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ABSTRACT 

This study investigates experimentally the effects of surface roughness on turbulence and vertical 

mixing at a sheared density interface forming at the top of a dense current flowing over a horizontal 

surface. The experiments were conducted in a water channel using the lock-exchange technique. Two 

cases were considered: one with a smooth channel bottom, and the other with the bottom made rough 

by means of a series of parallelepiped elements about one-sixth the height of the dense current. Feature 

Tracking and Planar Laser-Induced Fluorescence techniques were used to measure fluid velocity and 

density, respectively. Results show a general sensitivity of the mean flow and turbulence variables on 

surface characteristics. In the rough case, the density interface is thinner and some of the main 

parameters involved in the turbulence kinetic energy equation, e.g., buoyancy, production, and its 

dissipation rate, are higher than in the smooth case. Similarly, turbulent diffusivities of mass and 

momentum also depend on roughness, although their ratio remains practically unchanged going from 

the smooth to the rough surface. Finally, some of the results are consistent with field data and numerical 

simulations found in the literature. 
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1. INTRODUCTION 

Kelvin-Helmholtz (KH) waves (or billows) are distinct, periodic, vortical structures that can form within 

a stably stratified interface in the presence of a velocity shear.
1
 KH waves play a role in various 

engineering and geophysical contexts, including atmospheric turbulence and oceanic mixing, as density 

stratification affects vertical mixing of momentum, heat, and scalars, which are inhibited due to negative 

buoyancy force. In natural flows, variations in density can be generated by changes in temperature, as 

usually occurs in the atmosphere and lakes, or in salt concentration, as in seas and oceans.
2-5

 

KH waves are one of the main causes of turbulence generation in stably stratified conditions. They 

appear when the destabilizing effect of the velocity shear prevails over the stabilizing effect of buoyancy. 

Miles
6
 and Howard

7
 demonstrated that a laminar, inviscid flow in an unbounded domain becomes 

turbulent when Rg < 1/4  somewhere within the fluid. Here, Rg = N2/(dU/dz)2  is the gradient 

Richardson number, N = [−(g/ρ0)dρ/dz]1/2 is buoyancy frequency, U the streamwise velocity, ρ the 

density, ρ0 the reference density, g the gravity acceleration, and z the vertical coordinate. Initially, the 

growth of sinusoidal-looking perturbations up to a finite amplitude is observed. Then the interface rolls 

in on itself, and a series of vortices form, finally leading to their breakup and the emergence of turbulent 

regions. Depending on the interaction with the initial velocity and density gradients, such turbulence 

may persist over time or decay rapidly.
8
 The energy associated with vortices is partly dissipated, partly 

converted back into kinetic energy, because of the partial fluid re-stratification, and partly expended in 

mixing, causing a vertical transfer of density, i.e., an irreversible increase of flow potential energy.
9
 This 

process has broad implications for natural flows: in the atmosphere, KH billows contribute to cloud 

formation and drive turbulence in jet streams, while in oceans they influence nutrient transport and 

heat exchange along the water column. By improving our understanding of turbulence in stably 

stratified flows, it is possible to refine predictive numerical models, with applications ranging from 

climate modeling to engineering flows.
10,11

 

KH waves study has been approached through various theoretical, experimental, and numerical 

methods. Given their transient nature, analysis of KH waves based on field observations is rather 

difficult.
12

 Analytical models based on linear stability analysis provide insight into the onset of the 

instability
6
, while laboratory experiments and numerical simulations help elucidate the nonlinear 

evolution and the three-dimensional structure of KH billows.
9,13-16

 Recent advancements in 

computational fluid dynamics have allowed for high-resolution numerical simulations that capture fine-

scale turbulence and mixing properties associated with billow breakdown.
17,18

 

Despite significant progress, parameterization of the turbulence variables of interest for stably stratified 

flows remains an open research field, e.g., downslope winds over mountain ridges
19-22

, density currents 

above urban canopies
12

, or over arrays of regular obstacles.
23

 The latter authors analyzed the dynamics 
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of the density current front in detail, paying attention also to the potential energy of the flow and the 

entrainment at the interface. To gain deeper insight into this field of research, this paper focuses on the 

role played by surface characteristics on turbulence and mixing within the sheared density interface 

forming at the top of a dense current flowing over a horizontal surface. Two different experimental 

conditions were analyzed: the first with a smooth and the second with a rough bottom. The collected 

data made it possible to determine eddy diffusivities of momentum and mass, as well as other 

parameters of interest in turbulent flow modelling. 

The outline of the paper is as follows. The experimental setup and data analysis are described in section 

2, while the results are shown and discussed in section 3. Final remarks and conclusions are given in 

section 4. 

 

2. EXPERIMENTAL SETUP AND DATA ANALYSIS 

The experiments were carried out in a water channel 7.40 m long (x-axis), 0.25 m wide (y-axis) and with 

a working depth of 0.35 m (z-axis), as sketched in Figure 1a. The technique used is lock exchange, which 

has been widely adopted in other valuable laboratory studies concerning gravity-driven flows and KH 

wave breaking.
22-28

 The channel is subdivided into two separate sections by a movable gate. The left side 

of the channel (length x0 = 2.90 m) is filled with a mixture of salt and fresh water having a density 

higher than that of the fresh water filling the right section. A fluorescent dye (Rhodamine-WT) is added 

to the saline solution in order to apply Planar Laser-Induced Fluorescence (PLIF) technique for fluid 

density measurements.
29

 The density difference between the two sections is  = 6.90 kg m-3, which 

corresponds to a reduced gravity g′ = g∆ρ/ρ0 = 0.067 ms−2 , a buoyancy velocity: U0 = √g′H0 =0.13 ms−1 , a bulk Richardson number R0 = g′H0/2 (U0)2~0.50 , a bulk buoyancy frequency N0 =√g′/H0~0.50 s−1 , and a bulk Reynolds number Re0 = U0H0/ν~32000 , where H0 = 0.25 m  is water 

depth,  water kinematic viscosity, and ρ0 average density. The salt concentration is small enough not 

to produce a significant optical disturbance during image acquisition. 

The acquisition facility consists of a green laser (5 W, wavelength 532 nm) that illuminates a vertical 

section nearly 2-mm thick passing through the longitudinal axis of the channel, and of two synchronized 

cameras (1024x1280 pixel resolution), which grab 100 images per second on an investigated area 73.0 

mm tall (z-axis) and 91.0 mm long (streamwise). The two cameras are aligned horizontally to optimize 

framing of the area of interest and to reduce image distortion as much as possible. Flow velocity and dye 

concentration are measured simultaneously on the acquisition plane by means of Feature Tracking
30

 

(FT) and PLIF techniques, respectively. The first camera captures the positions of non-buoyant particles 

(pine pollen particles, ~20 m in diameter) premixed in both fluids and allows for the assessment of 

instantaneous velocity fields by image analysis-based FT. The sparse, instantaneous velocity samples 

yielded by FT were interpolated on a regular grid by a Gaussian-weighted function. The optimal step 
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width (10 pixel, i.e. ~0.7 mm) was chosen based on sensitivity and convergence tests. As a result, 

instantaneous velocity fields at 100 Hz on a regular 102x128 array are obtained. 

 

(a) 

 

(b) 

 

FIG. 1. (a) A sketch of the experimental apparatus. (b) Schematic top view of the roughness element array. The 

white, the black, and the grey parallelepipeds are 20 mm, 17.5 mm, and 15 mm tall, respectively (their base area 

is 15x15 mm2). The green line is the signature of the vertical interrogation area. Measurements are in mm. 

 

The second camera captures the light fluoresced by the Rhodamine-WT, the latter being a non-reactive 

dye that, when excited at 532 nm, emits at 587 nm. Only fluorescence is captured by the camera thanks 

to a narrow band-pass filter tuned to 587 nm. Fluid density is determined in each pixel of the frame 

relating density to the measured pixel brightness − the latter depending on the fractional volume of the 

dyed fluid−, which, in turn, is proportional to salt concentration. The relationship between brightness 

and dye concentration was established by a careful calibration procedure. The density field is mapped 

onto the velocity field by means of an affine transformation that minimizes the unavoidable distortions 

due to the different viewpoints of the two cameras. The spatial resolution of the density field is pixel 
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size, i.e., 0.07 mm. 

The acquisition frequency of the two cameras was chosen based on the time scales relevant to the 

smallest eddies of the turbulence field, namely Kolmogorov's, TK = (ν/ε)1/2 , and Batchelor’s, TB =(D ⁄ ε)1/2, time scales. Here, ε is dissipation rate of turbulence kinetic energy (t.k.e.) and D molecular 

diffusivity of Rhodamine-WT. TK and TB represent the time scale of the dissipating eddies and that of 

the finer structures of the concentration field, respectively. For the present experiment D~10−9 m2s−1 

and ε~10−4 m2s−3, the latter to be considered as representative of the interfacial layer (see below). 

Hence, TK~0.1 s and TB ≲ 0.005 s. This ensures that the sampling interval (0.01 s) is small enough to 

allow proper analysis of the smallest eddies but may not be entirely adequate for estimating the finer 

structures of the concentration field. 

Surface roughness was modelled by means of an array of parallelepipeds with a base area of 15x15 mm2 

glued onto the channel bottom of the right volume in an aligned pattern with planar area index λP = 

AP/AT = 0.2 (Fig. 1b), where AP is plan area of the obstacles and AT is array area. The height of the 

parallelepipeds varies between 15.0 mm and 20.0 mm (average height h = 17.5 mm). The chosen λP 

corresponds to the wake-interference regime (0.13 < λP < 0.35), in which obstacles are close enough that 

the wakes strengthen each other.
31,32

 The frontal area index, i.e., the total parallelepiped vertical area 

facing the flow direction per unit bottom area is λF=0.22, while the standard deviation of parallelepiped 

height is 2.04 mm, i.e., 14% of h. 

The experiment starts by releasing the lock, which allows the denser fluid to slump left to right 

underneath the lighter fluid, forming a gravity current nearly 100 mm deep lasting about 120 s. This has 

a sharp density front at its leading edge, while a stable density stratification forms behind the front. A 

backward flow moves leftward above the dense current. After the passage of the front, a quasi-

stationary regime lasting nearly 35 s is established, during which the current depth does not change 

appreciably. Figure 2 shows an example of density time histories acquired along a vertical profile 

passing through the channel axis 1.00 m downwind of the gate for the rough, Fig. 2a, and the smooth, 

Fig. 2b, cases (density increases from purple, fresh water, to red, mixture of salt and fresh water). 
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FIG. 2. Example of density time history acquired along a vertical profile passing through the center of the framed 

area for (a) rough bottom case and (b) smooth case. The channel bottom (z=0) is not included in the picture. 

 

During the quasi-steady regime, mean streamwise, u̅, and vertical, w̅, velocity components, standard 

deviations, σu = √u′2̅̅ ̅̅  and σw = √w′2̅̅ ̅̅ ̅, vertical turbulent momentum flux, u′w′̅̅ ̅̅ ̅̅ , mean density, ρ̅, and 

vertical turbulent density flux, w′ρ′̅̅ ̅̅ ̅̅ , are determined on the 102x128 array by applying canonical 

Reynolds averaging procedure (bar indicates mean value and prime fluctuation around the mean). Note 

that the chosen averaging interval, 35 s (i.e., 3500 frames), is about 16T0 (T0 = 1/N0 is buoyancy time 

scale), which can be considered long enough to ensure that the statistics are reasonably robust. 

Experiments for each of the two cases were performed four times to verify their repeatability. The 

errors, estimated for each variable as the average over all data points, are a few percent for the 

streamwise velocity and density, while 10−25% for the higher-order statistical moments. 

Before the analysis of the results, a discussion on the weaknesses of our measurement setup is 

necessary. First of all, the assumed two-dimensionality of the flow field. Needless to say that the flow is 

three-dimensional, so some of its salient features cannot be analyzed. For example, t.k.e. dissipation rate 

cannot be evaluated except by the use of approximate formulas, which are sometimes hardly applicable 
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to the case examined in this work, though we measure on a symmetry plane. Furthermore, light 

absorption along the water column could worsen the quality of density measurements.
33

 However, this 

effect is not very significant in the interface region, as the optical path of the laser light through highly 

dyed fluid is modest there. Finally, to avoid unwanted effects due to the attenuation of the laser light 

along the x-direction, the data analysis refers to the most central part of the interrogation area.  

 

3. RESULTS AND DISCUSSION 

3.1. Mean flow and turbulence characteristics at the density interface 

A first difference between the two cases analyzed can be appreciated by visually inspecting the time 

histories of density after the steady state has been established (Figure 2). In fact, in the rough case, the 

wave motion at the density interface is clearly more pronounced and shows the typical structures of 

regimes characterized by Kelvin-Helmholtz billowing. In the smooth case, on the other hand, the 

interface is less irregular, although it retains a typically wave-like character. As shown below, this 

difference is accompanied by notable changes in the turbulent characteristics of the two flows. 

In the following plots, the vertical distance from the channel bottom is normalized with the average 

height of the roughness elements, i.e., z∗ = z/h. The variables of interest will be presented and discussed 

by considering their vertical profiles − spanning the height range of 4.5<z∗<7.5 − passing through the 

center of the interrogation area (z = 0 refers to channel bottom). For ease of comparison, all the profiles 

corresponding to the smooth bottom (hereinafter SC, blue crosses) were shifted 10.0 mm upward to 

match the height at which the mean streamwise velocity for the rough bottom (RC, red diamonds) 

becomes zero (z∗~ 5.90, hereinafter zu̅=0∗ ). The different heights at which the streamwise velocities are 

zero in the two cases are partially due to current lifting produced by the roughness elements. Note that 

RC and SC share the same bulk Richardson and Reynolds numbers. 

The vertical profiles of the mean streamwise velocity and density are shown in Figs. 3a and 3b, 

respectively. The dense current flows to the right (u̅ > 0), while the backward current to the left (u̅ < 0, 

Fig. 3f). A notable difference between the two cases is the thinner density interface for RC, δRC , 

compared to SC, δSC . These were identified as equal to the difference in height between the density 

jumps across the interface. While δSC  is quasi-symmetrical with respect to zu̅=0∗ , δRC  is not, as it is 

significantly thinner in the dense flow below zu̅=0∗ . The buoyancy frequency trends depicted in Fig. 3c 

reflect this occurrence. This also affects the height of the maximum velocity shear (Fig. 3d), which is 

located below zu̅=0∗  for both SC and RC. Careful inspection of the flow reveals that KH waves develop and 

collapse mainly below zu̅=0∗ . A consequence of this is that also turbulence production, buoyancy, and σw peak below zu̅=0∗  (Fig. 4). The smaller δRC can be explained in terms of increased turbulent activity 

in the dense current due to larger drag exerted by the roughness elements at the channel bottom.
34

 Note 

that this agrees with what Negretti et al.
35

 found in their water channel experiments concerning analysis 
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of the effect of bottom roughness in two-layer flows downslope, although, in their case, this difference 

was greater. 

Above zu̅=0∗ , the mean density profile does not change appreciably going from SC to RC. On the other 

hand, no substantial differences between the mean streamwise velocities for the two cases are observed 

(Fig. 3a and 3d) apart from some deviations present in the upper portion of the backward current. This 

is in contrast to Negretti et al.’s results, which showed larger velocity gradients for their smooth case. 

The reason for this disagreement is unclear, but it might be attributed to the different nature of the 

roughness elements adopted in the two experiments, that is, parallelepipeds in our case instead of 

artificial turf, with a dense, close spacing of fine, short roughness elements as used by Negretti
35

. This is 

undoubtedly a crucial aspect in these fields of study, as it is reasonable to expect substantial differences 

in the characteristics of turbulence as the nature of the surface varies.
36

 

 

FIG. 3. Vertical profiles of (a) mean streamwise velocity component, (b) mean density, (c) mean buoyancy 

frequency, (d) mean velocity shear, and (e) mean gradient Richardson number. Blue crosses and red diamonds 

refer to SC and RC, respectively. Panel (f) shows a snapshot of density and velocity fields acquired during the 

breaking of a KH billow for RC (density increases from blue to red). 

 

The differences between density and velocity gradients observed for the two cases are also reflected in 

the gradient Richardson number profiles (Fig. 3e) as they differ mainly for z∗ < 5.5, where SC shows 
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larger Rg. Unfortunately, significant data scattering for z∗ > 5.5 prevents us from drawing any definite 

conclusions for the backward current. 

Other significant differences between SC and RC can be gained by looking at the turbulence variables 

shown in Figs. 4a-e. Overall, they are considerably higher in the rough case for z∗ < zu̅=0∗  as the 

roughness bottom increases turbulence intensity. These values are significantly lower in the backward 

current (except for σw/U0), where the differences between RC and SC are minimal. In that region, in fact, 

turbulence is patchy and generated mainly by sporadic shear instabilities, causing the turbulence to be 

intermittent in space and time regardless of the characteristics of the surface. 

Buoyancy, B, and t.k.e. production, P, terms, 

                                                             B = gρ0 w′ρ′̅̅ ̅̅ ̅̅     ,     P = −u′w′̅̅ ̅̅ ̅̅ du̅dz                                                  (1) 

of t.k.e. equation are also higher for RC in the dense current (Figs. 4c and d), mainly due to larger vertical 

turbulent momentum and mass fluxes (not shown). 

 

FIG. 4. Vertical profiles of normalized (a) standard deviation of the streamwise velocity component, (b) standard 

deviation of the vertical velocity component, (c) production term, (d) buoyancy term, (e) dissipation rate of t.k.e., 

and (f) residual term (Eq. 4). Continuous blue and dotted red lines in (c) have been obtained using Taylor’s formula 
(see text). Note the different normalization adopted for R in panel f. 
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Both P and B profiles shown in the figure are made non-dimensional by U02N0 . Figure 4c displays 

comparisons of P with u′3/ℓ (Taylor
37

, sometimes considered as a proxy for P), where ℓ represents a 

suitable linear dimension of the turbulent field − in the present case, assumed equal to the thickness of 

the interfacial layer. The agreement between the two trends is reasonable, although for RC P peaks at a 

higher z∗ , i.e., where σu/U0  attains its maximum. It is worth noting that, unlike the other variables 

shown here, P does not change much going from SC to RC for z∗ < 5.25. Since the vertical momentum 

flux (u′w′̅̅ ̅̅ ̅̅ , not shown) for RC is larger compared to SC in that region, that is due to the smaller velocity 

gradients observed for the rough case.  

Figure 4e shows the vertical profiles of the normalized dissipation rate of t.k.e., , estimated using
38

: 

                                                                ε = 154  [(∂u′∂z )2 + (∂w′∂z )2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  ]                                                         (2) 

Equation 2 is particularly suitable for the present dataset as it involves only the two components of the 

fluctuating part of the strain rate tensor available through the field of the measured velocity vector. It is 

worth noting that Eq. 2 is one of several expressions of ε reported in the literature, all of which are based 

on simplifying assumptions about the nature of the flow. Therefore, all of them should be considered as 

approximations of ε. In consonance with the quantities shown earlier, ε is larger for z∗ < zu̅=0∗   and its 

order of magnitude is consistent with that found in a similar experiment by Maggi
22

 by assuming Kolmogorov’s similarity hypothesis (ε = P). It should be noted that our ε profile is scattered in the 

highest region of the backward current for SC, and the large values obtained there must be taken with a 

certain degree of caution.  

 

3.2. Turbulence kinetic energy budget  

P, B, and  appear in the t.k.e. equation, which under the hypothesis of parallel flow along the x 

(streamwise) direction reads: 

                                                                  ∂q∂t + u̅ ∂q∂x = P − B − ε − TT                                                        (3) 

where q = uk′2̅̅ ̅̅ 2⁄  is t.k.e. ( u′k  are the three components of the velocity fluctuation), while TT =∂ ∂xj⁄ (uk′2u′j̅̅ ̅̅ ̅̅ ̅/2 + p′u′j̅̅ ̅̅ ̅̅ /ρ) is the spatial transport of q.
39

 Equation 3 can be rearranged as: 

                                                           R = P − B − ε = ∂q∂t + u̅ ∂q∂x + TT                                                      (4) 

where R assumes the meaning of a residual term, which is equal to zero only under the assumption of 

stationarity, horizontal homogeneity, and in the absence of diffusive flux divergence. For this case, shear 

production balances buoyancy and dissipation rate, a condition also known as Osborn’s model.40
 RC and 
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SC cases show very similar trends (Fig. 4f). The balance occurs mainly around zu̅=0∗ , while a R attains -1 

for z∗ > 6.5 as P is nearly zero there. Note that R has been normalized with (B+), i.e., the subtractive 

term of the t.k.e. equation, in order to better emphasize the weight of R compared to the other 

contributions. Since our measurement system cannot determine TT and q, we can only speculate that 

contributions to R could be mainly associated with t.k.e. horizontal transport in the regions of higher 

streamwise velocity. 

 

3.3. Turbulent Diffusivities 

Assessment of turbulent diffusivities is of great interest in engineering practice and natural flows 

studies since their knowledge is essential in Computational Fluid Dynamics (CFD) models used for 

turbulent flows and pollutant dispersion modelling in both atmospheric and aquatic systems. They are 

commonly determined experimentally via first-order closure as the ratio of turbulent flux to the 

gradient of the associated mean variable. Turbulent diffusivities of momentum and mass read, 

respectively: 

                                                                  KM = − u′w′̅̅ ̅̅ ̅̅du̅dz    ;   Kρ = − w′ρ′̅̅ ̅̅ ̅̅dρ̅dz                                                   (5) 

Their ratio is usually expressed as Kρ/KM = Sct−1, where Sct denotes turbulent Schmidt number. The 

choice of Sct in CFD models is not straightforward, as it is a property of the flow and not of the fluid. This 

makes Sct parameterization often challenging
41-44

, as the chosen value greatly influences the quality of 

the results.
45

 

 

FIG. 5. Vertical profiles of (a) KM, (b) Kρ, and (c) inverse of the turbulent Schmidt number, Sct−1 = Kρ/KM, for the 

rough (red lines and diamonds) and the smooth (blue) cases. 
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Figures 5a and 5b show KM and Kρ determined for both the investigated cases (symbols). Two main 

features can be observed: firstly, KM and Kρ are larger for RC, and secondly, they both decrease with 

height and reach their minimum near zu̅=0∗ . The large, unrealistic,  Kρ in the lower region of the profiles 

correspond with the lower edge of the density interface, where the small density gradients prevent the 

applicability of first-order closure. This is particularly evident for RC, which shows a thinner density 

interface (see Fig. 3c). This obviously affects the Sct−1 trends (Fig. 5c), especially for RC, which shows 

values close to one around zu̅=0∗  , while diverging away from it. The figures also show the vertical profiles 

of two of the most used expressions of KM and Kρ employed in numerical models, viz.: 

                                                                  KM = 0.09 q2ε    ;   Kρ = Γ εN2                                                       (6) 

where Γ = ( Rf1−Rf) is the mixing coefficient, Rf = B/(B + ε) is the flux Richardson number, and 
ενN2 is the 

buoyancy Reynolds number, i.e., a measure of turbulence intensity in stratified shear flows. The 

expression for Kρ in Eq. (6), where it is customary to assume Γ = 0.246
, comes from the t.k.e. equation 

written under the assumption of R=0. The standard deviation of the spanwise velocity component (not 

known from our experiments) included in q has been set equal to 0.8σu2  based on similarity theory.
47

 

Despite the problems mentioned earlier, Eq. (6) reproduces Kρ obtained by Eq. (5) for RC rather well 

within the dense current and part of the backward flow (up to z∗~6.5). Above it, the two formulations 

diverge mainly due to N → 0. Another possible reason could be the high  values for z∗ > 6.5 (see end of 

section 3.1), which make Kρ large and oscillating in the upper part of the backward current. 

Similar considerations hold for SC, although the split between the two formulations occurs at lower z∗. 

A reasonable agreement between Eqs. 5 and 6 is also found for KM within the whole interface for RC. In 

contrast, the agreement is very poor for the smooth case. 

 

 

FIG. 6. Bin-averaged inverse turbulent Schmidt number as a function of the bin-averaged gradient Richardson 

number. Black solid circles refer to field data by Charrondier48. 
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The larger Sct−1 found for RC compared to SC is reflected in the different Rg shown in Fig. 6, where the 

bin-averaged Sct−1 as a function of the bin-averaged Rg are depicted. As expected, Sct−1 decreases with Rg  for both the cases in satisfactory agreement with field (e.g., 48,49) and laboratory
50

 data.  Stable 

stratification damps Kρ and this becomes increasingly important as Rg increases, since internal waves 

transport momentum but sustain only little (or in the ideal case of linear waves, no) buoyancy fluxes. 

KH billowing subsides beyond Rg = 1  and the dominant mixing mechanism becomes the sporadic 

breaking of internal waves.
50

 The buoyancy flux associated with such mechanism is weaker and hence 

lower Sct−1 is expected. Not surprisingly, the agreement with field experiments is better for SC since the 

data are less affected by the small density gradient observed for RC. 

 

3.4. Efficiency of mixing 

One last aspect of interest is the dependence of the flux Richardson number, Rf = B/(B + ), also known 

as mixing efficiency, on the surface characteristics. As is known, Rf gives a measure of the amount of 

t.k.e. irreversibly converted into background potential energy. Before discussing the results, it is 

imperative to underline that the above expression of Rf is not free from inaccuracies as determining 

mixing efficiency requires calculating the diapycnal flux 
9,51

, which is not possible with the experimental 

approach used in this work. The flux Richardson number expression used here was proposed by Ivey 

and Imberger
52

 and it does not properly account for countergradient fluxes that are expected to be 

important in the presence of KH billowing. However, we believe it is still worth discussing Rf trends, if 

only to identify possible differences associated with the bottom characteristics. The reader may refer to 

Venayagamoorthy and Koseff 
17

 for an in-depth discussion of the various definitions of Rf. 

 

FIG. 7. (a) Vertical profiles of the flux Richardson number and (b) bin-averaged flux Richardson number as a 

function of the bin-averaged gradient Richardson number. The continuous line in (b) refers to the Rf formulation 

proposed by Venayagamoorthy17. 
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We observe higher Rf for RC, close to the canonical limit 0.25 (Fig. 7a) because of the larger buoyancy 

flux that characterizes the rough bottom case (Fig. 4d). In other words, the larger turbulence intensity 

in the dense current enhances vertical mixing, and such difference is even more evident looking at the 

trends of the bin-averaged Rf as a function of bin-averaged Rg (Fig. 7b). The continuous line results from 

an analytical expression of Rf proposed by Venayagamoorthy and Koseff17 based on Direct Numerical 

Simulation (DNS) data by Shih.53 Incidentally, it is worth emphasising that the agreement between the 

latter and RC is reasonable, while SC always shows lower Rf values.  

The difference in Rf trends between RC and SC is apparent also by analysing the mixing coefficient Γ =Rf/(1 + Rf) versus the buoyancy Reynolds number, ε/νN2 (Fig. 8a). The shaded areas in the figure refer 

to the regions enclosing some literature data, including those obtained in the laboratory by Barry44 and 

by DNS by Shih53 reported in Fig. 20.3 of Ivey54. The agreement with the above-mentioned works is 

better for RC, although the short range of the buoyancy Reynolds number of our experiments prevents 

us from drawing definite conclusions. 

 

3.5. Other comparisons with field data 

Comparisons with field experiments are shown in Fig. 8b, where the mixing coefficient B/ε versus the 

Froude number, Fr = ε/Nσ2, for the two cases are shown (σ2 denotes velocity variance). B/ε is often 

used as an alternative to the flux Richardson number to model turbulent diffusivities. Dependence of B/ε on Fr has recently been proposed by Conry55 and tested using katabatic wind data collected during 

the MATERHORNE field program.56  

 

FIG. 8. (a) Mixing coefficient Γ = Rf/(1 − Rf) as a function of ε/νN2 (shaded areas refer to data determined from Fig. 

20.3 of Ivey54, which are based on results of Barry46 and Shih
53

), and (b) B/ε versus Froude number Fr. Continuous line 

depicts the curve fit B/ε = 0.05 Fr−1 by Conry.55 

 

In particular, based on dimensional arguments, those authors showed that B/ε depends on several non-

dimensional groups, making its parameterization in environmental flows rather challenging. However, 
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they argued that, in equilibrium conditions, B/ε can be assumed as a function of the sole Froude number 

when Rg < 0.4, which is a condition verified for our data set. They also found that B/ε = 0.05 Fr−1 fits 

reasonably their field data points. Our B/ε for RC and SC agree reasonably with 0.05 Fr−1 especially in 

the range 0.3<Fr<1, which corresponds to data points lying within the density interface. It may be of 

some interest to note that the points relating to Fr>1, all characterized by unsatisfactory agreement, 

refer to z∗ > 7.25 , i.e., in the region of the backward current above the interface layer. However, it 

should be borne in mind that problems in the determination of Rf due to countergradient effects are 

also present in B/ε and, similarly to what was observed in Fig. 7b, SC shows systematically lower B/ε 

than RC. 

4. CONCLUSIONS 

The aim of the present work was to further our knowledge on the effects of bottom roughness on 

turbulent mixing within the sheared density interface forming at the top of a gravity current. This 

research was motivated by the still partial knowledge of the applicability of turbulence closure laws 

commonly adopted in numerical simulations of stably stratified flows of relevance to both geophysical 

and engineering problems. Two cases were explored: smooth and rough bottom, the latter referring to 

a planar area index belonging to the range of wake-interference regime. 

Our laboratory data show a dependence on the surface roughness of the density interface thickness, 

which is lower in the case of a rough bottom, as well as of the main parameters involved in the 

turbulence kinetic energy equation, namely, buoyancy, B, production, P, and its dissipation rate, . A 

substantial dependence on the bottom characteristics was also observed for the turbulent diffusivity of 

mass and momentum. Conversely, their ratio, i.e., the turbulent Schmidt number, remains essentially 

unchanged going from the smooth to the rough case. Furthermore, a balance between P, B, and  was 

observed across the density interface, particularly for the smooth case, thus verifying the applicability 

of established buoyancy laws reported in the literature.
40

 

Some of the results are consistent with existing field data and numerical simulations, e.g., mixing 

coefficient B/ε  agrees reasonably well with field campaign data
55

 irrespective of the surface 

characteristics. 

Further work should focus on expanding the range of surface roughness elements, both two- and three-

dimensional, also including vegetated canopies. Additional analysis should also focus on how the 

relationship between dense current thickness and obstacle height can influence the characteristics of 

the interface. 
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The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 
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