.

Classifications based on Froude number Fr and Fro capture the transition from lower to upper regime, as expected 

based on previous work by Engelund (1970) and Vanoni (1974) but fail to distinguish between downstream and 

upstream migrating bedforms. It is important to note that observations from large sand bed rivers such as the 

Mississippi River or Parana River show more complex transitions between large-scale dunes and flattening of 

those, for Froude numbers Fr <<< 1, thus much different from the transition values classically reported in the 

literature (Fr ∼ 1) (but see Naqshband, Ribberink, & Hulsher, 2014).

The lower regime—upper regime transition for data of Figure 9 is characterized by values of Fr between 0.65 

and 1 and Fro between 0.84 and 1.1. The comparison with the fluvial data of Figure 10 confirms that Fr-based 

criterion captures the lower regime—upper regime transition, given that most of these criteria were developed 

after these or similar studies from laboratory experiments. But it is important to note that this criterion does 

not allow any classification of upper regime bedform based on migration direction (Figure S9 in Supporting 

Information S1).

When a Froude number between 0.65 and 1 is used as a predictor of plane bed UP configurations, one of the four 

plane beds (25%) in Figure 9 is correctly classified. The same Fr-based criterion correctly classifies 71% of Guy 
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et al. (1966), 60% of Kennedy (1961) and 30% of Fukuoka et al. (1982) plane beds with a few grain-diameter-thick 

bedload layer indicating that other physical processes should be accounted for to adequately characterize the 

plane bed configuration (Ohata et al., 2022).

Classifications based on H/D and U/u* do not capture bedform progression for the data of Figure 9 and for the 

fluvial data of Figure 10 (Figures S10 and S11 in Supporting Information S1). Classifications based on � �
∗

b
 and 

� �
∗

bo
 capture bedform progression from lower to upper regime with transitions for values of � �

∗

b
 between 0.30 and 

0.55 and of � �
∗

bo
 between 0.25 and 0.30, but fail to reproduce the downstream migrating antidune—plane bed with 

bedload transport in sheet flow mode progression, as well as the transitions from upstream migrating antidune to 

breaking antidunes, that is, the bedform elongation toward the formation of cyclic steps.

7. Conclusions

Open channel flow experiments were conducted in a sediment feed flume to study the effect of sand supply rate 

and caliber on open-channel flow upper regime bedforms at equilibrium, that is, when the flow conditions and the 

bed configuration do not change in time. Data analysis and the comparison with previous experiments revealed 

that (a) parameters controlling the equilibrium state Qw, Qs and Dg (Blom et al., 2016 and references therein) 

expressed in terms of Qs/Qw play a prime control on equilibrium bed configuration in fine (Dg < 0.5 mm) and 

coarse sand, and (b) suspended sand load is critical for the formation of upstream migrating bedforms.

For values of Qs/Qw between 0.0003 and 0.0007, bedforms progress from washed-out dunes (lower regime) to 

downstream migrating antidunes (upper regime). This transition occurs with decreasing λ/Dg, constant values of 

λ/H and increasing Δ/H. At values of Qs/Qw greater than 0.0015, bedform length increases, which corresponds to 

a change in the bed configuration. For values of Qs/Qw greater than 0.0032, upstream migrating antidunes form 

in fine sand and progress to breaking antidunes and cyclic steps as Qs/Qw increases. These changes in bedform 

type are characterized by increasing values of λ/Dg, λ/H, and Δ/H. Bedform progression in coarse sand sees the 

development of upper plane bed with bedload transport in sheet flow mode and the formation of long wavelength 

and small amplitude bedforms (R. R. Hernandez Moreira et al., 2020). In other words, as downstream migrating 

antidunes progress into the plane bed in the presence of sheet flow, λ/Dg and λ/H increase and Δ/H decrease. An 

upper plane bed with a few grain diameters thick bedload layer was observed for a wide range of values of Qs/Qw. 

Standing waves tend to form when 0.0015 < Qs/Qw < 0.0032 and downstream migrating antidunes progress into 

upstream migrating antidunes.

Data Availability Statement

The data set of all the experiments performed at the University of South Carolina are publicly available through 

the Dryad repository (R. Hernandez-Moreira, 2022; Jafarinik, 2022; Sanders, 2022).

Each data set contains Excel files with measurements of water surface and bed elevation, bedform geometry and 

migration rates and the hydraulic parameters used to characterize the flow and the bed configuration. Videos and 

pictures recorded during the runs as well as excel files containing information on velocity profiles, suspended 

sediment concentrations, instantaneous elevation of the channel bed and grain size of the emplaced deposits are 

available for selected experimental conditions.
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