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Lagrangian pathways connecting
the Weddell and Bellingshausen Seas

Abstract. This study assesses the connectivity of currents around the Antarctic Peninsula and identifies the structure
of flows carrying virtual particles from the Eastern to Western Antarctic Peninsula continental shelves. We use circula-
tion data for the Weddell and Bellingshausen Seas from the Whole Antarctica Ocean Model to obtain and analyse
particle trajectories using the Probably A Really Computationally Efficient Lagrangian Simulator (Parcels) model. The
software included the main Parcels kernels and a previously developed kernel that ensures the conservation of the
number of particles during flow around irregularities in the bottom relief and the lower edge of ice shelves. We also devel-
oped a kernel to simulate convection in the ocean’s upper mixed layer. Around 170000 virtual particles were released
at a depth of 10 m during a year with a spatial step of 1° in two shelf and slope sectors in the southern Weddell Sea
where the depth is less than 1500 m. The first sector covers the shelf area between 71°S and 77°S adjacent to the Filchner-
Ronne Ice Shelf. The second sector covers the shelf area between 70°S and 65°S adjacent to the Larsen Ice Shelf.
The pathways of water masses were characterised by the percentage of particles that visit each 10 x 10 km grid cell at least
once in a modelling period of 20 years. 21% of particles cross 58°W (tip of the Antarctic Peninsula), while 70% of particles
turn northeast. The smaller sector, adjacent to the Larsen Ice Shelf, is the main source of particles transferred to the
Bellingshausen Sea (51%). In contrast, particles released in the larger sector were mostly transported to the northeast
(75%). Only 3.4% of the released particles were transported to the west of 80°W, while the Amundsen Sea (105°W)
was reached only by 0.1% of released particles. That indicates a virtual lack of circulation connectivity between the
Weddell and the Amundsen Seas.

Keywords: Antarctic Peninsula, connectivity of ocean circulation, Parcels model, WAOM model

1 Introduction

The Southern Ocean’s circulation specifics are
determined primarily by the absence of a merid-
ional boundary at the latitudes of the Drake Pas-
sage that results in the continuous ring of eastward
currents around Antarctica (the Antarctic Circum-
polar Current, ACC). In addition, there are west-
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ward currents on the shelf and continental slope.
One of these is the Antarctic Slope Current (ASC),
a band of water moving west along the continen-
tal slope. Another is the Antarctic Coastal Cur-
rent (ACoC) flowing along the shelf’s ice fronts
and coastline. Shelf and slope topography, coast-
line geometry, buoyancy fluxes, and wind fields
are key factors in forming these currents.
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The Antarctic Peninsula (AP), which extends
approximately 1300 km into the Southern Ocean,
effectively separates the systems of shelf currents
along its eastern and western coasts. In particu-
lar, the ASC disappears on both sides of the AP
(Heywood et al., 2004; Thompson et al., 2018).
The barrier effect and differences in topography
lead to significant changes in the coastal circula-
tion off the Western and Eastern Antarctic Penin-
sula (WAP and EAP, respectively). While the AP
shields the currents on the Weddell Sea shelf from
the effect of ACC, the currents on the Bellingshaus-
en Sea shelf interact with the southern boundary
of the ACC (Moffat & Meredith, 2018). The
southern Weddell Sea shelf can be divided into a
relatively narrow EAP shelf and a wide shelf with
Filchner-Ronne Ice Shelf (FRIS). The WAP
can be divided into the Bransfield Strait and the
central WAP (Moffat & Meredith, 2018; Schu-
bert et al., 2021).

The Bransfield Strait between the South Shet-
land Islands and the AP is a deep basin with a
complicated cyclonic circulation pattern. The ACoC
enters the Bransfield Strait around the AP tip,
transporting about 1 Sv! (Heywood et al., 2004).
Then it propagates along the Peninsula into the
Bellingshausen Sea. Van Caspel et al. (2018) stud-
ied sources of water in the Bransfield Strait using
the Finite Element Sea-ice Ocean Model (FESOM).
Adding a passive tracer to the Glacial Melt Water
(GMW), they found that GMW from FRIS has
a larger influence on the Bransfield Strait bottom
waters than the GMW from Larsen Ice Shelf.
However, no evidence exists that this water reach-
es central WAP because the eastward current
through the Gerlache Strait blocks it (Zhou et al.,
2002). The Bransfield current flows oppositely
along the South Shetland Islands (Sangra et al.,
2011). Dawson et al. (2023) studied connectivity
pathways from a circumpolar perspective using
the ocean’s general circulation model and Parcels,
an offline Lagrangian particle trajectories model
(Delandmeter & van Sebille, 2019). Specifying the
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source of particles on the Ronne shelf as a cross-
section along 48°W, they found that 61% of the
released particles reach the tip of the Antarctic
Peninsula, while only 5% reach the shelf in West
Antarctica.

In this paper, we used circulation data for the
Weddell and Bellingshausen Seas from the Whole
Antarctica Ocean Model (WAOM) (Richter et al.,
2022) to obtain and analyse particle trajectories
using Probably A Really Computationally Efficient
Lagrangian Simulator (Parcels) model (Deland-
meter & van Sebille, 2019). The analysis aims to
assess the connectivity of currents around the AP
and to identify the flow structures carrying parti-
cles from EAP to WAP shelves. Unlike Dawson
et al. (2023), we consider a particle source spa-
tially distributed over the shelf adjacent to the EAP
to determine the area that is the main source of
particles transferred from the Weddell Sea to the
Bellingshausen Sea. The results of these Lagran-
gian simulations can also be used to plan and in-
terpret measurements by floats and drifters.

2 Data and methods
2.1 WAOM

The WAOM circulation model was designed to
describe ocean dynamics in the circum-Antarcti-
ca region (Richter et al., 2022). It is based on the
Regional Ocean Modelling System (ROMS 3.6),
a free-surface, terrain-following, primitive-equa-
tions ocean model that uses a curvilinear hori-
zontal coordinate grid in south polar projection.
The K-Profile-Parameterization (KPP) scheme
(Large et al., 1994) parametrized vertical mixing,
whereas harmonic viscosity and diffusivity were
used to parametrize horizontal mixing. The ther-
modynamic interaction of the ice shelf and the
ocean is described by the 3-equation model (Hol-
land & Jenkins, 1999). Heat fluxes between air
and sea based on satellite data (Tamura et al., 2011)
were used instead of a dynamical-thermodynam-
ical model for the sea ice. The boundary condi-
tions at the lateral open boundaries are based on
the reanalysis data from the ECCO2 modelling
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system (Menemenlis et al., 2008). The WAOM
description and setup can be found in (Richter et
al., 2022; Boeira Dias et al., 2023).

2.2 The Parcels model

The aim of a Parcels model (Delandmeter & van
Sebille, 2019) is to compute Lagrangian particle
trajectories using offline data produced by ocean
general circulation models (OGCMs) containing
fields of currents, temperature, salinity, and oth-
er parameters usually stored in different formats
depending on the type of the OGCM. The move-
ment of particles in the Parcels is simulated us-
ing interpolation schemes and special functions
(kernels) responsible for particle dynamics.

The interpolation schemes are used to find
OGCM water velocities, temperature, and salin-
ity at a particle’s location. They are described in
(Delandmeter & van Sebille, 2019) for different
types of OGCM grids. Kernels are used to calcu-
late how particle position changes over time. There
are several basic kernels for particle transport sim-
ulation due to advection and diffusion processes.
One of the known problems of Lagrangian particle
tracking is the loss of particles due to different
reasons. Maderich et al. (2022) and Dawson et al.
(2023) recently developed two kernels that recov-
er particles. The first kernel recovers a particle in the
last valid position with a small random variation
in longitude, latitude, and depth. The kernel is ap-
plied until the particle continues its movement in
the field of currents. In the second kernel, the par-
ticle is moved back from the coastline in a nor-
mal direction for a one-time step. The advantage
of such recovering algorithms is that they ensure
the conservation of the number of particles. We
used the first kernel in the simulation.

A new kernel updated the particle tracking mod-
el to represent the convection, which was not ex-
plicitly described in the surface mixed layer. We
followed the approach developed by van Sebille et
al. (2013). In this approach, we defined the mixed
layer depth as the layer where the potential den-
sity difference between the surface and a given depth

2000 3000 4000 5000 6000

Figure 1. Map and the bathymetry of the Weddell and Bel-
lingshausen Antarctic Peninsula sectors, showing ice shelves
(white line). The scale shows the depth. Dots show the loca-
tions of particle release in the areas adjacent to the Ronne-
Filchner (red) and Larsen (green) Ice Shelves. The dashed
line shows the computational domain of the WAOM. Solid
orange lines show cross sections at 58°, 70° and 80°W. The
yellow quadrangle distinguishes particles carried by the
Bransfield Current. SSI is the South Shetland Islands, MT
is the Marguerite Trough, BT is the Belgica Trough

!
0 1000

is less than 0.05 kg - m~3. The profile of potential
density for each time slice was calculated from the
potential temperature and salinity. The convective
mixing algorithm was applied when the particle
appeared within the surface mixed layer. In that
case, the particle jumped vertically over a dis-
tance calculated using the standard Python func-
tion Random. Uniform (—1.0, 1.0) with a maxi-
mum vertical velocity of 0.1 m - s!, which is the
simple parameterisation of the random Brownian
motion. There was no convective mixing below
the mixed layer and under the ice shelf.

2.3 Modelling setup

A WAOM simulation’s output (Boeira Dias et al.,
2023) includes three components of velocity (U,
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Figure 2. Depth-averaged velocities in the Weddell and Bellingshausen Antarctic Peninsula sectors in (a) summer
(January, February, March) and (b) winter (July, August, September)

V, W), potential temperature (7), salinity (.5), depth
(H), sea level elevation (n), ice shelf draft (z,,),
horizontal coordinates for nodes of the compu-
tational grid (A, ¢), and vertical sigma-coordi-
nates. The horizontal resolution of the grid was
about 10 km. The vertical resolution was 32 levels.
Timestep was 900 s (Richter et al., 2022; Boeira
Dias et al., 2023). WAOM outputs were obtained
after 20 years of spin-up simulations forced by
repeated boundary conditions for the year 2007.
This year was chosen because during it wind stress
and buoyancy fluxes were the most non-anomalous
compared to other available forcing years be-
tween 1992 and 2011 (Richter et al., 2022). Last-
year data with the temporal resolution of 5 days
were used as the output data set. For Lagrangian
simulations, they were cycled (i.e., the yearly data
were repeated).

Virtual particles were seeded every 8 hours dur-
ing a year at 10 m below the surface with the spa-
tial step of 1° of the longitude-latitude grid in two
shelf and slope sectors where the ocean is shal-
lower than 1500 m (Fig. 1). The first (red) sector
covers a shelf area between 71°S and 77°S adja-
cent to the Filchner-Ronne ice shelf. The second
(green) sector covers a shelf area between 70°S
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and 65°S adjacent to the Larsen ice shelf. This
division allows us to estimate the contribution of
the southern and northern sectors of the Weddell
Sea shelf to the connectivity of circulation in
the Weddell and Bellingshausen Seas. In total,
170 190 (137 250 red and 32 940 green) particles
were released. The pathways of water masses were
characterised by visitation frequency (Maderich et
al., 2022). The ‘visitation frequency’ (Csanady, 1983)
is the percentage of particles P that visit each
10 x 10 km grid cell at least once in a modelling
period (20 years). When all particles visited the
given area bin, P = 100; for no visits, P = 0.
The Parcels configuration used here includes ran-
dom-walk kernels to describe winter convection
and flow around the bottom relief, the lower sur-
face of ice shelves, and the coast. Therefore, back-
tracking is not applicable here, unlike (Nissen et
al., 2024), where convection processes were not
taken into account. Instead, we identified and
analysed only those trajectories that pass through
the selected section. We identified the upstream
paths and pinpointed the source regions by con-
structing the corresponding spatial distributions
of visitation frequencies for trajectories that passed
through this section. In general, the temperature
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Figure 3. Visitation frequency P [%] calculated for (a) all released particles on the Weddell Sea shelf; (b) for particles
that crossed 58°W; (c) for particles that crossed 70°W; (d) for particles that crossed 58°W and the quadrangle in Fi-

gure 1 after that

and salinity can also be written along the virtual
particle trajectory (see, e.g., Maderich et al., 2022).
Here our task is to analyse the pathways of water
masses; therefore, the transformation of particle
properties is not considered.

3 Results

Figure 2 shows fields of depth-averaged veloci-
ties in the Weddell and Bellingshausen Antarctic

Peninsula sectors in summer (January, February,
March) (a) and winter (July, August, September)
(b). As can be seen from the figure, the circula-
tion in both seasons is qualitatively similar, al-
though in winter, the currents are more intense.
The dominant feature of circulation in the Wed-
dell Sea is the ASC. It flows to the north, split-
ting into two branches at approximately 55°W.
One branch turns to the Bransfield Strait flowing
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along the AP, another turns to the east. The ACoC
also turns to the Bransfield Strait. The Bransfield
current directed to the northeast was reproduced
in both seasons. The ASC again appeared along
the WAP shelf break but higher up to the north
than according to the analysis of shelf hydrogra-
phy (Thompson et al., 2020).

The visitation frequency P [%] calculated for
all released particles on the Weddell Sea shelf is
shown in Figure 3a. This figure demonstrates how
particles released on the shelf propagate by cur-
rents toward the tip of AP. The distribution of vis-
itation frequencies on the Weddell Sea shelf shows
the presence of maxima corresponding to intense
cross-shelf current flowing from beneath the Ronne
Ice Shelf (RIS) and transporting ice shelf water
(Maderich et al., 2022). In addition, in the west-
ern part of the RIS, water enters under the ice
shelf and spreads beneath it and the Filchner Ice
Shelf (FIS). A significant portion of the particles
is transported by ASC along the shelf break to
the north, after which the flux is split to the east
and west. The eastward part of the flow corre-
sponds to a deepening water mass — a precursor
of Antarctic Abyssal Bottom Water. The splitting
location agrees with the results of drifter experi-
ments (Thompson et al., 2009).

As shown in the Table, the proportion of par-
ticles crossing 58°W is 21% of the total number of
particles. Considering 9% of particles remained
in the Weddell Sea, the proportion of particles
turning northeast is 70%. These estimates differ
from those obtained by Dawson et al. (2023),
who found that 61% of the particles reach the tip
of the Antarctic Peninsula. Such differences are
explained by the fact that our particle source was
distributed over the entire shelf of the southern

Weddell Sea, whereas Dawson et al. (2023) dis-
tributed particles only over a single cross-section.
Notably, the main source of particles transferred
to the Bellingshausen Sea (51%) is the smaller
green sector adjacent to the AP tip (Fig. 1). In
contrast, 75% of particles released in the larger red
sector were transported to the northeast, whereas
11% remained in the Weddell Sea. The particles
remaining on the shelf are drawn into the circu-
lation under the FRIS, accompanied by an out-
flow of water through the Hughes Trough to the
Belgrano Bank, where a topographic eddy is formed
(see Fig. 2). At the same time, almost all the par-
ticles seeded in the sector adjacent to the Larsen
Ice Shelf left the source area. In addition, the
seasonal distribution of the mixed layer thickness
showed that winter convection covers the shelf
and continental slope in the FRIS sector. In the
shelf sector adjacent to the Larsen C Ice Shelf,
the thickness of the mixed layer does not exceed
several tens of meters due to the presence of fresh-
ened waters coming from the melting of the ice
shelf (van Caspel et al., 2018). The eastward part
of the flow corresponds to a deepening water
mass — a precursor of Antarctic Abyssal Bottom
Water. About 29% of all released particles dived
below 1000 in the eastward flow, including 3 and
26% of green and red particles, respectively. At
the same time, only 2% of released particles de-
scended below 1000 m at 58°W equally from red
and green release sectors. This means that path-
ways of particles strongly depend on the location
from which these particles were released.

Figure 3b shows the distribution of visitation
frequency for particles crossing 58°W. These par-
ticles move west along the WAP in the ACoC and
then turn around to flow through the Bransfield

Table. Percentage of particle crossing cross-sections at the shelf of the Bellingshausen Sea

Source Remained o o o o

sector in the Weddell Sea 8w 70°W 80°W 105°W
Green 0.04 51 20 8.4 0.3
Red 11 14 5.4 2.2 0.04
Both 9 21 8.4 34 0.1
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Strait along the east coast of the South Shetland
Islands. About 74% of particles flow in the upper
400 m layer. In this case, the contribution of green
and red particles is approximately equal. Such a
distribution indicates that the transport of ACoC is
controlled by a relatively shallow coastal shelf at the
AP tip. This issue requires further study, both with
the help of floats and modelling with a higher spa-
tial resolution. Only 8.4% of particles crossed 70°W.
Figure 3¢ shows the distribution of visitation fre-
quency for these particles, showing that most of
them return to Drake Passage. These particles pen-
etrate deep into the straits and bays of the WAP
through the Marguerite and Belgica troughs, similar
to drifters in experiments by Schubert et al. (2021).
The farther to the west, the more particles are cap-
tured by the strong ACC. Thus, only 3.4% of the
particles were transported west of 80°W, while only
0.1% reached the Amundsen Sea (105°W). This in-
dicates a lack of connectivity between the circula-
tion from the Weddell to the Amundsen Seas.
Figure 3d highlights the visitations of particles
that first crossed 58°W moving to the west and
later visited the sector between 52—53.5°W and
61.4—62.4°S, bounded by the quadrangle in Fig-
ure 1, at the north exit from the Bransfield Strait
moving to the east. This made it possible to
identify the path of the Bransfield Current along
the western side of the South Shetland Islands.
The U-turn of particles initially following the main-
land coast of the WAP was also observed in the
drifter experiments of Thompson et al. (2020).
The drifters deployed east of the AP tip initially
moved along the WAP, then turned north and
east, forming the Bransfield Current at approxi-
mately 61°W by merging with the eastward current
through the Gerlache Strait (Zhou et al., 2002).

4 Conclusions

The connectivity of currents around the AP and the
structure of flows carrying particles from EAP to
WAP shelves were studied using the WAOM and
Parcels model output. In addition to the main
Parcels kernels and a previously developed ker-

nel that ensures the conservation of the number
of particles in the flows around irregularities in
the bottom relief and the lower edge of ice
shelves, a new kernel was developed to represent
convection in the upper mixed layer. The WAOM
simulation used in this study was repeatedly
forced by 2007 boundary conditions. This means
that the model forcing does not consider inter-
annual variability. Note that the parameterisa-
tion used for convective mixing implicitly con-
siders the water column’s stability. The virtual
particles were released throughout the year with
the spatial step of 1° in two shelf and slope sec-
tors in the southern Weddell Sea. The propor-
tion of particles crossing 58°W (the tip of the
Antarctic Peninsula) is 21% of the total number
of particles, while 70% turn northeast, and the
proportion of remaining at shelf particles is 9%.
The main source of particles transferred to the
Bellingshausen Sea (51%) is the smaller sector
adjacent to the Larsen ice shelf. In contrast, par-
ticles released in the larger sector adjacent to
FRIS were mostly transported to the northeast
(75%). Only 3.4% of the particles were trans-
ported west of 80°W, while the Amundsen Sea
(105°W) was reached only by 0.1% of particles
due to the continuous capturing of particles by
strong ACC. This indicates a virtual lack of con-
nectivity between the ocean circulation from the
Weddell to the Amundsen Seas.

Code availability. The source code of the open-
source Parcels model can be downloaded from
github.com/OceanParcels/parcels. Installation in-
structions and detailed tutorials for working with
the model are available on the website http://
www.oceanparcels.org. The kernels developed by
authors can be provided upon request.
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Jlarpanxesi uuisaxu, mo 3’eaHyioTh Mopsi Bemnenna i Besutincraysena

Pedepar. Lle nocmimkeHHsT OLIHIOE B3a€EMO3B 130K TeUill HABKOJO AHTApKTUYHOIO IiBOCTPOBA Ta BU3HAYAE CTPYKTY-
Py MOTOKIB, 1110 NIEPEHOCITh BipTyalbHi YACTUHKM 3i CXiTHOTO Ha 3aXiTHUI KOHTUHEHTAJbHUI 11eab® AHTAPKTUYHO-
ro miBocTpoBa. MU BUKOPUCTOBYEMO AaHi Mpo LUPKYJsLilo MopiB Beanenna ta bennincrayseHa 3 «Whole Antarctica
Ocean Model», 11100 oTpMMaTH i TIpoaHaIi3yBaTH TPAEKTOPii YaCTUHOK 3a JornoMoroio Mmozueii «Probably A Really
Computationally Efficient Lagrangian Simulator» (Parcels). IlporpamHe 3a0e3mnedyeHHsI BKJIIOYAJIO OCHOBHI siapa
Parcels i paniire po3po0jieHe s1apo, sike 3a0e3nedye 30epexkeHHs KiIbKOCTI YAaCTUHOK ITil Yac OOTiKaHHSI HEepiBHO-
cTeil penbedy AHA i HUXKHBOTO Kpalo 11eJb(GOBOro JIb0A0BMKA. TaKoX MU pO3pOOMIM SIAPO IJIs iMiTallii KOHBEKIIil
y BEpXHbOMY IepeMilliaHoMy 1api okeaHy. biauszbko 170 000 BipTyallbHUX YaCTUHOK OYyJIO BUITYILLIEHO Ha MIMOMHI
10 M MpOTSATOM POKY 3 MPOCTOPOBUM KPOKOM 1° y IBOX CEKTOpax LIeJb]y Ta KOHTUHEHTAIbHOTO CXWIY B MiBACHHII
yacTtuHi Mopst Bennenna, ne rmmouna meHie 1500 m. [epimit cekTop oxorumoe meab@oBuii paitoH Mix 71° T.ii.
i 77° npo.n., 1o MPpWJISTaE 10 HeabhoBoro abonoBuka PinbxHepa-PonHe. JIpyruit ceKTop OXOTUTIOE IIeNb(hoBUit
paiton Mixx 70° rm.ar. i 65° M.Iin., o IPWILTaEe A0 LeabhoBoro abomoBuka Jlapcena. Iissxu pyxy BOZHMX Mac
XapaKTepU3yBaJIUCh BiICOTKOM YAaCTMHOK, SIKi BiIBIAYIOTh KOXHY KJITUHKY ciTku 10 x 10 KM nmpuHaiiMHi oguH pa3
3a nepion MoxeroBaHHS 20 pokiB. 21% yacTMHOK TiepeTrHA€E 58° 3X.1. (BepXiBKa AHTApKTHYHOTO MiBOCTPOBA), TOMI
K 70% 4acTMHOK TTOBEPTAIOTh Ha MiBHIYHWIA cXilx. MeHIIMA ceKTop, MPUJICTINI 10 eIb(hOBOTO ThoaoBUKa Jlap-
CeHa, € OCHOBHUM JIKepeJioOM YacTMHOK, IO TiepeHocAThesl B Mope bemmiHcrayzena (51%). Ha Bigminy Bix 11poro,
YACTUHKU, BUIYILIEHI y OiIbILIOMY CeKTOpi, Oyau 31e0iUIbIIOr0 TpaHCHOPTOBaHI Ha MiBHiUHMI cxig (75%). Jluiie
3.4% BUBIIbHEHUX YAaCTMHOK OyJIO MepeHeceHo Ha 3axin Bim 80° 3.1., Toai K Mops AMmyHnaceHa (105° 3.1.) gocsriau
quuie 0.1% BUBUIBHEHMX YacTUHOK. Lle CBImYMTH Mpo (hakKTUYHY BiICYTHICTh 3B’SI3KY MiX LIMPKYJISILIIEI0 B MOPSIX
Bennenna ta AMyHzaceHa.

KimowoBi cioBa: AHTapKTUYHUI TiBOCTPiB, Moziesib Parcels, Mmomens WAOM, MOB'sI3aHICTh TUPKYJISIIT
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