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Abstract

Polynyas are large areas of open water within sea ice. Along the Antarctic coast, they are primarily
formed by strong katabatic winds blowing from the continent, which drive sea ice away from the coast
and allow new ice to form continuously. During ice formation, salt is rejected from the ice crystal
lattice and released into the underlying ocean, a process known as brine rejection. This mechanism
increases the salinity and density of the shelf waters. When polynyas form above the continental shelf,
the densified water can cascade down the continental slope, ultimately reaching abyssal depths and
contributing to the formation of Antarctic Bottom Water. This process plays a central role in driving
the global thermohaline circulation, a key regulator of Earth’s climate system.

In this thesis, the complexity of this phenomenon is addressed by separating it into two complemen-
tary parts. The first part focuses on the densification of water through brine rejection and its ability
to generate buoyancy-driven flows. To this end, we developed a novel experimental apparatus capable
of producing gravity currents driven exclusively by brine rejection. The experiments demonstrated
that brine rejection alone is sufficient to generate gravity currents. Moreover, the results revealed that
both flow rate and current thickness were greater without a slope than with one, and that the polynya
size exerts a direct control on the current’s discharge.

The second part of the thesis investigates the dynamics of cascading currents as they descend along
a continental slope in a stratified environment. In such conditions, the current may arrest when it
reaches a layer of equal density, with the maximum depth reached referred to as the penetration depth.
The key parameters controlling this depth are the initial buoyancy of the current, the background
stratification, and the slope angle. The slope angle controls the mixing of the current with the ambient
fluid, which reduces its density. Using large-eddy simulations (LES), we examined the influence of slope
angle on the penetration depth of turbulent gravity currents. The simulations successfully reproduced
the results of previous laminar experiments, while also highlighting significant differences between
laminar and turbulent regimes. Whereas slope angle had little effect in the laminar case, turbulent
currents exhibited a strong dependence: penetration depth was maximized at intermediate slope angles
(40-60°) and reduced at both small and steep slopes.



Résumé

Les polynies sont de vastes zones d’eau libre au sein de la banquise. Le long des cotes antarctiques,
elles se forment principalement sous l'effet de forts vents catabatiques soufflant depuis le continent,
qui repoussent la glace de mer au large et permettent la formation continue de nouvelle glace. Lors de
la formation de glace, le sel est rejeté de la structure cristalline et libéré dans I’océan sous-jacent, un
processus connu sous le nom de rejet de saumure. Ce mécanisme accroit la salinité et la densité des
eaux de plateau. Lorsque les polynies se forment au-dessus du plateau continental, ’eau densifiée peut
se déverser le long du talus continental, atteignant finalement les grandes profondeurs et contribuant
a la formation de ’Eau de Fond Antarctique. Ce processus joue un role central dans la circulation
thermohaline mondiale, 'un des principaux régulateurs du climat terrestre.

Dans cette these, la complexité de ce phénomene est abordée en le décomposant en deux volets
complémentaires. La premiere partie se concentre sur la densification de ’eau par rejet de saumure
et sur sa capacité a engendrer des écoulements de flottabilité. A cette fin, nous avons développé un
dispositif expérimental original capable de produire des courants de gravité générés exclusivement par
rejet de saumure. Les expériences ont montré que le rejet de saumure seul suffit a générer des courants
de gravité. De plus, les résultats ont révélé que le débit et ’épaisseur des courants est plus important
sans pente qu’avec, et que la taille de la polynie exerce un controle direct sur le débit du courant.

La seconde partie de la these étudie la dynamique des courants en cascade lorsqu’ils descendent
le long d’un talus continental dans un environnement stratifié. Dans de telles conditions, le courant
peut s’arréter lorsqu’il atteint une couche de densité égale, la profondeur maximale atteinte étant
appelée profondeur de pénétration. Les parametres clés controlant cette profondeur sont la flottabilité
initiale du courant, la stratification ambiante et ’angle de la pente. L’angle de la pente gouverne le
mélange entre le courant et le fluide environnant, ce qui réduit sa densité. A Paide de simulations
aux grandes échelles (LES), nous avons étudié I'influence de l’angle de la pente sur la profondeur de
pénétration des courants de gravité turbulents. Les simulations ont reproduit avec succes les résultats
d’expériences laminaires antérieures, tout en mettant en évidence des différences significatives entre
les régimes laminaire et turbulent. Alors que ’angle de la pente avait peu d’effet dans le cas laminaire,
les courants turbulents ont montré une forte dépendance : la profondeur de pénétration est maximale

pour des pentes intermédiaires (40-60°) et réduite pour des pentes faibles ou fortes.



Riassunto

Le polynie sono ampie aree di acqua libera all’interno della banchisa. Lungo le coste antartiche,
si formano principalmente a causa dei forti venti catabatici provenienti dal continente, che spin-
gono il ghiaccio marino al largo e permettono la formazione continua di nuovo ghiaccio. Durante la
formazione del ghiaccio, il sale viene espulso dalla struttura cristallina e rilasciato nell’oceano sot-
tostante, in un processo noto come brine rejection. Questo meccanismo aumenta la salinita e la densita
delle acque di piattaforma. Quando le polynie si formano sopra la piattaforma continentale, ’acqua
densificata puo scendere lungo la scarpata continentale, raggiungendo infine le profondita abissali e
contribuendo alla formazione dell’Acqua di Fondo Antartica. Questo processo svolge un ruolo fon-
damentale nell’alimentare la circolazione termoalina globale, uno dei principali regolatori del clima
terrestre.

In questa tesi, la complessita di tale fenomeno viene affrontata separandolo in due parti comple-
mentari. La prima parte si concentra sulla densificazione dell’acqua dovuta alla brine rejection e sulla
sua capacita di generare correnti di galleggiamento. A tal fine, abbiamo sviluppato un nuovo apparato
sperimentale in grado di produrre correnti di gravita generate esclusivamente dalla brine rejection. Gli
esperimenti hanno dimostrato che la sola brine rejection e sufficiente a generare correnti di gravita.
Inoltre, i risultati hanno rivelato che sia la portata che lo spessore delle correnti ¢ pitt importante senza
pendenza che con una, e che la dimensione della polynya esercita un controllo diretto sulla portata
del flusso.

La seconda parte della tesi analizza la dinamica delle correnti in cascata quando scorrono lungo una
scarpata continentale in un ambiente stratificato. In tali condizioni, la corrente puo arrestarsi quando
raggiunge uno strato di pari densita, e la profondita massima raggiunta viene chiamata profondita
di penetrazione. I parametri chiave che controllano tale profondita sono la galleggiabilita iniziale
della corrente, la stratificazione ambientale e l'inclinazione della pendenza. Quest’ultima regola il
rimescolamento della corrente con il fluido circostante, riducendone la densita. Utilizzando simulazioni
a grandi vortici (LES), abbiamo studiato I'influenza dell’inclinazione della pendenza sulla profondita
di penetrazione delle correnti di gravita turbolente. Le simulazioni hanno riprodotto con successo i
risultati di precedenti esperimenti laminari, mettendo tuttavia in evidenza differenze significative tra
i regimi laminare e turbolento. Mentre nel caso laminare ’angolo della pendenza aveva scarso effetto,
le correnti turbolente hanno mostrato una forte dipendenza: la profondita di penetrazione risulta

massima per inclinazioni intermedie (40-60°) e ridotta per pendenze deboli o molto ripide.



List of acronyms

AABW: Antarctic Bottom Water

AATIW: Antarctic Intermediate Water
AASW: Antarctic Surface Water

ACC: Antarctic Circumpolar Current
AMOC: Atlantic Meridional Overturning Circulation
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List of symbols

Roman symbols

B: integral buoyancy
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Cj: a coefficient parameterizing the efficiency of the boundary-introduced turbulent kinetic energy
D: penetration depth
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M: momentum flux
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T: temperature
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Greek symbols

«: entrainment coefficient

Bp: compressibility coefficient

Bs: saline contraction coefficient

Br: thermal expansion coefficient

E.q: entrainment per unit depth E.q = «(8)/sin(6)
p: density
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Preambule

Marine currents play a fundamental role in shaping the circulation of the world’s oceans and, by
extension, the Earth’s climate system. Their formation is governed primarily by two forcings: wind
stresses and buoyancy fluxes. Wind acts as a mechanical driver, transferring momentum to the ocean
surface and generating flows ranging from small-scale drifts to basin-wide gyres. In contrast, buoyancy
forcing originates from variations in temperature and salinity that control seawater density. Surface
heating and cooling, freshwater input from precipitation or ice melt, and salinization processes such as
evaporation or brine rejection all contribute to these density contrasts. While wind forcing drives the
rapid adjustment of surface layers, buoyancy forcing underpins the slower but far-reaching thermoha-
line circulation, which ventilates the deep ocean and redistributes heat, carbon, and nutrients across
basins. The interplay of these two mechanisms establishes the backbone of global ocean circulation,
linking surface processes to the abyss.

This thesis focuses specifically on buoyancy-driven oceanic flows, with particular emphasis on
those generated by polynyas. It was conducted as a collaboration between the Politecnico di Torino
(Italy) and Centrale Lyon (France). Experimental investigations were carried out at the Politecnico di
Torino to study buoyancy generation in polynyas through brine rejection. Complementarily, numer-
ical simulations were performed using the computational cluster at Centrale Lyon to investigate the
development of buoyancy-driven flows along a sloping boundary in a stratified ambient environment.

The thesis begins with an introductory part. The second part is concerned with the gravity currents
induced by polynyas: it contains a review of the literature on polynyas and a description of the
experiment performed, as well as the results obtained. The third part is dedicated to the gravity
penetration depth of gravity currents flowing along a slope into a stratified ambient: it contains a
review of the literature on gravity currents, an explanation of the numerical methods, a validation
of our code against experimental data, and the results obtained with our simulations. Finally, some

conclusions are drawn at the end of the thesis.
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I Introduction

Buoyancy-driven currents formed in coastal polynyas play an important role in the global climate
system. When sea ice forms, it increases the salinity and density of the surrounding water, causing
it to sink and flow along the seafloor. These dense flows help to drive large-scale ocean circulations,
transporting heat, salt, and nutrients. By connecting surface processes with the deep ocean, these
currents contribute to the redistribution of energy and matter on a planetary scale, making them a
key element in regulating the climate.

In this Introduction, we present polynyas and discuss how they influence the global climate by

generating buoyancy-driven ocean currents.

1 Polynyas

Polynyas are extensive areas of open water or thin ice that recur annually at specific geographic
locations, persisting through both summer and winter (see Figure 1). The word polynya comes from a
russian term for ‘ice hole’. Winter polynyas are particularly remarkable, as the presence of open water
and minimal ice cover under extremely cold and windy conditions appears counterintuitive. These
features represent striking natural phenomena, comparable in their physical intensity and impact to
events such as tornadoes, severe storms, or flash floods.

A polynya can vary in dimensions, but the largest ever recorded is the Weddell Sea polynya, which
opened in the winters of 1974-1976. At its maximal extent, it reached up to 300,000 km? or roughly
the size of Italy.

Polynyas have an important impact locally. The intense heat loss to the atmosphere over polynyas
modifies local temperature gradients and can affect regional wind patterns and cloud formation [212].
The albedo of the polynya, being much smaller than the surrounding area, also plays a role in the
local temperature of the water.

Polynyas are extremely important to the local fauna and flora. Especially in winter, they may
be the only points of contact between water and air for hundreds of kilometers around. Enhanced
light penetration and nutrient upwelling enable early-season phytoplankton blooms, forming the basis
for rich and productive food webs [116]. These blooms support high densities of zooplankton, fish,
seabirds, and marine mammals, including key Arctic species such as narwhals, walruses, and polar
bears [188]. In the Antarctic, the Ross Sea and Weddell Sea polynyas are vital feeding and breeding

grounds for penguins and seals [122].
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2 C(Cascading of Dense Shelf Water

Climate change, however, poses a significant threat to the stability and function of polynyas. Recent
studies indicate changes in the frequency, size, and duration of polynya events, driven by warming
ocean temperatures and altered wind regimes [77, 119]. These shifts have cascading ecological impacts,
disrupting bloom timing, altering species distributions, and threatening the resilience of indigenous

communities who depend on predictable marine productivity for subsistence [76, 121].

2 Cascading of Dense Shelf Water

A distinctive feature of sea-ice formation is the phenomenon known as brine rejection. The crystalline
structure of ice excludes dissolved salts, preventing their incorporation into the solid phase. As a
result, the salt present in seawater is expelled into the underlying liquid layer [210]. This process
locally increases the salinity of the water, thereby enhancing its density, since saltier water is denser.
This phenomenon has important consequences in the case of coastal polynyas.

The coastal polynyas of Antarctica are often located above the continental shelf. A continental
shelf is the submerged, gently sloping extension of a continent that stretches from the shoreline to
the point where the ocean floor drops steeply into the deep ocean basin (the continental slope with
a typical slope angle of around 4°). Off the coasts of Antarctica, those shelves can be hundreds of
kilometers long and usually 500 meters deep. If a polynya is located above one such area, the salt from
the brine rejection can accumulate and form what is called a Dense Shelf Water (DSW) [218]. These
dense shelf waters can also be produced or co-produced by the input of supercooled water from ice-
ocean interactions at the base of floating ice shelves [87]. Supercooled water refers to a liquid state in
which the temperature falls below its equilibrium freezing point, given the local pressure, salinity, and
other thermodynamic conditions, yet the water remains unfrozen. Floating ice shelves are extensions
of the ice cap that continue over the water. Their temperature is usually very low, much lower than

the surrounding water. If there is not too much turbulence or impurity in the water, it can cool past
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Fig. 1: The Weddell Sea polynya in the Austral winter, September 1974. Violet and red correspond to
a high sea ice concentration, and light blue to open ocean. The Weddell Sea polynya is visible across
the Greenwich meridian. Reproduced from [227].
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2 Cascading of Dense Shelf Water
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Fig. 2: Location of water column observations showing the presence or absence of dense shelf-water
downslope flows around Antarctica. The coastline and ice shelf areas are derived from the SCAR
Antarctic Digital Database. The 460 m contour and the continental shelf break are based on IBCSO
v. 1.0 [10]. The major coastal polynyas and values of mean annual sea ice production are taken from
[142]. The size of the grey circles is proportional to the polynyas’ sea ice production. IS is ice shelf; P
is polynya. Reproduced from [6].

the freezing point and become supercooled. The supercooled water is also heavier than the rest of the
water, contributing to the densification of the shelf water.

In some specific conditions that are still not completely known, the DSW can flow down the
continental slope. The current can go down to the bottom of the ocean, where it forms what is called
Antarctic Bottom Water (AABW). To be able to go down to the bottom of the ocean and not be
stopped at a middle depth, the DSW outflow needs to be very heavy and so very salty. It is generally
believed that a large continental shelf is necessary for the accumulation and concentration of dense
waters.

The most recent literature review on the role of the physiographic influences on the formation of
deep waters was published by D. Amblas and J.A. Dowdeswell in 2018 [6]. They showed that there is
a very clear relationship between the DSW cascade and polynyas distribution (see Figure 2). Contrary
to previously held beliefs, it was found that the presence of large ice shelves or vast continental shelves
was not necessary, although they were related to the biggest outflows. Indeed, some DSW cascades

were found in areas with a very small continental shelf. These areas were named ‘polynya only’ by
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3 Impact of polynyas on climate
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Fig. 3: Sketch of the modern setup of DSW cascades (in blue) and CDW inflows (in purple) in the
different Antarctic sectors considered. The distribution of DSW and CDW is based on the observations
reviewed in [6] and on the estimated average sea-floor potential temperatures map published in [166],
respectively. The topographic and bathymetric profiles have been calculated from the IBCSO v1.0
grid [10] and the subglacial bed elevation from the Bedmap2 grid [70]. The profiles follow main ice-
sheet flow directions, cross-shelf trough axes, and slope drainage morphologies, whenever present. The
sub-ice shelf cavity delineations are approximate. Reproduced from [6].

the authors. A comparison of the different continental shelves and their effect on the creation of deep
water can be found in Figure 3.

The total production of DSW by polynyas is estimated to be approximately 5.4 Sv (1 Sv = 10°
m? s71) [147]. These Dense Shelf Waters descend the continental slope and mix with the overlying
Circumpolar Deep Water, contributing to the formation of Antarctic Bottom Water and increasing
its total volume. The global production rate of AABW is estimated to range between 15 and 20 Sv,
with regional contributions of approximately 50-60% from the Weddell Sea, 30-40% from the Ross
Sea, and the remaining 10% from the Adélie Coast.

3 Impact of polynyas on climate

3.1 The thermohaline circulation

The cascading formation of AABW from DSW is part of a larger, worldwide circulation pattern: the
Global Overturning Circulation (GOC). The GOC’s main driving mechanism and network of currents
is the thermohaline circulation (THC). The thermohaline circulation is driven, as the name indicates,
by differences of temperature (thermo) and salinity (haline). The THC connects the different oceans
as well as their surface and deep layers. The GOC also includes other wind-driven surface currents

that are not part of the THC. Figure 4 is a schematic view of the GOC.
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3.1 The thermohaline circulation

Simplified global overturning circulation

Fig. 4: Schematic of the overturning circulation by Talley et al. [193]. Purple = upper ocean and
thermocline. Red = denser thermocline and intermediate water. Orange = Indian Deep Water and
Pacific Deep Water. Green = North Atlantic Deep Water. Blue = Antarctic Bottom Water. Gray =
Bering Strait components and Mediterranean and Red Sea inflows

The THC begins in high-latitude regions, primarily in the North Atlantic (Labrador and Nordic
Seas) and around Antarctica, where cold, salty, and thus dense waters sink to great depths, forming
North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW), respectively. These
water masses spread throughout the deep ocean basins, flowing along the seafloor toward the equator
and into other basins.

As deep waters flow and mix, they slowly upwell in the Indian and Pacific Oceans, especially in the
Southern Ocean, where strong westerly winds and the Antarctic Circumpolar Current (ACC) drive
Ekman divergence (an area where two divergent currents provoke the upwelling of underneath waters),
allowing deep waters to rise to the surface. Upwelling also occurs along the equator and eastern ocean
boundaries, but it is in the Southern Ocean that most deep and bottom waters return to the surface,
forming the primary ‘upwelling engine’ of the THC. These upwelled waters are then modified by air-
sea interaction — gaining heat and freshwater — and are eventually transported back toward the poles
via surface currents, completing the global overturning loop.

The THC exerts a profound influence on the global climate system by redistributing heat, freshwa-
ter, and carbon between the ocean surface and deep interior, and across latitudes. A key component
of the THC is the Atlantic Meridional Overturning Circulation (AMOC). The AMOC is one of the
reasons why western Europe is warmer than other regions (such as Canada) at similar latitudes.

The formation of AABW plays another crucial role for climate: the sequestration of COs in the
deep ocean. Indeed, the cascading of dense water along the continental slope carries with it some
COg, which is subsequently trapped in the deep ocean. The carbon in the water comes from two

main sources: dissolved inorganic carbon, COs absorbed by the water due to its contact with the
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3.2 Possible influence of polynyas on ice age cycles
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Fig. 5: Typical section from the Antarctic continent, with general features of the overturning circula-
tion sketched in black. Highlighted in blue are surface water mass transformations by buoyancy fluxes,
and carbon fluxes are marked in green. CDW Circumpolar Deep Water, WDW Warm Deep Water,
WSDW Weddell Sea Deep Water, WSBW Weddell Sea Bottom Water, DSW Dense Shelf Water, POC
particulate organic carbon. Adapted from [143].

atmosphere, and organic carbon. This organic carbon is made of shells of some plankton species, dead
phytoplankton, and feces. Near the surface of the ocean and especially so in polynyas, there is a strong
biological activity. Phytoplankton and bacteria consume COs and transform it into organic matter
(mostly made of carbon). These small animals are then eaten or die and sediment. The process of
sedimentation or currents like that formed in polynyas can bring this organic matter to the depth of
the ocean. This process is known as the biological pump.

It is estimated that Antarctic polynyas absorb atmospheric CO5 at a rate of around 50 Tg C/yr
(teragrams or 10'2? grams of carbon per year) [143, 169]. The Southern Ocean as a whole absorbs
around 1000 Tg C/yr [219] (human activities reject around 10,000 Tg C/yr ). Antarctic polynyas

overall have a disproportional share of the COg sink for their modest surface [135].

3.2 Possible influence of polynyas on ice age cycles

The Earth’s climate has undergone profound and recurrent shifts over geological time, with the Qua-
ternary Period (the last 2.6 million years) distinguished by the repeated alternation between extended
glacial phases, during which vast ice sheets advanced over large parts of the continents, and compara-
tively brief interglacial intervals, characterized by warmer conditions and significant ice-sheet retreat.
These cycles left an unmistakable imprint in marine sediment cores, ice cores, and terrestrial deposits,
revealing a complex interplay between external forcing and internal climate feedbacks [62, 161]. Figure
6 illustrates the evolution of global temperature and ice volume over the past 450 thousand years,
relative to present-day values. The alternation between warmer interglacial phases and colder glacial

periods is clearly apparent. A foundational explanation for the pacing of these glacial-interglacial
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Fig. 6: Temperature and ice volume compared to modern times in the last 450 thousand years. The
data come from the station EPICA [62] and Vostok [161] ice cores. Reproduced from Wikipedia.

oscillations was provided by Milutin Milankovitch in the early 20th century [127]. His astronomical
theory links the timing of major climate transitions to periodic variations in Earth’s orbital parame-
ters: eccentricity, describing the shape of Earth’s orbit around the Sun and varying on timescales of
~100 kyr (10% years); obliquity, the tilt of Earth’s axis relative to its orbital plane, which oscillates
on a ~41 kyr cycle; and precession, the slow wobble of Earth’s rotational axis, occurring on cycles
of ~19-23 kyr. These parameters collectively modulate the seasonal and latitudinal distribution of
incoming solar radiation (insolation), with the strongest climatic impact thought to occur in the high
northern latitudes, where changes in summer insolation directly influence the survival or melting of
winter snow cover and, by extension, the growth or retreat of ice sheets.

While the Milankovitch framework has proven remarkably successful in explaining the overall
pacing of glacial-interglacial transitions, it fails to account for several key aspects of the paleoclimate
record [71]. Notably, it does not fully explain the rapidity and magnitude of glacial terminations,
during which global temperatures and atmospheric CO5 levels rose sharply within a few thousand
years [150]. Furthermore, the dominance of the ~100 kyr cycle over the past million years — the so-
called ‘100-kyr problem’ — is not readily reconciled with the relatively weak direct radiative effect
of eccentricity variations [196]. The Mid-Pleistocene Transition (MPT), around 1 million years ago,
during which the climate system shifted from predominantly 41 kyr cycles to longer, more intense
100 kyr cycles without a corresponding change in orbital forcing, also remains unexplained within the
original astronomical theory [91]. These limitations point to the involvement of amplifying mechanisms
within the climate system itself, operating in concert with orbital forcing, and have driven extensive
research into the roles of ice-sheet dynamics, ocean circulation, atmospheric COs, and other feedback

processes in shaping the glacial-interglacial rhythm.
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3.2 Possible influence of polynyas on ice age cycles

Fig. 7: Schematic representation of the sinking of brines during (a) interglacial, (b) glacial, and (c)
deglacial periods. The main drivers of the quantity of dense water sinking to the deep ocean are the
Antarctic ice sheet extent on the continental shelf and sea level, which govern the volume of water
above the continental shelf. The less water there is, the less brine is mixed, and the more they can
sink to the deep ocean. When sea ice formation is shifted to the open ocean, brines are mixed, and
the sinking stops. Reproduced from [23].

Among the proposed hypotheses, Didier Paillard introduced a conceptual framework that inte-
grates astronomical forcing with threshold-driven switches in the climate system, placing the Southern
Ocean at the core of glacial-interglacial dynamics [149]. In this view, cooling and ice-sheet growth are
initiated in the Northern Hemisphere by orbital forcing, but the onset of deglaciation is governed by
processes in the Southern Hemisphere, in particular those involving Antarctic Bottom Water forma-
tion through brine rejection. During glacial maxima, extensive sea ice formation around Antarctica
produces dense, saline brines that sink to the abyss, strengthening ocean stratification and isolating
deep COas-rich waters from the atmosphere. This sequestration of carbon reinforces cooling and sta-
bilizes the glacial state. Paillard’s theory posits that the collapse of this brine-induced stratification
is the trigger for rapid deglaciation. Once a critical threshold is reached through a combination of
increasing Southern Hemisphere insolation, retreat of the Antarctic ice sheet, and freshening of surface

waters from melting ice, the brine pump weakens or ceases. The resulting breakdown of deep-ocean
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stratification releases the stored COy back into the atmosphere, initiating a strong positive feedback
that drives rapid warming and ice-sheet retreat. The whole mechanism is schematically summarized
in Figure 7.

Although Paillard’s conceptual framework is not the most widely adopted explanation for
glacial-interglacial dynamics, a growing body of paleoclimatic evidence provides substantial support
for its underlying mechanisms. Modeling work demonstrates that reproducing the last deglaciation
requires a rapid cessation of brine sinking, which accounts for a significant portion of the observed
atmospheric COs rise [104]. Isotopic records from the Weddell Sea reveal the absence of AABW export
during glacial maxima, pointing to a fundamentally different deep-ocean circulation and highlighting
the importance of its resumption during deglaciation [95]. Fully coupled Earth system simulations
indicate that a salty deep ocean is a prerequisite for glacial termination, amplifying the warming
response to a weakening Atlantic Meridional Overturning Circulation [103]. Multiple studies confirm
that the deep Southern Ocean was more stratified and less ventilated during glacial periods, consis-
tent with a deep-ocean carbon reservoir sustained by brine rejection [222]. New isotopic data confirm
that this stratification broke down during deglaciation due to a trigger in the Southern Hemisphere,
which then released CO3 into the atmosphere and contributed to the end of the ice age [17].

Thus, the polynyas might have played a very important role in the climate of the past in addition

to their crucial role today. This makes it even more important to understand and study them properly.

3.3 Climate change impact on polynyas

If polynyas have an important impact on the climate system, the changes in the climate system could
also have an important impact on them. The fate of polynyas in the future is uncertain. The poles
are the areas of the globe where warming is occurring at the fastest rate [189]. The areas covered
by sea ice have decreased significantly over the last 20 years and are expected to continue decreasing
[74, 157]. The ice thickness has also been reduced significantly as multi-year ice tends to disappear in
favor of young ice [120].

A primary expectation is that polynyas will become more frequent as climate change progresses. Sea
ice in the polar regions is becoming thinner and less compact, which enhances its mobility and increases
the susceptibility of the ice cover to atmospheric and oceanic forcing. As a result, mechanically forced
polynyas may increase in both size and duration [31].

The reduction of sea ice also means that polynyas that occurred in areas that are no longer covered
by ice technically vanish. Some polynya could disappear in areas still covered by ice. Indeed, some
polynyas depend on ice-bridges to prevent ice from entering open-water areas. If these ice-bridges melt,
these polynya may well not form anymore. This already happened to the Northeast Water Polynya
off the coast of Greenland, which no longer exists in the form it had in the 1990’ [75].

The changes in climate may well change the timing of the opening and closing of polynyas. This
could prove disastrous to many species. Indeed, polynyas are biologically productive oases in the polar
oceans, supporting early-season phytoplankton blooms and serving as feeding and breeding grounds
for a wide range of marine organisms, including birds and mammals.

Earlier and longer polynya openings may decouple established trophic relationships — for instance,
leading to mismatches between peak primary production and the life cycles of key grazers such as
zooplankton. This could cascade through the food web, affecting fish, seabirds, and marine mammals

that depend on the reliable seasonal productivity of polynyas [58].
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Another important impact of climate change is on the production of DSW and its potential cascad-
ing along the continental slope. The melting of the ice cap (made of fresh water) significantly decreases
the salinity of the shelf waters [167]. With climate change, this could mean the end of AABW for-
mation. Since 1992, a 30% reduction of Weddell Sea Bottom Water volume was measured [225]. The
formation of frazil ice in coastal polynyas could also be reduced with higher temperatures, leading
to less brine rejection and so less densification of the shelf water [2]. The warming of Circumpolar
Deep Water could also be a factor in the freshening of other shelf waters. Circumpolar deep waters
can intrude onto the Antarctic shelf, and if they are warm, they can increase the basal melting of ice
shelves and add further freshwater into the system [5].

The consequences of the AABW formation would be numerous, as it is one of the main drivers of the
thermohaline circulation. The collapse of the global overturning circulation would have consequences
difficult to assess, as it is such an important factor in regulating global heat balance. A more concrete
consequence would be the warming of the deep ocean and its subsequent thermal expansion, which
could lead to sea level rise [129].

The question of whether the AABW formation will stop and, if so, when is still debated. Different
models give different predictions [180]. Recent anomalous climatic events have increased the production

of AABW in the Ross Sea (Antarctica) [9, 181], further proving the complexity of these phenomena.

4 Outflows in the wider context of gravity currents

The cascading of Dense Shelf Water along the continental slope of Antarctica is not an isolated case.
Similar processes occur in other regions of the world ocean, where dense waters formed on continental
shelves or in marginal seas descend along topographic gradients, contributing to deep and bottom
water masses.

In the North Atlantic, the Denmark Strait Overflow and Faroe Bank Channel Overflow are promi-
nent examples of dense-water cascades, where chilled, saline waters from the Nordic Seas spill into
the deep Atlantic, forming North Atlantic Deep Water (NADW) [85, 191]. These overflows are driven
by similar thermohaline mechanisms as Antarctic DSW, though without direct sea-ice influence.

Meanwhile, the Mediterranean Outflow represents a contrasting case, where warm, hypersaline
water exits the Strait of Gibraltar and plunges into the intermediate depths of the Atlantic, creating
a distinct water mass that spreads across the basin [16].

Even in the Arctic, cascading phenomena occur, such as the outflow of brine-enriched shelf water
from the Barents and Kara Seas [177], which contributes to the formation of Arctic Intermediate
Water.

All of these flows fall within the broader category of gravity currents: fluid motions driven by hori-
zontal density gradients. Such gradients may arise from variations in salinity, temperature, suspended
particle concentration, or even differences between immiscible fluids. Gravity currents are ubiqui-
tous in both geophysical and anthropogenic contexts. Natural examples include sea breezes, katabatic
winds, avalanches, pyroclastic flows, sandstorms, thunderstorm outflows, tidal bores, and turbidity
currents. Human-driven cases include oil spills, brine discharge in estuaries, wastewater release into
rivers or oceans, and accidental leakage of dense gases in mines.

Some gravity currents can be extremely impressive and have disastrous consequences. Such exam-
ples include the PEMEX oil well leak in the Gulf of Mexico in 1979 (see Figure 8). The oil, lighter than

water and heavier than air, floated up to the surface and spread at the interface between water and
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Fig. 8: Example of gravity currents in the natural and industrial environment: (a) A sand storm in
Texas in 1935, (b) an oil spillage in the Gulf of Mexico in 1979, (c) a pyroclastic flow down the flanks
of the Mayon volcano in the Philippines in 1984, (d) an avalanche on Mount Everest.

air. Volcanoes can create different types of gravity currents depending on the weight of the material
ejected. The fumes can form an enormous plume that spreads laterally when reaching their neu-
tral buoyancy, and the pyroclastic flows can hurtle down slopes at hundreds of kilometers an hour,
destroying everything in their path.

Another phenomenon closely associated with gravity currents is the buoyant plume. Plumes are
characterized by the vertical transport of a buoyant fluid into a denser ambient, driven primarily by
buoyancy forces. Typical examples include emissions from chimneys, convective columns from fires,
and volcanic eruptions. Gravity currents propagating down inclined boundaries represent intermediate
cases between horizontal gravity currents and vertical plumes. Their dynamics exhibit characteristics

of one or the other regime, depending on the slope angle.

5 Intrusion of gravity currents

In addition to sloping topography, gravity currents frequently intrude into stratified environments —
a characteristic feature of estuaries, lakes, and the open ocean. For instance, dense brine produced by
polynyas or discharged from desalination plants descends into a stably stratified ambient, eventually
equilibrating with its surroundings.

The vertical extent reached by such currents is a fundamental parameter, as it determines the depth
of mass, heat, and salt redistribution. Upon encountering a layer of equal density, the current ceases
vertical propagation and transitions into a horizontal intrusion. Figure 9 schematically illustrates a

gravity current forming an intrusion. The evolution of these intrusions depends on the balance between
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buoyancy forcing, ambient stratification, and entrainment of lighter fluid. In the case of polynya-
generated waters, insufficient initial density or excessive mixing with ambient fluid can hinder descent
to the ocean floor, limiting their contribution to deep water formation.

Mixing processes play a pivotal role in shaping the final equilibrium depth of the current. A well-
known example is the Mediterranean outflow: although initially denser than North Atlantic bottom
waters, it entrains sufficient lighter fluid during descent through the Strait of Gibraltar to equilibrate
at an intermediate depth (~ 1 km), rather than reaching the abyss [163].

Accurate representation of gravity currents descending along inclined boundaries in stratified envi-
ronments is essential for understanding and predicting large-scale ocean circulation, particularly the
formation and spreading of Antarctic Bottom Water and the Mediterranean overflow.

Analogous processes also occur in lacustrine systems. For example, cold river inflows into warmer
stratified lakes can generate underflows, in which dense inflows plunge beneath the thermocline
and propagate along the bottom [90]. These currents may also form in shallow lake regions due to
differential surface cooling.

The intrusion depth of such flows has significant ecological implications. It influences the vertical
distribution of pathogens [8], the formation of biological hot spots [114], and the depth at which

nutrient-rich runoff is deposited—whether within the euphotic zone or in deeper benthic regions [123].

6 Organization of the thesis

This thesis is organized into two main parts that correspond to two part of the process of the cascading
of dense shelf waters.

Indeed Figures 20 and 5 illustrate that the cascading of dense waters can be considered in two
distinct stages: (i) the densification of shelf waters, and (ii) the subsequent dynamics of the gravity
current and its interaction with surrounding water masses.

While the overall mechanism is broadly understood, the specific conditions under which brine
rejection leads to Dense Shelf Water formation — and ultimately to Antarctic Bottom Water — remain
poorly constrained. Field observations are hindered by the remoteness and harshness of polar environ-

ments, and laboratory analogues are rare. In particular, no previous experimental work has directly

Injection of dense fluid
ref
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Fig. 9: Schematic representation of a gravity current propagating downslope into a stratified ambient
fluid obtained using the author’s simulations. The color scale within the gravity current indicates the
concentration of a passive tracer, with darker shades corresponding to higher concentrations. The
background stratification is not depicted using color for clarity, but is illustrated schematically on the
right-hand side.
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examined brine rejection as the sole source of buoyancy for initiating a gravity current, despite its
central role in polynya dynamics.

To address this gap, a novel experimental apparatus was developed to reproduce the key features of
polynya-driven dense water formation and the ensuing gravity current within a controlled laboratory
setting. The design, construction, testing, and use of this setup formed the initial phase of the present
doctoral research, conducted at the Politecnico di Torino (Italy).

This work investigates two main questions: (i) can brine rejection alone generate a gravity current,
and (ii) how do its characteristics depend on the spatial extent of the ice-free area and the underlying
topography? To explore these questions, controlled cold-room experiments were performed in which
ice was allowed to form over part of a water surface while the resulting flow field was measured using
Particle Image Velocimetry (PIV). The findings provide new insights into brine-driven flow dynamics
and supply experimental evidence in a domain where observational data remain scarce.

The subsequent dynamics of the gravity current and its interaction with surrounding water masses
were more challenging to study in a laboratory setting using brine rejection as the source of buoyancy.
Indeed, it would have been difficult to produce a stable stratification in the tank; stratification is
a key parameter in controlling the dynamics of the flow, while having to deal with salinity and
temperature gradient, both influencing the density of the water. To avoid this problem, we could have
done an experiment at room temperature, replacing the brine rejection as a source of buoyancy with
an injection of saline water. However, this type of experiment has already been extensively performed
and its results are well known (see Sect. 11.6 for more details). Indeed, the cascading of DSW is
analogous to a gravity current propagating along a slope into a stratified ambient, and these currents
have been extensively studied.

We found that one key open question in the study of the gravity current flowing along a slope into a
stratified ambient was the influence of the slope angle on the depth reached by the current. To answer
this question, we performed numerical simulations using a Large Eddies Simulation (LES) software.
These simulations were performed using the cluster available at Centrale Lyon. They consisted of
having a dense current flowing along a slope into a stratified ambient and measuring the depth it

reached. By varying the slope angle, we were able to study its influence on the penetration depth.
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II Experimental investigation of

deep water production in polynyas

Polynyas are regions of open water within the sea ice cover of the polar oceans (see Figure 10).
They play a critical role in the global climate system, as they are sites of dense water formation that
contribute to large-scale ocean circulation. However, their remote and often inaccessible locations
make direct in situ observation and study challenging. For this reason, it would be interesting to try
to replicate them in a laboratory to study more easily some of their properties.

In this part, we first provide a review of the existing literature on polynyas, highlighting key
findings and unresolved questions. We then describe the experimental setup developed for this study,

followed by a presentation of the main results obtained from our laboratory investigations.

7 Literature review on polynyas

7.1 Formation mechanisms

Polynyas are classified into different categories based on their formation. One common classification

is: mechanically forced and connectively forced polynyas.

7.1.1 Mechanically forced polynya

A polynya may develop when sea ice is mechanically displaced from the surface by wind or ocean
currents, while a geographical barrier inhibits the inflow of new ice into the region. This mechanism

gives rise to what is classified as a latent heat polynya.

Wind-driven polynyas

Wind-driven polynyas represent the most common type of polynya. Their formation mechanisms and
typical configurations are illustrated in Figure 11. They form on the coast or on the edge of landfast
ice or an ice tongue. The wind pushes the ice and allows the water underneath to be in contact with
the fresh air. This water then freezes again, creating frazil ice. Frazil ice is a type of ice that forms in
turbulent water and is made of an accumulation of ice crystals. The frazil itself is pushed by the wind

and accumulates at the edges of the polynya. A balance can be reached between the wind that tends
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7.1 Formation mechanisms

to increase the width of the polynya and the accumulation of frazil ice that tends to close it. A simple

model proposed by Pease [159] illustrates the situation. In this model, the width of the polynya is:

VH _
W:?(l—e LE/HY (1)

where W is the polynya width, V is the offshore speed of the solidified ice, F is the rate of production
of new ice in the polynya, H is the accumulation depth of the new ice at the downwind side of the
polynya, and t is time. The maximum width of the polynya is then VH/F.

The formation and persistence of wind-driven polynyas are strongly modulated by the mechanical
properties of sea ice, particularly its resistance to deformation under stress, which is largely determined
by ice thickness and age. Multi-year ice, which is significantly thicker and more structurally coherent
than recently formed first-year ice, offers greater resistance to wind-induced displacement. In the
Antarctic, where multi-year ice is largely absent due to seasonal melting, coastal polynyas frequently
emerge under the influence of persistent katabatic winds descending from the interior ice sheet [1].
These winds exert substantial offshore stress, facilitating the removal of newly formed sea ice and the
maintenance of open water areas. A notable Arctic analogue is the St. Lawrence Island polynya in the
Bering Sea, which forms south of the island during episodes of sustained northerly to easterly winds
[159]. In this region, the relative weakness of first-year sea ice and the open exposure to deep water
in the southern and western sectors allow efficient ice advection towards the pack ice margin, thereby

promoting polynya development.
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Fig. 10: Satellite image of a coastal polynya (the Terra Nova Bay polynya in Antarctica) with the
direction of the strong (katabatic) winds that keep the ice from forming. Image Credit: Lamont-
Doherty Earth Observatory.
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Fig. 11: Physical processes within wind-driven polynyas: (a) a wind-driven polynya forming in the
lee of an island (e.g., St. Lawrence Island); (b) the flaw polynya that forms on the Mackenzie Shelf
in the southern Beaufort Sea; (c) a flaw polynya in the Antarctic. All diagrams are vertical sections
across the polynya. Reproduced from [185].

Current-driven polynyas

Although wind-driven ice divergence is the primary mechanism behind most polynyas, certain systems
can also form through divergence induced by ocean currents. However, such current-forced polynyas
are relatively rare, since horizontal divergence of oceanic flow is typically weak unless amplified by local
bathymetric or coastal features. A well-documented example is the Northeast Water (NEW) polynya,
situated off the northeastern coast of Greenland. Its formation is strongly influenced by the regional
geography between the Ob Bank to the north and the Norske @er Bank to the south [32, 178]. In this
system, grounded ice floes, or ‘floebergs’, accumulate over the Ob Bank, acting as a barrier to sea ice
advection from the north, while landfast ice over the Norske @er Bank inhibits southern ice intrusion.

The Northeast Greenland Coastal Current (NGCC) flows northward beneath the landfast ice and

enters the polynya region, transporting newly formed frazil ice out of the area and preventing its
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7.1 Formation mechanisms

consolidation [190]. Although ocean currents provide the principal dynamical control over polynya
persistence, NEW exhibits strong seasonal variability and is modulated by additional factors including

atmospheric conditions, sea surface temperature anomalies, and large-scale circulation patterns [93].

7.1.2 Convectively forced polynya

Convectively forced polynyas form when sea ice is melted by the upward transfer of heat from warm
ocean waters. This heat supply can arise from either free convection, where dense plumes sink and drive
vertical mixing, or forced convection, where turbulence generated by shear or large-scale upwelling
lifts warmer water toward the surface. Both mechanisms have been observed to sustain polynya
formation. Such features are often referred to as sensible heat polynyas. The different convection-driven

configurations are illustrated in Figure 12.

Free convection

Free convection in polynya systems typically occurs in regions where cold atmospheric temperatures
induce strong surface cooling of relatively warm ocean water. This cooling increases the density
of surface waters, causing them to sink and be replaced by warmer waters from below. The con-
tinuous vertical overturning maintains surface temperatures close to the freezing point of seawater
(approximately —1.8°C), thus inhibiting or delaying ice formation [133, 184].

This process is particularly effective when the mixed layer is deep and weakly stratified, when

warm water is present at intermediate depths, such as Circumpolar Deep Water in the Antarctic or
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Fig. 12: Diagrams illustrating a variety of physical processes causing convectively forced polynyas:
(a) free convection polynya at Maud Rise in the Weddell Sea (Q represents the heat flux to the
atmosphere); (b) tidal mixing at Kashevarov Bank in the Okhotsk Sea (adapted from [171]); (c) a
polynya maintained by upwelling in the Cosmonaut Sea, Antarctica (adapted from [42]; AD is the
Antarctic divergence); and (d) a polynya forced by river throughflow such as Lake Laberge in the
Yukon, Canada. Diagrams (a), (b), and (d) are vertical sections across the polynya, and (c) is a view
from above. Reproduced from [185].
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Atlantic Layer water in the Arctic, and when wind speeds are low, resulting in minimal mechanical
ice advection.

A well-known example is the Maud Rise polynya in the Weddell Sea, which has been periodically
observed during austral winters (in 1974, 1975, 1976, and 2017). The central mechanism is a weak ocean
stratification over the Maud Rise seamount, which shoals warm Circumpolar Deep Water (CDW) and
reduces the density gradient between surface and deeper layers. This preconditioned the water column
for vertical mixing [78, 93].

Wind forcing and associated surface cooling initiated deep convection by increasing surface water
density. As the surface cooled under cold atmospheric conditions, convection penetrated downward,
bringing relatively warm subsurface waters to the surface. This heat influx from below inhibits sea ice
formation despite continuous heat loss to the atmosphere, thereby maintaining an open-water area
[35]. Once deep convection initiates, it reinforces itself via feedback loops: frazil ice formation rejects
brine, increasing surface salinity and density, which further enhances convective overturning [56].
However, such convection is episodic, and the polynya typically closes as stratification reestablishes or
atmospheric conditions change. Indeed, this polynya has been observed in only a handful of winters

in the last 50 years.

Forced convection

Heat can also be brought to the surface by a current and cause the melting of the ice on the surface.
There are three main ways this happens: tidal mixing, upwelling, and river throughflows in lakes.

An example of tidal mixing is at Kashevarov Bank in the Okhotsk Sea [171]. The Kashevarov Bank
is home to a unique polynya that opens and closes in sync with the fortnightly spring—neap tidal cycle
(alternation of strong and more modest tides). The dominant tidal components in this region are the
K1 and O1 diurnal tides (some harmonics from the spectrum of tides). Due to the shape and size of
the bank, these tidal waves resonate with local wave modes, which amplify the tidal motion and lead
to enhanced vertical mixing over the bank.

At the top of the bank, a well-mixed water column develops as a result of this intensified tidal
activity. Surrounding this area is a tidal mixing front that separates the mixed region from more
stratified waters. Additionally, the interaction between the tidal flow and the bank’s topography
generates an anticyclonic, or clockwise, circulation around the bank.

The slight difference in frequency between the two main tidal components creates a natural rhythm
with a two-week cycle. This resonance causes mixing to be much stronger during spring tides compared
to neap tides. As a result, the region experiences alternating periods of strong vertical mixing followed
by calmer phases, which leads to repeated cycles of stratification and de-stratification. These physical
cycles are believed to influence biological activity in the area, potentially introducing a fortnightly
rhythm in biological processes such as nutrient availability and plankton blooms.

Transfer of heat from deep to surface waters can occur as a result of upwelling (current flowing
from the depth to the surface of the ocean), either at the coast or in the middle of a gyre. An example
of upwelling is the Cosmonaut polynya, which forms in early winter off Cape Ann (50°E) in Enderby
Land, Antarctica [42]. At Cape Ann, the interaction between flow and topography generates a vortex
that induces the upwelling of warmer waters, thereby creating a polynya.

In some frozen lakes like Lake Laberge in the Yukon, Canada, a river throughflow can create a
polynya through its injection of warmer waters. A second polynya, current-driven this time, is created
at the outlet of the lake.
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Fig. 13: Distribution map showing the number and names of Northern Hemisphere polynyas detected
and identified from (a) an analysis of DMSP SSM/I data using the PSSM method [118] and (b) a
literature review. This listing provides a minimum estimate of the number of recurrent polynyas.
Some of these polynyas no longer exist in a fashion analogous to their recent history (e.g., the NEW
polynya). Reproduced from [185].

7.2 Location

Polynyas are located in the polar regions, both in the Antarctic and Arctic. Despite their superficial
similarity, polynyas in the Arctic and Antarctic exhibit significant differences due to contrasting
geography, atmospheric dynamics, ocean circulation, and sea ice characteristics.

The Arctic is an ocean basin enclosed by continents, leading to a semi-contained sea ice regime
dominated by multi-year ice. In contrast, the Antarctic is a continent surrounded by open ocean, which
favors the seasonal melting and regeneration of sea ice [184]. This fundamental difference results in
distinct polynya characteristics: Arctic polynyas are generally smaller, longer-lived, and constrained
by coastlines and fast ice (ice attached to the shore), whereas Antarctic polynyas are typically larger,

shorter-lived, and strongly influenced by katabatic winds and coastal topography [59].
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Fig. 14: Map of the Antarctic showing locations of 37 polynyas off the coast of Antarctica. Colors
have been assigned to polynyas to individualize them. The numbers refer to the following places: 1.
Cape Darnley 2. Davis 3. Prydz Bay 4. Barrier Bay 5. Shackleton Ice Shelf 6. Dibble Iceberg Tongue 7.
Mertz Glacier 8. George V Coast 9. Ninnis Glacier 10. Cook Ice Shelf 11. Vincennes Bay 12. Amery 13.
West Ice Shelf 14. Shackleton 15. Dibble Ice Shelf 16. Cape Ann 17. Cape Poinsett 18. Cape Colbeck
19. Sulzberger Bay 20. Getz Ice Shelf 21. Dotson Ice Shelf 22. Pine Island Bay 23. Ronne Ice Shelf
(western Weddell Sea) 24. Brunt Ice Shelf 25. Riiser-Larsen Ice Shelf 26. Lazarev Sea 27. Cosmonaut
Sea 28. Cooperation Sea 29. Davis Sea 30. Mawson Coast 31. Vincennes Bay West 32. Vincennes Bay
East 33. Ross Sea 34. Terra Nova Bay 35. Cape Hallett 36. Cape Adare 37. Filchner-Ronne Ice Shelf
(eastern Weddell Sea) Adapted from [11].

In the Arctic, polynyas most often arise from persistent offshore winds or ocean currents that drive
ice away from the coast or from fixed ice edges. Wind-driven divergence is particularly common, though
tidal and current-driven mechanisms also play an important role in narrow straits, as exemplified by
the North Water Polynya and the St. Lawrence Island Polynya [178].

In the Antarctic, katabatic winds descending from the interior ice sheet are the primary driver of
coastal polynyas. These cold, dense airflows frequently generate expansive open-water regions, such as
those observed in the Ross Sea and Terra Nova Bay. Topographic constraints and oceanic heat fluxes
further modulate polynya persistence, especially in regions like the Weddell and Amundsen Seas [105].
Figures 13 and 14 highlight the location and names of several major Arctic and Antarctic polynyas.

In this study, we concentrate on coastal Antarctic polynyas.
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Fig. 15: Left: Two views of the crystal structure of ice Th, showing a lattice of ‘puckered’ hexagons.
Here, balls represent oxygen atoms and bars represent hydrogen atoms. Middle: A schematic picture
of a simple ice prism, defining the principal crystal axes and facet planes. Right: A mosaic image of
some typical small ice prisms grown in the lab, showing different aspect ratios. The scale bar is 100 p
m long. Reproduced from [109].
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7.3 Formation of sea ice

Pure ice, as found in natural conditions on Earth, almost always crystallizes into the hexagonal crystal
form known as ice Ih (9 other forms exist but do not form under natural conditions on Earth) [110]. In
this arrangement, the ice crystal adopts a hexagonal arrangement in which each oxygen atom occupies
the center of a tetrahedron formed by four neighboring oxygen atoms located at its vertices, with
an O-O spacing of about 0.276 nm. These oxygen atoms are clustered near a sequence of parallel
layers, called basal planes. The crystal’s main symmetry direction, known as the c-axis, is oriented
perpendicular to these planes. Overall, the lattice resembles a beehive, built from stacked sheets of
slightly distorted hexagons.

During crystal growth, it is energetically more favorable for additional molecules to attach to an
existing basal plane rather than initiate a new one. As a result, ice tends to extend more rapidly in
the directions of the a- and b-axes, which lie within the basal plane, than along the c-axis.

The open lattice structure of ice means that its density is lower than that of liquid water. At 0°C,

3. compared to 999.8 kg.m ™3 for pure water at

the density of pure ice Ih is approximately 917 kg.m™
the same temperature. This decrease in density upon freezing (about 9%) explains why ice floats on
water — a property of great importance for polar ocean processes.

When water cools to its local freezing temperature, initial ice formation begins with the appearance
of small, plate-like crystals in the upper layers. In calm conditions, these crystals nucleate and grow
at the surface, merging into a thin, continuous sheet known as nilas. Growth proceeds primarily by
direct freezing at the ice—water interface, with minimal mechanical disturbance, producing a smooth
and level surface. As the ice thickens, crystal alignment evolves into a columnar structure, with the
crystallographic c-axes tending to orient horizontally.

In contrast, under turbulent or wave-affected conditions, nilas formation is inhibited by constant
agitation. Instead, the dominant ice type is frazil ice — a suspension of small, typically sub-millimeter
to millimeter-sized crystals that may appear as a coarse slush when collected. These crystals often
assume disk-like, needle-like, or hexagonal shapes and, unlike surface ice, originate throughout the
water column. This occurs because turbulence mixes the upper layers, preventing the establishment
of a stable ice cover and promoting uniform cooling.

Frazil ice develops when the water becomes supercooled — cooled below its freezing point without
immediate ice formation — while remaining turbulent. In this state, crystals nucleate either sponta-
neously or via secondary nucleation, in which existing ice particles act as seeds for further growth.

The process can generate large quantities of frazil within a short period. The rate of formation and
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7.3 Formation of sea ice

Fig. 16: Pancake ice on Lake Michigan 2024. Author YJ CHOL.

the physical characteristics of frazil ice are controlled by factors such as the degree of supercooling,
turbulence intensity, and salinity; for example, elevated salinity can enhance crystal production but
reduce interparticle cohesion.

Frazil ice poses several dangers, particularly to infrastructure and aquatic ecosystems [158]. Its
adhesive properties can cause it to cling to submerged structures like water intakes, trash racks, and
hydroelectric dams, leading to blockages that reduce water flow and increase the risk of flooding or
operational failures. In rivers, frazil ice can contribute to ice jams by accumulating beneath existing ice
covers, raising water levels, and potentially causing sudden, destructive floods. Additionally, anchor ice
— formed when frazil attaches to the riverbed — can disrupt fish habitats by altering flow patterns and
trapping sediment or organisms. In marine environments, frazil ice can hinder shipping and offshore
operations by clogging equipment or forming dense slush layers that impede vessel movement. Its rapid
and unpredictable formation makes it a significant hazard in cold-region hydrology and engineering.

As concentrations of frazil increase, crystals begin to stick together, forming mats of grease ice, a
soupy, opaque layer that dampens wave motion. Continued agitation causes the grease ice to organize
into distinct, roughly circular pancake ice floes. Pancakes are typically 0.3-3 m in diameter and 50-70
cm in thickness, with raised edges caused by repeated collisions and rafting in the wave field. Over
time, pancake floes can freeze together into a continuous sheet known as consolidated pancake ice as
conditions calm, providing a pathway from turbulent frazil formation to stable sea ice cover.

Consolidated pancake ice exhibits a bottom morphology distinct from that of typical sea ice. At
the moment of consolidation, the individual pancakes are irregularly packed and often rafted over
one another, with frazil ice filling the gaps and bonding the floes together. This process produces an
underside that is rough and uneven, with rafted layers locally doubling or even tripling the average
ice thickness. On the upper surface, the rims of the original pancakes may remain visible, creating a

rugged “stony field” appearance.
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7.4 Brine rejection

When sea ice forms from seawater, the phase change presents a clearly distinct behavior from its
freshwater counterpart. Indeed, unlike freshwater, seawater contains dissolved salts — primarily sodium
chloride — which are not easily incorporated into the ice crystal lattice. The formation of ice leads to
the exclusion of the salt, a process known as brine rejection [202, 210].

This exclusion occurs because the hexagonal crystalline structure of pure ice cannot accommodate
the ions present in seawater. As a result, the forming ice is composed of relatively fresh water, while
the surrounding unfrozen water becomes increasingly saline [107]. During the early stages of ice
growth, some brine remains trapped in narrow, quasi-liquid channels and pockets within the ice matrix,
creating what is referred to as mushy layer structure [213].

As the sea ice thickens and cools from the top (due to heat loss to the atmosphere), the internal
temperature of the ice drops. This promotes further freezing of the residual brine in the channels, which
in turn increases its salinity and density. When this denser brine exceeds a threshold density compared
to the underlying seawater, it drains downward via gravity through brine channels, contributing to
the formation of a denser water mass below the ice [126].

These processes of brine drainage explain why multi-year ice is less salty than younger ice [46].
Young ice typically presents a salinity of 10 PSU, one-year ice has a salinity of 3-4 PSU, and multi-
year ice 1-3 PSU. PSU is the unit used to measure salinity, which means Practical Salinity Unit. A
water at one PSU has one gram of salt diluted per liter. As a reference, oceanic water typically has a
salinity of about 34-35 PSU.

The brine rejection has a deep impact on the water masses. The polynyas forming off the coasts
of Antarctica due to a strong forcing of katabatic wind are sometimes called ‘ice factories’ because of
their substantial production of frazil ice [44]. Although they represent only about 1% of the total sea
ice extent, they account for up to 10% of the total sea ice volume production in the Southern Ocean
[194]. This large production of ice (mostly frazil ice) also produces a large quantity of brine rejection.
This leads to a concentration of salt in the waters of the polynyas. Saltier waters are also heavier.
The state equation of seawater that governs the dependence of the density of water on the salinity,
temperature, and pressure is a very complex, non-linear equation. A simple linear approximation is
enough to give a taste of how the density varies with the different variables, but it is not enough
for quantitative oceanography. Around a reference density py small variations of density follow this

linearized equation:

p(S,T,P) = po(1 = Br(T —To) + Bs(S — So) + Bp(P — Fy)), (2)
where B = 2(£1.5).107% T~1, B85 = 0.76(40.2).10~2 S~ and Bp = 4.4(40.2).10710 Pa~1 [205].

We can see from this equation that the increase in temperature decreases the density, and that an
increase in salinity increases the density; an increase in pressure also increases the density. Thus, the
increase in salinity under coastal polynyas locally increases the density of the water.

From this equation, we can also see an interesting effect of the salinity: the disappearance of the
maximum density. In fresh water, the point of maximum density for a given pressure is obtained for a
temperature of 4°C. If the temperature goes lower than 4°C, the density of the water diminishes. This
behavior disappears with the addition of salt. Salty water does not present a maximum of density, but

the evolution of the density is monotonous with respect to the temperature. Another effect of salinity
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is its influence on the freezing point of water. The saltier the water, the colder it needs to be to freeze.

For a salinity of 34 PSU, the freezing point is around -1.8°C.

7.5 Shelf water

Continental shelves are the submerged, gently sloping extensions of the continents, typically stretching
from the shoreline to depths of about 200 m before dropping off at the continental slope [61]. They
are among the most productive marine regions due to nutrient mixing and sunlight penetration. Some
of the most famous shelves include the Arctic Siberian Shelf, the world’s largest, spanning over 2.7
million km? with shallow, ice-covered waters; the North Sea Shelf, known for rich fisheries and oil and
gas reserves; the Great Barrier Reef Shelf off Australia, hosting the world’s largest coral reef system;
and the Amazon Shelf, shaped by massive sediment discharge from the Amazon River. These shelves
are crucial for marine biodiversity, energy resources, and global ocean circulation.

The continental shelves around Antarctica are unusually deep and wide compared to those of other
continents, often extending to depths of 400-800 m instead of the global average of ~ 200 m [7]. They
are largely covered by floating ice shelves that are extensions of the ice shelf covering the continent.
Occasionally, some large chunk of ice detaches from the ice shelf and floats off the coast. They are
known as icebergs. If an iceberg melts above the continental shelf, it can considerably freshen the shelf
water as icebergs are made of fresh water.

Basal melting of ice shelves occurs when relatively warm ocean water flows beneath the floating ice,
transferring heat across the ice—ocean boundary [166]. This process thins the ice shelves from below
and can accelerate ice-sheet discharge into the ocean. Basal melting is highly variable, being most
intense near grounding lines and beneath deep ice cavities, and it plays a critical role in regulating
Antarctic mass balance and global sea-level rise. Contrarily, if cold water lies beneath a floating ice
shelf, it can cool down even more due to the colder temperature of the ice and become supercooled.
Both of these phenomena directly impact the density of the shelf water: basal melting freshens the
water, making it lighter, and the supercooling cools it, making it heavier.

The main driver of shelf water density in Antarctica is the presence of coastal polynyas. Opened
by strong katabatic winds, these regions produce large amounts of frazil ice. Through brine rejection,
enormous quantities of salt are released into the ocean, increasing water salinity and density. This
process generates Dense Shelf Water (DSW), which, if sufficiently dense, can cascade down the conti-
nental slope to the abyss, where it contributes to the formation of Antarctic Bottom Water (AABW)
(Figure 17).

However, not all Antarctic shelves produce DSW. Shelf waters are generally classified into three
regimes: fresh shelf water, dense shelf water, and warm shelf water [200]. Their distribution and
interaction with surrounding waters are illustrated in Figure 18, and the spatial location of these
regimes along the Antarctic coast is shown in Figure 19.

The fresh shelf regime dominates large parts of East Antarctica and the Amundsen—Ross Sea sector.
Here, persistent easterly winds drive onshore Ekman transport, leading to a sea surface height anomaly
and a westward Antarctic Slope Current (ASC). Cold shelf waters, limited cross-slope exchange, and
surface convergence-induced downwelling combine to establish a strong front that separates fresh,
cold shelf waters from warm, salty Circumpolar Deep Water (CDW). In this regime, density surfaces
align closely with isotherms, reducing along-isopycnal gradients in temperature and salinity, while
strong lateral density gradients form near the shelf break. These fronts often tilt downward and

poleward toward the continental slope, in some cases intersecting it, which effectively blocks CDW
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Fig. 17: Schematic diagram summarizing Antarctic Bottom Water (AABW) formation. AABW orig-
inates on the Antarctic continental shelf, where intense surface cooling and salt input occur during
sea ice formation. Enhanced sea ice formation in coastal polynyas allows High-Salinity Shelf Water
(HSSW) formation. In some regions, HSSW interacts with the ice shelf base to produce supercooled
(below the surface freezing point) Ice Shelf Water (ISW). These cold shelf waters are often referred
to as Dense Shelf Water (DSW), as they are dense enough to descend down the continental slope
as a gravity plume. Entrainment with Southern Ocean waters during their descent produces AABW.
Reproduced from [182].

from intruding onto the shelf. The resulting sea surface height gradients intensify the near-surface
westward ASC. At depth, however, vertical shear weakens this current, and in some locations an
eastward undercurrent forms, transporting glacial meltwater across the Antarctic Slope Front.

The warm shelf regime occurs where CDW intrudes directly onto the shelf, raising water temper-
atures by 2-3°C relative to other shelf waters (sometimes above 0°C). This situation is common in
regions such as the Amundsen Sea Low and Bellingshausen Sea Low, where weak easterlies and limited
polynya activity fail to block CDW inflow. As a result, warm water penetrates the shelf, enhancing
basal melting of floating ice shelves and reducing their extent.

The dense shelf regime forms through brine rejection in polynyas and/or supercooling beneath ice
shelves. These processes create shelf waters that are sufficiently dense to cascade down the continental

slope, where they ventilate the abyss and form AABW (see Figure 17).

7.6 Water masses transformation

The AABW and DSW are not the only water masses of the Southern Ocean. The Southern Ocean
is composed of several distinct water masses, each characterized by specific physical and chemical

properties such as temperature, salinity, and density.
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One of the primary surface layers is the Antarctic Surface Water (AASW), formed through direct
interaction between the ocean, atmosphere, and sea ice [153]. AASW is typically cold and relatively
fresh due to heat loss to the atmosphere and freshwater input from precipitation and seasonal ice melt.
During the austral winter, strong katabatic winds and enhanced sea ice formation further intensify
surface cooling. In contrast, during summer, ice melt increases the freshwater content, lowering the
surface salinity. AASW serves as the precursor for both Antarctic Intermediate Water (AAIW) and
Antarctic Bottom Water (AABW), and it plays a central role in modulating air-sea exchanges and
the extent of seasonal sea ice.

Antarctic Intermediate Water (AAIW) forms to the north of the Antarctic Circumpolar Current
(ACC), where subduction of surface waters occurs at intermediate depths (approximately 700-1200

meters) [162]. AAIW is characterized by relatively low salinity and high oxygen content, resulting from
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Fig. 18: (a—) Key water masses, along- and across-slope flows and supporting mechanisms in the
(a) Fresh shelf, (b) Dense shelf, and (¢) Warm shelf Antarctic Slope Current (ASC) regimes defined
in this article. (d—f ) Measurements of conservative temperature (colors) and neutral density (black
contours) across the ASC in locations corresponding to each ASC regime: (d) the eastern Weddell
Sea [92], (e) the western Weddell Sea [199], and (f ) the Bellingshausen Sea [217]. Section locations
are shown in Figure 19, and white dashed lines indicate locations at which hydrographic casts were
taken. The following water masses are identified: Antarctic Surface Water (AASW), Circumpolar Deep
Water (CDW), Dense Shelf Water (DSW). Reproduced from [200].
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the mixing of AASW with warmer, saltier subtropical waters. Once formed, AATW spreads northward
into the subtropical gyres of the Atlantic, Indian, and Pacific Oceans, where it ventilates the upper

ocean layers and participates in the meridional redistribution of heat and gases.

In the abyssal layers, the Antarctic Bottom Water represents the densest water mass in the global
ocean [182]. It is primarily generated in coastal polynyas via the cascading of DSW along the conti-
nental slope. This allows for the transport of oxygen and nutrients to the depths of the ocean. Thus,
nourishing the life forms of the abyss.

The entire vertical exchange is driven by the upwelling of Circumpolar Deep Water (CDW), a rel-
atively warm and saline water mass found at mid-depths [198]. CDW upwells south of the ACC as a
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Fig. 19: Classification of the Antarctic Slope Current system around Antarctica. (a) Conservative
temperature and (b) absolute salinity of Antarctic Shelf Bottom Water (ASBW). (c) The colored bar
shows the spatial distribution of the three types of shelves: Warm shelf, Fresh shelf, and Dense shelf.
The shelf break is indicated by the black contour marking the 1,000 m isobath. The shading shows
the bathymetry of the continental shelf. Yellow circles show the position of historical hydrographic
measurements used to determine the presence of Dense Shelf Water from [15] and [6]. Gray bars
indicate the positions of recent hydrographic sections that were used in determining the classification

of the shelves. References to descriptions of the hydrographic sections are provided in the dotted box.
Reproduced from [200].
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POLYNYA

Fig. 20: Schematic of the formation of the meridional circulation pattern of the southern ocean.
Reproduced from [79].

result of wind-driven Ekman divergence and is brought to the surface, where it undergoes transfor-
mation into AASW. This transformation involves both heat loss to the atmosphere and the gain of
freshwater from precipitation and melting ice, reducing its density.

The fate of this modified surface water follows two principal pathways. A fraction is transported
northward, where it gradually subducts to form Antarctic Intermediate Water (AAIW). The remainder
is advected southward, where it undergoes further cooling and densification within coastal polynyas
before sinking to form Antarctic Bottom Water (AABW) [69]. This large-scale exchange constitutes
the meridional overturning circulation of the Southern Ocean, illustrated in Figure 20. It represents

a key branch of the global thermohaline circulation, introduced in Sect. 3.

7.7 Open questions

From this literature review, we have seen that polynyas are areas of crucial importance to the climatic
system. The main mechanism by which they impact the overall climate is the formation of AABW by
the cascading of DSW along the continental slope.

Despite the importance of AABW, the specific conditions leading to its formation are still not
fully understood. It is clear that there is a need for a significant increase in the density of surface
water so that it can flow down the continental slope. The density of AABW is very high with respect
to surface water because it is colder and more saline. It is generally hypothesized that the continental
shelf beneath polynyas facilitates the accumulation of density coming from the brine rejection by

reducing the mixing with the surrounding water and allowing shelf waters to get dense enough to flow
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down the slope and form AABW. However, the necessary size of the plateau for such accumulation is
not well-defined [6]. Indeed, some polynyas do not produce DSW, and some polynyas induce AABW
formation even without a large continental shelf (for example, the Cape Darnley polynya) [145]. The
factors affecting the production of brine rejection in polynyas and their temporal evolution are not
fully understood, especially the impact of seasonal and meteorological forcing [182].

Furthermore, the dynamics of DSW cascading down the continental slope are poorly described
due to the challenges associated with obtaining underwater measurements in these remote regions.
Submarine canyons along the slope have been suggested to play a role in directing these flows [4]. How-
ever, many small-scale and local processes affecting DSW formation and its downslope flow remain
poorly understood. These include tidal influences on the continental shelf, the influence of the topog-
raphy of the bottom, the entrainment of seawater, the mixing of the DSW with other water masses,
turbulence-induced processes, the role of shelf meltwater, and the interaction of the brine plume with
water stratification [182]. This lack of understanding leads to uncertainties in the numerical models
used for climate simulations [125].

Given the challenges inherent in conducting field measurements about DSW and AABW, one
might expect experimental studies to be prevalent. Such studies offer the advantage of controlled
environments, allowing for precise measurements of different variables. However, experimental studies
in this area remain scarce. The closest attempt at replicating a polynya in the laboratory was con-
ducted by Ushio and Wakatsuchi in 1993 [204], where an air flow was applied over a water tank in a
cold room to simulate polynya conditions. Figure 21 shows the setup used in this experiment. A key
limitation encountered in the experiments was that the polynya consistently closed over time, as ice
accumulated at the end of the tank and gradually extended across its surface. The limited number
of laboratory studies is likely due to the substantial challenges inherent in reproducing such complex
phenomena within controlled settings.

The cascading of DSW down the continental slope is analogous to gravity currents [80], namely,
flows driven by buoyancy differences. A complete presentation of gravity currents can be found in
Sect. 11 of the present thesis. In the context of AABW formation, the increase in density arises from
higher salinity and lower temperatures. Gravity currents have been extensively studied; in particular,
many experimental studies have been carried out with an influx of saline water as a source of buoyancy
[26, 139, 215]. Sinking gravity currents along slopes, with or without stratification, are a common
focus of these studies [138]. Various sources of buoyancy for gravity currents and plumes have been
studied. Mainly, heat flux, influx of saline water, or gases heavier than air (COq, for example) were
considered as triggers of density gradients [144].

The generation of buoyancy in the case of a polynya, other than the sea-surface cooling due
to exchanges with the colder atmosphere, is the brine rejection. The phase change at play in this
mechanism is peculiar and different from the simple addition of saline water or the heating of a surface
without phase change. Even though several authors noted the clear similarities between DSW flowing
down the continental slope and gravity currents, no published article presented experiments using
brine rejection as a source of buoyancy to induce a gravity current. These authors worked mainly with
numerical simulations or experiments involving the addition of saline water [15, 101].

Although not investigated as a buoyancy source, many aspects of brine rejection have been studied,
both with laboratory experiments [141] and numerical simulations [137]. The study that proposed

experiments closest to using brine rejection as triggers of density gradients was [68]. In this article,
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Fig. 21: Experimental setup used by Ushio and Wakatsuchi to create a polynya in the laboratory.
Reproduced from [204].

the convection induced by brine rejection in a tank of water was studied; the brine rejection was
homogeneous at the surface of the water and not confined in a polynya.

In this general picture, two key open questions are addressed in this study: is brine rejection alone
capable of generating a gravity current? If so, how does the latter depend on the system geometry
(i.e., spatial extent of brine rejection and topography of the bottom)?

This study aims to shed light on the above questions by conducting a preliminary laboratory
study, in which polynya-like conditions are reproduced. The focus is on the effects of brine rejection
on the velocity field within a water tank. The experiments were conducted in a cold room where ice
was allowed to form on part of the water surface, creating conditions similar to a polynya. To assess
the influence of brine rejection, the experiments were performed using both saline and freshwater, and
the velocity field was measured using Particle Image Velocimetry (PIV).

This preliminary study aims to provide novel laboratory data on polynyas, filling a gap where
previous analog studies are lacking.

An article named ‘Laboratory experiments on Dense Shelf Water formation’ was published by the
author of this thesis on the 25th of April 2025 in the Journal of Environmental Fluid Mechanics [34].
This article presents the experiments that were done to answer the scientific question presented above.

The next two sections are a modified version of the text of this article.

8 Experimental setup and methodology

8.1 Setup

The experiments were carried out in the Water Engineering Laboratory of the Department of Envi-

ronment, Land and Infrastructure Engineering (DIATI) of the Politecnico di Torino in Italy. The
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Fig. 22: Schematics (a,b) and pictures (c,d) of the experimental setup: (a) side view, (b) top view,
(c) experimental setup in the cold room, (d) inside of the insulated box with the PIV system.
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8.1 Setup

schematics and pictures of the experimental setup are shown in Fig. 22. It consists of a tank made of
stainless steel for the structure and glass for the walls, sizes of 1.5 m x 0.70 m x 0.55 m, filled with
fresh or salt water (Fig. 22a-b). The axis system is {x,z}, with = being the horizontal axis and z the
vertical (see Fig. 22a). The point (0,0) is located in the upper-right angle of the water body, and both
axes are directed toward the tank (the z-axis is directed toward the left and the z-axis is directed
toward the bottom). The tank was placed inside a cold room maintained in a temperature range of
-5°C to -20°C, with a precision of £1°C. The temperature within the cold room is homogenized by
fans, ensuring a consistent thermal distribution around the target temperature. The system operates
by allowing the temperature to decrease by one degree below the target before deactivating the cool-
ing mechanism. Once the temperature increases to one degree above the target, the cooling system is
reactivated, thereby maintaining the desired thermal conditions. To insulate the tank from external
temperature, the walls were surrounded by a 20 cm thick layer of polystyrene. Two geometries were
considered, one with a vertical wall and one with a 45° inclined wall starting at the free surface. To
simulate a polynya, most of the free surface was covered with a 20 cm thick layer of polystyrene, mim-
icking the insulation provided by a thick ice pack. An area of open water was preserved at one end of
the tank. Its width was equal to the tank width, and three different lengths, L, (see Fig. 22b) were
used during the experiments: 25 cm, 35 cm, 45 cm. Two different kinds of experiments were carried
out: an experiment that aimed at measuring the velocity field inside the tank and an experiment that
aimed at measuring the salt flux generated by the brine rejection.

An insulated box was constructed within the cold room to house the instrumentation (Fig. 22¢-d).
This insulated box was maintained at a temperature of approximately -1°C using a heating system.
This setup ensured that the glass wall inside the box maintained no flux conditions, with the water
temperature during the experiments being around -1.2°C.

Velocity measurements were obtained using the particle image velocimetry (PIV) technique. A
laser plane was created in the x-z plane by two lasers MDL-IIIT 520 nm, 300 mW, 30° angle from CNI
Laser positioned beneath the tank. A Nikon Z5 camera, housed inside the insulated box, recorded the
water movements at 24 frames per second. The PIV method used was a simplified version. Due to
the slow movement of the water in these experiments (of the order of magnitude of the millimeter per
second), a constant laser sheet was sufficient, and the natural impurities in the water served as tracers.
The recorded videos were processed using the PIVlab software from Matlab to determine the velocity
fields [197]. One image out of every two from the video was used, resulting in a relative acquisition
sampling frequency of 12 Hz. Interrogation windows were chosen to be 128 x 128 pixels? with an
overlap of 50 %. This allowed us to obtain one vector for every centimeter. The measurement area
was 33 cm x 59 cm and was situated 13 cm deeper than the free surface and 5 cm above the bottom.

Salinity measurements were obtained using an OAKTON 35419-35 CON 550 Series Benchtop
Conductivity Meter Kit. This instrument allows for a precision of 0.1 g/L. The salinity measurements
were used for the setup of the experiments, as well as to measure the salt flux released by the brine
rejection.

Furthermore, four PT100 temperature measurement probes, with a precision of £0.2°C, were
immersed in water along the wall at four different depths (respectively 5 cm, 19.5 c¢cm, 34 c¢m, and
38.5 ¢cm below the surface of the water). The probes were connected to a Data Acquisition System
(DAQ) from National Instruments to monitor the temperature of the water. A calibration of five
points (-5° C,-2° C, 0° C, 2° C, 5° C) was performed before taking the measurements. The temperature

measurement allowed us to control the experimental conditions with regard to the water temperature.
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8.2 Runs
The temperature of the water in the tank was -1.2°C for the salinity 34 PSU and -2.6°C for the salinity

70 PSU with a precision of 10% (notice that these temperatures are close to the corresponding freezing

point of the salty water). The water was stirred to ensure homogeneity of the temperature.

8.2 Runs

The experiments aimed to investigate the effect of brine rejection in polynya-like conditions. To do
this, the velocity field in the tank and the salt flux released by the brine rejection were measured.

The experimental procedure was as follows:

1. the cold room temperature was adjusted to the desired setting, which typically requires a few hours
to stabilize;

2. the water was cooled to its freezing point as a result of thermal exchanges with the cold air. Usually,
it takes twelve hours, depending on the initial temperature of the water, so it was initiated the day
before the experiment;

3. when the temperature of the water was close to its freezing point (which depends on the salinity
[27]) the water was stirred with a stick to ensure homogeneity;

4. the water was allowed to settle for five minutes to wait for the dissipation of the movements in the
water and the formation of the ice;

5. when the ice started forming at the surface of the polynya, the PIV measurement was set for 30
minutes;

6. 30 minutes after the ice started to form on the polynya surface, the PIV measurement was stopped,
and then the ice was retrieved with a net;

7. the retrieved ice was melted, and its salinity and volume were measured. The salinity in the melted
ice and in the salt water were compared, and the salt flux was computed according to the relation
(Swater — Sice) * Vice/(A-T), where Syqter is the salinity of the water, S;.. and V.. are the salinity
and the volume of the melted ice, respectively, A is the area of the open free-surface and T is the

duration of the experiment.

This experimental procedure was chosen after trying various methods to keep a polynya open.
The original aim was to use an air flow to open and sustain the artificial polynya. This procedure,
described by Ushio and Wakatsuchi [204], involved using airflow over the aquarium in the cold room
to create and maintain a polynya. The study demonstrated that the polynya gradually closes over
time. The same procedure was applied here: a fan and a convergent nozzle were used to induce an air
flow at the water surface. This enabled the polynya to remain open for a brief period. However, the
air flow induced excessive movement in the water, generating surface waves and internal fluid cells,
due to wind shear stresses. This interference masked the actual effect of brine rejection while being
insufficient to maintain an open polynya for an extended period. Therefore, a simpler procedure was
adopted. The absence of wind introduces a difference in the type of ice formed compared to that in a
natural polynya. In polynyas, frazil ice is typically produced, whereas without wind, a more coherent,
mushy layer of consolidated ice forms. Both differ from the solid slab of ice commonly observed in
freshwater. Brine rejection occurs in both types of ice, but in a different way. In frazil ice, almost all
the salt is rejected at the formation of the ice crystals, whereas in consolidated ice, a part of the salt
is rejected in the surrounding water, and a part is trapped inside the ice in the form of brine cells.
The brine is then slowly released via drainage channels. For the experiment, we are presenting the

practical difference that the consolidated ice will reject less brine than frazil ice.
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8.3 Pre-processing of the measures

During the experimental campaign, various conditions were tested to investigate the effects of
different parameters (Table 1 is a summary of these conditions). Two temperatures (-10°C and -20°C)
were chosen, both within the cold room’s operational range (the cold room temperature of -5°C was
not selected because ice formation was too slow at this temperature). Three salinities (0 PSU, 34
PSU, and 70 PSU) were used: 0 PSU is fresh water, i.e., the benchmark test, 34 PSU represents
typical Antarctic Ocean salinity [192], while 70 PSU, being double, was used to assess the influence of
salinity on brine rejection. Three different opening sizes L of the polynya (25 cm, 35 cm, and 45 cm)
were tested to determine if a wider opening would amplify the effect of brine rejection. Lastly, two
geometries (vertical wall and 45° inclined wall) were examined to compare the flow behavior on a slope
versus a vertical surface. The different combinations of the parameters give 24 cases with salt and
two cases without salt (i.e., a total of 26 different cases). For the control tests without salt, only the
geometry was changed, the air temperature was set to -20°C, and the opening size to 35 cm. For each
combination of the parameters, the experiment was repeated at least twice to ensure repeatability,

obtaining a total of 83 experiments with salt and 10 experiments without salt.

Table 1: The different experimental conditions.

Opening size L | 25 cm 35 cm 45 cm
Temperature -10°C -20°C

Salinity | 0 PSU 34 PSU 70 PSU
Geometry ‘ Vertical wall 45 degree inclined wall

8.3 Pre-processing of the measures

In the 83 experiments conducted with salt water, the water in the tank exhibited some kinematic
patterns resembling gravity currents or convective cells. These patterns will be presented in detail in
the Results section.

Note that the duration of ice formation and brine release is significantly longer than the 30-minute
interval during which we acquire velocity measurements. Velocity measurements are initiated once the
first layer of ice has formed. We can therefore consider that this experimental window allows us to
observe the velocity field in a (statistically) quasi steady-state.

Among these saline experiments, some were found to be fairly steady (albeit with fluctuations)
during the 30 minutes of the recording, while others showed clear trends; namely, the velocity field
and flow rate of the brine-induced gravity current showed a significant temporal evolution and were
not in a statistically steady state. It follows that a selection was necessary to identify the most reliable
cases. The aim was, in fact, to obtain a pseudo-steady state (possibly after an initial period of flow
pattern formation) that lasts for 30 minutes, in which it was then possible to average to eliminate
short-term fluctuations.

To select the steady cases, the flow rate of the observed current was calculated at eight regularly
spaced depths along the wall, using the vector field retrieved by PIVlab (see Fig. 53). To determine
the flow rate at a specific point, the velocity was integrated along a line normal to the wall. The axis
normal to the wall changes depending on the geometry of the experiment. For the case with a vertical
wall, the axis normal to the wall is x and the axis parallel to the wall is z, while for the case with the

inclined wall, the axis normal to the wall is z* and the axis parallel to the wall is z* (see Fig. 53).
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8.3 Pre-processing of the measures
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Fig. 23: Localization of the sections (perpendicular to the wall) where the velocity profiles were
measured and flow rates were evaluated. The colors of the sections are the same as the colors of the
velocity profiles reported in Fig. 27.

The integration was carried out over the distance from the wall to the location where the velocity
component parallel to the wall (z or z*, depending on the geometry) becomes zero. This gives a result
in ¢m? /s, which is a planar flow rate (the flow being considered planar as will be explained in more
detail in the Result section). This calculation was performed for one frame every 10 frames, resulting
in one value every 0.8 seconds. This gives a total of 2,250 images for each experiment. This generated
a time series of flow rates at different transects along the slope, showing the flow evolution over time.
Only experiments exhibiting simple oscillation patterns around a mean value, with no particular trend,
were retained. The Student’s t-test [3] was applied to the time series to test for the presence of a
trend: when the p-value was greater than 0.05, no significant statistical trend was assumed. Fig. 54
shows one of these time series in which there are fluctuations around a stable mean value, and the
trend is non-significant (p-value=0.8).

In this way, we eliminated runs where, due to the imperfect control of the experimental conditions,
unsteady kinematic patterns were manifested.

A total of 32 cases successfully passed the stationarity test and were deemed valid for analysis.
These included 19 cases with a vertical wall and 13 cases with an inclined wall.

Finally, it is worth noting that some cases were repeated in order to evaluate the reliability of the
experiments. In particular, two cases — (i) temperature of -20°C, salinity of 34 PSU, an opening of 45
cm, inclined wall, and (ii) temperature of -20°C, a salinity of 70 PSU, an opening of 35 cm, inclined
wall — were repeated four times. In all repetitions, we found differences in the values of ¢ and H less

than 10%. This demonstrates that the experiments presented here exhibit a good level of repeatability.
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Fig. 24: Flow rate as a function of time in a transect located 30 cm beneath the surface of the water.
In red, the linear regression (p-value=0.8, the trend is statistically non-significant). The experimental

conditions were: -20°C for the cold room temperature, 35 cm for the polynya opening, an inclined wall
of 45 degrees, and a salinity equal to 34 PSU.

Table 2: Number of stable experiments depending on the experimental parameters

Vertical wall Inclined wall (45°)
Number of experiments 25 cm 35 cm 45 cm 25 cm 35 cm 45 cm
34 PSU -20°C 1 1 4 1 2 1
70 PSU -20°C 1 4 1 1 1 1
34 PSU -10°C 1 1 0 datal 1 1 1
70 PSU -10°C 1 2 2 1 1 1

1Data not available due to backup issues.

9 Results

9.1 Flow fields

The role of brine rejection in generating buoyancy and driving a gravity current was investigated.
Figure 25 presents representative cases comparing the velocity field with and without brine rejection.
In all experiments, the cold room temperature was set to —20°C, and the polynya opening put to
35 cm (from z = 0 cm to = 35 cm). Panels (a) and (b) correspond to freshwater control cases, in
which no brine rejection occurs, whereas panels (c) and (d) show the saltwater cases (34 PSU). For
each pair, the left panel represents an inclined wall configuration and the right panel a vertical wall
configuration. The experiments with freshwater were performed to check that the experimental system
behaved as expected, that the measurements were correct, and to highlight the key changes due to
the salt addition. There are two main differences between the case with the freshwater and that with
the salt water. The first one is the dependence of the density on the temperature: for the freshwater,

density exhibits a maximum at 4°C, which does not occur for salty water. In our experiments — as the
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9.1 Flow fields
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Fig. 25: Mean velocity field averaged over 30 minutes using the velocity field calculated every 0.8
second for a total of 2,250 images. The axes x and z are defined in Fig. 53. The cold room was set to
-20°C, and the polynya had an opening size of 35 cm in all four cases (i.e., from x = 0 ¢cm to x = 35
cm). Panels (a) and (b) refer to fresh water, while panels (¢) and (d) refer to salt water (34 PSU);
left /right correspond to inclined/vertical walls, respectively. It should be noted that the color scales
for the fresh and salt water cases are different.

formation of ice at the top of the domain establishes an upper boundary condition of 0°C — the non-
monotonic behavior of density leads to a stable stratification in the case of the freshwater. However, it
should be noted that, in the experiments, the temperature of the water was nearly uniform and close
to 0°C, while the bottom of the tank was only about 0.3°C warmer than the top (a difference close to
the precision limit of the temperature measurement), indicating a minimal stratification. The second
difference is the brine rejection, which doesn’t occur in the freshwater case.

All the measurements presented here are planar and evaluated on the vertical measurement plane
located at the midpoint of the tank. Other parallel plans showed similar results. In fact, some mea-
surements on a perpendicular plane were made to test the presence of 3D patterns, but no relevant
3D motions were detected. Thus, we consider that the flow is mainly two-dimensional and that the
middle plane is representative of all other parallel planes.

Four cases are compared in Fig. 25: 45° inclined wall and fresh water (panel (a)), vertical wall and
fresh water (panel (b)), 45° inclined wall and salt water (panel (c)), and 45° inclined wall and fresh
water (panel (d)). In all cases, the cold room was set to a temperature of -20°C, and the polynya had
an opening size of 35 cm (the free-surface opening extends from z = 0 cm to = 35 cm, see Fig. 22).

In Fig. 25, the location of the polynya-like opening is on z = 0 ¢cm, above the image.
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9.2 Vorticity fields

Fig. 25 shows a marked difference between the experiments with and without salt. The experi-
ments with salt water exhibit distinct gravity currents along the wall, whereas the experiments with
fresh water show a (weak) cellular pattern (panels (a)) or incoherent movements (panels (b)). The
magnitude of the velocity field also differs significantly between salt and fresh conditions. In the fresh
water, the velocity magnitude is of the order of 1072 cm/s (0.025 cm/s for the vertical wall and 0.035
cm/s in the case of the inclined wall), while in the salt water condition, it is of the order of 107! ¢cm/s
(0.2 cm/s and 0.25 cm/s in the case of the vertical and the inclined wall, respectively). In the fresh
water, the small movements are quite randomly distributed, erratic, and are unable to create clear
flow patterns. Additionally, we noted a considerable variability of the velocity field (particularly in
the case of the vertical wall) between different realizations of the same experimental conditions; this
demonstrates the lack of a clear pattern and the extreme sensitivity to small differences in initial or
boundary conditions. Thus, in the absence of salt, the water is almost at rest, with very weak residual
cellular or incoherent motions arising from the stirring of the water at the start of the experiment.

In contrast, when salt was present, the formation of a clear gravity current along the wall was
observed, and velocities were an order of magnitude greater than in the freshwater case. This current
was consistently observed across all experiments, with variations between experiments being much less
pronounced than those in the fresh water condition. Therefore, the presence of salt in the water has
a significant impact, which can be attributed to the brine rejection. The temperature measurements
show a homogeneous temperature along the wall. This strengthens the relationship between observed
currents and brine rejection to the exclusion of potential thermal effects. In polynyas, brine rejection
acts as a source of buoyancy, increasing local salinity and, consequently, water density.

A notable difference between the experiments with a vertical wall and an inclined wall occurs (see
Fig. 25 panels (b) and (d)): in the case of an inclined wall, the current develops over a greater length
and becomes more pronounced and localized along the wall. The vertical velocity gradient along the
wall is far greater in the case with the inclined wall. This can be due to two effects: the first is linked
to the greater length of the inclined wall (about 1.4 longer than the vertical one), and the second effect
is the capability of the inclined wall to intercept the brine rejection over almost the entire length of
the opening at z = 0 cm; differently, the vertical wall ‘collects’ the salt released by the freezing of the

water in a smaller portion of the polynya-like opening.

9.2 Vorticity fields

To gain a clearer understanding of the general flow structure, it is insightful to analyze the vorticity
fields presented in Fig. 26. Similar to the velocity fields, these plots reveal a stark contrast between
the cases without salt water (Fig. 26a-c) and those with salt water (Fig. 26b-d). In the former, no
distinct spatial patterns in the vorticity are observed, indicating the unstructured nature of the flow.
Conversely, the saltwater cases display layers of vorticity with opposite signs emerging near the lateral
walls, whether inclined or not.

Understanding these patterns requires recalling that vorticity arises from two primary mechanisms.
The first is the diffusion of (positive) vorticity from the walls, driven by velocity gradients imposed by
the no-slip boundary condition. The second is the generation of vorticity due to density gradients, also
referred to as ‘baroclinic generation of vorticity’ [220], expressed as gp x g, where §p = V(lnp) is the
so-called stratification vector. Close to the solid boundary, the flow develops a thin layer of positive
(i.e., counterclockwise) vorticity, highlighting the dominant role of positive velocity gradients imposed

by the no-slip condition at the wall (Fig. 26). This thin layer is overlain by a thicker layer of negative
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Fig. 26: The figure shows the same velocity fields as in Fig. 25, reporting the vorticity field in the
background.

vorticity due to the action of S"p. This pattern therefore reflects the persistent presence of a denser

fluid layer flowing along the lateral walls, driven by continuous brine rejection at the water surface.
The two saltwater cases also exhibit a background of negative vorticity, indicating the presence of

a wall-structured, clockwise, large-scale recirculating motion induced by the sinking of the dense fluid

layer.

9.3 Velocity profiles
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Fig. 27: Velocity profiles at different transects along the inclined (on the left) and the vertical (on
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9.4 Dependence on experimental parameters

To describe the kinematics of the gravity current along the wall, some velocity profiles were eval-
uated (see Fig. 27). The velocity profiles were located uniformly along the wall; their positions are
shown in Fig. 53. The axes along which the velocity profiles are taken are x* for the inclined wall and
x for the vertical wall as defined in Fig. 53. The component of the velocity that is shown is parallel to
the wall (i.e., along the z and z* axis, respectively). Velocity profiles are obtained from the velocity
field averaged over 30 minutes in the measurement window; the flow regions close to the surface and
the bottom were not measured. In the case of the vertical wall, a zone of around 0.1 cm from the wall
could not have been measured due to technical limitations in the PIVlab software. This explains why
the velocity is not seen reaching zero at the wall when the wall is vertical; this limitation was not
present in the inclined case, allowing for more accurate measurements near the wall. The profiles are
shown from the wall to the point where the velocity reaches zero.

Two cases are presented: one refers to the vertical wall and one to the inclined wall. These two cases
represent well what was observed in the other experiments. Both cases had identical experimental
conditions, except for the wall geometry; specifically, the cold room temperature was -20°C, the salinity
was 34 PSU, and the polynya opening size was 35 cm.

Vertical and inclined walls exhibit common features: they show comparable velocities (around 0.1-
0.2 cm/s), profiles have similar shapes, and, starting from 60% along the vertical wall, profiles are
quantitatively quite similar to those measured on the inclined wall. However, they also exhibit some
key differences. The first notable difference is the thickness of the gravity current, that is, the distance
from the wall to the point where the velocity reaches zero. It is larger in the case of the vertical wall
(about 12 c¢cm) than in the case of the inclined wall (about 5 cm). This can again be attributed to
geometric factors: the inclined wall facilitates the collection of descending motions (induced by brine
rejection) that develop along the full length of the opening, leading to steeper density gradients in
the gravity current, which becomes more ‘concentrated ’ into a reduced thickness. This greater ‘salt
collection’ by the inclined wall also explains the higher velocity reached by the gravity current in the
case of an inclined wall.

The second difference is the dependence of the velocity on depth. For the vertical wall, there is a
clear progression: the velocity increases and then decreases with depth. The shape also develops from
a flat profile to a bell-like profile. In contrast, for the inclined wall, the depth-wise evolution is less
pronounced, and the profiles are more similar to each other. The difference between the two cases can
be attributed to the different motion patterns: in the case of a vertical wall, a convective cell develops
near the wall and we measured a vertical portion of it — therefore, velocity profiles are affected by the
curvature of the trajectories in the initial and final measurement sections — instead, in the case of an
inclined wall, a density current develops (on a path that is also longer than the vertical wall) which
shows an almost self-similarity of the profiles.

The inclined wall case is thus more similar in shape to a classical gravity current, such as one
formed by introducing a saline flow into the water, while the vertical wall case exhibits characteristics
more akin to Rayleigh-Bénard cells [132]. In both cases, the descent of the denser water generates a
large-scale recirculating motion; however, in the inclined wall case, the recirculating cell is more diffuse

and less well-defined compared to the more prominent structure observed in the vertical wall case.

9.4 Dependence on experimental parameters

The study investigated the influence of four parameters on the gravity current generated by brine

rejection: salinity, external temperature, wall inclination, and opening size of the polynya. Table 3
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9.4 Dependence on experimental parameters

Table 3: Flow rate and flow thickness depending on the experimental parameters

Vertical wall Inclined wall (45°)
q (1071 cm?/s) 25 cm 35 cm 45 cm 25 cm 35 cm 45 cm
34 PSU -20°C 20 9.2 13 5.7 6.2 7.7
70 PSU -20°C 11 11 14 4.5 8.2 8.7
34 PSU -10°C 6.1 11 no datal 13 11 13
70 PSU -10°C 4.7 14 22 1.7 2.4 3.4
Vertical wall Inclined wall (45°)
H (cm) 25 cm 35 cm 45 cm 25 cm 35 cm 45 cm
34 PSU -20°C 12 12 18 5.1 5.0 6.5
70 PSU -20°C 7.4 7.6 11 4.1 5.2 5.3
34 PSU -10°C 7.4 8.9 no datal 9.3 6.9 6.7
70 PSU -10°C 5.8 16 22 3.4 4.6 7.0

1Data not available due to backup issues.

illustrates the values of the flow rate (¢) and the thickness of the gravity current (H). This latter is
defined as the distance from the wall to the point where the z* component of the velocity reaches
zero. The flow rate per unit length (expressed in cm?/s) is defined as ¢ = fOH u(x*)dz*, where u(z*)

is the z*-component of the velocity.

Table 4: Brine-rejection-salt flux,
depending on the water salinity and
air temperature.

Salt flux | -10°C -20°C

34 PSU | 0.003 g/m?/s  0.01 g/m?/s
70 PSU | 0.005 g/m?/s  0.02 g/m?/s

Salt flux measures are presented in Table 4. They were obtained at the end of the experiments
by measuring the salinity and the volume of the ice (see Section 2.2). The ice was found to be 20%
less salty than the seawater. Additionally, approximately four times more ice formed when the cold
room temperature was -20°C compared to -10°C. As expected, measured data indicate that the salt
flux increases with higher salinity and lower temperatures. Specifically, the salt flux approximately
doubles when the salinity increases from 34 PSU to 70 PSU and quadruples when the temperature
decreases from -10°C to -20°C.

Table 3 shows a large variability for both ¢ and H. The flow rate ¢ goes from 0.17 cm?/s in the
case with L = 25 cm, 70 PSU salinity, -10°C air temperature, and inclined wall to 0.25 cm?/s when
L =45 cm, 34 PSU, -20°C, and vertical wall. The current width H goes from 1.6 cm for L = 35 cm,
70 PSU, -10°C, and vertical wall to 18 cm for L = 45 cm, 34 PSU, -20°C, and vertical wall. Thus,
there is one order of magnitude difference between the lowest and the greatest values. This difference
clearly shows that parameters have an influence on the values of ¢ and H.

The parameter most consistently associated with an increase in both ¢ and H was the opening size
of the polynya, as can be seen in Fig. 28. This result aligns with the intuition, as a larger opening size
allows for increased ice formation and brine rejection. However, significant variability in the magnitude
of this effect was observed. Under constant temperature, salinity, and geometric conditions, increasing
the opening size from 25 cm to 45 cm can have an effect that ranges from multiplying the flow rate
by 1.25 to multiplying it by 4.5.
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9.5 Discussion
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Fig. 28: Influence of the opening size L on q and H. The vertical wall cases (V) are in solid lines,
and the inclined wall cases (I) are in dotted lines.

The geometry of the lateral wall was also found to have a significant impact, as can be seen in Fig.
28. The cases with a vertical wall exhibited higher values of both ¢ and H compared to the same case
with the other geometry. Similarly to the opening size effect, the range of the influence of the geometry
varied considerably, ranging from negligible changes to a doubling of the flow rate. This variation is
likely due to the increase in mixing and friction along the longer flow path when an inclined wall is
present and the smaller effect of gravity due to the angle.

The role of water salinity was not as clear as that of the size of the polynya opening and the slope.
As indicated by results reported in Table 4, the salt flux increases with salinity, suggesting that the
flow rate ¢ should also increase with higher salinity. In Table 3, this trend is observed for ¢ in the
majority of cases; however, exceptions occur for the opening size of 25 cm with the vertical wall and
for half of the cases with the inclined wall. In general, the increase of ¢ with salinity is quite small.
Differently, for H, no significant trend was observed with respect to salinity.

The role of temperature in the experiments remains somewhat ambiguous. The expected outcome
is that lower temperatures would lead to increased ice formation, resulting in greater brine rejection
and, consequently, a higher flow rate. This expectation is supported by the data in Table 4, where
a clear increase in salt flux is observed at lower temperatures. However, in Table 3, the values of ¢
were not consistently higher in the lower temperature cases (-20°C). In fact, in many instances, the

opposite trend was observed. For H, no significant trend was observed with respect to temperature.

9.5 Discussion

As highlighted in Table 3, there are two clear trends that arise from our results: (i) the effect of the
opening of the polynya and (ii) the effect of the slope. Both ¢ and H increased with the increase of
the opening, and both ¢ and H were greater in the case of the vertical wall than in the case of the
slope, all other parameters being equal. The effect of the temperature and the salinity is, instead, not
so clear. It would be expected that the decrease in the temperature and the increase in the salinity
should give greater g. Table 4 clearly indicates that the salt flow induced by brine rejection followed
this trend. Table 3 shows that in the case of the salinity, ¢ seems to increase with the increase of

salinity, but not H. Conversely, neither ¢ nor H was found to follow a particular trend with respect
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9.5 Discussion

to the temperature. This is surprising and remains unexplained. Further experiments will be needed
to clarify this behavior.

Apart from understanding the role of the different parameters, the results of Table 4 also allow us
to conduct a scaling analysis that can help explain the order of the average velocity measured in the
experiments. Table 4 indicates a salt flux on the order of 1072 g/m?/s at -20 C for a salinity of the
water of 34 PSU. For these conditions and an opening size of 35 cm, the average velocity was found
to be on the order of magnitude of a few millimeters per second. Given that the surface area of the
polynya is 0.245 m?, during the 30-minute duration of a single experiment, this flux results in the
injection of approximately 4.4 g of salt. In a total volume of about 0.1 m?, this leads to an increase
in salinity of 0.044 PSU. With the haline contraction coefficient being 35=0.78 x 10~3 PSU™!, the
corresponding relative increase in density is calculated as Ap/p = BsAS = 3.4 x 107°.

From dimensional analysis, the velocity associated with buoyancy-induced natural convection can
be expressed as u ~ \/ngp/p, where [ represents the length scale relevant to the flux. In this case,
we can select [ as the width of the boundary layer, 5 cm. This yields a final average velocity estimate
of u ~ 4 mm/s, which is what was found in the experiments.

From these values, it is instructive to derive the pure numbers that control the experiments,
namely the Prandtl, Reynolds, and Rayleigh numbers. The Prandtl number, Pr=v/«a , where v is the
kinematic viscosity and « is the thermal diffusivity, is equal to 14 for water at the freezing temperature.
The Reynolds number reads Re = uL /v, where w is the typical velocity, L is the length scale, and v
is the kinematic viscosity. The experiments provide u around 0.3 cm/s, and the characteristic length
can be set equal to the opening of the polynya, namely L = 35 cm. This provides Re ~ 1000, which
is compatible with a laminar flow, in agreement with measurements.

The Rayleigh number reads Ra=gL3Ap/(ua), where p is the dynamic viscosity, « is the thermal
diffusivity, and Ap is the density difference induced by the brine rejection. After adopting the order
of magnitude analysis reported above, we find Ap=pBsAS=0.034 kg/m3. This gives a large value
of the Rayleigh number, around 5.5 x 107, indicating a prevalence of convection effects as observed
in the experiments. In the case of a Rayleigh-Bénard cell, such a large value of the Rayleigh number
usually implies a turbulent flow. However, this is not the case in our experiments, where we always
observed clear laminar motions.

It is worth comparing the scales of different parameters and measurements from the experiments
to their counterparts in the real polynyas. The opening length of a coastal polynya is typically 10 km,
the depth of the ocean 3 km, and the inclination of the continental slope 1° to 3°. As for the formation
of deep waters, the typical velocity along the slope is 0.5 m/s, and the density difference between the
dense water and the surrounding waters at the beginning of the slope is given mainly by the salinity
difference, which is 0.2 PSU, which gives a density difference of about 0.7 kg/m? [136]. These values
imply very large values for both the Rayleigh and the Reynolds number, far beyond their respective
critical values.

To compare the experimental case to the field case, the Rayleigh number is much larger in the
latter, but the qualitative meaning does not change, always indicating that convection dominates over
diffusion. What changes substantially is the Reynolds number, which in the case of ocean polynyas
is much larger than the critical one and indicates turbulent convective motions (different from the
approximately laminar motions observed in the experiments). This aspect suggests that — although

qualitatively the results obtained here are to be considered valid also in real cases (i.e., the existence
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of currents totally induced by brine rejection) — caution is needed in transferring the quantitative
aspects since turbulence could significantly alter them.

Indeed, some aspects that are not fully understood in the DSW and AABW formation are those
regarding turbulent mixing [128]. Therefore, future experiments would have to face this issue. One
possible solution would be to increase the brine rejection rate by increasing the heat exchange above

the ice (e.g., by means of forced convection).

10 Result summary and closing remarks

Experiments on gravity currents using brine rejection as a source of buoyancy were carried out. The
source of buoyancy resembled a polynya-like condition in a controlled laboratory environment. The
experiments examined the effects of polynya size, external temperature, water salinity, and bottom
geometry on the resulting velocity field.

The key result was to demonstrate that brine rejection is capable of generating clear gravity
currents, having a velocity (in our experimental setup) of the order magnitude of millimeters per
second. Both the flow rate and the thickness of the current were found to vary depending on the
experimental parameters. Specifically, increasing the polynya opening size led to higher flow rates
and thicker currents. The flow rate was also slightly increased with the salinity of the water. In
addition, the flow rate and current thickness were greater when a vertical wall was present, compared
to configurations with an inclined wall. The wall inclination also influenced the structure of the motion
due to the brine rejection: the vertical wall induced a cell structure resembling Rayleigh-Bénard flow,
while more defined and developed currents were observed along the inclined wall. Finally, changes in
external air temperature within the tested range did not significantly influence the flow rate or current
thickness, though no clear physical mechanism was identified to explain this result.

The main difference between these experiments and real flow conditions beneath a polynya lies in
the Reynolds number. In the laboratory experiments, the Reynolds number is relatively low and the
flow remains in a laminar regime, whereas in the ocean the flow is fully turbulent. This difference has
important consequences, particularly for mixing at the interface between the gravity current and the

ambient fluid, which is significantly more intense at higher Reynolds numbers.
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III Numerical simulations of
gravity currents along a slope in a

stratified ambient

Gravity currents are flows driven by density differences, occurring frequently both in natural
environments (e.g., sea breezes, avalanches) and in industrial contexts (e.g., oil spills, brine discharge
in estuaries). Owing to their relevance, gravity currents have been extensively investigated. Among
them, some propagate downslope into a stratified ambient and mix with the ambient fluid, such as the
cascading of DSW into the Southern Ocean. These currents penetrate the stratification until reaching
an equilibrium. We present numerical simulations designed to investigate how the penetration depth
of such gravity currents depends on the slope angle and the strength of the ambient stratification.

The part is structured as follows. We first provide a review of the literature on gravity currents.
We then describe the numerical method employed, followed by a validation of the simulations against

experimental data. Finally, we present the results obtained from the numerical simulations.

11 Literature review on gravity currents

11.1 Generalities on gravity currents

Some fundamental parameters characterize gravity currents, including the current density p, the ambi-
ent fluid density p,, the current thickness h, the density difference between the current and the ambient
fluid Ap = p — pa, and the corresponding reduced gravity ¢’ = g Ap/p,. A schematic representation
of a gravity current illustrating these parameters is provided in Figure 29.

A gravity current typically consists of three main regions: the front, the head, and the body. These
regions are illustrated in Figure 30, where the arrows indicate the velocity field. The front represents
the interface between the ambient fluid and the gravity current, and its velocity is often analyzed to
characterize the current’s propagation. Immediately behind the front lies the head, which is thicker
than the remainder of the current — approximately twice as thick, according to Simpson et al. [183]
— and contains most of the current’s buoyancy. The resulting pressure imbalance, created by the
momentum difference between the head and the ambient fluid, forces the flow to bulge. The body

constitutes the bulk of the current that follows the head.
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Fig. 29: Schematic representation of a gravity current. The orange line marks the interface between
the current and the surrounding fluid. The flow propagates from left to right, as indicated by the
arrow.

Gravity currents can be characterized and classified based on two key parameters: the density

difference between the current and the ambient fluid, and the characteristics of the source.

Categories related to density difference

1. When the gravity current is lighter than the ambient fluid, the current is called an upper gravity

current. This is the case of oil spillage into water or fumes from chimneys.

Body Head Front

Fig. 30: Schematic representation of the different parts of a gravity current.
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Fig. 31: Schematic illustration of two types of gravity currents: (a) fixed-volume release and (b)
continuous supply. The fluids have densities p; < ps. In panel (a), the fluids are initially separated by
a barrier (left), and the current develops once the barrier is removed (right). In panel (b), the denser
fluid is continuously injected into the lighter ambient with a prescribed velocity.
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11.1 Generalities on gravity currents

2. When the gravity current is heavier than the ambient fluid, it is called a bottom gravity current.
This is the case of turbidity currents, avalanches, pyroclastic flows, etc.

3. When the ambient fluid is stratified (i.e., forming layers of different densities) and the gravity
current has an intermediate density with respect to different layers, it is called an intrusive current.
In this case, the density difference Ap is interpreted as the difference between p and the density of
the layer of the stratification that the current first encounters (typically the upper layer).

If the density difference between the gravity current and the ambient fluid is smaller than 10%,
then the Boussinesq approximation can be used, which assumes a constant density in the Navier-
Stokes equations except where it is multiplied by gravity g. This allows for a significant simplification
of the equation.

If the density difference is greater than 10%, then the current instead is considered non-Boussinesq.
An important difference between Boussinesq and non-Boussinesq currents is the head thickness. As
the lighter fluid opposes a lot less resistance to the progression of the flow in the non-Boussinesq case,
the head does not gain as much thickness as in the Boussinesq case. The Boussinesq currents have
been by far the most extensively studied (e.g., [20, 173]), while non-Boussinesq currents have also

been the focus of several important investigations (e.g., [50, 108]).

Categories related to the type of the source

1. When the gravity current is produced by the sudden release of a fixed volume of a fluid with
a different density into an ambient fluid, it is called a constant-volume or lock-exchange gravity
current (see Figure 31a). Examples include dam breaks or avalanches.

2. When the gravity current is produced by a continuous source, it is called a continuous release

gravity current (see Figure 31b). Examples include pyroclastic flows or oil spills.

Dimensionless numbers

The behavior of the gravity currents may be described by a few dimensionless numbers that are ratios
between some important parameters of the flow. These numbers are:

1. the Reynolds number: Re = UH /v, where U is a characteristic velocity, H is a length scale
(typically the current depth), and v is the kinematic viscosity. Reynolds number quantifies the relative
importance of inertial to viscous forces. It determines whether the flow is laminar, transitional, or
turbulent. Most laboratory and environmental gravity currents operate at moderate to high Reynolds
numbers, where turbulence plays a significant role;

2. the Froude number: Fr = U/+/g/H. Tt expresses the ratio of inertial to buoyancy forces and is
crucial in defining flow regimes such as subcritical or supercritical propagation. The Froude number
governs front speed and is often used in theoretical predictions;

3. the Richardson number: Ri = g/H/U? = Fr~2. It measures the ratio of potential to kinetic
energy and is a key parameter in stability analyses. A low Richardson number (typically Ri < 0.25)
indicates a flow susceptible to shear instabilities like Kelvin—Helmholtz, whereas higher values
correspond to more stable, stratified currents.

These dimensionless numbers provide a framework to analyze and compare gravity current behavior

across laboratory, numerical, and field scales.
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11.2  Behavior of gravity current on a horizontal plane

11.2 Behavior of gravity current on a horizontal plane

Gravity currents were first studied by Theodore von Kérman in 1940 [209], who applied Bernoulli’s
theorem to the streamline separating the current from the ambient, assuming that the ambient was

in motion while the current remained at rest (see Figure 32a). This led to the following expression for

the velocity of the head:
2ghA
wm 2B 3)

where h is the height of the head of the current. The limitation of this approach is that, due to the
assumptions made in applying Bernoulli’s theorem, no mixing between the current and its environment
was allowed.

Thomas Brooke Benjamin later extended von Kérmdan’s work [20]; considering a continuous source
of buoyancy in a confined environment and performing a mass and momentum balance while neglecting
friction and entrainment in a non-dissipative case (see Figure 32b). From this analysis, he obtained

the following expression for the front velocity:

(4)

_ [ghAp(2H — h)H(H — h)?
u= PIE )

where H is the height of the confined environment and h the thickness of the current. Furthermore,
he demonstrated that h can take only two values, 0 and H/2. A lower value of h would imply a
dissipative current. According to Benjamin, the Froude number should always equal 0.5 for a non-
dissipative current. If F'r < 0.5, this indicates the presence of dissipation (e.g., due to friction), whereas
if Fr > 0.5, it suggests that external energy is supplied (e.g., through continuous injection). This
study was highly influential.

One of the most common methods to study fixed-volume gravity currents in the laboratory is the
lock-exchange technique. The classical setup consists of a tank of water in which a reservoir of denser

liquid (typically brine) is placed on one side, separated from the rest of the fluid by a removable wall.
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Fig. 32: Schematic representation of the gravity currents theoretically analyzed by von Kdrmén [209]
(panel (a)) and Benjamin [20] (panel (b)). In both cases, the gravity current is treated as stationary,
while the ambient fluid approaches it with velocity U. Benjamin’s formulation further considers a
confined ambient of height H.
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11.2  Behavior of gravity current on a horizontal plane

The experiment begins when the wall is removed, and the denser fluid propagates into the ambient
fluid due to the difference in hydrostatic pressure.

One of the first important experimental studies employing a lock-exchange configuration was con-
ducted by Huppert and Simpson (1980) [97]. They were the first to challenge Benjamin’s model through
systematic laboratory experiments using brine. In their work, they identified two distinct regimes for
the Froude number. In the first regime, the Froude number remains constant when the ambient depth

is large compared to the current height. In the second regime, the head Froude number scales as:

Fry o (I’;)US. (5)

Compared to Benjamin’s theoretical prediction (Fr = 0.5), the measured Froude number was
smaller, likely due to frictional effects present in the experiments. Since the scaling proposed by
Huppert and Simpson is based on experimental evidence, it is often preferable to use it rather than
the purely theoretical law, which neglects a number of aspects inherent in real flows.

In addition to these insights on the Froude number, Huppert and Simpson also identified three

distinct stages in the evolution of a gravity current:

1. the slumping phase, during which the front advances at nearly constant speed due to gravitational
collapse;
2. the inertial phase, characterized by gradual deceleration as buoyancy and inertia reach equilibrium,

3. the wviscous phase, during which viscous diffusion dominates and further decelerates the flow.

Fay [63] later proposed different laws for the propagation of gravity currents depending on the
phase:

slumping phase zf o ¢
inertial phase x; o t2/3

viscous phase  x; o t'/°

where x ¢ is the position of the front and ¢ the time.

The study of the Froude number in gravity currents has been particularly fruitful, and numerous
other formulations have been proposed in the literature.

The most common technique for creating a continuous gravity current in the laboratory is to
connect a pipe to a reservoir of dense fluid (typically brine) and discharge it into a tank containing
a lighter fluid (usually water). Unlike the lock-exchange configuration, where a finite volume of dense
fluid is suddenly released, this setup provides a sustained injection of dense fluid into the ambient
environment. Such a configuration is particularly relevant to geophysical and industrial flows, for
instance, brine discharge into estuaries, pyroclastic flows, or dense overflows from marginal seas.

In this configuration, the source continuously releases a fluid, and the behavior of the current can
be separated into two phases. The transitional and the stationary regimes. In the transitional phase,
the flow propagates inside the observed area. Eventually, the current exits the observed area. The
current then enters a statistically steady state, called a stationary state. The continuous release case
was first studied by Von Karman [209] and Benjamin [20], followed by many others, among which
Ellison and Turner [60], Baines [130], and Ungarish [21].
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M 0
Fig. 33: Gravity current propagating either horizontally (on the left) or downslope (on the right).
The color scale represents the fluid density, with darker/green shades indicating denser regions and

lighter /yellow shades corresponding to lighter fluid. The visualizations are obtained from the author’s
numerical simulations.

In the transitional regime, the current exhibits a head followed by a body and propagates similarly
to lock-exchange flow. Ungarish [203] demonstrated that this regime can be mathematically treated
as equivalent to the finite-volume case.

The stationary regime, by contrast, is characterized by the absence of a head, with only the body
of the current persisting. Its properties, such as velocity, become statistically steady. Beyond an initial
adjustment zone near the source, the current develops into a self-similar state, in which the normalized

velocity profiles remain invariant with distance from the source.

11.3 Influence of the slope

The presence of an inclined boundary significantly alters the dynamics of gravity currents compared
to horizontal configurations that have been discussed so far. The slope enhances the component of
gravitational acceleration acting along the direction of flow, resulting in increased front velocities and
modified internal structures. Understanding the effect that the slope has on gravity currents is one
of the main goals of this thesis. The slope angle is defined as the angle between the slope and the
horizontal axis and is called 6. This means that & = 0° is a horizontal plane and # = 90° is a vertical
wall (see Figure 33b).

Two pioneering studies on inclined gravity currents are those of Britter and Linden (1979) [26]
and Beghin (1981) [18]. Both performed experiments on gravity currents using a wide range of slope
angles (from 5° to 90°).

Britter and Linden [26] identified two dominant propagation regimes: an initial inertia-buoyancy
phase where the front advances with a nearly constant velocity due to a balance between inertial and
gravitational forces, and a later viscous-buoyancy phase where viscous effects become increasingly
significant, causing a nonlinear deceleration of the front. The first phase of nearly constant head veloc-
ity was found for angles larger than 0.5°. For smaller angles, head velocity decreased with increasing
distance from the source.

1/3 _ where u is

Britter and Linden [26] also demonstrate that the nondimensional ratio u/(B;)
the velocity of the head of the current and B, = Apguh/p, denotes the buoyancy flux — remains
constant regardless of the slope angle. This result was later confirmed by Fernandez et al. [64]. This
means that the nondimensional velocity of the head of the current does not depend on the angle.
They interpreted it as an equilibrium between the increase in buoyancy force and entrainment (see
Sect. 11.5) with angle.

Beghin et al. [18] focused on avalanche-like flows, performing experiments for gravity currents

propagating along inclined surfaces over a wide range of slopes ( 5° < 8 < 9° ), using mixtures of fresh
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water—salt water or, in some cases, suspensions of fresh water and sand. Their experiment confirmed
the findings of Britter and Linden regarding the inertial and viscous phases.

To describe the behavior of gravity currents flowing along a slope, Beghin et al. [18] propose
the so-called thermal model, inspired by the classical plume model of [134]. This model is based
on conservation equations for mass, momentum, and buoyancy. It assumes that the gravity current,
treated as a semi-elliptical ‘puff’, entrains a portion of the surrounding ambient fluid during its
propagation.

This framework was extended to other configurations. Dade et al. [48] adapted the model for
compositional gravity currents, where density differences arise from concentration gradients. Dai et
al.[52] introduced a detrainment coefficient to account for buoyancy loss in the current head, and [51]

further refined the model to include the effects of wall friction in sloped channels.

11.4 Gravity currents in stratified environments

Stratification arises when layers of different densities form due to variations in temperature, salinity, or
suspended particles, resulting in a stable vertical density gradient. In the ocean, thermal (temperature)
and haline (salinity) stratification produce distinct layers, such as the mixed layer (surface layer
where the wind homogenizes the water), pycnocline (a layer of higher density), and deep water, which
controls heat and nutrient transport [195]. The Southern Ocean, where DSW typically forms and flows
down, is strongly stratified. Figure 34 shows some examples of temperature and salinity patterns in
the Southern Ocean, resulting in strong density stratification.

Lakes often exhibit seasonal stratification, with warmer, lighter water forming a surface epilimnion
above a denser, colder hypolimnion, separated by a sharp thermocline; this structure can inhibit
oxygen replenishment at depth during summer months. In cold weather, another type of stratification
occurs: when the surface of the lake freezes, the maximum density of fresh water being at around 4°C,
the lake exhibits a stratification with the warmest layers (4°C) at the bottom and the coldest (close
to 0°C) at the top [54].

When a gravity current propagates into a stratified ambient, its dynamics are strongly influenced
by the background density gradient, which can alter buoyancy fluxes, suppress turbulence, and modify
entrainment rates. For instance, in oceanic overflows such as the Mediterranean Outflow into the
Atlantic, dense saline water flows along the seafloor and intrudes at a depth determined by the ambient
stratification, forming interleaving layers in the thermocline [16]. Similarly, river plumes entering
stratified coastal zones often spread horizontally at the pycnocline, creating surface- or mid-depth
intrusions depending on the density contrast [38]. In fjord systems, stratification induced by freshwater
runoff over saline water can trap dense gravity currents near the bottom, limiting vertical mixing and
affecting oxygen renewal in deep basins [201].

The formation of AABW is strongly linked to the stratification of the ocean. If the current flowing
from the continental plateau is not dense enough, it will form an intrusion at its neutral buoyancy
depth. The dense gravity currents coming from polynyas have even been hypothesized to be responsible
for the stratification of the deep ocean and the subsequent sequestration of COy [151]. In summary,
the stratification influences the dynamics of a gravity current primarily by reducing or suppressing
turbulent mixing with the ambient fluid due to the stabilizing density gradient; in addition, when
the current reaches a layer of equal density, it no longer propagates vertically but instead intrudes

horizontally along that layer.
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Fig. 34: Cross section of the area of the Burton Basin in eastern Antarctica (68°S, 78°E) showing the
stratification of the Southern Ocean in temperature (a), salinity (b), and density (c) averaged over
several years of the 20th and 21st century. The white dashed lines represent the limits of the Burton
Basin, noted ‘B.B’ in panels (a). Adapted from [125].
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&
Fig. 35: A visual record of ‘engulfing’, according to Corcos & Sherman [43].

11.5 Turbulent entrainment

When the gravity current and its environment are miscible, a phenomenon known as entrainment
occurs. The gravity current engulfs ambient fluid into itself and, by this process, gains in thickness
and gets diluted. This phenomenon occurs at the interface of the two fluids, where the current exerts a
shear on the ambient fluid, causing turbulent mixing (see Figure 35). The key parameter that controls
the dilution of the current is the entrainment coefficient «.

To give a mathematical description of the entrainment, we place our analysis in a two-dimensional
plane (see Figure 29). In this plane, the z-axis is the horizontal direction, the z-axis is the vertical
direction, u(x, z,t) is the velocity component along xz, and w(z, z,t) is the velocity component along
z, u(x, z), and W(x, z) are the time averaged velocities. We assume a gravity current flowing into an
ambient fluid in the z direction. The gravity current is considered to flow along a horizontal boundary;
however, the forthcoming analysis also applies to the inclined case, with an appropriate change of
coordinates. With this coordinate system defined, the governing equations for the flow can be written,

starting with the continuity equation:

ou__ow _
dr 9z

We define the time-averaged volume flux and specific momentum flux as:

0. (6)

o0 oo
Qx) = / u(x,z)dz, M(z)= / w?(x,2) dz (7)
0 0
By integrating the equation of continuity 6 along the z axis, and considering that the velocity at

the wall is zero, we obtain:
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11.5 Turbulent entrainment

dQ
= ol )

where, [W]oo = W(x, 2z = 00) is the value of the vertical velocity component far from the wall.
We use the entrainment hypothesis which states that —[wW]e, = a% and we obtain the formula for

the entrainment coefficient « (in the literature one may encounter the notation E or e as well):

a= 2% (9)
This entrainment coefficient is the main tool to quantify the entrainment in plumes and gravity
currents. It derives naturally from the entrainment assumption, which states that the mean inflow
velocity across the edge of a turbulent flow is proportional to a characteristic velocity, usually the
local time-averaged maximum mean velocity or the mean velocity over the cross-section at the level
of inflow. This hypothesis was introduced by Sir Geoffrey Taylor in 1949 in a wartime report on
the dynamics of hot gases rising in air. The idea was left unpublished and was later rediscovered by
Batchelor (1954) and expanded and refined in an article by Morton, Taylor & Turner in 1956 [134].
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Fig. 36: Experimental setup of Ellison and Turner (1959). Reproduced from [60].
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Fig. 37: Measurement of entrainment into an inclined plume as a function of slope. Adapted from
Ellison and Turner [60].
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11.5 Turbulent entrainment

The application of the entrainment coefficient to gravity current was presented in a classical article
from Ellison and Turner in 1959 [60] (referred here to as ET59). In a series of experiments, a dense
brine current was released into freshwater (see Figure 36), and the spatially averaged entrainment
coefficient (@) of the resulting gravity currents was determined by measuring the salinity of the current
at the outlet. We define () = Li* fOL””* - dz*, where L, is the length of the slope. It represents the
spatial average of a quantity along the slope. These measurements were conducted for slope angles

ranging from 10° to 90°. They found a linear relationship between the slope angle and the entrainment
rate. Specifically, entrainment increases with the slope and reaches a maximum of approximately 0.1
for a vertical plume (90°). Figure 37 reproduces the results of ET59. Subsequent research has refined
these findings and proposed a variety of empirical laws for the entrainment coefficient, explicitly
accounting for the slope angle. Some of these laws are summarized in Table 5. These laws were typically
obtained by fitting the observed variation of o as a function of 6 using functions that depend solely
on the slope angle.

ET59 also observed that entrainment is strongly influenced by the Richardson number, defined in
Sect. 11.1, and found that the entrainment coefficient is inversely related to the Richardson number

of the gravity current. They proposed an empirical formula for the entrainment coefficient:

a = (0.08 — 0.1Ri)/(1 + 5Ri), (10)

which applies to all slope angles, as the Richardson number itself varies with the angle. Since then,
many other formulations have been proposed. Table 6 summarizes the main formulas relating the
entrainment coefficient to the Richardson number, compiled from Chowdhury [40], Fernando [66], and
Haddad’s PhD dissertation [82].

Table 5: Summary of proposed laws to calculate the entrainment coefficient of
a current knowing the angle of the slope. Adapted from [83].

Reference Law Remarks
Pedersen [160] 0.072 sin(0) -
Briggs [25] 0.05 sin?/3(6) -
Hopfinger [94] 9.5 x 1074(0 + 5) Law based on ET59
4x 10730 Law based on Pedersen [160]
Hughes and Griffiths [96] 0.1 sin(6) 0>5
Wells and Wettlaufer [215]  Eeq sin(0) 0>5
Sequeiros [179] Risin(f) — Cp No restriction
Haddad [83] 0.002 cos(#) Ri 4 0.09 sin'/2(9)

Eeq is the rate of increase of volume flux with depth.

Cp is the drag coefficient.

In summary, the key aspects regarding the entrainment are:

® the mixing between the gravity current and its environment is modeled by the entrainment
coefficient «;
® the entrainment coefficient increases with the angle and is maximal in a pure plume, where it is

equal to 0.1;
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11.5 Turbulent entrainment

Table 6: Summary of proposed laws to calculate the entrainment coeffi-
cient of a current knowing its Richardson number. Adapted from [82].

Reference Law Range of validity

Ellison, & Turner [134] % Ri < 0.8

Lofquist [112] o 10 < Ri < 100

Christdoulou [41] 0.07 Ri < 0.01
0.007Ri~1/2 0.01 < Ri < 0.1
0.002Ri~! 0.1 < Ri <10
0.007Ri—3/2 Ri > 10

G. Parker et al. [155] %41-&5-%1 No restriction

G. Parker et al. [156] No restriction

0.075
<1+7 Ri2'4)0'5

Van Kessel & Kranenburg [102] YT 1+5‘\/5(>; 1601;3 TR No restriction
. 11— . L7 — .

cy ¥

— No restriction
Ri+10(Cy, C “+Cs)

Dallimore et al. [55]

Princevac et al. [165] 0.05 Ri—0-75 0.15 < Ri < 1.5

Cy C¥2P+C,T

3/2

Fernandez & Imberger [65] R4 1000, G400
7 rCp s

No restriction

Johnson & Hogg [100] 13'2077%1. No restriction
Van Reeuwijk et al. [207] 0.31(Rimax — R1) Ri < 0.15

Ck is a coefficient parameterizing the efficiency of the boundary-introduced turbulent
kinetic energy. See [65].

Cs is a coefficient measuring the efficiency of the local shear production. See [65].
Cp is the drag coefficient.

Rimaz refers to the maximum Richardson number beyond which entrainment ceases.
[207] gives an empirical value of 0.2.

® the value of entrainment is inversely proportional to the Richardson number, which models the
stability of the flow. Some authors have argued that past a certain Richardson, the entrainment is
negligible;

® the entrainment coefficient is a general concept that can be applied to a variety of conditions:

brine/water, dense/light gas, particle-laden/clean water, etc...

Another important step in the understanding of entrainment was the development of the so-called
entrainment decomposition. This approach makes it possible to separate entrainment into different
physical contributions, allowing a more detailed analysis of the mechanisms at play. The idea was first
introduced by Priestley et al. [164], then further developed by Parker, Fukushima, and Pantin [155] in
the context of turbidity currents, and later extended to other types of flows by Sequeiros et al. [179]
and Paillat and Kaminski [152]. More recent formulations can be found in Salinas [173] and Lanzini
[108].

The full derivation of the entrainment decomposition, starting from the mass, momentum, and
kinetic energy balance equations, is presented in Appendix A. Here, we only summarize the key

concepts needed for interpretation.
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11.6 Experimental works using a combination of slope and stratification

We consider a gravity current flowing downslope under the Boussinesq approximation and at
high Reynolds number (fully turbulent conditions). Instead of focusing on local pointwise quantities,
we describe the flow using integral quantities derived from the velocity and pressure fields. These
bulk properties capture the overall structure of the current and provide a convenient framework for
analysis. By combining these integral definitions with the Reynolds-averaged Navier—Stokes equations,

the entrainment decomposition reads:

QE = Qprod + QCp + QRi + Qshape- (11)

These terms can be understood in physical terms as follows:

® oy is the total entrainment theoretically equal to calculated using eq 9 (see Fig. 60 for a comparison
between the two)

® 04 (production term): the main positive contribution, associated with turbulent mixing and the
production of turbulent kinetic energy;

® a¢,, (drag term): a negative contribution accounting for energy losses due to drag and wall friction;

® ap; (Richardson term): related to buoyancy effects; its influence increases with slope angle and
ambient stratification;

® agpape (shape term): associated with deviations from self-similarity near the source. This term

decays to zero as the current evolves downstream and reaches a self-similar state.

Generally, while entrainment associated with turbulence typically provides the main contribution,

other effects such as drag, buoyancy, or flow adjustment may become significant in particular regimes.

11.6 Experimental works using a combination of slope and stratification

Several studies, among the earliest of which was Monaghan et al. [131], investigated two-layer stratified
environments and highlighted the various outcomes when a gravity current meets a sharp density
interface (see Figure 38). Cortes [45] provided a criterion to predict the behavior of the gravity current
at the interface between the two densities. We consider a situation with two layers of density p;
and pp and a gravity current of density pg. If p1 < pgy < p2, the current intrudes between the two
layers (Figure 38a), if p, > po, the current goes to the bottom of the tank (Figure 38b), and if
the current has an important internal gradient the current can split, the lighter part intruding and
the heavier sinking (Figure 38c). Later studies extended this framework ([170], [175], [215]). These
experiments emphasized that the interplay between slope, inflow conditions, and ambient stratification
controls whether gravity currents behave as dense bottom-following flows or transform into plumes
and intrusions.

Due to its technical difficulties, a limited number of experimental studies were performed for the
linearly stratified case. In a linearly stratified ambient, a gravity current flows down until it reaches its
layer of neutral density, then it flows horizontally. The point where it stops is called the ‘termination
point’ (see Figure 39), and the distance between the injection and the termination point is called the
‘intrusion depth’. The first laboratory experiments were performed by Mitsudera and Baines [130], who
first investigated gravity current flowing along a slope into a continuously stratified ambient. Building
on this work, Baines [12, 14] systematically explored the influence of slope angle and stratification
strength. He conducted a series of constant-inflow laboratory experiments using an experimental setup
consisting of a narrow, transparent flume with an adjustable slope, into which dense saline fluid was

continuously injected at the top of the slope through a controlled inlet. The ambient fluid was prepared
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11.6 Experimental works using a combination of slope and stratification

Interflow

Underflow

Fig. 38: Behavior of a 2-D gravity current of average density p, in a two-layered stratified environment,
p1 and ps. (a) Interflows occur when p1 < pg < po; (b) underflows occur if py > pa, (c) split flows
form if the gravity current has significant internal density gradients. Reproduced from [45].

with a stable linear density stratification, generally created using the double-bucket method. In this
method, two reservoirs hold fluids of different densities, one light fluid, typically fresh water, and one
heavy fluid, typically salty water. These are simultaneously released into a tank through a flow splitter
or Y-junction, allowing them to mix gradually and continuously as the tank fills from the bottom up.
This controlled co-flux produces a linear vertical density gradient because denser water settles at the
bottom and lighter water accumulates near the surface, while mixing occurs along the height. Given
the inherent difficulties of the experiments, these currents were more likely to be studied numerically
(see Sect. 11.7).

By varying the slope angle and the density difference between the injected current and the stratified
ambient, Baines [12] was able to identify two distinct regimes: a detraining gravity current regime at
small slopes, characterized by the lateral loss of dense fluid to the ambient, and an entraining plume
regime at steeper slopes, where strong turbulent mixing dominated.

Another significant study is the article by Snow and Sutherland [186], who studied turbidity
currents flowing into a uniformly stratified environment. They used a configuration similar to that
of Baines [12] but extended it to particle-laden flows. They observed fingering, i.e., small intrusions
forming as the current goes down because some part of the current reaches their neutral density.

Recently, Zhiguo He and Liang Zhao [88, 89] used a setup similar to that of Baines [12] to perform

different experiments. Their equipment uses the lock-exchange method and allows studying small
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11.7 Numerical works studying a combination of slope and stratification
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Fig. 39: Schematic diagram showing the typical behavior of a plume (or a gravity current) flowing
down into a linearly stratified ambient. G denotes the buoyancy (positive downwards) of the fluid in
the downflowing plume relative to the local stratified environment, and the horizontal arrows denote
the entrained inflow. z; and z, denote the upper and lower levels of the net outflow, and z3 denotes
the level of maximum downward extent of the plume. Reproduced from [13].

angles (from 0° to 24°). In one of those articles [89], they improved the model for the front propagation

of a gravity current flowing along a slope into a stratified ambient.

11.7 Numerical works studying a combination of slope and stratification

The rapid development of computational science and numerical methods over recent decades has
provided a powerful alternative to laboratory experiments for studying gravity current dynamics.
Numerical approaches offer several advantages, including scalability, lower cost, flexibility, and a non-
intrusive way to explore complex flows across a wide range of conditions. However, they also have
limitations: model approximations can introduce errors, numerical implementation requires care to
avoid inaccuracies, and experimental validation is always necessary to ensure the results are reliable.

Bournet et al. [22] applied the standard k—e turbulence model to investigate gravity currents
plunging into reservoirs, a method later adopted by Choi and Garcia [39] to simulate two-dimensional
(2D) dense underflows descending a slope into a homogeneous ambient. Zhang et al. [223] used a
multiphase flow model to examine the flushing of trapped saline water from a bar-blocked estuary. In a
related study, Birman et al. [21] numerically solved the 2D Navier—Stokes equations in a homogeneous
environment to quantify the influence of slope on front velocity, revealing a maximum quasi-steady

front speed at a slope angle of approximately 40°. Firoozabadi et al. [67] modeled the three-dimensional
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11.8 Penetration depth

(3D) behavior of dense underflows in straight channels using a low-Reynolds-number k—e model,
achieving strong agreement with experimental data.

Large eddy simulation (LES) techniques (the technique employed in the present thesis, for more
details see Sect. 12.1) have also been applied to capture detailed flow features. Ooi et al. [146] conducted
2D LES of lock-exchange gravity currents, successfully reproducing key flow characteristics such as
front evolution and coherent billow formation at the current head. Mahdinia et al. [115] later extended
LES to a curved channel geometry, thus proving the robustness and precision of this technique.

Dai et al. [53] and Dai [49] performed 3D direct numerical simulations (DNS) of gravity currents
from instantaneous releases down a slope in a homogeneous ambient, identifying variations in flow
structure associated with slope angle. Hértel et al. [86] carried out DNS of lock-exchange flows, both
in 3D at low Reynolds numbers (up to 750) and in 2D at higher Reynolds numbers (up to 30,000),
demonstrating that 2D simulations were sufficient to reproduce the main features of front propagation.

The combined effects of ambient stratification and bottom slope were tackled by Ozgékmen et al.
[148], simulating large-scale oceanic gravity currents, showing that when the current detaches from the
slope, its transport becomes primarily controlled by the ambient stratification. Later, the experiments
of Baines [12] were reproduced in a 2D numerical simulation by Guo et al. [81]. They were able to
reproduce very precisely the finding of Baines, except for some overestimation of the mixing near the
neutral buoyancy point. They suggested that 3D simulations might solve the issue.

Among the numerous numerical studies, two recent articles exploring the effect of the slope on
gravity currents are particularly relevant for the present study. Ziniga et al. [226] used direct numerical
simulations (DNS) to explore planar wall plumes bounded by slopes from 3° to 90°. They found
that, as the slope increases, the flow transitions from a subcritical regime to a supercritical one, with
entrainment and turbulence intensifying at steeper inclinations. Haddad et al. [83] employed large-
eddy simulations (LES) in a non-Boussinesq context to analyze steady gravity currents along inclined
planes, identifying three distinct flow regimes based on slope: transition to subcritical at low angles,
persistent inertial flows at intermediate angles, and immediate plume-like behavior at steep slopes.
Both studies showed that entrainment, current thickness, and momentum flux grow substantially with

slope.

11.8 Penetration depth

The penetration depth of a fluid with a density difference entering a stratified ambient has histor-
ically been examined in the context of plumes. As a plume develops, entrainment of ambient fluid
progressively reduces its density relative to the surroundings. At the same time, the ambient density
increases (or decreases) with distance from the source due to stratification. These two effects lead
to the existence of a neutral layer, where the plume density matches that of the ambient fluid. The
distance from the source to this layer is called the penetration depth, D (see Fig. 40).

In 1956, Morton et al. [134] derived an expression for the penetration depth of a plume based on

the conservation of volume, buoyancy, and momentum:

cB/?
N )
where D is the penetration depth, C is a constant, B; is the buoyancy flux per unit length in the plume,

D= (12)

and N is the magnitude of the stratification (eq. 32). The constant C has to be determined empirically

and depends on the entrainment dynamics. Morton’s experiments led him to: D = 2.66Bll/ 3 /N —
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11.8 Penetration depth
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Fig. 40: Schematic of a plume penetrating a stratified ambient realized with our simulations. The
stratification is schematically represented on the left. The plume reaches its neutral buoyancy level,
shown by the orange line, located at a vertical distance D from the source.

4.51, which was subsequently demonstrated by Briggs [24] to reproduce data from a wide range of
experimental and in-situ measurements. Caulfield and Woods [37] extended the model to consider
nonlinear stratifications, while Cardoso and Woods [36] included time-dependent effects of entrainment
in confined domains, finding excellent agreement with laboratory measurements.

In addition to these studies, a number of other laboratory experiments ([111],[221], [33], [187],
[224]) found intrusion depth in the range: D = QBll/3/N to D = 4Bll/3/N. Numerical simulations
using LES have also reproduced this scaling [57, 113].

Overall, the consensus in the literature is that the penetration depth of a plume in a stratified
ambient can be estimated as:

(3+1)B/?

D=t (13)

The study of the penetration depth in the case of a gravity current flowing into a stratified ambient
has been less studied than the plume case. To our knowledge, only a few published papers tackle the
issue. The first one is the experimental campaign of Wells and Nadarajah [214], we subsequently refer
to it as WINO09. Their goal was to understand if the scaling obtained for the penetration depth of
plumes could be applied to the gravity current case.

In WINO09, a series of 41 laboratory experiments was conducted to investigate the intrusion depth
of dense gravity currents propagating into a linearly stratified ambient. A dense saline solution was
continuously injected through a permeable hose onto an adjustable slope ranging from 15° to 90°,
within a large Plexiglas tank containing a pre-established linear salinity stratification. The buoyancy
flux of the dense current was varied between 0.5 and 350 cm?®s—3, while the ambient buoyancy fre-
quency spanned 0.3 to 1.7 s~!. The resulting intrusion depth, defined as the vertical distance from
the source to the center of the intrusion layer, was determined from side-view photographs.

The experimental results showed that the intrusion depth follows the scaling law:

CEe—ql/?’Bl/B
=
where C is a constant and E., = o/ sin(f) with o the entrainment coefficient (defined eq. 9).

(14)
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11.9 Some open questions

A previous experimental study of the same author [215] found that the value of E., was almost
constant and equal to 0.08. Applying this result, WIN09 showed that the scaling used for plumes (eq.
13) fitted their experimental points, implying that the non-dimensional penetration depth, DN/ Bl1 / 3,
does not depend on the angle.

WNO09 performed experiments with a continuous release setup. In contrast, Snow et al. [186]
considered turbidity currents generated by a lock-exchange release, described in Sect. 11.6. For this

configuration, the proposed scaling was:

D/ho = [25/(aS8)*]"/%, (15)
where s = tan() is the slope, hq is the depth of the lock-exchange source, and S = (Nh,/+/g'h0)2.

This scaling was criticized by He et al. [88] for its assumption that the front velocity was constant in
the case of a lock-exchange. He et al. [88] performed a series of experiments similar to that of WIN09,
but with a lock-exchange release. He found that the scaling law D = C’(SmTw))l/SBl/B/N fitted their
experiment points well when they applied an entrainment law obtained from the experiments of [19],
a = 0.00556 4 0.063. Thus giving the scaling:

[sin(6)/(0.00556 + 0.063)]*/3 B}/
~ .
where C' is a constant that they experimentally found equal to 1.87. A limitation of this study is that

D (16)

the experiments were performed only for slopes between 9° and 24°, leaving the applicability of the

scaling to larger slope angles untested.

11.9 Some open questions

The dependence of the penetration depth on the slope angle for gravity currents propagating into a
stratified ambient has been investigated in two key experimental studies: WIN0Q9 [214] and He et al.
[88]. WIN09 [214] employed a continuous-release apparatus, while He et al. [88] used a lock-exchange
configuration. Although both studies proposed scaling laws for estimating the penetration depth as
a function of buoyancy flux and ambient stratification, their formulations differ primarily in how
entrainment is modeled: in WIN09, entrainment is assumed to be independent of slope angle, whereas
in He et al. [88], it explicitly depends on slope.

Differences in experimental conditions may also account for these contrasting models for the
entrainment coefficients. In the WIN09 experiments, inlet velocities were relatively low due to the
limited size of the apparatus, yielding Reynolds numbers below 1000. As a result, the flow may not
have been fully turbulent, and mixing could have been suppressed. By contrast, the experiments of
He et al. [88] reached higher Reynolds numbers (1000-3000), and turbulence was directly observed in
the flow. This distinction is likely to explain the different entrainment behaviors. Both studies, how-
ever, exhibit limitations: WINOQ9 is constrained by the presence of laminar flow, while He et al. [88]
investigated only relatively small slope angles (up to 24°).

To date, no systematic investigation has examined the penetration depth of a turbulent gravity
current flowing downslope into a stratified ambient across the full range of slope angles. To address
this gap, we conducted a series of Large-Eddy Simulations (LES) designed to reproduce fully turbulent
gravity currents under continuous release conditions, enabling a consistent comparison across slope
configurations. Our goal is to assess whether turbulence significantly affects the penetration depth.

Since turbulent mixing is known to play a central role in entrainment and momentum redistribution
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12 Numerical method

within gravity currents, it is reasonable to assume a turbulent regime could lead to deviations from
the scaling laws proposed in WIN09. Our numerical simulations aim to shed light on the role of
turbulence in the dynamics of gravity currents in stratified environments and to potentially revise or

refine existing theoretical models.

12 Numerical method

12.1 The computation code Calif3-Isis

Simulations were performed using the Computational Fluid Dynamics (CFD) code Calif3-Isis [82],
developed by the Laboratoire de I'Incendie et des Explosions (LIE) of the Institut de Radioprotection
et de Streté Nucléaire (IRSN). Although originally designed for fire simulations, Calif3-Isis can be
applied to a wide range of flows. In particular, it is optimized for slightly compressible flows (low
Mach numbers) and reactive flows. The code has been validated against experimental data for buoyant
plumes with both small [124] and large density differences with respect to the ambient fluid [174, 208],
as well as for gravity currents [84].

Before examining the specific features of Calif3-Isis, we begin with a brief overview of common
numerical approaches in Computational Fluid Dynamics (CFD). At its core, CFD consists of numer-
ically solving the Navier—Stokes equations, often using Finite Element Methods (FEM). Originally
developed in the 1940s for complex engineering problems, FEM approximates solutions by discretizing
the computational domain into a mesh of nodes. The governing equations are then solved iteratively
at these nodes, with each time step incorporating results from the previous one. As mesh resolution
increases, accuracy improves, but computational cost rises accordingly. While many numerical schemes
exist for solving partial differential equations, most share the underlying principle of convergence
toward fixed-point solutions.

The Navier—Stokes equations are notoriously challenging to solve; in fact, their analytical solution
in the incompressible case is one of the Millennium Prize Problems of mathematics [106]. A central
difficulty is the modeling of turbulence, a phenomenon characterized by complex multi-scale dynamics
in both space and time (the Kolmogorov cascade). Three main approaches are commonly used to
simulate turbulence: Direct Numerical Simulation (DNS), Reynolds-Averaged Navier—Stokes (RANS),
and Large-Eddy Simulation (LES). Figure 41 illustrates a comparison of these three approaches for
the simulation of a jet.

The Direct Numerical Simulation is conceptually the most straightforward and physically accu-
rate, but also by far the most computationally demanding. It consists of resolving the Navier—Stokes
equations across all spatial and temporal scales without any turbulence modeling. Turbulence then
emerges naturally if the flow conditions (e.g., Reynolds number) permit it. The DNS is therefore con-
sidered a numerical experiment and is highly reliable. However, the prohibitive computational cost
makes it infeasible for many practical applications, given the current limits of computer technology.

Reynolds-Averaged Navier—Stokes relies on time-averaged equations. The method consists of
decomposing instantaneous flow quantities, such as velocity and pressure, into a mean component and
a fluctuating component,

wp = U; + U (17)
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Fig. 41: DNS (left), LES (middle), and RANS (right) predictions of a turbulent jet. LES requires less
computational effort than DNS, while delivering more detail than the inexpensive RANS. Reproduced
from [117].

When this decomposition is introduced into the Navier-Stokes equations, additional unknown terms

appear — specifically, the Reynolds stress tensor,

(18)

These terms represent the influence of turbulence on the mean flow and require closure models to com-
plete the system of equations. Turbulence models are therefore introduced, with the most widely used
being the k—e model. RANS provides access to the main properties of the flow using relatively coarse
meshes and reduced computational cost. However, it does not capture instantaneous fluctuations of
the velocity field.

Large-Eddy Simulation offers an intermediate approach between DNS and RANS. It is based on
the observation that most of the kinetic energy of turbulence resides in the largest flow structures. By
directly resolving these large eddies and modeling only the smaller, more universal scales, LES provides
a reasonable approximation of DNS while greatly reducing computational requirements. Figure 42
illustrates the portion of the energy cascade resolved or modeled by the different approaches.

The LES framework was first introduced by Smagorinsky in 1963 for the simulation of atmospheric
flows and was further developed by Deardorff in 1970. An authoritative reference books on Large-Eddy
Simulation (LES) has been written by Pierre Sagaut [172] and can be consulted for further details.
In this thesis, all simulations were carried out with the Calif*-Isis code using the LES approach.

Mathematically, the filter applied to separate the large and small scales in the physical space is
defined by the convolution:

3a.t) = [ Ao ola = rt)dn (19)
A
where ¢ is the variable to be filtered on the domain A, and A is the filter kernel that determines the

scale of the resolved structures. This operation decomposes the field ¢ into large-scale (filtered) and

small-scale (residual) components:

$(x) = p(2) + ¢'(x). (20)
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Fig. 42: Overall view of the energy cascade, from injection to dissipation of energy, and associated

types of modeling. Reproduced from [168].

This decomposition is formally analogous to the Reynolds decomposition. However, it is important
to note that the filtered residual ¢’ is generally non-zero. For variable-density flows, filtered quantities
are often defined using Favre filtering, denoted by a tilde over the variable:

7 P ()

by = 205 )

The filtering operation is performed numerically using the computational grid. The filter kernel

corresponds to a box filter defined as:

1
—, ifz—reA

A(r,z) =< A (22)
0, otherwise

where A is the computational cell volume.

In the rest of the thesis, for the sake of readability, the quantities (e.g., velocity, pressure, etc.)
are all assumed Favre filtered (see eq. 21) and noted without the tilde, while the density is assumed
filtered (see eq. 19) without the overline. We solve the Navier-Stokes equation in three dimensions

(i=1...3) in a Cartesian coordinate system:

Op | Opui)

9 _ 2
ot 8331 07 ( 3)
I(puwi) | O(pujuy) dp | OV  Om
= - - i) 24
ot oz, oz; | 0z;  oz; Y (24)

where u; is the Favre-filtered velocity, p is pressure, g; is the gravitational acceleration. The density
p is the filtered density of the fluid and is computed using the ideal gas law and the mass fractions of
the different species in the gas mixture.

The term

Vij = —(2/3) 5 0i; + p( 5 + =2) (25)
Oxy, (927] 0x;

is the filtered viscous strain rate tensor, where p is the molecular dynamic viscosity calculated as a

function of the individual viscosities and molar masses, as well as the corresponding mass fractions.
The term 7;; = pu;u; — pu;u,; represents the sub-grid scale Reynolds stress. The latter is related

to the filtered rate of strain tensor S;;, using the Boussinesq approximation, as [98]:
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— 2 Ou — 1(0u; Ou;
Tij = 21sSij — 5”8% where Si; = 2<8x' + 6@"]) (26)
i i i

and pg is the sub-grid turbulent viscosity, here modeled using the dynamical Smagorinsky model,
as proposed by Germano et al. [73]. The reason why this model was chosen and the comparison with
the other models can be found in Appendix C. By analogy to the mixing-length hypothesis, the eddy

viscosity is expressed as:

Hs = p(CsA)2 | g |a (27)
where C; is a model parameter and not a universal constant (the default value being 0.1) and | S |=
/25, - 55,

The simulations involve several species k to obtain different densities, whose mass fraction yj is

calculated through the species transport equation:

ot or 0w \"Pmar, T 5. o,

where yy, is the mass fraction of the k-th component of the mixture, D,, is the molecular diffusivity of

Dpyr) | Dpyrus) _ a( Oy Mw), (28)

the mixture, u, is the subgrid turbulent dynamic viscosity, and S, is the subgrid turbulent Schmidt
number considered here equal to 0.7. A passive scalar following eq. 28 was also added to the simulation.
Its concentration is normalized to 1 in the inlet flow and allows for easier visualizations.

At the source, to trigger the transition to turbulence, the inlet flow has been perturbed with the
method presented by Jarrin et al. [99]. The latter has been conceived to reproduce inflow conditions in
wall-bounded flow (even characterized by complex geometries) with prescribed first- and second-order
one-point statistics, characteristic length, and time scales. In this approach, turbulence is generated by
superimposing a set of synthetic eddies—coherent structures defined by spatial shape functions—onto
the mean velocity field at the inlet. These eddies are convected through the inflow plane and con-
tinuously regenerated to maintain statistical stationarity, resulting in realistic spatial and temporal
correlations. The method effectively provides a physically consistent turbulent signal without requiring
a precursor simulation, making it particularly suited for LES of spatially developing flows.

We employ a staggered Cartesian mesh with scalar quantities defined at cell centers and velocity
components located on the cell faces, following a marker-and-cell (MAC) type finite-volume formu-
lation. Temporal discretization is based on a fractional-step procedure, enabling pressure correction
at each timestep. An implicit Crank—Nicolson scheme is adopted, allowing Courant—Friedrichs—Lewy
(CFL) numbers close to unity to be maintained throughout the simulation.

The boundary conditions are of solid wall-type for the inclined wall and the top wall, and the
left wall is an outlet. This outlet-type boundary condition is based on the control of kinetic energy.
It distinguishes between the flow that leaves the domain and the flow that enters it [28-30]. This
is numerically imposed in the form of an outlet condition. The outlet condition is imposed by a

momentum conservation:

TN — PN = —Pegt.N. (29)

The wall-type condition (different from the no-slip condition) was developed by Werner and Wengle
[216]. It imposes a boundary layer profile of the form:

78



12.2 Studied configuration

+ if 2t < 11.
+(Z):{z if 27 < 8, (30)

8.3(27)Y/7, otherwise
where u™(2) is the velocity profile close to the wall and 21 = ﬁuTz is the dimensional thickness of the
layer with w, the friction velocity. The choice of the boundary condition and its effect is discussed in

Appendix C.

12.2 Studied configuration

The configuration studied in this work is schematically illustrated in Fig. 43. A gravity current is
generated by a localized source of buoyancy per unit length B;, located at a distance L from the edge

of an inclined wall located in z = 0. By is defined as:

A
B, = gwl p , (31)
pa,O

where w is the imposed velocity at the source along the 2* axis (the component along the other axis is
equal to zero), [ is the width of the source (equal to 0.242 m), and 2—2 is the relative density between
the flux at the source and the upper layer of the ambient fluid. In all the simulations, we kept the
source velocity constant, w = 0.5 m/s.

The flow develops along a planar inclined surface with a slope angle 8, defined as the angle between
the horizontal and the slope. This means that 0° refers to a horizontal wall and 90° to a vertical wall.

Two coordinate systems are used to describe the geometry: the system {z,y,z}, where x is the hor-
izontal axis, y the transverse horizontal axis, and z the vertical axis oriented downward (aligned with
gravity), with the origin at the top-left corner of the domain; and a slope-aligned system {z*,y*,z*},
obtained by rotating the global system by an angle # about the y-axis, such that x* is aligned with
the slope.

The ambient fluid is linearly stratified, characterized by a constant Brunt-Vaiséla frequency:

Fig. 43: Schematic of the studied geometry. A dense fluid flows downslope into a stratified ambient
fluid along an inclined wall at an angle 6. The stratification is schematically represented on the left.
The color scale indicates the concentration of a passive tracer, with darker shades corresponding to
higher concentrations. The current eventually reaches its neutral buoyancy level, shown by the red
line, located at a vertical distance D from the source. Image obtained using the author’s simulations.
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12.2 Studied configuration

N=, /p‘ago 3”52{2) (32)

and a reference density pgq,, that is the density of the fluid in the plane z = 0. The initial density
pa(z) in the fluid follows this equation:
2 Pa,0
pa(z) = pao— N~ 7 2 (33)
where g is the acceleration of gravity.
In our configuration, the injected flow starts as a plume before hitting the wall and developing as a

gravity current (see Fig. 44). Several types of plumes are distinguished by the flux-balance parameter
[206]:

I'(z) = &ipRi(zL (34)

where a;, = 0.12 is a reference far-field value for the pure plumes entrainment coefficient.

In the far field, any turbulent buoyant release tends toward the so-called pure plume equilibrium,
characterized by Ri, = 8a,/5, regardless of its initial source conditions [206]. By definition, a pure
plume corresponds to I' = 1. This serves as a reference for distinguishing between different regimes:
forced plumes, which possess excess momentum relative to pure plume conditions (0 < I" < 1), and
lazy plumes, which are momentum-deficient (I' > 1). In our simulation, we choose to use a lazy plume.
In this condition, the dynamic of the flow depends on the buoyancy forces and not on the initial
velocity.

As the fluid is stratified, the gravity current propagates downslope and mixes with the ambient
fluid until it reaches a level of neutral buoyancy, where its density matches that of the ambient fluid.
The intrusion depth D is defined as the vertical distance between the source and the layer at which

the current stops. In practice, it is measured using the vertical intrusion, with its average depth being

)

Plume

Gravity
current

Fig. 44: Schematic of the flow evolution: the dense fluid forms a descending plume before impacting
the wall and transitioning into a gravity current.
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12.3 Mesh

[T
1T

Fig. 45: Transition from the naive mesh with a slope represented as a staircase (left) to the final
mesh with a smooth slope (right).

D. This is different from the termination point, which is the deepest point on the wall attained by the
current. This point is usually deeper than D due to the inertia of the flow. The current goes a little
deeper on the wall but then flows back up to its local neutral layer (see Figure 39).

The dynamics of this problem involve three governing parameters: (i) the depth of intrusion D,
(ii) the buoyancy flux at the source By, and (iii) the Brunt—Vaisila frequency N of the ambient fluid.
The velocity at the source is not important because we are in a lazy plume context. According to the
Buckingham-7 theorem, since these three variables span two fundamental physical dimensions (length
and time), a single nondimensional parameter can be constructed. This dimensionless group, denoted
D,, is defined by [214] and [186] as:

p, - 2% (33)

B}*

We checked that this relationship was verified in our simulations in Appendix D.

12.3 Mesh

The computational domain is a triangular prism, with the hypotenuse representing the inclined wall
along which the gravity current propagates (see Figure 43). The domain width was fixed at 6rs, where
75 is half the source opening (rs = 0.121 m). The streamwise length (L, see Figure 46) was set to 30 m
in most cases and extended to 50 m for the smallest angles (5° and 10°) to allow sufficient downslope
propagation. The vertical extent of the domain was fixed at 5 m.

In the Calif*>-Isis code, inclined walls are generated by subtracting a triangular section from a
rectangular box. This method, however, produces a staircase-like slope whose step size depends on
the grid resolution. To avoid this artifact, the geometry was inverted: the smooth upper wall was used
to represent the slope, while the stair-like wall was shifted to the top of the domain (see Figure 45).
The gravity vector was then rotated, and the density source was placed along the stair-like wall. This
ensured that the lower boundary became a smooth slope, providing a more faithful representation of

the flow dynamics.
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12.4 Post processing
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Fig. 46: Schematic of the computational mesh showing the different refinement zones.

The final mesh configuration is shown in Figure 46. The grid is Cartesian, with variable refinement
depending on proximity to the slope and the source. Close to the slope, the vertical resolution is
fine (r5/6) and gradually stretches to 75 away from the wall. Around the injection region, the mesh
is further refined to rs/10 in both the = and z directions, while in the streamwise direction outside
this region, the grid spacing is uniform at rs/2. The overall domain dimensions in the streamwise,
spanwise, and vertical directions are denoted by L,, L,, and L., respectively (see figure 46).

A mesh sensitivity analysis was carried out to determine the appropriate grid resolution. For a
representative case (0=20°, B;=0.063 m?3/s®, N2=0.02 Hz?), simulations were performed with several
mesh sizes. The penetration depth of the current and its entrainment coefficient increased as the grid
was refined and converged asymptotically to a stable value. The results of this sensitivity study are

presented in Appendix B.

12.4 Post processing

The post-treatment and visualization of the data were done with the software Fieldview from Tecplot
and Python.

To visualize the gravity current more clearly, a passive tracer was added to the flow at the inlet
(Figure 47). This tracer has no mass and does not influence the dynamics of the flow; the evolution
of its concentration is governed by eq. 28. Because the tracer is purely advected, it provides a simple
and effective way to identify the extent of the current and, in particular, to measure its depth.

Our analysis focuses on time-averaged quantities in the quasi-steady phase of the current. As
explained in Sect. 11.1, for a continuous release, the flow at a given location first undergoes a transient
stage before reaching a quasi-steady regime. In this regime, the mean quantities vary little in time,
although turbulent fluctuations cause fluctuations of up to about 10%. To compute the averages, the
velocity and tracer fields were averaged over the time interval from ¢c,q/5 t0 tend, where te,q denotes

the total simulation time. This procedure excludes the initial transient phase and ensures that only the
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12.5 Runs

Fig. 47: Comparison for the same simulation of (a) density field p (in kg/m?) and (b) passive tracer
field (normalized to 1 at the inlet). The red line indicates the z position of the termination point.

statistically steady portion of the flow is considered. The quasi-steady regime is established once the
flow front has ceased advancing and reached its final position. In all cases, this position was attained
several seconds before tenq/5, leaving a sufficiently long time window to compute reliable averages.
The choice of this averaging interval was further validated by longer simulations, which confirmed
that the flow had already reached a quasi-steady state by tenq/5.

For the entrainment analysis (see Sect. 11.5), we also need to calculate the flow rate @ and specific
momentum flux M of the current. To perform these integrations, we introduce the characteristic
thickness of the current, denoted by h (see Figure 29). The thickness h(z) is defined as the height
above the boundary where the streamwise velocity decreases to 10% of its maximum value at that
location. The 10% threshold is a value we found to work well for our data. A sensitivity analysis
confirmed that using smaller thresholds, down to 1%, produced nearly identical results. Using a 10%
threshold instead of 1% helps eliminate velocity fluctuations at the interface between the current and
the ambient fluid. We then calculate @ and M defined in eq. 7 integrating between 0 and h(z*).

Figure 49 illustrates the procedure: panel (a) shows the mean velocity field @, while panel (b)
displays the same field after applying the threshold. The black regions correspond to excluded points,
leaving only the part of the flow associated with the gravity current. The integrals are then computed

at prescribed z* locations using the CFD software.

12.5 Runs

A series of numerical simulations was conducted to examine how the slope angle influences the pen-

etration depth of a gravity current propagating into a stratified ambient. As introduced in Eq. 35,

Fig. 48: Comparison for the same simulation of (a) an instantaneous field of concentration of the
tracer, (b) the time-averaged field of concentration of the tracer.
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N\

Fig. 49: Application of the threshold function to the flow field. The upper panel shows the entire flow
field, while the lower panel highlights only the regions retained by the threshold function (in color).
The black areas correspond to the neglected portions of the flow.

_

the nondimensional penetration depth D, was defined to be independent of the buoyancy flux B; and
the stratification N, depending only on the slope angle 6. In practice, this means that for a given 6,
different combinations of (B;, N) yield penetration depths D that collapse onto the same value of D,,.
Consequently, for each slope angle, B; and N can be adjusted as convenient to simplify or optimize
the simulations without affecting the nondimensional results.

Different source positions were considered (see Table 7), and for each configuration, simulations
were performed over a range of slope angles: starting from 5° and then every 10° up to 90°.

All simulations were performed with a constant density difference between the injected fluid and
the ambient upper layer (p,), chosen sufficiently small to ensure Boussinesq conditions. Specifically,
the injection density was set to p;n; = 1.053p,,0. This means that for a specific opening of the source,
B, is a constant. Different stratifications N? were used depending on the angle so that the current
would flow along the slope for about 1007, to 2007s.

Two sets of simulations were carried out: (i) to evaluate the penetration depth (cases 1 to 4)
and (ii) to quantify the entrainment coefficient (cases 5 to 8). The entrainment simulations required
longer integration times in order to ensure that the flow reached a quasi-stationary regime. The total

simulation time (tenq) was 300 s for cases 1-4 and 1000 s for cases 5-8.

Table 7: Details of the simulations performed: case name, opening of the source,
distance of the source to the wall, stratification intensity, domain size, inlet Richard-
son number, purpose of the simulation series. Each case is a series of 10 simulations
performed over a range of slope angles: starting from 5° and then every 10° up to
90°. For the cases in which the stratification changes with the angle, the stratifica-
tion used for 5° and 90° is given. The domain size is the one used for angles ranging
from 20° to 90°, for 5° and 10°; a longer domain (L, = 50) was used.

Case  Source opening L N2 Ly X Ly X L, Ri Purpose

1 27 57 0.1-0.01 30 x 0.726 x 10 0.41 D, analysis LES

2 2rg 25rg 0.1-0.01 30 x 0.726 x 10 0.41 D, analysis LES

3 27 45rs  0.1-0.01 30 x 0.726 x 10 0.41 D, analysis LES

4 2rs /24 rs/5 0.5-0.3 0.3 x0.03x0.05 5 D, analysis laminar

5 2rs 5rg 0 30 x 0.726 X 5 0.41 Entrainment analysis LES
6 2rg 5rg 0.001 30 x 0.726 X 5 0.41 Entrainment analysis LES
7 2rg 5rs 0.01 30 x 0.726 X 5 0.41 Entrainment analysis LES
8 2rg b5rg 0.02 30 x 0.726 X 5 0.41 Entrainment analysis LES
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Free plume Wall plume

Fig. 50: The experimental setup used by Parker et al. [154].

13 Validation of the simulations

We validated our code by reproducing the experiments of Parker et al. [154], aimed at measuring the
entrainment in a plume close to and far from a wall. For this, they used a tank full of a saline solution
in which a dense sodium nitrate solution was injected. The dense solution was pumped inside the
tank from a line source at its top (see Figure 51), generating a plume whose velocity and buoyancy
were simultaneously measured. The velocity measurement was performed with the PIV (Particle
Image Velocimetry) technique, and the buoyancy measurement was performed using the Laser-Induced
Fluorescence (LIF) technique. From these measurements, the entrainment in the plume was estimated.
It was found that the free plume (far from the wall) exhibited an entrainment coefficient of 0.135, and
the plume flowing along the wall showed an entrainment coefficient of 0.076.

To assess whether our numerical framework could reproduce the experimental results of Parker
et al. [154], we performed two sets of simulations corresponding to their wall plume and free plume
configurations. Rather than reproducing Parker’s setup exactly — with identical initial conditions
and domain dimensions — we adopted configurations consistent with the broader set of simulations
presented in this study. Specifically, we employed larger domain sizes and higher inlet velocities than
those used in Parker’s experiments.

This choice was motivated by two main considerations. First, the quantities of interest for com-
parison — namely, entrainment rate, velocity field, and buoyancy profiles within the near-self-similar
region (sufficiently far from the source) — are known to be largely insensitive to initial conditions
[173]. Second, employing the same mesh strategy and inflow conditions as in the rest of our simula-
tions enabled us to validate not only the overall predictive capability of Calif>-Isis but also the specific
implementation developed for this study.

The computational domains consisted of two rectangular parallelepipeds. For the wall plume con-
figuration, the domain dimensions were L, =5 m, L, = 0.6 m, and L, = 20 m. For the free plume
configuration, the dimensions were L, = 10 m, L, = 0.6 m, and L, = 20 m. The source opening had
a diameter of 2ry = 0.121 m (with rs = 0.121 m), and the inflow velocity was set to 0.5 m/s. For
comparison, Parker’s experimental setup used much smaller dimensions, 1.2 m x 0.15 m x 0.4 m, and

a source opening of only 1 mm.
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14 Results

Wall plume Free plume

!

Fig. 51: The simulations reproducing the experiments of Parker et al. [154].

Figure 51 presents a visual overview of the simulated flow, and Figure 52 compares the correspond-
ing nondimensional velocity and buoyancy profiles with the experimental measurements of Parker et
al. [154]. The profiles correspond to the time-averaged vertical velocity w, the time-averaged longi-
tudinal velocity @, and the time-averaged buoyancy b = g Ap/p,. Each quantity is normalized by its
maximum value (@,y,, @m, by ). The horizontal axis is nondimensionalized by the distance z from the
source at which the profiles were extracted. The close agreement between the two demonstrates that
the simulations successfully reproduce the key velocity and buoyancy characteristics observed in the
experiments.

Another comparison between the experiments and the simulations concerned the values of the
entrainment coefficient. In Parker’s study, the entrainment coefficient was defined as:

o= %, (36)
where h is the thickness of the plume in the wall plume and half the thickness of the plume for the free
case. Estimating these quantities from our simulations, we found the same values as Parker. Namely,
0.076 in the wall case and 0.135 in the free case.

We conclude from these results that the code Calif*>-Isis and, in particular, our numerical

configuration are capable of simulating plumes with a high degree of accuracy.

14 Results

We present the main findings obtained from our numerical simulations. We begin by describing the

typical behavior of a gravity current in our setup and examining how ambient stratification influences
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Fig. 52: Comparison between the experiments of Parker et al. [154] (the red triangles) and our
numerical simulations of Parker’s setup (blue line). Time-averaged vertical and horizontal velocity
profiles, together with buoyancy profiles, all normalized by their respective maximum values. Panels
(a—c) show results for the free plume, while panels (d—f) correspond to the wall plume.

its evolution. This is followed by an introduction and illustration of the concept of near-self-similarity
[173]. We then analyze the entrainment coefficient, focusing on its dependence on slope angle and
Richardson number, as well as its connection to self-similar behavior. To gain deeper insight into
the entrainment process, we also present a decomposition of the entrainment, which provides a more
refined understanding of its dynamics.

The second part of this section addresses the penetration depth, which constitutes the central result
of this study. We started by reproducing numerically the experiments of WINO09 in the laminar regime,
showing good agreement with their results. Building on this, we present our original contributions:
simulations exploring the dependence of penetration depth on slope angle in the turbulent regime. The
simulations showed that, unlike in the laminar case, the penetration depth in turbulent flows varies
with slope angle, a behavior we analyze in terms of the underlying physical mechanisms. Finally, we

propose a new scaling law for the prediction of penetration depth in turbulent flows.

14.1 Near-self-similar regime

The starting point of our analysis is a description of the flows observed in the simulations. For a
homogeneous environment, a gravity current flowing along a slope typically has a raised head in the
front, followed by a shallower steady current (as seen in Sect. 11.1). This behavior is reproduced in
Figure 53, which presents simulation results obtained with the following parameters: §=45°, B;=0.063
m?/s?, and N2=0.02 Hz? at different times. The gravity current, characterized by its raised head,
propagates downslope (panels (a) and (b)) until it reaches the outlet (panel (c¢)). Beyond this point,
only the shallower trailing portion of the current remains visible within the observation window (panel
(d)-

In a stratified environment, the evolution of the current differs significantly. Initially, its behavior

resembles that of the unstratified case, as illustrated by the similarity between panels (e) and (f) and
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Fig. 53: Evolution over time of a gravity current for #=20°, B;=0.063 m®/s®, and an opening size
of the source of 2 - rs. The four upper panels ((a) to (d)) refer to an unstratified case. The four
lower panels ((e) to (h)) describe the current in a stratified fluid with N2=0.02 Hz2. The ambient
stratification is schematically symbolized on the left. (a) and (e) t= 20 s, (b) and (f) t= 48 s, (c)
and (g) t=80s, (d) and (h) t= 144 s.

panels (a) and (b). However, as the current approaches its neutral-buoyancy level (i.e., the stratified
layer with density equal to that of the current), it begins to thicken (panels (f) and (g)). Ultimately,
the downslope propagation ceases, and the current transitions to a predominantly horizontal motion,
forming an intrusion (panel (h)).

The contrasting behaviors observed in unstratified and stratified environments highlight the role of
background density structure in shaping gravity current dynamics. Equally important, however, is the
distinction between the near-source adjustment region and the far-field evolution of the flow. Close to
the source, the current retains a strong imprint of inlet conditions such as volume and momentum flux,
but these effects diminish farther downslope. Beyond this adjustment zone, the current evolves under
the combined influences of buoyancy, inertia, and wall-bounded turbulence toward a regime of near-
self-similarity. In this regime, the large-scale characteristics are governed primarily by the imposed
buoyancy flux and the bed slope, largely independent of the source details. The current thickness
continues to increase with distance, while the velocity scale approaches a constant value. As a result,
integral parameters such as the Richardson number and entrainment coefficient are nearly constant

and depend only on the slope [173].
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Fig. 54: Time-averaged, scaled velocity and turbulence profiles. The figure is organized in two columns
showing the unstratified (left) and stratified (right) cases, with two rows displaying the mean stream-
wise velocity 7 and Reynolds shear stress u/w’. Each color corresponds to a streamwise position x*
along the slope. The legend is shown on the u plot and applies to all panels.

Unlike unbounded free shear flows — where full self-similarity can emerge with Gaussian-like veloc-
ity and buoyancy distributions, together with complete independence from initial conditions [72] —
wall-bounded gravity currents exhibit a more complex structure. The presence of the wall introduces
a distinction between an inner wall-dominated region and an outer free-shear region. The outer layer
grows approximately linearly with distance to the source, whereas the wall-dominated layer grows
more slowly and eventually approaches a nearly constant thickness. This multilayer configuration
prevents exact self-similarity. Nevertheless, because the influence of the near-wall region diminishes
downstream, the current asymptotically approaches a near-self-similar state [207].

This is illustrated in Figure 54, which presents velocity-related profiles from simulation results
obtained with the following parameters: §=40°, B;=0.063 m?/s3. The Figure shows the vertical (as a
function of 2*) profiles of time-averaged velocity (%) and Reynolds stress (u'w’) at different z*. Here,
u denotes the velocity component along the x* axis and w the component along the z* axis. The mean
velocity is normalized by its maximum value in the direction normal to the slope z*, here defined as
Uy,. Profiles are displayed from the wall up to the local thickness of the current h(z*). The vertical
coordinate is normalized by h(z*). Profiles are taken at regular intervals, starting from 10 to 20 m to
the point where the current hits the wall. The different profiles are shown for an unstratified ambient
(left column) and a stratified ambient with N? = 0.001 Hz? (right column).

All normalized time-averaged velocity profiles, @ /%,,, collapse onto a single curve in both stratified
and unstratified conditions, clearly demonstrating self-similarity. For the normalized time-averaged
Reynolds stress u/w’ /w2, the profiles exhibit very similar shapes but do not collapse perfectly, as their
peak magnitudes slightly vary. In this study, however, we focus primarily on the mean quantities. For

these, the comparison between stratified and unstratified cases shows no significant difference: the
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Fig. 55: Evolution of the Richardson number with the distance from the point where the current hits

the wall. The Richardson number eventually becomes constant as the current reaches its self-similar
state.

near-self-similar state emerges in both scenarios, starting at 10 m from the point where the current
hits the wall.

As the velocity scale u,,, approaches a constant, other quantities that depend on velocity integrals
also asymptotically tend toward constant values. Figure 55 shows the Richardson number as a function
of distance from the point where the current reaches the wall, for different slope angles. The Richardson
numbers were obtained from simulations with the same buoyancy flux as in Figure 54. The figure
illustrates the convergence of the Richardson numbers to constant values as the current develops
downstream and attains a near-self-similar state. Their asymptotic values depend on the slope angle
and the background stratification, but they remain independent of the source characteristics. Since
the entrainment coefficient o depends on the Richardson number, it similarly converges to a constant
value, as shown in Figure 56, which presents the entrainment coefficient for the same simulations as
Figure 55. This will be further examined in the section on entrainment (Sect. 14.2). Our observation
of a near-self-similar regime is consistent with previous experimental studies [154, 176], which likewise

identified self-similar regimes in gravity currents.

14.2 Entrainment analysis

To study the entrainment, long simulations (te,q=1000 s) were performed to achieve a statistically
quasi-stationary regime as explained in Sect. 12.5. This corresponds to cases 5 to 8 on Table 7.
The quasi-stationary regime should not be confused with the near-self-similar state described in the
previous Sect. 14.1. The quasi-stationary regime is established over time, whereas the near-self-similar

state is reached at a certain distance from the source.
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Fig. 56: Evolution of the entrainment coefficient with the distance from the point where the current
hits the wall. The entrainment eventually becomes constant as the current reaches its self-similar state.

We start by presenting the results of Case 5, which corresponds to an unstratified configuration.
Simulations including stratification will be discussed at the end of this section. In Fig. 54, 55, 59, and
60 z* is normalized by L, the distance of the source to the wall, here L = 5ry = 0.605.

In Case 5, the current flows for more than z*/L=35 before reaching the outlet, allowing enough
length to analyze the evolution with z*/L.

In Figure 56, the entrainment coefficient (calculated using eq. 9) along the downslope coordinate x*
is shown. Entrainment is strongest near the source, then gradually decreases and stabilizes to a roughly
constant value in the near—self-similar region (Sect. 14.1). This near self-similar region is located in
Figure 56 between 2*/L=15 and z* /L=35. This figure also shows the dependence of the entrainment
coefficient on the slope angle: steeper slopes (closer to 90°) produce larger values of «. This effect,
first observed by ET59, has since been confirmed in numerous experimental studies ([160],[96],[215])
and numerical simulations ([173],[82]).

The first quantitative study of entrainment and its dependence on the Richardson number and
slope angle was conducted by ET59 (see Sect. 11.5). In their experiments, the entrainment coefficient
averaged over the time of the experiment and the length of the slope («) was determined by comparing
the concentration of the outlet flow to that of the inlet. Due to experimental limitations at the time,
no local value of the entrainment coefficient along the slope could be provided.

With recent simulations and measurement tools, it is now clear that the averaging method strongly
influences the reported value of (a). Averaging over a short distance near the source yields higher
values, dominated by the strong entrainment in the adjustment zone. In contrast, averaging over
a longer slope, which includes the self-similar region, produces a mean closer to the stable value
characteristic of that regime (see Fig. 56).

Figure 57 compares the evolution of the averaged entrainment coefficient « along x*/L of three
studies — ET59, Haddad et al. [83], and Van Reeuwijk [207] — with the results of our simulations.
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Fig. 57: Comparison of the averaged entrainment coefficient («) as a function of slope angle, based
on different sources: DNS simulations by van Reeuwijk et al. [207], LES simulations by Haddad et al.
[83], and laboratory experiments by ET59. Results from the present study are shown in dashed lines,
with averages taken either over the adjustment or over the near-self-similar zone.

The experiments by ET59 and the LES simulations by Haddad et al. [83] (using the same numerical
solver as in the present work) primarily capture the adjustment zone of the gravity current, where
entrainment is higher. In contrast, the DNS results of Van Reeuwijk et al. [207] focus on the self-
similar region, providing a representative average for that regime. We report two averaged values of
a from our simulations: one over the adjustment zone (from z*/L=0 to z*/L=15) and one over the
near-self-similar zone (from z*/L=15 to z*/L=35).

Across all studies, the entrainment coefficient increases with slope angle. However, two distinct
groups emerge: those that include the adjustment zone (ET59, Haddad et al. [83], and our adjustment-
zone averages) and those restricted to the near-self-similar regime (Van Reeuwijk et al. [207] and our
corresponding averages). While both groups exhibit the same increasing trend with slope angle, their
absolute values differ markedly — particularly for slopes steeper than 45°, where self-similar values
are about 30% lower than those including the adjustment region.

Our simulations show good agreement with the experiments of ET59 and the LES simulations of
Haddad et al. [83] for the average over the near-self-similar region and with the DNS simulations of
Van Reeuwijk et al. [207] for the average over the near-self-similar zone.

The slope angle is a key parameter controlling entrainment, yet it is not the only one of relevance.
An equally important quantity is the Richardson number, which provides a direct measure of the
balance between buoyancy and shear. Since the pioneering work of ET59, the relationship between «
and Ri has been extensively studied, with numerous empirical laws proposed to model it (see Table 4).

Figure 58 presents the averaged entrainment coeflicient, («), as a function of the averaged Richard-
son number, (Ri), highlighting that entrainment decreases as the Richardson number increases. The

Richardson number quantifies the balance between buoyancy and shear: a high Richardson number
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14.2 Entrainment analysis

indicates that the available kinetic energy is insufficient to overcome buoyancy forces, resulting in a
stable configuration where mixing is strongly suppressed. In stratified environments, this stabilization
limits the ability of the current to entrain ambient fluid. This behavior is further illustrated in Figure
59, which shows the entrainment coefficient along the slope for different stratification intensities, with
the slope angle fixed at 60° and the buoyancy flux held constant at B; = 0.063 m3/s3. Entrainment
decreases with increasing stratification, and differences between cases become more pronounced down-
stream. For the strongest stratification, data are reported only near the source, as the current evolves
into an intrusion beyond this point, and its entrainment dynamics are no longer directly comparable
to the other cases.

The analysis based on slope angle and Richardson number provides valuable insight into the
global dependence of entrainment on external parameters. To gain a deeper understanding of the
physical mechanisms driving this behavior, it is useful to decompose the entrainment coefficient into
its constituent contributions. The theoretical basis for this decomposition was introduced in Sect. 11.5.

In Figure 60, the different components of the entrainment decomposition are shown for vari-
ous slope angles in the absence of stratification (Case 5), plotted as a function of x*/L. The total
entrainment from the decomposition, ag (obtained as the sum of the individual terms), matches
almost exactly with the directly calculated entrainment « (from eq. 9), confirming the accuracy of
the decomposition.

As expected, aproq emerges as the dominant positive contribution to entrainment, while ac,
provides the main negative contribution. The contribution of ag; is positive and increases with the
angle. aspape is close to zero and very flat at 30°, but as the angle increases, a negative region appears

near the source, indicating that the non-self-similar zone extends further with increasing angles.
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Fig. 58: The mean entrainment coefficient is presented as a function of the mean Richardson number.
The averaging was performed along the slope for different slope angles, and the colors indicate the
slope angles considered.
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14.3 Penetration depth of a laminar current
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Fig. 59: Comparison of the entrainment coefficient as a function of z* for different N2. For the
different curves, the slope angle is 60° and B;=0.063 m3/s>.

The influence of slope is also clear: the absolute magnitudes of the components, both near the
source and in the near-self-similar region, increase with slope angle. However, despite this increase in
strength, the overall structure of the decomposition and the relative importance of the different terms

remain largely unchanged across the tested angles.

14.3 Penetration depth of a laminar current

Wells and Nadarajah [214] performed a series of 41 experiments aiming to investigate the penetration
depth of a gravity current flowing along a slope into a stratified ambient. They generated a dense
plume of saline water and injected it at a controlled flow rate onto a sloping surface, allowing it to
descend into a linearly stratified fluid.

They constructed the experimental setup using a Plexiglas tank measuring 280 cm in length, 45
cm in width, and 36 cm in height (see Figure 61). Inside the tank, they placed a movable channel
with an internal width of 32 cm, which enabled them to vary the slope angle between 15° and 90°. To
produce the dense current, they pumped saline solution through a 32-cm-long porous hose located 3
cm above the inclined surface. This configuration was chosen to enhance the mixing at the onset of
the flow without affecting the net buoyancy flux. They varied the flow rate between 0.5 and 30 cm?®/s
and adjusted the reduced gravity of the inflow from 30 to 190 cm/s2. This led to a range of buoyancy
fluxes per unit length from 0.5 to 350 cm?3/s3. To establish the background stratification, they used
the standard double-bucket technique, achieving buoyancy frequencies (N) between 0.3 and 1.7 Hz.
In each experiment, they independently varied the buoyancy flux B; and buoyancy frequency N. To
visualize the flow, they added dye to the saline solution and placed a matte white background behind

the tank to obtain high-contrast images.
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14.3 Penetration depth of a laminar current
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Fig. 60: The different elements of the entrainment decomposition as defined in eq. 11 for the same B;,
no stratification, and different slope angles — (a) 30°, (b) 40°, (c) 50°, and (d) 60° — as a function of z*.

They defined the intrusion depth as the vertical distance from the source to the center of the initial
intrusion. Since the observed thickness of the intrusion was typically 5-8 cm, the depth measurements
exhibited relatively large uncertainties.

Each experimental run was limited to about one minute, as the intruding current began to alter
the ambient stratification shortly after initiation. To maintain consistent initial conditions, they fully
drained the tank and prepared a fresh linear stratification after each run. Due to the small velocities
at the inlet (around 0.3 cm/s) and the small size of the setup (the current flows down for about 20
cm), the Reynolds number of the flow was lower than 500, therefore giving rise to non-turbulent flows.

We performed simulations to reproduce the results obtained by WIN09. To this aim, we used
the mesh described in Sect. 12.3 and adapted the sizes and initial conditions to suit the laminar
simulations. This simulation corresponds to Case 4 in Table 7. To account for the smaller geometry,
we changed the size of r; to make it 0.005 and changed the size of the geometry to Lx=30 cm, Ly=3
cm, and Lz=>5 cm. We used a velocity at the source of 3 cm/s.

We used the laminar solver of the Calif3-Isis code that solves the Navier-Stokes equation for a
laminar flow, resolving the same equations (eq. 23, 24, and 28) as the LES solver described in Sect.
12.1, but without imposing initial perturbations, excluding the turbulence.

The Calif3-Isis software does not allow for the direct use of water and brine; therefore, we employed

the same COq—air mixture as in the other simulations (see Sect. 12.1). To ensure consistency between
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14.3 Penetration depth of a laminar current

the CO2-air simulations and the water—brine experiments, we matched the Reynolds, Richardson, and
Schmidt numbers. In WINO09, a range of inlet velocities was explored, resulting in variations of both
nondimensional numbers. For our study, we selected Re = 500 and R: = 5 as representative values.
The Reynolds number was matched by adjusting the inlet velocity to 3 cm/s, since the main difference
between air and water lies in viscosity. The Richardson number was reproduced by imposing a density
ratio of % = 1.053, one of those used in the experiments, with an identical source size to ensure
comparable inlet conditions. Finally, the Schmidt number — which represents the ratio of momentum
to mass diffusivity — was also adjusted in Calif to match that of salt in water (Sc a 1000), by tuning
the diffusivity properties of the COs—air mixture.

We performed three simulations for one angle every ten degrees, starting from 20°. The simula-
tions had the same velocity at the inlet but different stratifications N2 = 2.0,2.1, and 2.3 Hz2. The
penetration depth was estimated in the same way as in the experiments of WINO09, by measuring the
vertical distance between the midpoint of the intrusion and the source.

In Figure 62, we present a comparison between the nondimensional penetration D, depth (defined
in equation 61) as a function of the slope angle obtained by WNO09 and in our simulations, showing
a good match between the two.

In this laminar configuration, the nondimensional penetration depth D, does not vary with the
slope angle. This was one important result that the experiment of WIN09 showed. They interpreted
it as being due to an entrainment coefficient per unit of depth equal for all angles. It should be noted
that for 90°, a large variability of penetration depth was found, and no explanation for it is given in
the original paper. Generally, we can say that the absence of dependence of the penetration depth
on the angle is probably due to the mixing in this experiment being pretty small due to the laminar

regime and high Richardson number.
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Fig. 61: Plan and side views of the tank used in the experiments of WINO9 [214]. Reproduced from
[214].
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14.4 Penetration depth of a turbulent gravity current
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Fig. 62: Nondimensional penetration depth as a function of the slope angle. The blue dots refer to
the data of WIN09, the black dashed line marks the mean value of the experiments, and the black
triangles correspond to our own simulations.

14.4 Penetration depth of a turbulent gravity current

We now present the main novel results of this third part of the thesis: an analysis of the effect of the
slope angle on the nondimensional penetration depth in turbulent flows. Figure 63 shows the evolution
of D, as a function of slope angle for different configurations. The cases differ by the vertical position
L of the source relative to the slope (see Table 7): in Case 1 the source is placed close to the slope at
a horizontal distance of 5rg, in Case 2 it is farther away at 25r,, and in Case 3 it is positioned even
farther away, at 45r;. A schematic representation of L is provided in Figure 43.

Compared to the laminar case, a major difference emerges: the curves are no longer flat, and
the penetration depth varies with the slope angle. This behavior is a novel finding, not reported in
previous studies. In Case 1 (where the source is close to the wall), we observe that D, is smaller for
the small angles, rises until it reaches its max at around 60°, then diminishes for the larger angles.
For cases 2 and 3, a similar pattern is observed, but the position of the maximum changes. For Case
2, the maximum is attained for an angle of 50°, and for Case 3, for an angle of 40°. We also observe
that the curve flattens and resembles the laminar case more, the farther from the wall the source is.

The non-monotonic variation of the penetration depth D, with slope angle can be interpreted
as the result of a competition between two opposing effects. First, for a given vertical depth D, the
along-slope distance required to reach that depth increases as the slope angle 6 decreases, following
the geometric relation D/sin(6). As § — 0, 1/sin(f) becomes large, leading to significantly longer
travel distances along shallower slopes. This extended path allows more time for the current to mix
and dilute. Second, the entrainment intensity increases with slope angle. As demonstrated in Sect.
14.2, the entrainment coefficient exhibits an approximately linear increase with 6, leading to enhanced
mixing at steeper slopes. Consequently, both shallow and steep slopes tend to produce lower values of

D, the former due to longer paths and prolonged mixing, the latter due to more vigorous entrainment.
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14.5 Scaling of the penetration depth
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Fig. 63: Nondimensional penetration depth as a function of the slope angle for different positions of
the source. The cases represent different positions of the source. In Case 1, the source is placed close
to the slope at a horizontal distance of 3rg, in Case 2, it is farther away at 2575, and in Case 3, it is
positioned even farther away, at 45r,.

Intermediate slopes yield larger D, values, as they combine shorter travel distances with moderate
mixing rates.

The differences observed between the cases with different source positions can be attributed to
the presence of an initial plume phase prior to the gravity current interacting with the slope. The
duration of this phase depends on the distance between the source and the slope: the greater the
distance, the longer the plume phase. Entrainment in a plume is significantly higher than in a wall-
bounded flow. Specifically, the entrainment coefficient in a plume is approximately twice that of a
vertical wall-bounded flow, and even more so when compared to flows along shallower slopes. Since the
entrainment coefficient in a plume is universal, a sufficiently long plume phase tends to homogenize
the penetration depth across different configurations. This explains the observed flattening of the
penetration depth curve as the distance between the source and the slope, and thus the length of the

plume phase, increases.

14.5 Scaling of the penetration depth

Given the relationship between D and 6, we aim to formulate an expression that predicts the pene-
tration depth of a gravity current based on the source characteristics (B;), the ambient stratification
(N), and the slope angle (6).

The penetration depth is governed by a balance between two effects: the buoyancy flux supplied
at the source, B;, which sets the velocity scale U ~ Bl1 / 3, and the stabilizing effect of the ambient
stratification, which acts at a rate N. In the absence of entrainment, this balance yields the charac-

teristic length scale Bl1 /3 /N. To incorporate the influence of entrainment and its variation with the
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15 Summary and closing remarks

slope angle, it is necessary to account for how entrainment modifies the flow along the current’s tra-
jectory. For a gravity current descending a slope, the distance traveled along the slope is related to
the vertical depth by D/sin(f). Since entrainment occurs per unit length along the slope, the effec-
tive dilution per unit vertical depth is proportional to «(6)/sin(f), and because it acts cumulatively
on the buoyancy flux along the trajectory, its contribution enters the scaling with the same one-third

exponent as B;. This reasoning leads to the scaling law:

. 1/3
[sin(6)/(0)] /B,

N .

This scaling was proposed by Wells et Nadarajah in WINO09 and by He et al. [88] as explained in

D x

(37)

Sect. 11.8. Both found that this scaling worked well with their experimental data, but the way they
modeled the term «(6)/sin(f) differed. Wells proposed that «(6)/sin(6), which he called E.,, is a
constant equal to 0.08; on the other hand, He et al. [88] proposed to describe « as a linear function
of 6, according to the formula o = 0.00550 + 0.063 derived from the experiments of Beghin et al. [19].

The scaling proposed in WIN09 is only valid for their laminar experiments, where mixing is limited
and the slope has little influence on entrainment (see Sect. 14.3). The formulation of He et al. [88]
incorporates the slope dependence of entrainment, but relies on the parameterization of Beghin et
al. [19], which is inconsistent with both ET59 and our results. In particular, Beghin et al. reported
entrainment coefficients nearly an order of magnitude larger than ET59 and most subsequent studies.
Moreover, the scaling of He et al. [88] was only tested for slope angles between 9° and 24°. These
limitations underline the need for a new scaling law, based on a physically consistent interpolation of
« and validated against data spanning the full range of slope angles.

To derive a new scaling law, we first adopt a suitable expression for « and substitute it into Eq. 37.
As discussed in Sect. 11.5, several formulations for the entrainment coefficient exist in the literature,
typically expressed either as a function of the Richardson number Ri (Table 6) or of the slope angle
6 (Table 5). Among these, the linear relationship derived from the ET59 data by Hopfinger [94],
a=9.5x10"%(f +5), provides a convenient and physically consistent interpolation.

We then tested whether this scaling holds for our numerical results and identified the corresponding
proportionality constant. Figure 64 compares the penetration depth predicted by the proposed scaling
with the values measured in our simulations. The agreement is excellent: the predicted and simulated
depths collapse onto a single curve, yielding a proportionality constant of 0.696. Based on this result,
we propose the following expression for the penetration depth of a gravity current flowing downslope

into a stratified ambient:

D = 0.696 sin(6) " gy /N (38)
- 9.5 x 10~4(0 +5) ! ‘

This formula is valid for all angles but only for a source located close to the wall (Case 1). For the
other configurations, an alternative expression would be required to account for the additional mixing

that occurs during the plume phase before the current attaches to the slope.

15 Summary and closing remarks

We presented a series of numerical simulations of gravity currents flowing down a slope into a stratified
ambient. This configuration corresponds to the cascading of DSW along the continental slope but

also has a more general significance. The simulations were conducted using the large-eddy simulation
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15 Summary and closing remarks

(LES) code Calif3-Isis, to quantify the penetration depth of the gravity current across slope angles
ranging from 5° to 90°.

We first simulated the laminar experiments performed by WINO09 [214] and were able to repro-
duce their results. Subsequent novel simulations were performed under fully turbulent flow conditions,
revealing significant deviations from the laminar case. In the laminar case, the nondimensional (D,,)
penetration depth remained relatively invariant with changes in slope angle. In contrast, turbulent
simulations exhibited a strong dependence on slope angle, with D, attaining a maximum at inter-
mediate angles (~60°) and decreasing toward both smaller and larger angles when the source was
positioned near the wall. We also provided a physical explanation for this behavior.

Furthermore, the distance of the source to the wall was found to have a remarkable impact on the
dynamics of the current. When the source was put away from the wall, the wall slope corresponding
to maximal penetration shifted to lower values, while the overall variation in penetration depth with
slope angle became less pronounced. This behavior can be attributed to a longer initial plume phase,
where enhanced mixing with the ambient fluid occurs uniformly across all angles, thereby reducing
the sensitivity of penetration depth to slope variations.

Finally, building on previous studies, we proposed a new formula to predict the penetration depth
of a gravity current flowing downslope into a stratified ambient, expressed in terms of the source

buoyancy flux B; and the ambient stratification N.
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Fig. 64: Separation depth of gravity currents in linear stratifications versus the length scale according
to our LES simulations.

100



IV Conclusions and future works

In this PhD thesis, we studied some aspects of the buoyancy-induced currents in the ocean, more
specifically, the cascading of the Dense Shelf Water produced in the coastal polynyas of Antarctica
along the continental shelf. These gravity currents are the main source for the Antarctic Bottom
Waters and a very important component of the thermohaline circulation that is a major regulator of
Earth’s climate.

We divided this study into two parts: (i) the experimental investigation of a density current due
to the brine rejection, and (ii) the numerical simulation of the dynamics of a density current flowing
along a slope resembling the continental shelf.

The first part of the PhD was spent at the Politecnico di Torino and was concerned with the
densification of the shelf water due to the brine rejection in polynya and its ability to generate density
currents.

Given the lack of experimental studies on gravity current production by polynyas, we addressed
this issue experimentally by constructing an experimental apparatus designed for this task. The exper-
imental setting consisted of a cold room and an insulated tank of water, as well as measurement
devices. We first tried to open a polynya with a fan blowing wind over the surface to reproduce the
way Antarctic polynyas are maintained open by strong katabatic winds. Unfortunately, this approach
failed as the wind did not manage to keep the polynya open for long enough and created too much
convection in the water to be able to see the creation of any current. We then opted for covering most
of the surface of the water with insulation and keeping open just a small part that is our polynya. By
keeping the time of the experiments way shorter than the time of formation of the ice, we could study
the formation of a gravity current by brine reaction in a polynya.

The laboratory experiments demonstrated that brine rejection alone is capable of generating
well-defined gravity currents, with velocities on the order of millimeters per second. The systematic
variation of key parameters — polynya size, external air temperature, water salinity, and bottom geom-
etry — revealed their influence on the flow rate and structure of the current. Larger openings led to
both thicker currents and higher flow rates, while increased salinity slightly enhanced the flow rate.
Bottom geometry played a decisive role: vertical walls promoted a cellular structure reminiscent of
Rayleigh-Bénard convection, whereas inclined walls favored the formation of continuous and well-
developed currents. Both the thickness of the current and its flow rate were greater in the absence

of the inclined wall than in its presence. Surprisingly, within the tested range, variations in external
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air temperature did not produce a significant effect on the flow rate or current thickness, and the
underlying cause for this insensitivity remains unresolved.

The second part of this PhD focused on the downslope propagation of gravity currents along the
continental shelf, examined within the broader framework of gravity currents descending a slope into
a stratified ambient. Our objective was to determine how the slope angle influences the penetration
depth of a gravity current generated by a continuous release source.

We first performed laminar simulations, which successfully reproduced prior experimental results
from the literature. We then conducted large-eddy simulations to investigate a wide range of slope
angles and source configurations under turbulent conditions. For the first time, we demonstrated that
laminar and turbulent gravity currents exhibit fundamentally different penetration behaviors: while
laminar penetration depth (D,) was largely insensitive to slope angle, turbulent currents showed
a pronounced dependence, with maximal penetration occurring at intermediate slopes (around 60°)
when the source was close to the wall. Increasing the source—wall distance altered this trend, shifting
the optimum penetration angle toward lower values and reducing the overall variation with slope,
an effect attributed to a prolonged plume phase with enhanced mixing across all angles. Building on
these results and earlier studies, we derived a new predictive expression for the penetration depth of
a downslope gravity current in a stratified environment, expressed in terms of the source buoyancy

flux B; and the ambient stratification V.

Future works

Several directions could be pursued to extend the present study. On the experimental side, a more
systematic investigation of thermal effects would be highly valuable. In the present experiments, the
influence of air temperature remained somewhat unclear; targeted studies — such as isolating the
role of temperature in a configuration with a single opening — could help understand its role better.
Another promising avenue would be to exploit the current experimental setup to investigate more
realistic bathymetries, allowing the replication of specific seabed geometries and their influence on
current dynamics.

On the numerical side, future efforts could focus on extending the proposed scaling for the pene-
tration depth. In particular, an important step would be to incorporate the effect of the source—wall
distance, which significantly alters the dynamics by introducing an initial plume phase before wall
attachment. Developing a modified formulation that accounts for this additional mixing would provide

a more general predictive tool for downslope gravity currents in stratified environments.
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A Entrainment decomposition theory

We consider Reynolds-averaged conservation equations for volume, streamwise momentum, and buoy-
ancy. Adopting the Boussinesq approximation and assuming high-Reynolds-number flow moving on a

surface with a slope 6, the governing equations are:
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Here, the mean velocity components (u, w) correspond to the directions (z, z) respectively, v
and D are the molecular viscosity and diffusivity, pg is the density of the surrounding fluid , and

b= g(p/po — 1) is the buoyancy. Multiplying (40) by 2u and using (39) yields:
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Integration of (39), (40), (42) and (41) over z between the floor (z = 0) and infinity result in

D=~ lim (w). &

% (59 M) — (sin(6)Ri — Cp) g; (44)
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where the volume flux, @, momentum flux M, integral buoyancy B and Richardson number Ri are

defined as, respectively
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The characteristic current width, velocity, and buoyancy are defined as, respectively

@ M BM

Tm = M’ Um = 6’ by = ? (48)

In the momentum equation (44), the drag coefficient is defined as

Cp— () = (2 (49)
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A Entrainment decomposition theory

In (44) and (45)7 /Bg = 6m+ﬂf+5p+ﬂua Yo = Ym +YF + Y+ Vo 5g = 5m+§f +5p+5u

are profile coefficients, associated with the radial variations of the mean flow (denoted with subscript

‘m’), velocity fluctuations (denoted with subscript ‘f”), and pressure (denoted with subscript ‘p’):
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and those coming from a finite value for viscosity (denoted with subscript ‘v’):
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In (46), ©4 = 0., + 0 + Op with:
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with Pe = w7, /D = Re Scand Sc = v/D. Besides, to obtain (46), the following boundary condition:
Ob/0z = 0 is used at the floor (z = 0).
By definition of the entrainment coefficient, the radial volume flux of the entrained ambient fluid in
(43) is assumed to be proportional to the longitudinal velocity of the current and using (43), it yields
—lim,_, (W) dln@) dInQ)

_ _ — , 4
@ U T dé (54)

Combining the equations (54), (44), (45), following the steps of [47], the entrainment coeflicient

can be written as:

a = Oprod + acp + apr; + Qshape (55)
where
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Fig. 65: D as a function of the number of nodes.

B Analysis of the mesh

To analyze the mesh, different simulations are run with varying mesh sizes. If the mesh is well-done,
the value of a chosen key parameter should converge with the increasing mesh fineness. Two sets of
simulations were performed for the mesh, one to analyze the convergence of D (the depth reached by
the gravity current) and one to analyze the convergence of the entrainment coefficient .

The geometry used was the one described in section (insert section) with Lz=30, Lz=5, §=20°,
and B;=0.063 m® /s3. The simulations to analyze D used a stratification of N? = 0.02 Hz?; the
simulations for alpha did not use any stratification.

The results can be seen in Figure 65. The values of both D and « converge asymptotically to
a final value when the number of nodes is greater than 40000 with this geometry. This number of
nodes corresponds to a mesh size of ry/4 close to the wall and 2.8r; far from the wall. In the final
simulations, a mesh size of r,/6 close to the wall and 2r, far from the wall was used.

It can be concluded from this analysis that both D and alpha converge asymptotically to a final

value as the mesh size becomes finer. This means that the mesh can be trusted.
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Fig. 66: The entrainment coefficient as a function of the number of nodes.

C Analysis of the LES models and boundary conditions

In the Calif3-Isis code, there are three LES subgrid models available: the dynamical Smagorinsky, the
WALE (Wall), and the Vreman model.

The Smagorinsky model was the first widely used subgrid-scale closure in large-eddy simulation,
relying on an eddy viscosity proportional to the local strain rate magnitude (see eq. 27). Although the
dynamical Smagorinsky model [73] introduced a scale-dependent, locally computed coefficient that
improved accuracy in inhomogeneous and anisotropic flows, it still suffers from excessive damping
near solid boundaries unless special treatments are applied. A solution to this problem is to apply a
damping function near the wall (also called the wall law) that forces a velocity profile close to the
wall. In Calif®-Isis, this wall law is a model developed by Werner and Wengle [216] (see eq. 30).

The WALE (Wall-Adapting Local Eddy-viscosity) model [140] was developed to ensure correct
near-wall scaling of the eddy viscosity without requiring ad hoc damping functions, making it more

suitable for wall-bounded flows. In this model, the eddy viscosity is defined as:

_ 2 [24,iGi5 G2
ps = p(CuA) \/ (2095902 + [9i,Ciy Gy )/ o7

where C,, is a model parameter, by default the value of C,, is 0.5, and C is defined as:

- 1 1
C=5(Vo* + (Vo)) + tr{VP*H (58)
Similarly, the Vreman model [211] introduced a mathematically consistent formulation based on

the velocity gradient invariants, yielding a nonnegative eddy viscosity and improved robustness in

transitional and shear-dominated flows. In this model, the eddy viscosity is defined as:




Table 8: Comparison of pen-
etration depth D for differ-
ent subgrid-scale models and
boundary conditions.

No-slip ~ Wall-law

Smagorinsky 18.5 19.0
WALE 19.0 18.5
Vreman 19.2 19.0

s = pCly B12B22 — Biy + B11Bs3 — Bis + B22Bss — Pag (59)
SijSij
where
Bij = EmAgrLSm’iSmj (60)

where A,, denotes the filter width in the direction m and C,, is a constant fixed at 0.025.

However, both WALE and Vreman, while avoiding the wall-damping problem compared to
Smagorinsky, are not fully consistent with exact wall asymptotics and may still underperform in
complex near-wall turbulence.

The modeling of the near-wall flow is a crucial aspect, since gravity currents develop along a solid
boundary. In Calif3-Isis, two types of wall boundary conditions are available: the no-slip condition
and the wall-law approach. The wall-law, described by eq. 30, prescribes the near-wall velocity profile
through an empirical formulation, while the no-slip condition enforces zero velocity for all components
at the wall, leaving the near-wall dynamics to be fully resolved by the computation.

Six simulations were carried out by combining the three LES models with the two wall boundary
conditions available in Calif3-Isis. The simulations were performed for the same flow with B; = 0.063
m?3/s3, N2 = 0.02 Hz2, and § =40°. For each combination of model and boundary condition, the
penetration depth was measured, and the results are summarized in Table 8.

Table 8 shows the close agreement between the different subgrid-scale models for the value of D.
All values differ by less than 3%, and the four closest results differ by less than 1%. The choice of model
and wall law appears to affect the results only marginally. Therefore, the dynamical Smagorinsky

model with a wall law was chosen for its simplicity.
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D Analysis of the scaling for D
A scaling for D (the penetration depth of the gravity current) was introduced in eq. 35 as:

DN
D, = ——. (61)
B}/?

In Figure 67, verification that this scaling works in our simulations is provided. Different simu-
lations with varying B; and D were performed, and the resulting values of D were plotted against

Bl1 /3 /N. It can be clearly seen that there is a linear relationship that passes through the point [0,0]

between D and Bl1 /3 /N. This means that % is a constant so we can define a quantity D, = %.
1 l
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