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ABSTRACT 16 

When increasing the rates of subcritical flow on gentle slopes, the bed successively produces 17 

ripples, dunes and flat beds. Antidunes (defined here as all bed undulations for which the 18 

surface gravity waves are in phase with the bed profile) appear only in high flow rates and 19 

may be found in some extreme natural flow events. Inversely, on steep slopes flume 20 

experiment (S≥1% approximately) flows are supercritical and antidunes were observed to 21 

appear just after the beginning of sediment motion and to disappear for high flow rates. With 22 

new experiments, this study aimed to improve the prediction of antidune geometry on steep 23 

slopes. An equation for antidune wavelength was deduced from dimensional analysis and 24 

fitted to new experimental data. The equation was successfully evaluated using a data set 25 

extended to 167 values with data from the literature, obtained on both steep and gentle slopes. 26 

This equation gave results very similar to the usual analytical equation from Kennedy when 27 

tested on the results from gentle slope experiments, but proved to be better adapted for 28 

antidune wavelength on steep slopes. 29 

 30 
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INTRODUCTION 31 

Flows over natural sediments generally develop bedforms consisting of ripples, dunes and 32 

antidunes [Engelund and Hansen, 1967; Gilbert, 1914; Van Rijn, 1984]. Ripples and dunes 33 

are downstream migrating bedforms that are triangular in shape with a gently sloping 34 

upstream face and a downstream face the slope of which nearly equal the sediment’s angle of 35 

repose. Antidunes have an approximate sinusoidal shape that is usually characterized by a 36 

wave length L and an amplitude A (Figure 1). They were first called antidunes by Gilbert 37 

[1914] because they contrast with dunes in their direction of movement. Kennedy [1960] also 38 

observed downstream migrating antidunes and extended this term to all forms for which the 39 

surface gravity waves are in phase with the bed profile. This definition (including nonmoving 40 

sinusoidal shapes) will be considered here. Occurrence of dunes and antidunes depends on the 41 

sediment and flow properties. It is generally admitted that ripples are associated with smooth 42 

turbulent subcritical flows and dunes are associated with rough turbulent subcritical flows, 43 

whereas antidunes are associated with supercritical flows. A better comprehension of the 44 

mechanisms controlling bedforms is very important because they are associated with the 45 

complex behaviour of both the flow resistance and bedload transport equations. More 46 

particularly, a better prediction of antidune geometry can help to analyse local scouring 47 

associated with hydraulic structures [Comiti and Lenzi, 2006] and to interpret paleo-floods 48 

[Shaw and Kellerhals, 1977]. Antidune models also represent one (of several) possible 49 

mechanisms which may explain the formation of step-pool morphologies in gravel-bed 50 

streams [Chin, 1999; Curran, 2007; Lenzi, 2001; Weichert, et al., 2008; Whittaker and Jaeggi, 51 

1982].  52 

 53 

Several theoretical developments on flow domains pertaining to antidunes were proposed 54 

during the last decades [Carling and Shvidchenko, 2002; Colombini, 2004; Colombini and 55 
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Stocchino, 2005; 2008; Deigaard, 2008; Engelund, 1970; Hayashi, 1970; Hayashi and 56 

Onishi, 1983; Huang and Chiang, 2001; Kennedy, 1960; Kubo and Yokokawa, 2001; Parker, 57 

1975; Raudkivi, 1966; Reynolds, 1965; Sammarco, et al., 2006]. All these developments 58 

considered analytical solutions for the equations governing the mean flow velocity and 59 

sediment bedload transport rate. However, the observations and equations were essentially 60 

based on gentle slope experiments. On gentle slopes with fine sands, the bed successively 61 

produces ripples, dunes and the flat beds close to transition when increasing the subcritical 62 

flow rates. Antidunes appear only for very high flow rates (in the upper regime as defined by 63 

Simons and Richardson [1966]) and may characterise extreme natural events. On steep slopes 64 

(S>1% approximately) antidunes were also observed for intense sediment transport [Foley, 65 

1975; Smart and Jaeggi, 1983] but in these (near) supercritical flows, antidunes (as defined 66 

above, i.e., a free surface and upper bed layer in phase) were also observed for relatively low 67 

flow conditions both in the field (Figure 2 shows antidunes observed on the Arveyron river in 68 

june 2009 whereas the flow discharge was estimated to be half the 2 years RI discharge Q2) 69 

and in the flume [Bathurst, et al., 1982a; Cao, 1985; Comiti and Lenzi, 2006; Recking, et al., 70 

2008a; Shaw and Kellerhals, 1977]. Figure 3 presents the images of antidunes obtained with a 71 

uniform gravel measuring 4.9 mm in diameter on a 5% slope as part of the steep slope 72 

experiments (143 runs) presented in Recking et al [2008a]. This figure shows that for this 73 

experiment, antidunes appear very close to the incipient motion flow condition (characterized 74 

here by the ratio between the Shields number θ and its critical value for incipient motion θc) 75 

and that wavelength increased when bed load increased, resulting in a flatter bed as the 76 

Shields number increased until the bed become perfectly flat. The shields number is the 77 

dimensionless shear stress defined by: 78 
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where τ is the bed shear stress, Rb is the bed hydraulic radius, D is the grain diameter, ρs is the 79 

sediment density, ρ is the water density and s=ρs/ρ is the relative density. The free surface 80 

and bed deformation are maximum for approximately θ/θc = 1.5 (suggesting that on steep 81 

slopes, antidunes could arise in many natural floods, at least on the rising and falling limbs of 82 

the hydrograph), whereas in Simons and Richardson [1966]’s experiments antidunes were 83 

observed for θ/θc values in the [20-90] range. In both steep and gentle slope experiments, 84 

antidunes were obtained in supercritical flows, but for very different transport rates and flow 85 

relative depth. This paper aims to verify wether these changing flow conditions affect the 86 

antidune geometry by comparing antidunes produced on gentle and steep slopes. More 87 

particularly, we will investigate whether wavelength equations proposed for gentle slope 88 

flows remain valid on steep slopes, where the flow depth h is on the order of magnitude of the 89 

sediment grain size D. 90 

 91 

New flume experiments, data from the literature and a semi-empirical investigation of 92 

antidune wavelength will provide the analysis. First, a set of dimensionless parameters are 93 

deduced from a dimensional analysis. Second, these parameters are used with new steep slope 94 

flume experiments (19 runs) to fit a relation giving the antidune wavelength. Third, the model 95 

is tested with data from the literature (148 runs) and is compared to existing models. To 96 

finish, the results are discussed. 97 

 98 

MODELLING 99 

Dimensional analyses 100 

To identify the relevant scaling parameters, we used the dimensional analysis method, which 101 

assumes minimal a priori knowledge of antidune dynamics. For the sake of brevity and 102 
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clarity, we restricted the analysis to two-dimensional bedforms (also called long-crested 103 

antidunes).  104 

 105 

The antidune wavelength L can be expressed as a function of nine variables, as represented 106 

symbolically by: 107 

),,,,,,,,(1 DgSURAfL sb ρρν=  (2) 

where A is the antidune amplitude, Rb is the bed’s hydraulic radius (obtained after side wall 108 

correction of the measured hydraulic radius R=hW/[2h+W], where h is the flow depth and W 109 

is the flow width), U is the mean flow velocity, S is the energy slope, ν is the water viscosity, 110 

ρ is the water density, ρs is the sediment density, g is the acceleration of gravity and D is the 111 

grain diameter. Using the Buckinghams’s pi theorem, ten variables involving three basic 112 

dimensions would give seven dimensionless pi terms and Eq. 2 could be reduced to: 113 

),,*,ReRe,,(2 sS
D

R
Ff

D

L b=   
(3) 

Where F=U/(gh)0.5  is the Froude number, Re=Uh/ν is the Reynolds number, Re*=u*D/ν is 114 

the grain Reynolds number (where u*=(gRS)0.5=(τ/ρ)0.5 is the shear velocity), Rb/D is the 115 

relative depth and s=ρs/ρ is the relative sediment density. Since flows on steep slopes are 116 

rough (Re*>70) and turbulent (Re>2000), Re and Re* can be neglected (both for flow 117 

resistance and bedload transport).  118 

 119 

In Figure 3 antidunes appear with sediment transport and wavelength increases as flow 120 

conditions increase (characterized by the θ/θc ratio), with amplitude remaining almost 121 

constant (on the order of magnitude of the grain diameter) until the antidunes completely 122 

disappears when θ=2.5θc approximately. For this reason, we suggest looking for a relation 123 

linking the antidune geometry to the Shields ratio θ/θc. The relative depth Rb/D, the relative 124 
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density s and the slope S can be rearranged to form the Shields number (Eq. 1). The method 125 

used in this study is original in that instead of using a constant critical Shields stress θc we 126 

propose using a variation of this parameter with slope in reference to Lamb et al [2008] and 127 

Recking [2009] (this choice will be considered further in the discussion). The following 128 

slope-dependent equation proposed in Recking et al [2008b] is used: 129 

275.015.0 Sc =θ  (4) 

Finally, considering a natural sediment mixture (ρs/ρ constant and equal to 2.65), Eq. 3 can be 130 

written: 131 

),,(3 Ff
D

L
cθθ=  

(5) 

 132 

Experiments 133 

New experiments were conducted at Cemagref to investigate Eq. 5. The experimental setup 134 

was a 6-m-long flume. The flume width was varied between 0.05 and 0.102m. We used three 135 

uniform sediments – 2.3 mm, 9 mm and 23 mm in diameter – and we varied the slope from 3 136 

to 12.6%. The flow rate at the inlet was ensured by a constant head reservoir and measured by 137 

an electromagnetic flowmeter. Before each experiment (for a given material and a given 138 

slope), we systematically measured the bed infiltration rate (part of the flow discharge 139 

flowing within the gravel bed), which was deduced from the total inlet flow discharge. The 140 

sediment feeding system consisted of a customized conveyor belt device ensuring constant 141 

feeding (see Recking et al [2008a] for further detail). For each run, measurements were made 142 

only after attaining a dynamic equilibrium condition, i.e. near-equality of the feed and trap 143 

sediment transport rates, and a near constant time-averaged bed slope. Train antidunes were 144 

usually instable and observed over finite distances (generally not affecting the entire flume 145 

length). The wavelength L was measured by dividing this distance by the number of 146 
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antidunes. Antidune height was difficult to measure precisely. The flow velocity and the flow 147 

depth were deduced from the flow discharge Q using the following friction equation for rough 148 

turbulent flows, based on the analysis of 2282 flume and field flow resistance values 149 

[Recking, et al., 2008b]: 150 
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where αRL is a roughness layer coefficient taking into account deviation from the logarithmic 152 

profile on small relative depth flows (with an increasing influence of the roughness layer) and 153 

αBR is a bedload roughness coefficient taking into account additional flow resistance caused 154 

by bedload. This flow resistance equation was derived for flat beds but proved to be valid for 155 

flows with nonbreaking wave antidunes. The corresponding wavelength and flow conditions 156 

are summarized in Table 1. Φ is the dimensionless solid discharge [Einstein, 1950] defined 157 

by: 158 

( ) 31 gDs

qsv

−
=Φ  

(3) 

Where qsv [m
3/s/m] is the volumetric transport rate per unit width. 159 

 160 

Model fitting 161 

A functional relationship between L/D, θ, θc and F is sought. The model will be investigated 162 

in its simplest form, through a power equation:  163 
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γβαθξθ F
D

L
c=  

(9) 

where ξ, α, β and γ are constant values to be fitted from our experimental results. The best fit 164 

of Eq. 9 (R²=0.99) gave the following equation (Figure 4): 165 

F
D

L

c
3

093.0
θ
θ=  

(10) 

These coefficients allowed us to minimize to zero the mean error ε  (where ε is the difference 166 

between the measured and calculated values of L) with a standard deviation σε = 0.02. 167 

 168 

When rearranged with Eq. 1 and Eq.4, it was possible to eliminate D from both sides, and 169 

considering a natural sediment of relative density s=2.65, this equation could be reduced to: 170 

 FS
R

L

b

17.016=  
(11) 

Similar equations could have been investigated for the antidune amplitude A, but 171 

unfortunately, we did not produce enough data to investigate this parameter. 172 

 173 

MODEL VALIDATION AND COMPARISON 174 

In this section, we test the models’ ability to reproduce measured wavelengths L with 175 

available data from the literature.  176 

 177 

The data set 178 

We built a data set composed of 148 values from Kennedy [1960], Simons and Richardson 179 

[1966], Shaw and Kellerhals [1977], Cao [1985] and Recking [2006], obtained in flume 180 

experiments with near uniform sediments. The data from Recking [2006] were produced in a 181 

10-m-long, 0.1-m-wide flume in the Lyon LMFA laboratory (Laboratoire de Mécanique des 182 

Fluides et d’Acoustique) and must be distinguished from the new data produced at Cemagref. 183 
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For these runs, the flow velocity was not computed but measured with a marker technique 184 

similar to the salt dilution technique (see Recking [2006] for further detail). Only a few field 185 

values are available from Kennedy [1960]. However, the slope values were missing and, 186 

given the fine grain diameter (approximately 0.3 mm), a 0.001 slope was used for the 187 

calculations. Actually the exact slope value is not very important because with a slope 188 

exponent equal to 0.17, the model distinguishes between gentle and steep slopes. For all runs, 189 

Rb was calculated with the measured flow depths, after correction for side wall effects using 190 

the procedure proposed by Johnson [1942] and modified by Vanoni and Brooks [1957]. The 191 

data set is presented in Table 1 and indicates that antidunes on steep slopes were obtained in 192 

the 1.1 < θ/θc < 2.5 range, whereas on gentle slopes antidunes were obtained in the 10 < θ/θc 193 

< 90 range. 194 

 195 

The data set was compared to the commonly admitted domain permitting antidunes. These 196 

limits were derived analytically and give the minimum Froude number Fm [Kennedy, 1960] 197 

and the maximum Froude number FM [Parker, 1975; Reynolds, 1965] for the formation of 198 

antidunes for a given wave number k=2π/L and flow depth h: 199 

kh

kh
Fm

tanh
² =  

(12) 

khkh
FM tanh

1
² =  

(13) 

These equations were compared to the data set in Figure 5 and gave a good estimate of the 200 

flow domain permitting antidunes, whatever the slope. Note that antidunes can also appear for 201 

a Froude number as low as 0.8. 202 

 203 

 204 

 205 
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Model validation 206 

Figure 6 presents a comparison between the measured wavelengths and the wavelengths 207 

computed with Eq. 11. The widely used wavelength equation proposed by Kennedy [1960] 208 

was also used for the comparison (Figure 7): 209 

kh
F

1
² =  

(14) 

Models’ efficincy was tested by calculating a relative root mean square error (RRMSE) 210 

defined by: 211 

mesL
RRMSE

2² εσε +
=  

(15) 

where ε is the error calculated from the difference between the measured and calculated 212 

values of L and σε is the standard deviation of ε. The results are presented in Table 3. The 213 

new model improves antidune wavelength prediction on steep slopes, but also on gentle 214 

slopes. Figure 8 presents the calculated to measured ratios for each model and for increasing 215 

slopes. As in a few cases the calculation error associated with Eq. 14 was very large, it was 216 

necessary to remove these outliers in order to calculate average values that were truly 217 

representative of the data set. The new model gives results to within ±10% for all slope 218 

values. The bad score on the 3% slope corresponds to six data from Shaw and Kellerhals 219 

[1977] (antidunes were obtained during a bed erosion experiment with no sediment feeding). 220 

The model from Kennedy (Eqs. 14) gave similar results with an overestimation on gentle 221 

slopes and a progressive decrease of the prediction ratio with increasing slope.  222 

 223 

Because in field applications the available parameters may not be the flow depth h but the 224 

flow discharge Q, Eq. 11 was also tested by replacing measured Rb and F with values 225 

calculated from the flow discharge Q, using Eq. 6 (the algorithm presented in Recking [2006] 226 

takes into account a flume side wall effect). Wavelength prediction was unchanged for steep 227 
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slope experiments (RRMSE =0.25). The results were not as good for gentle slope experiments 228 

(Kennedy [1960] and Simons and Richardson [1966]) because they were associated with 229 

smooth and transitional flows (Re*<70) for which Eq. 6 is no longer appropriate. 230 

 231 

DISCUSSION  232 

Physical significance 233 

Kennedy’s equation (Eq.14) was based on the celerity equation for small-amplitude waves 234 

[Milne-Thomson, 1960] hypothesizing that flows can deform the boundary to conform to a 235 

streamline of a wave in a flow of infinite depth. It considers that for a given Froude number F, 236 

only one combination is possible between the flow depth h and the bed deformation L. Doing 237 

so, it implicitly considers that processes controlling the flow resistance and bed load transport 238 

are unchanged whatever the slope. However recent studies have demonstrated that both the 239 

mean flow resistance and bedload transport were strongly affected by changing flow 240 

hydraulics with changing slope:  241 

(i) First, all the available flume and field data confirmed an increasing critical Shields 242 

stress with increasing slope when plotted together [Recking, 2009]. This result was first 243 

formulated by Shields himself (Shields [1936], pp. 16-17) and was confirmed by several 244 

authors after him [Aksoy, 1973; Armanini and Gregoretti, 2005; Bathurst, 1987; Bathurst, et 245 

al., 1982b; Bettess, 1984; Bogardi, 1970; Graf and Suszka, 1987; Mueller, et al., 2005; 246 

Shvidchenko and Pender, 2000; Shvidchenko, et al., 2001; Tabata and Ichinose, 1971; 247 

Tsujimoto, 1991; Vollmer and Kleinhans, 2007]. This variation with slope is not as would be 248 

expected when studying the gravitational effects acting on the grain alone and several 249 

explanations were given for this. Shields considered it was the result of a change in cross-250 

section when the relative depth decreased, whereas others believed it was the consequence of 251 

the drag shear stress calculation in presence of form drag at low relative depth [Buffington 252 
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and Montgomery, 1997]. However this finding was also confirmed for flows over fine gravels 253 

and without bedforms [Recking, 2008] which argues for another explanation. Recent analyses 254 

considered that gravitational effects acting on the grains are balanced by near bed flow 255 

velocity and turbulence changes with  changing slope [Lamb, et al., 2008; Recking, 2009]. 256 

Even though the origin of this variation could appear controversial, the critical Shield stress 257 

increase with increasing slope is considered here, with several consequences observed not 258 

only on bedload transport, but also on flow resistance, as recalled hereafter. 259 

(ii)  The resulting critical Shields stress function θc(S) improved bedload prediction quite 260 

significantly in Recking et al [2008b] when the calculations were based on the concept of 261 

excess shear stress (i.e. as Φ=f[θ-θc(S)]). 262 

(iii)  We also found that bedload strongly impacts flow resistance [Recking, et al., 2008a]. 263 

With the findings reviewed above, this explains why a slope-dependent roughness parameter 264 

ks(S) proved to greatly improve mean flow velocity prediction when used in the logarithmic 265 

flow resistance equations for U/u* (Eqs. 6 and 8). 266 

These studies produced slope-dependent θc(S), Φ(S) and U/u*(S) functions as a consequence 267 

of the deviation from the law of the wall on steep slopes and because of flow resistance and 268 

bedload interactions. Thus, by impacting all parameters controlling antidunes when the slope 269 

is increased, these effects explain why antidune prediction was improved by incorporating the 270 

slope in the wavelength equation, through θc(S). In addition, the good score obtained with Eq. 271 

11  for any slope value may result from the fitting of the θc(S) function (Eq.4) on the full 272 

range of slopes (from 0.001 to 0.1) in Recking [2008b].  273 

 274 

Because it is not the gravitational effects associated with the changing slope that are 275 

responsible for the observed changes in antidune geometry but the changing flow hydraulics 276 
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associated with changing slope, Eq. 11 can be rewritten as a function of the friction 277 

coefficient considering S= (U/u*) -²F² (where U/u*=(8/f)0.5 is the Darcy Weisbach coefficient): 278 

 35.035.1 *)/(16 −= uUF
R

L

b

 
(16) 

This equation provides information on the wavelengths in the F-kh plane for a given value of 279 

U/u* (Figure 9). A complete physically based investigation would consist in deriving new 280 

theoretical solutions incorporating these findings, but this was not the purpose of this paper. 281 

 282 

Antidune amplitude 283 

In Figure 3 antidunes appear with sediment transport and the bed is flattened when the flow 284 

condition increases. Table 4 presents the corresponding flow conditions and associated 285 

theoretical wavelengths as predicted with Eq.11. It indicates that when θ=2.5θc the 286 

wavelength should be 26 cm. The flume length captured by images was approximately 20 cm. 287 

This suggests that for such high flow conditions antidunes were still presents, but because of 288 

the low amplitude (approximately one grain diameter height) and because the short 289 

observation window, they could not be observed. Instead, the bed appears flat. 290 

 291 

Given that antidunes were produced with a very wide range of flume widths (0.05–3.2m), 292 

another question concerns the effect of flume geometry on antidune geometry (characterized 293 

by an amplitude:wavelength ratio). Given that antidune amplitude data are rare, we also used 294 

newly produced data to analyse the flume width effect. Figure 10 presents antidune amplitude 295 

as a function of the wavelength. The first observation is that antidune geometries measured in 296 

our 0.1-m-wide flume are very coherent with the antidune geometries measured by Cao in a 297 

0.6-m-wide flume. These steep slope antidunes fit the following equation fairly well 298 

(R²=0.97): 299 
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LA 033.0=  (17) 

Antidune geometries measured on gentle slopes in a 2.5-m-wide flume experiment by Simons 300 

and Richardson [1966] are also coherent with this result despite a wider scatter. This suggests 301 

that the flume width had no or little effect on antidune geometry. These aspects should be 302 

evaluated through new experiments in a future investigation.  303 

 304 

Field implications 305 

The relevance of this research to field problems deserves discussion. Figure 2 presents 306 

antidunes observed on a 3% slope gravel bed river (the Arveyon River in Chamonix, France). 307 

Successive trains of antidunes with a wavelength of approximately 3m were regularly 308 

produced at the same place and migrated upstream very quickly over a distance of 309 

approximately 50 m, before disappearing. However, this observation is rare under field 310 

conditions. First, it appears to be rare to find supercritical flow conditions for long time 311 

periods and long reaches (e.g. Grant [1997]; it may be more typical to observe longitudinal 312 

alternation of supercritical and subcritical flows [Comiti and Lenzi, 2006]. Moreover, if on 313 

some occasions antidunes can be observed after flooding [Foley, 1975], antidunes are usually 314 

destroyed on falling water stages [Carling, 1999], which renders field observations very rare 315 

and comparisons difficult. The model fitted the few values presented by Kennedy [1960] in 316 

Figure 6 fairly well. 317 

 318 

Another important aspect concerns the effect of grain size distribution given that all the 319 

experiments presented in this paper were conducted with uniform or near uniform sediments, 320 

whereas natural sediments are usually poorly sorted. Smart and Jaeggi [1983] also obtained 321 

flat beds with their uniform sediments at high flow intensities (as was illustrated in Figure 3), 322 

but they obtained antidunes with nonuniform bed material in these flows. They did not 323 
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provide wavelength values but they described “weak” antidunes. We suspect that such weak 324 

antidunes did also exist in our experiments (see discussion above), but could not be observed. 325 

We did not succeed in isolating the hydraulic specificities that could explain any differences 326 

using Smart [1983]’s data. However, it was demonstrated that in presence of grain sorting, 327 

hydraulics alone could not reproduce all phenomena associated with sediment transport 328 

[Dietrich, et al., 1989; Iseya and Ikeda, 1987; Recking, 2006] and additional sediment mixture 329 

properties are likely needed to fully understand antidunes in poorly sorted sediments. 330 

 331 

CONCLUSION 332 

This study intended to investigate antidune characteristics on steep slopes and to compare the 333 

results with available results previously obtained on gentle slopes. Using a data set 334 

comprising 167 values (19 newly produced data and 148 data from the literature) it was 335 

shown that Kennedy’s theoretical model for the dominant wavelength (Eq. 14) provided a 336 

good estimation of measured wavelength, but with decreased efficiency (under prediction) as 337 

slope increased.  338 

 339 

A wavelength model based on dimensional analysis and new steep slope experiments was 340 

proposed. This model proved to reproduce adequately steep slope data from the literature, but 341 

also, to improve wavelength prediction on gentle slopes when compared to Kennedy’s 342 

models. This model incorporates parameters that are similar to previous ones, i.e. the Froude 343 

number and the flow depth, but it also takes into account the changes in flow hydraulics 344 

through a slope parameter as was demonstrated in Recking [2009]. The available data did not 345 

permit to make any definitive conclusion on antidunes’ amplitude.  346 

 347 
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Additional steep slope data are needed to confirm these results. The grain sorting effects on 348 

antidune geometry should also be investigated further because all the available data were 349 

obtained with uniform sediments only. Only long-crested antidunes were considered. Three-350 

dimensional antidunes are expected to have shorter wavelengths than those reported in this 351 

paper [Kennedy, 1963]. 352 
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 FIGURES CAPTION 507 

Figure 1: Schematic presentation of antidunes characterized by a sediment wave migration in 508 

the upstream direction and a bed surface in phase with the form of the water surface. 509 

Figure 2 : Antidunes on the Arveyron river, a 3% slope gravel bed river in Chamonix 510 
(France). The wavelength was approximately 2m. 511 
 512 
 513 
Figure 3: Images of antidunes for increasing flow conditions characterized by the ratio θ/θc. 514 

Each image presents the free surface and the moving grains. 515 

 516 

Figure 4: Wavelength model fitting 517 

 518 

Figure 5: Comparison between equations and available antidune data 519 

 520 
Figure 6: Comparison between computed (with Eq. 11) and measured wavelengths (77% of 521 

the values are within the envelop ±20%) 522 

 523 

Figure 7: Comparison between computed (with Eq. 14) and measured wavelengths (51% of 524 

the values are within the envelope ±20%) 525 

 526 

Figure 8: Calculated-to-measured wavelength ratio for each model and different slopes (each 527 

point represents a slope range, from left to right: S<0.005 - 0.007 - 0.01 - 0.03 - 0.05 - 0.07 - 528 

0.09 - 0.12). Vertical lines represent the standard deviation. 529 

 530 

Figure 9 : Wavelengths in the F-kh plane with consideration of U/u* values 531 
 532 
Figure 10: Amplitude versus wavelength  533 
 534 
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TABLES 535 
 536 
 537 
 538 
 539 

Run W 
(m) 

D 
(mm) 

S Q 
(l/s) 

U 
(m/s) 

h 
(cm) 

Rb/D U/u*c F Re Re* θ θ /θc φ L 
(m) 

A 
(m) 

1 0.05 2.3 0.0300 0.24 0.40 1.20 4.66 7.12 1.17 4800 129 0.085 1.48 5.28E-03 0.114  

2 0.05 2.3 0.0300 0.28 0.42 1.33 5.14 7.12 1.16 5600 136 0.093 1.63 1.76E-02 0.143  

3 0.05 2.3 0.0500 0.19 0.38 0.97 4.06 5.61 1.23 3700 154 0.120 1.87 6.34E-02 0.100  

4 0.05 2.3 0.0700 0.13 0.31 0.84 3.51 4.16 1.08 2600 171 0.149 2.06 7.75E-02 0.095  

5 0.05 2.3 0.0900 0.10 0.29 0.69 2.91 3.77 1.11 2000 177 0.159 2.05 4.05E-02 0.087  

6 0.10 9 0.0516 1.50 0.61 2.41 2.56 5.65 1.26 14737 993 0.084 1.21 2.70E-03 0.295 0.015 

7 0.10 9 0.0516 2.00 0.67 2.91 3.08 5.66 1.26 19593 1093 0.101 1.45 1.34E-02 0.360 0.014 

8 0.10 9 0.0516 2.50 0.73 3.38 3.50 5.78 1.26 24512 1177 0.117 1.65 3.05E-02 0.399 0.015 

9 0.10 9 0.0516 3.00 0.77 3.82 3.96 5.74 1.26 29448 1252 0.133 1.86 5.24E-02 0.431 0.011 

10 0.10 9 0.0853 1.00 0.51 1.94 2.11 4.05 1.16 9820 1146 0.111 1.43 1.59E-02 0.243 0.014 

11 0.10 9 0.0853 1.30 0.55 2.31 2.53 3.98 1.16 12756 1250 0.132 1.72 4.28E-02 0.315 0.013 

12 0.10 9 0.0853 1.50 0.58 2.54 2.76 4.02 1.16 14709 1311 0.146 1.87 6.59E-02 0.349 0.013 

13 0.10 9 0.0853 1.70 0.60 2.76 3.02 3.98 1.16 16662 1367 0.158 2.05 9.25E-02 0.350 0.013 

14 0.10 9 0.1260 0.87 0.43 1.98 2.21 2.74 0.98 8538 1406 0.168 1.99 1.01E-01 0.243 0.015 

15 0.10 9 0.1260 1.00 0.45 2.17 2.42 2.74 0.98 9813 1475 0.184 2.18 1.46E-01 0.237  

16 0.10 9 0.1260 1.10 0.47 2.27 2.55 2.79 1.01 10780 1510 0.193 2.29 1.77E-01 0.274  

17 0.10 23 0.1260 2.50 0.61 4.00 1.73 2.75 0.98 24528 5111 0.133 1.55 3.22E-02 0.446 0.022 

18 0.10 23 0.1260 2.70 0.63 4.21 1.80 2.78 0.98 26489 5245 0.140 1.62 4.22E-02 0.465 0.017 

19 0.10 23 0.1260 3.00 0.65 4.51 1.94 2.77 0.98 29396 5433 0.150 1.75 6.04E-02 0.555 0.022 

 540 
Table 1: Flow conditions associated with antidunes 541 

 542 
 543 
 544 
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 545 
N° Author Ref W 

(m) 
D 

(mm) 
S Q 

(l/s) 
U 

(m/s) 
h (cm) Rb/D U/u* F Re Re* θ θ/θc φ L 

(m) 
A 

(m) 
1 Recking  0.10 4.9 0.0300 1.40 0.57 2.46 4.57 7.02 1.16 9388 365 0.083 1.45 9.00E-03 0.230  
2 Recking  0.10 4.9 0.0300 1.60 0.60 2.67 4.93 7.12 1.17 10435 379 0.090 1.57 1.60E-02 0.240  
3 Recking  0.10 4.9 0.0500 0.70 0.47 1.49 2.90 5.63 1.23 5393 376 0.088 1.34 9.00E-03 0.140  
4 Recking  0.10 4.9 0.0500 0.80 0.49 1.63 3.18 5.61 1.22 6031 393 0.096 1.46 1.60E-02 0.170  
5 Recking  0.10 4.9 0.0500 0.90 0.51 1.76 3.42 5.62 1.23 6652 408 0.104 1.58 2.50E-02 0.190  
6 Recking  0.10 4.9 0.0500 1.05 0.53 1.98 3.83 5.52 1.20 7520 432 0.116 1.76 4.00E-02 0.200  
7 Recking  0.10 4.9 0.0500 1.20 0.55 2.18 4.21 5.47 1.19 8354 452 0.127 1.94 5.70E-02 0.230  
8 Recking  0.10 4.9 0.0500 1.30 0.56 2.32 4.47 5.40 1.17 8878 466 0.135 2.06 6.90E-02 0.260  
9 Recking  0.10 4.9 0.0500 1.50 0.60 2.50 4.78 5.60 1.21 10000 483 0.145 2.20 8.90E-02 0.290  

10 Recking  0.10 4.9 0.0700 0.60 0.39 1.54 3.06 3.84 1.00 4588 456 0.130 1.80 3.40E-02 0.150  
11 Recking  0.10 4.9 0.0700 0.70 0.44 1.59 3.15 4.28 1.11 5310 463 0.133 1.85 5.30E-02 0.180  
12 Recking  0.10 4.9 0.0700 0.80 0.46 1.74 3.43 4.28 1.11 5935 484 0.146 2.02 7.40E-02 0.190  
13 Recking  0.10 4.9 0.0700 0.90 0.49 1.84 3.61 4.44 1.15 6582 496 0.153 2.12 9.70E-02 0.210  
14 Recking  0.10 9 0.0700 1.20 0.54 2.22 2.37 4.46 1.16 8308 1089 0.100 1.39 1.40E-02 0.260  
15 Recking  0.10 9 0.0700 1.40 0.56 2.50 2.66 4.37 1.13 9333 1153 0.113 1.56 2.60E-02 0.310  
16 Recking  0.10 9 0.0700 1.60 0.60 2.67 2.82 4.54 1.17 10435 1188 0.120 1.66 3.90E-02 0.360  
17 Recking  0.10 9 0.0700 1.90 0.61 3.11 3.29 4.28 1.10 11707 1284 0.140 1.93 6.30E-02 0.380  
18 Recking  0.10 9 0.0900 1.20 0.53 2.26 2.43 3.81 1.12 8260 1251 0.133 1.72 5.60E-02 0.260  
19 Recking  0.10 9 0.0900 1.60 0.57 2.81 3.01 3.69 1.09 10247 1391 0.164 2.12 1.12E-01 0.330  
20 Recking  0.10 9 0.0900 1.70 0.59 2.91 3.08 3.77 1.10 10751 1414 0.169 2.17 1.28E-01 0.380  
21 Cao 105 0.60 22.2 0.0300 60.00 1.14 8.78 3.80 7.24 1.23 77360 3499 0.069 1.21 3.26E-04 0.900 0.040 
22 Cao 106 0.60 22.2 0.0300 71.00 1.13 10.47 4.54 6.56 1.11 87715 3823 0.083 1.44 1.19E-03 1.135  
23 Cao 107 0.60 22.2 0.0300 81.00 1.39 9.71 4.15 8.44 1.42 101984 3657 0.076 1.32 6.38E-03 1.395  
24 Cao 108 0.60 22.2 0.0300 92.00 1.40 10.95 4.68 8.01 1.35 112326 3882 0.085 1.49 1.12E-02 1.265  
25 Cao 127 0.60 22.2 0.0300 100.00 1.25 13.33 5.74 6.45 1.09 115385 4300 0.104 1.83 2.05E-02 1.268  
26 Cao 117 0.60 22.2 0.0500 35.00 1.00 5.85 2.57 5.98 1.32 48813 3721 0.078 1.18 1.34E-03 0.620  
27 Cao 118 0.60 22.2 0.0500 40.00 0.93 7.14 3.17 5.01 1.12 53854 4114 0.096 1.46 6.00E-03 0.740  
28 Cao 123 0.60 22.2 0.0500 45.00 0.97 7.70 3.41 5.03 1.12 59681 4270 0.103 1.57 1.06E-02 0.725  
29 Cao 119 0.60 22.2 0.0500 50.00 1.25 6.70 2.92 7.02 1.54 26300 3765 0.089 1.34 1.48E-02 0.888  
30 Cao 120 0.60 22.2 0.0500 60.00 1.38 7.20 3.16 7.45 1.64 28300 3808 0.096 1.45 2.85E-02 1.040 0.050 
31 Cao 121 0.60 22.2 0.0500 80.00 1.73 7.70 3.31 9.11 1.99 35500 3901 0.100 1.53 6.35E-02 1.115 0.045 
32 Cao 122 0.60 22.2 0.0500 100.00 2.00 8.30 3.54 10.18 2.22 41600 4085 0.107 1.63 1.03E-01 1.010 0.020 
33 Cao 130 0.60 22.2 0.0700 30.00 0.94 5.31 2.36 4.96 1.31 42483 4207 0.100 1.39 2.26E-02 0.677  
34 Cao 131 0.60 22.2 0.0700 40.00 1.16 5.70 2.54 5.90 1.55 61300 4094 0.108 1.49 5.01E-02 0.800  
35 Cao 132 0.60 22.2 0.0700 50.00 1.49 6.70 2.45 7.71 1.84 88800 4292 0.104 1.44 1.07E-01 0.880  
36 Cao 133 0.60 22.2 0.0700 60.00 1.42 8.20 3.09 6.54 1.58 102000 4689 0.131 1.81 1.37E-01 0.897 0.040 
37 Cao 134 0.60 22.2 0.0700 70.00 1.42 8.22 3.60 6.06 1.58 91585 5203 0.153 2.12 1.40E-01 0.863 0.030 
38 Cao 140 0.60 22.2 0.0900 40.00 0.87 7.70 3.41 3.36 1.00 53053 5756 0.187 2.41 9.69E-02 0.715  
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39 Cao 141 0.60 22.2 0.0900 50.00 1.11 7.54 3.33 4.34 1.28 66593 5684 0.182 2.35 1.59E-01 0.830  
40 Cao 221 0.60 44.3 0.0300 150.00 1.53 16.30 3.47 7.19 1.21 161997 9415 0.063 1.10 1.15E-03 2.120  
41 Cao 223 0.60 44.3 0.0300 170.00 1.64 17.29 3.65 7.52 1.26 179754 9667 0.066 1.16 1.56E-03 2.000  
42 Cao 231 0.60 44.3 0.0500 90.00 1.37 10.99 2.39 6.01 1.31 109786 10114 0.073 1.10 1.10E-03 1.760  
43 Cao 232 0.60 44.3 0.0500 110.00 1.49 12.31 2.67 6.18 1.35 129985 10683 0.081 1.23 1.01E-02 1.800  
44 Cao 233 0.60 44.3 0.0500 130.00 1.42 15.31 3.32 5.28 1.15 143449 11929 0.101 1.53 1.79E-02 2.250 0.078 
45 Cao 234 0.60 44.3 0.0500 150.00 1.65 15.19 3.27 6.19 1.35 165972 11830 0.099 1.51 3.19E-02 2.100 0.070 
46 Cao 238 0.60 44.3 0.0700 70.00 1.07 10.94 2.42 3.95 1.03 85482 12036 0.103 1.42 5.57E-03 1.180 0.050 
47 Cao 239 0.60 44.3 0.0700 90.00 1.24 12.15 2.67 4.35 1.13 106772 12653 0.114 1.57 2.42E-02 1.500 0.045 
48 Cao 240 0.60 44.3 0.0700 110.00 1.30 14.07 3.11 4.23 1.11 124801 13607 0.132 1.83 4.24E-02 1.800 0.060 
49 Cao 245 0.60 44.3 0.0900 70.00 1.04 11.24 2.50 3.33 0.99 84870 13857 0.136 1.76 3.30E-02 1.550 0.050 
50 Cao 246 0.60 44.3 0.0900 90.00 1.21 12.39 2.75 3.69 1.10 106166 14522 0.150 1.94 5.61E-02 2.000 0.070 
51 Cao 247 0.60 44.3 0.0900 110.00 1.37 13.41 2.96 4.03 1.19 126695 15086 0.162 2.09 8.80E-02 2.100 0.070 
52 Cao 322 0.60 11.5 0.0100 110.00 1.22 15.00 11.74 10.60 1.01 122215 1322 0.071 1.68 1.11E-02 0.940  
53 Cao 323 0.60 11.5 0.0100 130.00 1.31 16.56 12.76 10.92 1.03 139591 1381 0.077 1.83 1.89E-02 1.020  
54 Cao 324 0.60 11.5 0.0100 150.00 1.42 17.66 13.38 11.56 1.08 157380 1415 0.081 1.92 2.72E-02 1.200  
55 Kenned (flume) 514 3.20 0.549 0.0272 170.07 1.42 3.75 67.45 14.29 2.34 53136 55 1.114 19.97 1.39E+01 0.808  
56 Kenned (flume) 52 3.20 0.549 0.0056 72.55 0.50 4.51 81.87 10.06 0.76 22687 27 0.276 7.71 2.78E-01 0.177  
57 Kenned (flume) 510 3.20 0.549 0.0081 97.52 0.67 4.57 82.04 11.20 1.00 30519 33 0.404 10.10 8.47E-01 0.259  
58 Kenned (flume) 57 3.20 0.549 0.0109 113.58 0.79 4.48 81.04 11.45 1.20 35508 38 0.534 12.37 1.82E+00 0.305  
59 Kenned (flume) 54 3.20 0.549 0.0125 122.20 0.84 4.57 82.02 11.30 1.25 38183 41 0.625 13.82 2.45E+00 0.405  
60 Kenned (flume) 59 3.20 0.549 0.0140 157.29 1.01 4.85 87.65 12.42 1.47 49189 45 0.740 16.04 3.73E+00 0.488  
61 Kenned (flume) 517 3.20 0.549 0.0154 154.61 1.09 4.45 79.81 13.40 1.64 48287 45 0.748 15.65 3.73E+00 0.509  
62 Kenned (flume) 58 3.20 0.549 0.0187 186.72 1.30 4.48 80.72 14.42 1.96 58314 49 0.914 18.22 7.87E+00 0.655  
63 Kenned (flume) 53 3.20 0.549 0.0055 158.77 0.66 7.47 135.15 10.43 0.78 49620 35 0.447 12.56 6.73E-01 0.305  
64 Kenned (flume) 55 3.20 0.549 0.0110 252.13 1.08 7.28 130.90 12.26 1.28 78824 48 0.871 20.11 4.08E+00 0.610  
65 Kenned (flume) 51 3.20 0.549 0.0067 265.51 0.79 10.55 188.57 9.58 0.77 82933 45 0.769 20.22 1.31E+00 0.381  
66 Kenned (flume) 425 3.20 0.233 0.0032 73.14 0.48 4.79 201.73 12.50 0.70 22900 9 0.392 12.66 4.40E-01 0.183  
67 Kenned (flume) 437 3.20 0.233 0.0038 90.09 0.61 4.60 194.97 14.82 0.91 28197 10 0.447 13.86 1.74E+00 0.259  
68 Kenned (flume) 424 3.20 0.233 0.0048 98.71 0.69 4.48 188.90 15.16 1.04 30864 11 0.550 15.91 1.65E+00 0.277  
69 Kenned (flume) 429 3.20 0.233 0.0073 112.69 0.75 4.69 199.01 13.02 1.10 35195 13 0.881 22.71 6.87E+00 0.363  
70 Kenned (flume) 428 3.20 0.233 0.0066 112.09 0.78 4.51 189.99 14.57 1.17 35062 12 0.763 20.15 5.82E+00 0.539  
71 Kenned (flume) 426 3.20 0.233 0.0095 121.90 0.82 4.66 197.11 12.53 1.21 38094 15 1.139 27.23 1.10E+01 0.482  
72 Kenned (flume) 427 3.20 0.233 0.0160 148.66 1.00 4.63 197.40 11.77 1.49 46459 20 1.909 39.79 4.25E+01 0.695  
73 Kenned (flume) 436 3.20 0.233 0.0045 211.40 0.88 7.53 314.82 15.46 1.02 66088 13 0.861 25.30 8.19E+00 0.457  
74 Kenned (flume) 433 3.20 0.233 0.0065 243.21 1.01 7.56 316.28 14.73 1.17 76032 16 1.251 33.18 1.97E+01 0.600  
75 Kenned (flume) 432 3.20 0.233 0.0094 263.43 1.04 7.89 334.27 12.27 1.18 82292 20 1.900 45.82 4.38E+01 0.664  
76 Kenned (flume) 412 0.85 0.233 0.0034 19.36 0.52 4.42 178.28 13.97 0.78 22766 9 0.371 11.69 2.94E-01 0.183  
77 Kenned (flume) 410 0.85 0.233 0.0042 25.44 0.64 4.69 189.00 15.02 0.94 29902 10 0.483 14.45 1.63E+00 0.274  
78 Kenned (flume) 422 0.85 0.233 0.0068 30.73 0.80 4.51 183.44 14.98 1.21 36162 12 0.754 19.88 8.83E+00 0.454  
79 Kenned (flume) 411 0.85 0.233 0.0082 32.00 0.84 4.51 182.74 14.35 1.26 37674 14 0.913 22.69 1.08E+01 0.442  
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80 Kenned (flume) 417 0.85 0.233 0.0034 55.38 0.84 7.71 299.24 17.42 0.97 65107 11 0.613 19.62 6.13E+00 0.509  
81 Kenned (flume) 416 0.85 0.233 0.0071 70.08 1.05 7.83 311.17 14.78 1.20 82372 17 1.336 34.80 3.26E+01 0.671  
82 Kenned (flume) 413 0.85 0.233 0.0025 69.37 0.80 10.21 384.98 17.06 0.80 81541 11 0.584 20.20 3.48E+00 0.430  
83 Kenned (flume) 414 0.85 0.233 0.0032 94.01 1.04 10.61 391.12 19.44 1.02 110569 12 0.756 24.55 1.50E+01 0.646  
84 Kennedy(Field) 1  0.157   0.76 7.01 446.50 28.98  52992     0.381  
85 Kennedy(Field) 2  0.185   0.99 12.19 658.92 28.63  120774     0.640  
86 Kennedy(Field) 3  0.45   0.98 5.49 122.00 42.23  53512     0.457  
87 Kennedy(Field) 4  0.32   0.64 6.10 190.63 26.16  39019     0.335  
88 Kennedy(Field) 5  0.41   1.16 14.33 349.51 30.94  165925     0.792  
89 Kennedy(Field) 6  0.41   1.32 18.90 460.98 30.66  248832     0.975  
90 Kennedy(Field) 7  0.38   1.49 24.38 641.58 30.47  364180     1.219  
91 Kennedy(Field) 8  0.38   1.65 39.62 1042.63 26.47  652179     2.164  
92 Kennedy(Field) 9  0.38   2.00 42.06 1106.84 31.14  841033     3.353  
93 Kennedy(Field) 10  0.46   2.44 91.44 1987.83 25.76  2229673     3.048  
94 Kennedy(Field) 11  0.41   1.98 94.49 2304.63 20.57  1871996     4.572  
95 Kennedy(Field) 12  0.41   2.35 121.92 2973.66 21.49  2861414     4.267  
96 Shaw  0.31 8 0.0250 13.00 0.78 5.50 6.38 6.97 1.06 31326 905 0.10 1.78  0.372  
97 Shaw  0.31 8 0.0250 15.90 0.74 7.01 8.26 5.81 0.90 35719 1023 0.13 2.30  0.390  
98 Shaw  0.31 8 0.0370 5.70 0.61 3.05 3.67 5.91 1.12 15571 831 0.08 1.36  0.284  
99 Shaw  0.31 8 0.0370 12.70 0.85 4.90 5.77 6.56 1.23 31516 1044 0.13 2.14  0.390  

100 Shaw  0.31 8 0.0370 17.00 0.80 7.00 8.24 5.17 0.96 38198 1250 0.19 3.05  0.460  
101 Shaw  0.31 8 0.0370 17.00 0.96 5.80 6.79 6.84 1.27 40380 1131 0.15 2.51  0.457  
102 Shaw  0.31 8 0.0370 24.90 0.83 9.80 11.61 4.52 0.85 49699 1477 0.26 4.30  0.558  
103 Shaw  0.31 8 0.0370 11.30 0.86 4.30 5.07 7.09 1.33 28903 977 0.12 1.88  0.338  
104 Simon et al T3 47 2.44 0.27 0.0028 617.02 1.32 19.20 654.59 18.94 0.96 252845 19 1.115 37.29 2.55E+01 1.036 0.015 
105 Simon et al T3 48 2.44 0.27 0.0049 614.19 1.40 17.98 630.14 15.48 1.06 252139 24 1.881 53.86 4.84E+01 1.433 0.046 
106 Simon et al T3 39 2.44 0.27 0.0081 614.76 1.50 16.76 597.47 13.25 1.17 251907 31 2.941 73.52 1.53E+02 1.524 0.055 
107 Simon et al T3 41 2.44 0.27 0.0095 436.36 1.30 13.72 494.97 11.65 1.12 178931 30 2.847 68.37 1.35E+02 1.341 0.037 
108 Simon et al T4 26 2.44 0.28 0.0033 439.19 1.18 15.24 513.17 17.30 0.97 180232 19 1.018 32.93 1.82E+01 0.762 0.018 
109 Simon et al T4 32 2.44 0.28 0.0047 616.17 1.43 17.68 594.60 16.32 1.09 252715 25 1.695 49.31 5.31E+01 1.036 0.021 
110 Simon et al T4 27 2.44 0.28 0.0053 438.06 1.37 13.11 445.11 17.02 1.21 179767 23 1.437 40.27 4.14E+01 0.945 0.043 
111 Simon et al T4 31 2.44 0.28 0.0059 604.28 1.45 17.07 580.31 14.95 1.12 247642 27 2.086 56.75 6.45E+01 1.158 0.067 
112 Simon et al T4 35 2.44 0.28 0.0082 604.00 1.50 16.46 566.28 13.28 1.18 247326 32 2.793 70.30 1.37E+02 1.829 0.076 
113 Simon et al T4 37 2.44 0.28 0.0082 236.16 1.06 9.14 318.24 12.52 1.12 96991 24 1.581 39.51 3.86E+01 0.914 0.040 
114 Simon et al T4 38 2.44 0.28 0.0093 432.12 1.45 12.19 421.46 13.97 1.33 177259 29 2.370 57.32 1.28E+02 1.372 0.043 
115 Simon et al T4 36 2.44 0.28 0.0101 605.41 1.43 17.37 600.45 11.08 1.09 248358 36 3.668 86.70 2.11E+02 1.737 0.037 
116 Simon et al T5 39 2.44 0.45 0.0036 584.46 1.44 16.76 343.21 19.50 1.12 240665 33 0.761 23.46 9.33E+00 1.128 0.030 
117 Simon et al T5 28 2.44 0.45 0.0037 316.87 1.07 12.19 257.25 16.51 0.98 130807 29 0.569 17.94 5.40E+00 0.792 0.015 
118 Simon et al T5 31 2.44 0.45 0.0043 420.51 1.29 13.41 281.09 17.66 1.13 173320 33 0.735 21.85 8.05E+00 0.975 0.018 
119 Simon et al T5 41 2.44 0.45 0.0047 612.21 1.54 16.46 339.07 18.36 1.21 253347 38 0.958 28.12 1.07E+01 1.189 0.043 
120 Simon et al T5 35 2.44 0.45 0.0049 158.01 0.85 7.62 164.78 14.24 0.99 65032 27 0.492 14.08 2.94E+00 0.671 0.021 
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121 Simon et al T5 34 2.44 0.45 0.0055 238.99 1.14 8.53 183.91 17.06 1.24 97028 30 0.611 17.09 5.48E+00 0.762 0.024 
122 Simon et al T5 33 2.44 0.45 0.0061 283.73 1.40 8.23 176.25 20.32 1.56 115386 31 0.648 17.66 7.79E+00 0.853 0.030 
123 Simon et al T5 38 2.44 0.45 0.0062 605.41 1.64 15.24 317.53 17.59 1.34 249909 42 1.192 32.19 1.52E+01 1.158 0.027 
124 Simon et al T5 37 2.44 0.45 0.0062 534.34 1.69 13.11 271.27 19.61 1.49 221314 39 1.021 27.50 1.20E+01 1.158 0.024 
125 Simon et al T5 32 2.44 0.45 0.0066 423.62 1.53 11.28 240.07 18.29 1.46 172902 37 0.953 25.46 1.05E+01 1.128 0.088 
126 Simon et al T5 44 2.44 0.45 0.0090 306.67 1.46 8.53 184.60 17.05 1.59 124341 39 1.007 24.52 1.87E+01 0.914 0.064 
127 Simon et al T5 42 2.44 0.45 0.0099 380.30 1.63 9.45 204.44 17.24 1.70 154368 42 1.219 29.10 1.75E+01 1.097 0.076 
128 Simon et al T5 43 2.44 0.45 0.0101 606.55 1.88 13.11 280.46 16.81 1.66 246881 50 1.714 40.50 2.81E+01 1.768 0.082 
129 Simon et al T6 02 2.44 0.93 0.0092 624.95 1.58 16.15 167.60 13.32 1.26 256041 110 0.932 22.62 5.20E+00 1.494 0.094 
130 Simon et al T8 02 0.61 0.33 0.0080 131.96 1.45 15.24 383.14 14.56 1.19 221109 18 1.857 46.72 2.41E+01 1.676 0.043 
131 Simon et al T8 03 0.61 0.33 0.0091 152.91 1.62 15.85 393.55 15.05 1.30 256041 19 2.179 52.69 7.22E+01 1.859 0.070 
132 Simon et al T9 13 0.61 0.33 0.0070 152.34 1.71 14.94 347.94 19.26 1.41 255381 29 1.464 38.51 5.90E+01 1.341 0.037 
133 Simon et al T9 15 0.61 0.33 0.0091 182.93 1.93 15.85 374.17 18.38 1.55 306283 35 2.061 50.10 1.06E+02 2.530 0.055 
134 Simon et al T9 14 0.61 0.33 0.0098 171.03 1.84 15.54 378.18 16.80 1.49 286652 36 2.241 53.43 6.41E+01 1.280 0.015 
135 Simon et al T10 63 2.44 0.47 0.0057 438.91 1.37 13.11 266.46 16.37 1.20 178968 39 0.924 25.41 8.88E+00 1.036 0.070 
136 Simon et al T10 64 2.44 0.47 0.0058 442.03 1.45 12.50 252.71 17.64 1.31 181310 39 0.885 24.41 9.14E+00 1.036 0.061 
137 Simon et al T10 65 2.44 0.47 0.0057 441.74 1.41 12.80 260.05 17.06 1.26 180659 39 0.900 24.80 8.60E+00 1.036 0.061 
138 Simon et al T10 66 2.44 0.47 0.0058 439.48 1.32 13.72 277.77 15.32 1.14 181440 40 0.966 26.83 8.51E+00 1.006 0.061 
139 Simon et al T10 80 2.44 0.47 0.0064 432.40 1.50 11.89 239.35 17.85 1.39 177900 40 0.936 24.83 1.17E+01 1.036 0.079 
140 Simon et al T10 81 2.44 0.47 0.0063 604.56 1.48 16.76 339.28 14.91 1.15 247819 47 1.306 34.79 1.02E+01 1.341 0.012 
141 Simon et al T10 67 2.44 0.47 0.0065 590.97 1.50 16.15 327.33 15.14 1.19 241762 46 1.285 34.34 9.79E+00 1.219 0.030 
142 Simon et al T10 79 2.44 0.47 0.0065 603.43 1.47 16.76 341.52 14.53 1.15 246286 48 1.349 35.83 1.31E+01 1.189 0.024 
143 Simon et al T10 84 2.44 0.47 0.0074 434.95 1.42 12.50 256.57 15.18 1.29 177881 44 1.148 29.57 1.17E+01 1.097 0.064 
144 Simon et al T10 69 2.44 0.47 0.0073 440.04 1.37 13.11 269.47 14.39 1.20 178968 45 1.204 30.75 1.38E+01 1.128 0.079 
145 Simon et al T10 98 2.44 0.47 0.0082 447.41 1.37 13.41 274.94 13.44 1.20 184357 48 1.364 34.13 2.99E+01 0.945 0.073 
146 Simon et al T10 68 2.44 0.47 0.0074 592.95 1.51 16.15 327.71 14.28 1.20 243731 50 1.472 37.77 1.51E+01 1.219 0.015 
147 Simon et al T10 99 2.44 0.47 0.0081 602.30 1.62 15.24 309.90 15.06 1.33 247122 50 1.513 38.13 3.66E+01 1.219 0.094 
148 Simon et al T10 97 2.44 0.47 0.0096 340.09 1.24 11.28 232.83 12.21 1.18 139903 48 1.355 32.40 1.15E+01 1.036 0.049 

 546 
Table 2: Data from the literature 547 
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 548 
 549 

Model Eq.14 Eq.11 
Steep slope data  
(S≥1%, 72 values) 

0.47 
(R²=0.78) 

0.24 
(R²=0.95) 

Gentle slope data  
(S<1%, 76 values) 

0.35 
(R²=0.89) 

0.29 
(R²=0.93) 

All data 
(148 values) 

0.40 
(R²=0.85) 

0.28 
(R²=0.94) 

 550 
 551 

Table 3: Relative root mean square error for model efficiency comparison 552 
 553 
 554 
 555 

W 
(m) 

D 
(mm) 

S Q 
(l/s) 

U 
(m/s) 

H 
(cm) 

Rb/D U/u*c F θ θ/θc L 
(m) 

A/L 

0.1 4.9 0.05 0.80 0.49 1.63 3.18 5.61 1.22 0.10 1.53 0.16 0.0309 
0.1 4.9 0.05 0.90 0.51 1.76 3.42 5.62 1.23 0.11 1.69 0.17 0.0287 
0.1 4.9 0.05 1.05 0.53 1.98 3.83 5.52 1.20 0.12 1.85 0.19 0.0256 
0.1 4.9 0.05 1.20 0.57 2.11 4.05 5.78 1.25 0.13 1.94 0.20 0.0242 
0.1 4.9 0.05 1.30 0.57 2.28 4.38 5.55 1.21 0.14 2.08 0.22 0.0224 
0.1 4.9 0.05 1.50 0.60 2.50 4.78 5.60 1.21 0.15 2.29 0.24 0.0205 
0.1 4.9 0.05 1.70 0.63 2.70 5.14 5.67 1.22 0.16 2.46 0.26 0.0191 
0.1 4.9 0.05 2.00 0.69 2.90 5.47 6.02 1.29 0.17 2.60 0.27 0.0179 

 556 
Table 4 : Increasing flow conditions for the experiment presented in Figure 3 and antidune wavelengths 557 
calculated with Eq.11. The Steepness A/L was calculated by assuming a constant antidune height equals 558 

the grain diameter 4.9mm. 559 
 560 
 561 
 562 
 563 
 564 
 565 
 566 
 567 
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 568 
 569 
 570 
 571 
 572 
 573 
 574 
Figure1 : Schematic presentation of antidunes characterized by a sediment wave migration in 575 

the upstream direction and a bed surface in phase with the form of the water surface. 576 
 577 
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 589 
 590 

Figure 2 : Antidunes on the Arveyron river, a 3% slope gravel bed river in Chamonix 591 
(France). The wavelength was approximately 2m. 592 
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 614 
 615 
Figure 3 : Images of antidunes for increasing flow conditions characterized by the ratio θ/θc.  616 

Each image presents the free surface and the moving grains. 617 
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 627 
Figure 4: Model fitting 628 
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 640 
Figure 5 : Comparison between equations and available antidune data 641 
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Figure 6: Comparison between computed (with Eq.11) and measured wavelengths (77% of 654 
the values are within the envelop ±20%) 655 
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Figure 7: Comparison between computed (with Eq.14) and measured wavelengths (51% of 666 
the values are within the envelop ±20%) 667 



 34 

 668 
 669 
 670 

 671 
 672 
 673 
 674 
 675 
 676 
 677 
 678 
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Figure 8: Calculated to measured wavelength ratio for each model and different slopes (each 680 
points represent a slope range, from left to right: S<0.005 - 0.007 - 0.01 - 0.03 - 0.05 - 0.07 - 681 

0.09 - 0.12). Vertical lines represent the standard deviation. 682 
 683 
 684 

 685 
 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
 695 
 696 

 697 
Figure 9 : Wavelengths in the F-kh plane with consideration of U/u* values 698 
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Figure 10: Amplitude versus wavelengths 713 
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