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Abstract

The research involves the examination of modeling outcomes regarding the density structure and baroclinic dynamics of
Antarctic shelf waters (ASW) within the shelf-slope area, encompassing a wide range of extreme weather conditions. We used
a small-scale non-hydrostatic Fluidity-ICOM model to understand the formation and persistence of quasi-stationary polynyas
in the Antarctic, which play a role in enhancing the formation of ASW. The salt fluxes, or buoyancy, are calculated for different
forms of ice formation, namely static ice formation in young ice-covered polynyas and dynamic intra-water ice formation,
which is considered the most effective and occurs in open water polynyas. Based on the intensification of ASW formation and
its spread, three distinct modes of propagation along the continental slope have been identified: non-wave or subcritical mode,
vortex mode, and wave or supercritical mode, which is characterized by rapid flow. The classification into different modes is
determined by the internal Froude number (Fr) estimates. At the moment when the most developed stage of near-bottom
density currents are transformed on a slope, the spatial dimensions of meanders, eddies, or frontal waves were found to be
similar in magnitude, as well as their thickness. This observation aligns with model calculations of the local baroclinic Rossby
deformation radius (Rd) for these currents. These findings agree with comparable assessments of the baroclinic Rossby defor-
mation radius (Rd;) for the Antarctic Slope Front (ASF) in the Commonwealth Sea, which were based on field observations.
Additionally, the calculated propagation velocities of density currents and the density gradients at their boundaries coincide
with the data obtained from field measurements. By estimating the volumetric fluxes (g,) and specific fluxes (¢;) of ASW along
the continental slope near the Cape Darnley coastal polynya area in the Commonwealth Sea, we can determine the contribu-
tion of ASW cascading to the formation of bottom waters under different flux regimes. The precision and accuracy of the ¢, and
g, estimates are ensured through small- scale calculations using the non-hydrostatic Fluidity-ICOM model. These calculations
consider the occurrences of intensified ASW formation in open water polynyas. Numerical experiments have revealed that a
four-fold increase in a spatial step X results in an underestimation of ¢, by approximately 30%. As a consequence, in large-scale
and even mesoscale hydrostatic models, such underestimation of g, and ¢, may be unsatisfactory (several times lower).

Keywords: Antarctic, sea ice formation in polynyas, dense water formation, non-hydrostatic small-scale model, dense water
flow modeling, continental slope, density currents, flux estimation
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JMana3oHe 9KCTpeMalbHbIX METEOYCIOBUI 0Opa30BaHusl U CYIIECTBOBAHUSI KBAa3UCTALIMOHAPHBIX MOJIbIHEN B AHTap-
KTHKE, CITOCOOCTBYIOIMX nHTeHCUduKaunu ¢popmupoBanust ALLIB. s aToro ncnonb3yeTcst MeIKoMacIITaOHast He-
rugapoctaTudeckass moaenb Fluidity-ICOM. TlojsydeHbl OlLIEHKU TTOTOKOB COJIM (TIaBy4yeCTH) ISl Pa3IMUYHbIX TUIOB
JIen0006pa30BaHMsI: CTATUUECKOTO B TOJIBIHBSIX, TTOKPBITBIX MOJIOABIM JIBIOM, U BHYTPUBOZHOTO — IMHAMHMYECKOTO
(Haubonee 2¢(PeKTUBHOTO), B MOJBIHBSIX C OTKPBITON BOAHOI MOBEPXHOCTbIO. B 3aBUCUMOCTHU OT yBEIUUYEHUS] UH-
TeHcUBHOCTH (opmupoBanusi ALLIB m yBenmnueHUsT CKOPOCTH MX PaclpoOCTpaHEHUs BBISBICHBI TPU pekMMa CTOKa
MO0 MaTepUKOBOMY CKJIOHY: HE BOJTHOBOI — WMJIM JOKPUTUYECKUIT; BUXPEBOM M BOJTHOBOI — WMJIM CBEPXKPUTHUUECKUE
(ovicTphie). PasneneHne Ha pesKMMBI TTOATBEPXKIAETCS OlIEHKAMU BeTMYMH BHyTpeHHero yucia ®pyna Fr. [Tpu pas-
OMEeHUU Pa3BUTHIX MPUIOHHBIX TIJIOTHOCTHBIX TEUEHUIT Ha CKJIOHE MPOCTPAHCTBEHHbIE MacIlITaObl MEaHAPOB, BUXPEit
1 (GPOHTATBHBIX BOJTH OKa3aJMCh OJU3KMMHU TI0 BEJTMIMHE (KaK W MX TOJIIMHA), YTO COTIACYIOTCS C MOACIbHBIMU
OLIEHKaMHU JIOKaJIbHOTO OapoKJIMHHOro paguyca aedopmaunu Poccon — Rd; ans atux teyeHuit. OHM coBMaaaoT no-
NOOHBIMU olleHKamMu Rd| , TOTy4eHHBIMU Ha OCHOBE NAHHBIX HATYPHBIX M3MEPEHU, I aHTAPKTUUECKOTO CKIIOHO-
Boro ¢poHTa (AC®D) B Mope Conpyxectsa. [TonyyeHHbIE OLIEHKH CKOPOCTEH pacrpocTpaHeHuUsl MIIOTHOCTHBIX Tede-
HUI ¥ Meperaaa IMIOTHOCTEe ! Ha MX TpaHMIIe TaKKe COBIANAIOT ¢ JTaHHBIMU HaTYPHBIX U3MepeHuii. [TomydeHbl OlleHK1
00BEMHOTO ¢, U YAETbHOTO ¢; MOTOKOB AIIIB Ha MaTepMKOBOM CKJIOHE BOJIM3M paiioHa CYILeCTBOBaHUS MPUOPEKHON
nonbiHbM JdapHau B Mope CoapyXecTBa, KOTOPBIE TTO3BOJISIIOT OLIEHUTh BO3MOXHBIN BKJan Kackanuura AILLIB B 06-
pa3zoBaHMe JOHHBIX BOJ MPU PA3IMYHBIX PeKMMaxX CTOKa. TOYHOCTb U KOPPEKTHOCTb OLIEHOK ¢, U ¢; 00ecreynBaeTcs
MeJIKOMACIITaOHOM NMCKPETHOCThIO BBIYMCIEHUH, C UCIIOAb30BaHUEM Heruapoctatuiyeckoit moaenu Fluidity-1COM
M YYETOM COOBITUI YBEJIMUEHUSI MHTEHCUBHOCTU o0pa3oBaHust ALLIB B IOJIBIHBSIX C OTKPBITOM BOAHOM IMTOBEPXHOCTHIO.
[pu yBenmueHUn MPOCTPAHCTBEHHOTO IIara BRIYUCICHUI X B UMCIEHHBIX 9KCIIEpPUMEHTaX B 4 pa3a HeIOOIleHKa ¢,
coctannsieT ~30 %. [ToaToMy B KPYITHOMACIITAOHBIX U AaXKe B ME30MAaCIITAOHBIX THAPOCTATUYECKUX MOIESIX HET00-
LIEHKA ¢, ¥ ¢; MOXET OBITh HeTIPUEMIIEMOI (B HECKOIBKO pa3).

KmoueBbie ciioBa. AHTapKTHKa, JeI000pa3oBaHKe B TMOJBIHBSIX, (DOPMUPOBAHNE TJIOTHBIX BOM, HETUAPOCTATUIECKasT
MeJIKoMacITabHas Mozie/ib, MOIEMPOBAHNE CTOKA TUIOTHBIX BOJI, MATEPUKOBBIM CKJIOH, MJIOTHOCTHbBIC TEUSHUSI, OLICH-
KU CTOKa

1. Introduction

The shelf-slope regions across all oceans exhibit dynamic water movements, particularly in the polar
waters of the Antarctic, where in certain areas along the sea shelves, quasi-stationary coastal, shore, or near-
barrier polynyas are present during the cold season [1—6]. These regions experience vigorous formation of
dense Antarctic shelf waters (ASW) due to intense local ice formation in winter [7—13]. As these ASWs ex-
tend beyond the polynyas, they cascade down the shelf and continental slope as near-bottom density currents
[1—3, 5, 6].

The speed, composition, and stability of these currents are influenced by mesoscale and localized
variations in the seafloor topography on the shelf and slope [6, 14—16]. A pronounced incline of the
shelf and slope intensifies the flow of dense ASW, leading to an unstable cascading behavior [15—20].
Conversely, on a relatively smooth and gradual shelf and slope, the ASW density currents remain stable,
demonstrating quasi- geostrophic characteristics. Furthermore, the presence of depressions on the shelf
contributes to the accumulation of dense waters, even during the summer season [15—18]. However, in
addition to the topographic features of the seafloor, the seasonal effectiveness of dense ASW formation
in polynya areas plays a crucial role in shaping the structure and intensity of ASW density currents. The
efficiency of ice formation relies on the specific type of ice formation occurring in the polynya, which de-
termines the rate of salt introduction into the water and thus influences the intensity of external buoyancy
fluxes on the polynya surface.

The most efficient ice formation occurs in open water polynya areas, which exhibits dynamic intra- water
processes [12, 13, 21—24]. The rate of static-vertical ice formation on the lower surface of young ice in conge-
lation polynyas is comparatively weaker, but it significantly surpasses the rate of ice growth on the lower surface
of first-year drifting ice or fast ice that borders the polynya [23, 25—30]. The external salt fluxes (buoyancy)
vary widely across different polynyas. Consequently, it is of interest to investigate the patternsof development
and fluctuations in the intensity of density currents on the shelf and continental slope across the entire observed
range of winter atmospheric forcing. This range encompasses the active formation of ASW in areas with the
presence and persistence of various types of quasi-stationary polynyas, including coastal, near- shore (fast-ice),
and near-barrier polynyas.

This investigation requires the utilization of numerical modeling within a non-hydrostatic framework,
spanning various scales from small to mesoscale. To achieve this objective, the small-scale non-hydrostatic
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Fluidity-1COM model, previously validated in [31], isemployed. The article provides a brief description of the
modelandoutlinestheupgraded configurationofgraphical output forthe presentationofcomputational results.
An in-depth analysis of real atmospheric forcing is conducted, encompassing the entire spectrum of con-
ditions leading to the formation and persistence of open water polynya areas and the presence of young ice
cover. This study presents results of multiple three-dimensional numerical experiments investigating the
presence of quasi-stationary polynyas in the Antarctic under various conditions. The experiments provide
estimations of dense water movements along the upper continental slope. Additionally, the impact of en-
hancing the spatial resolution of calculations on these flow estimations is examined. To validate the simu-
lations’ accuracy, outputs are compared with contemporary field observations. A comparative analysis of
the outputs with the laboratory investigations of the density currents’ propagation along a seafloor slope is
conducted.

2. Brief description of the model and numerical experiments design.

The Fluidity ICOM (the Imperial College Ocean Model), allows for the numerical simulation of dense wa-
ter propagation along the shelf and slope using a three-dimensional adaptive unstructured grid (Fig. 1, @). The
model incorporates automatic grid refinement to a specified scale and employs non-hydrostatic dynamics.

Shaded areas: blue represents a cross section across the shelf and slope; gray shows longitudinal sections along
the polynya, along the shelf edge or the slope; brown marks bottom of the shelf and slope; blue lines are vertical
distributions of hydrophysical parameters

The model utilized in this study is built upon a comprehensive set of ocean thermohydrodynamic equa-
tions, encompassing mass conservation equations, Navier-Stokes and Reynolds equations accounting for
turbulence effects, as well as salinity and temperature conservation equations in three dimensions, and the

a)

b)

2km

0

1 km

s

10 km

Fig. 1. a — an example of the adaptation grid refinement in the Fluidity-

ICOMmodelwhensimulatinganear- bottom gravity current propagation

on a flat bottom [40]; b — computational domain representing a scheme

of numerical experiments with a flux initial conditions method in

the Fluidity-ICOM model. The salt flux (buoyancy) as a result of ice

formation is set at the built-in polynya surface area 1 km wide (orange
color)
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equation of state of seawater [33]. To solve the Navier-Stokes and Reynolds equations on adaptive unstruc-
tured grids, the Galerkin finite element method with discontinuous basis functions (Discontinuous Galerkin
(DG)) is implemented, ensuring solutions with high-order accuracy for modeling laminar and turbulent
flows [36, 32, 34, 35]. In the numerical calculations, turbulent processes are parameterized using various
methods. Throughout the computations, the viscosity is determined in accordance with the Smagorinsky
formulation [37], which links it to the filter size (grid step) and the strain rate limitation of large eddies
(i. e., velocity gradients of the computed current field). Friction against the bottom is accounted for using a
friction coefficient formulation. For a more detailed understanding of the model formulation and equations
employed, refer to [32, 38—40].

The Fluidity-1ICOM model was used to simulate lock-exchange flows, highlighting its capability to adapt the
grid (Fig. 1a) selectively to areas requiring high resolution [40, 41]. Furthermore, the model has been success-
fully employed in the modeling of currents and the pollutants transport across diverse marine environments
such as seas, bays, estuaries, and other natural water bodies [42].

Initial and boundary conditions

The lateral boundaries of the simulated basin are configured to allow unrestricted flow, ensuring an open
boundary condition. The free surface of the water body is treated as a dynamic boundary, where a kinematic
boundary condition is applied to account for its movement. To establish the initial conditions, the flux method is
employed, as illustrated in Figure 1b. The calculation of external salt fluxes, which play a crucial role in deter-
mining buoyancy, is thoroughly explained in section 3.

Upgraded visualization of the model output

The Fluidity-ICOM model generates output files containing simulation data that are managed using the
Visualization Toolkit (VTK — http.//www.vtk.org/). However, since unstructured adaptive grids are utilized, the
default visualization package provided by the developer only allows for the construction of outer surfaces of
the computational domain. These basic graphics are more illustrative in nature and may not fulfill the specific
research objectives. In our application, it is necessary to access the numerical values of hydrophysical charac-
teristics (such as salinity, temperature, density, and velocity projections) at any chosen point within the com-
putational domain and at any desired computational step. The goal requires the capability to generate various
cross-sectional views and vertical profiles at specific locations within the domain as well as to create distribution
maps within predefined areas (refer to Fig. 1, b) while having the flexibility to adjust the scale of variability for
any of the parameters.

Such a solution was achieved by software interpolation of computational data from an unstructured grid to a
regular grid at any computational step of interest, which is a feature of the transformations’ software package [31].

Experimental design for numerical simulations

The configuration for three-dimensional numerical experiments was established in [31] for small-scale wa-
ter dynamics modeling on the shelf and slope within the mesoscale (regional) context which were possible with
the Fluidity-ICOM model in conjunction with a high-performance computational cluster.

The computational domain used in this study is a three-dimensional rectangular area with dimensions
of 1 km x 10 km X 6 km (total depth X shelf-slope width X shelf length). The shelf width is 5 km, and the
shelf depth is 200 m (Fig. 1, b). The selection of these dimensions was based on the local baroclinic Rossby
deformation radius, Rd;, which is approximately 2—3 km in the ASF region, as determined from field ob-
servations [17, 19]. The chosen domain size is about 3—4 times larger than Rd;. A polynya, measuring 1 km
in width, was introduced on the surface at the midpoint of the shelf (Fig. 1, »). Thus, either an open-water
or near-barrier polynya was geometrically modeled. The slope of the shelf, denoted as s = 0.007, was chosen
to match observations in a specific area of the Commonwealth Sea. The continental slope was represented
by a slope of s = 0.16, which is a basic representation without local details [15, 16, 18]. The choice of com-
putational grid spacing was determined based on the resolution required to capture the Ekman near-bottom
boundary layer in polar waters. A minimum refined grid vertical step was set as 5 m, a horizontal grid step
was 50 m, and the time step Ar was set to 100s. The selected resolution is adequate for a detailed study of
the propagation of dense currents along the continental slope, as confirmed by field observations [15—20].
At the initial moment of time, a uniform salinity value of S = 34.4psu [18] and zero velocity was assigned
throughout the domain.
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An external salt flux (buoyancy) is imposed on the surface of the polynya. This allows for the simulation of
gravity convection, which is the process of dense water formation on the shelf, for instance, along the shelf and
slope due to the presence of a quasi-stationary wind-driven coastal (or near-barrier, or fast-ice) polynya. Initial
conditions assume the absence of vertical stratification (or it is weak) which is actually observed in vast areas of
the shelf, when salinity convection reaches the bottom at the end of winter.

3. Atmospheric forcing and external buoyancy fluxes

The focus of this study is to model the evolution of baroclinic water dynamics on the shelf and continental
slope within the entire range of extreme weather conditions that are observed in the Antarctic and contribute
to the formation and persistence of quasi-stationary polynyas. Based on sea-ice satellite observations, at-
mospheric reanalysis data, and instrumental meteorological observations [7—13], the range of atmospheric
forcing that contributes to the most intense ice formation and salt injection into water in winter can be rep-
resented as follows. Firstly, there is a young ice-covered polynya with ice layer thickness ranging from 3 to
30 cm, known as a congelation polynya. The prevailing wind speed W in this case are approximately from 2
to 7 m/s, and the air temperature 7a ranges from —20 °C to —35 °C. The ice in this polynya grows statical-
ly (vertically on its lower surface). The lifetime of such a polynya (with young ice 3—10 cm) is 3—4 days.
Secondly, an open water polynya is formed and maintained in the event of off-shore winds W= 12—16 m/s
(which is the necessary condition) and air temperature 7a = —15...—20 °C. These conditions often occur
when atmospheric fronts pass in cyclones during the winter [23]. The lifetime of such a polynya doesn’t
exceed 1—2 days. Thirdly, there are super-extreme conditions that can lead to the formation and relative-
ly long-term sustenance of a quasi-stationary wind-driven open water polynya. These conditions involve
significantly stronger winds, approximately from 16 to 30 m/s, and air temperatures ranging from —20 °C
to —30 °C. Such conditions are typically observed during winter in specific coastal or near-barrier regions of
ice shelves in the Antarctic seas. They are caused by powerful and cold katabatic winds blowing from the Ant-
arctic ice dome[12, 13, 24, 43, 44]. The Darnley and Mackenzie polynyas are located in the Commonwealth
Sea and Prydz Bay in the Antarctica [11] are potentially subjected to such katabatic winds [24, 44, 45]. These
polynyas exist 1—3 days. Lifetimes of polynyas with different types of ice formation served as a guideline for
the numerical experiments’ calculation times, when the external salt (buoyancy) fluxes can be considered
almost quasi-constant (in order of magnitude).

All wind-driven polynyas are characterized by intense heat transfer to the atmosphere, especially when an
open water surface exists [12, 24]. These conditions contribute to high ice productivity [46] and the vigorous
salt release into the water [12]. Ice formation in the near-surface layer under the influence of wave-wind turbu-
lence has a dynamic, intra-water regime [21—23, 29, 42]. A significant localized salinization of the upper-water
polynya layer occurs, leading to the development of active salinity convection [12, 26, 27]. This convection
process intense the formation of dense waters [6—9, 11] that subsequently spread along the shelf and flow down
the continental slope (Fig. 2).

With a decrease in wind and waves, the polynya will be covered with young ice. In this case, static (vertical)
growth of young ice will occur on its lower surface.

Assessment of heat loss from the open water polynya surface

The assessment of ice productivity and the associated salt fluxes into seawater in open water polynyas during
winter is carried out using a methodology based on balance concepts [22, 26, 27, 29, 48]. This approach consid-
ers the crystallization heat flux, denoted as F,, which is released during the formation of intra-water ice within
the turbulent upper polynya layer. The methodology assumes that this heat flux, F,, is equivalent to the total
heat loss from the open water polynya surface O = F.. The value of Q is determined using a balance model, as
described in [22], which aligns with similar approaches utilized in [26, 27]. The calculations were conducted for
sea water temperatures near the freezing point. On the surface of the polynya, a thermal balance is established at
a temperature close to the freezing point, which is typical for this period [8, 24]. Consequently, the concept of
winter salinity convection arises, which is solely driven by the salt fluxes into water. This happens during static
ice formation on the lower surface of ice in a polynya covered with young ice or during intra-water dynamic ice
formation in a near-surface turbulent layer in an open water polynya. Heat flux is not neglected, as there is no
requirement to cool the water to the freezing point.
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by a strong wind in shelf areas of the Antarctic seas. Formation scheme of dense ASW with

intensive salt injection into water as a result of intra-water (dynamic) ice formation when the
salinity convection is reached the bottom

The estimated values of Q, ranging from approximately 1000 to 4000 W/m? are in good agreement with sim-
ilar findings derived from numerous field observations in both Arctic [26—29] and Antarctic polynyas [49—51].
Furthermore, recent observations in Antarctic polynyas have also verified these estimates [12, 24].

Estimation of the intra-water ice formation rate and salt flux in an open water polynya

By utilizing the condition Q = F,,, we can determine the mass of pure (fresh) ice only. Consequently, the
rate of intra-water formation, dh/dt = F, /p, - L, where dh/dt is measured in meters per second (m/s), /4 is the
ice thickness, water density p; = 0.92 - 103 kg/m? (fresh crystals of intra-water ice), L = 3.34 - 105 J/kg — latent
heat of phase transitions [26]. Additionally, the rate of ice formation can be described in terms of ice mass, M,
representing the change in mass of ice formed per unit area over time, expressed as dM;/dt = (dh/df) - p; kg/m?s,
or calculate dM,/dt as F,,/ L= Q/L.

In this scenario, the salt flux into the water, known as external salt flux or buoyancy, occurs as a result of
intra-water ice formation. It can be calculated using the formula Fs;, = p; - (dh/dt)- (S,,— S;) [26]. When §; ~
~ 0 psu (representing fresh water ice crystals), then Fs;, =p; - (dh/df) - S,, = (F.,/L) - S,, = (Q/L) - S,,. Here, Fs;, is
expressed in kg/m?s with S, in kg/kg. The typical value of S,, ~ 34.5 psu or 34.5 * 10— kg/kg, which corresponds
to the measured salinity observed in locations such as the Darnley coastal polynya during winter [24]. Under the
atmospheric conditions suitable for the formation and sustenance of an open water polynya when atmospheric
fronts pass through, the Fs;, ~10~* kg/m?s. For super extreme conditions of opening and sustenance of an open
water polynya driven by katabatic winds in the specific Antarctic areas, the Fs;, ~ 5 - 10~* kg/m?s.

Estimation of the salt flux in a polynya covered with young ice

In order to determine the salt fluxes (F¥) into the water during the static growth of young ice in a polynya,
several field experiments [52] were conducted in the Arctic Ocean in winter. These experiments, carried out at
drifting stations, provided data on the variability of salinity profiles in the growing young ice. The findings from
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these experiments are consistent with other similar field data [53—55] and offer more representative results
compared to theoretical estimates or laboratory experiments. For the young ice thickness ~ 5 cm, the value of
F,~0.15 - 10—* [kg/m?s]. This field estimate of Fs agrees with the model estimate of Fs,, under the conditions
of intra-water ice formation in the polynya, specifically in low-wind or calm weather (W = 0—2 m/s) which
indicates the accuracy of the model estimate.

The obtained values of Fy;, and the adopted Fs are typical for various polynyas, which naturally exhibit
variability throughout their typical lifespan. Nevertheless, these values are considered acceptable for idealized
numerical experiments.

4. Numerical experiments results’ analysis

The results of the presented numerical experiments with various atmospheric forcing and types of ice for-
mation in polynyas allow us to analyze in detail the spatial structure at the most developed stage of density cur-
rents of the ASW in the shelf-slope region from the small scale to the mesoscale (Fig. 3).

The Fluidity-ICOM model accurately simulates the formation of convective circulations within the polyn-
ya, as well as the density currents propagation along the shelf and slope, exhibiting clear instability across a wide
range of extreme external buoyancy fluxes. As the intensity of ASW formation increases within the polynya area,
the occurrence of instability events at the upper boundary of near-bottom density currents due to baroclinic
instability [17] becomes more frequent. These events propagate along the shelf, and their spacing decreases,
particularly noticeable on the slope (refer to Figure 3).

The spatial structure of density currents in the bottom layer exhibits significant variability (see Figure 3).
When relatively weak buoyancy fluxes occur in a polynya covered with young ice, a non-wave mode of density
current propagation along the continental slope is observed at the most developed stage in 724 (see Fig. 3, a)
as determined in classification from previous laboratory studies [56—58]. The flow cannot be characterized as
laminar due to its structured nature and the presence of areas of instability. In contrast, in case of intense sea
ice formation in open water polynya, density currents reach the most developed stage in 45h on the shelf-slope,
the mode of propagation can be described as eddy-like. The formation of eddies can be clearly observed during
the propagation of dense water meanders along the shelf edge and slope, see Fig. 3, b. This particular mode of
propagation is extensively described in [31]. However, under super extreme conditions salt fluxes (buoyancy)
in katabatic wind-driven open water polynyas, the near-bottom density low mode change to a developed wave
mode in 45h [56—58]. The density current manifests as a series of regular frontal waves, sequentially propagat-
ing downward and along the slope, as illustrated in Fig. 3, c.

The term “the most developed stage of near-bottom density currents” refers to the current state at
the final moment of the calculated time in the experiments (45h) or (72h), which were selected based on
the typical lifetime of different types of polynyas. In this study, it is not relevant to continue the calcu-
lation beyond this point due to the substantial changes in external buoyancy fluxes observed in natural
conditions, often exceeding an order of magnitude. The cascading evolution is inherently non-stationary,
making it impossible to determine the extent of density currents’ development. The currents in the bottom
layer should be referred to as “developing”, as a quasi-stationary state is unattainable within the realistic
lifetimes of various types of polynyas.

The discovery of the wave mode in slope cascading was an unexpected outcome of the numerical simu-
lation. In laboratory studies, this type of flow mode typically observed under specific conditions, involving
the dense liquid flow or the density gradient between the stream and the environment is significant, and the
bottom slope incline is significant. In fact, there is even a concept of a minimum critical bottom slope [57]. In
the conducted numerical experiments, we set a representative external salt flux (buoyancy) in the polynya that
is geophysically reasonable. Our focus was to investigate the density structure’s development, specifically the
evolution of density gradients (transformation of near-bottom density currents) on the shelf and slope. Addi-
tionally, within the computational domain (as shown in Fig. 1, b), we preset an incline of the bottom as steep as
the continental slope observed in the Commonwealth Sea [16—18]. Based on the model results, it is reasonable
to infer that in certain Antarctic areas, where steep slopes exist and there is super extreme atmospheric forcing
during the formation and sustenance of a coastal or near-barrier open water polynya, a flow of dense ASW could
potentially develop to a wave mode.
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Fig. 3. Results of three small-scale experiments in mesoscale development in a non-hydrostatic setting Fluidity-ICOM
model using the flux conditions method. Salt flux (buoyancy) is set for: a — a young ice covered polynya; b — a wind-driven
open water polynya during typical (average) winter conditions; ¢ — a katabatic wind driven open water polynya during ex-
treme conditions. Presented are: sections of salinity (density) across the shelf and continental slope; salinity (density) map
in the near-bottom layer; salinity (density) sections along the shelf edge and along the upper slope at the moments of the
most developed stage of near-bottom density currents — at the estimated time is either 72h or 45h. Horizontal black lines
show polynya boundaries and sections along the shelf edge and slope. Vertical lines — show a section across the shelf and
slope, and points of the constructed vertical profiles of hydrophysical characteristics (Fig. 5)

A general consistent pattern emerges when analyzing the propagation at the most developed stage of near-
bottom density currents on the slope in various flow ASW modes (Figure 3). The spatial scales of meanders
observed along the shelf’s edge and the upper slope (Fig. 3, a), as well as the eddies (Fig. 3, b) and frontal
waves (Fig. 3, ¢), are consistently similar, ranging approximately from 1.5 to 2.5 kilometers. This observation
is supported by an analysis of longitudinal sections depicting the horizontal current velocity components (U)
across the shelf and slope, as well as the vertical current velocity components (W) in the upper slope (Fig. 4).
Furthermore, the thicknesses of ASW density currents in the upper slope remain practically identical across
all flow modes H,,~150—170 m (Fig. 3—5). Whereas, that in open water polynyas, the salt (buoyancy) fluxes
resulting from intra-water ice formation (Fs;,) exceed the salt fluxes in young ice-covered polynyas (Fs) by a
factor of 7—10. Under super extreme conditions, the magnitude of Fjs;, can even surpass Fs by 25—30 times
(as indicated earlier).

The observed spatial divisions of near-bottom density currents on the shelf edge and slope (Fig. 3 and 4)
across different flow modes align with estimates of the local baroclinic radius of Rossby deformation Rd; =
~ (g - H,,)">/f for these currents in the upper slope as calculated from hydrophysical characteristics (Fig. 5).
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Here, H,, represents the local thickness of the density current, g'x = gAp,/p describes to the buoyancy scale,
Ap, is the local horizontal density drop, where g denotes the free fall acceleration, and /= 1.4 - 10~* s~ signifies
the Coriolis parameter. Notably, for the non-wave mode, Rd;~1.5 km, for the eddy mode Rd;~1.7 km, and
for the wave mode, it reaches approximately Rd; ~ 1.9 km. These model-based Rd; estimates are considered
representative as they align precisely with numerous similar estimates of Rd; derived from field measurements
conducted in the Antarctic Slope Front (ASF) within the Commonwealth Sea [16—20].

The consistency of model estimates Rd,, which determine the spatial scale of division at the most devel-
oped stage of density currents such as meanders, jets, eddies, or frontal waves on the shelf edge and slope,
along with the similarity in thickness values H,,, suggests their weak dependence on significantly different
external buoyancy fluxes in various types of polynyas. Moreover, the variability range of horizontal density
gradients in the upper slope at the boundary of density currents, as observed in numerical experiments, is
relatively small, with Ap, ranging from approximately 0.03 to 0.05 kg/m? (Fig. 5). Notably, the calculated
local values of Ap, match precisely with the values observed for the ASF based on numerous field observations
[16—20]. This indicates that the Fluidity-ICOM model accurately captures the transformation of density
currents during propagation.

R Ko b P | lgd i

1
Distance, km Distance, km

Distance, km Distance, km

Fig. 4. The structure of the horizontal component U (directed across the shelf and slope) and the vertical component of

the velocity W over sections across the upper part of the continental slope (400 m) at the most developed stage of near-

bottom density currents, the estimated time is either 72h or 45h. In numerical experiments: @ — young ice covered polynya;

b — open water polynya under typical atmospheric conditions; ¢ — katabatic wind-driven open water polynya under extreme
conditions
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The calculated horizontal velocity components of near-bottom density currents across the shelf and slope
exhibit significant variability, ranging from U~ 0.12—0.4 m/s. In the upper slope, these values differ by 2.5 to
3 times, while the vertical components of the velocity W, display even greater disparities, with values ranging
from W= 0.1—0.4 m/s, differing by 3 to 4 times (Fig. 5). Consequently, when there is a substantial increase in
ice formation intensity, resulting in augmented external salt fluxes (buoyancy), such as during the formation
and sustaining of an open water polynya by strong forcing winds, the rate of propagation of dense ASW (Fig. 2)
along the shelf beyond the polynya, as well as their propagation along the continental slope, experience a sig-
nificant increase.

An increase in the speed of the ASW propagation determines the occurrence of a vortex or wave flow mode
of density currents on a steep continental slope, which can also be referred to as supercritical or fast flow modes.
This is supported by the estimates of the internal Froude number Fr = V/(g’ - 1)0.5 for the descending layer of
dense waters [59] in the upper part of the slope, obtained by calculating values of the hydrophysical character-
istics Fr = V/(g' - H,,)"" (Fig. 5). Here, V = (U? + W?)%3 represents the velocity at which the density current
propagates along the slope (Fig. 5), H,, denotes the local thickness of the density current, g', = gAp,/p rep-
resents the buoyancy scale, and Apx represents the local horizontal density gradient at the boundary of the den-
sity flow (Fig. 5), and g represents the free fall acceleration. Thus, in the non-wave flow mode, Fr ~ 0.8 indicates
a subcritical value. In the vortex mode, Fr ~ 1.7 already represents a supercritical value, surpassing the critical
value Fr = 1. In the wave mode, as Vincreases even further (Fig. 5), the value of Fr = 2.1. The results obtained
from numerical experiments align with the findings from laboratory studies on the propagation of density cur-
rents along the slope [56—57].

Moreover, it is important to highlight that the calculated values of V' = (U? + W?2)%3 = 0.2—0.6 m/s for
different flow modes are highly realistic. These values closely align with the estimates of V' derived from field
observations conducted in the shelf-slope area of the Commonwealth Sea [17], and they perfectly match the
observed velocities of dense water plumes in the continental slope of the Weddell Sea, where V= 0.4—0.9 m/s
[5]. In the aforementioned study [5], the authors also emphasize the supercritical nature of these near-bot-
tom density currents, suggesting the potential occurrence of periodic instability in the form of local hydraulic
shocks.

5. Estimates of dense water flows on the slope

The computational capabilities of the Fluidity-ICOM model and improved graphical output allow for the
direct and reliable estimation of dense currents in any location within the computational domain. This includes
a specific section along the upper continental slope (see Fig. 4). By calculating the volumetric (g,, m?/s) and
specific (g;, m?/s) values of dense water flows in the bottom layer of the continental slope (at the stage of the
most developed density currents), we can assess the potential contribution of ASW cascading to the forma-
tion of bottom waters under different flow modes. The results of these calculations are presented in the Table.
The accuracy and representativeness of the model’s estimates for dense water flows on the slope are achieved
through both the small-scale discretization, enabling a detailed analysis of the small-scale water dynamics with-
in the mesoscale context and the initiation of numerical experiments with the most representative external salt
fluxes (buoyancy).

The measured value of the specific flow g;, which represents the flow of dense ASW along a slope in non-
wave mode, closely matched the estimated g, value based on field observations [18]. Similarly, this confirms the
reliability of the model’s g, estimate, indicating its adequacy. However, in the presence of vortex flow mode,
both g, and g, values increase by nearly 2 times, while in wave flow mode, they increase by nearly 3 times. In
other words, under extreme weather conditions that promote the formation of ASW in young ice covered po-
Iynya areas (as indicated in the Table), the flow of dense ASW along the slope can increase by 2—3 times. Con-
sequently, it is crucial to consider these events when assessing the volume of bottom water formation in specific
Antarctic areas of the continental slope near quasi-stationary polynyas during the cold season. Neglecting these
factors would lead to significant underestimations.

When examining the model’s estimates of volumetric flow (g,) for different flow ASW modes, a question
arises: how significant or insignificant are these estimates? To gain insights, we can use sea-ice satellite obser-
vations, specifically focusing on the coastal Darnley polynya and the near-barrier Mackenzie polynya in the
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Fig. 5. Calculated at the moment of the most developed stage of near-bottom density currents on the shelf and

continental slope (is either 72h or 45h) vertical density distributions, horizontal and vertical velocity components

on the shelf edge and in the upper slope (400m). In numerical experiments: @ — young ice covered polynya; b —

open water polynya under typical atmospheric conditions; ¢ — katabatic wind-driven open water polynya under

extreme conditions. The arrows show the directions of water movement in the layers, down, up, to the right

(in the direction of the slope and along the slope), to the left (in the direction of the shelf edge and along the
shelf) (Fig. 3)
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Commonwealth Sea (Prydz Bay) in Antarctica, during the winter season about late June 2015 (see Fig. 6).
These observations were derived from publicly available sea-ice concentration data (representing the percent-
age of sea ice concentration) obtained from https://seaice.uni-bremen.de. The data was collected through the
Advanced Microwave Scanning Radiometer 2 (AMSR?2) instrument, which measures the brightness tempera-
ture, and processed using the ARTIST Sea Ice (ASI) algorithm.

According to Fig. 6, under winter conditions (June), the length of the Darnley coastal polynya (located near
the shelf edge [Fig. 1, 16]) with open water surface (depicted in blue) can extend up to approximately 60 km.
The total length of the polynya is approximately 135 km (Fig. 6). The calculated domain has a length of 6 km
(Figure 1). Consequently, referring to the Table, it can be determined that when the polynya is completely
covered with young ice, the volume dense ASW flow on the slope, which forms along the entire length of the
Darnley polynya, can reach a significant value of g, = 1800000 m?3/s or ¢, = 1.8 Sv. However, if polynya forms
under strong winter winds and remains with an open water surface a few days (Fig. 6), the volume ASW flow
along the slope can increase to g, > 2.4 Sv. In super extreme conditions, when polynyas can further expand in
the event of katabatic winds [12, 13], the volume flow can exceed g, > 2.8 Sv.

The gv values obtained in this study are significantly higher (several times) than previous estimates for the
continental slope area near the Darnley polynya in the Commonwealth Sea, which were based on numerical
modeling and field observation data, it where g, = 0.5—0.6 Sv [60]. However, the previous study [60] used

Table

Estimates of the intensity of dense water flows in the upper part of the continental slope under various flow modes
at the most developed stage of near-bottom density currents, based on the calculated values
of the current velocity components (Fig. 4, 5)

Time moments when near-bottom .. . .
. Minimum vertical- Volume flow, Specific flow,
Flow mode density currents are at the most . . 3 )
horizontal resolution, [m] q,, [m°/s] g, [m?/s]
developed stage, [h]
Non-wave 72 5—50 83104 13.9
Vortex 45 5—50 143622 23.9
Vortex 45 20—200 103488 17.3
Wave 45 5—50 181950 30.3

Fig. 6. AMSR-2 image of the open
water area of the Darnley quasi-
stationary coastal polynya and the
Mackenzie barrier polynya in the
Commonwealth Sea and Prydz Bay
in Antarctica in winter (June) 2015
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Fig. 7. Results of two small-scale numerical experiments in a non-hydrostatic setting the Fluidity-
ICOM model. The salt flux (buoyancy) in a wind-driven open water polynya is specified under the
typical winter conditions (Fig. 2): ¢ — a minimum resolution of 5—50 m vertically and horizontally
and b — 20—200 m. Presented are: sections of salinity (density) across the shelf and continental slope;
salinity (density) map in the near-bottom layer at the moment of the most developed stage of near-
bottom density currents in 45h. The black lines show the boundaries of the polynya and the shelf edge

a hydrostatic model with a computational grid spatial step of X = 4 km. Additionally, the study [60] only
considered static ice formation on the lower surface of young ice. It also did not consider intra-water ice
formation at the potential opening of the polynya. Moreover, in the research [60], the authors examined
the impact of increasing X in numerical experiments on estimating the volume of dense water flow down a
slope, specifically the estimation of g,. They found that as X increased from 1—2 km to 4 km, the estimated
g, decreased by 20 %. Furthermore, when X was increased to 16 km (resolution in large-scale models), the
estimate of g, decreased by nearly half, resulting in a significant underestimation of dense water fluxes on
continental slopes in Antarctica in large-scale and climate models [60]. The authors of [60] noted the need
for model studies on computational grids with a smaller scale to better understand the extent of underesti-
mation in g, values.

In this study, we present such a study using non-hydrostatic Fluidity-ICOM model, which is considered the
most suitable for simulating the dynamics of density currents on steep continental slopes [61], offering a small
spatial resolution and accounting for salt fluxes resulting from intra-water ice formation in open water polynya,
specifically the vortex mode (see Table for details). Our findings reveal that an increase in X by a factor of 4,
from 50 m to 200 m, leads to a decrease of approximately 30% in the g, estimate on the continental slope (see
Table). This decline is likely attributed to the erosion of small-scale structure within the density currents on the
slope (see Fig. 7). Now, let’s consider what happens if we further increase X to 2 km, which corresponds to a
40-fold increase in X (not to mention 4 km or 16 km)? In that case, it is plausible that the obtained g, estimates
of approximately 1.8—2.4 Sv will decrease significantly and potentially match the g, estimates from [60].
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The analysis suggests that the most precise and accurate estimates of dense water flow on steep continen-
tal slopes can only be derived through numerical experiments employing small-scale non-hydrostatic models,
which enable the resolution of the spatial structure of near-bottom density currents (refer to Fig. 3, 7, a). In
large-scale or even mesoscale (regional) models with substantial spatial discretization in calculations the inad-
equate representation of such flows can be significantly problematic, potentially leading to considerable under-
estimation by several magnitudes. Moreover, this underestimation would be further magnified if the occurrence
and presence of open water polynyas, where intensified ASW formation occurs, are neglected.

6. Conclusion

In order to accurately investigate the variations in structure and intensity of dense water flow in the shelf
area and steep continental slope of Antarctica, the small-scale non-hydrostatic Fluidity-ICOM model is used.
This model is capable of high-accuracy resolution by utilizing a 3-D adaptive unstructured grid with automatic
refinement to a predetermined scale and flux condition setup. The model reproduces the dynamics of densi-
ty currents at a small-scale within the mesoscale framework. Furthermore, recent upgrades to the graphical
demonstration of results in the model allow for the assessment of dimensionless parameters that characterize
the dynamics and intensity of these density currents.

The presented study aims to compare the results of modeling the density structure development and ba-
roclinic dynamics of ASW in the shelf-slope area under a wide range of realistic extreme weather conditions,
crucial for the formation and existence of quasi-stationary polynyas and intensifying the ASW formation.

To achieve this, the study obtains representative estimates of heat fluxes from an open water polynya surface
driven by strong off-shore wind or extreme katabatic wind. By analyzing these heat fluxes, the study can esti-
mate the ice formation rate within the intra-water (dynamic) processes in polynya and the salt fluxes (external
buoyancy fluxes) caused by this ice formation. Furthermore, the study provides estimates of salt fluxes in young
ice covered polynyas. These estimates indicate that the salt fluxes in congelation polynyas are 7—30 times lower
compared to salt fluxes in open water polynyas.

In this study, we conducted three original 3-D numerical experiments in the shelf-slope area. These ex-
periments focused on different scenarios: one with a built-in young ice covered polynya, second with an open
water polynya, and a third with an extreme katabatic wind-driven open water polynya. In these experiments we
simulated real salt (buoyancy) fluxes resulting from various ice formation types, including vertical (static) and
intra-water (dynamic) processes, which reproduce the formation of a quasi-stationary wind-driven polynya
(coastal, near-shore (fast-ice), or near-barrier) under the actual atmospheric conditions. These experiments
replicate the winter gravity convection of salinization, a localized and intense process where dense waters form
on the shelf and then propagate as density currents (cascading) along the shelf and continental slope. The bot-
tom topography in our simulations set closely to the actual bottom topography in the Commonwealth Sea in
Antarctica.

In each of the presented numerical simulations, the accurate modeling of near-bottom density currents,
shows their increasingly pronounced instability on the shelf and slope as the intensity of dense ASWs formation
in polynyas rises.

Based on the accelerated spread of ASW and the increased formation within various polynya types, three
distinct modes of ASW propagation along the continental slope have been identified. These modes include the
non-wave mode, also known as subcritical, where ASW cascades from beneath the congelation polynya. The
vortex and wave modes, or supercritical regime, occurs when ASW cascades with varying intensity under open
water polynya. The classification into these modes is supported by model calculations of the internal Froude
number (Fr), which align with laboratory investigations of density current flow along the slope. The computed
values of the propagation velocity (V) on the slope under different ASW regimes are very realistic, as they closely
match Vestimates derived from field observations and agree perfectly with instrumental measurements of dense
water plume propagation rates on the continental slope.

A general consistent pattern emerges when analyzing the propagation of the most developed stage of near-
bottom density currents on the slope in various flow ASW modes. The spatial scales of meanders, eddies, or
frontal waves are found to be similar in magnitude, consistent with the estimated local baroclinic radius of
Rossby deformation (Rd;) for these currents. The model-derived estimates of Rd; are reliable as they closely
match numerous independent measurements conducted for the ASF in the Commonwealth Sea. Additionally,
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the thickness of the density currents remains relatively uniform across different flow modes. Despite the consid-
erable variation in external buoyancy fluxes within polynyas, the calculated horizontal density gradients(Ap,) at
the boundary of these currents on the slope exhibit minimal variability. The model’s estimates of Ap, align per-
fectly with the observed values for the ASF, as determined through field observations. Thus, the Fluidity-ICOM
model accurately captures the transformation of density currents as they propagate along the shelf and slope.

We obtained model estimates of the volume g, and specific g; of ASW fluxes on the continental slope near
the region where the Darnley quasi-stationary coastal polynya exists in the Commonwealth Sea. These esti-
mates are significantly higher (several times) than previous calculations. However, these estimates are currently
the most accurate and reliable. This accuracy is achieved through small-scale discretization in calculations
using the non-hydrostatic Fluidity-1COM model and by incorporating representative external salt fluxes (buoy-
ancy) while considering intra-water ice formation. The study of the spatial step X increase impact, on numer-
ical experiments estimating g, revealed that increasing X by four times resulted in an underestimation of g, by
approximately 30%. Therefore, the most precise and accurate evaluations of g, on steep continental slopes
can only be derived from conducting numerical experiments utilizing small-scale non-hydrostatic models. In
large-scale and even mesoscale (regional) hydrostatic models, where calculations are spatially discrete, the un-
derestimation of such flows can be considered unacceptable, potentially by several times. Furthermore, this
underestimation is further increased if we disregard the growth of intra-water ice in the formed and sustained
open water polynyas, which allocate the most intensive ASW formation.
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