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Turbulence characteristics and mixing properties of

gravity currents over complex topography

Abstract

Understanding gravity currents developing on complex topography, that in-
volve turbulence and mixing processes on a wide range of spatial and tempo-
ral scales, is of importance for estimating near ground fluxes in oceanic and
atmospheric circulation. We present experimental results, based on high res-
olution velocity and density measurements, of constant upstream buoyancy
supply gravity currents flowing from a horizontal boundary onto a tangent
hyperbolic shaped slope. The mean flow, the turbulence characteristics and
mixing properties, the latter expressed in terms of mixing lengths and eddy
coefficients, are determined, highlighting their dependency on topography.
These mean flow and mixing characteristics are compared with the field mea-
surements in katabatic winds of Charrondière et al., showing that the mean
katabatic flow structure is substantially different from that of the upstream
buoyancy supply gravity current. However interestingly, dimensionless mix-
ing lengths and eddy coefficients compare well despite the difference in mean
flow structure and a two order of magnitude difference in the Reynolds num-
ber.

Keywords: Gravity currents, experiments, non-uniform slope, topographic
effects, turbulence and mixing

1. Introduction

Gravity currents are frequent in the natural environment with the den-
sity difference being due to temperature, salinity, dissolved substances, or
particles within the flow. Examples of such currents in the atmosphere and
oceans are sea breeze fronts (Simpson, 1997), katabatic winds (Fernando,
2010; Princevac et al., 2008; Brun et al., 2017; Charrondière et al., 2022),
continental slope boundary currents (Gordon et al., 2009), turbidity cur-
rents (Meiburg and Keller, 2010) including avalanches (Hopfinger, 1983) and
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exchange flows (Marino et al., 2005; Negretti et al., 2007; Nogueira et al.,
2013). For these reasons investigations of gravity currents in the context
of their many applications have been numerous and of interdisciplinary na-
ture. Several studies have shown how the propagation of dense, bottom
gravity currents is affected by topographic aspects (Cuthbertson et al., 2018;
De Falco et al., 2021; Maggi et al., 2022), by sloping boundaries (Baines,
2005; Dai, 2014; Zemach et al., 2019; Ellison and Turner, 1959; Pawlak and
Armi, 2000) as well as rapidly changing slopes (Negretti et al., 2017; Martin
et al., 2019; Negretti et al., 2022). Most of these studies have focused on
the mean flow dynamics and the related entrainment of ambient fluid that
strongly affects the flow development and fluid properties. Entrainment is
related with the type of interfacial instability (Fernando, 1991; Odier et al.,
2014; Smyth et al., 2007) that also depends on initial conditions and slope
angle (Negretti et al., 2017; Martin et al., 2019).

Gravity currents involve a large variety of different processes, e.g. flow
instabilities, boundary layers, vortices and internal waves, which occur in
very localized regions, so that they cannot be resolved in oceanic and atmo-
spheric circulation models (Laanaia et al., 2010).Since these currents affect
the general circulation (Danabasoglu et al., 2010), a parametrization of their
effect is necessary, which requires the determination of the involved turbulent
and mixing processes.

Modern experimental techniques allow high quality, quantitative mea-
surements of the mean flow development and entrainment, the turbulence
characteristics, and internal mixing. Measurements of eddy coefficients and
mixing lengths have been conducted in the outer part of a gravity current by
Odier et al. (2009) and in lock exchange gravity currents by Balasubramanian
and Zhong (2018); Agrawal et al. (2021); Mukherjee and Balasubramanian
(2020, 2021). Measurements in katabatic winds on glaciers and alpine slopes
have been performed by Princevac et al. (2008); Monti et al. (2014); Char-
rondière et al. (2021), who focused on mean flow oscillations and turbulence
characteristics and, more recently, on mixing length and eddy coefficients
(Charrondière et al., 2022).

Here, we present results from laboratory experiments of continuously sup-
plied saline gravity currents flowing onto a complex topography of tangent
hyperbolic shape that reproduces a typical alpine topography (Brun et al.,
2017). Emphasis is placed on the turbulence and mixing characteristics in
the different regions of the gravity current down the slope. Comparison of
the present results with those obtained in the laboratory by Odier et al.

2



(2012) and by Charrondière et al. (2022) in katabatic winds is performed.
The latter is of particular interest because Reynolds numbers and scales are
widely different. Furthermore, most of the experimental data of katabatic
winds have been obtained in a limited region above the maximum-wind-speed
height where mixing lengths increase with height. Thus, laboratory results
can shed new light on katabatic wind mixing behaviour.

The paper is organized as follows: the essential details on of the experi-
mental apparatus and measurements techniques are given in Sec.2, including
a general description of the flow development. Results of the mean flow de-
velopment, mixing properties and Reynolds stresses are discussed in Sec.3.
A comparison of some mean flow, mixing length and eddy coefficients of the
present experiments with previous studies (Odier et al., 2012) and especially
with the katabatic wind results of Charrondière et al. is presented in Sec.4.
Sec.5 summarizes the results and includes concluding remarks.

2. Experimental design

The experiment, sketched in figure 1a and described in detail elsewhere
(Negretti et al., 2017; Martin et al., 2019), consists of a saline gravity current
initiated by injecting a constant flow rate Q0 upstream of a 25cm wide and
160cm long horizontal channel within a lighter ambient fluid (ethanol solu-
tion for refractive index matching). The horizontal channel is followed by a
hyperbolic tangent profiled slope boundary (cf. figure 1b), defined as:

y =
hc

2
(1− tanh(x)), θ = atan(−hc

2
(1− tanh(x2))) (1)

No return flow and a constant total water depth of h = 20 ± 0.5cm in the
initial horizontal channel were assured by evacuating the same volume as
supplied at the downstream end of the experimental channel.

Fig.2 presents one series of snapshots of one experiment with dye added
in the saline water (D52, cf. table 1) after the current has reached stationary
conditions (i.e. after the initial passage of the gravity current head). Two
different types of shear instabilities at the interface between the dense flow
and the ambient fluid can be recognized: Holmboe instability (HI) near slope
begin, followed by Kelvin–Helmholtz instabilities (KHI) on the steepest part
of the slope. The final portion and the downstream part of the slope are
characterized by the collapse of the KHIs which generate a turbulent (mixed)
shear layer (TSL) with an intermediate upper density layer.

3



(a) (b)

Figure 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.

(a) (b)

(c) (d)

Figure 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 inter-
face 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).
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Table 1: 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(cm
2s−1) g′0(cm s−2) Re0 B0(cm

3s−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

A total of 12 experiments have been performed by varying the initial
density difference ∆ρ between the current and the ambient water and Q0

(see table 1). The optical non-intrusive experimental technique PIV was
adopted to measure the instantaneous velocity field in 9 experiments, while
the fluorescent dye was added to the saline injected solution to determine
the local relative density difference in further 3 experiments for evaluating
the gradient Richardson number (cf. table 1).

For the PIV measurements, a CCD camera (1200x1600 pixels) was used to
acquire the experimental images with an acquisition frequency of 23.23Hz.
The camera allowed to record the whole slope field with an image size of
1m×1m. Each vector of the resulting field represents an area of approxi-
mately 0.23cm ×0.23cm. Further details on the PIV procedure are given in
Negretti et al. (2007); Martin et al. (2019).

To estimate relative averaged density profiles, a local calibration proce-
dure taking into account the light absorption of Rhodamine 6G added to
the injected saline water has been adopted. Details of the procedure can be
found in Negretti et al. (2008).
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3. Experimental results

3.1. Mean flow development and entrainment

The along-slope mean velocity u and slope normal velocity w have been
measured at three downstream positions x and are processed in experiments
R52, R152 and R153 that are representative of all the experiments conducted.
These show how a change in g′0 and q0 affect the flow. As in Negretti et al.
(2017) and Martin et al. (2019), the flow distance x has been normalized by
h0i, the initial mean height of the dense current at slope begin, i.e. x∗ =
x/h0i.

Fig.3 shows time-averaged along-slope velocity ⟨u⟩ and slope normal ve-
locity ⟨w⟩ at three positions x∗ = 1, x∗ = 7 and x∗ = 11 indicated by the
continuous vertical black lines in Fig.3a. Upstream of the slope, the current
has a constant ⟨u⟩ as long as the change in the bottom inclination does not
affect the flow. Then, ⟨u⟩ increases until KHI develop, which cause the slow
down of the current followed by a nearby maximum constant velocity, which
is reached from x∗ ≈ 7 as seen the in the insets in Fig.4.

Fig.3b-d show the ⟨u⟩ velocity profile and Fig.3c-g the slope normal ve-
locity distribution ⟨w⟩ at x∗ = 1 (a,d), x∗ = 7 (b,e) and x∗ = 11 (c,f).
The different symbol colors indicate different experiments, while the symbol
shape refers to the position x∗.

In Fig.3a-c all the experiments show velocity profiles ⟨u⟩ similar to that
of a plane turbulent wall jet (Eriksson et al., 1998) as has also been observed
by Buckee et al. (2001) and Ottolenghi et al. (2016). The height where
maximum velocity occurs is conditioned by interfacial drag. The velocity
maximum moves closer to the bottom as x∗ increases. Fig.3d-f shows the
time-average vertical velocity ⟨w⟩. At x∗ = 1 ⟨w⟩ is negative from the slope
bottom up to the shear layer where it tends to zero. The behaviour is opposite
at x∗ = 7, where the slope is steepest with ⟨w⟩ being negative in the outer
part of the current and in the ambient fluid. Further downstream at x∗ = 11
⟨w⟩ weakly decreases with increasing z.

In order to highlight more clearly the change in flow structure with down-
stream distance it is of interest to present velocities in dimensionless form.
Fig.4 shows the variation along z/z0.5 of the dimensionless longitudinal veloc-
ity ⟨u⟩/⟨um⟩ (open symbols) and of the normal component ⟨w⟩/⟨um⟩ (closed
symbols) for experiments R52 (a) and R153 (b), where ⟨um⟩ is the maximum
mean velocity, shown in the insets, and z0.5, is the distance from the bound-
ary where the velocity ⟨u⟩ is ⟨um⟩/2. The maximum mean velocity, ⟨um⟩,
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(a)

(b) (c) (d)

(e) (f) (g)

Figure 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)

Figure 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.

and z0.5 are shown in blue and orange respectively in the insets at the top
right in Fig.4(a) and (b). Both experiments show a similar trend of z0.5 and
⟨um⟩. In accordance with what was mentioned already above, it can be seen
(compare insets) that higher g′0 and q0 lead to a higher ⟨um⟩, which increases
along x∗ until it reaches an almost constant value at x∗ > 7. The change in
z0.5 is more complex. Upstream of the slope, z0.5 is nearly constant while at
slope begin first decreases and then increases smoothly in the deepest part of
the slope due to the formation of KHI. Toward the end of the slope there is a
rapid decrease of z0.5 toward a constant value. As expected, the dimension-
less velocity distributions and values are practically the same in experiments
R52 and R153.

Calculating entrainment is of interest because it expresses mixing with the
ambient fluid, related with interfacial instability, and interfacial drag. Fol-
lowing Morton et al. (1956), entrainment of ambient fluid is related with the
normal velocity wh at the interface with the entrainment coefficient defined
by:

Ew = −wh

U
, (2)
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where U is the depth integrated velocity of the current. A cross-stream loca-
tion z/z0.5 ≈ 1.5 has been chosen as the interface. Then, the velocity wh at
this location has been obtained from the PIV velocity data (Fig 3 and 4) by
taking the average of three values of the normal velocity around z/z0.5 = 1.5.
Invariance of the results has been checked by comparison between results ob-
tained directly from averaged velocity fields and from instantaneous velocity
fields. We note that, as already reported by Odier et al. (2014) and Martin
et al. (2019) this definition of entrainment coefficients gives values somewhat
larger than those obtained with the definition using the volume flux change
in the downstream direction, Eq = 1/Ud(Uh)/dx (cf. also Fig. 6).

Fig.5a shows the time-averaged entrainment coefficients Ew versus x∗ for
R52, R152 and R153 experiments. Despite the different initial conditions,
Ew shows a similar behavior in all experiments. The entrainment rates are
almost zero during the initial acceleration phase (0 < x∗ < 2) and increase
rapidly as KHI develop to reach maximum values at the steepest part of the
slope (x∗ ≈ 7) and then decreases again in the TSL region. To highlight the
effect of slope variation on entrainment, Fig.5(b-d) report the entrainment
Ew evaluated at x∗ = 1(b), x∗ = 7(c) and c∗ = 11(d) as a function of the
injected buoyancy flux B0 for all the performed experiments.

In Fig.6 the entrainment coefficient Ew and Eq are plotted as a function of
the local Froude number Fr = Ri−0.5

g and compared with other experimental
data. The present data are for the range 0.5 < x∗ < 1.5, 6.5 < x∗ < 7.5 and
10.5 < x∗ < 11.5 and for experiments in which both velocity and density field
measurements are available. To compute the Froude number, the gradient
Richardson number Rig = N2 cos θ/S2 (Fr = 1/

√
Rig) has been used, where

N =
√

−g⟨δzρ⟩/⟨ρ⟩ and S = ⟨δzu⟩ represent the Brunt-Väisäla frequency
and the vertical shear of velocity, respectively. We see that the data of the
present study are in good agreement with those of previous studies.

3.2. Reynolds stresses

Key quantities for describing turbulence processes are the Reynolds stresses
expressing turbulent transport of momentum (Gray et al., 2006). Fig.7
displays the variation with z/z0.5 of the time averaged Reynolds stresses
⟨u′u′⟩/⟨u2

m⟩, (a,b) and of ⟨w′w′⟩/⟨u2
m⟩ (c,d) at x∗ = 7 and x∗ = 11 for ex-

periments R52, R152 and R153. As expected, low values are observed close
to the velocity maximum, increasing toward the wall (in the boundary layer,
not shown here) and values are maximum in the outer shear layer (Kneller
et al., 1997; Cantero et al., 2008).
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(a)

(b) (c) (d)

Figure 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.
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Figure 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 et al. (2014), Princevac et al. (2005), Wells et al. (2010), Cenedese
and Adduce (2008) and Charrondière et al. (2022) (katabatic winds in situ measurements)
are included for comparison. Shaded areas represent laboratory experiments of Alavian
(1986) and Ellison and Turner (1959) with the black dashed line representing the classical
variation of Ellison and Turner (1959) and the dashed blue and red lines the variation as
reported in Cenedese and Adduce (2010).
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The maximum values of the normal Reynolds stresses ⟨u′u′⟩/⟨u2
m⟩ and

⟨w′w′⟩/⟨u2
m⟩ at x∗ = 7 have a near Gaussian distribution and are located close

to z/z0.5 = 1 (see Fig.7a,c). In the experiments with larger density difference
(R152,3), the values are lower and more spread out. The explanation for this
behaviour is the difference in the mean velocity profiles. In experiment R52
the profile above maximum velocity is similar to that of a mixing layer i.e. of
erf type (Pope, 2000), whereas when g′0 is larger, higher acceleration due to
larger gravitational force, gives rise to a wider region of nearly constant shear
and consequently constant normal stresses. Stratification has practically no
effect on Reynolds stresses at x∗ = 7, the gradient Richardson number being
small (of order 0.1). At x∗ = 11 a region of nearly constant shear exists in
all three experiments, hence nearly constant normal stresses over this region.
Maximum values of the Reynolds stresses are about half of those at x∗ = 7
due to the collapse of KHIs and re-stratification process that takes place at
the end of the slope.

The Reynolds shear stresses ⟨u′w′⟩ are shown in Fig. 8, with the instanta-
neous two-dimensional field of the scaled Reynolds shear stresses ⟨u′w′⟩ along
x∗, of experiment R52, presented in Fig. 8a. As previously observed (Martin
et al., 2019), in the HI region the largest fluctuations are concentrated at the
sheared interface only. As the current develops down the slope, an increase
of the shear stresses is observed due to acceleration and rapid onset of the
KHI, which spread over the full current depth: large values of ⟨u′w′⟩/⟨u2

m⟩
characterize the full shear layer with the largest values on the steepest part
of the slope at x∗ = 7 where θ = 31◦. This is highlighted in Fig.8b and Fig.8c
where scaled Reynolds shear stress profiles, computed at x∗ = 7 and x∗ = 11,
respectively, are reported. In accordance with the behaviour of the normal
stresses, at x∗ = 7 there is a clear maximum in experiment R52, located at
the sheared interface close to z/z0.5 = 1 whereas when g′0 is larger, maximum
values are lower and spread out. Furthermore, at x∗ = 11 where there is a
general decrease of the turbulent fluctuations, the shear stress values are less
than half of those at x∗ = 7.

Odier et al. (2012) proposed a novel method for characterizing the dis-
tribution of correlations of the velocity fluctuations to better understand
the mixing process based on the probability density functions (PDFs) of
the momentum fluxes ⟨u′w′⟩. Fig.9 shows the PDFs of ⟨u′w′⟩ in the range
8.5 < x∗ < 11.5 of experiment R152. Each PDF is obtained using data in
a normal band of 1cm height, starting from the bottom of the slope, and is
highlighted with a different color enabling to see the evolution of the PDFs as
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(a) (b)

(c) (d)

Figure 7: Scaled normal Reynolds stress profiles determined at x∗ = 7 (a,c) and x∗ = 11
(b,d) in experiments R52, R152 and R153.
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(a)

(b) (c)

Figure 8: (a) Scaled instantaneous Reynolds shear stresses ⟨u′w′⟩⟨u2
m⟩ along x∗ of experi-

ment R52. Profiles of scaled Reynolds shear stresses at x∗ = 7 (b) and at x∗ = 11 (c) in
experiments R52, R152 and R153.
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the vertical distance increases. As also seen in Fig. 8, the fluxes reach nearly
2% of the squared maximum velocity flow so as there is still a probability
(10−3) that a fluctuation will reach a value about 15 times the mean (Fig.9).
Usually, as the center of the mixing region is approached, i.e. the interface
between the current and the ambient fluid, large fluctuations are present and
the PDFs of the momentum fluxes are asymmetric (Odier et al., 2012). This
asymmetry is the origin of the non-zero mean value of the fluxes indicating
either downward transport (entrainment) of downstream momentum or up-
ward transport of upstream momentum, according to the mixing mechanism
induced by the KHI. This behavior is not observed in our analysis, since the
PDF were evaluated on the TSL area where the stratification is interrupted
by the collapse of the KHIs.

3.3. Mixing length and shear scale

Reynolds stresses can be conceptually parameterised by an eddy or turbu-
lent viscosity, Km = −⟨u′w′⟩/∂zu, that relates chaotic fluid motion to diffu-
sive type processes (Pope, 2000; Mukherjee and Balasubramanian, 2020). It
is a useful parameter for indicating the extent of internal mixing and is used
extensively in both numerical and analytical modelling of turbulent flows.

Based on the mixing length model proposed by Prandtl (1927), the Reynolds
stresses ⟨u′w′⟩ can also be related to the square of the velocity gradient ⟨∂zu⟩2
using a proportionality constant which represents a mixing length Lm:

L2
m =

⟨u′w′⟩
⟨∂zu⟩2

, (3)

Fig.10 shows the computed vertical profiles of the turbulent eddy diffu-
sivity Km (a,b) and mixing lengths Lm (c,d) at x∗ = 7 and x∗ = 11 (left and
right columns, respectively). The corresponding z variation of mean velocity
gradients ∂zu are presented in the insets. Data close to the bottom and top
extremities are not reported because experimental errors become large. Lm

is computed starting at a distance from the wall of approximately 20% of the
current depth (Pope, 2000).

At x∗ = 7 (Fig.10c), mixing lengths Lm are nearly constant in experi-
ments R152 and R153. while eddy coefficients increase and then decrease
with distance z. When density differences are lower (R52), both, Lm and
Km behave differently in the lower part because of the difference in velocity
gradient. In general, close to the velocity maximum and at large distances
from the bottom, the vertical derivative ∂zu becomes almost zero, so that
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(a)

(b)

Figure 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.
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large fluctuations in the calculated Lm occur at these extremities. Averaging
over the depth and the downstream distance in the considered region, gives
a mean value of Lm ≈ 0.60 ± 0.1, which compares well with those reported
by Odier et al. (2009) of Lm ≈ 0.45± 0.1.

At the end of the slope in the TSL region (x∗ = 11) (Fig.10b) the values
of Lm and of Km are lower and both increase almost linearly with z/z0.5.
This is probably related with the substantially lower and nearly constant
Reynolds stresses at this location.

In order to understand how mixing lengths and eddy coefficients depend
on the effect of turbulent kinetic energy, of stable stratification, and of desta-
bilization by shear it is useful to determine the shear scale Ls and the buoy-
ancy length (Ozmidov scale) Lo, which are defined as (Bluteau et al., 2013;
Odier et al., 2014):

Ls =

√
ϵ

⟨∂zu⟩3
, Lo =

√√√√ ϵ(
g ⟨∂zρ⟩

⟨ρ⟩

)3/2
, (4)

where ⟨·⟩ represents a time average over the experimental duration and ϵ
the mean turbulent dissipation rate. As already pointed out by Odier et al.
(2012), the smaller of these scales limits the mixing length Lm, hence, also
Km. The strength of stratification with respect to the shear is measured by
the (gradient) Richardson number Rig which also relates these two scales
via the relation Ls/Lo = Rig

3/2. Generally, gravity currents on slopes are
characterized by low Richardson numbers Rig ≪ 1, hence shear dominates
over stratification so that the shear scale Ls is expected to limit the mixing
length Lm and Km.

According to Kolmogorov’s similarity hypothesis, the dissipation is the
only flow variable that characterizes the state of turbulence when stratifica-
tion is weak. The significance of ϵ has been extensively addressed in numerous
studies (Antonia and Pearson, 2000; Doron et al., 2001; Xu and Chen, 2013).
Following Steinbuck et al. (2010) and Xu and Chen (2013) the dissipation
rate can be estimated using the four resolved velocity gradients obtained by
PIV as:

ϵ = ν⟨4(∂xu′)2 + 4(∂zw
′)2 + 3(∂zu

′)2 + 3(∂xw
′)2 + 4(∂xu

′∂zw
′) + 6(∂zu

′∂xw
′)⟩
(5)

In a stratified flow the dissipation is equal to production minus the loss
of energy to buoyancy. In a flow on a slope there is, in addition to shear
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(a) (b)

(c) (d)

Figure 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.
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production, also TKE production by buoyancy. Neglecting advection and
diffusion terms, the TKE energy balance is given by:

−u′w′∂u

∂z
− g

ρ
w′ρ′ cos θ +

g

ρ
u′ρ′ sin θ ≈ ϵ (6)

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

shear and buoyancy production (mixing efficiency) being ≈ 0.1 and u′ρ′ sin θ/
w′ρ′ cos θ ≤ 1 when Rig < 0.1 (Charrondière et al., 2022); hence ϵ ≈ w′u′∂zu.
The production is maximum near z/z0.5 whereas, because of diffusion and
advection terms, dissipation is more uniformly distributed across the outer
region of the current and is close to the average of the production, i.e.:

ϵ ≈ 0.6(w′u′∂zu)max. (7)

The value of ϵ computed from equation (5) is nearly up to an order of magni-
tude less than ϵ from equation (7). To estimate the dissipation rate ϵ directly
from the PIV data and avoid important underestimations, it is necessary to
have a spatial resolution of the PIV close to the Kolmogorov scale ηK . The
spatial resolution of the present PIV measurements is 3mm, while ηK = ν3/ϵ4

is of the order of O ∼ 0.4mm estimated using ϵ = u′3/h (Tennekes et al.,
1972). Hence the direct calculation of ϵ from the PIV data using equation
(5) will considerably underestimate the dissipation. To calculate the values
of Ls we use the z variation given by equation (5) with a pre-factor such that
the maximum of ϵ is close to ϵ of equation (7).

Fig.11 shows the measured mixing length Lm versus the computed shear
scale Ls and Km versus L2

sδzu for all the experiments performed. The ex-
perimental data of the present study all are close to or fall above the dashed
straight line in Fig.11 representing Lm = Ls Km = L2

sδzu, which is different
from the results of Odier et al. (2012) where Lm < Ls. A possible expla-
nation for the difference is the non-constant and much steeper bottom slope
θ in the present experiments that can have important consequences on the
mixing properties.

4. Comparison with katabatic winds

Studies of katabatic winds are numerous (see for instance (Princevac et al.,
2008; Charrondière et al., 2022) because these flows affect local weather con-
ditions causing also temperature inversion in valleys that are prone to pollu-
tion. In Antarctica and Greenland, katabatic winds are directly responsible
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(a)

(b)

Figure 11: Eddy coefficientKm 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).
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Table 2: Characteristic turbulence length scales of present experiments of Odier et al.
(2012) and in katabatic flows (Charrondière et al.). The dissipation ϵ has been computed
using equations (5) and (7). △z = △u/∂zuz0.5 is the shear thickness.

Run ⟨ϵ⟩ Lm Ls |△z| z0.5
R152(x

∗ = 7) 6.8cm2s−3 0.61cm 0.51cm 6.0cm 6.8cm
R152(x

∗ = 11) 1.0cm2s−3 0.38cm 0.20cm 7.5cm 5.6cm
R153(x

∗ = 7) 9.0cm2s−3 0.75cm 0.72cm 7.0cm 8.0cm
R153(x

∗ = 11) 2.8cm2s−3 0.55cm 0.40cm 9.9cm 5.9cm
Charrondière et al.

z=0.66m 5.7 · 103m2s−3 0.09m 0.21m 11.1m 3.7m
z=0.98m 5.5 · 103m2s−3 0.16m 0.21m 11.1m 3.7m
z=1.50m 5.2 · 103m2s−3 0.26m 0.27m 11.1m 3.7m
z=1.93m 4.4 · 103m2s−3 0.35m 0.32m 11.1m 3.7m
z=2.37m 4.0 · 103m2s−3 0.45m 0.39m 11.1m 3.7m
z=9.77m 4.6 · 104m2s−3 1.16m 1.2m 11.1m 3.7m

Odier et al. (2012)
0.5÷ 1.4cm2s−3 0.2÷ 0.6cm 0.15÷ 0.7cm 1.6÷ 6.8cm

for cooling the ocean surface water at the polynya (Maqueda et al., 2004)
and open sea and play an important role for the deep water formation. Kata-
batic flows are driven by buoyancy supply from the ground (ground cooling),
whereas in most laboratory currents buoyancy flux is constant and equal to
the upstream buoyancy supply, hence, the flow structure is expected to be dif-
ferent. A formal comparison is, nevertheless, of interest. Ellison and Turner
(1959) for instance evaluated the mean flow development of katabatic winds
using their results of a buoyancy conserving gravity current on a slope. The
recent detailed field measurements by Charrondière et al. (2020, 2021, 2022)
on steep alpine slopes of 30◦ inclination (Grand Colon, Belledonne chain)
provide an excellent data set for comparing katabatic jets data, including
turbulent mixing, with laboratory gravity currents results. The shape and
slope inclination adopted in the present study reproduces a typical alpine
topography in the French Alps and specifically the Grand Colon topography.

Fig.12a shows a comparison of the slope normal katabatic wind mean
velocity profile during a representative katabatic event on February 24th 2019
(5h-8h) with a slight up-slope wind of velocity Ua = −0.2m/s, with the R153
experimental mean velocity. The errors bars on the katabatic velocity profile
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show the variability of the mean wind during the katabatic event, while the
black dashed line represents the fit derived from the Prandtl model (Brun
et al., 2017). The velocity profiles are quite different: indeed in katabatic
winds the velocity distribution above maximum velocity has a logarithmic
trend with maximum gradient close to the velocity maximum whereas in
laboratory experiments the maximum gradient is located near the current
mid-height. The explanation for this difference are the very different density
distributions, as presented in Fig.12b. In the constant, upstream buoyancy
supply of laboratory gravity currents, the excess density decreases over the
whole flow depth, whereas in the katabatic wind (buoyancy supply from the
boundary) the density variation is located in the lower 10−20% of the gravity
flow. In spite of this considerable difference in mean flow, in addition to the
large difference in Reynolds number, entrainment coefficients lie within the
bulk of laboratory currents as is seen in Fig.6.

To compare turbulence quantities, notably mixing lengths Lm and Km,
with those obtained in katabatic winds, extended to larger z values given in
Charrondière et al. (cf. Tab.2), a characteristic length scale is required for
making Lm, Km as well as Ls dimensionless. An appropriate length scale is
△z = △u/∂zuz0.5, that collapses all the data reasonably well as is shown in
Figs.12(c,d), where in (c), Km/△z△u are plotted as a function of L2

s/△u2

and in (d), mixing lengths Lm/△z as a function of Ls/△z. Both, the scaled
Km and Lm increase with Ls to reach an upper limit of Km/△z△u ≈ 0.008
and Lm/△z ≈ 0.1. Interestingly, these maximum values of dimensionless
eddy coefficients and mixing lengths are similar to that of a turbulent bound-
ary layer where Lm/δ ≈ 0.1 (the shear thickness △z is the equivalent of δ).
In terms of bottom friction velocity, uτ ≈ 0.07um (Charrondière et al., 2022),
where here um = △u, Km/△zuτ ≈ 0.1, and which is close to the maximum
value in a turbulent boundary layer (Pope (2000), p.307). However, the vari-
ations of eddy coefficients and mixing lengths with Ls, have quite different
origins. In katabatic flows, these are a function of height z with values in-
creasing from nearly zero up to the maximum value, whereas in the constant
buoyancy flux gravity current, the mixing length is practically constant along
z. The change seen in Figs.12(c,d) is due to a change with position x, i.e.
values are maximum at x∗ = 7 and lower at x∗ = 11. The eddy coefficient
varies with z and with x. This notable difference with katabatic winds is due
to the widely different mean velocity profiles.
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(a) (b)

(c) (d)

Figure 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 in
(Charrondière et al., 2022) . Dimensionless eddy coefficients Km, (c), and mixing lengths
Lm (d), versus dimensionless shear length Ls.

The shaded gray area represents the values of Odier et al. (2012).
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5. Summary and concluding remarks

The constant buoyancy flux gravity currents flowing from horizontal onto
a steep, hyperbolic tangent shaped slope that is representative of an alpine
topography, reveal novel features. The current accelerates down the slope,
while downstream, on the horizontal boundary, the velocity remain nearly
unchanged because both the gravitational force and entrainment are drasti-
cally reduced. The interfacial instability changes from Holmboe instability
(HI) near slope begin to Kelvin-Helmholtz (KHI) on the steepest part of
the slope, where Rig ≈ 0.1 and entrainment is large, followed by turbulence
collapse, i.e. a stable turbulent shear layer (TSL), where Rig ≈ 0.3 and
entrainment ceases.

The computed Reynolds stresses are maximum in the central part of the
interface with the distribution depending on the buoyancy flux. In the TSL
region Reynolds stresses are more spread out. Mixing lengths determined
via the correlation terms between fluctuating components of the velocity
field at the location of the steepest slope (x∗ = 7) and at a downstream
position in the turbulent shear layer (TSL) region (x∗ = 11) are pratiacally
constant across the shear zone whereas eddy coefficients vary with height.
Both scale closely with the shear scale, in agreement with Odier et al. (2012).
The comparison between the present saline gravity current experiments and
of field data, obtained in katabatic winds on alpine slopes, highlights the
very different mean flow structures. However, the mixing lengths and the
eddy coefficients data agree surprisingly well and collapse when using an
appropriate scaling which has been defined as (△z = △u/∂zuz0.5), even
though Reynolds numbers between the laboratory and the observational data
differ at least of two orders of magnitude. An upper limit of mixing length and
eddy coefficient is reached at a certain value of the shear scale, corresponding
to a certain height in katabatic winds.

Reproducing katabatic wind conditions in the laboratory would be of in-
terest for the understanding of certain important aspects of these flows. It
is for instance well documented that katabatic winds exhibit mean flow os-
cillations (McNider, 1982; Princevac et al., 2008; Charrondière et al., 2022)
and it has been speculated that these oscillations are related with ambient
stratification. Thus, experiments with saline gravity currents in the presence
of ambient stratification could help in clarifying the underlying mechanism of
these oscillations. As a further step, simulating katabatic flow conditions in
the laboratory, by injecting a saline solution through a porous bottom bound-
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ary or by cooling it, would allow to study the spatial mean flow development
and related mixing characteristics proper of katabatic flows.
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