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Abstract We analyze temperature variability in the surface and intermediate layers of the Southern Ocean
from 1994 to 2025 using a 30-year summertime record of Expendable Bathythermograph (XBT) measurements
collected along the PX36 line across the New Zealand—Antarctica chokepoint of the Antarctic Circumpolar
Current (ACC). Significant subsurface warming emerges along the northern flank of the current, while waters
south of the Polar Front exhibit no long-term trend. Within the main water masses of the region, Subantarctic
Mode Water and Antarctic Intermediate Water warm by ~0.22 and ~0.16°C decade™" respectively, driven
largely by strong temperature increase during the last decade. These results reveal this chokepoint as a hotspot of
Antarctic Intermediate Water variability and suggest warming in its upstream source regions, underscoring the
need for sustained, high-resolution monitoring of this key sector of the Southern Ocean.

Plain Language Summary The Southern Ocean plays a key role in regulating Earth's climate by
absorbing heat and carbon and connecting all major ocean basins. However, this region is warming rapidly,
especially in the north, where the Antarctic Circumpolar Current flows. In this study, we analyzed 30 years of
temperature measurements collected each summer along a ship route between New Zealand and Antarctica.
These observations show that two important water masses—Subantarctic Mode Water and Antarctic
Intermediate Water—have warmed significantly over the past three decades, with the strongest changes
occurring in the last 10 years. These water masses spread heat into the deeper ocean and toward lower latitudes,
so their warming has global consequences. In contrast, waters closer to Antarctica show little or no long-term
warming. Overall, our results point to a clear hotspot of ocean warming in the northern part of the Southern
Ocean. This warming highlights the need for continuous, high-quality monitoring to better understand how the
Southern Ocean is changing and what this means for the global climate system.

1. Introduction

Covering more than a quarter of the global ocean surface (Gille, 1994), the Southern Ocean (SO) represents a
pivotal component of the global overturning circulation, primarily owing to the presence of dense water formation
and inter-basin exchange driven by the Antarctic Circumpolar Current (ACC) (Rintoul, 2018). During the last
decades, the SO has experienced a substantial warming trend, which has been further intensified by Antarctic
stratospheric ozone depletion, at least until the early 21st century, and by the increasing concentration of at-
mospheric CO, (W. Liu et al., 2022). Despite projections indicating both ozone recovery and depletion (Zambri
et al., 2021), fluxes of radiative heat and freshwater in the SO are expected to increase due to enhanced pre-
cipitation, ice melting and a poleward intensification of the SO westerlies. This warming trend has profound
implications for the melting of the Antarctic ice shelf and ice sheet, for sea-level rise, and for remote circulations
such as the intertropical convergence zone and tropical ocean-atmosphere circulations, which in turn affect
extreme weather events, agriculture, and ecosystems (Cai et al., 2023). The heating of the SO also influences its
capacity to store soluble gases, including CO, (Gille, 2002). Furthermore, several studies have demonstrated
greater warming in the northern portion of the ACC compared to the water masses south of the Polar Front, which
experience comparatively less warming or even cooling (Armour et al., 2016; Auger et al., 2021; Sallée, 2018).
Although the main mechanisms driving the dynamics of SO and ACC have been highlighted in the last decades
(Falco & Zambianchi, 2011; Menna et al., 2020; Olbers et al., 2004; Rintoul, 2018; Thompson & Naveira
Garabato, 2014), many fundamental questions remain unanswered. These include the interactions between ice
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Figure 1. (a) XBT Network distribution map (https://www.aoml.noaa.gov/proj/xbt-network). Red box identifies the PX36
monitoring line area. (b) Bathymetry map of the Southern Ocean region stretching between New Zealand and Antarctica
(PX36 transect). The black dots show the locations where XBT casts were carried out between December 1994 and January
2025. Only data collected between 48° and 70°S were selected.

shelves and ice sheets, the influence of oceanic eddies, the dynamics of tropical-polar interactions, and the impact
of the SO response on climate change forcing itself (Abram et al., 2025; Ferola et al., 2023). The progress in
understanding these processes is hindered by limited observations and the low resolution of climate models.
Therefore, there is a pressing need for extensive and long-term observations to shed light on these uncertainties
(Auger et al., 2021; Budillon & Rintoul, 2003). In this study, we analyze 30 years of observations gathered in the
ACC, through the repeated collection of Expendable Bathythermograph (XBT) measurements along the PX36
monitoring line south of New Zealand. Figure 1a shows the global XBT monitoring line distribution highlighting
the PX36, which is then reported in detail in Figure 1b. Our analysis focuses on the long-term variability of
temperature changes and trends within the principal water masses of the ACC over the past three decades,
presenting the first observational evidence of an accelerated subsurface warming of Subantarctic Mode Water
(SAMW) and Antarctic Intermediate Water (AAIW) at the New Zealand—Antarctica gateway, and identifying this
region as a key hotspot of recent SO change. This assessment provides a baseline for future investigations into
temperature variability across depth, latitude, and time within the study area, as well as its implications for the
broader SO.
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2. Data and Methods
2.1. XBT Data

In this study, we use a 30-year record of XBT hydrographic observations collected along the PX36 transect south
of New Zealand (48°-70°S) during austral summers from 1994/95 to 2024/25 (Figure S1 in Supporting Infor-
mation S1). Profiles were acquired with Sippican T7 probes (vertical resolution 0.65 m; nominal depth 760 m)
during cruises of the Italian R/V Italica and Laura Bassi, and the Korean R/V Araon, within the Italian National
Research Program in Antarctica (PNRA) CLIMA, SOChIC, and MORSea projects. Temperature profiles were
interpolated onto a 1 m vertical grid and a 1/8° latitude grid to construct mean summer sections. Quality control
followed AOML/NOAA procedures (Cowley & Krummel, 2022; Tan et al., 2023), with outliers removed, and
profiles flagged by reliability class; only data marked as good or probably good were used. Temperature and depth
values were bias-corrected for probe type and calendar year to enable robust trend analysis. The full data set is
publicly available at https://zenodo.org/records/14848849. A full description of the applied QC and correction
methodologies is provided in Aulicino, Ferola, et al. (2025). These observations have also been used in the
development of a high-resolution boundary current product based on gridded XBT transects (Goes et al., 2026).

On this basis, temperature trends over 1994-2025 were computed using linear regression at each grid point, with
the signal-to-noise ratio (S = trend/interannual variability) calculated to assess trend significance (Figure S2 in
Supporting Information S1).

_ ny*a
"~ STD(ax —T)

where n is the number of years, y is the time index, a is the linear regression slope, T is the temperature anomaly
for a specific time index and STD is the standard deviation of residuals. Additional tests evaluating the sensitivity
of the trends to ship-track variability and spatial sampling are described in Text S1 in Supporting Information S1.

2.2. SAMW Sea Surface Temperature Trend From ERAS Reanalysis

ERAS monthly sea-surface temperature (SST) fields (Hersbach et al., 2023) for January—February were extracted
over the SAMW domain (170°E—180°, 46°-54°S), consistent with the period and region of in situ sampling. For
each year, SSTs were averaged over both months and across the domain to obtain a single seasonal value. Linear
trends were then computed using the same regression approach applied to the XBT temperatures.

3. Results
3.1. Mean Structure, Variability, and Frontal Positions

Based on the XBT data collected along the PX36 transect, we computed the climatological mean temperature and
its standard deviation for the study period (Figures 2a and 2b). Afterward, ACC fronts (i.e., Northern Sub-
Antarctic Front - NSAF, Southern Sub-Antarctic Front - SSAF, Polar Front - PF, southern ACC front -
sACCf) were located using established hydrographic criteria (Budillon & Rintoul, 2003; Orsi et al., 1995;
Sokolov & Rintoul, 2007) and further refined using satellite Sea Surface Height to minimize uncertainties
associated with eddies and frontal meanders. Temperature standard deviations reveal enhanced variability near
the NSAF and over major topographic features such as the Campbell Plateau, consistent with intensified eddy
activity and frontal variability (Figure 2b).

Water masses (i.e., SAMW, AAIW, Antarctic Surface Water - AASW, and Circumpolar Deep Water—CDW;
Carter et al., 2022; de Brauwere et al., 2007) were also identified using core temperature, salinity, and density
values derived from Argo floats (2003-2024) and WOA climatology (2005-2017) (Figure S3 in Supporting
Information S1), allowing the definition of climatological water-mass residence regions along PX36 (Figure 2).
SAMW occupies the upper ~200 m north of the NSAF, shallower than in adjacent regions (e.g., Auger
et al., 2021). This vertical confinement and spatial configuration are consistent with recent SO—wide evidence of
progressive SAMW shoaling and warming, particularly in the Pacific sector, driven by enhanced surface
buoyancy forcing and altered subduction pathways (Wyatt et al., 2025). AAIW lies below ~400 m between the
northern and southern branches of the SAF. Its origin is generally associated with subduction processes occurring
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Figure 2. (a) Mean summer temperature section along the New Zealand—Antarctica PX36 transect from XBT profiles
collected between December 1994 and January 2025. (b) Standard deviation of temperature. (c) Linear temperature trends
(°C decade™). In all panels, black boxes mark the climatological cores of the main water masses identified from Argo floats
(see Water Masses Identification and Trend in Methods). In panels (a and b), the Antarctic Circumpolar Current fronts are
shown as red vertical lines, whereas in (c) they are shown as black vertical lines; horizontal bars indicate the latitudinal
standard deviation of front positions. Front locations are filtered to reduce the influence of eddies and meanders. Regions
without data because topography is masked in dark gray. In (c), dashed black lines sloping upward to the right highlight
trends that are less significant than the interannual variability within each water mass.
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north of the PF (Orsi et al., 1995). AASW is found at depths shallower than 150 m south of the PF, whereas CDW,
the largest and most voluminous SO water mass, occupies depths exceeding 200 m south of the SACCH.

To assess the reliability of our data set, we analyzed the temperature standard deviation along PX36. The results
are illustrated in Figure 2b, where the mean positions of the ACC fronts are superimposed on the latitudinal
section. Overall, the standard deviations remain ~1°C in the upper 100 m across the transect and decrease to less
than 0.5°C at greater depths, except in proximity to ACC fronts where variability is enhanced (Budillon &
Rintoul, 2003; Cotroneo et al., 2013; Freeman et al., 2016; Sokolov & Rintoul, 2009a, 2009b), peaking near the
NSAF. This elevated variability likely reflects a combination of factors, including the large latitudinal excursions
of the NSAF as the northernmost ACC front, the influence of complex bathymetry south of New Zealand
(Macquarie Ridge and Campbell Plateau) (X. Liu et al., 2024), and mesoscale eddy activity (Cotroneo et al., 2013;
Ferolaetal., 2023; Fuet al., 2010; Lu & Speer, 2010; Sallée et al., 2011; Thompson & Sallée, 2012). Variations in
ship tracks across the Campbell Plateau may also contribute to uncertainty in the inferred NSAF position
(Figure 1b). Notably, the temperature standard deviation near frontal positions has increased over the past two
decades (Figure S4 in Supporting Information S1), indicating intensified mesoscale variability and a possible shift
in the regional dynamical regime (Cotroneo et al., 2013).

To further investigate this variability, temperature anomalies were calculated for each cruise (Figure S5 in
Supporting Information S1). Anomaly sections reveal pronounced interannual variability across latitudinal zones,
with the largest anomalies concentrated near the NSAF, likely reflecting mesoscale eddy activity. These signals
likely reflect eddy activity, introducing anomalies up to +3°C. Recurring features, such as the cold tongue of
AASW extending toward the sACCT, are also evident. Moving from northern to southern fronts, the intensity of
temperature standard deviation signal decreases and affects progressively shallower portions of the surface layer
(Figure 2b). This latitudinal gradient likely arises from larger frontal displacements at the northern ACC boundary
and/or intrinsically lower thermal variability in southern waters, consistent with basin-scale findings showing that
SAMW dominates upper-ocean thermal variability north of the SAF (Wyatt et al., 2025).

However, interannual variability observed near the NSAF and across the northern ACC flank is likely influenced
not only by mesoscale eddy activity, but also by large-scale modes of atmospheric variability that modulate wind
forcing and frontal position in the Pacific sector of the SO. Variability associated with the Southern Annular Mode
(SAM) alters the strength and latitude of the Southern Hemisphere westerlies, leading to meridional shifts of ACC
fronts and changes in upper-ocean circulation (Fogt & Marshall, 2020). Positive SAM phases, which have been
enhanced in recent decades, are associated with intensified and poleward-shifted westerlies and increased surface
heat uptake in the Subantarctic Zone (G. Wang et al., 2017). This signal may be particularly evident near the
NSAF because atmospheric anomalies interact there with a dynamically complex northern ACC flank, where
bathymetric steering, frontal meandering, mesoscale eddies, and exchanges with subtropical source waters can
amplify temperature variability and affect SAMW/AAIW formation pathways. Additionally, the Antarctic
Circumpolar Wave (ACW) may also influence atmospheric variability and water mass properties across several
timescales (Cerrone, Fusco, Cotroneo, et al., 2017; Cerrone, Fusco, Simmonds, et al., 2017). These large-scale
modes likely modulate the background dynamical state upon which mesoscale eddies operate, amplifying
interannual temperature variability and frontal meandering near the NSAF (Sallée et al., 2021). Farther south,
variability is increasingly controlled by polar processes including sea-ice dynamics, deep overturning circulation,
and CDW upwelling, which tend to damp or obscure the direct influence of subtropical atmospheric
teleconnections.

3.2. Long-Term Temperature Trends

Temperature trends along PX36 over the past three decades are shown in Figure 2c. A coherent warming signal
emerges across much of the transect, consistent with earlier reports of upper-1,000 m warming in the SO
(Gille, 2008) and more recent trends along the Hobart—-Dumont D’Urville section (Auger et al., 2021), imme-
diately west of our study area. The strongest warming occurs in the northernmost sector of the transect, reaching
+0.8°C decade™", whereas the southern portion of the section shows weaker trends, ranging between —0.2 and
+0.2°C decade™", and higher interannual variability. These patterns align with Armour et al. (2016), who reported
pronounced upper-ocean warming along the northern flank of the ACC (40°-50°S) and slower warming (or even
cooling) farther south. Regions where the trend is smaller than interannual variability (S < 1) are indicated with
dashed black lines in Figure 2c, highlighting areas of low trend significance. Interannual variability often prevails
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in the southernmost sector and near the NSAF, consistent with the large standard deviations shown in Figure 2b.
Nevertheless, statistically significant positive trends persist between ~48°S and the SSAF, confirming the
observed ocean warming in the northernmost sector. This latitudinal gradient mirrors basin-scale observations
indicating that SAMW dominates upper-ocean thermal variability north of the NSAF, whereas AAIW exhibits
more muted variability associated with its role as an integrator of upstream mode-water changes.

3.3. Water-Mass Temperature 30-Year Trends

To further investigate temperature changes, we computed mean summer temperatures and anomalies for each
water mass relative to 1994-2025. Linear trends were estimated where data coverage exceeded 70% of the time
series, and statistical significance was assessed using the Mann-Kendall test. The strongest and most significant
trends occur in the northern ACC sector, with SAMW warming at +0.22°C decade™! (p £0.01) and AAIW at
40.16°C decade™ (p < 0.05) (Figures 3a, 3c, 3e, and 3g). These values are consistent with previous estimates of
AAIW warming (+0.05 to +0.15°C decade™) since the mid-1970s (Schmidtko & Johnson, 2012). The
magnitude and persistence of SAMW warming are also consistent with SO assessments by Wyatt et al. (2025),
who demonstrate sustained SAMW warming and density reduction over recent decades, making it a dispro-
portionate contributor to regional heat uptake. AAIW warming similarly reflects basin-scale coherence, largely
inherited from its SAMW precursor, confirming that AAIW warming primarily reflects changes in surface-forced
mode waters rather than local air—sea interaction. The warming of SAMW and AAIW is broadly attributable to
anthropogenic greenhouse gas (GHG) forcing (Bilbao et al., 2019; Swart et al., 2018), as surface heat flux
anomalies induced by GHGs are absorbed at the ocean surface around 50°-60°S and subsequently transported
into the subsurface (Cai et al., 2010; Cheng et al., 2022; Shi et al., 2018). Wyatt et al. (2025) further note that
SAMW warming is accompanied by increased stratification, with implications for ventilation efficiency and
downstream thermocline structure. In contrast, southern water masses (AASW and CDW) exhibit weak or
negligible trends. AASW, strongly influenced by sea-ice melt and atmospheric forcing, has a relatively short
residence time and high temporal variability, which makes it susceptible to rapid changes in temperature and
composition, and complicates the detection of long-term trends. CDW, shaped by mixing among deep waters
from the three major ocean basins, remains relatively stable along PX36, despite warming reported in adjacent
regions. CDW trends along PX36 appear weaker than those reported by Auger et al. (2021), who analyzed Upper
Circumpolar Deep Water (UCDW) along the Hobart—-Dumont D’ Urville transect (140-150°E) over 1992-2017.
That section crosses a region strongly influenced by topographic interactions downstream of the Southeast Indian
Ridge. Differences between the two studies may therefore reflect zonal heterogeneity in UCDW warming within
the ACC, as well as differences in the definition of the CDW layer considered and the analysis period.

3.4. Water-Mass Temperature Decadal Evolution

Dividing the XBT record into three decades (1994/95-2003/04, 2004/05-2013/14, 2014/15-2024/25) reveals a
clear acceleration of warming in recent years, though statistical significance varies among water masses
(Figures 3b, 3d, 3f, and 3h). SAMW, the northernmost water mass, shows positive trends in all decades,
increasing progressively to +0.96°C decade™ (p < 0.05) in the most recent decade. This acceleration is consistent
with enhanced SAM driven wind forcing and increased surface heat uptake since the early 2010s (Wyatt
et al., 2025). AAIW shows limited change during the first two decades but undergoes pronounced warming
(+1.31°C decade™, p < 0.05) in 2014/15-2024/25, strongly influencing its 30-year trend. These estimates
exclude data from the last two oceanographic cruises (white dots in Figure 3d), due to insufficient XBT data
coverage in the AAIW region. In contrast, CDW shows no clear trend, while AASW presents a less regular
behavior, stable in the first decade (1994/95-2003/04), positive in 2004/05-2013/14, and negative in 2014/
15-2024/25, yielding no significant long-term trend.

Surface warming within SAMW was further evaluated using ERAS SST reanalysis coinciding with XBT sam-
pling. Results show a significant increase of ~1.08°C over the last decade (Figure S6 in Supporting Informa-
tion S1), corroborating the XBT-derived trends and supporting an air—sea forcing origin. Subduction of SAMW
contributes to AAIW warming, particularly near the Campbell Plateau, a known key formation region. Overall,
the northern ACC flank emerges as a robust warming hotspot, whereas southern regions remain characterized by
weaker trends and stronger interannual variability. The observed SAMW and AAIW trends likely result from a
combination of anthropogenic forcing, enhanced surface heat fluxes, and evolving SO stratification, with po-
tential implications for heat and carbon transport to lower latitudes.
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4. Conclusion and Discussion

The SO is among the oceans most strongly affected by global warming, yet this warming is spatially hetero-
geneous (Cheng et al., 2022; Roemmich et al., 2015; Sallée, 2018). Based on 30 years of XBT observations in the
SO Pacific sector, our study unveils a pronounced warming along the northern ACC flank (Figure 2c), under-
scoring the critical contributions of SAMW and AAIW (40.22 and +0.16°C decade™
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Figure 3. Mean summer temperature anomalies of SAMW (a, b), AAIW (c, d), AASW (e, ), and CDW (g, h) between the austral summers of 1994/1995 and 2024/2025.
Panels (a, c, e, g) show the anomalies with a single linear trend fitted over the full study period, whereas panels (b, d, f, h) show the same anomalies with separate linear
trends for each of the three decades (1994/95-2003/04, 2004/05-2013/14, 2014/15-2024/25). The solid red line(s) represent the linear temperature trend(s), expressed
! the gray shaded area indicates the 95% confidence interval. Blue vertical lines show the standard deviation of the mean temperature values obtained for
each austral summer. White dots mark water-mass temperature values that are not statistically significant and were excluded from trend calculations.
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particularly strong warming over the last decade) to global ocean heat accumulation over the last three decades.
While SO warming has been widely documented, our results provide the first long-term observational evidence of
accelerated subsurface warming emerging at a major ACC gateway, revealing spatially localized amplification
not resolved in basin-averaged products. These results are consistent with recent basin-scale assessments iden-
tifying SAMW as one of the SO water masses exhibiting the highest interannual temperature variability,
reflecting its strong coupling to atmospheric forcing and frontal displacement along the northern ACC boundary
(Wyatt et al., 2025). Together, our results provide new regional evidence for the contrasting thermal responses of
key ACC water masses and reinforce previously reported SO warming rates. Auger et al. (2021) report com-
parable warming within the ACC (+0.2 to +0.8°C decade™") along the Hobart-Dumont D’ Urville section, while
Li et al. (2023), using global Argo data (2005-2020), identified an accelerated ocean heat uptake particularly
within mode and intermediate waters, suggesting that the two northernmost water masses of the SO (i.e., SAMW
and AAIW) contribute ~36% of global ocean warming. Consistent with these findings, Wyatt et al. (2025)
identify SAMW as a primary contributor to SO upper-ocean warming, exhibiting statistically robust positive
trends since the 1990s, particularly in the Pacific and Indian sectors, in agreement with the regional patterns
observed along PX36. Wyatt et al. (2025) further highlight the role of AAIW as a key intermediary in the SO heat
uptake pathway, integrating SAMW-driven surface warming and redistributing heat into the subtropical and
tropical thermocline.

In contrast, our findings show little long-term change for CDW, therefore not supporting widespread warming or
shoaling of Upper Circumpolar Deep Water along PX36, as previously reported at other ACC chokepoints
(e.g., Augeretal., 2021; Hu et al., 2025). However, modeling results (Naughten et al., 2023) suggest that changes
in the properties of the CDW core in the open SO are relatively small (~0.2°C warming over the 21st century),
supporting the idea that the observed warming of the Antarctic continental shelf is indeed driven by an increased
volume of CDW intrusions rather than by a rise in CDW temperature.

ERAS5 SST reanalysis indicates that SAMW surface warming (~1.08°C over the last decade; Figure S6 in
Supporting Information S1) is largely air—sea driven, reinforcing the interpretation that SAMW acts as a major
pathway linking atmospheric forcing to subsurface ocean heat uptake. Subduction of SAMW into AAIW (Li
et al., 2022) explains the coupled warming of AAIW (Li et al., 2021, 2022; Z. Wang et al., 2025). Additionally, Li
et al. (2021) documented strong subduction of SAMW near the Campbell Plateau (170°E), where Z. Wang
et al. (2025) highlighted a key formation region for AAIW. As a result, SAMW warming is efficiently transmitted
to AAIW, leading to a pronounced temperature increase in both water masses, particularly during the most recent
decade in our study area. Recent findings further indicate that the evolution observed along the northern ACC
flank is embedded within a broader wind-driven reorganization of the SO system, with large sectors of the polar
SO shifting since ~2015 toward saltier surface conditions, reduced stratification, and enhanced vertical exchange
of subsurface heat (Silvano et al., 2025). This transition suggests that strengthened atmospheric forcing may be
altering both upper-ocean ventilation and the accessibility of subsurface heat reservoirs. Such changes are ex-
pected to be particularly relevant along the ventilated Subantarctic sectors, where SAMW and AAIW formation
are closely coupled to surface buoyancy fluxes, wind forcing, and mixed-layer dynamics. Farther south of the PF,
however, the same basin-scale forcing is mediated by a polar dynamical regime in which upper-ocean variability
is more strongly shaped by sea ice-ocean interactions and overturning processes, potentially weakening the
coherence of a surface-intensified warming signal. Thus, the presented trends likely reflect the combined imprint
of intensified atmospheric forcing, frontal variability, and evolving vertical structure under changing SO
conditions.

Therefore, our results provide independent observational evidence consistent with an active SAMW-AAIW
transformation pathway in the Campbell Plateau sector, although the identification of this region as a primary
AAIW formation site requires further confirmation. This emerging hotspot of anomalously warm AAIW has
potential global implications. As AAIW ventilates large portions of the subtropical and tropical thermocline, the
injection of warmer waters from the SO could enhance heat storage in the ocean interior, altering stratification,
and potentially reducing the efficiency of carbon uptake (Li et al., 2023; Meijers et al., 2023). Moreover, the
export of warmer AAIW from the New Zealand—Antarctica chokepoint may impact basin-scale circulation,
climate variability in the Pacific and beyond (Cai et al., 2023), with possible downstream effects on the meridional
overturning circulation and global sea-level rise.
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Mesoscale eddies dominate short-timescale variability along the northern ACC flank, while climate-mode-driven
wind forcing modulates frontal displacement on interannual scales. The enhanced variability and recent warming
observed in this sector therefore reflect the combined effects of intensified mesoscale activity and large-scale
atmospheric forcing, including variability in the SAM and Pacific climate teleconnections, which influence
frontal positions and surface heat uptake in the Subantarctic Zone (Gille, 2014; Purich & England, 2021).
Climate-mode variability modulates surface forcing and largely explains short-term fluctuations and frontal
displacements. However, the persistent multi-decadal warming and recent acceleration observed in SAMW and
AAIW are more consistent with longer-term changes in the mean state of surface forcing and ventilation pathways
in the upstream SO (Li et al., 2021).

Collectively, these findings indicate an ongoing SO state transition that may already be reshaping global heat and
carbon budgets. Continued warming and stratification changes would have far-reaching effects on ocean heat
content, sea-ice extent and thickness, ice-shelf stability, and at a broader scale an impact on global overturning
circulation, oceanic CO, sequestration, sea-level rise and ultimately global climate regulation. These findings,
combined with the interplay of anthropogenic forcing and sea ice variability, underscore the urgency of sustained,
high-resolution monitoring across all sectors of the SO, providing critical benchmarks for improving and vali-
dating climate models.
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