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Accepted to Phys. Fluids 10.1063/5.0132830 topography [START_REF] Charrondière | Mean flow structure of katabatic winds and turbulent mixing properties[END_REF] . 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, Chen, and Ecke [START_REF] Odier | Understanding and modeling turbulent fluxes and entrainment in a gravity current[END_REF] and by Charrondière et al. [START_REF] Charrondière | Mean flow structure of katabatic winds and turbulent mixing properties[END_REF] in katabatic winds (buoyancy driven down slope winds caused by radiative ground cooling) is performed. The latter is of particular interest because Reynolds numbers and scales are widely different. A comparison of eddy coefficients and mixing lengths of laboratory currents with field measurement therefore requires the determination of the appropriate scaling parameters. In this respect the present laboratory results and their analysis sheds new light on katabatic wind mixing behavior. 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 of the experimental apparatus and measurements techniques are given in Sec.II, including a general description of the flow development. Results of the mean flow development, mixing properties and Reynolds stresses are discussed in Sec.III. A comparison of some mean flow, mixing length and eddy coefficients of the present experiments with previous studies [START_REF] Odier | Understanding and modeling turbulent fluxes and entrainment in a gravity current[END_REF] and especially with the katabatic wind results of Charrondière, Hopfinger, and Brun 1 is presented in Sec.IV. Sec.V summarizes the results and includes concluding remarks.

II. EXPERIMENTAL DESIGN

The experiment, sketched in figure 1a and described in detail elsewhere [START_REF] Negretti | Development of gravity currents on rapidly changing slopes[END_REF][START_REF] Martin | Development of gravity currents on slopes under different interfacial instability conditions[END_REF] , consists of a saline gravity current initiated by injecting a constant flow rate Q 0 characterized by a constant initial velocity U 0 upstream of a 25cm wide (b) and 160cm long horizontal channel within a lighter ambient fluid (ethanol solution for refractive index matching). The horizontal channel is followed by a hyperbolic tangent profiled slope boundary (cf. figure 1b), defined as:

y = h c 2 (1 -tanh(x)), θ = atan(- h c 2 (1 -tanh(x 2 ))) (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. The corresponding hydraulic initial conditions are summarized 3 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. in table 1 and are expressed in terms of initial flow rate per unit width q 0 = Q 0 b, initial reduced gravity g ′ 0 = g(∆ρρ a ), inlet Reynolds number Re 0 = q 0 ν, where ν is the kinematic viscosity, and initial buoyancy flux B 0 = q 0 g ′ 0 .

PLEASE CITE THIS ARTICLE AS

Fig. 2 presents one series of snapshots of one experiment with dye added in the saline water at t 0 = 100s (D5 2 , cf. table I) 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) [START_REF] Yang | Asymmetric holmboe instabilities in arrested salt-wedge flows[END_REF] To estimate relative averaged density profiles, a local calibration procedure 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, Zhu, and Jirka 50 .

III. EXPERIMENTAL RESULTS

A. 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 R5 2 , R15 2 and R15 3 that are representative of all the experiments conducted. These show how a change in g ′ 0 and q 0 5 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. I. Parameters of the experiments conducted, where q 0 is the dense flow rate per unit width, g ′ 0 the reduced gravity, Re 0 = q 0 /ν is the inlet Reynolds number, B 0 = q 0 g ′ 0 is the initial buoyancy flux and h 0i is the initial height of the dense current in the horizontal part of the channel. In the Run expression, the number indicates the value of the reduced gravity g ′ 0 , while the subscript numbers indicate the three flow rates considered, from the smallest value (1) to the largest one (3). In Fig. 3a-c all the experiments show velocity profiles u similar to that of a plane turbulent wall jet 51 as has also been observed by Buckee, Kneller, and Peakall 52 and Ottolenghi et al. [START_REF] Ottolenghi | Mixing in lock-release gravity currents propagating up a slope[END_REF] . The height where maximum velocity occurs is conditioned by interfacial drag. The maximum velocity moves closer to the bottom as x * increases. Calculating entrainment is of interest because it expresses mixing with the ambient fluid, related with interfacial instability, and interfacial drag. Following Morton, Taylor, and Turner 54 , entrainment of ambient fluid is related with the normal velocity w h at the interface with the entrainment coefficient defined by:
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Run q 0 (cm 2 s -1 ) g ′ 0 (cm s -2 ) Re 0 B 0 (cm 3 s -3 ) h 0i (cm
E w = - w h U , (2) 
where U is the depth integrated velocity of the current. A cross-stream location z/z 0.5 ≈ 1.5

has been chosen as the interface. Then, the velocity w h at this location has been obtained from the PIV velocity data (Fig 3 and4) by taking the average of three values of the normal velocity around z/z 0.5 = 1.5. Invariance of the results has been checked by comparison between results obtained directly from averaged velocity fields and from instantaneous velocity fields. We note that, as already reported by Odier, Chen, and Ecke 37 and Martin, Negretti, and Hopfinger 34 this definition of entrainment coefficients gives values somewhat larger than those obtained with the definition using the volume flux change in the downstream direction, E q = 1/U d(U h)/dx (cf. also Fig. 6).
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x * = 7 have a near Gaussian distribution and are located close to z/z 0.5 = 1 (see Fig. 7a,c).

In the experiments with larger density difference (R15 2,3 ), the values are lower and more spread out.

In experiment R5 2 the profile above maximum velocity is similar to that of a mixing layer i.e. of erf type [START_REF] Pope | Turbulent flows[END_REF] , 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 PDFs of u ′ w ′ in the ranges 5.5 < x * < 8.5 and 8.5 < x * < 11.5 of experiment R15 2 . 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 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 14 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 
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K m = -u ′ w ′ /∂ z u
, that relates chaotic fluid motion to diffusive type processes [START_REF] Mukherjee | Energetics and mixing efficiency of lock-exchange gravity currents using simultaneous velocity and density fields[END_REF][START_REF] Pope | Turbulent flows[END_REF] . 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 [START_REF] Prandtl | The generation of vortices in fluids of small viscosity[END_REF] , the Reynolds stresses u ′ w ′ can also be related to the square of the velocity gradient ∂ z u 2 using a proportionality constant which represents a mixing length L m : The corresponding z variation of mean velocity gradients ∂ z u are presented in the insets.

L 2 m = u ′ w ′ ∂ z u 2 , (3) 
Data close to the bottom and top extremities are not reported because experimental errors become large. L m is computed starting at a distance from the wall of approximately 20% of the current depth [START_REF] Pope | Turbulent flows[END_REF] .

At x * = 7 (Fig. 10c), mixing lengths L m are nearly constant in experiments R15 2 and R15 3 , while eddy coefficients increase and then decrease with distance z (Fig. 10a). When density differences are lower (R5 2 ), both, L m and K m 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 ∂ z u becomes almost zero, so that large fluctuations in the calculated L m occur at these extremities. Averaging over the depth and the downstream distance in the considered region, gives a mean value of L m ≈ 0.60±0.1, which compares well with those reported by Odier et al. [START_REF] Odier | Fluid mixing in stratified gravity currents: the prandtl mixing length[END_REF] of L m ≈ 0.45 ± 0.1.

At the end of the slope in the TSL region (x * = 11) (Fig. 10b,d) the values of L m and of K m are lower and both increase almost linearly with z/z 0.5 . 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 destabilization by shear it is useful to determine the shear scale L s , also referred to as Corrsin scale [START_REF] Smyth | Length scales of turbulence in stably stratified mixing layers[END_REF] , and the buoyancy length (Ozmidov scale) L o , which are defined as 37,64 : 16 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 
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L s = ǫ ∂ z u 3 , L o = ǫ g ∂zρ ρ 3/2 , (4) 
where • represents a time average over the experimental duration and ǫ the mean turbulent dissipation rate. As already pointed out by Odier, Chen, and Ecke 48 , the smaller of these scales limits the mixing length L m , hence, also K m . The strength of stratification with respect to the shear is measured by the (gradient) Richardson number Ri g which also relates these two scales via the relation

L s /L o = Ri g 3/2
. Generally, gravity currents on slopes are characterized by low Richardson numbers Ri g ≪ 1, hence shear dominates over stratification so that the shear scale L s is expected to limit the mixing length L m and K m .

According to Kolmogorov's similarity hypothesis, the dissipation is the only flow variable that characterizes the state of turbulence when stratification is weak. The significance of ǫ has been extensively addressed in numerous studies [START_REF] Antonia | Effect of initial conditions on the mean energy dissipation rate and the scaling exponent[END_REF][START_REF] Doron | Turbulence characteristics and dissipation estimates in the coastal ocean bottom boundary layer from piv data[END_REF][START_REF] Xu | Accurate estimate of turbulent dissipation rate using piv data[END_REF] . Following Steinbuck et al. [START_REF] Steinbuck | An autonomous open-ocean stereoscopic piv profiler[END_REF] and Xu and Chen 67 the dissipation rate can be estimated using the four resolved velocity gradients obtained by PIV as:

ǫ = ν 4(∂ x u ′ ) 2 + 4(∂ z w ′ ) 2 + 3(∂ z u ′ ) 2 + 3(∂ x w ′ ) 2 + 4(∂ x u ′ ∂ z w ′ ) + 6(∂ z u ′ ∂ x w ′ ) (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 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 ≈ ǫ (6) 
The turbulent momentum flux u ′ w ′ is positive in the region of the dense flow, while the gradient velocity ∂u/∂z has the opposite sign. Their product represents the production of TKE by shear, i.e. the conversion of energy from the averaged flow to TKE. (-g)/ρρ ′ w ′ cos θ + g/ρρ ′ u ′ sin θ are, respectively, the loss of TKE to buoyancy and the production of TKE by buoyancy. The buoyancy terms are opposite in sign with the ratio of g/ρρ ′ w ′ cos θ to shear and buoyancy production (i.e. mixing efficiency, which gives the ratio of increase of potential energy to total production) being ≈ 0.1 and u ′ ρ ′ sin θ/ w ′ ρ ′ cos θ ≤ 1 when Ri g < 0.1, see Charrondière et al. [START_REF] Charrondière | Mean flow structure of katabatic winds and turbulent mixing properties[END_REF] ; hence

ǫ ≈ u ′ w ′ ∂u ∂z . ( 7 
)
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To estimate the dissipation rate ǫ 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 η K . The spatial resolution of the present PIV measurements is 3mm,

while η K = (ν 3 /ǫ) 1/4
is of the order of O ∼ 0.4mm estimated using ǫ = u ′3 /h 69 . Hence the direct calculation of ǫ from the PIV data using equation (5) will lead to considerable underestimations. As seen from the figure 11, the production is maximum near z/z 0.5 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.:

ǫ ≈ 0.6(u ′ w ′ ∂ z u) max . (8) 
Using equation ( 8) for the dissipation rate, gives for the shear and Ozmidov scales L s = 0.50 ± 0.25cm and L o = 2.2 ± 1cm, respectively. As expected, for low Richardson numbers (Ri < 1), the smallest of these two scales is the shear scale L s and sets the limit of the mixing length L m .
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The change seen in Figs. 13(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.

V. 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 until Kelvin-Helmholtz instabilities develop, which cause the slow down of the current followed by a nearby maximum constant 

  FIG. 1. a) Schematic side-view of the tank used to perform laboratory experiments with the main geometrical features and the notations. The orange rectangular box is the PIV acquisition windows of size 1m1m located in the centre of the slope. b) Slope angle evolution along the x (down slope) direction.

FIG. 2 .

 2 FIG.2. Instantaneous images of dye visualizations of a gravity current with q 0 = 45.76cm 2 s -1 andg ′ 0 = 5cm s -2 . (a) t = t 0 ; (b) t = t 0 + 0.01s; (c) t 0 + 0.02s and (d) t 0 + 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).

Fig. 3

 3 Fig.3 shows time-averaged along-slope velocity u and slope normal velocity 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 6

7 FIG. 3 .FIG. 4 .

 734 Fig.4(a) and (b). Both experiments show a similar trend of z 0.5 and u m . In accordance with what was mentioned already above, it can be seen (compare insets) that higher g ′ 0 and q 0 lead to a higher u m , which increases along x * until it reaches an almost constant value at x * > 7. The change in z 0.5 is more complex. Upstream of the slope, z 0.5 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 z 0.5 toward a constant value. As expected, the dimensionless velocity distributions and values are practically the same in experiments R5 2 and R15 3 .7

  FIG. 5. a) Time-averaged entrainment coefficients E w versus x * for experiments R5 2 , R15 2 and R15 3 . Entrainment coefficient E w versus initial buoyancy flux B 0 , at x * = 1 (b), x * = 7 (c) and x * = 11 (d) for all performed experiments.

Fig.5a shows

  Fig.5a shows the time-averaged entrainment coefficients E w versus x * for R5 2 , R15 2 and R15 3 experiments. Despite the different initial conditions, E w 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. Figs 5 (b-d) show the entrainment E w evaluated at x * = 1 (b), slope angle about 2 • , x * = 7 (c), slope angle about 30 • and x * = 11(d), slope angle about 5 • , as a function of initial buoyancy flux B 0 .This highlights further the strong dependency of entrainment on slope angle whereas any variation of E w with initial buoyancy flux does not present any clear trend.In Fig.6the entrainment coefficient E w and E q are plotted as a function of the local 10

FIG. 6 .FIG. 7 .FIG. 8 .

 678 FIG. 6. Entrainment coefficients, E w (red •), and E q (red +) as a function of the local Froude number F r = 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 E w from Odier, Chen, and Ecke 37 , Princevac, Fernando, and Whiteman 55 , Wells, Cenedese, and Caulfield 56 , Cenedese and Adduce 57 and Charrondière et al. 6 (katabatic winds in situ measurements) are included for comparison. Shaded areas represent laboratory experiments of Alavian 58 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 59 .

FIG. 9 .

 9 FIG. 9. PDFs of instantaneous shear stress (a,b), and of scaled shear stress (c,d) in R15 2 experiment. Each PDF is constructed using data in a band of 1cm height from the bottom (normal position indicated in the legend), situated at 5.5 < x * < 8.5 (a,c) and TSL area at 8.5 < x * < 11.5 (b,d) .

Fig. 10

 10 Fig.10 shows the computed vertical profiles of the turbulent eddy diffusivity K m (a,b) and mixing lengths L m (c,d) at x * = 7 and x * = 11 (left and right columns, respectively).

FIG. 10 .

 10 FIG. 10. Variations of eddy coefficient K m and mixing lengths L m with z/z 0.5 at x * = 7, (a,c) and at x * = 11, (b,d). Close to the velocity maximum, as well as far away from it, the ∂ z u tend to vanish, producing large fluctuations in K m and L m . The insets show the velocity gradients ∂ z u as a function of z/z 0.5 .

FIG. 11 .

 11 FIG. 11. Vertical profiles of the dissipation rates ǫ calculated using equations 5 (red lines) and 7 (black lines) at x * = 7 (a) and x * = 11 (b) for the experiment R15 2 .

Figure 11

 11 Figure 11 displays the z variation of the dissipation rates calculated using equations (5) (red lines) and (7) (black lines) at x * = 7 (a) and x * = 11 (b). The value of ǫ computed from equation (5) is nearly up to an order of magnitude less than ǫ from equation(7).

Fig. 12 FIG. 12 .

 1212 Fig.12 shows the measured mixing length L m versus the computed shear scale L s and K m versus L 2 s ∂ z u for all the experiments performed. The experimental data of the present study all are close to or fall above the dashed straight line in Fig.12 representing L m = L s K m = L 2 s ∂ z u, which is different from the results of Odier, Chen, and Ecke 48 where L m < L s .A possible explanation 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.

FIG. 13 .

 13 FIG. 13. Dimensionless profiles of mean streamwise velocity, (a) and of density, (b), at x * = 7 in experiment R15 3 compared with katabatic wind profiles of 2019B event in 6 . Dimensionless eddy coefficients K m , (c), and mixing lengths L m (d), versus dimensionless shear length L s . The shaded gray area represents the values of Odier, Chen, and Ecke 48 .

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE II .

 II Characteristic turbulence length scales of present experiments of Odier, Chen, and Ecke 48 and in katabatic flows[START_REF] Charrondière | Identification of k -1 x strong wave turbulence and of k -7/5 x temperature spectral ranges in katabatic winds on a steep slope[END_REF] . The dissipation ǫ has been computed using equations (5) and(8). △z = △u/∂ z u z0.5 is the shear thickness.Runǫ (cm 2 s -3 ) L m (cm) L s (cm) |△z|(cm) z 0.5 (cm) 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 L m and K m , with those obtained in katabatic winds, extended to larger z values given in Charrondière, Hopfinger, and Brun 1 (cf. Tab.II), a characteristic length scale is required for making L m , K m as well as L sdimensionless. An appropriate length scale is △z = △u/∂ z u z0.5 , where △u is the maximum mean velocity u m . Indeed, by adopting the latter, all the data collapses reasonably well as is shown in Figs.13(c,d), where in (c), K m /△z△u are plotted as a function of L 2 s /△u 2 and in (d), mixing lengths L m /△z as a function of L s /△z. Both, the scaled K m and L m increase with L s to reach an upper limit of K m /△z△u ≈ 0.008 and L m /△z ≈ 0.1. Inter-22This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE

	R15 2 (x * = 7)	6.8	0.61	0.51	6.0	6.8
	R15 2 (x * = 11)	1.0	0.38	0.20	7.5	5.6
	R15 3 (x * = 7)	9.0	0.75	0.72	7.0	8.0
	R15 3 (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 • 10 2 3.7 • 10 2
	z = 0.98m	55	16	21	11.1 • 10 2 3.7 • 10 2
	z = 1.50m	52	26	27	11.1 • 10 2 3.7 • 10 2
	z = 1.93m	44	35	32	11.1 • 10 2 3.7 • 10 2
	z = 2.37m	40	45	39	11.1 • 10 2 3.7 • 10 2
	z = 9.77m	46	116	120	11.1 • 10 2 3.7 • 10 2
		Odier, Chen, and Ecke 48		
		0.5 ÷ 1.4 0.2 ÷ 0.6 0.15 ÷ 0.7 1.6 ÷ 6.8	
	ratory 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 -					
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  , these maximum values of dimensionless eddy coefficients and mixing lengths are similar to that of a turbulent boundary layer where L m /δ ≈ 0.1 (the shear thickness △z is the equivalent of the velocity shear layer thickness δ). In terms of bottom friction velocity,u τ ≈ 0.07u m 6 , K m /△zu τ ≈ 0.1, and which is close to the maximum value in a turbulent boundary layer (Pope 61 , p.307). However, the variations of eddy coefficients and mixing lengths with L s , have quite different origins. In katabatic flows, these are a function of
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