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Understanding gravity currents developing on complex topography, that involve tur-9

bulence and mixing processes on a wide range of spatial and temporal scales, is of10

importance for estimating near ground fluxes in oceanic and atmospheric circulation.11

We present experimental results, based on high resolution velocity and density mea-12

surements, of constant upstream buoyancy supply gravity currents flowing from a13

horizontal boundary onto a tangent hyperbolic shaped slope. The mean flow, the14

turbulence characteristics and mixing properties, the latter expressed in terms of15

mixing lengths and eddy coefficients, are determined, highlighting their dependency16

on topography. These mean flow and mixing characteristics are compared with the17

field measurements in katabatic winds by Charrondière, Hopfinger, and Brun 1 ; the18

latter are gravity flows that develop over sloping terrain due to radiative cooling at19

the surface. The results obtained show that the mean katabatic flow structure is20

substantially different from that of the upstream buoyancy supply gravity current.21

However interestingly, dimensionless mixing lengths and eddy coefficients compare22

well despite the difference in mean flow structure and a two order of magnitude23

difference in the Reynolds number.24
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I. INTRODUCTION25

Gravity currents are frequent in the natural environment with the density difference being26

due to temperature, salinity, dissolved substances, or particles within the flow. Examples27

of such currents in the atmosphere and oceans are sea breeze fronts2, katabatic winds3–6,28

continental slope boundary currents7, turbidity currents8 including avalanches9 and exchange29

flows10–14. For these reasons investigations of gravity currents in the context of their many30

applications have been numerous and of interdisciplinary nature. Several studies have shown31

how the propagation of dense, bottom gravity currents is affected by topographic aspects32

15–22, by sloping boundaries 23–30 as well as rapidly changing slopes31–34. Most of these studies33

have focused on the mean flow dynamics and the related entrainment of ambient fluid that34

strongly affects the flow development and fluid properties. Entrainment is related with the35

type of interfacial instability35–37 that also depends on initial conditions and slope angle32,33.36

Gravity currents involve a large variety of different processes, e.g. flow instabilities,37

boundary layers, vortices and internal waves, which occur in very localized regions, so that38

they cannot be resolved in oceanic and atmospheric circulation models38. Since these cur-39

rents affect the general circulation39, a parametrization of their effect is necessary, which40

requires the determination of the involved turbulent and mixing processes.41

Modern experimental techniques allow high quality, quantitative measurements of the42

mean flow development and entrainment, the turbulence characteristics, and internal mix-43

ing. Measurements of eddy coefficients and mixing lengths have been conducted in the44

outer part of a gravity current by Odier et al. 40 and in lock exchange gravity currents45

by Balasubramanian and Zhong 41 , Agrawal et al. 42 , Mukherjee and Balasubramanian 43,44 .46

Measurements in katabatic winds on glaciers and alpine slopes have been performed by47

Princevac, Hunt, and Fernando 4 , Monti, Fernando, and Princevac 45 , Charrondière et al. 46 ,48

who focused on mean flow oscillations and turbulence characteristics and, more recently, on49

mixing length and eddy coefficients6.50

Here, we present results from laboratory experiments of continuously supplied saline51

gravity currents flowing onto a complex topography of tangent hyperbolic shape that re-52

produces a typical alpine topography5. Emphasis is placed on the turbulence and mixing53

characteristics in the different regions of the gravity current down the slope. Comparison54

of the present results with those obtained in the laboratory by Odier, Chen, and Ecke 47
55
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and by Charrondière et al. 6 in katabatic winds is performed. The latter is of particular56

interest because Reynolds numbers and scales are widely different. Furthermore, most of57

the experimental data of katabatic winds have been obtained in a limited region above the58

maximum-wind-speed height where mixing lengths increase with height. Thus, laboratory59

results can shed new light on katabatic wind mixing behaviour.60

The paper is organized as follows: the essential details of the experimental apparatus61

and measurements techniques are given in Sec.II, including a general description of the62

flow development. Results of the mean flow development, mixing properties and Reynolds63

stresses are discussed in Sec.III. A comparison of some mean flow, mixing length and64

eddy coefficients of the present experiments with previous studies47 and especially with the65

katabatic wind results of Charrondière, Hopfinger, and Brun 1 is presented in Sec.IV. Sec.V66

summarizes the results and includes concluding remarks.67

II. EXPERIMENTAL DESIGN68

The experiment, sketched in figure 1a and described in detail elsewhere32,33, consists of69

a saline gravity current initiated by injecting a constant flow rate Q0 upstream of a 25cm70

wide and 160cm long horizontal channel within a lighter ambient fluid (ethanol solution71

for refractive index matching). The horizontal channel is followed by a hyperbolic tangent72

profiled slope boundary (cf. figure 1b), defined as:73

y =
hc

2
(1− tanh(x)), θ = atan(−hc

2
(1− tanh(x2))) (1)74

No return flow and a constant total water depth of h = 20± 0.5cm in the initial horizontal75

channel were assured by evacuating the same volume as supplied at the downstream end of76

the experimental channel.77

Fig.2 presents one series of snapshots of one experiment with dye added in the saline78

water (D52, cf. table I) after the current has reached stationary conditions (i.e. after the79

initial passage of the gravity current head). Two different types of shear instabilities at80

the interface between the dense flow and the ambient fluid can be recognized: Holmboe81

instability (HI) 48 near slope begin, followed by Kelvin–Helmholtz instabilities (KHI) on82

the steepest part of the slope. The final portion and the downstream part of the slope are83

characterized by the collapse of the KHIs which generate a turbulent (mixed) shear layer84
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(a) (b)

FIG. 1. a) Schematic side-view of the tank used to perform laboratory experiments with the main

geometrical features and the notations. b) Slope angle evolution along the x (down slope) direction.

(TSL) with an intermediate upper density layer.8586

A total of 12 experiments have been performed by varying the initial density difference87

∆ρ between the current and the ambient water and Q0 (see table I). The optical non-88

intrusive experimental technique PIV was adopted to measure the instantaneous velocity89

field in 9 experiments, while the fluorescent dye was added to the saline injected solution90

to determine the local relative density difference in further 3 experiments for evaluating the91

gradient Richardson number (cf. table I).92

For the PIV measurements, a CCD camera (1200x1600 pixels) was used to acquire the93

experimental images with an acquisition frequency of 23.23Hz. The camera allowed to94

record the whole slope field with an image size of 1m×1m. Each vector of the resulting field95

represents an area of approximately 0.23cm ×0.23cm. Further details on the PIV procedure96

are given in Martin, Negretti, and Hopfinger 33 .97

To estimate relative averaged density profiles, a local calibration procedure taking into98

account the light absorption of Rhodamine 6G added to the injected saline water has been99

adopted. Details of the procedure can be found in Negretti, Zhu, and Jirka 49 .100

III. EXPERIMENTAL RESULTS101

A. Mean flow development and entrainment102

The along-slope mean velocity u and slope normal velocity w have been measured at103

three downstream positions x and are processed in experiments R52, R152 and R153 that104
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(a) (b)

(c) (d)

FIG. 2. Instantaneous images of dye visualizations of a gravity current with q0 = 45.76cm2s−1 and

g′0 = 5cm s−2. (a) t = t0; (b) t = t0 + 0.01s; (c) t0 + 0.02s and (d) t0 + 0.03s. Three different

zones can be defined that are characterized by different interface instabilities: Holmboe instability

(HI) near slope begin, Kelvin–Helmholtz instability (KHI) at steep slope and the final area of KHI

collapse to a turbulent (mixed) shear layer (TSL).

are representative of all the experiments conducted. These show how a change in g′0 and q0105

affect the flow. As in Negretti, Flòr, and Hopfinger 32 and Martin, Negretti, and Hopfinger 33 ,106

the flow distance x has been normalized by h0i, the initial mean height of the dense current107

at slope begin, i.e. x∗ = x/h0i.108

Fig.3 shows time-averaged along-slope velocity ⟨u⟩ and slope normal velocity ⟨w⟩ at three109

positions x∗ = 1, x∗ = 7 and x∗ = 11 indicated by the continuous vertical black lines in110

Fig.3a. Upstream of the slope, the current has a constant ⟨u⟩ as long as the change in the111

bottom inclination does not affect the flow. Then, ⟨u⟩ increases until KHI develop, which112

cause the slow down of the current followed by a nearby maximum constant velocity, which113

is reached from x∗ ≈ 7 as seen the in the insets in Fig.4.114

Fig.3b-d show the ⟨u⟩ velocity profile and Fig.3c-g the slope normal velocity distribution115

⟨w⟩ at x∗ = 1 (a,d), x∗ = 7 (b,e) and x∗ = 11 (c,f). The different symbol colors indicate116
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TABLE I. Parameters of the experiments conducted, where q0 is the dense flow rate per unit width,

g′0 the reduced gravity, Re0 = q0/ν is the inlet Reynolds number, B0 = q0g
′
0 is the initial buoyancy

flux and h0i is the initial height of the dense current in the horizontal part of the channel.

Run q0(cm2s−1) g′0(cm s−2) Re0 B0(cm3s−3) h0i(cm)

R51 32.28 5 3200 160 6

R52 45.76 5 4600 225 6.7

R53 57.24 5 5700 280 7.5

R101 32.28 10 3200 320 5.8

R102 45.76 10 4600 460 6.3

R103 57.24 10 5700 570 7

R151 32.28 15 3200 485 5.7

R152 45.76 15 4600 685 6

R153 57.24 15 5700 860 6.4

D51 32.28 5 3200 160 6

D52 45.76 5 4600 225 6.7

D53 57.24 5 5700 280 7.5

different experiments, while the symbol shape refers to the position x∗.117

In Fig.3a-c all the experiments show velocity profiles ⟨u⟩ similar to that of a plane turbu-118

lent wall jet50 as has also been observed by Buckee, Kneller, and Peakall 51 and Ottolenghi119

et al. 52 . The height where maximum velocity occurs is conditioned by interfacial drag. The120

maximum velocity moves closer to the bottom as x∗ increases. Fig.3d-f shows the time-121

average vertical velocity ⟨w⟩. At x∗ = 1 ⟨w⟩ is negative from the slope bottom up to the122

shear layer where it tends to zero. The behaviour is opposite at x∗ = 7, where the slope is123

steepest with ⟨w⟩ being negative in the outer part of the current and in the ambient fluid.124

Further downstream at x∗ = 11 ⟨w⟩ weakly decreases with increasing z.125

In order to highlight more clearly the change in flow structure with downstream distance126

it is of interest to present velocities in dimensionless form. Fig.4 shows the variation along127

z/z0.5 of the dimensionless longitudinal velocity ⟨u⟩/⟨um⟩ (symbols outlined in blue) and of128

the normal component ⟨w⟩/⟨um⟩ (symbols outlined in black) for experiments R52 (a) and129

R153 (b), where ⟨um⟩ is the maximum mean velocity, shown in the insets, and z0.5, is the130
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(a)

(b) (c) (d)

(e) (f) (g)

FIG. 3. Time-averaged along-slope velocity ⟨u⟩ and slope normal velocity ⟨w⟩ at positions x∗ =

1, 7, 11 for experiments R52, (b−e), R152, (c−f) and R153, (d−g); (a), color plot of velocity ⟨u⟩ vs

x∗ for R152 with the vertical continuous lines indicating the positions x∗ = 1, x∗ = 7 and x∗ = 11

where the time-averaged streamwise velocity profiles and the vertical velocity have been measured.
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(a) (b)

FIG. 4. Dimensionless profiles of the averaged streamwise velocity ⟨u⟩/⟨um⟩ and vertical velocity

⟨w⟩/⟨um⟩ for the experiments R52 (a) and R153 (b). The insets show time-average maximum values

of the streamwise velocity component ⟨um⟩ in blue and the z0.5 in red with the vertical continuous

lines indicating the positions x∗ = 1, 7 and 11.

distance from the boundary where the velocity ⟨u⟩ is ⟨um⟩/2. The maximum mean velocity,131

⟨um⟩, and z0.5 are shown in blue and orange respectively in the insets at the top right in132

Fig.4(a) and (b). Both experiments show a similar trend of z0.5 and ⟨um⟩. In accordance133

with what was mentioned already above, it can be seen (compare insets) that higher g′0 and134

q0 lead to a higher ⟨um⟩, which increases along x∗ until it reaches an almost constant value135

at x∗ > 7. The change in z0.5 is more complex. Upstream of the slope, z0.5 is nearly constant136

while at slope begin first decreases and then increases smoothly in the deepest part of the137

slope due to the formation of KHI. Toward the end of the slope there is a rapid decrease138

of z0.5 toward a constant value. As expected, the dimensionless velocity distributions and139

values are practically the same in experiments R52 and R153.140141

Calculating entrainment is of interest because it expresses mixing with the ambient fluid,142

related with interfacial instability, and interfacial drag. Following Morton, Taylor, and143

Turner 53 , entrainment of ambient fluid is related with the normal velocity wh at the interface144
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with the entrainment coefficient defined by:145

Ew = −wh

U
, (2)146

where U is the depth integrated velocity of the current. A cross-stream location z/z0.5 ≈ 1.5147

has been chosen as the interface. Then, the velocity wh at this location has been obtained148

from the PIV velocity data (Fig 3 and 4) by taking the average of three values of the normal149

velocity around z/z0.5 = 1.5. Invariance of the results has been checked by comparison be-150

tween results obtained directly from averaged velocity fields and from instantaneous velocity151

fields. We note that, as already reported by Odier, Chen, and Ecke 36 and Martin, Negretti,152

and Hopfinger 33 this definition of entrainment coefficients gives values somewhat larger than153

those obtained with the definition using the volume flux change in the downstream direction,154

Eq = 1/Ud(Uh)/dx (cf. also Fig. 6).155

Fig.5a shows the time-averaged entrainment coefficients Ew versus x∗ for R52, R152 and156

R153 experiments. Despite the different initial conditions, Ew shows a similar behavior in157

all experiments. The entrainment rates are almost zero during the initial acceleration phase158

(0 < x∗ < 2) and increase rapidly as KHI develop to reach maximum values at the steepest159

part of the slope (x∗ ≈ 7) and then decreases again in the TSL region. To highlight the160

effect of slope variation on entrainment, Fig.5(b-d) report the entrainment Ew evaluated at161

x∗ = 1(b), x∗ = 7(c) and c∗ = 11(d) as a function of the injected buoyancy flux B0 for all162

the performed experiments.163

In Fig.6 the entrainment coefficient Ew and Eq are plotted as a function of the local164

Froude number Fr = Ri−0.5
g and compared with other experimental data. The present data165

are for the range 0.5 < x∗ < 1.5, 6.5 < x∗ < 7.5 and 10.5 < x∗ < 11.5 and for experiments in166

which both velocity and density field measurements are available. To compute the Froude167

number, the gradient Richardson number Rig = N2 cos θ/S2 (Fr = 1/
√
Rig) has been used,168

where N =
√
−g⟨δzρ⟩/⟨ρ⟩ and S = ⟨δzu⟩ represent the Brunt-Väisäla frequency and the169

vertical shear of velocity, respectively. We see that the data of the present study are in good170

agreement with those of previous studies.171

B. Reynolds stresses172

Key quantities for describing turbulence processes are the Reynolds stresses expressing173

turbulent transport of momentum59. Fig.7 displays the variation with z/z0.5 of the time174
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(a)

(b) (c) (d)

FIG. 5. a) Time-averaged entrainment coefficients Ew versus x∗ for experiments R52, R152 and

R153. Entrainment coefficient Ew versus initial buoyancy flux B0, at x∗ = 1 (b), x∗ = 7 (c) and

x∗ = 11 (d) for all performed experiments.

averaged Reynolds stresses ⟨u′u′⟩/⟨u2
m⟩, (a,b) and of ⟨w′w′⟩/⟨u2

m⟩ (c,d) at x∗ = 7 and x∗ = 11175

for experiments R52, R152 and R153. As expected, low values are observed close to the176

velocity maximum, increasing toward the wall (in the boundary layer, not shown here) and177

values are maximum in the outer shear layer60,61.178

The maximum values of the normal Reynolds stresses ⟨u′u′⟩/⟨u2
m⟩ and ⟨w′w′⟩/⟨u2

m⟩ at179

x∗ = 7 have a near Gaussian distribution and are located close to z/z0.5 = 1 (see Fig.7a,c).180

In the experiments with larger density difference (R152,3), the values are lower and more181

spread out. The explanation for this behaviour is the difference in the mean velocity profiles.182
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FIG. 6. Entrainment coefficients, Ew (red ◦), and Eq (red +) as a function of the local Froude

number Fr = Ri
−1/2
g . Present entrainment coefficients are for the range 0.5 < x∗ < 1.5, 6.5 < x∗ <

7.5 and 10.5 < x∗ < 11.5 of all experiments with g′0 = 5cms−2. Data of Ew from Odier, Chen,

and Ecke 36 , Princevac, Fernando, and Whiteman 54 , Wells, Cenedese, and Caulfield 55 , Cenedese

and Adduce 56 and Charrondière et al. 6 (katabatic winds in situ measurements) are included for

comparison. Shaded areas represent laboratory experiments of Alavian 57 and Ellison and Turner 26

with the black dashed line representing the classical variation of Ellison and Turner 26 and the

dashed blue and red lines the variation as reported in Cenedese and Adduce 58 .

In experiment R52 the profile above maximum velocity is similar to that of a mixing layer183

i.e. of erf type62, whereas when g′0 is larger, higher acceleration due to larger gravitational184

force, gives rise to a wider region of nearly constant shear and consequently constant normal185

stresses. Stratification has practically no effect on Reynolds stresses at x∗ = 7, the gradient186

Richardson number being small (of order 0.1). At x∗ = 11 a region of nearly constant187

shear exists in all three experiments, hence nearly constant normal stresses over this region.188
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(a) (b)

(c) (d)

FIG. 7. Scaled normal Reynolds stress profiles determined at x∗ = 7 (a,c) and x∗ = 11 (b,d) in

experiments R52, R152 and R153.

Maximum values of the Reynolds stresses are about half of those at x∗ = 7 due to the189

collapse of KHIs and re-stratification process that takes place at the end of the slope.190191

The Reynolds shear stresses ⟨u′w′⟩ are shown in Fig. 8, with the instantaneous two-192

dimensional field of the scaled Reynolds shear stresses ⟨u′w′⟩ along x∗, of experiment R52,193
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presented in Fig. 8a. As previously observed33, in the HI region the largest fluctuations194

are concentrated at the sheared interface only. As the current develops down the slope, an195

increase of the shear stresses is observed due to acceleration and rapid onset of the KHI,196

which spread over the full current depth: large values of ⟨u′w′⟩/⟨u2
m⟩ characterize the full197

shear layer with the largest values on the steepest part of the slope at x∗ = 7 where θ = 31◦.198

This is highlighted in Fig.8b and Fig.8c where scaled Reynolds shear stress profiles, computed199

at x∗ = 7 and x∗ = 11, respectively, are reported. In accordance with the behaviour of the200

normal stresses, at x∗ = 7 there is a clear maximum in experiment R52, located at the201

sheared interface close to z/z0.5 = 1 whereas when g′0 is larger, maximum values are lower202

and spread out. Furthermore, at x∗ = 11 where there is a general decrease of the turbulent203

fluctuations, the shear stress values are less than half of those at x∗ = 7.204205

Odier, Chen, and Ecke 47 proposed a novel method for characterizing the distribution of206

correlations of the velocity fluctuations to better understand the mixing process based on the207

probability density functions (PDFs) of the momentum fluxes ⟨u′w′⟩. Fig.9 shows the PDFs208

of ⟨u′w′⟩ in the range 8.5 < x∗ < 11.5 of experiment R152. Each PDF is obtained using data209

in a normal band of 1cm height, starting from the bottom of the slope, and is highlighted210

with a different color enabling to see the evolution of the PDFs as the vertical distance211

increases. As also seen in Fig. 8, the fluxes reach nearly 2% of the squared maximum212213

velocity flow so as there is still a probability (10−3) that a fluctuation will reach a value214

about 15 times the mean (Fig.9). Usually, as the center of the mixing region is approached,215

i.e. the interface between the current and the ambient fluid, large fluctuations are present216

and the PDFs of the momentum fluxes are asymmetric47. This asymmetry is the origin of217

the non-zero mean value of the fluxes indicating either downward transport (entrainment)218

of downstream momentum or upward transport of upstream momentum, according to the219

mixing mechanism induced by the KHI. This behavior is not observed in our analysis, since220

the PDF were evaluated on the TSL area where the stratification is interrupted by the221

collapse of the KHIs.222

C. Mixing length and shear scale223

Reynolds stresses can be conceptually parameterised by an eddy or turbulent viscosity,224

Km = −⟨u′w′⟩/∂zu, that relates chaotic fluid motion to diffusive type processes43,62. It is a225
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(a)

(b) (c)

FIG. 8. (a) Scaled instantaneous Reynolds shear stresses ⟨u′w′⟩⟨u2m⟩ along x∗ of experiment R52.

Profiles of scaled Reynolds shear stresses at x∗ = 7 (b) and at x∗ = 11 (c) in experiments R52,

R152 and R153.

useful parameter for indicating the extent of internal mixing and is used extensively in both226

numerical and analytical modelling of turbulent flows.227

Based on the mixing length model proposed by Prandtl 63 , the Reynolds stresses ⟨u′w′⟩228

can also be related to the square of the velocity gradient ⟨∂zu⟩2 using a proportionality229

constant which represents a mixing length Lm:230
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(a)

(b)

FIG. 9. PDFs of instantaneous shear stress (a), and of scaled shear stress (b) in R152 experiment.

Each PDF is constructed using data in a band of 1cm height from the bottom (normal position

indicated in the legend), situated in the TSL area at 8.5 < x∗ < 11.5.

L2
m =

⟨u′w′⟩
⟨∂zu⟩2

, (3)231

Fig.10 shows the computed vertical profiles of the turbulent eddy diffusivity Km (a,b)232

and mixing lengths Lm (c,d) at x∗ = 7 and x∗ = 11 (left and right columns, respectively).233
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The corresponding z variation of mean velocity gradients ∂zu are presented in the insets.234

Data close to the bottom and top extremities are not reported because experimental errors235

become large. Lm is computed starting at a distance from the wall of approximately 20% of236

the current depth62.237

At x∗ = 7 (Fig.10c), mixing lengths Lm are nearly constant in experiments R152 and238

R153. while eddy coefficients increase and then decrease with distance z. When density239

differences are lower (R52), both, Lm and Km behave differently in the lower part because240

of the difference in velocity gradient. In general, close to the velocity maximum and at large241

distances from the bottom, the vertical derivative ∂zu becomes almost zero, so that large242

fluctuations in the calculated Lm occur at these extremities. Averaging over the depth and243

the downstream distance in the considered region, gives a mean value of Lm ≈ 0.60 ± 0.1,244

which compares well with those reported by Odier et al. 40 of Lm ≈ 0.45± 0.1.245

At the end of the slope in the TSL region (x∗ = 11) (Fig.10b) the values of Lm and of246

Km are lower and both increase almost linearly with z/z0.5. This is probably related with247

the substantially lower and nearly constant Reynolds stresses at this location.248

In order to understand how mixing lengths and eddy coefficients depend on the effect of249

turbulent kinetic energy, of stable stratification, and of destabilization by shear it is useful250

to determine the shear scale Ls, also referred to as Corrsin scale64, and the buoyancy length251

(Ozmidov scale) Lo, which are defined as36,65:252

Ls =

√
ϵ

⟨∂zu⟩3
, Lo =

√√√√√ ϵ(
g ⟨∂zρ⟩

⟨ρ⟩

)3/2
, (4)253

where ⟨·⟩ represents a time average over the experimental duration and ϵ the mean turbulent254

dissipation rate. As already pointed out by Odier, Chen, and Ecke 47 , the smaller of these255

scales limits the mixing length Lm, hence, also Km. The strength of stratification with256

respect to the shear is measured by the (gradient) Richardson number Rig which also relates257

these two scales via the relation Ls/Lo = Rig
3/2. Generally, gravity currents on slopes are258

characterized by low Richardson numbers Rig ≪ 1, hence shear dominates over stratification259

so that the shear scale Ls is expected to limit the mixing length Lm and Km.260

According to Kolmogorov’s similarity hypothesis, the dissipation is the only flow variable261

that characterizes the state of turbulence when stratification is weak. The significance of262

ϵ has been extensively addressed in numerous studies66–68. Following Steinbuck et al. 69
263
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(a) (b)

(c) (d)

FIG. 10. Variations of eddy coefficient Km and mixing lengths Lm with z/z0.5 at x∗ = 7, (a,c) and

at x∗ = 11, (b,d). Close to the velocity maximum, as well as far away from it, the ∂zu tend to

vanish, producing large fluctuations in Km and Lm. The insets show the velocity gradients ∂zu as

a function of z/z0.5.

and Xu and Chen 68 the dissipation rate can be estimated using the four resolved velocity264

gradients obtained by PIV as:265

ϵ = ν⟨4(∂xu′)2 + 4(∂zw
′)2 + 3(∂zu

′)2 + 3(∂xw
′)2 + 4(∂xu

′∂zw
′) + 6(∂zu

′∂xw
′)⟩ (5)266
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In a stratified flow the dissipation is equal to production minus the loss of energy to267

buoyancy. In a flow on a slope there is, in addition to shear production, also TKE production268

by buoyancy. Neglecting advection and diffusion terms, the TKE energy balance is given269

by:270

−u′w′∂u

∂z
− g

ρ
w′ρ′ cos θ +

g

ρ
u′ρ′ sin θ ≈ ϵ (6)271

The buoyancy terms are opposite in sign with the ratio of g
ρ
w′ρ′ cos θ to shear and272

buoyancy production (mixing efficiency) being ≈ 0.1 and u′ρ′ sin θ/ w′ρ′ cos θ ≤ 1 when273

Rig < 0.16; hence ϵ ≈ w′u′∂zu. The production is maximum near z/z0.5 whereas, because274

of diffusion and advection terms, dissipation is more uniformly distributed across the outer275

region of the current and is close to the average of the production, i.e.:276

ϵ ≈ 0.6(w′u′∂zu)max. (7)277

The value of ϵ computed from equation (5) is nearly up to an order of magnitude less than ϵ278

from equation (7). To estimate the dissipation rate ϵ directly from the PIV data and avoid279

important underestimations, it is necessary to have a spatial resolution of the PIV close to280

the Kolmogorov scale ηK . The spatial resolution of the present PIV measurements is 3mm,281

while ηK = (ν3/ϵ)1/4 is of the order of O ∼ 0.4mm estimated using ϵ = u′3/h70. Hence the282

direct calculation of ϵ from the PIV data using equation (5) will considerably underestimate283

the dissipation. To calculate the values of Ls we use the z variation given by equation (5)284

with a pre-factor such that the maximum of ϵ is close to ϵ of equation (7).285

Fig.11 shows the measured mixing length Lm versus the computed shear scale Ls and286

Km versus L2
sδzu for all the experiments performed. The experimental data of the present287

study all are close to or fall above the dashed straight line in Fig.11 representing Lm = Ls288

Km = L2
sδzu, which is different from the results of Odier, Chen, and Ecke 47 where Lm < Ls.289

A possible explanation for the difference is the non-constant and much steeper bottom slope290

θ in the present experiments that can have important consequences on the mixing properties.291

IV. COMPARISON WITH KATABATIC WINDS292

Studies of katabatic winds are numerous (see for instance4,6) because these flows affect293

local weather conditions causing also temperature inversion in valleys that are prone to294

pollution. In Antarctica and Greenland, katabatic winds are directly responsible for cooling295
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(a)

(b)

FIG. 11. Eddy coefficient Km versus L2
sδzu and mixing length Lm versus computed shear length

Ls, for all the experiments performed at x∗ = 7 (empty markers) and x∗ = 11 (filled markers).

the ocean surface water at the polynya71 and open sea and play an important role for the deep296

water formation. Katabatic flows are driven by buoyancy supply from the ground (ground297
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TABLE II. Characteristic turbulence length scales of present experiments of Odier, Chen, and

Ecke 47 and in katabatic flows1. The dissipation ϵ has been computed using equations (5) and (7).

△z = △u/∂zuz0.5 is the shear thickness.

Run ⟨ϵ⟩(cm2s−3) Lm(cm) Ls(cm) |△z|(cm) z0.5(cm)

R152(x
∗ = 7) 6.8 0.61 0.51 6.0 6.8

R152(x
∗ = 11) 1.0 0.38 0.20 7.5 5.6

R153(x
∗ = 7) 9.0 0.75 0.72 7.0 8.0

R153(x
∗ = 11) 2.8 0.55 0.40 9.9 5.9

Charrondière, Hopfinger, and Brun 1

z = 0.66m 57 9 21 11.1 · 102 3.7 · 102

z = 0.98m 55 16 21 11.1 · 102 3.7 · 102

z = 1.50m 52 26 27 11.1 · 102 3.7 · 102

z = 1.93m 44 35 32 11.1 · 102 3.7 · 102

z = 2.37m 40 45 39 11.1 · 102 3.7 · 102

z = 9.77m 46 116 120 11.1 · 102 3.7 · 102

Odier, Chen, and Ecke 47

0.5÷ 1.4 0.2÷ 0.6 0.15÷ 0.7 1.6÷ 6.8

cooling), whereas in most laboratory currents buoyancy flux is constant and equal to the298

upstream buoyancy supply, hence, the flow structure is expected to be different. A formal299

comparison is, nevertheless, of interest. Ellison and Turner 26 for instance evaluated the mean300

flow development of katabatic winds using their results of a buoyancy conserving gravity301

current on a slope. The recent detailed field measurements by Charrondière et al. 6,46,72 on302

steep alpine slopes of 30◦ inclination (Grand Colon, Belledonne chain) provide an excellent303

data set for comparing katabatic jets data, including turbulent mixing, with laboratory304

gravity currents results. The shape and slope inclination adopted in the present study305

reproduces a typical alpine topography in the French Alps and specifically the Grand Colon306

topography.307308

Fig.12a shows a comparison of the slope normal katabatic wind mean velocity profile dur-309

ing a representative katabatic event on February 24th 2019 (5h-8h) with a slight up-slope310

wind of velocity Ua = −0.2m/s, with the R153 experimental mean velocity. The errors311
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bars on the katabatic velocity profile show the variability of the mean wind during the kata-312

batic event, while the black dashed line represents the fit derived from the Prandtl model5.313

The velocity profiles are quite different: indeed in katabatic winds the velocity distribution314

above maximum velocity has a logarithmic trend with maximum gradient close to the ve-315

locity maximum whereas in laboratory experiments the maximum gradient is located near316

the current mid-height. The explanation for this difference are the very different density317

distributions, as presented in Fig.12b. In the constant, upstream buoyancy supply of labo-318

ratory gravity currents, the excess density decreases over the whole flow depth, whereas in319

the katabatic wind (buoyancy supply from the boundary) the density variation is located in320

the lower 10− 20% of the gravity flow. In spite of this considerable difference in mean flow,321

in addition to the large difference in Reynolds number, entrainment coefficients lie within322

the bulk of laboratory currents as is seen in Fig.6.323

To compare turbulence quantities, notably mixing lengths Lm and Km, with those ob-324

tained in katabatic winds, extended to larger z values given in Charrondière, Hopfinger, and325

Brun 1 (cf. Tab.II), a characteristic length scale is required for making Lm, Km as well as Ls326

dimensionless. An appropriate length scale is △z = △u/∂zuz0.5 , where △u is the maximum327

mean velocity um. Indeed, by adopting the latter, all the data collapses reasonably well328

as is shown in Figs.12(c,d), where in (c), Km/△z△u are plotted as a function of L2
s/△u2

329

and in (d), mixing lengths Lm/△z as a function of Ls/△z. Both, the scaled Km and Lm330

increase with Ls to reach an upper limit of Km/△z△u ≈ 0.008 and Lm/△z ≈ 0.1. Inter-331

estingly, these maximum values of dimensionless eddy coefficients and mixing lengths are332

similar to that of a turbulent boundary layer where Lm/δ ≈ 0.1 (the shear thickness △z is333

the equivalent of the velocity shear layer thickness δ). In terms of bottom friction velocity,334

uτ ≈ 0.07um
6, Km/△zuτ ≈ 0.1, and which is close to the maximum value in a turbulent335

boundary layer (Pope 62 , p.307). However, the variations of eddy coefficients and mixing336

lengths with Ls, have quite different origins. In katabatic flows, these are a function of337

height z with values increasing from nearly zero up to the maximum value, whereas in the338

constant buoyancy flux gravity current, the mixing length is practically constant along z.339

The change seen in Figs.12(c,d) is due to a change with position x, i.e. values are maximum340

at x∗ = 7 and lower at x∗ = 11. The eddy coefficient varies with z and with x. This notable341

difference with katabatic winds is due to the widely different mean velocity profiles.342343
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(a) (b)

(c) (d)

FIG. 12. Dimensionless profiles of mean streamwise velocity, (a) and of density, (b), at x∗ = 7 in

experiment R153 compared with katabatic wind profiles of 2019B event in6 . Dimensionless eddy

coefficients Km, (c), and mixing lengths Lm (d), versus dimensionless shear length Ls. The shaded

gray area represents the values of Odier, Chen, and Ecke 47 .
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V. SUMMARY AND CONCLUDING REMARKS344

The constant buoyancy flux gravity currents flowing from horizontal onto a steep, hy-345

perbolic tangent shaped slope that is representative of an alpine topography, reveal novel346

features. The current accelerates down the slope until Kelvin-Helmholtz instabilities de-347

velop, which cause the slow down of the current followed by a nearby maximum constant348

velocity. Downstream the slope, on the horizontal boundary, the maximum velocity remains349

nearly unchanged because both the gravitational force and entrainment are drastically re-350

duced. The interfacial instability changes from Holmboe instability (HI) near slope begin to351

Kelvin-Helmholtz (KHI) on the steepest part of the slope, where Rig ≈ 0.1 and entrainment352

is large, followed by turbulence collapse, i.e. a stable turbulent shear layer (TSL), where353

Rig ≈ 0.3 and entrainment ceases.354

The computed Reynolds stresses are maximum in the central part of the interface with355

the distribution depending on the buoyancy flux. In the TSL region Reynolds stresses are356

more spread out. Mixing lengths determined via the correlation terms between fluctuating357

components of the velocity field at the location of the steepest slope (x∗ = 7) and at358

a downstream position in the turbulent shear layer (TSL) region (x∗ = 11) are pratiacally359

constant across the shear zone whereas eddy coefficients vary with height. Both scale closely360

with the shear scale, in agreement with Odier, Chen, and Ecke 47 . The comparison between361

the present saline gravity current experiments and of field data, obtained in katabatic winds362

on alpine slopes, highlights the very different mean flow structures. However, the mixing363

lengths and the eddy coefficients data agree surprisingly well and collapse when using an364

appropriate scaling which has been defined as (△z = △u/∂zuz0.5), even though Reynolds365

numbers between the laboratory and the observational data differ at least of two orders of366

magnitude. An upper limit of mixing length and eddy coefficient is reached at a certain367

value of the shear scale, corresponding to a certain height in katabatic winds.368

Reproducing katabatic wind conditions in the laboratory would be of interest for the369

understanding of certain important aspects of these flows. It is for instance well documented370

that katabatic winds exhibit mean flow oscillations4,6,73 and it has been speculated that these371

oscillations are related with ambient stratification. Thus, experiments with saline gravity372

currents in the presence of ambient stratification could help in clarifying the underlying373

mechanism of these oscillations. As a further step, simulating katabatic flow conditions374
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in the laboratory, by injecting a saline solution through a porous bottom boundary or by375

cooling it, would allow to study the spatial mean flow development and related mixing376

characteristics proper of katabatic flows.377
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