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The dynamics of gravity currents propagating beneath intermediate water waves is investigated in the present
study. Laboratory experiments were carried out in a wave flume, in which saltwater was released into
freshwater by means of a point-release setup in the presence of a fully developed wave field. Results revealed
a series of interesting features of the gravity current advancement and density distribution under the influence
of the wave field. The advancing fronts oscillate with the same period of the wave, although front velocity
appears not to be affected by increasing wave nonlinearity. The analysis of the density field highlighted the
existence of an enhanced mixing process between ambient and gravity current fluid induced by the orbital
motion, alongside a loss of symmetry between onshore and offshore fronts, in terms of front shape and density
spatial distribution. Such an effect intensifies as wave height increases and wavelength decreases. Moreover,
variations of the salinity concentration profiles during the wave phase revealed a “piston-type” oscillatory
behavior of the gravity current concentration induced by the wave field, which oscillates accordingly to the

wave phase.

1. Introduction

Gravity currents are common physical processes in coastal areas.
They can be generated by natural density gradients, such as salt wedges
and turbidity currents, or by anthropic activities, which include dredg-
ing, oil spill, desalination processes etc. Parker et al. (1987), Fannelop
and Waldman (1972), Stancanelli et al. (2017), Ben Meftah et al.
(2018). The presence of such flows have significant consequences on
coastal sediment transport and heavily influence migration, production
and diversity of benthic organisms (Bigham et al., 2020).

In the nearshore, the dynamics of gravity currents is heavily in-
fluenced by the presence of waves. This is particularly important in
intermediate waters, where leaks from vessels can reach the seabed and
the pollutant hydrodynamics is influenced by the wave motion field all
along the water column. However, the vast majority of existing efforts
investigated gravity currents propagating in quiescent ambient fluids,
within horizontal smooth beds (Rottman and Simpson, 1983; Nogueira
et al.,, 2014; Ottolenghi et al., 2016; Longo et al., 2018; Pelmard
et al., 2021; Kokkinos and Prinos, 2022), rough beds (Cenedese and
Dalziel, 1998; Nogueira et al., 2013a; Han et al., 2021; Maggi et al.,
2022) porous beds (Venuleo et al., 2019), sloping beds (Lombardi
et al., 2015; Ho and Lin, 2015; He et al., 2018; Dai and Huang, 2020,
2021; De Falco et al., 2020; Maggi et al., 2023a,b), in the presence
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of obstacles (Gonzalez-Juez et al., 2009; Tokyay et al., 2014; De Falco
et al., 2021b) and within rotating frames (Negretti et al., 2021; De Falco
et al., 2021a; Wirth and Negretti, 2022).

Studies on gravity current-surface waves interaction are indeed very
limited. Ng and Fu (2002) developed an asymptotic theory for the
propagation of a layer of viscous dense fluid beneath surface waves.
Evolution equations to model the profile distribution of the viscous
fluid are obtained. The authors found that the streaming current gen-
erated by the oscillatory flow generally dominates inducing the density
current to advance together the waves.

Robinson et al. (2013) investigated the interaction of waves with
the dynamics of the density current propagation under different wave
regimes. A volume of dense fluid was point-released into a water
wave field, which generated a two-front gravity current. Two opposite
observations were reported. In the presence of short waves, the gravity
current was advected in the opposite direction of the waves. Whereas,
in the presence of long waves, the Stokes drift close the bed dominated
and the current was transported in the wave direction. Moreover,
results reported an asymmetry of the downstream and upstream gravity
current heads.

Laboratory investigations on gravity currents in the presence of
waves were carried out by Musumeci et al. (2017) and Stancanelli et al.
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(2018b). In intermediate waters, they found that the front propagation
during the initial stage (known as slumping) is characterized by a con-
stant velocity, and that the front propagates with a pulsating behavior
with the same period of the wave.

Viviano et al. (2018) investigated turbulence related quantities in a
wave-gravity current field by means of a numerical model. The model
couples a Boussinesq-type model and density current model for strati-
fied flows. Subgrid turbulence is included by means of two turbulence
closure models. The model was validated by means of experimental
data. Results showed that, in the presence of surface waves, a reduction
of turbulence production occur, alongside an increment of the mixing of
the dense and the ambient fluid. Analogously, Stancanelli et al. (2018a)
investigated the dynamics of the density currents in the presence of
waves by means of a CFD model, showing that Large Eddy Simulations
can more realistically model turbulent processes such as formation of
interfacial Kelvin—-Helmholtz billows and vortex stretching than other
two-equations turbulence closures.

Recently, Cui et al. (2022) investigated gravity flows in the presence
of surface waves using a numerical model with Large Eddy Simulation
to model sub-grid turbulent flow. The results showed that the period
of the front oscillation is correlated to the period of the surface wave,
and that the amplitude of the oscillation increases with wave height.
Moreover, wave motion influences the arising position and coherent
direction of the turbulent structures in the pycnocline. Oscillating wave
motion stabilizes pycnocline earlier and hamper turbulent mixing. The
instability region decreases faster with higher wave height, but not with
longer wavelength.

Notwithstanding previous research efforts, several questions re-
garding interaction between waves and gravity currents remain unan-
swered. One essential aspect to investigate is the salinity concentration
distribution along the vertical profile, which can provide insights into
potential detrimental effects on marine seabed biota, which may be
exacerbated by the presence of waves. In addition, adopting a wider
range of density difference could extend the knowledge on the prop-
agation dynamics, discerning whether the phenomenon is dominated
by the wave field or by the density difference. Furthermore, investi-
gating the influence of wave asymmetry can provide insights on how
the skewed distribution of the wave velocity field could potentially
influence gravity current hydrodynamics.

The present paper illustrates a novel experimental study on the
interaction of gravity currents and waves by means of a laboratory
investigation. The goal of the study is to characterize the onshore and
offshore propagation of gravity current by studying the current velocity
and density field. A high-resolution camera is employed to track the
front advancement, from which concentration maps and vertical pro-
files were obtained. Concentration maps allowed to track the dynamics
of the current density field and characterize the internal hydrodynamics
of the current.

The device used to generate the gravity current is a point-release
setup. Such a device, which was employed very rarely in the study
of waves-gravity current interaction (Chowdhury and Testik, 2014),
is well suited to simulate leakages and vertical outfall in the sea.
Moreover, it allows the generation of two fronts and therefore to
investigate the propagation of the density current in the same and the
opposite directions of the waves simultaneously.

Effects of the density difference between gravity current and am-
bient fluid, which were rarely studied in previous studies, are herein
investigated by means of a wide range of experimented current fluid
densities. Moreover, a focus is given to the effects of wave nonlinearity
on the propagation of the gravity current front. The generation of
a fully developed wave field allowed to investigate the influence of
second-order effects (i.e. Stokes drift) and steady streaming. Finally,
the vertical density variation is analyzed during the different phases of
the wave period, in order to investigate gravity current-ambient fluid
mixing induced by the orbital motion.
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The paper is organized as follows. Section 2 describes the experi-
mental apparatus, the experiments plan and the data analysis method-
ology. A preliminary characterization of the ambient fluid velocity field
in the absence of the gravity current is discussed in Section 3. The
experimental evidences are presented and analyzed in Section 4, in
terms of the gravity current front propagation (see Section 4.1) and of
the current concentration evolution (see Section 4.2). Conclusion and
final remarks are given in Section 5.

2. Experiments and methods

The experiments were carried out in a hydraulic channel 9.00 m
long, 0.50 m wide and 0.70 m deep (Fig. 1), equipped with a piston-
type wave-maker at one end and an absorbing beach at the other
end. The free-surface wave elevation was measured with four acoustic
probes produced by Pepperl+Fuchs model UC500-30GM70-IE2R2-V15.
The horizontal and vertical components of the wave-induced velocity
field were measured by means of an Acoustic Doppler Velocimeter
manufactured by Nortek model Vectrino Profiler, with an acquisition
frequency of 50 Hz.

A reservoir, connected to a small pipe having diameter equal to
0.01 m, whose outlet is located at the free surface, is placed above the
flume at 6.00 m from the wave-maker. The gravity current is generated
by releasing a finite volume of saltwater, having density p;, in the flume
which is filled with fresh water, having density p, < p;. Fig. 2 shows
a sketch of the device used for the point release of the density current,
where x,, and x,,, are the onshore-directed and the offshore-directed
front positions.

Sodium chlorate was used in all the experiments to obtain saltwater
of a fixed density. Green food dye was then added to the saltwater
solution to make the density current visible. The concentration of the
diluted dye is about 0.6%. The molecular diffusivity of the dye in water
is 0(10~® cm?/s) while that of the saltwater is O(10~* cm?2/s). There-
fore, the differential diffusion between the dye and the salt water are
assumed negligible (Stancanelli et al., 2018b). Density of saltwater and
freshwater were measured by a procedure that allows the measurement
of the density of solutions through the comparison with a fluid of
known density, in our case distilled water. Accuracy of the measured
density is 1 g/m3. The solutions were placed in 100-ml pycnometers
and, by means of a series of weighings, a density ratio between the
solution under analysis and a solution of known density can be obtained
using the following formula:

§=—-1=5 )}
m3 —m P
where m, is the weight of the pycnometer with the solution, m; is
the weight of the pycnometer with distilled water, m] is the weight
of the empty pycnometer before weighing with distilled water, and m,
is the weight of the empty pycnometer before weighing with the saline
solution. The computed 6 is equal to the ratio between the densities
ps/p, where p, is the density of the solution and p is the known density
of distilled water.

For each test, a volume V, of dye-saltwater solution equal to 200 ml
is released in the wave flume with water depth 4 equal to 0.20 m. The
gravity current formation and expansion is investigated considering
the following hydraulic regimes: (i) initially quiescent ambient fluid;
(ii) presence of regular surface waves. In the second case, in order to
run the experiment in a completely developed regular wave field, the
release is carried out after 1 h from the activation of the wave-maker.
For both hydraulic regimes, after the initial collapse of the fluid to the
bottom, the gravity current propagates horizontally beneath the lighter
fluid in two opposite directions, as showed in Fig. 2. The propagation
of the two fronts was recorded by means of a Sony HDR-CX410VE HD
camera (frame rate of 25 FPS). The measuring area extends 0.80 m in
the horizontal direction, with the middle section located 6.00 m far
from the wave-maker, which corresponds to the release point.
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Fig. 1. Sketch of the experimental apparatus of the point release tests, used both in the absence and in the presence of waves.
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Fig. 2. Density current release device and adopted reference system.

Table 1

Control parameters of the experiments: p, and p, are the density of saltwater and
fresh water respectively, g’ is the reduced gravity, H is the wave height, T is the
wave period, L is the wave length and H/L is the wave steepness. All the tests were
performed with A~ = 0.20 m and ¥, = 200 ml.

Test p, [kg/m®] p, [kg/m®] ¢ [m/s?!] H [m] T I[s] L [m] H/L
1 1,012.75 999.97 0.13 - - - -

2 1,012.75 999.97 0.13 0.012 1.3 2.166  0.006
3 1,012.75 999.97 0.13 0.021 1.0 1.464  0.014
4 1,012.75 999.97 0.13 0.022 0.8 0.987  0.022
5 1,038.56 998.96 0.39 - - - -

6 1,038.56 998.96 0.39 0.013 1.3 2.166  0.006
7 1,038.56 998.96 0.39 0.018 1.0 1.464  0.012
8 1,038.56 998.96 0.39 0.023 0.8 0.987  0.023
9 1,058.50 997.34 0.60 - - - -

10 1,058.50 997.34 0.60 0.015 1.3 2.166  0.007
11 1,058.50 997.34 0.60 0.023 1.0 1.464  0.016
12 1,058.50 997.34 0.60 0.029 0.8 0.987  0.029

A series of 12 experimental tests was carried out. Table 1 reports the
main control parameters of the experiments, i.e. the saltwater density
p1, the fresh water density p,, the reduced gravity g’, the wave height
H, the wave period T, the wave length L calculated with the dispersion
relationship, and the wave steepness H /L. The reduced gravity is de-
termined as g’ = g(p; —p,)/p,, Where g is the gravitational acceleration.
The experiments were carried out by considering a reduced gravity
that ranges in the interval 0.13 + 0.60 m/s? and quiescent and three
intermediate water wave regimes (i.e. h/L = 0.1 + 0.2).

The gravity current diagnostics were carried out by applying stan-
dard image processing tools to determine the two fronts position and
density concentration maps. In particular, the two fronts advancement
with respect to the current center (see reference system in Fig. 2)

was measured after converting the acquired RGB images into binary
format, where the gravity current is a black-filled contour over a white
background. In particular, the advancement of the gravity current
fronts was measured with reference to the lower line of pixels, which
corresponds to the bottom of the flume.

The gravity current mixing intruding into an ambient fluid charac-
terized by less density is investigated through the analysis of density
concentration distributions. In particular, the density concentration
maps were obtained adopting the pixel intensity strategy (Nogueira
et al.,, 2013b; Adduce et al., 2022). The maps were constructed from
the reduction of the background light of the grey scale images caused
by the advancing density current with respect to initial condition before
the saltwater release, assuming a linear relationship between dye and
salt concentration within the gravity current. The experimental setup
was purposely designed in terms of illumination conditions, camera
specifics and amount of color dye, in order to allow the acquisition of
concentration measurements accurate enough with respect to density
of the generated gravity currents, the size of the study area and the
characteristic of the reproduced waves. The spatial resolution of the
pixel intensity field, which is 1 pixel per mm, is suitable for the size
of our rectangular study area (i.e. 0.800 x 0.200 m) and for the tested
wave conditions (i.e. H in the range 0.012-0.029 m and L in the range
0.987-2.166 m). In particular, the intensity of 800 and 200 pixels in
the horizontal and vertical directions were acquired, respectively, for a
total of 160,000 pixels. Moreover, the wave-induced spatial variability
of the pixel intensity was captured, being the spatial resolution one
order of magnitude lower than the reproduced H. The homogeneity of
the conversion from pixel intensity to density concentration over the
whole study area was ensured by the spatially uniform brightness. In
any case, assuming that brightness conditions do not change during the
single experiment, the effects of any slight brightness non-uniformity
would be removed by the subtraction of the background from each
image corresponding to the considered time intervals.

For each test, the evolution of the density spatial distribution over
time is represented through contour plots of the relative concentration
C recovered for specific times, where C = (5—p,)/(p; — p,) with j being
the fluid density at a generic x and z. Moreover, relative concentration
profiles were calculated for different instants, considering reference
vertical axes for both the onshore and offshore fronts.

3. Hydrodynamics of the ambient fluid

An analysis of the flow conditions in the presence of only surface
waves is presented. As a measure of wave nonlinearity, the parameter
a/h is computed, where « = H/2 is the wave amplitude. Wave
nonlinearity of all tests lies in the range of 0.044 + 0.195. Reflection
coefficients in the flume, which are obtained by means of Mansard and
Funke (1980) three-probes method and Faraci et al. (2014) four-probes
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Fig. 3. Measured time-averaged velocity profiles over the water column acquired after
the wave motion is completely developed (1 h of waves). Different wave regimes: (a)
H=0015m,7T=1.3s;(b) H=0.023m,T =1.0s; (c) H =0.029 m, T = 0.8 s. The
Stokes drift velocity u, along the water column and the Eulerian horizontal velocity
between trough and wave crest v, along the water depth as reference are reported.

method, are in the range of 0.10 + 0.14 for both methods, showing that
wave reflection is negligible.

Fig. 3 shows the wave-induced mean velocity profiles acquired
by a Vectrino Profiler 1 h after starting the wave-maker in the ab-
sence of the gravity current, for three investigated wave conditions:
(i) H =0.015m, T = 1.3 s (Fig. 3a); (ii) H = 0.023 m, T = 1.0
s (Fig. 3b); (iii)) H = 0.029 m, T = 0.8 s (Fig. 3c). Fig. 3 reports
also the computed Stokes drift velocity u, along the water column
and the Eulerian horizontal velocity between trough and wave crest
v,. The velocity measurements was confined to the vertical distance
of 0 to 0.1 m. This is intended to delineate the flow characteristics
within the gravitational current front propagation region, which in this
study extends approximately from O to 0.05 m. This range allows for
a comprehensive examination of the propagation zone and facilitates
a detailed observation of the interfacial flow dynamics between the
denser and ambient fluids.

A steady flow in the wave direction is observed at the bottom
boundary layer for all three considered conditions, as a consequence of
the fully developed wave field inside the flume. Indeed, the oscillatory
flow generates both an orbital motion and a steady current. The latter
can be considered as the sum of the Stokes drift, which is caused by the
irrotational oscillatory motion, and the viscous steady streaming, which
is determined by the vorticity generated at the boundary. It should
be noted that the first component develops immediately, whereas the

Continental Shelf Research 267 (2023) 105082

development of the second one depends on the channel length. In the
present case the steady streaming takes about 10 min to develop, in
accordance with Mei et al. (2005). It follows that, for each analyzed
wave regime, the viscous steady streaming influences all the tests
conducted in the presence of regular waves.

4. Results
4.1. Propagation of the gravity current fronts

The gravity current propagation is here analyzed under different
regimes of the ambient fluid, in order to investigate the influence of the
waves. In order to describe qualitatively the stages of the propagation
of the gravity current front, the onshore front advancement of Test 4
is illustrated in Fig. 4 (g’ = 0.13 m/s?, H = 0.022, T = 0.8 s). The
following description is valid for both the onshore and offshore fronts
of all the performed experiments. In the first stage, the saltwater fluid is
released above the wave surfaces. It is dominated by a vertical transport
along the water column (duration 1 + 2 s), with null front horizontal
spreading. As the saltwater reaches the channel floor, it propagates
radially until it reaches the flume side walls. Such an advancement
develops with a nonlinear trend (duration 2.0 + 8.0 s). Such a phe-
nomena recalls the lateral spreading already observed in literature in
buoyant low-density plumes (Yuan and Horner-Devine, 2013). Then,
the radial expansion stage ends and a close-to two-dimensional front
advancement occurs, during which a quasi-linear trend is observed. The
present work focuses on the quasi-linear stage of the gravity current
propagation.

Fig. 5 shows the advancement of the two fronts, x,, in the on-
shore direction (i.e. positive x) and Xof s in the offshore direction
(i.e. negative x), for all tests. For the sake of the comparison, the front
advancement are aligned in order to have the end of the initial collapse
stage at a same instant * =t — 1, = 0, where ¢* is the displaced time
vector and 7, is the instant when the density current collapse to the
bottom.

Comparison between advancement profiles of Fig. 5 show that the
front propagation is characterized by an oscillatory behavior with the
same period of the wave, as an effect of the superimposed wave motion.
This is in accordance with Robinson et al. (2013) and Stancanelli et al.
(2017, 2018b). As wave height increases, a slight variation of the front
velocities in the onshore and offshore direction, which are calculated
as the slope of the quasi-linear phase of the two fronts advancement
measured at the bottom of the flume (u,, and u,,,, respectively) is
observed for all the experiments. In particular, the differences between
u,, and u,, . are not higher than +0.006 m/s. Moreover, a trend was
not identifiable between the different wave and density conditions.
Therefore, in contrast to the findings of Robinson et al. (2013), wave
motion appears not to significantly influence the front advancement.
This is due to the fact that in the present work the gravity current
propagation occurs in a density dominated regime. On the contrary, in
some of the experiments of Robinson et al. (2013), who tested waves
with higher steepness (i.e. H/L up to 0.07), a Stokes-drift dominated
regime prevails. The lack of symmetry between the positions of the two
fronts observed both in the presence and in the absence of waves is
due to the not-perfectly perpendicular spill of the saltwater when it
enters the ambient fluid, which cause a shifting of the initial contact

point between the denser fluid and the bottom of the channel from
x =0 m (i.e. the abscissas of the release point). Indeed, the differences
between the advancements of the two fronts are not compatible with
the observed discrepancies between the front velocities during the
quasi-linear propagation stage. The shifting of the initial contact point
between the denser fluid and the bottom of the channel from x = 0
m is likely to be caused by the initial stage of the entrainment process
between saltwater and ambient fluid, which occurs during the gravity
current descending phase. Such a shifting is even more evident in
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Fig. 4. Stages of the propagation of a point-release front for Test 4 (g = 0.13 m/s*>, H = 0.022 m, T = 0.8 s), the dashed line represent the instant of the first derivative local

minimum.

the presence of waves, because the oscillatory motion enhances the
entrainment process.

In order to give an overview on how the density fronts propagate
as wave condition changes, Fig. 6 shows the quasi-linear stage front
velocities u,, (onshore directed, black line) and u,, rr (offshore directed,
gray line) as the nonlinearity parameter a/h increases. Since g’ did
not influence the front advancement velocity, the linear regression of
U,, and u,,, as a function of a/h was performed considering tests
with different g’. For both onshore and offshore fronts an almost
constant trend is observed, with a slight variation of velocity by 0.001
+ 0.002 m/s within a wide nonlinearity parameter range (0.03 + 0.07).

4.2. Concentration evolution of the gravity current

The analysis on the density dynamics was carried out in order to
study the mixing processes induced by the orbital motion. The construc-
tion of concentration maps following the methodology described in
Section 2 allows the visualization of the fronts shape and position and
of the density distribution in the study area. For the sake of simplicity,
Fig. 7 and Fig. 8, shows the concentration maps only for Test 1 (g’ =
0.13 m/s2, no waves) and Test 3 (g’ = 0.13 m/s2, H = 0.022 m, T
= 1.0 s), respectively. However, the findings discussed below are valid
for all the tested cases. Four different time instants were examined in
order to have a framework of the gravity current density evolution in
the measuring area, with a time step of 3.00 s. The first instant of each
analysis corresponds to the onshore front position x,, of about 0.14 m
from the release point (i.e. 7 = 7 s).

For all the tests, the two fronts are characterized by lower density
compared to the one observed at the release point. Moreover, the high
concentration measured in the core of the gravity current tends to
decrease towards the boundary between salt and fresh water. Such
phenomena are due to the entrainment process experienced by the salt-
water during the descending stage, which leads to a density reduction,
as already observed in previous studies, in both lock-exchange (Stan-
canelli et al.,, 2018b; Musumeci et al., 2017) and point-release se-
tups Robinson et al. (2013).

The differences between the onshore and offshore fronts at a cer-
tain instant can be discussed in terms of shape, concentration spatial
distribution and position. Concerning the positions of the two fronts, as
already discussed in Section 4.1, they are non-symmetrical for all the
tested cases (i.e. both in the absence and in the presence of waves, for
all the considered g’) because of the shifting of the initial contact point
between the denser fluid and the bottom of the channel from x = 0 m.

Fig. 7a shows that in the absences of waves the onshore and offshore
fronts are approximately symmetrical, in terms of shape and concentra-
tion. Such a symmetry is maintained during the expansion of the gravity
current (see Fig. 7b—d). The presence of symmetry of shape between
the onshore and offshore fronts can be easily observed by overlapping

the outer contour of the gravity current (i.e. the C = 0.15 isoline) at
a certain instant with its mirrored copy, after moving the latter of a
quantity equal to the shifting of the initial contact point between the
saltwater and the bottom of the flume from x = 0 m. Fig. 9a shows the
comparison between the outer contours of the onshore and offshore
sides of the gravity current for Test 1 at + = 16.00 s. The onshore and
offshore fronts are overlapping, with small differences caused by the
instabilities at interface between the gravity current and the ambient
fluid. The existence of symmetry between the concentration spatial
distribution of the two fronts observed in Fig. 7 can be further verified
by overlapping the contours of the gravity current corresponding to
fixed C-isolines at a certain instant with their mirrored copies, after
moving the latter of a quantity equal to shifting of the initial contact
point between the saltwater and the bottom of the flume from x = 0 m.
Fig. 10 shows the comparison between the contour lines of the onshore
and offshore sides of the gravity current for C equal to 0.35, 0.55, 0.75
and 0.85 for Test 1 at # = 16.00 s. The contour lines of the two fronts are
always overlapped, thus demonstrating that the concentration spatial
distribution of the two fronts is symmetrical.

Fig. 8a shows that in the presence of waves the two fronts initially
present a similar shape, but a different vertical distribution of concen-
tration. Indeed, the onshore front is characterized by a more intense
mixing between saltwater and ambient fluid with respect to the offshore
one, which causes a higher dilution of the saltwater, i.e. a larger low
density region. As in the no wave case, the differences between the
positions of the onshore and offshore fronts are due to the shifting of
the initial contact point between the denser fluid and the bottom of the
flume induce by the enhanced entrainement process. The propagation
of a portion of the released salt water volume in the offshore direction is
observed at the release point, which is consistent with the offshore ve-
locities which characterize the upper part of measured velocity profiles
(see Fig. 3).

The differences between the two fronts in terms of shape and con-
centration distribution becomes more evident during the propagation,
as showed in Fig. 8b-d. The onshore front is evidently thinner than the
offshore one, which on the contrary is rounded with a thicker mixing
region between the gravity current and the fresh water. The absence
of shape symmetry between the onshore and offshore fronts is more
clearly observed in Fig. 9b, which shows the comparison between the
outer contour of the onshore and offshore sides of the gravity current
for Test 3 at + = 16.00 s. Moreover, Fig. 11 highlights the lack of
symmetry of the concentration spatial distribution of the fronts, by
showing the comparison between the contour lines of the onshore and
offshore sides of the gravity current for C equal to 0.35, 0.55, 0.75
and 0.85 for Test 1 at + = 16.00 s. The contour lines of the onshore
front enclose areas characterized by a thinner shape than the contour
lines of the offshore front, thus indicating the lack of symmetry of the
concentration spatial distribution.
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The absence of symmetry of shape and concentration spatial dis-
tribution, which is in accordance with the findings of Robinson et al.
(2013), is a consequence of the velocity profiles showed in Fig. 3.
Indeed, the developed steady flow enhances the onshore propagation
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Fig. 6. Dimensionless onshore (black) and offshore (gray) front velocity as nonlinearity
increases.

only of the lower part of the density current, thus implicating the
generation of a thin front. On the contrary, the negative velocities
observed in the higher part of the profile tend to push the upper part
of the gravity current towards offshore, thus causing the generation of
a thick front, whose rounded shape is due to the wave induced mixing
processes. The negative velocities observed in the higher part of the
profile also cause the progressive offshore transport of the column of
the gravity current collapse. Finally, for all the selected instants, the
interface between saltwater and ambient fluid presents more intense
2D turbulent features at the ambient fluid-density current interface in
comparison with the no wave tests, due to the interaction between the
gravity current and the wave field.

In order to perform a more thorough investigation on the effects of
the wave motion on density distribution and mixing phenomena during
the quasi-linear progression stage (see Fig. 4, concentration profiles
were extracted from the concentration maps for 7 in the range 12 + 15
s (i.e. in the middle of the quasi-linear propagation stage, see Fig. 4).
In particular, the density variation over a wave period was analyzed,
to observe how the orbital motion influences the density distribution
of the gravity current along the water column, which is represented by
the ratio between the z-coordinate and the height of the gravity current
(hge)-

The analysis of the concentration vertical profiles in the absence
of waves gave similar results for all the tested g’. For the sake of
simplicity, Fig. 12 shows only the concentration profiles evaluated
for the gravity current with g’ = 0.13 m/s? in the absence of waves
(i.e. Test 1), relative to x = 0.117 m and x = —0.195 (see the reference
frame of the concentration maps in Fig. 7 and Fig. 8), which are about
0.100 m behind the onshore and offshore fronts for ¢ equal to 14.12
s. These vertical profiles have been selected in order to investigate the
vertical distribution of C of the fronts without being influenced by their
non-symmetric position with respect to the release point at x = 0 m
(see Section 4.1). The gray shaded area indicates that for z/hgc lower
than 0.13 the concentration acquisitions are affected by uncertainties
due to the presence of some opacities in the lower part of the glass
wall of the flume. Four equally spaced time intervals, namely 14.12 s,
14.42 s, 14.72 s and 15.02 s, were selected to study the concentration
profiles over a period whose length is comparable with the tested T
(see Table 1). The profiles referred to the four time intervals are almost
superposed, for both the onshore and offshore fronts. For the highest
z/hy,,, greater discrepancies between the profiles can be observed,
which are due to the shear stress at the interface between saltwater and
ambient fluid. In addition, the onshore and offshore profiles relative to
the same ¢ appears quite similar, with slight differences likely due to
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Fig. 7. Concentration maps for Test 1 (¢’ = 0.13 m/s? in the absence of waves). The maximum and the minimum value of the concentration represented by the color bar represent
respectively p, and p,. The four panels represent four different instants: 7.00 s (a), 10.00 s (b), 13.00 s (c) and 16.00 s (d) after the start of the test.
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Fig. 8. Concentration maps for Test 3 (¢’ = 0.13 m/s?, H = 0.021 m, 7 = 1.0 s.) The maximum and the minimum value of the concentration represented by the color bar
represent respectively p, and p,. The four panels represent four different instants: 7.00 s (a), 10.00 s (b), 13.00 s (c) and 16.00 s (d) after the start of the test.

the turbulent instabilities along the gravity current interface, as also Test 4, Test 7 and Test 8). The in-depth investigation of the effects of
observed by Robinson et al. (2013). the longest waves generated during Test 2 and Test 6 on the vertical

Fig. 13 shows the concentration profiles evaluated for the gravity concentration profiles would require a wider study area. Indeed, in
current with ¢/ = 0.13 m/s? (see Figure 13a and c) and g’ = 0.13 m/s? these cases the wavelength is 2.7 times the width of the propagation
(see Figure 13b and d in the presence of shortest waves i.e. Test 3, area. Similarly to the no wave case, the onshore concentration profile
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(b), 0.75 (c) and 0.85 (d).

was extrapolated at x = 0.117 m, which is about 0.100 m behind
the onshore front. A time interval between 12 s and 15 s was ana-
lyzed, considering the wave zero-up crossing, crest, zero-down crossing
and trough phases in x = 0.117 m. The analysis was limited to the
onshore vertical concentration profiles, because for the corresponding
four offshore vertical concentration profiles, which are distant from the
onshore ones by less than one wavelength, the wave phase is undefined.

As the wavelength decreases and the wave height increases, the
influence of the wave phase on the concentration vertical distribution
is more evident. In particular, the shape of the concentration profiles
diverges from the no wave case reaching higher concentrations, to a
greater extent for the tests with g’ = 0.39 m/s2. Such a phenomenon
is due to the more intense mixing processes produced by the orbital
wave motion, which induces a more rapid entrainment of the saltwater
from the core of the density current towards the onshore and offshore
directions.

The effects of the wave phase on mixing phenomena appears as
a piston-type process, which causes lower concentrations when the
crest or zero-up crossing phases occur at the selected abscissa. Such a
phenomenon is due to the free surface upward oscillation which cause
the expansion of the fluid volume. On the contrary, the concentrations
along the vertical direction corresponding to the trough and zero-down
crossing wave phases are higher, due to the compression effect caused
by the lowering of the free surface and the consequent reduction of

the water volume. The piston-type process is more evident for the tests
with ¢’ = 0.39 m/s2. Indeed, the latter are characterized by stronger
concentration gradients which further enhance the entrainment process
occurring between the wave phases. Therefore, the combined effects of
wave height and length and g’ significantly influence the time variation
of the concentration vertical distribution.

5. Summary and conclusions

In the present work the interaction between a two-front gravity
current and intermediate water waves was investigated. A series of
experiments in a wave flume were conducted, in which the current
was generated by means of a point-release setup. The study allowed to
qualitatively characterize the dynamics of the current, by identifying
three stages of propagation: a first stage of initial collapse of the fluid
to the tank bottom, a second stage in which the denser fluid expanded
radially with a non-linear advancement, and a third stage of quasi-
linear front advancement. The data analysis provided the following
results:

» The superposition of the surface waves induces an oscillatory ad-
vancement of the gravity current. However the front advancement
velocity is not significantly altered by the surface waves as wave
amplitude increases, disclosing a density-driven dynamics of the
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Fig. 12. Dimensionless concentration profiles of the onshore front at x=0.117 m (a) and of the offshore front at x= —0.195 m (b) for Test 1 (g’ = 0.13 m/s? in absence of waves).
The portions of the concentration profiles inside the gray shaded region are affected by some uncertainties due to the limits of the experimental setup.

current for the investigated wave conditions (i.e. intermediate
water waves with steepness in the range 0.006 + 0.029).

The wave motion induces shape and concentration asymmetry be-
tween the onshore and offshore current fronts. The onshore front
is more angular and thinner than the offshore one, with lower
concentrations, as a consequence of the velocity field developed
inside the wave flume.

As wave height increases and the wavelength decreases, a more
intense mixing process induced by the orbital motion is observed,
which induces a more rapid entrainment of the saltwater from
the core of the density current towards the onshore and offshore
directions.

The mixing phenomena is characterized by a ”piston-type” pro-
cess, which causes for a fixed vertical profile of the gravity current
the cyclic decrease and increase of the concentration during the
crest and zero-up crossing wave phases, and during the trough
and zero-down crossing wave phases respectively.

Our experimental findings show that, for the wave and water depth
conditions considered, the presence of waves does not significantly

influence the velocity of gravity currents. However, we observed that
waves induce an oscillatory modulation in the concentration of the
gravity current that can significantly affect the distribution of the
denser fluid along the vertical axis. We refer to this phenomenon
as a “piston-type” process, which has not been reported in previous
investigations and may have fundamental implications, for instance,
for marine benthic communities. Specifically, if the gravity current is
driven by pollutant transport, the piston-type behavior can impede the
vertical dispersion and dilution of the pollutant and lead to higher
concentrations at the seabed, exceeding tolerable levels for benthic
organisms. Furthermore, the phenomenon can provoke a greater in-
filtration of pollutants through porous seafloor sediments, expediting
contaminant sequestration beneath a porous bed. Alternatively, for a
denser current resulting from salinity gradients, the altered salinity
levels can cause significant changes in benthic communities, which
exhibit a sensitive response to salinity variations that may alter the
competitive interactions among the constituent species (Attrill, 2002;
Ysebaert and Herman, 2002; Ritter et al., 2005; De Wit, 2011).
Future studies should focus on: (i) extending the wave nonlinearity
parameter range in the shallow water direction, in order to inves-
tigate effects of larger and more asymmetrical wave velocity fields
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Fig. 13. Dimensionless concentration profiles of the onshore front at x = 0.117 m and: ¢ = 15.4 + 16.1 s for Test 3 (¢’ = 0.13 m/s?, H = 0.021 m, T = 1.0 s) (a); t = 12.2 =
12.9 s for Test 7 (g’ = 0.39 m/s?, H = 0.018 m, T = 1.0 s) (b); t = 14.1 + 14.7 s for Test 4 (g’ = 0.13 m/s?, H = 0.022 m, T = 0.8 s) (c); t = 12.3 + 12.9 s for Test 8 (g’
= 0.39 m/s?, H = 0.023 m, T = 0.8 s) (d). The portions of the concentration profiles inside the gray shaded region are affected by some uncertainties due to the limits of the

experimental setup.

on the propagation of the current and on the salinity concentration
spatial distribution; (ii) reproducing tests with irregular waves to iden-
tify similarities between wave motion and fronts propagation spectra;
(iii) performing a three-dimensional physical modeling analysis to in-
vestigate earlier stages (i.e. radial expansion) of the gravity current
generation.
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Wave amplitude [m]
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solution [g]
p Fluid density at a generic x and z [kg/m?3]
0 Saltwater (gravity current) density [kg/m3]
P Freshwater (ambient fluid) density [kg/m3]
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