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Abstract15

In many natural settings, gravity currents flow over a mobile sediment16

bed as in fluvial outflows into lakes and reservoirs or in submarine17

canyons in coastal regions. We present experimental results which clar-18

ify the near-bed physical processes of sediment suspension, bed form19

development, as well as the effect of the erodible bed on the mean20

flow structure of the current. Compared with the flow over a fixed21

bed, the vertical velocity is directed downward above the mobile bed,22

indicating therefore slip with an increase in horizontal flux close to23

the sediment bed. The sediment suspension model developed here24

allows to determine the spatial evolution of sediment suspension up25

to maximum suspension capacity, in good agreement with experimen-26

tal results of Garcia and Parker (1993)[1] as well as with the present27

sediment flux measured toward the downstream end of the sediment28

bed. Effects of local bursts, here intermittently caused by interfacial29

instability, tend to increase sediment suspension through increases in30

local shear velocity. Concerning bed forms, near bed scaling criteria31

suggest that in the present study the bed form consists of ripples32
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2 Experimental study of gravity currents moving over a sediment bed

with the measured wave length being in agreement with criteria given33

by Lapotre et al. (2017)[2]. An expression for the ripple growth is34

given in relation with the theoretical criteria of Charru et al. (2013)[3].35

Keywords: Gravity currents, Sediment Entrainment, Bedfoms36

Article Highlights37

• Experimental study of the gravity currents flowing over an erodible sediment38

bed and of the nature of the bed forms established by the current.39

• The developed sediment suspension capacity model enables accurate predic-40

tion of the spatial evolution of sediment concentration in gravity currents up41

to saturation, corroborated by experimental data.42

• The bed forms are characterized using hydrodynamic non-dimensional num-43

bers, with their evolution and growth rates determined through a combination44

of experimental and theoretical analyses.45

1 Introduction46

Gravity currents are key processes that affect atmospheric [4], oceanic [5] and47

coastal circulations [6]. On a more local scale, these contribute to the shaping48

of the continental surface by landslides or snow avalanches [7, 8], and impact49

river outflows into lakes [9] and reservoirs [10]. In nature, the majority of50

gravity currents occur over complex terrains characterized by rough bottom51

or mobile sediment beds. Submarine currents are of particular importance in52

coastal regions since these currents have a large impact on the morphology of53

the seafloor and related ecosystems [6, 11–14]. Indeed, numerous submarine54

canyons sculpt the continental shelf, forming crucial conduits for the transport55

of shelf sediment to the deep ocean. Within these channels, sediments originate56

from either direct river input or the re-suspension of shelf sediment deposition57

facilitated by gravity flows.58

The equilibrium of bed sediment transport depends on the inflow and the59

bed conditions such as momentum or buoyancy flux, turbulence intensity, bed60

shear stress and sediment bed properties. Bed shear and particle fall velocity61

are recognized as the most important parameters [15]. Sediment entrainment,62

suspension or deposition as well as bed forms have been mainly investigated in63

open channel flow conditions and in river flows [3, 16–20]. In gravity currents64

the coupling of hydrodynamics mechanisms and erosion, transport and depo-65

sition of sediments have mainly been investigated in the context of turbidity66

currents [21–25]. Entrained sediments in gravity currents can either be pas-67

sively carried by the current or exert an influence on its dynamics by increasing68

the buoyancy flux, hence fueling a self-accelerating current [21, 26]. Powder69

snow avalanches are an example of such accelerating gravity current due to70

entrainment of sediment (snow) [8].71
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Understanding of sediment transport and bed forms related turbidity cur-72

rents, as well as the impact of bed forms on velocity and density profiles, has73

been notably advanced by [27] various flow conditions and sediment types.74

Through experiments involving horizontal saline gravity currents over diverse75

sediment beds, [28] demonstrated a strong correlation between the bed and76

Reynolds shear stress in close proximity to the bottom, highlighting their77

significant role in sediment entrainment. Their findings revealed a feedback78

mechanism between the gravity current and the bottom sediments, influencing79

the hydrodynamics of the current itself. In experiments with salinity currents80

flowing down-slope over a mobile bed of different particle sizes, [1] deter-81

mined the entrainment capacity using momentum and mass balance equations.82

Kyrousi et al. (2018)[29] performed Large Eddy simulations of lock-exchange83

gravity currents propagating over a mobile reach. They showed that, although84

shear stress is the main mechanism that sets particles into motion, turbulent85

bursts as well as vertical velocity fluctuations are also important to maintain86

sediments in suspension. In a gravity current, bursts may be triggered by shear87

instabilities at the interface as reported in [12, 30], who observed intermittently88

high values of bottom friction coefficients related with interfacial instability.89

It is well known that the interaction between flow and erodible bed creates90

bed forms. Open channel flow laboratory experiments and field observations91

have allowed to establish the dependency of bedfoms on hydraulic conditions92

in terms of Froude number [3, 31, 32] or inner flow variables like the particle93

Reynolds number, Shields number, and Yalin number [2]. Despite the simi-94

larities between submarine gravity currents and open-channel flows in their95

capacity to shape bed forms, the hydraulic characteristics of gravity currents96

diverge from those of open-channel flows. Lapotre et al. (2017)[2] and Ohata97

et al. (2023)[33] demonstrated that the development of bed forms by saline-98

gravity currents can be compared with open-channel flow bed forms when99

scaled with inner variables, i.e. with dimensionless shear shear stress (Shields100

parameter) and particle characteristics.101

The present experiments of saline gravity currents flowing over an erodible102

bed are complementary to the large data set obtained by [1]. Not considered103

by [1] are the changes in horizontal and vertical velocity profiles above the104

sediment bed. In comparison to the flow over a fixed bed, we show that the ver-105

tical velocity is directed downward above the mobile bed, indicating slip on the106

mobile bed, accompanied by an increase in horizontal flux in close proximity107

to the sediment bed. Furthermore, the sediment entrainment model developed108

here permits prediction of the downstream variations in sediment flux and109

sediment concentration above the bed. It demonstrates good agreement with110

both the experimental findings of [1] and the sediment flux measured at the111

end of the sediment bed in our current study. Concerning bed forms, we com-112

pare them with previous studies and use the analysis proposed by [2, 33] that113

allows to distinguish between ripples and dunes. Finally, we determine the rip-114

ple wavelength and amplitude and their variation in time. This analysis also115

suggests that the bed forms observed in the experiments of [1] are also ripples.116
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The paper is organized as follows: Sect. 2 provides essential details regard-117

ing the experimental apparatus and measurement techniques. The inner118

velocity flow and bed shear stress are discussed in Sect. 3. The sediment suspen-119

sion capacity theory along with a comparison with the previous investigation120

by [1] is presented in Sect. 4. In Sect. 5, we delve into bed forms analyses,121

comparing them with previous studies [1–3, 33], with a specific focus on ripple122

evolution and growth rates. Finally, the conclusions are given in Sect. 6.123

2 Experimental Setup and Procedure124

The experiments, with a continuously supplied saline gravity current flowing125

over an erodible sediment bed, were conducted in a rectangular Perspex tank.126

A schematic representation of the experimental setup is provided in Fig. 1a.127

The initial section of the channel is horizontal, followed by a linear slope (θ=7°)128

that causes flow acceleration [30, 34]. The channel was initially filled with129

fresh and salty water (of densities ρa and ρ1, respectively) to a height of130

H0 = 18 ± 0.5 cm from the bottom of the horizontal channel portion and131

separated by a gate located 160 cm upstream of the break in slope. At the132

beginning of the experiments the gate was opened to a height hg with constant133

buoyancy supply assured by a pump. At the downstream end of the channel134

the flow was evacuated to prevent return currents and assure a constant total135

water depth H0. The dense flow rate was set to q1 = 16 cm2/s per unit width.136

The overall Richardson number Ri = 1/Fr20, with Fr20 = g′0δI/u
2
m at slope137

begin x = 0, is larger than 1, with g′0 = ∆ρ/ρag =∼ 4.3±0.1 cms−2 being the138

reduced gravity, ∆ρ = ρ1 − ρa the density difference between the saline and139

the ambient quiescent water, δI the thickness of the velocity interface and um140

the maximum of the time averaged vertical velocity profile at x = 0. These141

initial conditions favor the sudden onset of shear instabilities after an initial142

downslope acceleration [34]. The initial Reynolds number is Re = uh/ν ≈143

1500.144

The sediment bed starts at xpb/cosθ=10 cm downstream after the ridge and145

is 75 cm (xsb/cosθ) long and 4.5 cm deep (see Fig. 1a). The x− z coordinate146

system represents the coordinate system relative to the inclined boundary with147

the origin at the ridge. The sediments used are polystyrene particles with a148

density of ρs = 1040 kg/m3, a particle settling velocity of ws = 1.3 mms−1
149

[35], and a diameter d50 = 300 µm. The particles were selected in order to150

ensure a suspension regime and avoid a wash load regime or a 100% bed load151

regime, considering the hydrodynamic conditions that could be easily achieved152

and maintained in the experimental channel [36]. These conditions correspond153

to a turbidity current composed of very fine suspension (fine silt) over a coarse154

sand bottom [6]. Particle size distributions of the sediments were analyzed155

with a Spraytec laser particle size analyzer (Fig. 1b). Their particle Reynolds156

number is Rep =
√

g′sd50d50/ν = 2.7 with ν = 1.14 × 10−6 m2s−1 and the157

reduced gravity g′s = g(ρs − ρ1)/ρ1 = 0.34 ms−2, where ρs is the sediment158

density. The dimensionless grain size is d∗ =
[
g′
sd

3
50

ν2

]1/3
= 1.9. For small enough159
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Fig. 1: a) Sketch of the experimental setup (not scaled). Q1 is the pump flow
rate, Fr = g′0hm/u2

m is the densimetric Froude number, ρa and ρ1 denote the
densities of the ambient fluid and the gravity current, respectively. The depth
of the dense current upstream of the slope is h1 = 4 cm, xpb/cosθ = 10 cm
is the distance between the ridge and the initiation of the sediment bed, and
xsb/cosθ = 75 cm is the length of the sediment bed. b) Grain-size distribution
of the sediment bed (black curve) and median grain size diameter d50 = 300 µm
(dashed vertical red line).

d50 as in our case, the bottom layer corresponds to the viscous sublayer, with160

a thickness that is approximately six times the viscous length δν = ν/u∗. The161

flow is said to be dynamically smooth on the particle size, but rough on the162

bed form size.163

Particle Image Velocimetry (PIV) was employed to measure the instanta-164

neous velocity field. Orgasol particles with a mean diameter of 30 µm were165

added in both salt and fresh water as seeding material. A 6W argon-ion laser166

(Coherent), operating in multimode, was used as a continuous light source.167

The generated laser sheet spans a length of approximately 1 m and a width168

of 5 mm and was positioned in the middle of the sediment bed area. The field169

of view covered the entire sediment bed area, with an additional zoomed view170

(9.5×11.3 cm) at the final portion of the sediment bed. 8000 to 12000 images171

were taken with a CCD camera (1200 x 1600 pixels) at a frequency of 22.5172

Hz resulting in a spatial resolution of 0.23 cm x 0.23 cm for the larger field173

of view and of 0.1 cm x 0.1 cm for the zoomed view. The experiment was174

repeated 3 times. The experiment on sediment bed (SB) has been compared175

to an experiment over a smooth bed (NS) with the same initial conditions.176

The main parameters of the experiments, along with those from [1], are pre-177

sented in Table 1.178

179

3 Velocity fields and bed shear stress180

Velocity fields of both runs SB and NB were analyzed and compared at three181

distinct positions downstream of the ridge: x = 5h1 (1), x = 15h1 (2), and182

x = 18.5h1 (3), with h1 the depth of the current at the ridge (Fig. 2a).183

Fig. 2 shows time averaged vertical profiles of the streamwise and vertical184

velocity components ⟨u⟩ and ⟨w⟩, respectively, obtained neglecting the data185
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Table 1: Characteristic parameters of the experiments conducted with sedi-
ment bed (SB) and for the study of [1] (Run B3 and C1). U and h are the
vertical averaged velocity and depth of the dense flow, respectively. Fr0 =
U/(g′0h)

1/2 is the Froude number with g′0 = ∆ρ/ρag being the reduced gravity
and Re0 = (Uh)/ν is the Reynolds number of the flow. d50 is the mean diam-
eter of the sediment particles, ws is the particle settling velocity and ρs is the
sediment density. Rep =

√
g′sd50d50/ν denotes the particle Reynolds number

where g′s = g(ρs − ρ1)/ρ1 is the reduced gravity. ES is the sediment entrain-
ment rate, E∗

s is the sediment entrainment coefficient, u∗ is the shear velocity
in the presence of bed forms and u∗s the effective averaged shear velocity (skin
friction) on the erodible bed. Re∗ = (u∗sd50)/ν is the shear Reynolds number
and τ∗s = (u2

∗s)/(g
′
sd50) is the bed shear stress due to skin friction.

Run
x1 − x2

(cm)
U

(cm/s)
h

(cm)
Fr0 Re0

d50
(cm)

SB 55− 60 5.2 3.7 1.3 1900 0.03
B3 200− 400 10.2 5.0 1.0 3400 0.018
C1 350− 400 8.0 6.1 0.7 3200 0.018

Run
ws

(cm/s)
ρs

(kg/m3)
Rep

Es

(·10−3)
E∗

s

(·10−3)
u∗

(cm/s)
u∗s

(cm/s)
Re∗ τ∗s

SB 0.13 1040 2.7 7.9 2.86 0.9 0.6 1.58 0.35
B3 0.42 1350 2.9 1.3 1.1 2.0 1.2 1.44 0.15
C1 0.42 1350 2.9 4.3 3.4 2.39 1.25 1.50 0.16

of the initial passage of the current head. The experiment SB can be subdi-186

vided in two phases, the first one with developing bed forms, and the second187

one characterized by the fully developed bed forms, which alter the velocity188

field, the bed shear stress and the sediment concentration. The so chosen time189

intervals for time average are 70 < t < 150 s and t > 150 s. While for the190

streamwise component ⟨u⟩ no significant differences between the two cases SB191

and NS are reported (see Fig. 2(b,c,d)), the behaviour of the vertical velocity192

component ⟨w⟩ is very different.193

At the top of the slope at x = 5h1, Fig. 2e displays negative values in both194

experimental runs NB and SB, but attributable to the acceleration of the dense195

flow, with larger values for the SB run. When moving further downstream, at196

x = 15h1 and 18.5h1, the SB run still exhibits high negative values of ⟨w⟩ in197

the inner part of the current. In contrast, in the NS run, the negative values198

are only observed in the outer part of the dense current due to interfacial199

entrainment (Fig.2(f,g)). These negative values of ⟨w⟩ in the SB run indicate200

slip on the mobile bed with an increase in horizontal flux close to the sediment201

bed.202

Fig.3 displays the time averaged Reynolds shear stresses ⟨u′w′⟩ at the203

chosen positions x = 5h1, x = 15h1, and x = 18.5h1, where u′ and w′
204

are respectively the time fluctuation of the two velocity components such as205

u′ = u − ⟨u⟩ and w′ = w − ⟨w⟩. At x = 5h1, Reynolds stresses are negligible206



Springer Nature 2021 LATEX template

Experimental study of gravity currents moving over a sediment bed 7

Fig. 2: a) Instantaneous along-slope velocity field. Velocity profiles were com-
puted at the three vertical sections. Vertical profiles of the mean streamwise
velocity ⟨u⟩ (b, c, d) and the normal velocity component ⟨w⟩ (e, f, g) obtained
at three different locations along the slope (1 : x = 5h1, 2 : x = 15h1, and
3 : x = 18.5h1) for SB (sediment bed) and NS (smooth bed) runs. Temporal
averages were calculated over the following time intervals: t = 70− 150

s and t > 150 s for the SB run.

Fig. 3: Vertical profile of the Reynolds shear stress ⟨u′w′⟩ at 1 : x = 5h1,
2 : x = 15h1, and 3 : x = 18.5h1 for the SB and NS runs. Temporal averages
were calculated over t = 70− 150 s and t > 150 s for the SB run.
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Fig. 4: Vertical profiles of (a) the time averaged streamwise velocity ⟨u⟩, (b)
the Reynolds shear stress ⟨u′w′⟩ and (c) the normal Reynolds stress ⟨u′u′⟩ and
(d) ⟨w′w′⟩ obtained from the zoomed view at x = 15h1. The red curve in (a)
represents the streamwise velocity modeled with the logarithmic law at the
wall to evaluate u∗.

Fig. 5: a) Instantaneous (blue dots) and fitted (red line) concentration of
sediment particles overtime at the downstream end of the erodible-bed. b)
Instantaneous image showing a raw image with a Kelvin-Helmholtz (KH) bil-
low in development connected with boundary layer separation and bursts of
sediment suspension, with the corresponding filtered image to quantify the
suspension (c).

in all runs (Fig.3a) and differences appear further downstream. At x = 15h1,207

18.5h1, the SB run values are larger than in the NS run concentrated in the208

sheared interface (Fig. 3b). These are shifted further above spread throughout209

the entire current depth for t > 150 (red lines).210

The intensity of shear stress within the lower boundary layer governs the211

sediment transport capacity of saline currents, influencing whether erosion or212
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deposition processes dominate at the bottom boundary. The bed shear stress213

(τb) is not directly measured but rather deduced from assessments of the fric-214

tion velocity (u∗). Several approaches exist for evaluating friction velocity215

[1, 33, 37]. Unfortunately, the near-boundary region poses the largest challenge216

for obtaining trustworthy velocity measurements, given that it is the location217

with the higher velocity gradients. Assuming a flow that gradually varies in218

the longitudinal direction, that is essentially two-dimensional in the vertical219

plane, the streamwise velocity can be modeled by the logarithmic law of the220

wall (e.g. [27, 38]):221

u(z) =
u∗

κ
ln

(
z

z0

)
(1)

where u∗ is the friction velocity, κ = 0.405 is the von Kármán constant [27],222

and z0 is the zero-velocity level. While a good confidence in the estimation of223

u∗ is reachable, the estimation of z0 is very sensitive to the knowledge we have224

of the true bottom level [27]. A sensitivity analysis of the choice of z0 varying225

of 50% gives variations of the shear velocity u∗ of 8% maximum.226

An estimation of the friction velocity u∗ can be obtained from Eq. (1), for227

which the data of the zoomed view with higher spatial resolution at x = 15h1228

has been used; the so computed value is u∗ = 0.9 cms−1 (Fig.4a). Using the229

same procedure, we obtain u∗ = 0.65 cm s−1 for the NS run. To obtain an230

accurate measure of boundary shear velocity, it is necessary to consider the231

resistance encountered by an underflow moving over an erodible bed covered232

with bed forms [1]. The total friction velocity u∗ can be seen as the combination233

of two contributions: the skin friction u∗s and the form drag u∗f . Consequently234

on a sediment bed the skin friction velocity is likely to be slightly less, i.e.235

u∗s ≃ 0.6 cm/s. The values of u∗ and of u∗s are listed in Table 1 together236

with those of Garcia and Parker (1993)[1]. Fig. 4(b,c,d) displays the averaged237

Reynolds stresses ⟨u′w′⟩, ⟨u′u′⟩ and ⟨w′w′⟩, respectively from the zoomed view.238

The vertical profiles of ⟨w′w′⟩ and ⟨u′u′⟩ appear different from those of a239

turbulent wall jet [39]. Near the wall ⟨w′⟩ = O(u∗).240

4 Sediment Suspension and Transport Capacity241

An estimation of the particle concentration C over time is depicted in Fig. 5,242

giving a O(10−3) (see the appendix A for the detailed computation procedure).243

In this figure we see that the averaged value decreases after the formation of244

bed forms (t = 150 s, see also section 5 further below). Peak values can be245

attributed to bursts consisting in intermittent ejections of sediments from the246

bottom coupled with the development of interfacial instabilities [34]. An instan-247

taneous snapshot of this phenomenon is given in Fig. 5b with the corresponding248

filtered image that highlights the sediment suspension in Fig. 5c.249

4.1 Sediment Suspension Capacity250

The change in sediment flux (CUh ≡
∫∞
zb

u(z)c(z) dz ) of a dense bottom251

current flowing over an erodible sediment bed can be written as:252
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Fig. 6: Sketch of the sediment flux dynamics. E is entrainment of sediment
from the sediment layer, D is the deposition, Cb is the near-bed sediment
concentration, and C0 is the concentration of the sediment layer.

dCUh

dx
= E −D (2)

where C is the volume sediment concentration, E is entrainment of sediment253

from the erodible sediment layer and D is deposit. It is generally accepted254

[1, 17] that D = Cbws, where Cb is a near bed sediment concentration (cf.255

sketch in Fig. 6), taken at 0.05h [1] and ws is the particle settling velocity.256

Concerning E, there is less consensus. Celik and Rodi (1991)[17] take E =257

wsCbmax with Cbmax the maximum near bed concentration the flow can carry,258

which is similar to E = wsES used by [1]. Hence:259

dCUh

dx
= ws(ES − Cb). (3)

From Eq. (3) an expression for the spatial change in near bed concentration260

Cb can be obtained assuming that the mean concentration C in the current is261

a fraction of Cb. Specifically C = βCb, where β ≈ 0.5 in accordance with the262

measurements of [1] that Cbmax ≈ 2Cmax, we can write Eq. (3) in the form:263

Uh

2ws

dCb

dx
+

EU

2ws
Cb + Cb = ES , (4)

with the ambient fluid entrainment coefficient E ≈ 0.01 [40]. The equation264

governing the spatial change in sediment concentration reads:265

dCb

dx
+ aCb −B = 0 (5)

where the values of the factor a:266

a = (2ws + EU)/(Uh) = 1/LS (6)

can be determined from the parameters given in Table 1, with LS being a267

saturation length which will be discussed further below. The general solution268

of Eq. (4) is:269

Cb = −Ae−ax +B. (7)
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When x → ∞, Cb = Cbmax = ES , entrainment is equal to deposition (Eq. 4),270

hence, B = ES and when x = x0, Cb = 0, hence A = ES . The distance x0271

at which sediment entrainment and deposition begins is taken as U times the272

overturning time of eddies of size δ, i.e. x0 ≈ (πδ/(u′ − ws))U . This gives for273

the experiments of [1], about 30 to 60 cm, depending on the value of δ chosen;274

the experiments of [1] suggest x0 ≈ 40. For the present study we take x0 ≈ 30275

because (U/u′−ws) and δ are slightly less. In any case, the distance x0 has to276

be larger than the first bed form length, which is about 25 cm. The expression277

is thus:278

Cb = ES

(
1− exp−(xs−x0)/LS

)
, (8)

with xs starting on the sediment layer.279

4.2 Determination of bed sediment entrainment ES280

Sediment entrainment depends on the shear stress:281

wsES = w′c′|z0 = u∗sC0E
∗
s (9)

where C0 is the concentration of the sediment layer, usually equal to 0.6 [3]282

(may be less when ripples or dunes are formed) and E∗
s is an entrainment283

coefficient. Considering Eq. (9), Eq. (3) then takes the form:284

dCUh

dx
= ws

(
C0

u∗s

ws
E∗

s − Cb

)
. (10)

It may be noted that ws should be replaced by wscosθ which, for 7◦, is a285

negligible correction and thus is ignored. In gravity currents, sediment entrain-286

ment increases the buoyancy flux with the total flux given by [1] Φ(x) =287

Φ0 + g′sqs, where Φ0 is the buoyancy flux of the saline current and qs = CUh.288

In the present experiments the ratio g′sqs/Φ0 ≪ 1, i.e. the buoyancy flux is not289

affected by the entrained sediment (negligible current acceleration). Note also,290

that the energy drain by the suspended sediment ∂Ep/∂t = g′sCmaxws has to291

be negligible compared with turbulent kinetic energy (TKE) production by292

shear.293

The Shields parameter of τ0/(ρs − ρ)gd vs. Re∗ = u∗d/ν gives the limit of294

sediment movement. For sediment suspension, the shear stress must be higher295

than the Shields limit and Celik and Rodi [17] propose for open channel flows296

on a sediment bed the criteria:297

τ∗s =
ρu2

∗s
(ρs − ρ)gd

=

{
0.15/Re∗ when Re∗ ≤ 0.6

0.23 when Re∗ ≥ 0.6
(11)

298

which is likely to be generally valid.299

In order to predict the spatial evolution of the bed sediment concentration300

Cb up to saturation we have to define the bed sediment entrainment ES . Garcia301
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and Parker [1] give an expression for ES in the form:302

ES =
AZ5

u

(1 + A
0.3Z

5
u)

(12)

where A = 1.3 · 10−7, Zu = u∗s/wsf(Rep) and Rep = (g′sd50)
1/2d50/ν. The303

function f(Rep) = 0.586Re1.23p is fitted to the measured values of ES . For304

small values of Zu, ES = AZ5
u and for large values, such that (Z5

uA/0.3) ≫ 1,305

ES = 0.3. In the present experiments Rep = 2.7 so we get ES ≈ 8 · 10−3.306

The saturation value of ES = 0.3 would be reached when (Z5
uA/0.3) ≈ 10, i.e.307

when u∗s/ws ≥ 15.308

Celik and Rodi (1991)[17] derived a transport capacity correlation for Cmax309

in the form Cmax = 0.034F , i.e.:310

Cmax = 0.034
u2
∗s

g′sh

U

ws
. (13)

In the present experiment U ≈ 8.5u∗s, hence, Cmax is given by:311

Cmax ≃ 0.29
u2
∗s

g′sh

u∗s

ws
≃ E∗

s

2

u∗sC0

ws
. (14)

With Cbmax ≃ 2Cmax, E
∗
s = u2

∗s/(g
′
sh) ≃ 2.86 · 10−3, and from Eq. (9)312

ES = 7.9 · 10−3. This value is very close to that obtained from the relation313

given by [1], but the saturation value of 0.3 is not realistic for large u∗s/ws. The314

relation of [17] indeed shows that even for u∗s/ws of order 102, the maximum315

mean concentration is of order 10−2 (their Fig. 1).316

Fig. 7 shows Cb/Cbmax vs (xs − x0)/LS for experiments B3 and C1 of317

[1] as well as for the present experiment. The continuous line represents Eq.318

(8) (Cbmax = ES). There is good agreement between theory and experi-319

ments considering the uncertainty in the measurement of near bed sediment320

concentration.321

For Cbmax to be reached, the sediment bed has to be long enough, i.e. about322

three times LS (see Fig. 7), which is not the case in the present experiment.323

As seen in Fig. 5, there are intermittent bursts that are correlated with the324

KH instability at the interface and these bursts cause sediment ejection.325

5 Definition and evolution of the bed forms326

An important result of the current experiments is the development of bed327

forms which, although widely reported in the literature (e.g. [1, 33, 41–43]),328

are still intriguing. While most observed bed forms are discussed in relation329

to open channel flow above a sediment bed, gravity current hydrodynamics330

are dependent on vertical density variation, and therefore are fundamentally331

different from open-channel flows. Consequently, despite decades of observa-332

tions of bed forms, there is a lack of a universal scaling relation to predict333
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Fig. 7: Non-dimensional spatial relaxation of the ratio between the near-bed
concentration Cb and the maximum near-bed concentration Cbmax. Empty
symbols: [1], filled symbol: present experiment. Cbmax is 1.3·10−3 and 4.2·10−3

for [1] and for the present study is 7.9 ·10−3. The saturation length LS is ≈ 0.6
m and ≈ 0.7 m, respectively. The solid black line represents the theoretical
sediment concentration Eq.(8) with LS = 0.6m.

their classification (dunes and ripples), their characteristic length scales and334

their growth rate. Ripples have generally a lower amplitude-wavelength ratio335

∆/λ. Sequeiros et al.(2010)[27] even classifies as a plane bed those experi-336

ments forming ripples with ∆ = O(mm). Garcia and Parker (1993)[1] observes337

well-defined ripples interpreted as downstream-migrating antidunes.338

Few recent studies attempt to classify bed forms in gravity current deposits339

as a function of the relevant hydrodinamic non-dimensional numbers as the340

particle Reynolds number and the Shields stress, combination of which is the341

so called Yalin number χ = Re∗
√
τ∗ [2, 3, 33].342

5.1 Equilibrium bed forms343

It is of interest to characterize the equilibrium bed forms in the present experi-344

ments in terms of the analysis of Lapotre et al. (2017)[2] and the saline-gravity345

currents analysis of [33] and their development in the light of the theoretical346

concepts in [3]. In Fig. 8a the Hovmöller diagram of the bed elevation anomaly347

shows that periodic bed forms appear and grow in time until reaching an equi-348

librium at the end of the experiment: from t > 150s, bed forms appear to be349

stationary. This is corroborated in Fig. 8b showing the Hovmöller diagram of350

the bed elevation anomaly spatial correlation function by which we compute351

an average wavelength λ = 9.0± 1 cm and an amplitude ∆max ≃ 2.5± 1 mm352

(Fig. 8a) at the end of the experiment.353

Lapotre et al. (2017)[2] used a large dataset of open channel flow to predict354

the formation of ripples, and found that ripples form for Yalin numbers, χ,355

below a certain threshold. Below that threshold, they showed that the dimen-356

sionless wavelength of the smaller bed forms, λ∗, collapses to a single power-law357
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Fig. 8: Hovmöller diagram of the bed elevation anomaly (a) and of the spatial
auto-correlation function of the bed elevation anomaly (b).

Fig. 9: Dimensionless wavelength λ∗ = λu∗s/ν vs the Yalin number χ =
Re∗

√
τ∗s using the scaling relation proposed by [2, 33, 44]. Grey symbols rep-

resent the open-channel flows data from [2], while blue symbols represent the
gravity currents data: square symbols [1], round symbols [18], and star symbol
for the present study. Vertical lines define the ripples (χ < 4), transitional bed
forms (4 < χ < 9), and dunes (χ > 9) areas, respectively as identified by [2] for
open-channel flow cases. The dashed line represents the fit of the results from
[2] (λ∗ = 2504χ1/3), while the solid line represents the fit of the experiments
with density currents, i.e., [1, 18], and our study (λ∗ = 1230χ1/3).

relation:358

λ∗ = 2504χ1/3 (15)

where λ∗ = (λu∗s)/ν is the non-dimensional wavelength of the bed form.359

Lapotre et al.(2017)[2] (see also [33]) classify bed forms as ripples for χ < 4360

with the most probable wavelength of λ = 12 cm for siliciclastic grains in361

freshwater, which is in agreement with our observation (λ = 9.0 ± 1). In Fig.362

9 we report the data of [2] and add the data of saline gravity currents of363
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[1, 18] and our experiment. The saline gravity current data of the present study364

and those of [1], although not entirely in agreement results with Lapotre et365

al.(2017)’s [2], fall within the ripple area (χ < 4) and are consistent with some366

of the data from [18] for saline-gravity currents.367

The value of λ∗ in the present experiments and those of [1, 18] is somewhat368

smaller than the one obtained with Eq. (15) (see also [33]). Using our values369

for Re∗ = (u∗sd50)/ν = 1.58 and τ∗s = 0.35 we obtain χ ≈ 0.94 and λ∗ ≈370

530 which is smaller than λ∗ obtained following Eq. (15), corresponding to a371

wavelength of λ ≈ 47 cm.372

Eq. (15), derived by [2], serves as prediction of ripple size in open-channel373

flows. This equation makes use of the Yalin number, which, in the context374

of bedload sediment transport, is proportional to the sediment saturation375

length. For gravity currents dominated by suspended sediment transport, the376

dimensionless ripple wavelength λ∗ is also expected to be proportional to377

(LSu∗/ν)
1/3, where LS represents the saturation length for suspension rather378

than bedload (see also [27]). Consequently, it is unsurprising that gravity-379

current bed form data follows a power-law with a similar exponent but is offset380

compared to open-channel ripples.381

The saline-gravity currents data are better fitted by the relation:382

λ∗ = 1230χ1/3, (16)

which is represented by a solid line in Fig. 9.383

Lapotre et al. (2017) [2] and Duran et al. (2019) [44] identified the ripple-384

to-dune transition in open-channel flows to likely occur for λ∗ ≈ 4000, which385

corresponds to a value of χ = 4 using the relation (15). Using our relation386

Eq. (16) with λ∗ ≈ 4000, gives the transition ripple-to-dune for χ ≈ 35 in387

saline gravity currents. This suggests, in accord with the experimental data388

reported in Fig. 9, that the ripple-to-dune transition for gravity currents may389

occur at larger Yalin numbers χ as compared to open channel flows. However,390

further experimental tests are necessary to accurately define the ripple-to-dune391

transition for gravity flows and better understand its dynamics.392

Focusing on the size of the bed forms, our λ value is comparable to that393

reported by Garcia and Parker (1993) [1], ranging between 10 and 16 cm, while394

the amplitude ∆ is one order of magnitude lower. The bed forms identified395

by Garcia and Parker (1993)[1] also fall perfectly within the definition area of396

ripples and are in perfect agreement with the previous study of Koller et al.397

(2016)[18]. Bed forms were classified also using a Shields diagram in the Re∗398

and τ∗s parameter space, recently revisited by Lapotre et al. (2017)[2], who399

includes the threshold values χ < 4 and χ > 9 for the formation of ripples and400

dunes, respectively. This is given in Fig. 10 where we also incorporate non-401

dimensional wavelengths of the bed form, λ∗, defined by the power-law Eq. (16)402

(solid lines). It is noteworthy that the data of [1] (squares) and of the present403

study (star) fall within an interval of λ∗ ≈ 1250. This result overestimates our404

average value of λ, but perfectly matches that of [1] (λ ≈ 12 cm).405
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Fig. 10: Dimensionless Shields stress τ∗s vs shear Reynolds number Re∗ =
u∗sd50/ν, incorporating non-dimensional wavelengths of the bed form, λ∗,
defined by our new power-law Eq. (16) (solid lines) and Yalin numbers χ
(dashed lines) defined by [2] for the open-channel flows. The square sym-
bols represent the experiments of [1], while the star symbol represents present
experimental result.

5.2 Temporal development of bed form406

To define the ripple evolution and ripple growth rates, we illustrate in Fig. 11407

the evolution of our sediment bed over time. Herein, we highlight the time for408

transition for the steady bed forms t = 150 s. Fig. 11a illustrates the spatial409

evolution of the sediment bed over time and distinctly highlights two trends:410

one for xs < 40 cm and another for xs > 40 cm. Specifically, for xs < 40 cm,411

the positions of the ripples seem to remain stable with a slightly increasing412

wavelength over time. However, in the region characterized by shear instabili-413

ties (xs > 40 cm), the shapes of the bed forms become notably more complex.414

This behavior is further confirmed in Fig. 11b, where the temporal evolution415

of the averaged wavelength λ is reported. The white markers correspond to416

the total spatial average λ, while the grey circles represent the spatial average417

for xs > 40 cm over time, exhibiting values fluctuating between 5 and 14 cm418

for t > 150 s.419

Fig. 11c depicts the longitudinal bed profiles at different times in the420

measured domain. It is observed that the amplitude of the ripples generally421

increases over time. However, after t = 150 s for xs < 40 cm, the change in ∆422

is smaller compared to locations further downstream. The average growth of423

∆ is shown in Fig. 11d, revealing a fast increase at the beginning and which424

slows down from t > 50s. The growth of a ripple crest up to saturation is of425

the form:426

∆ = ∆max

(
1− exp−t/TS

)
(17)

where the growth rate σ = 1/TS can be determined by fitting Eq. (17) to427

the experimental data. It is of interest to compare this σ with the value given428
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in Charru et al. (2013)[3] that is of the form σ = B(kz0)Qk2, where B =429

1.06(kδv)
−2/3sin(π/6) and Q is:430

Q =
τs
0.6

∂qsat
∂τs

∣∣∣∣
τs

. (18)

From Eq. (18) we get Q ≃ 5.6 · 10−2cm2s−1 (noting that qsat ≡ qmax =431

CmaxhU) and with δv = ν/u∗s, and k = 2π/λ = 0.78 (taking λ ≃ 8cm at432

t = 150s) we get TS = 1/σ ≃ 144s. As is seen in Fig. 11d, with this value of433

TS , Eq. (17) is in good agreement with the experiment. The expression of bed434

form growth rate given by σ = B(kz0)Qk2 [3] has been obtained from linear435

stability analysis of the sediment mass conservation equation and would thus436

be valid only in the linear regime. However, Eq. (17) contains qsat, i.e. the437

bed form growth up to saturation. According to [3], the ripple phase velocity438

c = ω/k is expressed by439

c = A(kz0)Qk, (19)

where A = 1.06(kδv)
−2/3cos(π/6) and is ≈ 15 in the present experiments.440

This gives, according to Eq. (19), c ≈ 0.6 cm/s that is one order of magnitude441

larger than the experimental value cexp ≈ 0.02 cm/s.442

Furthermore, it is interesting to note the existence of a relation between443

LS and TS which can be established from the mass conservation equation:444

∂C0hs

∂t
= − ∂q

∂x
(20)

where hs is the bed layer thickness with bed sediment concentration C0 = 0.6.445

The change of bed layer thickness is related with the change in bed form446

amplitude: C0∂hs/∂t = −α∂∆/∂t [19]. Hence, from Eq. (8) and Eq. (17) we447

get:448

α
∆max

TS
exp−t/TS =

qmax

LS
exp−(xs−x0)/LS . (21)

When t = TS and (xs − x0) = LS , α∆max = qmaxTS/LS . In accordance449

with Fig. 11d with qmax = CmaxhU = 6.6·10−2cm2/s, TS = 150s and LS = 60450

cm, we compute ∆max ≃ 1.7 mm which is in very good agreement with the451

observed value of ∆ at t = TS with α ≈ 1. The measured change in bed layer452

thickness is δhs ≃ 2.5 mm corresponding to the value obtained from Eq. (20).453

6 Further Discussions and Conclusion454

The present study regarding gravity currents flowing over an erodible sediment455

bed clarifies the physical processes of sediment suspension capacity, as well456

as the nature of the bed forms established by the current. The primary goal457

of the study is to develop a sediment suspension capacity model that enables458

accurate prediction of the spatial evolution of sediment concentration in grav-459

ity currents up to saturation, corroborated by experimental data. To clarify460

the near-bed physical processes of gravity currents flowing over sediment beds,461
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Fig. 11: a) Longitudinal bed profile evolution with time. b) Time evolution
of the spatial averaged wavelength λ of the bed forms. c) Longitudinal bed
profiles at different times. d) Same as in (b) but for ∆. The vertical red lines
indicates the instant t = 150s. The gray symbols in b) represent the averaged
values for xs > 40cm, while the continuous black line in d) is the theoretical
growth of amplitude (Eq. (17)) with TS = 150s.

velocity fields were analyzed, and the results obtained have been compared462

with those obtained under smooth bottom boundary conditions. The results463

clearly demonstrate that the presence of the sediment bed induces changes in464

the dynamics of the dense current. In particular, the vertical velocity com-465

ponent exhibits significant negative oscillations, which can be interpreted as466

contributions to the incipient motion of sediments. Consequently the shear467

stress decreases as indicated in Tab.1. The sediment suspension capacity the-468

ory developed allows to predict the spatial evolution of sediment concentration469

in a gravity current up to saturation hence, allows to relate the present results470

to those obtained by Garcia and Parker (1993)[1]. The distance of maximum471

concentration (i.e. the suspension capacity), is characterized by the saturation472

length LS for which we give an expression in terms of the flow parameters.473

Of particular interest is Eq. (8) of maximum concentration or carrying capac-474

ity that is in good agreement with the correlation given by Celik and Rodi475

(1991)[17] established for open channel and river flows. Sediment entrainment476

in a gravity current could result in an increase in buoyancy flux, hence an477

acceleration of the current with a further increase in carrying capacity. This is478

not the case here; it would require a much larger scale flow.479

Bed forms can be compared with other flow configurations when inner scal-480

ing (not Froude numbers) is used, as has been pointed out previously by Ohata481
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et al. (2023)[33]. The observed bed forms here are ripples, the wavelength of482

which scales with the Yalin number and Shield stress-particle Reynolds num-483

bers, as proposed by Lapotre et al. (2017)[2]. For ripple amplitude growth we484

give an expression in terms of a saturation time TS which is calculated using485

the theory of Charru et al. (2013)[3]. It is interesting to note that TS ≈ LS/u∗s,486

implying that saturation of sediment concentration and of bed form amplitude487

are directly related.488

The phase speed of the ripples is of the order of 10−2 cm/s which is nearly489

one order of magnitude less than the expected value as cited in [16] for instance.490

The slight inclination of the bottom, hence also the sediment bed, notably491

affects the current by the change of internal Fr < 1 to Fr > 1, i.e. to Richard-492

son number Ri < 1, hence giving rise to KH instabilities. However, the slope493

(θ=7°) is thought to be negligible. It would be of interest to consider larger494

slopes as well as large fluxes to determine the slope effect and possible current495

acceleration on sediment entrainment and bed forms.496
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Appendix A511

In order to estimate the concentration of sediment in the water column at each512

time step, image processing is conducted using the zoomed view to enhance513

the contrast between the background and particles (see Fig. 5b). The image514

resolution is designed to detect each particle in the water column, estimating515

its dimensions and radius to derive a reasonably reliable measure of particle516

concentration. Considering a camera resolution of dx = dy = 0.13 mm for517

the zoomed view, we selectively considered particles with an area larger than518

2dx to distinguish them from the PIV particles and filtered particles based519

on their eccentricity, retaining only those with eccentricity < 0.8, indicative520

of spherical shapes. The concentration is calculated coarsely as the number of521

detected particles over a specified reference volume, considering the maximum522

height of the dense flow and the 5 mm laser layer thickness. We made the523
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assumption that all particles had a radius of 300 µm and were spherical. The524

total volume associated with the particles was computed and divided by the525

reference volume.526
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