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Western boundary current
system in the Weddell Sea:
interplay of thermohaline
gradients and wind stress forcing
across seasonal scales

Tania Pereira-Vazquez*, Borja Aguiar-Gonzalez*,
Angel Rodriguez-Santana, Marta Veny
and Angeles Marrero-Diaz

ECOAQUA, Universidad de Las Palmas de Gran Canaria, Canary Islands, Spain

We investigate the seasonal dynamics of the Western Boundary Current System
(WBCS) in the Weddell Gyre, focusing on the interaction between thermohaline
gradients and wind stress forcing. Using high-resolution reanalysis data
(GLORYS12V1) and altimetry observations, we analyze the horizontal and vertical
structure of the WBCS along the extended ADELIE transect located in the
northwestern sector of the Weddell Gyre, a key section in the western part of
the SR04 WOCE line. Our analysis well captures the multi-jet structure of bottom-
intensified currents, including the Antarctic Coastal Current (CC), Antarctic Slope
Front (ASF), Weddell Front (WF), and a newly identified feature, first reported in this
work, the Inner Weddell Current (IWC). Seasonal variations show maximum full-
depth volume transport in autumn (40 + 0.6 Sv) and minimum in summer (33.8 +
3.0 Sv), with strong correlations to wind stress curl (R* ~0.8). Correlation analyses
indicate that wind stress forcing plays a predominant role in the IWC compared to
the jets closer to the coast, where steep density gradients and topographic steering
have a stronger influence. As a result, the IWC emerges as a major wind-driven
component, contributing over half of the full-depth volume transport (16.2 + 3.0 Sv
out of 37.3 + 5.0 Sv) and playing a key role in water mass recirculation within the
Weddell Gyre. Throughout the water column, salinity primarily controls the density
field in the upper ocean, whereas at depth, the bottom-intensified cores of the ASF
and WF are solely driven in the northeastward flow direction by temperature
gradients. This pattern strengthens in winter, when temperature and salinity
gradients steepen over the continental slope due to deep water mass formation.
In contrast, in the IWC domain, both temperature and salinity gradients contribute
to the northeastward geostrophic flow. These results provide a climatological
baseline for understanding the seasonal and spatial variability of the WBCS,
highlighting the complementary roles of thermohaline gradients and wind stress
forcing in shaping its different components.

cyclonic Weddell Gyre, Southern Ocean, western boundary current system,
thermohaline gradients, wind stress forcing, volume transport
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1 Introduction

The major feature of the circulation in the Weddell Sea is a
cyclonic wind-driven gyre, subject to thermohaline forcing and
topographic steering (Absy et al., 2008; Mueller and Timmermann,
2018; Vernet et al,, 2019). This gyre is located between 65-78°S and
60°W-20°E (Figure 1), and is primarily driven by wind stress
forcing, modulated by seasonal variations (Wang et al, 2012).
Along its southern boundary, the Weddell Sea is bounded by the
Antarctic continent, while along its northern boundary, it is open to
the Southern Ocean.

A particularly complex pattern of currents takes place along the
Western Boundary Current System (WBCS) of the Weddell Sea.
Over this domain, a multi-jet structure is present (Figure 1). Water
masses flowing within the western branch of the gyre either
recirculate within the gyre or leave the basin towards the
Bransfield Strait or the Scotia Sea, and then flow northward into
the South Atlantic Ocean (Naveira Garabato et al., 2002; Hellmer
et al, 2005). These exported water masses change the Earth’s
climate by redistributing the total heat and carbon content in the
global ocean (Lumpkin and Speer, 2007; Styles et al., 2023; Talley
etal, 2003; Vernet et al,, 2019). Hence, if climate models and global
ocean circulation reanalysis products do not resolve the Weddell
Gyre circulation and converge towards aligned results, long-term
projections could become divergent and lead to inconclusive future
case scenarios.

10.3389/fmars.2025.1540777

In this work, we assess the baseline variability of the Weddell
Gyre circulation along its western boundary, focusing on seasonal
variability, to establish a foundation for future research exploring
longer-term variability. The WBCS of the Weddell Sea presents
three major bottom-intensified currents, corresponding to the
Antarctic Coastal Current (CC), the Antarctic Slope Front (ASF),
and the Weddell Front (WF) as shown in Figure 1 (Kerr et al., 2012;
Stewart and Thompson, 2016; Thompson et al., 2018). The CC is
primarily barotropic and drives the exit of Weddell waters towards
the Bransfield Strait, allowing the leakage of near-freezing surface to
subsurface waters (Morrison et al.,, 2023). In this manner, the CC
forms a cold-water pathway which feeds the west Antarctic
Peninsula and maintains regionally low rates of glacier retreat
(Cook et al,, 2016). Further offshore, the ASF is formed along the
continental slope of Antarctica as a strong, narrow and persistent jet
(Thompson and Heywood, 2008; Vernet et al., 2019). The ASF
exhibits two northward-flowing cores, where the shoreward core is
mainly barotropic, and the offshore core has a significant baroclinic
component. Similarly, the WF core also shows an important
baroclinic component, with velocities decreasing from the bottom
to the surface (Thompson and Heywood, 2008).

Across the ASF, there is a rapid change in temperature and
salinity mainly due to the interaction between two water masses: the
colder and fresher waters of the Antarctic continental shelf, formed
as a result of sea-ice formation and melting processes; and, the
relatively warm and saline waters sourced by the Antarctic
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FIGURE 1

Bathymetric map of the northwestern sector of the Weddell Gyre depicting the study area with the approximate location of major oceanographic
features and currents. Acronyms represent the Southern Antarctic Circumpolar Current Front (SACCF), Antarctic Coastal Current (CC), Antarctic
Slope Front (ASF), Weddell Front (WF), Inner Weddell Current (IWC), and Bransfield Strait (BS). The ADELIE transect (Cruise 158 of RRS James Clark
Ross in February 2007), as studied by Thompson and Heywood (2008), and the E-ADELIE transect are shown. ADELIE stations are marked with black
dots and labelled with station numbers. The E-ADELIE transect is depicted in blue, with four blue dots indicating distances of 100, 300, 500, and 700
km from the coast to offshore. The new velocity field reference frame is displayed on the right. Fine light gray lines represent bathymetric contours
at 200 and 400 m depth, while darker gray lines indicate depths of 1000, 2000, 3000, 4000, and 4500 m. The bathymetry originates from

topo_8.2.img (Smith and Sandwell, 1997).
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Circumpolar Current (ACC), entering the gyre from the eastern
section (Thompson and Heywood, 2008; Vernet et al., 2019). The
former water mass is known as Antarctic Surface Water (AASW),
while the latter water mass is a modified Circumpolar Deep Water
known as Warm Deep Water (WDW) within the Weddell Sea
(Schroder and Fahrbach, 1999). Over the continental shelf, dense
shelf water produced during sea-ice formation cascades down the
continental slope and mixes with WDW. This process allows the
dense water to reach the ocean bottom and continue its pathway
through the global ocean. This dense bottom water is known as
Antarctic Bottom Water (AABW), which originates from Weddell
Sea Bottom Water (WSBW) and Weddell Sea Deep Water
(WSDW) before exiting the Weddell Sea (Naveira Garabato et al.,
2002; Llanillo et al., 2023; Muench and Gordon, 1995; Orsi et al.,
1999; Stewart and Thompson, 2012).

Given its location, hydrographic structure, and dynamics, the
ASF plays a crucial role in the exchange of heat, salt, and nutrients
between the deep ocean and the Antarctic continental shelf waters,
influencing the distribution of marine ecosystems and the dynamics
of sea-ice formation and melting (Vernet et al., 2019). In this region,
the melting of ice shelves is strongly influenced by the WDW (Cook
et al,, 2016). Beyond the north-western Weddell Sea, other regions
of the gyre are also subject to oceanic forcing that influences sea-ice
dynamics and glacier retreat. In particular, the eastern Weddell
Gyre and the ice shelves along Dronning Maud Land are affected by
the intrusion of relatively warm modified WDW, which can
modulate basal melt rates (Mueller and Timmermann, 2018).
However, the ASF is not entirely circumpolar; it is interrupted by
the Antarctic Peninsula, separating the Pacific and Atlantic sectors
of the Southern Ocean (Thompson et al., 2018). Specifically, it is
absent along the West Antarctic Peninsula and large parts of the
Bellingshausen Sea. Further oceanward, the WF is located as a
major frontal system linked to high mesoscale variability in the
form of eddies and meanders (Heywood et al., 2004; Thompson and
Heywood, 2008). An overview of the water masses which compose
the multi-jet structure of the WBCS in the reanalysis products as
compared to observations is provided in the Supplementary
Material, including their main characteristics (Figure Al and
Table A1-A2).

For a realistic simulation of ocean dynamics in high-latitude
basins like the Weddell Sea, careful attention to horizontal
resolution is essential (Neme et al., 2021; Renner et al., 2009). An
idealized model study of the Weddell Gyre by Styles et al. (2023)
explored how mesoscale eddies influence the Gyre’s transport and
interaction with the ACC. The authors varied horizontal resolutions
across eddy-parameterized (80 and 40 km), eddy-permitting (10
and 20 km), and eddy-rich (3 km) scales. They found that the
strongest transport (45 Sv) occurred at eddy-permitting scales,
which partially resolved large ocean eddies and enhanced thermal
wind transport. The weakest transport (12 Sv) was at eddy-
parameterized resolutions. Their recommendation to ocean
modelers is to approach the eddy-permitting resolution with care
when simulating the Southern Ocean and to consider employing
parameterizations that are compatible with partially resolved
mesoscale eddies. Styles et al. (2023) adopted a time-averaged
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forcing to produce the Weddell Gyre and ACC in their study,
acknowledging that this idealized approach poses limitations, as the
real ocean’s Weddell Gyre and ACC experience pronounced
seasonal fluctuations. These fluctuations significantly alter the
Gyre’s transport (Neme et al., 2021) and the density structure on
its western boundary (Hattermann, 2018). However, estimates of
the Weddell Gyre transport based on observations are constrained
across seasons, particularly during winter, and exhibit
considerable variability.

The scarcity of year-round estimates of the Weddell Gyre
transport based on observations fuels the motivation behind this
work. We use an open-access global ocean eddy-resolving reanalysis
product and altimetry observations to investigate the seasonal
variability of the Weddell Gyre circulation along its western
boundary, building on previous observational and modelling
works. The target is to characterize the key dynamical features of
seasonal variations and assess the interplay of thermohaline
gradients and wind stress forcing across seasonal scales. To this
end, we select the historical transect known as ADELIE (Antarctic
Drifter Experiment: Links to Isobaths and Ecosystems), which
corresponds to western part of the SR04 WOCE section, as the
study area. The ADELIE transect is depicted in Figure 1 and
constitutes the most convenient reference frame to assess the
ocean dynamics in the northwest of the Weddell Gyre. This
location serves as a gateway for water masses sourced from the
Weddell Sea, where they either exit the basin or recirculate within
the gyre, potentially influencing downstream processes in the
thermohaline circulation (Thompson and Heywood, 2008).
Estimates of volume transport across this (or analogous) transects
have been reported in the literature to range between 24-29 Sy,
depending mainly on the season and the performed sampling
strategy (Gordon et al., 2020; Muench and Gordon, 1995;
Thompson and Heywood, 2008). However, in-situ observations
reported in the literature are mostly representative of the free sea-ice
seasons since the extreme meteorological conditions prevailing
during the rest of the year prevent continuous observations. Also,
remotely-sensed observations about the surface ocean dynamics are
limited during the sea-ice seasons because the presence of the sea-
ice cover poses a major challenge for satellite sampling. Hence, the
use of reanalysis products becomes crucial so that the governing
year-round ocean dynamics in this region can be explored without
time gaps. Accordingly, we analyze the horizontal and vertical
structure of the WBCS and its volume transport across an
extended version of the historical ADELIE transect using a
reanalysis product. We refer to this transect hereafter as the
Extended ADELIE transect (E-ADELIE, Figure 1). This transect
captures the full circulation across the western Weddell Gyre,
extending from the northernmost tip of the Antarctic Peninsula
oceanward through the WBCS into the Gyre’s interior.

The manuscript is structured as follows: Section 2 describes the
data and methods. Section 3 presents the results and discussion,
including the analysis of the horizontal and vertical structure of the
WBCS using altimetry data and GLORYS12V 1, the characterization
of the seasonal cycle of volume transport, and an examination of the
thermohaline and wind forcings driving this seasonality. Finally,
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Section 4 concludes the manuscript with a summary of the

main findings.

2 Data and methods

In this section, we present the open-access reanalysis product
analyzed in this study, along with its main configuration details.
Next, we describe the altimetry and wind products used to
complement our analyses. Lastly, we outline essential aspects of
the methodology, including the rotation of the reference system,
considerations for volume transport computations, the
extrapolation technique used to fill data gaps over the continental
slope while accounting for bottom-intensified jets, and the
calculation of wind stress in an ocean influenced by sea-ice
formation. For the seasonal analysis, we follow the criteria of
Zhang et al. (2011) and Dotto et al. (2021) to define austral
seasons as follows: summer (January-March), autumn (April-
June), winter (July-September), and spring (October-December).

In the following, we use the term velocity field to refer to the
combination of geostrophic and ageostrophic components. When
only geostrophic balance is used in calculations, that velocity is
simply referred to as the geostrophic velocity. Additionally, a
variable accompanied by a prime indicates the rotated component
(i.e., perpendicular to the transect or cross-transect component; see
new reference frame in Figure 1). These conventions apply equally
to both velocity and volume transport. Finally, the baroclinic and
barotropic components are calculated as follows. The barotropic
component is obtained by averaging the velocity profile over depth
at each location, while the baroclinic component is derived by
subtracting the barotropic component from the velocity profile at
each location.

To investigate seasonal variability, we constructed a 12-point
seasonal climatology based on monthly mean fields (January-
December) averaged over the 1993-2020 period. This approach
allows a higher temporal resolution than four broad seasonal means
and enhances the robustness of correlation analyses. Throughout
the manuscript, we use the term monthly exclusively in this context,
not to analyze monthly variability per se, but to derive a resolved
seasonal cycle. The mean state refers to the multi-year (1993-2020)
climatological average, used as a reference or baseline
for comparisons.

2.1 Data

We use GLORYS12V1, a global ocean eddy-resolving reanalysis
product provided by the Copernicus Marine Environment
Monitoring Service (CMEMS) and available at https://doi.org/
10.48670/moi-00021. This product is based on the NEMO
platform (Nucleus for European Modelling of the Ocean) and
forms part of the Global Ocean Data Assimilation Experiment
(GODAE) (Bell et al., 2009; Chassignet, 2011; Dombrowsky
et al., 2009).
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GLORYS12V1 is derived from the GLOBAL_
REANALYSIS_PHY_001_030 product and is based on the
NEMO 3.1 ocean model coupled with the LIM2 sea-ice model
using the EVP rheology scheme. The system is forced by ECMWF
atmospheric reanalyzes (ERA-Interim and ERA5), with corrections
applied to shortwave and longwave radiation and precipitation.
Vertical mixing is represented using a Turbulent Kinetic Energy
(TKE) scheme with a fixed mixing length of 10 meters, and the
model uses 50 vertical levels with a fixed vertical coordinate system.
Surface salinity is restored using both 3D salinity profiles (from
surface to bottom) and 2D sea surface salinity data. Sea-ice
concentration is assimilated using data from both CERSAT and
OSISAF sources. Regarding the horizontal resolution, it is 0.08°,
approximately 5.4 km, which enables the resolution of mesoscale
features globally, including at high latitudes. The bathymetry source
is ETOPOL1 for deep ocean regions and GEBCOS8 for coastal and
continental shelf areas. Moreover, the dataset provides daily-
averaged outputs from January 1st, 1993 to June 1st, 2021. Key
physical variables used in this study include potential temperature
(°C), salinity (1073), the meridional and zonal components of ocean
velocity (v and u in m s!), sea-ice area fraction, and sea-ice
thickness (m).

The surface circulation from GLORYS12V1 is compared to the
geostrophic circulation in the study area, obtained from the
altimetry product SEALEVEL_GLO_PHY_L4_MY_008_047,
which is derived from multiple altimeter missions spanning 1993
to 2020. This data, processed by the DUACS system, has a spatial
resolution of 0.25° and daily temporal coverage. Given the harsh
winter conditions and extensive sea-ice cover in the Weddell Sea,
traditional altimetry presents challenges. The altimetry product
used accounts for sea-ice, flagging data when ice concentration
exceeds 15%. To construct climatological surface velocity sections
along the E-ADELIE transect, we set a threshold criterion requiring
at least 70% data coverage per year for spring, summer, and
autumn. This means that a minimum of 63 days of data per 90-
day season is needed for the season of a given year to be included in
the time-averaging process. However, to represent winter, this
threshold must be reduced to 40% so that a handful of years
enters into play in the time-averaging process. Once the seasonal
average for all available years is calculated, we constructed the
climatology for each season. By applying these thresholds, the
following years are included in the seasonal averages that we
present in this study: summer (29 years: 1993-2021 but 2015),
autumn (8 years: 1993, 1999, 2000, 2002, 2006, 2009, 2011, 2021),
winter (5 years: 2001, 2004, 2008, 2018, 2021) and spring (10 years:
1996, 2001, 2003, 2004, 2008, 2010, 2011, 2016, 2018, 2021).

This study employed the CMEMS altimetry product distributed
between 2021 and November 2024. While this version is no longer
available through the CMEMS catalogue, it was the official release at
the time of data processing. Users accessing the CMEMS platform
today may encounter a newer version: https://doi.org/10.48670/
moi-00148. However, the product used here was previously
validated in the study region and demonstrated to be suitable for
mesoscale applications, as reported by Veny et al. (2025).
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2

Horizontal map of the climatological wind stress (unit vectors) and wind stress curl (N/m®) over the Weddell Sea area between 1993 and 2020 (ERA-
Interim and ERA5). The E-ADELIE transect is marked in black solid line. The area analyzed for correlations of volume transport across the E-ADELIE

transect and basin-scale wind forcing is highlighted in red dashed lines.

Finally, to keep consistency, the wind stress products used for
further analyses in this study are the same as those used to force the
GLORYS12V1 reanalysis. GLORYS12V1 uses ERA-Interim and
ERAS5 datasets. Since ERA-Interim was discontinued in 2019,
ERA5 forcing fields have been applied starting from January
2019. In Figure 2, the area analyzed for correlations of volume
transport across the E-ADELIE transect and basin-scale wind
forcing is highlighted in red dashed lines.

2.2 Methods

For volume transport calculations, we compute the velocities
perpendicular to E-ADELIE, denoted as lowercase v’. This
procedure allows us to quantify the outflow of Weddell Sea
waters across the E-ADELIE transect. The rotation angle is
estimated from the average angle of the E-ADELIE transect with
respect to the true east. Thus, the Cartesian coordinates were
rotated 15.79 degrees clockwise from the true east. Subsequently,
the rotated volume transport (uppercase V’), hereafter referred as
the cross-ADELIE volume transport, is estimated daily from v’ at
every time step of GLORYS12V1 (1993-2020) following Equation 1:

D, 0
V(1) = / / Vv (£)dzdx'
0 ~h

Here, 0 and DL denote the westernmost and easternmost

o

integration limits, respectively. The values 0 and -h represent the
integration depths, ranging from the surface at 0 m to the bottom,
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depending on the location. Finally, v’ refers to the time-dependent
cross-ADELIE velocity component. The deepest bottom boundary
for the integration is set at 4400 m because it corresponds with the
last available depth provided by GLORYS12V1 in this region, even
though one must note that the seafloor reaches depths down to 4800
m offshore E-ADELIE (~500 km). In all cases, the time-averaged
and associated standard deviation of V’ are computed for the entire
time coverage of GLORYS12V1 (1993-2020).

To account for bottom-intensified jets and ensure accurate
volume transport calculations along the continental slope, we
employed an extrapolation method to fill in data gaps near the
sea-bottom. This method, available in MATLAB as inpaint_nans by
D’Errico (2024) has been already tested and utilized successfully in
Veny et al. (2022). The employed algorithm performs realistic
extrapolation by considering the surrounding gradients to fill in
data gaps. The function is applied in segments, taking pairs of
stations to ensure its good performance and accurate results. A
comparison of the mean V’ calculated between 1993-2020 for
GLORYS12V1 along E-ADELIE, before and after applying the
bottom extrapolation, shows an increase of about 4 Sv accounting
for the data gaps along the continental slope.

We use Sea Surface Height (SSH) data provided by
GLORYS12V1 to determine the geostrophic velocity at the
surface, which will serve as our reference level. To assess the
contribution of thermohaline gradients to the velocity field
provided by GLORYS12V1, we separately calculate the
geostrophic velocities considering only temperature gradients
(with uniform salinity) and those due to salinity gradients (with
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(a, c) present the horizontal structure of the WBCS in the Weddell Gyre. (a) shows time-averaged surface geostrophic velocities derived from altimetry
data (2001, 2004, 2008, 2018, 2021), whereas (c) shows time-averaged surface velocities from GLORYS12V1 (1993-2020). The flow direction is indicated
with unit vectors. The E-ADELIE transect is indicated by a black line, with white dots marking every 100 km between 0 and 750 km along the x-axis of
(b, d). Fine white lines trace bathymetric contours at 200 and 400 m depth, while thicker white lines correspond to depths of 1000, 2000, 3000, 4000,
and 4500 m. (b) shows the seasonal surface geostrophic velocity (cm/s) along E-ADELIE and computed from altimetry data (1993-2020; see section 2.1
for the years corresponding to each season). (d) is analogous to (b), but it shows the seasonal surface velocity (cm/s) computed from GLORYS12V1 data
(1993-2020). The dashed lines indicate the seasonal mean value + the standard deviation.

uniform temperature). For both estimations, mean seasonal
temperature and salinity fields have been used (accounting for
four seasons during the 1993-2020 period).

We compute wind stress accounting for the drag coefficient
values as a function of sea-ice concentration, as proposed by Liipkes
and Birnbaum (2005), following Equation 2:

T=1p - Ug -G )

where p represents the air density (1.2 kg m™); Uy, =
\ud, + v}, is the wind speed at 10 m above the surface (with
u, and v}, denoting the eastward and northward velocity
components, respectively); and, C; is the drag coefficient
calculated following Liipkes and Birnbaum (2005), which
accounts for variations in sea-ice concentration by adjusting the
surface roughness and momentum flux accordingly. For a full
description of the formulation and parameter values, the reader is
referred to Liipkes and Birnbaum (2005). Wind stress curl is
computed from the T, and T, components of the wind stress,
accounting for sea-ice over the Weddell Sea. To assess the average
wind patterns acting over the study area, basin-scale calculations are
performed (see Figure 2). Finally, the relationship between the
seasonal cycles of the wind forcing and volume transport driven by
the WBCS is addressed through correlation analyses.

All reported + values throughout this manuscript correspond to
the standard deviation of the respective variable computed over the
full time series. These values reflect the temporal variability of the
dataset and are not formal estimates of statistical error.
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Lastly, regarding the horizontal boundaries of each jet (CC, ASF,
WFE, and IWC), we note that there is no standardized method in the
literature for their precise delimitation. In this study, we defined the
lateral extents of each jet based on the spatial structure of surface and
bottom velocity fields (see Figures 3b, d, 4b), identifying the points
along the transect where velocity magnitudes consistently increase and
then decrease. These transitions, interpreted as velocity gradients, were
used to delineate the start and end of each jet. Our approach also
considered the approximate positions reported by Thompson and
Heywood (2008), ensuring consistency with previous work and
allowing for a robust estimation of the spatial width of each current.

3 Results and discussion

The applicability of Sverdrup dynamics for calculating the
Weddell Gyre transport is not straightforward and has been
questioned for decades, as in Gordon et al. (1981), where its
transport was estimated to be ~76 Sv using wind stress data and
applying Sverdrup balance. Subsequent studies using moorings and
ship data have provided lower estimates with larger ranges: 20-56
Sv in Fahrbach et al. (1991) and about 30 Sv in Yaremchuk et al.
(1998). A review of the existing literature identifies several papers
that have addressed the Weddell Gyre transport using idealized
models, reanalysis products, and observations, as listed in Table 1
(see section 3.2). Beyond these full-depth transport estimates, some
studies have focused on the export of WSBW (a component of
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AABW, along with WSDW). Gordon et al. (2010) identified a
seasonal cycle in the export of WSBW southeast of the South
Orkney Islands, with variability linked to wind forcing over the
western Weddell Sea. Fahrbach et al. (2001) estimated an average
bottom water transport of 1.3 + 0.4 Sv in the northwestern Weddell
Sea, with fluctuations on both annual and interannual timescales.
More recently, Llanillo et al. (2023) provided updated estimates of
WSBW transport, reporting annual-mean values of 3.4 £ 1.5 Sv,
further illustrating the long-term variability in deep water export.

In the next sections, we assess the seasonal variations of the
WBCS of the Weddell Gyre, building on the framework established
in the literature, using an open-access global ocean circulation
reanalysis product (GLORYS12V1) and altimetry data.

3.1 Horizontal structure

We present the climatological spatial structure of the WBCS of
the Weddell Gyre at the surface, based on the time-averaged
velocity field from altimetry data (2001, 2004, 2008, 2018, 2021)
and GLORYS12V1 output (1993-2020). These results are shown in
Figure 3a, ¢ (upper and lower panels, respectively).

The most prominent feature derived from altimetry data
(geostrophic velocity field) and GLORYS12V1 output (velocity
field) is the multi-jet structure of the WBCS. This structure
consists of a series of parallel-aligned jets (CC, ASF, WF) and a
broad current running nearly perpendicular to the transect E-
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ADELIE, departing from the Antarctic Peninsula’s tip and
extending oceanward (Figure 3). The latter current is a previously
unreported feature of the Weddell Gyre’s circulation, described
extensively for the first time in this study, which we refer to as the
Inner Weddell Current (IWC). This multi-jet structure is in good
agreement with studies based on in-situ observations (Muench and
Gordon, 1995; Thompson and Heywood, 2008) and modelling
studies (Stewart and Thompson, 2016; Matano et al., 2002). In
this study, GLORYS12V1 output and altimetry data present the
ASF centered at ~150 km, and the WF centered at ~260 km, from
the coastline to offshore distances, with a width approaching 100
km in all cases (Figure 3). These locations are in agreement with
those reported in Thompson and Heywood (2008), and derived
from Shipborne Acoustic Doppler Current Profiler (SADCP) and
Lowered Acoustic Doppler Current Profiler (LADCP)
measurements, supporting the good performance of both
products. This is further reinforced by recent validation efforts of
these products conducted in nearby regions with similarly
challenging conditions due to sea-ice and limited in-situ data
(Artana et al., 2017; Damini et al., 2025; Ferrari et al.,, 2017; Frey
et al,, 2021, 2023; Veny et al., 2025).

The individual jets are clearly identified in the surface velocity
sections sampled along E-ADELIE (Figure 3b, d). Notably, the CC
appears as a distinct coastal flow only in the GLORYS12V1 output,
with increasing magnitude near the shore. In contrast, it is absent in
the altimetry data, likely due to the influence of land proximity.
Maximum mean climatological speeds for each jet, derived from
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TABLE 1 Review of volume transport estimates computed across transects analogous to ADELIE, based on both observational and model data.

Reference Data source  Current Section name Time Depths of inte- Volume trans-
gration (m) port (Sv)
Fahrbach et al. (1994) Current meter Western Boundary SR04 WOCE 1989 to 1991 0-4000 29.5+9.5
Current System 500 km
Muench and Gordon Current meter Western Boundary Transect 3, 68°S - February- 0-4000 28
(1995) * Current System 200 km June, 1992
Naveira Garabato et al. | LADCP Northward South ALBATROSS March-April, 1995 | 200-4000 277
(2002) * Orkney Plateau 1400 km
Matano et al. (2002) Modular Ocean Western Boundary 47-55°W, 65°S 1979 to 1998 500-3000 18
Model, Vr2 Current System
Thompson and LADCP Coastal Current ADELIE February, 2007 0-4000 1.3
Heywood (2008) * 300 km
Slope front 0-4000 39
Weddell front 0-4000 16.8
Kerr et al. (2012) OCCAM global Western Boundary 350 km 20-year 500-4000 285+29
model (1/12°) Current System averaged
simulation
Palmer (2012) * Inverse model Northward 600 km January, 2008 0-5000 25
- ADCP Powell Basin
Wang et al. (2012) FESOM model Tip of the Transect D1-D2 2001 to 2011 0-5000 20 ~ 24
Antarctic Peninsula
Jullion et al. (2014) * Inverse model box = Southward South Merged transect January, 2009 0-5000 24 +4
Scotia Ridge ANDREX/I6S
Reeve et al. (2019) Argo float Western Boundary Section 6 2002 to 2016 0-5000 27 %5
Current System

The symbol * refers to synoptic observations, while its absence indicates time-averaged estimates over the time period indicated in the table.

altimetry data and GLORYS12V1 output (Figure 3), are consistent
and of the same order of magnitude: 4 cm/s for the ASF and 6 cm/s
for the WF in altimetry data, and 6 cm/s for both jets in
GLORYS12V1. As expected from time-averaging, these values are
generally lower than synoptic SADCP and LADCP measurements
reported by Thompson and Heywood (2008), which indicate 20
cm/s for the ASF and 10 cm/s for the WF. Additionally, the IWC
stands out as a distinct broad current in altimetry data, flowing
northeastward as a part of the inner core of the Weddell Gyre,
where interior waters recirculate. The presence of the IWC is
confirmed year-round, as it appears in the seasonal surface
geostrophic velocity sections shown in Figure 3b. Although less
prominent, the IWC is also visible in the seasonal surface velocity
sections shown in Figure 3d. This current is observed between 350
km and 620 km offshore the Antarctic Peninsula in altimetry data
and GLORYSI12V1 output, reaching maximum seasonal mean
values between 4 to 6 cm/s, respectively (Figure 3b, d). The
presence of these jets across all seasons and its consistent
positioning suggest that, despite the uneven seasonal coverage of
SSH data (29 years of summer data compared to only 5 years of
winter data), these observations can be considered representative of
all seasons for the purposes of this study.

Generally, the weaker strength of the modelled jets as compared
to observations can be attributed to two factors. First, the SADCP and
LADCP data reflect synoptic measurements, while the GLORYS12V1
output presented here are time-averaged climatological values, which
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tend to be smoother. Second, reanalysis products assimilate remotely-
sensed data, including scatterometer and altimetry measurements,
which often underestimate direct velocity measurements by 4-64%, as
reported in Hart-Davis et al. (2018). This assimilation process may
contribute to the underestimation of velocities, particularly in
boundary currents, where altimetry-derived geostrophic velocities
often fail to capture the full intensity of the flow (Hewitt et al., 2020).
Lastly, the GLORYS12VI’s resolution (1/12°) limits its ability to
resolve mesoscale and submesoscale dynamics, markedly in polar
boundary current systems, leading to weaker eddy kinetic energy and
underestimated velocity magnitudes.

3.2 Vertical structure and cumulative
volume transport

The vertical structure of the WBCS is depicted in Figure 4
through time-averaged vertical sections of the rotated velocity field
(V') and cumulative transport (V’) along E-ADELIE, based on
GLORYSI12V1 data. The vertical distribution of v’ (Figure 4a)
reveals a multi-jet structure characterized by bottom-intensified
flows, including three distinct jets (CC, ASF, WF) and a broader
current (IWC) extending toward the gyre’s interior. This structure
is consistent with previous observations from the surface analysis of
altimetry data and GLORYS12V1 output (Figure 3). The oceanward
distribution of the cumulative transport per km, V’, within E-
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ADELIE shows a marked increase in transport values between a
distance of 150 km and 470 km offshore; this domain is bounded by
vertical dashed black lines in Figure 4b. The observed increase is
nearly linear, with transport values of approximately 0.08 Sv per
km. By performing an analogous analysis over the direct velocity
measurements from Thompson and Heywood (2008), we find a
higher rate of cumulative volume transport increase, at 0.11 Sv per
km (based on transport estimates in their Figure 11). We attribute
the lower cumulative transport rate in the GLORYS12V1 output to
the influence of the reanalysis product’s horizontal resolution on
resolving the mesoscale structure and associated high eddy kinetic
energy of the WBCS, as discussed in the introduction. Beyond the
offshore distance of 470 km, where the linear increase in cumulative
volume transport weakens, the cumulative transport remains nearly
constant at around 36 Sv.

When computing the cross-transect volume transport from the
surface down to 4400 m depth over the IWC domain, spanning
from about 50 km east of the Weddell Front and up to 620 km
offshore from the Antarctic Peninsula, we obtain 16.2 + 3.0 Sv in
GLORYS12V1 output. This indicates that the IWC drives around
43% of the volume transport driven by the WBCS along the E-
ADELIE section (37.3 + 5.0 Sv), hence becoming the primary
contributor to the transport of Weddell-sourced waters across
the section.

3.3 Volume transport across seasonal
scales

In this section, we analyze the seasonal variations of the full-
depth volume transport captured in GLORYSI12V1 output across
the E-ADELIE transect. To this aim, we compute volume transport
estimates following the methodology and assumptions detailed in
section 2 (see Equation 1). Accordingly, GLORYS12V1 output
provides a time-averaged (1993-2020) volume transport estimate
of V’ = 37.3 + 5.0 Sv. The comparison between the total volume
transport (37.3 + 5.0 Sv) and the estimate considering only
northward flow (positive values, 37.9 + 5.0 Sv) reveals a difference
of less than 1 Sv. This suggests that the southward flow in this
region is nearly negligible compared to the northward transport. In
Figure 5, we present the seasonal cycle of the volume transport
driven by the WBCS in the Weddell Sea through a series of monthly
climatological estimates (see section 2): (a) full-depth cross-transect
volume transport (V’) derived from GLORYS12V1 output,
including a set of previously reported estimates of volume
transport following the literature review presented in Table 1; (b)
surface (0-100 m) cross-transect volume transport (V’) and
Weddell Sea Bottom Water volume transport (V) derived from
GLORYS12V1 output and delimited using the threshold value of
neutral density (y,) > 28.4 kg/m?, as reported in the bibliography
(Thompson and Heywood, 2008); and, (c) basin-scale wind stress
and wind stress curl.

The seasonal cycle of V’ peaks at 39.5 + 0.8 Sv during winter and
40 + 0.6 Sv in autumn, while the minimum values occur in summer
at 33.8 £ 3.0 Sv, followed by spring values of 36.1 + 2.8 Sv
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(Figure 5a). This seasonal variation results in a maximum
seasonal amplitude of approximately 10 Sv. In Figure 5a, volume
transport estimates previously reported in the literature
(observational and modelling studies) are depicted as dots for
synoptic values and as dashed lines for time-averaged values. At
this point, it is worthwhile noting that formerly reported estimates
represent full-depth integrated volume transports computed across
transects similar to E-ADELIE. Notably, these estimates are
generally consistent with model-based estimates from
GLORYS12V1 output, particularly during summer and early
autumn, when weather conditions in the study area are less
extreme, and more observational data for assimilation purposes
are available. The largest difference is observed in the time-averaged
modelling-based estimates reported by Matano et al. (2002) and
Kerr et al. (2012) summarized in Table 1; Figure 5a. These studies
reported significantly lower volume transport values than the
seasonal climatological estimates derived from GLORYS12V1
output (Figure 5a). Overall, comparisons with observational and
modelling-based estimates in the literature suggest a realistic
performance of GLORYS12V1. Furthermore, GLORYS12V1 has
been validated in other studies, such as Lellouche et al. (2021),
which demonstrated its robust performance globally and
specifically within the Antarctic region.

Regarding the surface volume transport (Figure 5b), this reaches
its highest levels during autumn and winter, peaking in May,
August, and October at 1.65, 1.66, and 1.67 Sv, respectively, while
its lowest level occurs in summer (January) at 1.20 Sv. Similarly,
WSBW transport exhibits three distinct peaks from autumn to
winter, with the highest values in May, August, and October (5.25,
5.44, and 5.01 Sv, respectively) and a minimum in summer
(January) at 3.60 Sv. These results align with observations
reported in Llanillo et al. (2023), who reported a peak in mid-
autumn at 4.65 Sv and a minimum in mid-summer at 2.80 Sv.

A comparison of the seasonality of V’, surface V’, and WSBW
V> with the seasonality of wind stress, averaged spatially over the
study area using ERA-Interim and ERA5 wind datasets, reveals a
predominantly consistent pattern across the three panels
(Figure 5c). This observation motivates a more detailed
examination in the following section of the role of wind stress in
driving the meridional transport of the WBCS, as captured by
GLORYS12V1 in this region.

3.4 Interplay of thermohaline gradients and
wind stress forcing

The dynamics governing the WBCS in the Weddell Gyre are
shaped by a complex interplay of thermohaline gradients and wind
stress forcing. These driving forces vary across spatial and temporal
scales, influencing the development and intensity of the jets within
the WBCS.

In the northern Weddell Sea, between approximately 50°S and
60°S, westerly winds dominate, while easterlies prevail south of 65°
S. This wind pattern plays a crucial role in shaping the region’s
ocean circulation, including the formation and dynamics of the
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(a) Wind stress (1) and volume transport (V’), across the E-ADELIE transect with their corresponding standard deviations (shaded areas around the
climatological values). Observational data for transects analogous to E-ADELIE, as reported in the literature and listed in Table 1, are plotted as
colored dots for synoptic-scale measurements and as horizontal dashed lines for time-averaged estimates. (b) Same as (a), but computed for the
WSBW (y, > 28.4 kg/m?) in black, and for the surface layer (0~100 m depth) in grey. (c) Basin-scale seasonal cycles of wind stress (black) and wind
stress curl (grey) in Pa and N/m?, respectively. The wind stress curl is multiplied by 106 for plotting purposes to match the range of the wind stress.

The area under consideration is depicted in Figure 2.

Weddell Gyre. The strength of these winds varies seasonally, with a
significant weakening during the austral summer, reducing wind-
driven currents by nearly 50% compared to their winter and fall
intensities (Armitage et al., 2018; Talley et al., 2011; Schroder and
Fahrbach, 1999).

Figure 5 highlights the similarity between the seasonal cycles of
cross-transect volume transport (V’), surface volume transport and
WSBW volume transport, with the seasonal pattern of both wind
stress and wind stress curl averaged over the study area. To assess
this relationship in the Weddell Sea based on GLORYS12V1 output,
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we analyzed the correlations between the volume transport
components (Figure 5a, b) and both wind stress and wind stress
curl (Figure 5¢). The results, presented in Table 2, demonstrate
strong and statistically significant correlations between the surface,
full-depth and bottom volume transport driven over the domain of
the WBCS of the Weddell Sea, and both the wind stress and wind
stress curl, with R? values ranging from 0.7 to 0.9. These findings are
consistent with the theoretical framework of a wind-driven gyre
modulated by the seasonal variability of wind stress curl (Azaneu
etal,, 2017; Franco et al., 2007; Von Gyldenfeldt et al., 2002; Le Paih
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TABLE 2 R? values from linear regression models investigating the
relationship between the seasonal wind stress and wind stress curl, and
the seasonal cross-transect components of the surface (1-100 m), full-
depth and Weddell Sea Bottom Water (WSBW) volume transports.

Wind R? with R? with full- R with
component  surface V' depth V' WSBW V'
Wind stress 0.833 0.762 0.768

Wind stress curl | 0.879 0.719 0.775

All R? values are statistically significant (p < 0.01).

et al,, 2020; Wang et al., 2012). Existing analyses of the wind stress
forcing in the WBCS have focused primarily on observations and
modelling of the bottom water volume transport (Llanillo et al.,
2023; Wang et al., 2012). However, to the best of our knowledge,
this is the first time that an open-access global ocean reanalysis
product has been assessed over the WBCS of the Weddell Sea to this
aim, opening avenues to further explore the influence of wind stress
forcing on each element of the multi-jet structure of this
current system.

Expanding upon the theoretical framework of wind-driven
gyres—where a single, fast-flowing western boundary current is
typically expected—, we performed correlation analyses between
the basin-wide wind stress forcing (see the forcing area in Figure 2)
and the volume transport driven by each jet (see the domain for
each jet in Figure 4). This analysis allowed us to assess whether wind
forcing uniformly controls the temporal variability of the entire
multi-jet system, or if different drivers influence each jet
individually. The results reveal an oceanward increase in R?,
where the CC, ASF, and WF exhibited R? values of 0.3, 0.3, and
0.5, respectively, while the IWC reached an R? of 0.8. These findings
indicate that wind stress forcing has a more significant influence on
the IWC compared to the CC, ASF, and WF. Flowing away from the
continental slope and, hence, less influenced by topographic

10.3389/fmars.2025.1540777

steering, the IWC lacks an apparent thermohaline front, unlike
the ASF and the WF (Figure 6).

In line with the increasing oceanward R* between the basin-
wide wind stress forcing and the volume transport driven by each
jet, we also find that the barotropic component of each jet is the
predominant contributor—and in some cases, the only one—to the
high correlation observed between the wind forcing and the volume
transport in Table 2. Table 3 shows that the barotropic component
exhibits R* values of approximately 0.4 for the CC, ASF, and WF
jets, and values exceeding 0.7 for the IWC.

The seasonal intensification of the baroclinic component of the
WBCS, particularly across the ASF and WF, reflects the
development of steep lateral density gradients during winter and
early spring. These gradients strengthen during the period of sea-ice
formation, when brine rejection in coastal polynyas increases shelf
salinity and density, enhancing stratification near the slope
(Tamura et al., 2008). This buoyancy forcing coincides with the
seasonal eddy-driven upwelling and shoaling of isopycnals along
the continental slope, which promotes onshore intrusions of warm,
salty Circumpolar Deep Water (CDW) that enhance the thermal
component of the density gradients (Stewart and Thompson, 2016;
Thompson et al., 2018). The combined effect results in the
formation of a V-shaped frontal structure (present in Figure 6a, b
and Figure A1 for in-situ measurements (a, b) and for GLORYS (c,
d))—a defining feature of the Dense Shelf regime described by
Thompson et al. (2018)—that supports baroclinic shear and
intensified geostrophic transport along the ASF. While the
barotropic component, driven primarily by wind forcing
(Table 3), dominates at shorter (monthly and intraseasonal) time
scales, it interacts with the background stratification and
bathymetry to modulate the vertical shear and structure of
baroclinic jets. Overall, the emergence of a baroclinic circulation
is fundamentally linked to these seasonal-scale processes involving
buoyancy forcing, eddy activity, and topographic steering. Our

FIGURE 6
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TABLE 3 R? values from linear regression models investigating the relationship between the seasonal wind stress (curl) and the seasonal cross-
transect volume transport, V', attributed to the baroclinic and barotropic velocity components for each jet (CC, ASF, WF, IWC) in GLORYS12V1.

Wind Velocity
component component
Wind stress Baroclinic 0.023 0.166 0.024 0
Barotropic 0.422 0.653 0.477 0.738
Wind stress curl Baroclinic 0.002 0.206 0.048 0
Barotropic 0.304 0.551 0.434 0.745

All values presented are statistically significant (p&#x202F;<&#x202F;0.01).
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FIGURE 7

Seasonal geostrophic velocity field (gv, cm/s) along the E-ADELIE transect, for two scenarios. Left-hand panels (a, ¢, e, g) show geostrophic
velocities computed with temperature gradients only (uniform salinity field). Right-hand panels (b, d, f, h) show geostrophic velocities computed
with salinity gradients only (uniform temperature field). Rows correspond to: summer (a, b), autumn (c, d), winter (e, f), and spring (g, h), respectively
(from top to bottom). The position of the jets is defined following the white dashed lines and their acronyms, corresponding to: Coastal Current
(CC), Antarctic Slope Front (ASF), Weddell Front (WF), Inner Weddell Current (IWC).
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results are thus consistent with the dynamical framework proposed
for ASF systems where dense shelf water formation drives the
seasonal evolution of the baroclinic structure (Thompson et al.,
2018, their Figures 3b, e, 4c).

As discussed by Thompson and Heywood (2008), these jets are
primarily geostrophic. This is evident from the comparison of
Figures 4a, 6¢, where the time-averaged velocity and geostrophic
velocity fields are shown to resemble each other. Based on their
geostrophic nature, Figure 7 independently evaluates the
contributions of temperature and salinity gradients to the
geostrophic velocity for each season. This is done by performing
calculations where either only the temperature (left-hand side
panels) or only the salinity gradients (right-hand side panels) are
considered. This approach has been followed in previous studies to
examine the relative dominance of each player in driving
geostrophic flows (Batteen and Huang, 1998; Menezes et al,
2013). The color coding is interpreted as follows: red shades
indicate areas where the geostrophic field computed using
temperature (or salinity) data alone flows in the same direction as
the overall multi-jet (northeastward), whereas blue shades indicate
areas where it flows in the opposite direction (southwestward).
Spatial variability is evident, particularly over the bottom-
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intensified cores of the ASF and WF, where temperature
gradients strongly contribute to northeastward flows, while
salinity gradients produce weaker northeastward flows (over the
WF) and even reversed flows (over the ASF). In contrast, within the
IWC region, both temperature and salinity gradients appear to
support northeastward flows.

These behaviors are further clarified in Figure 6. In the upper
ocean, the isohalines overlap the isopycnals more closely than the
isotherms, supporting that salinity gradients dominate the
geostrophic flows in polar regions. However, at depth, neither the
isohalines nor the isotherms are preferentially aligned with the
isopycnals over the continental slope. This suggests that the
bottom-intensified cores of the ASF and WF result from the
combined effects of both temperature and salinity gradients, with
temperature playing the dominant role in directing the flow (see
Figure 7). Conversely, away from the slope and within the IWC
domain (Figure 6), both the isohalines and isotherms mirror the
pattern of the isopycnals, indicating a combined contribution to the
flow direction, as supported by the calculations in Figure 7.

Although seasonal differences are not evident in Figure 7 over
the domain of the bottom-intensified cores of the ASF and WF,
some variability could reasonably be expected given that these jets
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spring (from top to bottom). The position of the jets is defined following the white dashed lines and their acronyms, corresponding to: Coastal
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are strongly linked to deep water formation and the sinking of dense
waters following winter sea-ice formation (Llanillo et al., 2023;
Wang et al.,, 2012). These differences become more pronounced in
Figure 8 when the geostrophic field computed using both
temperature and salinity contributions is subtracted from each
seasonal field computed using only temperature and salinity
gradients. Generally, salinity-driven geostrophic flows more
strongly counteract the overall flow driven by temperature over
the bottom-intensified cores of the ASF and WF, and the
temperature-driven geostrophic flows are also stronger in winter.
These observations are consistent with the steeper temperature and
salinity gradients in the upper ocean after the sea-ice formation
season (beginning in autumn) and the subsequent sinking of dense
water down the continental slope. In summer, both temperature
and salinity gradients relax, and the bottom-intensified cores of the
ASF and WF appear embedded within a joint, weaker and
broader core.

Results from this section indicate that the ASF and WF are
primarily governed by geostrophic dynamics, with thermohaline
gradients playing a crucial role in driving the core of the bottom-
intensified jets—consistent with their association with steep density
fronts over the continental slope (Thompson and Heywood, 2008;
Thompson et al,, 2018). However, additions are made to previous
knowledge, as the dominant thermohaline influence varies with
season and depth. This builds on previous studies reporting that
the position and strength of the ASF are also, to some extent, sensitive
to wind stress forcing on seasonal and interannual timescales (Su
et al., 2014; Youngs et al., 2015; Meijers et al., 2016), as it remains an
integral part of the western branch of a wind-driven ocean gyre. In
contrast, the IWC appears to be driven mainly by wind stress forcing,
as it lacks a distinct thermohaline front, likely due to its offshore
location where step density gradients over the slope due to water mass
formation are absent and topographic steering is less significant.
These findings underscore the importance of seasonally- and depth-
dependent analyses for understanding the interplay between
thermohaline gradients and wind stress forcing in shaping the
WBCS dynamics of the Weddell Sea, providing a comprehensive
framework for predicting future circulation scenarios.

4 Conclusions

This study provides a comprehensive analysis of the seasonal
variability and driving mechanisms of the Western Boundary
Current System (WBCS) in the Weddell Gyre, using high-
resolution data from the eddy-resolving global ocean reanalysis
GLORYS12V1 and altimetry observations. The results confirm the
persistent multi-jet structure of the WBCS, consisting of the
Antarctic Coastal Current (CC), Antarctic Slope Front (ASF),
Weddell Front (WF), and the newly identified Inner Weddell
Current (IWC). The IWC emerges as a significant wind-driven
feature, contributing approximately 43% of the total volume
transport across the E-ADELIE transect (16.2 + 3.0 Sv out of 37.3
+ 5.0 Sv), highlighting its key role in the recirculation of interior
waters within the Weddell Gyre.
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The seasonal variability of the WBCS is strongly modulated by
wind stress curl, with maximum transport occurring in autumn (40
+ 0.6 Sv) and minimum values in summer (33.8 + 3.0 Sv).
Correlation analyses reveal a dominant influence of wind forcing
on the IWC (R* ~0.8), while the CC, ASF, and WF exhibit weaker
correlations (R* = 0.3, 0.3, and 0.5, respectively), indicating a lower
dependence on wind forcing. Complementarily, thermohaline
gradients are found to be particularly important over the
continental slope, shaping the ocean dynamics of the ASF and
WE through steep density fronts. In the upper ocean, salinity
gradients control the density field, strongly influenced by sea-ice
formation and melting processes. However, at depth, temperature
gradients steer the northeastward-flowing geostrophic flow within the
bottom-intensified cores of the ASF and WF, whereas salinity gradients
play a counteracting role. This effect is most pronounced during winter
when temperature and salinity gradients steepen due to deep water mass
formation cascading down the continental slope, strengthening
horizontal gradients against the ocean interior. Conversely, in the
IWC domain, both temperature and salinity gradients contribute to
the geostrophic flow, supporting its northeastward transport.

In this context, altimetry data confirms the presence of the IWC
and this study represents the first systematic exploration of its
structure and variability using a reanalysis product. These findings
provide a crucial step toward integrating the IWC into our broader
understanding of the WBCS and its role in the Weddell Gyre. We
suggest that future research should focus on refining its dynamics,
assessing its interannual variability, and evaluating its implications
for large-scale ocean circulation.

Overall, this research provides new insights into the interplay
between thermohaline gradients and wind stress forcing in shaping
the WBCS in the Weddell Sea, emphasizing the importance of
depth-dependent and seasonally resolved analyses. The results also
highlight the value of open-access high-resolution reanalysis
products, such as GLORYS12V1, in capturing the mesoscale and
bottom-intensified dynamics of high-latitude boundary current
systems. By establishing a robust climatological baseline, this
study lays the groundwork for future investigations into the
interannual and decadal variability of the WBCS in the Weddell Sea.
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