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ENSL, CNRS, Université Claude Bernard, Laboratoire de physique, F-69342 Lyon, France.
(Received 3 February 2025)

We investigate experimentally the flow structure in a fluid layer heated from below and
exposed to a horizontal temperature gradient on the top plate. This is a model system
for the dynamics in subglacial lakes where such a competition between Rayleigh-Bénard
Convection (RBC) and Horizontal Convection (HC) is thought to happen. We evidence
a hysteretic transition from a RBC flow structure to a HC flow structure when the ratio
of the horizontal heat flux to the vertical heat flux, A, is 4 x 10™* when A is decreasing,
and 7 x 107* when A is increasing. These values are lower than the threshold value
found in recent two-dimensional Direct Numerical Simulation (DNS) (Couston et al.
2022), of order 10~2, suggesting that HC may be more common in subglacial lakes than
previously predicted. For large values of A, we observe that the warmest part of the top
plate becomes warmer than the bottom plate, such that a stable temperature gradient
settles below the warm side of the top plate. Thermal plumes are no longer visible in this
region, and seem to be replaced by internal gravity waves.

Key words: turbulent convection, convection in cavities

1. Introduction

Subglacial lakes (SL) are pockets of high-pressure cold-temperature water trapped
between the polar ice sheets and continental bedrocks (Siegert et al. 2001). They are
buried under several kilometers of ice (about 2km on average) and can be as large as
Lake Michigan in the United States. To date, almost 700 subglacial lakes have been
detected in Antarctica and 64 have been found in Greenland (Livingstone et al. 2022).

The lake geometry controls SL hydrodynamics at leading order. SL are subject to
geothermal heat fluxes, on the order of 60 mW /m? across Antarctica (Martos et al.
2017) — with low heterogeneity at SL scales, which drive vertical flows whose intensity
primarily depend on water depth (Couston & Siegert 2021). They are also subject to
quasi-horizontal flows along the ice-water interface, when the interface is tilted and ow-
ing to the pressure-dependence of the freezing point (Thoma et al. 2011). These flows
intensify as the interface length increases. The influence of geothermal heating (com-
bined with depth) and interface tilt (combined with length) on SL hydrodynamics can
be quantified through two key dimensionless parameters, which are the flux Rayleigh
number Rap and horizontal Rayleigh number Ray, given by

Rap = s (1.1)
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Ray = 999087 (1.2)
VK
respectively. Here, L is the lake length, H is the water depth, F' is the geothermal
flux, g is surface gravity, « is the thermal expansion coefficient, v is the interface slope,
B~ 1072 K/m is the rate of change of the freezing temperature with depth (linked to the
pressure increase with depth), k is thermal conductivity, and v and & are viscosity and
thermal diffusivity. The fluid properties are described by the Prandtl number Pr = =,
approximately O(10) in SL (Couston 2021). The shape of the lake is described by the
aspect ratio I' = % We note that most lakes can be considered fresh (Couston & Siegert
2021). The water depth, the length and the ice-water interface tilt of SL vary greatly
across cases. SL can be only 10 meters deep and few hundreds of meters long, but also 1
km deep and 100s kilometers long, while the ice-water interface tilt can be close to 0 or up
to few % (Couston et al. 2022). As a result, the range of dimensionless control parameters
of interest to SL hydrodynamics research is broad, i.e. with Rar € [10'°, 10%°] and
Ray, € [0, 10%], and T' > 1 (Couston & Siegert 2021).

The ratio A weighs the strength of the HC on RBC,
A= — (1.3)

where A = (7 is the temperature gradient on the top boundary. One major challenge
is to determine the flow structure in the system for a given value of A. The numerical
simulations of Couston et al. (2022) demonstrated a hysteretic behaviour of this model
system nearA ~ 1072 at relatively low Rayleigh numbers (Rar € [106; 108]) and Pr =1,
and several aspect ratios (4, 8, 12 and 16). The range of A in nature is expected to
be much smaller than 1072, see Table 1. Therefore, the numerical results suggest that
the dynamics of subglacial lakes should be dominated by vertical, Rayleigh-Bénard like,
convective motions.

This model system bears some similarity with other mixed forcing convection systems,
such as the tilted heat channel (Salort et al. 2013; Rusaouen et al. 2014; Castaing et al.
2017), tilted Rayleigh-Bénard systems (Chilla et al. 2004; Zhang et al. 2021), and convec-
tion cells with imposed side temperature (Belmonte et al. 1995; Rein et al. 2023). In the
former case, the threshold is found to be the ratio of a horizontal and vertical Rayleigh
number, Ray and Ray, where in this case, it is fully defined by the cosine and the sine
of the tilt angle. In our case, buoyancy is always vertical, and the vertical forcing does
not have to vanish when the horizontal forcing is increased.

The objective of the work presented in this paper is to operate a simple experimental
model of subglacial lakes, with Rar = 10° and Pr = 7, i.e. closer to realistic values than
Couston et al. (2022). This flux Rayleigh number is obtained with an heating power of
100 W, corresponding to a heat-flux 2.28 kW /m?2. The Rayleigh number at A = 0 in this
configuration is 5.4 x 107. The flow is characterized for various values of A, a threshold
value is inferred from the change in the mean flow pattern, and a hysteretic behaviour is
demonstrated.

2. Experimental setup

Our experimental setup consists in a modified RBC cell where a horizontal temperature
gradient is imposed on the top boundary. The cell dimensions are L x H x D = 41.5cm x
6.9cm x 10.5 cm, where L is the width, H is the height and D is the depth of the cell.
The aspect ratio, I' = L/H is 6. The top and bottom plates are made of aluminium
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FIGURE 1. Schematic of the experimental cell. T1,...,Ts are PT-100 sensors inserted into the
top plate. Bi1, Ba, B3 are PT-100 sensors inserted into the bottom plate. p1, p2, ps are sensors
that can be inserted into the cell to obtain temperature profiles in the bulk of the flow. The blue
to red shading indicate the direction of the temperature gradient (warmer on the right).

alloy (5083) and anodized in black. The side walls are made of glass. The working fluid
is deionized water at an average temperature of 20°C (Pr = 7).

The heat-flux on the bottom boundary is imposed by heating with two 4in x 8in
silicone heater mats with a maximum power of 160 W each. The top plate is cooled with
three independent circulations of a mixture of water and ethylene-glycol, flowing into
tight meanders machined at the top of the plate, and regulated by three independent
chillers. The temperature of the plates are measured with Class 1/10 PT-100 sensors
inserted into the aluminium plate: the bottom plate is fitted with three probes, and the
top plate with six probes allowing to estimate the horizontal temperature gradients. A
sketch of the cell is provided in figure 1.

3. Flow visualization and velocity estimates

The flow is visualized with shadowgraph with a simple diverging light optical setup,
similar to that of Belkadi et al. (2020). The light source is a monochromatic light emitting
diode at 450 nm with output power 1850 mW with an iris diaphragm to further reduce
the spatial extent of the light source. For each set of control parameters, we wait for
typically 24 hours, and check that all temperature values are stationary. Images are then
recorded for one hour with a PCO-1600 monochrome camera with an exposure time
15ms and a frame rate of 15 fps.

We follow the analysis of Couston et al. (2022), and aim to use the number of convection
rolls as a proxy of the main convective mechanism: when RBC is dominant, the Large
Scale Circulation (LSC) organizes in the form of several convection cells of identical size;
when HC is dominant, the LSC is one large asymmetrical roll with its orientation fixed by
the direction of the horizontal temperature gradient. In the latter case, there is a layer of
fluid, below the warm side of the top plate, where temperature remains stably stratified.
The flow organization is visible in the shadowgraph pattern, as shown in Figure 2. Note
that the upwelling plumes at x = 0 and the downwelling plumes at * = 41.5cm are not
very well resolved due to light reflection very close to the walls.

In the pure RBC case (A = 0, bottom image), upwelling plumes are visible above
the bottom plate near x = 30cm, and downwelling plumes are visible below the top
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FIGURE 2. Instantaneous shadowgraph images for Rar = 10° and Pr = 6.8. The vertical tem-
perature difference is 10 K. Bottom image: no horizontal temperature gradient (pure RBC),
three convection rolls; Top image: large horizontal temperature difference (20 K across the plate
width), one large roll (HC-dominated regime); Middle image: intermediate regime with a mod-
erate horizontal temperature difference (0.6 K) showing two convection rolls.

plate near z = 15cm. This corresponds to a flow structure with three convection rolls.
They are not visible in the case of A = 1.25 x 1072 (top image) where HC is dominant.
Plumes near the bottom plate travel from left to right along the full width of the cell.
Downwelling plumes are visible at x = 0. The asymmetry between top and bottom is
clearly visible. The intermediate case (A = 4 x 10~*, middle image) is closer to the
RBC case, with plumes observed on both plates. The upwelling plumes at x = 27.5cm
highlights the two convection rolls: one large roll on the left, and a smaller roll on the
right. Note that the configuration with the large roll on the right, and the smaller roll
on the left has also been observed in our system. In both cases, the larger roll is the one
turning counter-clockwise, i.e. in the same direction as the single large roll observed in
the HC-dominant case.

We derive estimates of the flow velocity from the sequence of shadowgraph images,
I(x,z,t), using spatio-temporal diagrams: the method is discussed in more details in
previous publications (Belkadi et al. 2020; Méthivier et al. 2021). A space-time diagram
is obtained by selecting an horizontal line at a given zg, and showing I(x, zg,t) as a 2D
image (see Figure 3). In this image, thermal plumes moving horizontally produce lines.
The slope of the line gives the plume velocity. The lines are detected in this image with
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FIGURE 3. Space-time diagram obtained from the sequence of shadowgraph images for A =0
at zo = 5.9 cm (close to the top plate). Only one minute is plotted for readability.

the Line Segment Detector algorithm in the free OpenCV library (Bradski 2000), based
on the algorithm of Grompone von Gioi et al. (2012).

Here we choose two horizontal lines, at zg = 0.4 cm (near the bottom boundary), and
2o = 5.9 cm (near the top boundary), where the plume pattern is most visible (see Fig. 2),
and plume advection yields a set of small lines at positions x; and times ¢; in the spatio-
temporal diagram. The slope of each line yields an estimate of the horizontal velocity
u(x;, 20,t;). The set of velocities can then be averaged to obtain mean profiles @(z, 2o).

Figure 4 shows the horizontal velocity profiles in the three flow regimes: they are
consistent with the previously identified flow structures: RBC-dominated 3-roll large
scale flow, intermediate RBC-HC 2-roll regime, and HC-dominated 1-roll regime. In the
latter regime, the velocity estimates are poorly converged and vanish in the top-right
part. This is because there are much fewer plumes. This is consistent with a region near
the warmer side of the top boundary being stably stratified.

The analysis of the shadowgraph sequence can be carried out for several values of
horizontal temperature gradient, at a given Rar and Pr, to determine the number of
rolls as a function of A. The result is shown in Figure 5-a. We observe an hysteretic
transition at Ageer = 4 X 107* when A is decreasing, and at Ao = 7 x 1074 when A is
increasing. These values are much smaller than those found in the 2D DNS of Couston
et al. (2022).

The maximum of the mean profile @(z, zo) allows to derive an estimate for the Reynolds
number,

Ha
Re = - (3.1)
shown in Figure 5-b. In this set of experiments, we observe that the horizontal tempera-
ture gradient always yields an increase in velocity: in this case, we did not see a regime
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FIGURE 4. Profiles of horizontal velocity @(z, z0), at fixed height zo = 5.9cm (close to the top
plate), and z = 0.4cm (close to the bottom plate), for A = 0 (bottom row), A = 7 x 107*
following the upward branch of the hysteresis, see Figure 5 (middle row), and A = 1.2 x 1072
(top row). The sign of the horizontal velocity is rendered as a background colour on the plot. On
the right column, a sketch of the mean flow structure is shown, based on the horizontal velocity
profile.

where the horizontal convection would oppose the vertical convection flow, which may
have happened if the centre roll had been rotating clockwise. This could possibly be a
mechanism for yet another hysteresis, but hence is not the cause of the currently observed
hysteresis. The observed velocity is also hysteretic, with the velocity on the A-decreasing
branch higher than on the A-increasing branch, although the difference is not big (of
order 10 %), and may be close to the experimental error.

The size of the centre roll can be estimated from the velocity profiles by finding the
value of x where the mean horizontal velocity is zero, i.e. where @(x, zg) = 0. The length
of the roll goes from 14 cm (approximately a third of the cell width) at A = 0, to 41.5cm
(cell width) for A > 4 x 10~%. As is shown in Figure 5-c, and sketched in Figure 4, the
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FIGURE 5. (a) Observed number of rolls, (b) Reynolds number based on the maximum of the
velocity profile, and (c) width of the centre roll structure, at Rar = 10° and Pr = 6.8, for
increasing (red up pointing triangles) or decreasing (blue down pointing triangles) horizontal
temperature gradient, A = ATy /L.

Lake 0% A

CECs 0.016 1.63 x 10~*
SPL 0.003 3.06 x 1075
Ellsworth 0.03 3.06 x 10~*
Vostok  0.002 2.04 x 107°
Concordia 0.003 3.06 x 1075

TABLE 1. Table of the estimated slope «y, and associated A for the five well-known subglacial
lakes discussed in (Couston & Siegert 2021; Couston et al. 2022), using A = 9.12 x 107 x v as
the estimate of the horizontal temperature gradient, & = 0.56 W/m/K as the estimate for the
conductivity of water, and F = 50 mW/ m? as the estimate of the average geothermal flux.

centre roll continuously grows when A increases. At A = 5.3 x 107, its width is 20 cm
but the third roll has not coalesced, so there are still 3 rolls. On the other hand, when
A decreases from a large value, the roll size cannot decrease as long as a new roll has
not appeared. We only observe a sharp decrease when a second roll has appeared. This
suggests that there is a cost to change the number of rolls, and that this is the source of
the hysteresis in this set of experiments. When A is increasing, the number of rolls will
remain equal to 3 but with decreasing size of the centre roll, and increasing size of the
third roll. When A is decreasing, A has to decrease further, to 4 x 1074, to break the
unique roll into two asymmetric rolls (1/3 of the cell width for the roll on the left, 2/3
of the cell width for the roll on the right), and even further, to 2.6 x 10~% to break the
rightmost roll and recover the three rolls structure.

The expected value of A in subglacial lakes lies between 3 x 107 and 3 x 10™* (see
Table 1). The result of the DNS analysis was that A < A, ~ 1072, therefore the lakes
were expected to clearly be in the RBC regime. In this work, we find a threshold that is
much closer to the A values in subglacial lakes. From our estimate of the critical value,
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FIGURE 6. Vertical temperature profiles at ;1 = 4.55cm (blue circles), zz = 20.7cm (or-

ange squares), and z3 = 36.95cm (green triangles), in the Rayleigh-Bénard-dominated regime
(A =1.1x 107", top left), at the threshold (A = 4.0 x 10™*, top right), in the Horizontal Con-
vection-dominated regime with moderate horizontal gradient (A = 4.1 x 10™*, bottom left), and
in the Horizontal Convection-dominated regime with large horizontal gradient (A = 1.2 x 1072,
bottom right).

we still expect that vertical RBC-type regime will be the main driving force, but some
of these lakes, particularly those with larger A may be in HC-type regime. Indeed, the
values of A for the subglacial lakes are only estimates, and the critical value of A may also
differ at these higher Pr and Rap values. We note that the nonlinearity of the equation of
state for freshwater close to freezing may be a source of discrepancy between theoretical
predictions such as drawn in this work, and flow structures in the field (Couston 2021).

4. Temperature stratification and internal gravity waves

Temperature is investigated by inserting temperature sensors inside the cell, at x; =
4.55cm, xo = 20.7cm and x3 = 36.95 cm, shown as py, p2 and p3 in Figure 1. The probes
are 2mm-wide Class 1/3 PT-100 sensors, which can be moved along the vertical axis.
The vertical position of the probes are pinpointed optically on the shadowgraph image.
When they are no longer used, they are then removed from the field of view. As shown
in Figure 6, each regime has a distinct signature in the temperature profiles.

At low A, in the Rayleigh-Bénard-dominated regime, the mean temperature is homoge-
neous inside the bulk: the profiles from the three probes collapse, there is no dependency
with either = or z. Note that the apparent asymmetry between the top and bottom part
of the profile stems from the fact that the probe can be moved inside the top plate, but
cannot fully enter the boundary layer of the bottom plate. The closest it can be from the
bottom plate is given by the size of the probe (4 mm).

At the threshold (N = 2 rolls), the temperature profiles obtained from probes 2 and
3, which are located inside the same roll, still collapse, but they differ from the profile
obtained from probe 1. The temperature is still homogeneous within each roll, but the
small roll on the left-hand side is colder than the large roll on the right-hand side.

At larger A, in the Horizontal Convection-dominated regime, the profiles no longer
collapse, and a horizontal temperature gradient is visible inside the volume. For A =



RBC, HC, and IGW in an exp. model of subglacial lakes 9

4.1 x 10™*, the vertical temperature gradient remains very small: even though the flow
structure is heavily influenced by the horizontal temperature gradient, the mixing is still
mostly similar to that of Rayleigh-Bénard. When A is further increased, the warmest
side of the top plate becomes warmer than the bottom plate, which results in an area
within the cell where the fluid is stably stratified. In this regime, thermal plumes are
no longer visible on the top right part of the cell. From the temperature profile at A =
1.2 x 1072, one can derive an estimate for the stable vertical temperature gradient,
0T/dz =~ 0.29K /cm, and therefore estimate the buoyancy frequency as (Belmonte et al.
1995),

N=\|—=—=1/ga— (4-1)

of order 0.3rad/s (or N/(27) of order 0.048 Hz).

This configuration bears some similarity with systems where a stratified layer is lo-
cated on top of a turbulent thermal convective layer, for example using water around its
density maximum at 4 °C. In these systems, internal gravity waves in the upper layer can
be generated by the eddies of the turbulent convection in the bottom layer that impinge
the upper stably stratified layer (Couston et al. 2018; Léard et al. 2020). However, in
these systems, the stratification is large, and the buoyancy frequency is much larger than
the convective frequencies. The present case lie in the opposite regime, where the strati-
fication is weak, and the buoyancy frequency smaller than the convective frequencies. In
addition, the stratified medium is strongly sheared by the large scale circulation. How-
ever, the top right region of the cell, which is devoid of thermal plumes at large values
of A, show some low frequency signal. In the following, we investigate this signal, and
show evidence supporting the presence of internal gravity waves. Note that the existence
of internal gravity waves, and their interplay with the thermal flow, is well known in
the case of differentially heated cavities, where an area of stably stratified fluid settles
(Patterson & Imberger 1980; Chorin et al. 2021; Le Quéré 2022).

The most common method for the visualization of internal gravity waves is synthetic
schlieren (Dalziel et al. 2000), which grants access to the density gradients. This has been
used extensively in salt water experiments, for example to evidence the destabilization
of internal waves into secondary lower frequency waves via a triadic resonant instabil-
ity (Bourget et al. 2013), and the destruction of background stratification in attractors
through enhanced wave-induced mixing at hotspots (Scolan et al. 2013). In this work, we
use shadowgraph instead of synthetic schlieren, because it is better suited to the visual-
ization of thermal plumes. Indeed, thermal plumes produce strong and localised density
gradients at their boundaries, while the background density in the bulk of turbulent ther-
mal convection show much smaller fluctuations. While synthetic schlieren can be used
also in this situation, and has been shown to provide useful insights (Salort et al. 2014),
it requires a dense dot pattern and high camera resolution, or zooming on a smaller area
of the convection cell.

The shadowgraph images, I(x, z,t), are determined by the second derivative of the
refractive index. In the limit of the small temperature fluctuations within the Boussinesq
conditions, the refractive index variations are proportional to the density variations, and
the density variations are proportional to the temperature variations, and the shadow-
graph image can be written, at leading order,

I(z,21t) Dro2r 92T

A monochromatic internal gravity wave, characterized by a wave vector k and a pulsation
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FI1GURE 7. Temporal energy spectra from the shadowgraph signal, spatially averaged in the top
right corner (blue lines), or in the bottom left corner (red lines). Top plot: spectra obtained in
the case of a large horizontal temperature gradient (A = 1.2 x 10™2, top right corner devoid of
thermal plumes); bottom plot: spectra obtained in the case of a smaller horizontal temperature
gradient (A = 9.7 x 10™*, still large enough to be in HC-dominated regime, but top right corner
has thermal plumes). The black lines are visual indicator of a F707 scaling law.

w, produces a density perturbation dp ~ poe!® =" The second derivative of Eq. 4.2
will conserve this spatial structure, and therefore the perturbation §p should be directly
visible in the shadowgraph image.

The temporal dynamics is determined experimentally by computing the Fourier trans-
form of the shadowgraph image, I(z, z,t), along the time-axis, f(x, z,w), and then spa-
tially averaging its modulus squared, i.e.

B =

The energy spectrum, E(w), obtained by performing the spatial average in the top right
region (plume-free at large A) is compared to the energy spectrum obtained by performing
the spatial average in the symmetric bottom left region (Figure 7).

At moderate values of A (bottom plot in Figure 7), the spectrum is identical in the
top-right and bottom-left regions, which shows that the temperature fluctuations have
similar statistics near the top and near the bottom plate. While the horizontal temper-
ature gradient is strong enough to change the flow structure and introduce a horizontal
temperature gradient in the bulk (breaking the left-right symmetry), it is not strong
enough to break the bottom-top symmetry. The spectrum is also nearly white, or slowly

i(a, 2, w))2>m . (4.3)
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decreasing, in a wide range of frequencies below f. ~ 0.2 Hz. The length scale associated
with this frequency is @/ f. &~ 1 cm, which is close to the typical distance between thermal
plumes (see Figure 2). For f > f., there is a short inertial range, where the fluctuations
decrease like f~%, with o =~ 0.7.

While the spectrum of the temperature fluctuations in the inertial range of turbulent
thermal convection is usually close to f~7/5 (Wu et al. 1990; Lohse & Xia 2010), the slope
is found to be smaller (close to f~!) for the fluctuations of the temperature gradient
(Sreenivasan et al. 2005). For the fluctuations of the shadowgraph, it is not unreasonable
that the slope could differ also, while remaining close to -1.

At large values of A (top plot in Figure 7), the spectrum significantly differs in the top-
right region compared to the bottom left region where the dynamics are still dominated
by plumes. There is much less energy in the range f > f. = 0.2 Hz, and no inertial range,
which shows that there is no turbulent convection, and no thermal plumes, in this region.
In the bottom-left region, a spectrum close to that of turbulent convection is recovered.
Additionally, the top-right region show a number of peaks at lower frequencies: one peak
at fo =~ 0.014 Hz, as well as its harmonic 2 fy &~ 0.028 Hz. These may be waves, excited by
the slower oscillations of the large scale circulation, similar to those observed by Belmonte
et al. (1995) in the case of side-heated convection. Indeed, the large scale circulation in
Rayleigh-Bénard convection exhibits slow motions on time scales much larger than that
of the plumes: torsional oscillations (Funfschilling et al. 2008), oscillation of the wind
direction (Resagk et al. 2006), or sloshing motion of the convection roll (Liot et al.
2016). These slow motions of the large scale circulation may play a similar roll in our
model system as the tidal forcing in natural settings. The actual frequencies that are
selected in the system will be those that match the dispersion relation for the internal
waves with admissible wavenumbers.

The spectrum also shows secondary peaks, which may stem from the destabilization
of these internal waves forced by the large-scale convective flow. The mechanism may be
triadic resonance instability (Boury et al. 2023), where a wave of pulsation wq gives birth
to two secondary waves with lower pulsations w; and ws, such that

Wy = W1 =+ wa. (44)

In such case, the two peaks at fy; = 6.2x 1073 Hz and fyo = 7.8 x 1073 Hz are signatures
of secondary waves generated by the main wave at fy, and the two peaks at fs3 =
1.2 x 1072 Hz and f,4 = 1.6 x 1072 Hz are signatures of secondary waves generated by
the main wave at 2fj. Interestingly, the peaks are also visible on the bottom left corner,
although much weaker, which suggests that the density perturbations are advected by
the wind, and have not yet dissipated when they reach the opposite side of the cell.

To characterize the spatial structure of these waves, we apply a fourth-order Butter-
worth bandpass filter along the time-axis of the shadowgraph images I(x,y,t). As shown
in Figure 8, the angle 0 of the wave is quite small (less than 3°), much smaller than what
would be expected by the usual dispersion relation in a quiescent fluid,

w = Nsin6, (4.5)

which gives § = 14° for N/(27) = 0.048Hz and fs3 = 1.2 x 1072 Hz. This is due to
the strong horizontal velocity, which stretches the internal waves in the x direction.
Indeed, the importance of the mean horizontal velocity can be assessed by the Richardson
number, Rz,
2
Ri= N (4.6)
(0U/é2)
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FIGURE 8. Top: example of bandpass filtered shadowgraph field, around the frequency fs,3. The
wavelength and angle of the wave near x = 29.5 cm is annotated as A\, and 6. Bottom: dispersion
relation for several frequencies, at the same location (z = 29.5cm). The slope of the solid line
is 2mt(zo = 6 cm) and the ordinate at origin is —N (see Eq. 4.8).

which is of order Ri ~ 20 > i in our system. In this regime, the dispersion relation of
internal gravity waves is given by (Booker & Bretherton 1967; Howland et al. 2021),

k.

w(ks, ko, 2) = u(2)ky + ——, 4.7
(hosker?) =0+ s (@)
which we can write as

w= (2;“ + N) sin 6, (4.8)

where A, is the wavelength of the wave, @ is the outer horizontal flow velocity, N is the
buoyancy pulsation, w is the pulsation of the wave, and sin 8 is the angle between the
wavevector of the wave and the vertical.

To verify the dispersion relation, we plot w/ sin @ versus 1/\,, in Figure 8, and we find
that the data is fairly compatible with Eq. 4.8. The fitting parameters yield @ = 0.13 cm/s
and N = 0.37rad/s (corresponding to a vertical temperature gradient 0.68 K/cm, using
Eq. 4.1). Although we do not have the resolution in either velocity or temperature profiles
in this region to directly compare these values, they are not unreasonable, and fairly
compatible with the temperature profile shown in Fig. 6. While the maximum horizontal
velocity from Fig. 4 near the bottom plate is of order 0.2cm/s, the velocity near the
top plate, especially this close to the plate, is expected to be lower. Therefore, the peaks
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observed in the spectrum are waves, and are compatible, within experimental accuracy,
to internal gravity waves with a background horizontal velocity.

5. Conclusion

In this paper, we presented an experimental realisation of a simple model of subglacial
lakes. We find that the dynamics are varied and identify different regimes: pure RBC
convection, mixed RBC/HC convection where the convective rolls eventually merge in
a unique large roll, and HC regime, where thermal convection impinge on a stratified
layer and triggers internal gravity waves, which are then advected by the Large Scale
Circulation.

While the experimental investigation of this model system improves our understanding
of the physics of natural systems such as subglacial lakes on Earth, or icy moons in the
Solar system (Gastine & Favier 2025), it can also be seen as another way to introduce
perturbations in turbulent thermal convection, and therefore ascertain the robustness of
theoretical predictions to changes in flow conditions, such as the change of LSC structure
in the mixed RBC/HC regime.
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