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Abstract Ice loss off East Antarctica has been linked to the warming of Circumpolar Deep Water (CDW)
associated with a poleward shift of the southern boundary of the Antarctic Circumpolar Current (ACC). In West
Antarctica, where the fastest ice‐shelf melting occurs, it has been proposed that off‐shelf CDW warming could
be additionally driven by enhanced lateral heat transport by a strengthened Ross Gyre and increased isopycnal
heat transfer across the ACC. Although previous studies have proposed links between Ross Gyre variability,
cross‐ACC exchange, and off‐shelf CDW warming around West Antarctica, their relative contributions have
not yet been quantified. Here, we document an interdecadal (1990s–2010s) warming of off‐shelf CDW around
West Antarctica driven by two processes: (a) ∼90% results from enhanced lateral heat transport along
isopycnals at the ACC's southern boundary, linked to an intensification of the Ross Gyre and cross‐ACC
isopycnal heat transfer; and (b) ∼10% arises from a poleward expansion of the ACC's hydrographic structure,
analogous to that observed off East Antarctica. Both sets of processes were concurrent with a strengthening and
poleward shift of westerly winds over the Southern Ocean, suggesting a causal link. As climate projections
indicate that such wind trends will continue through the 21st century, the ongoing off‐shelf CDWwarming may
also persist in future, bolstering the shelf break source of oceanic heat supply to the West Antarctic Ice Sheet.

Plain Language Summary In West Antarctica, relatively warm water, known as Circumpolar Deep
Water (CDW), is stored below the surface. When this warm water moves onto the continental shelf, it can melt
ice shelves and contribute to sea‐level rise. Since the 1990s, off‐shelf CDW has warmed substantially. Previous
studies suggested that this warming could be linked to two mechanisms: changes in the strength of the Ross
Gyre, a large regional ocean circulation, and processes associated with the Antarctic Circumpolar Current
(ACC). These include increased exchanges of water across the ACC and a poleward shift of its southern
boundary, north of the continental shelf. Here, we show that CDW warmed significantly over the last three
decades, and that about 90% of this warming was driven by an intensification of the Ross Gyre and enhanced
poleward transfer of warm water across the ACC. Both processes were associated with stronger, poleward‐
shifted westerly winds over the Southern Ocean, consistent with a causal link. As climate projections suggest,
these wind trends will continue through the 21st century, CDWwarming may also persist. If so, it would further
increase the heat reservoir north of the continental shelf that supplies oceanic heat to West Antarctic ice shelves,
threatening their stability.

1. Introduction
The Antarctic Ice Sheet has been losing mass at an accelerated rate since at least the 1970s and now accounts for
approximately 15% of global sea‐level rise (e.g., Frederikse et al., 2020). The most rapid loss and disintegration of
ice shelves in recent decades have been observed along theWest Antarctic margins (e.g., Rignot et al., 2019). This
retreat has primarily been driven by enhanced intrusions of relatively warm Circumpolar Deep Water (CDW) via
submarine glacial troughs (e.g., Dutrieux et al., 2014). In the Antarctic subpolar zone, off‐shelf CDW circulates
within the intermediate layers of the Antarctic Circumpolar Current (ACC), particularly near its southern edge,
close to the Southern ACC Front (SACCF) and the Southern Boundary Front (e.g., Orsi et al., 1995).

Previous studies indicate that the CDW layer off‐shelf has warmed over the past few decades (Sallée, 2018;
Schmidtko et al., 2014). In East Antarctica (115°–150°E), this warming is mainly attributed to poleward
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displacement of ACC fronts and their hydrographic structure driven by intensifying westerly winds (Herraiz‐
Borreguero & Naveira Garabato, 2022; Yamazaki et al., 2021). Additionally, enhanced isopycnal transfer of
CDW across the ACC, facilitated by both Ekman processes and eddy activity, may further contribute to this
warming (Herraiz‐Borreguero & Naveira Garabato, 2022; Yamazaki et al., 2021, 2023; Zu et al., 2022). This off‐
shelf CDW warming has enhanced oceanic heat delivery to ice shelves, likely contributing to the recent accel-
eration of ice‐mass loss in East Antarctica (Herraiz‐Borreguero & Naveira Garabato, 2022).

In West Antarctica, the supply of CDW to the shelf break region has been proposed to occur primarily via
isopycnal heat transport. Such transport may be affected by: (a) lateral heat transfer within the SACCF, associated
with the Ross Gyre's eastward extension; this has been illustrated by modeling studies, which indicate that
expansion of the gyre's eastern limb under increased cyclonic wind stress curl can enhance poleward heat
transport toward the West Antarctic shelf break (Castagno et al., 2017; Gómez‐Valdivia et al., 2023; Nakayama
et al., 2018; Prend et al., 2024); and (b) cross‐ACC isopycnal exchanges, driven by mesoscale eddy activity
(e.g., Marshall & Speer, 2012; Thompson & Naveira Garabato, 2014). Both (a) and (b) are expected to respond
dynamically to the documented ongoing poleward intensification of the westerly winds over the Southern Ocean,
which would result in a strengthening of both transport processes (e.g., Prend et al., 2024; Marshall &
Speer, 2012).

Although previous studies have discussed the potential links between these processes and changes in the ther-
mohaline properties of CDW offWest Antarctica (e.g., Marshall & Speer, 2012; Prend et al., 2024), the processes'
relative contributions have not been quantified with observations, and neither has that from meridional dis-
placements of ACC fronts. Here, we investigate interdecadal changes (1990s–2010s) in CDW properties in both
the off‐shelf and continental shelf regions around West Antarctica (120°–70°W; 67.5°–74°S) using hydrographic
observations and a high‐resolution ocean reanalysis. We identify a warming of the CDW off West Antarctica in
both data sets and quantitatively elucidate its drivers. Our analysis indicates that the observed off‐shelf CDW
warming has been mainly driven by a lateral heat transfer linked to a stronger Ross Gyre and to enhanced cross‐
ACC isopycnal heat transport. A poleward expansion of the southern edge of the ACC's hydrographic structure
made a secondary contribution to the warming. All drivers are associated with a poleward shift and intensification
of the westerly winds. Despite this overall off‐shelf warming, the continental shelf exhibits spatial heterogeneity
in its hydrographic response, reflecting the influence of regional wind patterns at the shelf break (e.g., Huguenin
et al., 2024) and thermodynamic processes (i.e., vertical convection driven by surface heat loss) on the highly
variable shelf (Oelerich et al., 2022).

2. Materials and Methods
2.1. Hydrographic and GLORYS12v1 Data Set

The data set used here encompasses hydrographic measurements of temperature and salinity from: World Ocean
Database 2023 (https://www.ncei.noaa.gov/products/world‐ocean‐database); Thwaites‐Amundsen Regional
Survey and Network (TARSAN; https://www.bodc.ac.uk/data/bodc_database/nodb/project/54319/); Argo
(https://argo.ucsd.edu); the CLIVAR and Carbon Hydrographic Data Office (https://cchdo.ucsd.edu/); and the
Marine Mammals Exploring the Ocean Pole to Pole consortium (MEOP; https://www.meop.net/, spanning
1990–2020; Figure S1 in Supporting Information S1). The hydrographic measurements of temperature and
salinity were collected by electronic conductivity‐temperature‐depth (CTD) sensors with temperature and salinity
accuracies of 0.001°C and 0.002, respectively (Mishonov et al., 2024). For Argo profiles, accuracies are 0.002°C
and 0.0035 (Cowley et al., 2021; Riser et al., 2015), while the MEOP data set, predominantly concentrated along
the continental shelf, reports accuracies of 0.02°C and 0.03 for temperature and salinity, respectively (Roquet
et al., 2011; Siegelman et al., 2019). Importantly, the temperature and salinity changes observed along the
continental shelf exceed the MEOP data set's accuracy thresholds (0.02°C for temperature and 0.03 for salinity),
supporting the robustness of our findings. For each hydrographic station, spurious hydrographic data greater than
two standard deviations from the mean value of each profile were removed.

Hydrographic properties spanning 120°–70°W and 67.5°–74°S were grouped by decade (1990s, 2000s, and
2010s) and interpolated onto a 0.25° grid using radial basis function interpolation with a linear weighting. The
radial basis function interpolation method was chosen for its flexibility in adapting to the spatial structure of the
data, making it particularly effective for irregular or sparse data sets (Damini et al., 2025; Yamazaki et al., 2021).
Since we have spatial data gaps, we decided to apply an interpolation method to calculate the difference between
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the decades and the time‐average over the entire period. Additionally, we opted to mask areas with no data points
within a 50 km radius (∼2 times the grid spacing), ensuring greater robustness for our analyses.

We assessed the ability of GLobal Ocean Reanalysis and Simulation (GLORYS) to reproduce thermohaline
variability by examining whether similar patterns are evident in hydrographic data for the same period and the
same region. For this, we again analyzed hydrographic properties (i.e., temperature and salinity) grouped by
decades (the 1990s, 2000s, and 2010s). GLORYS is a global eddy‐resolving physical ocean and sea ice reanalysis
with 1/12° horizontal resolution and 50 standard vertical levels. It covers the period from 1993 to the present, is
based on the Nucleus for European Modeling of the Ocean platform (NEMO), and is atmospherically forced with
ERA‐Interim (https://www.ecmwf.int/en/forecasts/dataset/ecmwf‐reanalysis‐interim/). Quality assessments have
shown that GLORYS effectively captures the main interannual climate variability signals for the ocean and sea
ice (Jean‐Michel et al., 2021).

2.2. CDW Layer Definition

We calculated conservative temperature—Θ, °C, and absolute salinity—SA, g kg− 1, using the International
Thermodynamic Equation of Seawater – 2010 (TEOS‐10) (McDougall & Barker, 2011) from hydrographic
measurements and GLORYS. The CDW layer was defined as the maximum Θ below 300 m, thereby excluding
the influence of surface processes such as buoyancy forcing. This criterion identifies the CDW core (Figures S2
and S3 in Supporting Information S1; e.g., Schmidtko et al., 2014), which occupies intermediate layers along the
SACCF around West Antarctica (e.g., Orsi et al., 1995). In the study region, the CDW layer typically occurs
within a neutral density (γn) range of γn ≈ 27.93–28.03 kg m− 3 (Yamazaki et al., 2024). Similar results are ob-
tained when temperature variability is evaluated directly along these neutral density surfaces (Figure S4 in
Supporting Information S1).

2.3. SACCF Definition

The southern edge of the ACC can be identified in hydrographic sections across the Southern Ocean as the zone
where CDW reaches its southernmost extent and upwells (Orsi et al., 1995). This boundary is commonly
described as comprising two distinct hydrographic fronts: the SACCF and the Southern Boundary (Chapman
et al., 2020; Orsi et al., 1995). However, as noted by Orsi et al. (1995), these two fronts are often separated by only
a few tens of kilometers and tend to migrate meridionally in a coherent fashion. Accordingly, for this study, we
treat the SACCF‐Southern Boundary system as a single, unified feature and trace it in terms of the SACCF.

Historically, ACC fronts in this region have been defined based on hydrographic water mass properties (e.g., Orsi
et al., 1995). In this study, we follow this hydrographic definition and identify the SACCF as the location where
the 1.8°C isotherm within CDW intersects 500 m depth, using both interpolated hydrographic observations and
GLORYS12v1 output for each decade (see Section 2.1). Additionally, because ACC fronts are associated with
strong geostrophic flows, their positions are expected to correspond to gradients in Absolute Dynamic Topog-
raphy (ADT), representing sea surface height relative to the geoid (Kim & Orsi, 2014; Sokolov & Rintoul, 2009a,
2009b). To evaluate the consistency of our SACCF defined from the 1.8°C isotherm with satellite observations,
we additionally analyzed summer‐mean (January–March; to minimize the noise in SACCF definition due to sea
ice cover) ADT fields provided by Copernicus with a spatial resolution of 0.25° × 0.25° spanning 1993 to 2020.

Our analysis revealed a close match between the hydrographic, GLORYS output definition and the
ADT = − 1.10 m contour (Figure S5a in Supporting Information S1). In addition, we found a consistent close
match between the SACCF positions derived from our hydrographic, GLORYS, and satellite altimetry definitions
and the data set of ACC positions from Orsi et al. (1995). Furthermore, the time‐averaged (1990–2020) SACCF
positions derived from GLORYS output show a significant correlation (r) with p‐value <0.05 with those from
hydrographic measurements, satellite altimetry and data set of ACC positions from Orsi et al. (1995) (r = 0.94,
r = 0.96 and r = 0.70, respectively; Figure S5a in Supporting Information S1), reaffirming the reliability of our
findings.

To analyze the meridional displacement of the SACCF between the 1990s and 2010s, we first calculated the
average SACCF position (latitude and longitude) for each decade. These data were then aligned onto a common
longitude grid, enabling a direct comparison of latitudinal displacements. Additionally, to ensure that the
interdecadal poleward SACCF displacement is robust against interannual variability, we performed a sensitivity
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analysis using sliding 10‐year windows for both the historical (1993–2004) and modern (2009–2020) periods.
The poleward shift remains statistically consistent across all temporal permutations (Table S1 in Supporting
Information S1).

Because the SACCF definition used here is based on fixed values of isotherm and ADT, its position may be
influenced by long‐term thermodynamic changes of the CDW layer and long‐term steric changes of the water
column (Chapman et al., 2020). Previous studies using alternative dynamical diagnostics based on meridional
gradients of ADT (Kim & Orsi, 2014) did not yield a unique and spatially continuous frontal position, likely due
to strong frontal meandering and mesoscale variability (Figure S6 in Supporting Information S1;
Chapman, 2014), resulting in a weak meridional ADT‐gradient signature for the SACCF (Schiavon et al., 2025).
Consequently, we retain the hydrographic definition to maintain consistency with recent literature (Herraiz‐
Borreguero & Naveira Garabato, 2022; Yamazaki et al., 2021), explicitly acknowledging its inherent inability to
fully decouple kinematic frontal displacements from the thermodynamic changes of the CDW layer.

2.4. Calculation of Dynamic Height From Hydrographic Profiles

Following Yamazaki et al. (2021), the dynamic height (Φ) was calculated by vertically integrating specific
volume from 300 dbar to 1,800 dbar for each point on the GLORYS grid north of the continental shelf (Figure S7a
in Supporting Information S1). This range of Φ was chosen because values above 2,000 dbar accurately represent
the position of the equivalent barotropic ACC fronts (e.g., Meijers et al., 2011), while temperatures above
300 dbar are more influenced by small‐scale processes than by the frontal position (e.g., mixing processes in the
mixed layer; Yamazaki et al., 2021).

2.5. Changes in Conservative Temperature of CDW Due To Meridional ACC Displacements

Here, the CDW layer changes are explained by two main mechanisms. To this end, we decompose the changes
into two components to elucidate their underlying causes in geographical space. In Equation 1, ΔΘ(x, y) rep-
resents the changes in Θ along the geostrophic contour of the equivalent barotropic ACC front, reflecting decadal
changes in conservative temperature within the CDW layer. The first term on the right hand side, ΔΘfront

(hereafter referred to as the frontal shift; Equation 2), accounts for Θ changes associated with the meridional
displacements of Φ, representing the Eulerian response to frontal displacements. In other words, this term
considers the barotropic effect induced by the southern expansion of the southern edge of the ACC's hydrographic
structure on temperature changes throughout the CDW layer. The second term, ΔΘ′(x, y), is computed here as the
residual of Equation 1. This term corresponds to the along‐streamline changes, that is, the temperature change
occurring along the geostrophic contour of the equivalent barotropic SACCF, driven by baroclinic processes, such
as for example, eddy activity and lateral heat advection along isopycnals.

ΔΘ(x,y) = ΔΘfront(x,y) + ΔΘʹ(x,y). (1)

ΔΘ(x, y) was quantified directly from GLORYS output, subtracting the 2010s time‐average Θ in the CDW layer
field from that of the 1990s, thus highlighting the interdecadal change in CDW properties. ΔΘfront was calculated
as follows:

ΔΘfront(x,y) = ΔΦ(x,y) ×
∂Θ
∂Φ

, (2)

where ΔΦ(x, y) was obtained by subtracting the 1990s time‐average Φ field (see Calculation of Φ) from that
of the 2010s (Figure S7b in Supporting Information S1). Additionally, we applied a low‐pass spatial filter to
the decadal climatologies of dynamic height of ∼3 times the meridional grid spacing to attenuate spatial scales
smaller than 50 km. This filtering removes eddy‐like features or artifact residuals that are irrelevant to the
frontal position. ∂Θ

∂Φ is determined by fitting a least‐squares linear relationship between Θ of the CDW layer
climatology and the climatological Φ (Figures S7c and S7d in Supporting Information S1). Sensitivity tests
using alternative depth ranges of Φ (e.g., 400 dbar to 1,800 dbar and 300 to 1,500 dbar) showed similar
results. The strong correlation between Φ and CDW temperature variability remained consistent across all
definitions (r = 0.97, p < 0.01; Figure S7d in Supporting Information S1). This confirms that the analysis is
not sensitive to the exact depth ranges selected. We highlighted that the above method for assessing the
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influence of the SACCF's poleward displacement on CDW warming cannot be applied in regions that
encompass the continental slope and continental shelf, where circulation features such as the Antarctic Slope
Current and the Amundsen Sea undercurrent may introduce strong non‐equivalent barotropic structure.

2.6. Ancillary Data Sets

The summertime (January–March) monthly wind and sea level pressure (SLP) data sets were analyzed to
investigate how climate‐driven changes in atmospheric forcing may have influenced the CDW layer variability in
both the continental shelf and off‐shelf regions of Antarctica. These data sets were obtained from the ERA5
reanalysis (Hersbach et al., 2020), which features a horizontal resolution of 0.25° and is considered to provide one
of the most accurate representations of climate conditions over Antarctica (Dong et al., 2020). Using summertime
means of SLP, and zonal and meridional winds, we calculated decadal averages of their anomalies relative to the
1990–2020 climatology, as well as decadal changes of these anomalies (i.e., anomalies of the 2010s minus
anomalies of the 1990s). This approach offers a first‐order assessment of the prevailing atmospheric conditions
around West Antarctica for each period. We also examined decadal anomalies of wind stress curl (calculated
following Veny et al., 2024) relative to the 1990–2020 climatology. That analysis indicated the wind‐driven
upwelling of subsurface water masses, including CDW. In addition, we tracked the latitudinal position of the
southern hemisphere maximum westerly jet following Goyal et al. (2021), which identifies the latitude of
maximum summertime zonal wind speed between 30°S and 70°S and averages these peak latitudes across all
longitudes for each decade.

3. Results and Discussion
3.1. Interdecadal Off‐Shelf CDW Warming off West Antarctica

Hydrographic measurements off‐shelf around the SACCF (defined by − 1.10 m contour of ADT, and validated by
hydrographic measurements using 1.8°C isotherm within the CDW layer intersects 500 m depth and the ACC
frontal position from Orsi et al. (1995)) reveal a widespread significant CDW layer warming of ∼0.10 ± 0.05°C
(Figure 1a); and salinification of ∼0.02 ± 0.01 g kg− 1 (Figure 1b) between the 1990s and 2010s. For both
properties, the reported uncertainty represents the standard deviation of the area‐averaged values. These warmer
and saltier signals generally align with the results reported by Zu et al. (2022), who documented increased
temperature and salinity of CDW along East Antarctica from 2006 to 2020. This suggests a potentially
circumpolar change of the CDW.

The sparseness of hydrographic observations, particularly before the Argo period, which began in the 2000s,
hampers any evaluation of the dynamic links between off‐shelf and continental shelf signals. Therefore, we used
the high‐resolution GLORYS reanalysis to explore the CDW variability in more detail. Here, we divided the
series into conventional decades; that is, 1990s represent the period of 1993–2000, 2000s represent the period of
2001–2010, and 2010s represent the period of 2011–2020. A Hovmöller analysis over the off‐shelf region
(Figure 2) revealed that this choice highlights the interdecadal change in CDW properties, with warming and
salinification becoming particularly pronounced after 2010. This timing mirrors the off‐shelf CDW warming
reported by Herraiz‐Borreguero and Naveira Garabato (2022), and coincides with a transition toward a warmer
continental shelf regime in areas of East Antarctica, where warm modified CDW became more widespread after
∼2010 (Ribeiro et al., 2023). Therefore, such interdecadal warming may increase the availability of heat that can
potentially access the continental shelf through troughs (see discussion in Section 3.3).

GLORYS also shows a significantly warmer (∼0.1 ± 0.02°C) and saltier (∼0.02 ± 0.01 g kg− 1) off‐shelf CDW
layer around the SACCF (defined by 1.8°C at depths >500 m in the GLORYS reanalysis, and validated by
hydrographic measurements, ADT, and the ACC frontal position fromOrsi et al. (1995)) during the 2010s relative
to the 1990s, in agreement with the sparse observations (Figures 1c and 1d). The decadal variations of conser-
vative temperature in the off‐shelf CDW layer between the 2010s and 2000s (∼0.06 ± 0.02°C) and between the
2000s and 1990s (∼0.03 ± 0.01°C) suggest a gradual and consistent off‐shelf warming. Despite pronounced
interannual variability (Figure 2), the long‐term evolution of CDW temperature is well approximated by a linear
trend from 1993 to 2020. In this sense, we found a significant off‐shelf CDWwarming at the SACCF of ∼0.05°C
per decade over the full study period (Figure S8 in Supporting Information S1). This estimate, although slightly
smaller, is qualitatively consistent with the warming trend of ∼0.1°C per decade reported by Schmidtko
et al. (2014) for West Antarctica during 1975–2012. Moreover, our findings align with previous studies that
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suggested a circumpolar warming of up to ∼0.2°C per decade since the 1970s in waters below 200 m (e.g., Auger
et al., 2021; Böning et al., 2008; Gille, 2002, 2008; Sallée, 2018). The CDW warming identified here may result
from two distinct mechanisms, both of which may be enhanced by an intensification and poleward displacement
of the westerly winds. Below, we will assess these candidate mechanisms in more detail.

3.2. Potential Mechanisms Driving Off‐Shelf CDW Layer Warming

The first mechanism considers the ACC frontal displacement, which represents a poleward expansion of the
southern edge of the ACC's hydrographic structure (Gille, 2002; Herraiz‐Borreguero & Naveira Garabato, 2022;
Meijers et al., 2011; Orsi et al., 1995; Yamazaki et al., 2021). Although previous studies suggested that the
circumpolar‐mean position of the ACC has remained broadly stable over recent decades (e.g., Gille, 2014), such
averages may mask substantial regional variability. The ACC does not respond uniformly to atmospheric forcing
across longitudes and cannot be treated as a single coherent dynamical feature (Kim & Orsi, 2014). Here, we
provide evidence for a regional poleward displacement of the SACCF in the West Antarctic sector during the
2010s, supported by both GLORYS output (Figures 3a and 3b and Figures S5a and S10a in Supporting Infor-
mation S1), hydrographic measurements, and satellite altimetry (Figures S5b and S5c in Supporting Informa-
tion S1). This displacement is consistent with recent studies documenting regional migrations of ACC fronts
(Herraiz‐Borreguero & Naveira Garabato, 2022; Park et al., 2019; Yamazaki et al., 2021). The quantitative
discrepancy between GLORYS and satellite altimetry may reflect the relatively coarse horizontal resolution of
altimetry (0.25° × 0.25°), which cannot fully resolve mesoscale processes with horizontal scales of ∼10 km
(e.g., eddy–mean flow interactions; McKee et al., 2019) that influence decadal frontal variability. Furthermore, a
Hovmöller analysis between 120°W and 70°W of the summer‐averaged SACCF position based on the GLORYS
output definition captures a clear long‐term poleward displacement, with an average of 26.13 ± 17.29 km since

Figure 1. Decadal changes in the properties of the CDW layer, defined as the maximum Θ below 300 m. Difference between 2010s and 1990s in (a) Conservative
Temperature (Θ, °C) and (b) Absolute Salinity (SA, g kg− 1) from hydrographic measurements and (c, d) from GLORYS output. Blue and black lines indicate the mean
positions of the Southern Antarctic Circumpolar Current Front during the 1990s and 2010s, respectively, based on satellite altimetry (a, b) and GLORYS output (c, d).
Thin gray contours represent the 500 m and 1,500 m isobaths from the R–Topo2 data set (Schaffer et al., 2016). The labels WAS, EAS, WBS, EBS denote the Western
Amundsen Sea, Eastern Amundsen Sea, Western Bellingshausen Sea, Eastern Bellingshausen Sea, respectively.
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2009–2010. It highlights high interannual variability in the SACCF position over the region (Figure 3). However,
because the CDW layer also warmed significantly during the study period, we cannot exclude a thermodynamic
contribution to the apparent displacement of the SACCF and therefore interpret this signal cautiously. In this
sense, further studies using complementary dynamical diagnostics will be needed to better separate dynamical
frontal migration from long‐term ocean thermodynamic changes.

We analyzed the Southern Hemisphere maximum westerly winds' position and SLP to assess possible mecha-
nisms that contribute to the poleward displacement of the SACCF. The decadal position of the Southern
Hemisphere maximum westerly winds exhibited a poleward shift during the 2010s (Figures 3c and 3d and Figure
S10b in Supporting Information S1). Concurrently, a significant decline in SLP anomaly around West Antarctica
between the 1990s and the 2010s was observed (Figures 3c and 3d), which indicates a deepening and intensi-
fication of the Amundsen Sea Low—ASL (a persistent low‐pressure system that strongly modulates wind fields
in this region; Raphael et al., 2016; Turner et al., 2017). This deepening and intensification of the ASL during the
2010s is associated with a strengthening of westerly winds driven by an increased meridional SLP gradient
between the mid‐latitudes and the polar region (Clem& Fogt, 2015; Hosking et al., 2013; Raphael et al., 2016). As
the ACC is primarily wind‐driven, the position of its fronts is closely linked to the structure and variability of the
wind field (e.g., Meredith, 2016). Hence, it is expected that the observed intensification and poleward migration
of westerly winds in the 2010s may be the mechanism responsible for the observed southward expansion of ACC
fronts around West Antarctica. This result aligns with previous studies showing that variability in the westerly
winds can modulate ocean circulation and frontal positions around Antarctica (e.g., Herraiz‐Borreguero &
Naveira Garabato, 2022; Mizobata et al., 2025). In particular, Herraiz‐Borreguero and Naveira Garabato (2022)
showed that poleward displacement of SACCF by ∼100–200 km in East Antarctica was largely aligned with
variability in the westerly winds.

Because surface forcing weakens below 300 m, the increase in off‐shelf CDW heat content along the SACCF
must arise from advective processes at intermediate depths. We suggest that this CDW warming results from a
wind‐driven circulation response that enhances both cross‐ACC isopycnal exchange (e.g., Marshall &
Speer, 2012; Yamazaki et al., 2023) and lateral isopycnal heat transport associated with a strengthening of the
Ross Gyre (Gómez‐Valdivia et al., 2023; Nakayama et al., 2018; Prend et al., 2024). Firstly, intensified westerly
winds during the 2010s, indicated by the deepening and intensification of the ASL (Figure 3b), can enhance
baroclinic instability along the ACC, potentially increasing mesoscale eddy activity (Zhang et al., 2021). This

Figure 2. Evolution of CDW layer properties at the SACCF position. (a) Conservative Temperature (Θ, °C) anomalies
relative to the 1993–2020 mean (b) Same as panel (a), but for Absolute Salinity (SA, g kg− 1) anomalies.
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interpretation is consistent with the significant positive trend in eddy kinetic energy (9.7 ± 7.5 cm2 s− 2) observed
across the Pacific sector of the ACC (150°E− 60°W) between 1993 and 2018 (Zhang et al., 2021). Enhanced eddy
activity in this sector may facilitate cross‐frontal exchange by advecting CDW poleward and diffusively redis-
tributing heat along isopycnals through eddy stirring (e.g., Dufour et al., 2015; Ferrari & Nikurashin, 2010;
Yamazaki et al., 2023). On the other hand, intensified westerlies strengthen the negative wind‐stress curl over the

Figure 3. Decadal changes in the position of SACCF. (a) Hovmöller diagram of the displacement anomaly of SACCF (in km)
relative to the period 1990–2020 based on GLORYS output. Positive values show the Southern Antarctic Circumpolar
Current Front—SACCF displacement poleward, while negative values show the SACCF displacement equatorward;
(b) Meridional displacement of the SACCF derived from GLORYS output. The Amundsen Sea region is highlighted in red
and Bellingshausen Sea region in purple. Also indicated is each region's average meridional displacement (in km); (c) Sea
level pressure (SLP, Pa) anomaly for the 1990s, relative to the period 1990–2020; (d) same as panel (c) but for the 2010s. The
black (yellow) solid lines indicate the summertime Southern Hemisphere maximumwesterly position averaged for the 1990s
(2010s).
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Ross Gyre region (Figure 4), consistent with enhanced cyclonic vorticity input to the ocean (Dotto et al., 2018).
Through geostrophic adjustment, this forcing intensifies and expands the Ross Gyre circulation (Gómez‐Valdivia
et al., 2023; Nakayama et al., 2018; Prend et al., 2024). Changes in gyre strength are closely tied to shifts in the
position and extent of its eastern limb, which acts as a conduit transporting CDW poleward toward the continental
slope (e.g., Nakayama et al., 2018). An intensified gyre therefore increases southward heat transport along this
boundary, enhancing the supply of CDW at intermediate depths that is subsequently advected laterally along
isopycnals toward West Antarctica.

The relative contributions of these mechanisms to the observed off‐shelf CDW warming along the SACCF were
evaluated using a decomposition of isopycnal temperature changes. Our results indicate that frontal displacement
contributes approximately 0.01°C (∼10%; Figure 5a), consistent with a modest increase in dynamic height of up
to 0.1 m2 s− 2 (Figure S7b in Supporting Information S1). However, this contribution varies regionally, and in
some locations frontal movement is associated with local cooling (Figures 1c and 5a), indicating that frontal
displacement alone cannot explain the overall warming signal.

Figure 4. Decadal changes in the wind stress curl. (a) Wind stress curl (N m− 3) anomaly for the 1990s, relative to the period
1990–2020; (b) same as panel (a) but for the 2010s. Positive anomalies indicate reduced Ekman upwelling, whereas negative
anomalies denote enhanced Ekman upwelling. Black arrows mark the approximate positions of the Ross Gyre (RG) and the
Weddell Gyre (WG).

Figure 5. Influence of the interdecadal poleward displacement of the SACCF on the conservative temperature of the CDW
layer. The total conservative temperature (Θ, °C) change between the 1990s and 2010s (Figure 1c) is decomposed into (a) the
frontal displacement (°C) and (b) the residual term. Blue and black lines indicate the mean position of the Southern Antarctic
Circumpolar Current Front (SACCF) during the 1990s and 2010s, respectively, based on GLORYS output. Thin gray
contours represent the 500 m and 1,500 m isobaths from the R–Topo2 data set (Schaffer et al., 2016).

Journal of Geophysical Research: Oceans 10.1029/2025JC023856

DAMINI ET AL. 9 of 17

 21699291, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

023856 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [20/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Instead, the dominant contribution to the observed warming arises from processes captured within the residual
term (∼0.09°C; ∼90%; Figure 5b). In our decomposition of the conservative temperature of CDW, this term
accounts for water mass property changes occurring along the core of CDW, independently of frontal
displacement. Here, we interpret this dominant CDW warming as being indicative of enhanced lateral heat
transport associated with Ross Gyre strengthening and increased meridional heat transport by cross‐ACC ex-
changes. This contrasts with results from East Antarctica (80–60°E), where CDW warming has been more
strongly linked to poleward displacement of the ACC fronts (Herraiz‐Borreguero & Naveira Garabato, 2022;
Yamazaki et al., 2021). This difference likely reflects distinct circulation regimes. Although regional gyres exist
in East Antarctica (e.g., the Prydz Bay Gyre), their spatial extent and transport are more regionally confined
compared to the basin‐scale Ross Gyre (e.g., Yamazaki et al., 2020). Because lateral heat redistribution depends
on both the strength and meridional extent of the circulation, smaller and more localized gyres might be expected
to exert a more limited influence on large‐scale isopycnal heat transfer. In contrast, the Ross Gyre spans a broader
sector of the Pacific Southern Ocean and provides a more extensive pathway for lateral isopycnal heat transport
toward West Antarctica (e.g., Nakayama et al., 2018). This interpretation is also consistent with the regional
pattern of eddy kinetic energy change reported by Zhang et al. (2021), who found no coherent circumpolar in-
crease in eddy kinetic energy but identified a significant increase downstream of the Campbell Plateau. Such
regional enhancement may favor stronger cross‐ACC isopycnal exchange in the Pacific sector, thereby
contributing to lateral heat transport toward West Antarctica. This difference in circulation regimes may help
explain why CDW variability in West Antarctica appears more influenced by Ross Gyre variability, whereas in
East Antarctica it has been more closely linked to meridional displacements of ACC fronts.

Taken together, these results highlight the likely sensitivity of off‐shelf CDWwarming to wind‐driven circulation
changes. Because both SACCF displacement and isopycnal heat transport are linked to variability in the westerly
winds, their relative contributions in future will depend on how continued wind intensification modulates gyre
circulation, frontal structure, and mesoscale eddy activity. Climate projections indicate that sustained off‐shelf
warming in West Antarctica under intensified westerlies is probable, largely associated with Ross Gyre
strengthening (Gómez‐Valdivia et al., 2023). However, whether the fractional contribution of frontal displace-
ment increases or remains secondary will require further scrutiny.

3.3. Long‐Term Variability of CDW on the Continental Shelf

Having quantified the (likely wind‐driven) warming of the off‐shelf CDW layer, it is important to determine
whether this enhanced heat reservoir can access the continental shelf. The presence of warmer off‐shelf CDW
does not necessarily lead to increased CDW intrusions, as highly dynamic shelf break processes and local
thermodynamic forcing act as modulators (e.g., Couto et al., 2017; Dotto et al., 2019; Huguenin et al., 2024;
Oelerich et al., 2022; Silvano et al., 2022; Webber et al., 2017). Although the mechanisms controlling CDW
intrusions (e.g., local wind forcing and thermodynamic processes) are partly understood, their regional response
to the atmospheric conditions of the 2010s remains unclear. In this section, we examine how interdecadal changes
in shelf‐break processes during the 2010s, primarily driven by ASL variability, modulated CDW intrusions and
the regional expression of the off‐shelf warming signal across the continental shelf of West Antarctica.

Despite overall warming of the off‐shelf CDW around West Antarctica between the 1990s and the 2010s, the
continental shelf exhibits pronounced spatial heterogeneity (Figure 1c). These spatial variations reflect the highly
dynamic shelf break processes (e.g., local wind forcing at the shelf break) and thermodynamic processes within
the continental shelf region (e.g., convection driven by surface heat loss and sea ice production), both of which are
key to driving CDW thermohaline variability at the continental shelf (Azaneu et al., 2023; Dotto et al., 2019,
2020; Nakayama et al., 2018; Oelerich et al., 2022; Webber et al., 2017).

A similar regional dependence of CDW intrusions has also been documented in East Antarctica. There, the
delivery of CDW onto the continental shelf is strongly modulated by local dynamical mechanisms, including
isopycnal shoaling in regions such as Vincennes Bay (Ribeiro et al., 2025), variability in the Antarctic Slope
Current, and wind‐driven processes such as Ekman divergence poleward of the wind stress curl maximum
(Greene et al., 2017; Kusahara et al., 2024; Nakayama et al., 2018). These studies emphasize that, although the
large‐scale circulation sets the off‐shelf CDW heat reservoir around Antarctica, the actual intrusion of CDW onto
the continental shelf is primarily controlled by regional oceanographic and atmospheric conditions.
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Here, we found across the Amundsen Sea continental shelf, distinct hydrographic regimes emerge between the
western and eastern basins, shaped by local bathymetry and the physical processes that regulate CDW intrusions
at the shelf break. In the western basin, the CDW layer experienced a significant warming (area averaged
∼0.10 ± 0.06°C; Figure 1c) between the decades of the 1990s and 2010s. These changes are likely linked to the
presence of a deeper, more open trough (e.g., Cochran et al., 2020) that enables strong CDW inflowmodulated by
the Amundsen Sea undercurrent (e.g., Dotto et al., 2019). On interannual and decadal timescales, this under-
current responds to zonal wind variability over the shelf break (Silvano et al., 2022). During the 2010s, a
westward wind anomaly along the shelf break (Figure 6a), associated with a deeper and more intense ASL
(Raphael et al., 2016; Figure 3d), steepened the Antarctic Slope Front by depressing isopycnals across the
continental shelf (Figure 6c). This process strengthened the undercurrent, thereby facilitating greater CDW inflow
(Figure 6c), which is consistent with the mechanism proposed by Silvano et al. (2022).

In contrast, the eastern Amundsen Sea basin experienced CDW cooling (area averaged ∼ − 0.11 ± 0.07°C;
Figure 1c) between the 1990s and 2010s. Here, the troughs are shallower than the Dotson‐Getz trough, vertically
restricting CDW access. Consequently, the intrusion of warm water is critically dependent on the depth of the
thermocline (e.g., Webber et al., 2017). We suggest that enhanced wintertime coastal‐polynya activity in the
easternAmundsen Sea during the 2010smay have increased the production and retention ofWinterWater observed
in the following summer. The larger intermediate‐depth reservoir ofWinter Water strengthened stratification near
the shelf break, deepened the summer thermocline, and depressed isopycnals, ultimately limiting the access of
CDW‐contained oceanic heat and contributing to regional cooling (e.g., O'Connor et al., 2025). An additional
contributor to the observed cooling is the persistence of westward summertime wind anomalies along the conti-
nental shelf break (Figure 6a). These anomalies intensify surface‐layer Ekman transport, reinforcing shelf‐break
convergence and promoting water mass accumulation in the upper ocean. This, combined with enhanced mix-
ing between Winter Water and glacial meltwater (Huguenin et al., 2024; Webber et al., 2019), drives further
isopycnal deepening and reduces the capacity of shelf‐break processes to transport CDWonto the continental shelf
via submarine troughs (Dotto et al., 2019; Dutrieux et al., 2014; Jacobs et al., 2011; Nakayama et al., 2013;Webber
et al., 2017). This is evident in both Pine Island troughs (eastern and western troughs; Figures 6d and 6e).

Across the Bellingshausen Sea continental shelf, decadal differences in CDW layer properties also exhibit a
pronounced contrast between eastern and western basins, likely reflecting the influence of the ASL on shelf
break dynamics and thermodynamic processes. In the western basin, we observed cooling (area aver-
aged ∼ − 0.10 ± 0.07°C; Figure 1c) associated with a westward wind anomaly at the shelf break (Figure 6a),
consistentwith the influence of a deeper andmore intenseASL. This atmospheric state promotes enhanced on‐shelf
Ekman transport of cold surface waters, which reduces CDW inflow (e.g., Huguenin et al., 2024), as evidenced
along the Belgica trough section (Figure 6f). Simultaneously, over the continental shelf, intensified northward and
westward winds (Figures 6a and 6b) acted to reduce sea‐ice concentration, favoring increased heat loss and
convective processes, which combined lead to gradual cooling of continental shelf waters, as previously suggested
by Oelerich et al. (2022).

Conversely, in the eastern Bellingshausen Sea basin, we observed CDW warming (area averaged
∼0.17 ± 0.10°C; Figure 1c). Here, the influence of the ASL was weaker (Figure 3d), characterized by stronger
northward wind anomalies and reduced westward wind anomalies (Figures 6a and 6b), conditions typically
expected to restrict CDW intrusions due to enhanced off‐shelf Ekman transport of cold surface waters
(e.g., Huguenin et al., 2024). We therefore suggest that CDW warming observed in this region was most likely
associated with enhanced CDW transfer by mesoscale eddy activity (Couto et al., 2017; Martinson &
McKee, 2012; Moffat et al., 2009), likely facilitated by the closer proximity of the SACCF to the continental shelf
break (Figure 1). Such dynamics are particularly evident in the Latady and Marguerite troughs (Figures 6g
and 6h), where the enhanced CDW inflow can subsequently be advected westward, delivering heat to the Belgica
trough (Figure 6f). These conditions appear to offset the local thermodynamic cooling processes also observed at
the western Belligshausen Sea continental shelf basin. Such processes would typically cool the deeper water
column, but here they are counteracted by the stronger inflow of warm CDW. Furthermore, the increased access
of warmed CDW delivers heat to ice shelves and potentially intensifies basal melting, which would lead to
enhanced local meltwater input in this region (e.g., Sheehan et al., 2023). This meltwater is likely subsequently
transported by the Antarctic Coastal Current westward along the continental shelf, contributing freshwater to
adjacent regions such as the western Bellingshausen and eastern Amundsen Seas (Schubert et al., 2021; Schulze
Chretien et al., 2021; Thompson et al., 2020).
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Figure 6. Wind‐driven shift in the vertical structure of CDW intruding onto the West Antarctic continental shelf. (a, b) Interdecadal difference (2010s minus 1990s) in
zonal and meridional wind speed anomalies (m s− 1) between two periods (i.e., 2010s minus 1990s), respectively. Thin gray contours represent the 500 m and 1,500 m
isobaths from the R–Topo2 data set (Schaffer et al., 2016). The red arrows indicate CDW transfer across the Southern ACC front and its intrusions onto the continental
shelf via troughs. (c–h) Decadal difference of Conservative Temperature (Θ, °C) in sections across the Dotson‐Getz Trough (DGT), Pine Island Eastern Trough (PIET),
Pine Island Western Trough (PIWT), Latady Trough (LT), Belgica Trough (BT), and Marguerite Trough (MT). The locations of these sections are shown as black lines
in panel (a). The dashed and solid lines indicate the mean neutral density contours (27.8, 27.9, 28.0, and 28.2 kg m− 3) for the 1990s and 2010s, respectively. The red
arrows highlight the inflow of CDW (including eddy‐driven pathways indicated by curved arrows) onto the continental shelf, while yellow arrows denote surface water
transports.
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3.4. Key Limitations

Overall, hydrographic observations and the GLORYS output reanalysis show good qualitative agreement in
representing the thermohaline structure of the off‐shelf CDW (Figures S2 and S3 in Supporting Information S1).
Quantitatively, differences between the two data sets reach up to ∼0.1°C in temperature and 0.15 g kg− 1 in
salinity (Figure S9 in Supporting Information S1). Despite these differences, the overall consistency indicates that
GLORYS output captures the large‐scale interdecadal variability of the off‐shelf CDW reasonably well.

For clarity, we group the analysis into decades. Although the choice of temporal boundaries is somewhat arbi-
trary, the observed changes in CDW properties are consistent with a broader linear warming trend throughout the
study period (Figure S8 in Supporting Information S1). The decadal averages, therefore, serve mainly as a
practical way to illustrate longer‐term variability rather than implying discrete shifts between time periods. We
also note that the number of hydrographic profiles available varies between decades because observations in this
region are sparse and irregular in time, with particularly limited coverage during the 1990s. This uneven sampling
introduces some uncertainty when comparing decadal averages.

We highlighted that larger discrepancies appear over the continental shelf. Although GLORYS output reproduces
the general pattern of interdecadal differences seen in hydrographic observations across much of the West
Antarctic continental shelf (Figure 1), differences between observations and the reanalysis can reach ∼1.3°C in
temperature and 0.3 g kg− 1 in salinity (Figure S9 in Supporting Information S1). Several factors likely contribute
to these differences. First, observational coverage over the continental shelf remains sparse and uneven through
time, which increases uncertainty in decadal estimates. Second, the horizontal resolution of GLORYS output
(∼8 km) does not fully resolve mesoscale dynamics in this region. Because the first baroclinic Rossby radius is
about 4 km, resolving mesoscale eddies would require grid spacing closer to∼1 km (Hattermann et al., 2014; Nøst
et al., 2011; Thompson et al., 2014). These unresolved eddies play an important role in cross‐shelf exchanges and
may affect how CDW pathways toward the continental shelf are represented. Third, inaccuracies in bathymetry
(particularly in the representation of submarine glacial troughs) that may lead to circulation pathways that differ
from those in reality (Oelerich et al., 2022), even though these troughs strongly guide CDW intrusions onto the
shelf. For these reasons, caution is needed when interpreting interdecadal variability of CDW properties on the
continental shelf, including the influence of local wind forcing and on‐shelf thermodynamic processes. Future
studies that combine higher‐resolution regional modeling with improved observational coverage will be
important to resolve these processes better.

4. Conclusions and Outlook
Based on hydrographic measurements and reanalysis output, we show that an interdecadal warming and sali-
nification of the off‐shelf CDW layer in West Antarctica occurred between the 1990s and 2010s, most likely
driven by wind‐forced circulation changes. Specifically, the poleward shift and intensification of the westerly
winds strengthened the Ross Gyre, predictably enhancing lateral heat transport along isopycnals in the SACCF
region and cross‐ACC isopycnal exchange. These advective processes account for approximately 90% of the
observed CDW warming. Although we also identified an interdecadal poleward displacement of the SACCF
aroundWest Antarctica, our results indicate that this frontal shift contributed only about 10% and therefore played
a secondary role.

While we observe an increase in the contribution of warmer, saltier CDW along the off–shelf region, GLORYS
outputs suggest that intrusion of this water onto the adjacent continental shelf may have been inhibited in some
areas (i.e., eastern Amundsen and western Bellingshausen Seas) due to a westward wind anomaly there,
potentially linked to a deepened and intensified ASL. In contrast, due to the specific conditions of each region
(i.e., the extent of the influence of the Amundsen undercurrent and of eddy activity near the SACCF), this warmed
CDW can penetrate onto the continental shelf of the western Amundsen and eastern Bellingshausen Seas, leading
to a warming and salinification of those areas. Additionally, thermodynamic processes associated with the sea‐ice
production and surface heat loss on the continental shelf might also have contributed to changes in CDW layer
properties. Thus, our results evidence the importance of the localized processes over the shelf break and conti-
nental shelf (e.g., local wind forcing and thermodynamic processes) in regulating the extent to which CDW
changes offshore may affect the shelf regions. These findings highlight the complex interplay between large‐scale
atmospheric forcing, ACC frontal dynamics, and regional oceanographic processes in shaping the evolution of
CDW properties around West Antarctica.
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Ongoing atmospheric trends are toward an intensified and poleward displacement of the Southern Hemisphere
westerlies (e.g., Marshall, 2003), which are expected to modulate the large‐scale ocean circulation (e.g., the Ross
Gyre strength and eastward expansion; Dotto et al., 2018). As documented here, such changes can lead to off‐shelf
CDWwarming,which could, in the long‐term, enhance the intrusion of thiswarmerwater onto the continental shelf
in some regions of West Antarctica and, in turn, compromise the stability of the ice sheet in those areas, with
implications for global sea‐level rise. Therefore, ongoing monitoring and the use of high‐resolution ocean‐ice
models are vital to better understand the mechanistic linkages between large‐scale climatic changes over the ACC
and Ross Gyre, variations in the cross‐shelf transfer of CDW, and coastal ocean‐ice interactions in this climatically
sensitive region.
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