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Gravity currents are ubiquitous in polar regions and marginal seas and play a crucial
role in the formation of deep waters in the ocean. They contribute to the vorticity and
energy transfers towards the ocean interior. We present results from an experimental
study on downslope intruding gravity currents into an initially two-layer stably stratified
ambient on a rotating platform at high buoyancy Reynolds numbers. We identify a turbulent
process for the downslope transport, intermittent and localized, which takes the form of
cascading. This process is intrinsic to rotating gravity currents, i.e., it arises without any
external tuning, and the related transport does not exhibit any characteristic length scale,
suggesting self-organized criticality. The cascading intrusion mechanism reveal to be the
main contributor to the vorticity and turbulence in the ambient interior, with a dependence
on the Coriolis parameter f and the density anomaly to the surrounding ambient. Two
mechanisms for vorticity production are recognized: first, the spreading of the intrusion
from cascading into the interior and, second, the meandering and breakup of the deep
boundary current (formed from downward Ekman transport) induced by intrusion from
cascading. When the intrusion spreads at the pycnocline only, anticyclonic eddies are
formed in the intrusion and top layers, whereas for intrusions spreading through the full
bottom layer, vortices of both signs are generated due to bottom friction. The turbulence
in the receiving ambient reveals to be horizontally isotropic, nonstationary, and nonho-
mogeneous. Energy is injected through the intrusion issued by cascading at the penetration
length scale L, and forces the turbulence in the intrusion area close to the slope. The central
area far from the boundaries is characterised, instead, by freely evolving two-dimensional
turbulence, forced at large scales. These results suggest a complementary way to interpret
oceanic observations of gravity currents spreading in the ocean interior.

DOI: 10.1103/PhysRevFluids.9.074605

I. INTRODUCTION

Predicting the response to natural and anthropogenic forcings of the Earth’s climate is one
of today’s greatest challenges. It crucially depends on our understanding of the ocean dynamics
over a large variety of interacting scales in time and space. Water mass generation and mixing is
one important mechanism that drives the energy balance in the ocean and is related to turbulent
submesoscale processes that are still poorly understood.

The abyssal waters are mainly fed by oceanic overflows, or gravity currents, originating from
accumulation of dense water by convection on continental shelves [1] or from dense water outflows
of marginal seas [2]. The dense water masses follow then the bottom topography driven by gravity
and are influenced by the Earh’s rotation, which makes them deviate to the right (left) in the northern
(southern) hemisphere, a process known as geostrophic adjustment. Several papers [3—14] attempt to
give conceptual models to describe such currents in a rotating frame. The importance of geostrophic
balance in the case of downslope gravity currents in the Weddel Sea was raised first in 1973 by Gill
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[15]. A well-established scheme was proposed by Shapiro and Hill [10] (see also [11]), where
the gravity current is geostrophically adjusted along slope within one rotational day, while part
of this dense water mass is transported downslope due to friction. Stream-tube models followed
[16,17], in which it is assumed that the physical properties vary in the streamwise (along slope)
direction of the gravity current only, and cross-stream variations are integrated in the across slope
direction. The geostrophic adjustment of gravity currents has also shown to produce vortices in
the above surface layer under certain conditions [4-7,18-21] or geostrophic eddies due to abrupt
topography changes, such as the meddies from the Mediterranean outflow in the Gulf of Cadiz [22].
Later, theoretical studies [4,8,9,23] suggested considering the rotating gravity current as composed
of two interacting parts: the main flow, the “vein,” geostrophically adjusted moving along slope
at the geostrophic velocity [3], and a friction layer, characterized in some regimes by roll waves
[4], in which the geostrophic balance is perturbed by friction, nonlinearity, and turbulent fluxes;
herein, part of the water mass escapes the vein and flows downslope, a phenomenon which may be
enhanced by the presence of canyons in the bathymetry [24,25]. Negretti, Tucciarone, and Wirth
[19] confirmed this gravity current dual structure on the slope area by temporal averages of velocity
measurements throughout the experimental duration (150 rotational days) and characterized the
global circulation (see also [26]) induced in the ambient interior for different intrusion types,
including bottom (nonintruding) gravity currents.

All these approaches are based on a continuous downslope evolution of the gravity current.
This concept is challenged in the present study: we show that the intrusion from a gravity current
into the receiving ambient in a rotating frame is not a continuous process of the main vein, but
happens through highly energetic, intermittent, and localized discharges of saline water escaping
from the vein, complementary to the friction layer, which we call cascading, which exhibits a fractal
behavior. The intrusion is hence not just a tongue of saline water with front (shear) instabilities, but
a combination of unstable density fronts, filaments, loops of higher velocities from detached deep
boundary currents, and vortices of different size issued by the intrusion process itself and in mutual
interaction, which propagate into the interior. This rich intrusion provides hence a large variety of
interacting processes that drive turbulence, turbulent mixing, energy transfer, and dissipation over
an extended variety of scales in space and time. As discussed by Wells, Cenedese, and Caulfield
[27], this is important since the resulting mixing influences the density, the final stabilization
depth of the water mass, and its (dyapicnal) transport in the world’s oceans [28-30]. On a local
scale, gravity currents’ intrusion processes have shown to produce interannual to decadal ocean
variability [31].

The focus of this paper is on the dynamics of the intrusion process and its statistical description,
as well as on the characterization of the subsequent vorticity field and turbulence generated in the
receiving ambient, using the high-quality and fine-scale dataset collected during the experimental
campaign TUBE [19]. The turbulence induced by intruding gravity currents in a rotating frame as in
those experiments [19] is closer to realistic ocean conditions and may produce different turbulence
scenarios as compared to previous studies [32—41]. Indeed, it is unlikely that there is a single
mechanism that dominates geophysical turbulence [42,43], and today’s research aims at identifying
the various possible dynamical processes, understanding their physics [44,45] and evaluating their
impact [46—438].

Section II briefly describes the experimental set-up and define the relevant parameters. Section I11
focuses on the intrusion dynamics and in particular the new intrusion mechanism: cascading. The
effects of this intrusion in the receiving ambient are quantified in Sec. IV in terms of vorticity and
turbulence characteristics. Section V summarizes the results and gives concluding remarks.

II. EXPERIMENTAL SETUP AND FLOW SCALES

The experimental campaign TUBE, whose setup is sketched in Fig. 1 and described in detail
elsewhere [19], has been performed in 2019 and 2021 over 4 months each, in the Coriolis Rotating
Platform at LEGI (Grenoble, France). Essential details are recalled below.
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FIG. 1. (a) Schematic top and side view of the experimental design. n = 32 pipes positioned 50 cm from
the tank edge and directed by 45°, injecting continuously saline solutions at a density of p; at a constant flow
rate ranging as ¢; = (32-43) cm®s~! into a two-layer stably stratified ambient. The axisymmetric conical slope
has an inclination of 6° and a total length of 4 m. The central deep area has a diameter of 5 m. (b1-2) Sketch
of the two cases considered. (b1) Intrusive cases with p, < p; < p, with a tongue of saline water intrusion at
the pycnocline; (b2) bottom cases with p;, < p; = p, and where the intrusion takes the form of fingers into
the bottom layer. (c) Side view sketch of the measurements techniques used with 16 horizontal slices for the
PIV measurements, along with the conductivity probe position mounted on a 1 m scanning axis to monitor the
vertical density structure throughout the experiment.

The tank was initially filled with two homogeneous layers of different densities, p; and pp, with
p» > p, and had an anticlockwise (cyclonic) rotation expressed in terms of the Coriolis parameter
f =4m /T, where T is the rotation period of the tank. Saline solutions with density p; were injected
using a pump through 32 plexiglas tubes equally spaced on the Coriolis platform’s circumference
at r = 6m and directed by 45° in the sense of rotation to help geostrophic adjustment on the
top of an inclined boundary, shaped as an inverted cone with a circular cross section descending
toward the center of the tank (cf. Fig. 1). The inclined boundary descended from the tank edge
by 41 cm toward the center of the tank over a length of 4m yielding a slope of s = 0.1, and
leaving the portion of the tank within a radius of Ry = 2.5 m from the center with a constant depth,
hereafter called the “central deep area.” The total injected flow rate Qi = Z;=1 qj, with n = 32
injection points, yielded an outlet injected velocity from the nozzles u; larger than the Nof speed [3]
unor = g5/ f (cf. Table I), where ¢ = gAp/p; is the reduced gravity, with Ap = p; — p; and g is
gravity. No water was discharged during the experiments. This particular experimental setup based
on an axisymmetric configuration enables azimuthal averages allowing us to separate turbulent
fluctuations from an average circulation even for a nonstationary flow. This allows us to follow
the evolution of the turbulent field in the receiving ambient for a long duration (typically 150-220
rotational days), without imposing any characteristic length scale. The performed experiments along
with their main characteristics are listed in Table 1. Based on the relative values of p;, o;, and pj,
we consider two distinct sets of experiments that are depicted in Fig. 1(b): both are intrusive gravity
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TABLE I. Experimental parameters and initial conditions, with the primary and derived parameters and the
relevant nondimensional numbers.

Parameter Exp05 Exp06 Exp07 Expll Exp09
h, (cm) 37 37 38 40 38
hy (cm) 17 16 16 14 16
H (cm) 6.3 5.5 5.8 52 14.2
g (cms™2) 55 5.1 5.1 5.5 12.75
f 6™ 0.2 0.1 0.14 0.2 0.14
R; (cm) 28 51 39 25 97
Unor (cm/s) 2.6 4.9 3.6 2.6 9.1
u; (cm/s) 114 134 13.8 13.5 13.6
S 44 2.8 3.8 52 1.5
F, 0.2 0.24 0.25 0.24 0.19
F, 1.2 1.5 1.5 1.54 0.95
Ro 0.09 0.21 0.16 0.11 0.16
Re/10° 6.8 8.0 8.2 8.1 8.1
Z/10* 2.7 4.7 52 4.5 2.0
Bu/1072 1 5 3 1 7

currents, the former (b1) with an injected density between the top and bottom layers of the initial
ambient, the latter with an intrusion density very close to the bottom layer.

The horizontal velocities were determined using the optical, nonintrusive experimental technique
of particle image velocimetry (PIV), with a system allowing us to illuminate the full tank on 16
horizontal levels not equally spaced concentrated at the pycnocline level [cf. Fig. 1(c)]. The highest
and lowest levels are at 51 cm and 7 cm from the bottom, respectively. Each element of the computed
vector field from the PIV, with an acquisition frequency of 1 Hz, represents an area of roughly
0.5cm x 0.5cm. The time required to scan all 16 levels was 86.5s. A 125 MicroScale Conduc-
tivity and Temperature Instrument (MSCTI, PME Vista, California) was employed to measure the
electrical conductivity (and temperature) of the water in the central deep area at one horizontal
location, installed at a distance of 1.08 m from the center of the tank [see Fig. 1(c)] mounted on a
1 m axis moving vertically throughout the full duration of the experiment with a velocity of 1 cm s~!
between z = 1 and 51 cm, every 60s. The probe was calibrated at the beginning and at the end of
each experiment. The density at the injection was constantly monitored by a fixed conductivity
probe. Finally, flow visualization was realized using Rhodamine 6G at the injection to highlight
the intruding current. The dye was injected at different times during the experiment, and a GoPro
camera was equipped with an orange filter to separate the Rhodamine emitted spectrum from that
of the PIV particles. Further details on the measurement techniques are given in Negretti ef al. [19].

The parameters (primary and derived) are the slope s, the Coriolis parameter f, the difference
between the injected density and the density of the top layer in the receiving ambient expressed
in terms of the buoyant acceleration ¢, and the kinematic viscosity v. The characteristic vertical
scales are the depth of the bottom layer /; and the intrusion thickness H = y hy,, where y = (p; —
0:)/(pp — pr), s a ratio of density differences and measures the portion of intruding water in the
bottom layer. The characteristic horizontal scales are the typical size of the central deep area, here
L = 600 cm representing the diameter of the central area from the intrusion level, and the Rossby
deformation radius R; = \/g'H/f. The characteristic velocity scales are the injection velocity u;,
which will be considered the reference velocity scale and the geostrophic velocity unof, Which ratio
[19] S = u;/unor is a measure of the ratio between the geostrophic and the topographic slope.

The overall relevant nondimensional numbers are the horizontal and vertical Froude num-
bers F, =u;//§L, F, =u;//ghs, respectively (where F, = F,h,/L), the Rossby number
Ro = u;/(fL), the Reynolds number Re = u;L/v, the buoyancy Reynolds number % = ReF, 2 and
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FIG. 2. Schematic description of the rotating gravity current on the slope, including the vein, the Ekman
transport, the cascading, and the DBC.

the Burger number Bu = Rf] /L?. The ratio f /Ny gives the importance of rotation with respect to the
stratification [38]. The values of these parameters for the considered experiments are reported in
Table 1.

In the following sections, some of the results are presented for two representative cases only,
Exp07 for the intrusive gravity current and Exp09 for the bottom intrusive gravity current. They
correspond to the sketch in Fig. 1, (bl) and (b2), respectively. Results from Exp05, Exp06, and
Expl1 are qualitatively similar to Exp07.

III. DYNAMICS OF DOWNSLOPE TRANSPORT AND INTRUSION

A. Qualitative description

As outlined in Negretti et al. [19], once the saline solutions are injected, the flow is deviated
to the right due to the Coriolis force and the structure of the gravity current is generated, with a
thick vein overlaying a thin frictional layer [8,10,19]. A schematic view of the dynamics of the
rotating gravity current is sketched in Fig. 2. In the spatiotemporal average, the gravity current is
characterized by a main part, the vein, with an along slope velocity unos and by the friction layer
with a mainly downslope velocity [19], which generates due to an unbalance between the gravity
force and the Coriolis force close to the bottom. This dynamics may be modified by topographic
changes, such as canyons [25], or by ambient currents and/or different inflow conditions [10,11],
processes not considered here. In this averaged configuration, when the dense water reaches the
level of neutral buoyancy through the Ekman layer, a deep boundary current (DBC) forms, with the
main velocity component being azimuthal. The horizontal penetration distance taken from the slope
of the intrusion at the pycnocline, i.e., of the DBC, is of the order of L, = unot/(2f) [26,49], as
depicted in Fig. 2. This is the first intrusion mechanism.

An important observation from the present experiments is the existence of another intrusion
mechanism in which water from the gravity current on the slope (the vein) is discharged intermit-
tently and locally, producing cascading (cf. Fig. 2). These discharges are produced spontaneously,
i.e., with an initial quiescent receiving ambient and with a constantly and uniformly injected
buoyancy flux. This intrusion mechanism is turbulent.

Figure 3 highlights these two intrusion mechanisms, using the combined dye (scalar) field tracing
the injected fluid and the measured PIV field for experiment Exp07, at different times. The left
column superposes the 10% larger norm’s values of the velocity ||u||, the middle column, the
normalized vorticity field ¢/ f and the right column, the radial velocity field u,. At an early stage of
the experiment (top panels), the DBC issued from the first intrusion mechanism remains attached
to the slope boundarys; it is highlighted by the bands of higher norm velocity (colormap) and high
vorticity due to shear in the correspondent vorticity field (white dashed lines). A first intrusion
through cascading is highlighted by a white arrow, appearing at ¢ /T = 68, until /T = 72. The
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FIG. 3. Description of the intrusion mechanisms (the shear of the DBC: dashed lines, cascading: white
arrows) in ExpO7 at different times. Images of fluorescent dye injected in the saline inflow are superposed
with the contour plot of the 10% larger norm’s values of the velocity ||u|| (left column), with the normalized
vorticity field ¢/ f (central columnn) and with the radial velocity field u, (right column) at the pycnocline level
(z = 17.5cm). Two intrusions from cascading, propagating cyclonically into the boundary current, are clearly
visible and marked with white arrows. The signature of the cascading intrusions in the radial velocity fields is
highligthed by white squares in the right column, the first appearing in time filled, the second empty.

intruding water from cascading is then deviated to the right by the Coriolis force generating a core
of negative vorticity that grows in (cf. the vorticity fields from ¢ /T = 70 to t/T = 74). At the same
time, the maximum norm velocity increases at the front of the intrusion, causing a local acceleration
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FIG. 4. Instantaneous vorticity field at the pycnocline level (z = 19 cm) for experiment Exp(07, obtained
from the measured PIV fields (red and blue) superposed on an instantaneous image of the scalar field with the
injected fluid highlighted by fluorescent dye (yellow), at two different times [¢/T = 125 (a), t/T = 130 (b)].
The closed loops of positive vorticity represent the reconnection of the broken original DBC pushed off-shore
by cascading intrusions.

of the DBC (cf. left column). A second cascading is highlighted by an empty white arrow appearing
at t/T = 70. The intrusion from cascading can also be recognized from the radial velocity fields:
it exhibits a dipole with a negative and an adjacent positive radial velocity area, the first located
upstream with respect to the second in the DBC (see white squares in the right column of Fig. 3). Itis
this second mechanism of intrusion, through cascading, which appears to be the dominant intrusion
mechanism. A supplementary phenomenon is observed: when cascading events appear and reach
the neutral buoyancy level, they push the original DBC off-shore, leading it to meander (see the
deformation of the higher velocity bands in the left column of Fig. 3), which then eventually breaks
on occasion into bands and loops of elevated speed with a positive vorticity core at later stages of
the experiments, as shown in Fig. 4.

From these observations, it is evident that the intrusions from cascading are localized in space
and intermittent in time. A detailed statistical description of this intrusion process is presented in
the next section.

B. Cascading and self-organized criticality

The above observations suggest that the cascading process underlying the turbulent transport
mechanism may obey a self-organized criticality (SOC), a concept developed in 1987 by Bak, Tang,
and Wiesenfeld [50] to describe the behavior of complex systems with multiple degrees of freedom
and a critical state, which is sensitive to small perturbations. The system is said self-organized,
as it gets back to this critical state without any external tuning. This return to the critical state
is done through intermittent and localized events (called avalanches or cascades) whose amplitude
follows a power-law distribution [50] and has no characteristic scale and a fractal behavior [51]. This
concept has been widely applied to many fields, from the stability of sand piles [50], to earthquakes,
forest fires [52], and even knit elasticity [53]. In geophysical fluid dynamics, two pioneering papers
revealed that this behavior is observed for Holmboe waves in stratified shear flows [54] and for the
vertical overturning scales, characterizing an oceanic stratified shear flow [51]. In those studies, the
critical parameter which determines the state of equilibrium is the Richardson number Ri, giving
the ratio between the stabilizing effect of the stratification and the destabilizing effect of shear.

In our case, the injection velocity u; exceeds the geostrophic velocity uyor that is fixed with the
initial parameters (s, ¢, f, v). This causes an anomaly of vorticity in the gravity current and will be
discussed further below.
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FIG. 5. (a) Sketch of the definition of intrusion from cascading using the radial velocity u,. (b) Hovmoller
diagram of the radial velocity for the radius rq,s = 300 cm for Exp07.

To detect an intrusion from cascading, we use the radial velocity field distribution close to the
intrusion level, which marks the cascading with a dipole of positive and negative radial velocity as
shown in the right column of Fig. 3. For a fixed radius r,,s = 300 cm at the level of the pycnocline,
we define an intrusion from cascading as an interval where the function 8 —— u,(rops, ) has a
positive sign, as depicted in Fig. 5(a). Similar results are also obtained using the negative radial
velocities, since, as explained in the previous section, an intrusion through cascading produces a
dipole of negative and positive radial velocity areas.

The temporal resolution of the experiments enables us to follow the development of an intrusion
from cascading in time, as shown in the Hévmoller diagram in Fig. 5(b). Events of positive (blue)
and negative (red) radial velocities are plotted over the full experimental duration at all 6 and at the
chosen radius rys. Clear bands can be identified whose inclination give a phase speed of roughly
2cm s~ !, which scales with the advection velocity of the DBC. The Hovméller diagram enables to
define a lifetime of the intrusions.

In order to determine the lifetime of the intrusions from cascading, a specific correlation algo-
rithm has been developed based on the superposition of the intervals (cf. Fig. 5) at two successive
times. The detailed description of the method and its robustness is given in Appendix A.

Figure 6 displays the intrusion’s duration from cascading 7, which follows a power-law distribu-
tion PDF; (t) ~ t~* over more than one decade, from 1 to 20 rotational days. Note that only results
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FIG. 6. Survival function of the lifetime of the cascading’s intrusions P(t > t) for all considered experi-
ments. The fractal dimension of the power law, i, is computed with a linear regression of a log-log plot of the
survival function of t. ry is the coefficient of determination of the linear regression.
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FIG. 7. Dimensional averaged transport Q = (Q), over the lifetime of an intrusion from cascading /T
(a) and after normalization with the Ekman transport T, = (8grinot/2)[L/(hyy)] (b) for all considered
experiments.

for positive velocities are presented. The fractal dimension of the power law, u, is computed with a
linear regression of a log-log plot of the survival function of 7, given by

+00
P(z > 1) =/ PDF,(s)ds oct' ", (1)

The survival function is preferred to the probability density function because its calculation does
not require data sampling and is therefore less subject to noise. To avoid taking into account the tail
cutoff, due to finite-size effects, the linear regression is weighted by P(t > t)? to consider the larger
sample size for lower . The exponent u is found to be between 2.1 and 2.3 varying slightly with
the experiment but with no clear dependence on the experimental parameters. A slight dependence
of u with the observation radius r,,s and the correlation method is observed, but always falls into
the range 2.1 < u < 2.6. Values < 3 imply that the lifetime distribution has no moment of order
larger than one, and especially that it has an infinite variance. These results are in accord with the
definition of SOC [51].

The transport (per unit thickness) by an intrusion from cascading into the ambient interior is
estimated by

o) = /ur(t)rdG- 2

The averaged transport Q over the lifetime of an event is correlated to the lifetime of the event
7 as depicted in Fig. 7, where its conditional expectancy reveals to be proportional to a power of t,
ie., (O|t) o T%.

It may be expected that the transport of an intrusion from cascading is linearly proportional to its
lifetime. However, Fig. 7(a) shows that the averaged transport is itself a function of t since it grows
with its lifetime. We also see that increasing the rotation rate reduces the transport Q.

A scaling of the intrusion’s transport can be deduced from the shallow-water equations governing
the gravity current as proposed by Wirth [8] and Wahlin and Walin [9]. Let us consider an inclined
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plane of slope s with the vertical axis z perpendicular to the bottom, as depicted in Fig. 2. The x and y
coordinates are defined along slope and across slope, respectively, with y pointing downslope toward
the center of the tank. As described in Wirth [8], and as also depicted in Fig. 2, the rotating gravity
current is composed of a vein with height /2 and a bottom friction layer. u and v are the vertically
averaged velocities in the x and y directions, respectively. The inviscid stationary solution of the
momentum conservation equation in the along-slope direction gives the geostrophic equilibrium

fuo =—g@h — ). 3)

Averaging over the vein, we obtain the mean speed unor = &'s/f. As explained in Wahlin and Walin
[9], the volume of the vein is controlled via the Ekman pumping in the boundary layer, which
entrains and detrains water from the friction layer [8,9] and can be written as

Oh + 0c(uh) + 9y(vh) = —div(Tg), “)

where the Ekman pumping is given by [49] div(Tg, ) = %[axu =+ dyv — ¢, where dgx = +/2v/f is
the thickness of the Ekman layer. Substituting into Eq. (4) leads to

SEx Sex |\ Jek
3zh+ax<bt|:/’l+7i|>+aV(V|:h+7i|> = 7; (5)

We suppose that the domain is periodic in x as in our experiment. Thus, integrating along
slope [Eq. (5)], the flux term 0, (u[h + 5%]) vanishes. A temporal average of the equation will also
suppress the temporal evolution of 4 for a statistically stationary dynamics. Integrating along y to
make appear the across-slope flux, we obtain

Sec\ 1" Ok
</ |:V<h+ 7):|yfdx>t =5 //(;‘),dxdy. (6)

A balance can be established between the incoming flux above the vein Qj,; and the transport
through the Ekman layer downward [8]. If we consider two locations, the upper one y, being at the
injection and the lower one y; being at the intrusion level, this balance can be written as

) 1)
Ounj = v(y»[h(y,) + %] = v(yb)%, (7)

in which we consider that the vein vanishes before reaching the pycnocline, i.e., A(y,) < Sgk. In this
case, the spatially averaged Ekman pumping is zero, and so is the averaged vorticity. If there is an
overall anomaly of Ekman pumping, this balance is broken and a supplementary down- or up-slope
transport through the vein takes place.

A flow with a vanishing average vorticity is the critical state of our system in terms of SOC.
In the present experiments, the injection velocity u; exceeds the geostrophic velocity unor, and a
negative vorticity anomaly is created in the vein producing Ekman pumping out of the vein. This
results in the decrease of the vein height & and a stretching of the upper layer. By conservation
of potential vorticity, a barotropic cyclonic vorticity anomaly is created. This phenomena is well
documented from observations [20,21] and from laboratory experiments [4—7,19]. The cyclonic
vorticity is of the order f [5,19] and competes in the transport balance Eq. (6) with the baroclinic
vorticity in the vein of the order &y = unof/Ly, where L, is the across-slope extension of the vein.
Their ratio ¢y/f represents a Rossby number which is always below unity in the vein because
of the geostrophic equilibrium, implying that the initial anticyclonic anomaly is supplanted by
the barotropic cyclonic vorticity of the surface eddies. When this happens, the positive vorticity
anomaly in the vein subtracts water from the friction layer and injects it into the vein. To keep the
balance given in Eq. (6), this exceeding water is discharged from the vein through the cascading.
We can expect that the left-hand side of Eq. (6) scales as the intrusion’s transport from cascading
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FIG. 8. Dimensional radial transport Q(¢) (a) and normalized radial transport Q(¢)/Q (b) for the lifetime
of an intrusion from cascading for Exp05. The colorbar indicates the different lifetime of the intrusions. Values
for a given lifetime are averaged over all events with the same lifetime.

O multiplied by the intrusion thickness H and the integrated vorticity in the vein as unof/Ly 2L L,
where L = 6 m gives the horizontal length scale (see Sec. II). Hence

_ S
HO %uNofL, (8)

where we recall H = yh, and y = (p; — p;)/(pp — p;) being a ratio of density differences which
measures the portion of intruding water in the bottom layer (see Sec. II). We then define the scale
for the intrusion’s transport by 7. = (Sgxunot/2)(L/H).

Figure 7(b) presents the normalized transport Q/Tg and the data appear to collapse. This implies
that

- 7\’
xT.| =), 9
(Qlr) < T ) ©))
with B around 0.9, obtained by a linear regression of the data in Fig. 7(b).

Figure 8 displays the radial transport Q(f) as a function of time in dimensional form (a) and
rescaled with the mean transport Q in (b), where a clear collapse of the data is reported. This result
additionally supports a SOC behavior, implying autosimilarity without any characteristic length
scale [53]. The intrusion of saline water produces vorticity and turbulence in the receiving ambient.
This is analyzed in the next section.

IV. EFFECTS OF THE INTRUSION IN THE AMBIENT INTERIOR
A. Vorticity

To better quantify the vorticity in the ambient interior through the intrusion from cascading,
we present in Fig. 9 the probability density function (PDF) of the vorticity fields within the area
r < 250 cm at different times during the experiments Exp06 [Fig. 9(a)], Exp05 [Fig. 9(b)], Exp07
Fig. 9(c)], and Exp09 Fig. 9(d)], to highlight both the influence of the background rotation [ =
0.105s7! (a), f=0.21 s~! (b), f=0.14 s7! (c), (d)] and the intrusion type [0 < p; < pp (a),
(b), (c) and p; = pp > p; (d)]. The cyclonic vorticity in the central area r < 250 cm in the early
stage of the experiment is evident for all cases and is entrained by the positive circulation of the
DBC. As discussed in Sec. III A, intrusions from cascading develop cores of negative vorticity
close to the slope, and the distributions become bimodal with positive and negative modes. For
those experiments in which the intrusion happens at the pycnocline only [Exp06 (a), Exp05 (b),
and Exp07 (c)], the negative vorticity peak becomes more pronounced with time [cf. Fig. 9(c)];
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FIG. 9. PDF of vorticity in the ambient interior for r < 250cm and at 10 different times (from top to
bottom) for experiments Exp06 (a), Exp05 (b), Exp07 (c), and Exp09 (d).

this is more evident for lower rotation rates [Exp06, Fig. 9(a)]. For strong rotation rates, instead,
the intrusion penetrates less resulting in less pronounced peaks of negative vorticity, as given in
Fig. 9(b). The positive vorticity peak moves to larger values as a result of the acceleration of the
DBC induced by the cascading intrusion (see Sec. III A), adding momentum. In the experiments
where the intrusion happens at the pycnocline only, as in Exp07, the vortices generated by the
intrusion from cascading are only anticyclonic.

The influence of the injected density relative to the receiving ambient is shown in Figs. 9(c)
and 9(d), comparing experiments Exp07 and Exp09, respectively. For the bottom intrusive cases as
Exp09, part of the intrusion keeps the contact with the bottom boundary, and friction counteracts the
Coriolis force, resulting in the formation of also cyclonic vortices. While the negative mode becomes
dominant for Exp07, the distribution is centered for Exp09 with a single mode after approximately
t/T = 80 [see Fig. 9(d)].

In the experiment Exp07 for ¢ /T > 120, cascading events are so intense that they start to deform
and break the DBC structure as described already in Sec. IIT A, which may result in several closed
cyclonic loops in the ambient interior as seen in Fig. 10 by the gray contours (see also Fig. 4). These
structures can persist several rotational days before merging and transporting negative vorticity into
the central part of the tank. For Exp06, which is the longest experiment available, we see that the
final breakup of the DBC becomes irreversible: the detached DBC completely disappears, leaving
cyclonic loops in the ambient interior.
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FIG. 10. (a)—(c) 3D visualizations of the vorticity field and speed isosurfaces at 1 /T = 125 for Exp07. The
curl isosurfaces are 0.1s~! (red) and —0.1s™" (blue). The speed isosurface (in gray) is 2cms~'. (d) Top view
of the experiment recorded by a GOPRO camera. The intruding water is highlighted by the fluorescent dye.

The 3D visualizations of Figs. 10 and 11 also highlight the formation of columnar vortices in the
DBC, close to the bottom slope, suggesting that the turbulence generated is mainly two-dimensional,
as will be discussed in Sec. IV B further below.

Figures 10 and 11 show that the columnar vortices have the same vertical extension as the
intrusion thickness, which is smaller for the experiments with the intrusion at the pycnocline only
(e.g., Exp05, Exp06, Exp07, Expll), forming a third layer of different density, as compared to
Exp09 in which the intrusion happens troughout the bottom layer in the receiving ambient (see
Fig. 11). Note that the DBC is more pronounced in the experiments in which the intrusion happens
at the pycnocline only (e.g., Exp07) as compared to Exp09, where it is weaker but distributed on the
full bottom layer extent.

B. Turbulence characteristics

In this section, we evaluate the turbulence characteristics within the ambient interior induced by
the gravity current intrusion. Velocities are considered at the pycnocline levels. For the intrusive
experiment ExpO7, horizontal velocities are computed as a vertical average over six PIV levels
around the depth where the vertical density gradient 9,0 is found to be maximum. For Exp09,
velocities are computed as a vertical average over the six deeper PIV levels ranging from z = 7cm
and z = 15 cm. The dependence of the results on the definition of the pycnocline height have been
tested with no significant changes.

Due to the azimuthal symmetry, we consider azimuthal averages (-) and fluctuations (-') At the
center of the tank, the presence of the glass cylinder containing the rotating mirror may produce
perturbations [19]. For these reasons, the data for » < 50 cm are not considered. Figure 12 displays
the instantaneous spatial averaged radial profile of the mean flow (continuous lines) and the RMS

074605-13



TASSIGNY, NEGRETTI, AND WIRTH

0

EeEgsess”F

100 Spao0n; Sa007-so g0
T s n{ =t o
s [ N N s
e m) | I‘ { {30

FIG. 11. (a), (b) 3D visualizations of the vorticity field and speed isosurfaces at t /T = 112 for Exp09. The
curl isosurfaces are 0.1s~! (red) and —0.1s~" (blue). The norm velocity isosurface (in gray) is 1.5cms™".
(c) Same as (a), (b) but without speed isosurfaces. (d) Top view of the experiment recorded by a GoPro camera.

fluctuations (dashed lines) atz /T = 121, for Exp07. The flow in the ambient interior is characterized
by a mean velocity component which is mainly azimuthal (1) with the largest values for 80 cm <
r < 200 cm, whereas the radial velocity component has its maximum close to the center for
r < 100 cm, but being one order of magnitude less than the azimuthal mean component, i.e.,
(u,) < (up). This mean flow is the DBC described previously.

Exp07, t/T=121.1

1.251
1.00 4 '
0751} _
0504 /.
0.25

U (cm/s)

0.00

—0.25 A

50 100 150 200 250 300 350

FIG. 12. Instantaneous spatially averaged radial profiles of the mean flow (u,) and (1) (continuous lines)
and the RMS fluctuations (i) gyrs and (u) gus (dashed lines) at ¢ /T = 121 for Exp07.
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FIG. 13. Hovmoller diagrams of the normalized averaged velocity fields (ug) (a), (b), (u,) (c), (d) and
the Reynolds stress component (uyu.) (e), (f), normalized using the squared Nof speed uﬁof, for Exp07 (left
column) and Exp09 (right column). The vertical dashed lines indicate the time at which the first intrusion in
the ambient interior is detected.

Both components of the velocity fluctuations (dashed lines in Fig. 12) are of the same order of
magnitude, with values similar to those of the azimuthal mean flow, suggesting horizontal isotropy
of the turbulence.

Figure 13 presents Hovmoller diagrams of the normalized averaged velocity fields (uy) [(a) and
(01, (u,) [(c) and (d)], and the Reynolds stress component (uyu,) [(e) and (f)], normalized using the
squared geostrophic velocity uﬁof, for Exp07 (left column) and Exp09 (right column).

For the intrusive experiment Exp07, the mean flow is dominated by its azimuthal component
during the whole experiment, inducing a global cyclonic circulation in the ambient interior. This
mean circulation corresponds to the DBC. The DBC is weaker (approximately half) in Exp09 than
in Exp07. Also in Exp09, we observe a temporal and spatial variability of the global circulation sign
for r < 200 cm. According to the results presented in Fig. 12, the mean radial velocities remain one
order of magnitude less than the azimuthal component and do not exhibit a preferential sign. The
Reynolds stress, shown in Figs. 13(e) and 13(f), has no preferential sign and is of the order of a few
percent of the squared geostrophic velocity u3, starting from the first intrusion (depicted by the
vertical dashed line). Values are approximately half for Exp09 with respect to Exp07.

Supposing that the flow is Boussinesq and two-dimensional, the turbulent kinetic energy budget
reads

[8,+<ur>8r1k=—piar<u:p>—%a (d®) — ()3, ug) — ()3, u,) + vAk — v(d?), (10)

K r
J
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FIG. 14. Relative contribution of the different terms of Eq. (10) with respect to the sum of the absolute
value of each contribution, i.e., |P;|/ Y, |P;| for Exp07, averaged over the radial dimension (a) and over time
(b). The vertical arrow in (a) marks the first detection of the intrusion in the ambient interior. Note that before
this instant & is very low (see top panels of Fig. 15).

where the turbulent kinetic energy k is defined as
’2 ’2
k=5 () + (7)) (1)

The term o,k stands for the Eulerian variations of the turbulent kinetic energy. The term
—(1/p)9,(u,p’) describes the turbulent transport of buoyancy, since 9 p = p'g with p = p; +

p’. The term —9,(u, u'?/2) represents the turbulent energy flux with u’> = u/rz + ugz. The term

—(u; j)a,(u i) = —(upu.)d,(ug) — (u,. Yo, (u,) represents the energy exchange between the mean
flow and the fluctuations, while the term (u,)d,k is the radial transport of turbulent kinetic energy
The term vAk is the diffusion of turbulent kinetic energy due to viscosity. Finally, d* = 9;u; "0 u
represents the viscous dissipation. All terms are calculated directly from the PIV velocity data Wlth
exception of the turbulent transport of buoyancy —(1/p;)d,(u,p’), which has been deduced from
Eq. (10). This term is correctly predicted if the energy dissipation is well resolved by the PIV
measurements. As the flow is two-dimensional, turbulence theory predicts that energy is transferred
to large scales, and that dissipation at small scales, represented by the terms vAk and —vd?, is
negligible [49,55]. This will also be confirmed further in Fig. 15. Dissipation is thus correctly
measured by the PIV.

Figure 14 plots the relative contribution of the different terms of Eq. (10) with respect to the sum
of the absolute value of each contribution, i.e., |[Pj|/ )", |P;|. These quantities are hence a function
of time and the radial position. In order to compare each contribution, the average over the radial
dimension and over time are presented in Figs. 14(a) and 14(b), respectively. The dominant terms
in the turbulent kinetic energy production appear to be the turbulent transport of buoyancy (pink
line, ~50%) and the turbulent energy flux (green line, ~35%). The exchange with the mean flow
represents 10% (red line) of the budget, while the radial transport contributes to 5% (orange line).
The terms of viscous diffusion (purple line) and viscous dissipation (blue line) are very close to
zero. These results demonstrate hence that the turbulence is created by the intrusion, mainly issued
by cascading, rather than by the shear of the mean flow.

Since the mean flow component is azimuthal, better represented in polar coordinates, we calcu-
late the energy spectra using second-order structure functions instead of using the Fourier transform,
which is designed for Cartesian coordinates. The horizontal isotropy of the turbulent flow allows to
consider the second-order transverse horizontal structure function, defined as

(Sut(1)) = NU)Z D (ux+le) — u@)] - ) (12)
x|l ll=1

where [ is a correlation distance, ¢; a horizontal unit vector, and N(/) is the number of grid point
pairs for a given /. The vectors x and u are, respectively, the horizontal position and velocity. The
second-order structure function is related to the energy spectra E («), with k = 1/] representing the
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FIG. 15. Top panels: Temporal evolution of the normalized turbulent kinetic energy k; Bottom panels:
Second-order transverse structure functions (8u*(/)) compensated by a factor /3 for four different times of
Exp07 (a) and Exp09 (b). The vertical lines in the top panels indicate the different times at which the structure
functions are computed in the bottom panels. Note that the magnitude of the structure functions computed in
the central area (solid lines) have been vertically shifted by a factor 0.3 for illustration purposes. The vertical
lines in the bottom panels represent the length scale of the intrusion L, (yellow) and the Rossby deformation

radius Ry = /g H/f (gray).

wave number, via the relation [56]

(Sur(D)y o ITYE(1)D). (13)

Because of the high spatial resolution of the experiment, we used the Monte Carlo method to
reduce the calculation time needed for the estimation of the structure functions. The reliability of
the results has been tested and the sensitivity analysis is given in the Appendix B. Figure 15 displays
the temporal evolution of the turbulent kinetic energy & (top panels) and the second-order transverse
structure function (8u()), normalized by /%>/3 of Exp07 (a) and Exp09 (b) (bottom panels). The
top panels of Fig. 15 reveal that the turbulent kinetic energy is nonstationary. A first intrusion is
observed for ExpQ7 at t/T & 40; then an important increase at t/T = 70 is reported, with large
values kept throughout the experimental duration. In Exp09, the first intrusion is detected at ¢t /T ~
30, and then a strong increase is reported with a following small decrease until the end of the
experiment. For each experiment, we have chosen four instants highlighted with vertical lines in the
top panels of Fig. 15. The dashed lines in the bottom panels of Fig. 15 represent the second-order
structure functions within an annulus of 50 cm < r < 250 cm (hereafter also referred as central deep
area), whereas solid lines represent the structure functions in an annulus 250 cm < r < 350 cm. The
fact that the structure functions do not exhibit the same shape within these two areas suggests that
turbulence is nonhomogeneous.

For both experiments Exp07 and Exp09, the second-order structure functions for 50cm < r <
250 cm exhibit a slope of 3/2 (red solid lines), which would correspond to an energy spectra E (k) o
k2, according to the relation (13). For 250 cm < r < 350 cm, the slope of 3/2 is also observed for
correlation scales lower than a scale [ &~ ¢(10 cm). Note that this scale roughly corresponds to the
vertical yellow line, which represents the characteristic length scale of the intrusion L,. However,
at larger scales, slopes are close to 2/3, since they appear horizontal in Fig. 15 for instants of
high turbulent kinetic energy, which corresponds to the classical Kolmogorov energy spectra of
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slope —5/3. The spectra computed in the central area (dashed lines) tend to shift toward larger
scales for increasing times, suggesting that energy is also transferred to larger scales, following
the classical behavior of 2D turbulence. The gray vertical line represents the Rossby deformation
radius Ry, which seems to be less appropriate to characterize the slope change in the bottom panels
of Fig. 15 than L,. No noticeable differences are reported between all the considered experiments
having different rotation rates and injection types.

These results demonstrate that the turbulence induced in the ambient interior has a dichotomic
behavior. The energy is injected at a scale ~L, close to the sloping boundary and forces there the
turbulence, whereas, in the central deep area, far from the boundary, the turbulence is forced by the
flux from the boundary only, and a freely evolving turbulence dominates with an energy transfer to
larger scales.

V. SUMMARY AND CONCLUSIONS

We have presented results from experiments of downslope rotating and intruding gravity currents
at high-buoyancy Reynolds numbers, generated using an axisymmetric configuration [19] enabling
azimuthal averages. The varied experimental parameters were the rotation rate and the density of
the injected saline water with respect to the bottom layer density of the receiving ambient.

Two mechanisms of downward transport of the gravity flow have been identified. The first is
the well-known laminar Ekman transport. The incoming buoyancy flux is transported downward
through the Ekman layer, which produces a DBC at the intrusion level. This state may be considered
as a critical state in terms of SOC. If there is an overall anomaly of Ekman pumping, this balance
is broken and a supplementary down- or up-slope transport through the vein takes place. In
our experiments, the injection velocity exceeds the geostrophic velocity and a negative vorticity
anomaly is created, producing Ekman pumping out of the vein into the Ekman layer. The above
water column is stretched, and by conversion of potential vorticity, a barotropic cyclonic vorticity
anomaly is generated, competing with the barotropic anticyclonic vorticity from the vein. Hence,
the transport balance is perturbed: water is subtracted from the friction layer and injected into the
vein. The exceeding water is then discharged downslope from the vein through intermittent and
localized events that we call cascading. Both intrusion mechanisms leave a different imprint in the
vertical density structure in the ambient interior; this is discussed in Rétif er al. [43].

A supplementary effect of the cascading intrusion, is that the DBC generated at the intrusion level
from the laminar transport, is deflected, pushed off-shore, and eventually broken. The statistical
study of cascading revealed a self-similar internal dynamics, characterized by power-law distribu-
tions of their lifetime over more than one decade. The scaled downward transport does not exhibit
any characteristic scale, implying that the behavior of the intrusion from cascading is independent
from its lifetime. Hence, the dynamics is self-similar, suggesting that the phenomenon is governed
by SOC dynamics. These results are also independent of the varied experimental parameters.

Cascading observed in the present study is very different from this described in Shapiro et al.
[11], which are produced by an external ambient layer flow, or the cascading intended as an overflow
from the continental shelf [57]. Here they are produced spontaneously in time and space, without
any external tuning, testifying to the intermittent nature of downslope gravity currents in a rotating
frame.

Both the intrusions from cascading and the detached DBC are the main contributors to the
vorticity production in the ambient interior, in a very different way as compared to previous studies
on forced rotating and stratified turbulence [32-34,36-38,44] and closer to realistic ocean con-
figurations. Cascading water brings anticyclonic vorticity, supplementing with the initial cyclonic
vorticity generated by the DBC-induced circulation. The vorticity transported into the ambient
interior by the intrusion depends on the rotation rate and the intrusion type. Increasing the rotation
rate diminishes the penetration distance of intrusions from cascading and thus decreases the input of
negative vorticity. For intruding currents over the full bottom layer, friction produces both cyclonic
and anticyclonic vorticity, resulting in a balanced distribution between cyclones and anticyclones.
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For intrusions propagating within the pycnocline only, anticyclones are dominant. The vertical
extension of the vortices is closely related to the penetration thickness and hence is are smaller
for the intrusions limited to the pycnocline than for the intrusions propagating through the full
bottom layer depth. The top layer also presents columnar vortices, indicating that vorticity is also
transmitted to the upper layers through the pycnocline by stretching and compression of the water
columns [19].

The turbulence statistics in the ambient interior due to the intrusion reveal to be horizontally
isotropic, nonstationary, and nonhomogeneous. After the intrusion has spread, the mean velocity
is mainly azimuthal, while the perturbation velocities exhibit the same order of magnitude in both
radial and azimuthal directions. The Reynolds stress (uyu,) represents 1%—1.5% of the squared
geostrophic velocity Mlz\lof and are half in magnitude for Exp09, where fluid intrudes over the depth of
the bottom layer, as compared to Exp07, where the intrusion is vertically confined to the pycnocline.
The transverse structure function distribution computed in the region close to the injection at the
sloping boundary and in the central area far from the boundaries reveal different behaviours, with
energy injection and energy transfer to larger scales in the former region, and freely evolving
turbulence forced at large scales in the latter region.

These results deliver a complementary way to interpret oceanic observations of intrusions from
gravity currents in the ocean interior. Their spreading at the neutral buoyancy level is not just issued
by shear at the DBC front generated by laminar transport from Ekman dynamics, but is a result
of a complex interplay of unstable density fronts, filaments, high-velocity loops originating from
detached DBC, and variously sized vortices generated by the intrusion process and their mutual
interactions.

Presently, a realistic physical model of the Gibraltar Strait and the Gulf of Cadiz is implemented
in the Coriolis Platform (HERCULES experiment). All main forcings are superposed: realistic
topography, baroclinic and barotropic forcings, background rotation, and the free surface wind,
approaching hence real ocean conditions. In particular, the presence of the tides and the topographic
features (i.e. canyons) in this realistic configuration are known to influence the dynamics of the
gravity current by modifying the Ekman transport as already shown in Shapiro ef al. [11] and
Darelius and Wahlin [25]. One of the objectives is to check if the cascading, as observed in the
present idealized study, still exists along the Spanish continental shelf presenting a similar circular
shape as in the TUBE experiments, despite the increased complexity, using both the new collected
experimental data and the observational data of Roustan et al. [2].
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APPENDIX A: CORRELATION METHOD FOR INTRUSIONS FROM CASCADING

For a chosen radius r considering the radial velocity uy as a function of 6, Intrusions from
cascading are defined as intervals where the radial velocity u, at a fixed radius r.ps has constant sign.
The correlation method used to characterize them relies on the boundaries of these constant-sign
intervals. Comparing the length of the interval defined as the intersection between an intrusion from
cascading at time ¢ and that at the time ¢ 4+ At, the correlation is built based on the maximum overlap
length between the two times. Moreover, the frame at time step ¢ is shifted by the advective angular
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FIG. 16. Comparison of the different correlation methods for Exp05 (a), Exp07 (b), and Exp09 (c).

velocity 2 = uy(t, r, 6)/r such that

u(t +dt,0) >~ u,(t,0 — Qdt). (A1)

The correlation function is then maximized for each event at time ¢ to be correlated to the events
att + At. Those events that have not been correlated at ¢ + dt, are considered as new. The maximum
lifetime is found when a zero correlation is found.

If we denote Cf the ith interval of constant sign, for example, positive, at time ¢, with 9{ < 9} T
the interval’s boundaries, the function to maximize in order to correlate the cascading events is as
follows:

d(C/™, Ct) = min (6", 0} (A2)

i1 >0t Q) — max (91.’“1’, 91’. + Q)

The development of a correlation algorithm rise some complex questions, in particular about
how considering merging intrusions from cascading. In order to test our method of correlation,
we compare it with a second one, which we call the connected method. The Hovmoller diagram of
Fig. 5 can be transformed into a binary image considering the sign of the velocity field. In this image
it is then possible to compute the length, in the temporal dimension, of all the image connected parts
with a positive radial velocities. This method is not fully reliable since the periodicity along 6 of
the image is not taken into account and considers merged intrusions as a single intrusion. However,
it also gives an idea of the distribution of the event’s lifetime that can be compared with the results
obtained with the method described above. The shape of the distribution being similar between the
two computation methods, we can be confident of the reliability of the computed correlation as
given in Fig. 16.

APPENDIX B: COMPUTATION OF STRUCTURE FUNCTIONS
USING THE MONTE CARLO METHOD

PIV fields give access to the velocity in the central area (r < 350cm) in a grid of typically
N = 10° points. Computing structure function would thus require evaluating velocity differences
from N(N — 1)/2 & 10'° pairs. To reduce the computation time, we choose to evaluate structure
functions using the Monte Carlo method. We selected randomly a subset of 10° pairs and computed
the structure functions on these pairs. This operation was repeated 10 times, giving access to an
estimate of the variance of this method. The average of these 10 Monte Carlo integration was used
as the final estimate of the structure functions and are presented in Fig. 15. Figure 17 presents
the variability of the Monte Carlo method. The second-order structure function is calculated for a
velocity field at /7 = 109.6 and z = 13 cm for Exp09. The solid blue line represents the mean of
the 10 integrations, and the colored area represents the values between the 0.1 and 0.9 quantiles.
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the 0.1-0.9 quantile.

The variability appears to be of the order of 103, and hence, the shape of the structure function is
accurately represented by this method.
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