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Antarctic sea-ice extent began declining since 2015, reaching its lowest extent3

in the post-1970s observational era in 2023. To diagnose the drivers of this de-4

cline, we analyse an observationally constrained sea ice-ocean model spanning5

2013-2023, and identify three distinct phases of sea-ice retreat. First, an inten-6

sification of westerly winds preconditioned the Southern Ocean via increased7

upwelling of warm, saline Circumpolar Deep Water (CDW). Second, strong8

winds in 2015 and 2016 enhanced the mixing of CDW into the upper ocean9

and thus initiated sea-ice loss, particularly in East Antarctica. Third, sus-10

tained mixing of CDW into the surface layer combined with reduced equator-11

ward freshwater export maintained an unprecedented low sea-ice state. East12

Antarctic sea-ice loss was primarily subsurface-driven, whereas West Antarc-13

tic loss was also forced by cloud-mediated longwave radiative flux anomalies.14

Our findings suggest that persistent upwelling-favourable conditions under15

anthropogenic forcing may push the Southern Ocean into a prolonged low sea-16

ice state.17
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Short Title18

Compound Drivers of Antarctic Sea Ice Loss.19

One Sentence Summary20

Enhanced upwelling and mixing of heat and salt from the subsurface ocean has driven the21

sustained loss of Antarctic sea ice since 2015.22

1 Introduction23

Antarctic sea ice is an important component of the global climate system, modulating the albedo24

of the Southern Ocean (1), the upper and lower branches of the meridional overturning circula-25

tion (2), the water mass transformations therein (3), oceanic heat and carbon uptake (4), ocean26

heat content (5), and biological productivity (6).27

Antarctic sea ice exhibited a slight positive trend from 1979 to 2015 (7–9), with large re-28

gional variations. The expansion of sea ice over this period was most likely associated with an29

increased wind-driven northward transport of sea ice (10) and a resulting surface freshening due30

to the export of freshwater via sea ice from the high-latitude Southern Ocean (11). However,31

since 2015, the observed sea ice area has experienced persistent negative anomalies, with the32

lowest wintertime and summertime sea ice extents measured in 2023 (12). The negative sea33

ice extent anomalies were associated with heightened temperatures in the upper 100 m of the34

water column (13) and elevated surface salinity (14). This rapid change in Southern Ocean sea35

ice from record-high to record-low anomalies is one of the largest present-day climatic shifts36

in the Earth system, and has the potential to accelerate planetary warming (1) and to disrupt37

the conventional pathways for heat and carbon sequestration in the Southern Ocean (15). In38

addition, sea ice loss has the potential to adversely impact the ecosystem (16).39

Several hypotheses have been proposed to explain the roles of the ocean and atmosphere40

in modulating the recent reduction of Antarctic sea ice extent. Revisiting these hypotheses by41

categorizing them based on the timescales of the proposed mechanisms can provide valuable42

insight. On synoptic timescales, wind variations can immediately influence the ocean’s Ekman43

advection. For example, during the summers of 2016/17 and 2019/20, a sudden weakening44

of the westerlies resulted in reduced northward Ekman advection of relatively cool and fresh45
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surface waters, leading to surface warming and salinification in the offshore subpolar Southern46

Ocean (17). This warming may have contributed to the summertime reduction in sea ice area47

and subsequent delayed sea ice growth. On seasonal timescales, intense polar cyclones were48

likely linked to the formation of open-ocean polynyas in the Weddell Sea in 2016 and 201749

(18–20). Additionally, a positive Zonal Wave-3 (ZW3) pattern (21) during 2016 was associated50

with stronger poleward transport of warm subtropical air masses, enhancing cloud cover over51

the sea ice field and downward longwave radiative fluxes (18, 22). Warm northerly air flow52

was linked to a deepening of the Amundsen Sea Low (ASL)in 2016 and 2019 (20, 23). The53

spatio-temporal trajectory of the ZW3 pattern in 2016 influenced sea ice concentration and drift,54

contributing to reduced sea ice extent in the Weddell Sea, the Amundsen and Bellingshausen55

Seas, and the western Ross Sea (22, 24–26).56

On seasonal to interdecadal timescales, the Southern Annular Mode (SAM) is the domi-57

nant mode of climate variability over the high-latitude regions of the Southern Ocean (27). A58

positive phase of the SAM is associated with a poleward shift and increased intensity of the59

westerlies, which regulate the rate of Ekman advection. An intensified SAM is thus expected60

to exert two opposing effects on upper-ocean stratification: surface freshening due to enhanced61

equatorward export of polar waters and sea ice (28), and surface salinification further south due62

to increased Ekman pumping (29). The SAM has trended positive since the 1970s (27), en-63

tailing an enhancement in the cyclonicity of winds over the subpolar Southern Ocean that have64

increased Ekman pumping of warm deep waters from the subsurface (24, 30, 31). Further, the65

SAM has exhibited increasing zonal asymmetry due to a deepening of the ASL and an intensifi-66

cation of the ZW3 pattern (32), which enhanced the poleward flow of warm, humid subtropical67

air masses within specific sectors of the Southern Ocean. Preindustrial runs of climate models68

show that the SAM–ZW3 interaction impacts the regional variability of sea ice (33).69

Future sea ice evolution is likely to be governed by a balance between competing mecha-70

nisms. For example, the heat content in the ocean and atmosphere is expected to continue to in-71

crease under anthropogenic forcing, which would inhibit sea ice growth. In contrast, enhanced72

surface freshening (34) due to increased precipitation (35) and meltwater runoff (36) is ex-73

pected to stratify the upper ocean and cause a slowdown in the abyssal overturning cell (37,38),74

which would promote sea ice growth by inhibiting the vertical mixing of heat. However, in75

the present-day Southern Ocean, a somewhat surprising trend of upper-ocean salinification is76

occurring (14). This salinification acts to weaken stratification (14), potentially enabling the77

mixing of heat and salt from the subsurface Circumpolar Deep Water (CDW) layer (39).78
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The possible role of increased westerly winds in determining the fate of Antarctic sea ice79

was highlighted by a hypothesis within the literature, founded on idealized model studies. In80

this view, poleward intensifying westerlies would elicit a two-timescale response from the ocean81

(hereafter referred to as the two-timescale hypothesis) (40). The immediate response would in-82

volve enhanced northward Ekman transport of cooler and fresher waters from the high-latitude83

Southern Ocean, inducing surface cooling and enhanced sea ice cover. The delayed response84

would be associated with enhanced upward Ekman pumping of warm and saline CDW, bring-85

ing about a warmer and saltier upper ocean with reduced sea ice cover. However, the observed86

ocean response is more complex, influenced also by changes in surface fluxes associated with87

variability in the hydrological cycle. Recent, more realistic simulations further suggest that re-88

duced sea ice extent can result from upwelling-favorable conditions arising either from natural89

Southern Ocean variability (41) or from historically forced conditions (42). Overall, the ob-90

served pattern of a gradual increase followed by an abrupt reduction in Antarctic sea ice cover91

after 2015 qualitatively aligns with expectations from the two-timescale hypothesis (13), though92

important differences remain.93

While many potentially important processes have been proposed, the mechanisms governing94

the recent climatic evolution of Antarctic sea ice remain uncertain, and are the focus of vigorous95

scientific debate. Climate models generally struggle to represent the observed variability, and96

often simulate physically implausible scenarios (43). Here, we use an eddy-permitting, data-97

assimilative sea ice-ocean state estimate—the Biogeochemical Southern Ocean State Estimate98

(SOSE) (44)—to elucidate the drivers of Antarctic sea ice changes between 2013 and 2023, a99

period encompassing the point of abrupt reduction in ice cover. By constructing budgets of sea100

ice volume and conserved upper-ocean properties (such as heat and salt), we are able to identify101

the key factors in sea ice loss, and assess its forcing mechanisms and underpinning sequence of102

causal events.103

Our analysis shows that the recent Antarctic sea ice loss was the compound outcome of three104

driving phases. First, prior to mid 2015, sea ice extent increased in association with cool and105

fresh anomalies in the upper ocean. Second, after mid 2015, heat and salt accumulated in the106

upper ocean, initially as a result of the shoaling of warm and saline CDW. This response, qual-107

itatively consistent with the two-timescale hypothesis, was facilitated by upwelling-favourable108

winds and by enhanced vertical mixing of heat and salt, itself driven by intensified westerly109

winds. Then, in a third phase, the preceding sea ice changes altered surface freshwater fluxes,110

which became increasingly important in sustaining elevated salinity and weakened stratification111
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in the upper ocean after 2018—thus promoting the persistence of a reduced Antarctic sea ice112

state.113

Finally, we reveal substantial differences in the sea ice evolution and its driving mechanisms114

between East vs. West Antarctica. This zonal asymmetry stems from corresponding contrasts115

in wind forcing, highlighting the spatial complexity of Southern Ocean coupled atmosphere-116

ice-ocean dynamics. By identifying the dominant mechanisms within each region, we provide117

an integrated picture of circumpolar Antarctic sea ice changes.118

2 Results119

2.1 Overview of Southern Ocean hydrographic evolution120

In the subpolar Southern Ocean, CDW lies just below the pycnocline in weakly stratified waters121

during winter (45). Relative to surface waters, CDW is characterized by warmer and saltier wa-122

ters with lower concentrations of dissolved oxygen (DO) and higher concentrations of dissolved123

inorganic carbon (DIC) (46).124

The off-shelf regions of East Antarctica (E Ant; between longitudes 60ºW and 150ºE; see125

Methods) exhibit a subsurface (below 100 m) warm anomaly and a surface cool and fresh126

anomaly during the years 2013-2016. Subsequently, the upper ocean (upper 100 m) becomes127

warmer and saltier, while the subsurface ocean cools and becomes slightly fresher (Figure 1A128

and 1B). This surface warming and salinification are accompanied by a depletion in DO (yellow129

contours in Figure 1A) and an increase in DIC (black contours in Figure 1B) in the upper ocean.130

In West Antarctica (W Ant; between longitudes 150ºE and 60ºW; see Methods), the upper131

ocean exhibits a cool anomaly from 2013 to 2015, a warm anomaly from 2016 to 2020, and132

another cool anomaly from 2021 to 2023 (Figure 1C). The upper ocean shows DO depletion133

from 2013 to 2019 (yellow contours; Figure 1C). The subsurface ocean displays DO enrich-134

ment between 2017 and 2021 (black contours; Figure 1C). The upper ocean exhibits a salty135

anomaly from 2013 to 2019 (Figure 1D), with DIC enrichment observed from 2015 to 2019136

(black contours; Figure 1D). After 2020, the upper ocean transitions to a fresh anomaly.137

To summarise, beginning in mid-2015, the upper ocean off E Ant undergoes a clear tran-138

sition from cooler, fresher, DO-enriched and DIC-depleted waters to a warmer, saltier, DO-139

depleted and DIC-enriched state. These anomalous properties are characteristic of CDW (46),140

thereby indicating an increased presence of CDW in the near-surface ocean, which is consistent141
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Figure 1: SOSE hydrography. SOSE potential temperature and salinity anomalies in (A-
B) East Antarctica’s off-shelf (EANT OS) and (C-D) West Antarctica’s off-shelf (W Ant OS)
regions. Contour lines in the temperature panels represent dissolved oxygen (DO) anomalies
(±2µmolO/m3), while contour lines in the salinity panels represent dissolved inorganic carbon
(DIC) anomalies (±2µmolC/m3). Negative anomalies are indicated by yellow contours, and
positive anomalies are shown with black contours.
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with observations (31). In contrast, the hydrographic evolution off W Ant appears more com-142

plex. While there is a clear transition from a saltier upper ocean (2013–2019) to a fresher upper143

ocean (2020–2023), the other parameters exhibit more convoluted changes.144

The upper-ocean warming and salinification in association with sea ice loss seen in SOSE145

is consistent with studies based on in situ hydrographic profiles (13) and remotely sensed sea146

surface salinity (14). Here, we show that there is a zonal asymmetry in the evolution of upper-147

ocean hydrographic properties. Further, the mechanisms behind these changes have not yet been148

explored. In the following sections, we will consider budgets of sea ice volume, temperature149

and salinity to gain greater clarity on the dynamics governing the variability in Antarctic sea150

ice.151

2.2 Antarctic sea ice extent and volume anomalies152

Satellite observations reveal that negative SIE anomalies persisted beyond 2016 in both E Ant153

and W Ant (Figure 2a). Earlier observations indicate relatively stable sea ice with a zonal see-154

saw pattern in sea ice anomalies between W Ant (Ross, Amundsen and Bellingshausen Seas; see155

Methods) and E Ant (all regions outside W Ant), characterized by oppositely-signed anomalies156

across these regions prior to 2008. SIE anomalies in SOSE align with satellite observations,157

exhibiting positive biases with respect to observations from 2013 to 2016 in E Ant and from158

2022 to 2023 in W Ant. Additionally, the temporal tendency of anomalies in SOSE generally159

matches that observed in satellite data. SIE anomalies largely reflect anomalies at the equator-160

ward margin of the sea ice pack, but sea ice thickness anomalies in SOSE show that sea ice was161

reduced well within the pack as well (Figure S2). Both E Ant and W Ant display negative sea162

ice volume anomalies after 2016, with the off-shelf W Ant sea ice showing a recovery beyond163

2021 (Figure 2 B-E).164

Budgets reveal that the loss in sea ice volume in the off-shelf (bathymetry deeper than 3,000165

m) E Ant region was driven by a drop in net thermodynamic sea ice production (SIP; i.e., growth166

minus melt; Figure 2F). This signal is consistent with earlier studies that suggested that sea ice167

loss beyond 2015 was largely thermodynamically forced, rather than mechanically driven by168

advection or divergence (47). However, due to uncertainties in sea ice thickness measurements,169

earlier studies could not quantify the volume loss now made evident by these results. While sea170

ice advection and divergence (AD) partially offset the decline in SIP, this was insufficient for171

full compensation, resulting in a negative anomaly in sea ice volume in E Ant (Figure 2B). The172
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Figure 2: Sea ice budgets. (A) Sea ice extent anomalies computed from satellite observations
(broken line) and SOSE (solid lines) for E Ant (EANT; red lines) and W Ant (WANT; blue
lines). (B-E.) Sea ice volume anomalies (represented as percentage fraction of the monthly-
mean volume), spatially summed over the continental shelf (CS) and off-shelf (OS) regions
of East Ant and West Ant. (F-I.) Sea ice volume budget terms (BT) for the corresponding
regions are shown on the right hand column. The terms, represented as anomalies, are the sea
ice production (SIP; red line; computed as a residual of Equation 2) and the advection and
divergence (AD; blue line) of sea ice volume.
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additional contribution to sea ice from the AD term arises from enhanced sea ice production173

on the continental shelves of E Ant during 2015-2016, 2019-2020, and 2022-2023 (Figure 2G).174

This enhancement is likely due to increased sea ice export from the continental shelves, facil-175

itated by reduced SIP in the off-shelf regions. A negative sea ice volume anomaly in both the176

continental shelf and off-shelf regions of E Ant was seen beyond 2020 (Figure 2F and 2G).177

A negative sea ice volume anomaly is observed in both the off-shelf and continental shelf178

areas of W Ant (Figure 2D and 2E), though it is less pronounced than the sea ice loss in E Ant.179

The off-shelf region in W Ant shows a recovery in sea ice volume after 2021, but the continental180

shelf continues to exhibit a negative sea ice volume anomaly through 2023. Sea ice volume loss181

in the off-shelf region is primarily driven by low SIP during 2013–2017 and in 2022, while a182

negative anomaly in the AD term is evident during 2018–2020.183

Budgets of sea ice volume in SOSE reveal a zonal asymmetry in sea ice evolution, with E184

Ant showing a persistent negative anomaly in sea ice volume beyond 2016 (Figure 2; EANT-OS185

and EANT-CS). In contrast, in W Ant, the loss in sea ice volume is not as pronounced, and does186

not last for the entire period beyond 2016 (Figure 2; WANT-OS and WANT-CS).187

In the off-shelf W Ant region, SOSE sea ice volume exhibits a negative anomaly from188

2016 to 2019, after which there is a recovery in sea ice. This recovery is also seen in satellite189

observations of SIE for a brief period in 2020 and 2021, but soon after there is once again a loss190

in SIE, not reproduced in SOSE. We discuss the reasons for this in later sections.191

The sea ice volume budgets highlight the critical role of thermodynamics in reducing sea192

ice, suggesting that the mechanisms driving sea ice loss involve the transfer of heat to the193

ice. Heat can be sourced from the atmosphere above or from the warm CDW, typically found194

below the pycnocline. The sea ice loss was associated with a warming and salinification of the195

upper ocean along with an accumulation of DIC and a depletion of DO. Enhanced temperature,196

salinity and DIC, and reduced DO are the expected signatures of a greater near-surface presence197

of CDW (48). Thus, beyond 2016, upper-ocean properties are suggestive of intensified upward198

mixing of CDW.199

In the large subpolar gyres of the Weddell and Ross Seas, the pycnocline (and underlying200

CDW layer) shoals to depths as shallow as 50–100 m (31, 39, 45). However, this heat remains201

trapped below the pycnocline unless stratification is sufficiently weakened to facilitate mixing of202

CDW into the surface mixed layer (49, 50). In cold polar waters, stratification is primarily con-203

trolled by salinity (51). To investigate the processes that lead to the weakening of stratification204

and the upward transfer of heat into the mixed layer, we analyse the upper-ocean temperature205
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and salinity budgets in the next two sections.206

2.3 Upper-Ocean warming in the Southern Ocean207

Shortwave and longwave fluxes are primarily influenced by two factors: (1) sea ice, which alters208

surface albedo, and (2) cloud cover, which reduces the transmission of shortwave radiation209

through the atmosphere, but enhances downward longwave radiation. The subpolar Southern210

Ocean is generally characterised by a net heat loss via longwave radiation. Therefore, positive211

anomalies in longwave flux represent a reduction in this heat loss, effectively contributing to212

ocean warming.213

Applying this framework to the off-shelf regions of E Ant, upper-ocean warming is evi-214

dent from 2015 to 2018 (Figure 3A). Surface fluxes (“surf”; excludes shortwave fluxes) show215

positive anomalies (a warming tendency) during periods of expanded sea ice cover. This is216

consistent with the insulating effect of sea ice that suppresses heat loss to the atmosphere via217

longwave and sensible heat fluxes (years 2013-2014; red line in Figure 3E). After 2015, surface218

fluxes exhibit a prominent and sustained negative anomaly, reflecting greater heat loss to the219

atmosphere due to reduced sea ice cover (12) (surf; red line in Figure 3E).220

Despite this shift, a key driver of upper-ocean warming beginning in 2015 is the vertical221

mixing term (Diff v), which transitions from a negative to a sustained positive anomaly through222

2023 (blue line in Figure 3E). In contrast, shortwave fluxes (SW; dashed red line in Figure 3E)223

only shift to a positive anomaly in mid-2016, following the onset of sea ice loss in mid-2015.224

This timing suggests that shortwave fluxes did not initiate the sea ice decline, but rather con-225

tributed to its subsequent intensification. Although surface fluxes acted to warm the ocean226

during 2013 and 2014, this warming was offset by cooling due to vertical mixing, resulting in227

little net temperature change. Starting in 2015, however, temperatures begin to rise (Figure 3A),228

initially driven by the intensification of vertical mixing.229

The continental shelves of E Ant also exhibit a warming tendency, although this is slower230

and less pronounced than in the off-shelf regions (Figure 3B). The warming is initially driven231

by the vertical mixing term (Diff v; Figure 3F). Surface fluxes (surf) align with changes in sea232

ice volume in this region (Figure 2C), exhibiting a warming tendency during phases of greater233

sea ice volume and a cooling tendency during periods of reduced sea ice volume. Shortwave234

fluxes display a prominent positive anomaly from 2021 to 2023, coinciding with substantial sea235

ice volume loss in these regions. Once again, a warming tendency via shortwave fluxes lags236
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Figure 3: SOSE temperature budget. (A-D.) Potential temperature (✓; black line with cross
markers), vertically averaged in the upper 100 m of the water column, and spatially averaged
over the regions labeled within the panels. A 12-month rolling mean was applied to remove the
seasonality. The time-integrated sum of the budget terms is shown by cross markers. (E-H.) ✓
budget terms are presented here as anomalies relative to their monthly means. Terms shown are
the vertical advection (adv v; grey lines), horizontal advection (adv h; orange lines), vertical
diffusion (Diff v; blue lines), surface fluxes (surf; red lines), and shortwave fluxes (SW; broken
red lines).
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behind the initial onset of sea ice loss.237

The off-shelf regions of W Ant also experience upper-ocean warming, beginning in 2015238

and peaking between 2017 and 2020, followed by a period of cooling (Figure 3C). However, the239

mechanisms driving this warming differ notably from those in E Ant. In E Ant, vertical mixing240

plays an early and sustained role, whereas in W Ant, vertical mixing contributes to warming241

only during specific years (2018, 2021 and 2022). Further, in contrast to E Ant, shortwave242

fluxes in W Ant exhibit negative anomalies even during years of reduced sea ice cover, such as243

2016, 2017, 2019 and 2020. Concurrently, the remaining surface flux components show positive244

anomalies. This pattern suggests warming due to reduced heat loss via longwave radiation in W245

Ant, in contrast to E Ant, where reduced sea ice consistently coincides with increased shortwave246

flux and negative anomalies in the other surface fluxes.247

To examine the components of surface heat fluxes in greater detail, we analysed ERA5 heat248

flux fields over the off-shelf regions of E Ant and W Ant. The results reveal patterns consistent249

with those observed in SOSE (Figure 4). In E Ant, periods of enhanced SIE correspond to250

negative anomalies in shortwave fluxes. Conversely, during periods of reduced SIE, shortwave251

fluxes exhibit positive (warming) anomalies, while longwave fluxes display negative anomalies252

(Figure 4A).253

In W Ant, however, reduced SIE does not always result in positive shortwave flux anomalies.254

In some years, such as 2016, 2017, 2019 and 2020, shortwave fluxes exhibit negative anomalies255

(cooling tendency), while longwave fluxes display positive anomalies (Figure 4C). This pattern256

is associated with enhanced cloud cover over the region (broken blue line; Figure 4C) and aligns257

with previous studies (21, 32) that associate intensified cloudiness with the poleward advection258

of warm, humid subtropical air driven by a strengthened ZW3 pattern.259

A warming anomaly is also evident in the net surface fluxes in 2023 (Figure 4D), initiating260

renewed upper-ocean warming in W Ant (Figure 3D). In the earlier sea ice budget analysis,261

we noted a divergence between SOSE and observations in 2022 and 2023, with SOSE failing262

to capture the observed sea ice decline. However, the heat budget indicates that SOSE does263

simulate renewed upper-ocean warming during this period—suggesting that sea ice loss may264

eventually follow. This points to a possible lag in SOSE’s sea ice response to oceanic warming,265

rather than a fundamental disagreement with observed trends.266

In E Ant, reduced sea ice generally coincided with decreased cloud cover, allowing more267

shortwave input, and warming that was further enhanced by vertical mixing. In contrast, in268

W Ant, reduced sea ice often coincided with increased cloud cover, which limited shortwave269
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Figure 4: Surface heat flux anomalies from ERA5 over the off-shelf regions of Antarctica.
Panels A and B correspond to East Antarctica (E Ant), while C and D correspond to West
Antarctica (W Ant). For each region, the first panel (A and C) shows anomalies in individual
flux components—shortwave (SW; orange), latent (Lat; red), sensible (Sens; blue), and long-
wave (LW; gray)—along with sea ice extent anomaly (SIE; black, right-hand Y-axis) and total
cloud cover anomaly (Cloud; broken blue, normalized). The second panel for each region (B
and D) shows the net surface heat flux anomaly. All anomalies are relative to monthly clima-
tologies, and for the purpose of visualization, time series are smoothed with a 12-month rolling
mean to remove seasonal variability.
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input but enhanced downward longwave radiation. This resulted in a distinct warming pathway,270

driven primarily by reduced longwave heat loss rather than increased shortwave absorption.271

2.4 Upper-ocean salinity and stratification changes in the Southern Ocean272

The upper ocean in E Ant displays a fresh anomaly from 2013 to 2015 (Figure S3). Thereafter,273

the upper ocean salinifies in E Ant (Figure 5A). Such salinification is accompanied by an in-274

crease in upper-ocean heat content. This is consistent with the hypothesis that the sea ice loss275

was driven by the upward mixing of heat and salt from within the CDW layer into the mixed276

layer, and points toward a prominent role of ocean dynamics in the sea ice decline.277

W Ant, however, begins with an anomalously saline upper ocean, which progressively fresh-278

ens from 2016 through 2023. As noted earlier, the loss in sea ice volume in this region is less279

pronounced than in E Ant, with off-shelf areas showing a recovery in sea ice volume after 2021.280

This is in accord with satellite-observed sea ice extent anomaly maps, which indicate positive281

SIE anomalies in parts of W Ant between 2016 and 2023 (Figure 9). The fresher upper ocean282

in W Ant is associated with positive anomalies in sea ice thickness during 2016, 2018, 2020,283

and from 2021 to 2023 (Supplementary Figure S2). This is consistent with the sea ice volume284

budget analysis, which showed a positive anomaly in the SIP term over the off-shelf W Ant285

during 2018-2021 (Figure 2H).286

2.4.1 Salinity budgets off East Antarctica287

We now examine spatially averaged salinities, and associated budget terms, to diagnose the288

causes of salinification over E Ant and of freshening over W Ant. E Ant upper-ocean salinifi-289

cation is associated with a decline in upper-ocean stratification (��; defined as the difference290

between the potential density at depths of 240 m and 0 m), with a minimum in 2023 (Figures 5A291

and 5B). The increase in upper-ocean salinity is initially driven by the vertical advection term292

(grey line; Figures 5E and 5F), which exhibits a positive anomaly between 2013 and 2016. This293

term reflects the upwelling of salty waters and indicates a shoaling of the CDW layer, con-294

tributing to increased salinity in the uppermost 100 m. Vertical mixing also exhibits a positive295

anomaly in 2015 and 2016 (blue line; Figure 5E) over the off-shelf E Ant. Horizontal advection296

also contributed to salinification over the off-shelf E Ant during 2015-2016. Thus, both ad-297

vective and diffusive terms contributed to the enhanced vertical and horizontal transfers of salt298

prior to 2016. We discuss the most likely driver of this salinification pathway in Section 2.5.299
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Figure 5: SOSE salinity budget: (A-D.) Salinity (black line with cross markers), vertically
averaged over the upper 100 m, and spatially averaged over the regions labeled within the
panels. A 12-month rolling mean was applied to remove the seasonality. The time-integrated
sum of the budget terms is shown by cross markers. Also shown are the stratification (quantified
by �✓

240 � �✓
0; red line with triangle markers), spatially averaged in each region. (E-H.) Salinity

budget terms are presented here as anomalies relative to their monthly means. Terms shown are
the vertical advection (adv v; grey lines), horizontal advection (adv h; orange lines), vertical
diffusion (Diff v; blue lines), and surface fluxes (surf; red lines).
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The surface flux term over the off-shelf E Ant showed a positive anomaly during 2013–2014,300

followed by a negative anomaly in 2015 and 2016. These patterns correspond to anomalies in301

SIP over the off-shelf E Ant (Figure 2F), indicating that the surface flux anomalies were induced302

by variations in sea ice formation. The positive anomalies in 2013–2014 reflect enhanced SIP,303

which increases salinity through brine rejection. In contrast, the negative anomalies in 2015 and304

2016 coincide with reduced SIP, which led to upper-ocean freshening. This freshening resulted305

from both diminished brine rejection and increased export of sea ice from the continental shelf306

of E Ant, which melts during summer and deposits freshwater over the off-shelf regions.307

2.4.2 Salinity budgets off West Antarctica308

Salinity in the upper ocean over W Ant does not exhibit the increasing tendency seen over E309

Ant. Instead, salinity over the continental shelf of W Ant peaks in 2015 and 2016, and fresh-310

ens thereafter, with an associated enhancement in stratification. The freshening and increased311

stratification are more pronounced over the continental shelf of W Ant, with the off-shelf W312

Ant experiencing a slight freshening in the years 2019-2023, with an associated enhancement313

of stratification.314

W Ant freshening is explained by the persistent negative anomaly in the vertical advection315

term through the years 2015-2021 over the off-shelf W Ant (Figure 5G), and the years 2017-316

2019 over the continental shelf of W Ant (Figure 5H). Starting in 2020 and continuing through317

2023, the vertical advection term shows signs of strengthening over both the continental shelf318

and off-shelf regions of W Ant.319

The continental shelf of W Ant experienced a positive anomaly in the vertical advection320

term from 2020 to 2023, but this was balanced by a negative anomaly in the horizontal advection321

term. As a result, there is no change in upper-ocean salinity across these years except toward322

the end of 2023, when salinity increased and stratification decreased.323

2.5 Surface stress forcing of salinity and stratification changes324

To assess the drivers of the upper-ocean salinity and stratification changes shaping sea ice evo-325

lution, we revisit the vertical and horizontal advection terms of the salinity budget and compare326

them with surface stresses in SOSE. Surface stresses on the ocean reflect the combined effects327

of winds and sea ice drift. Vertical salinity advection is expected to respond to Ekman pumping328

driven by the cyclonicity of surface stresses, while meridional salinity advection in the upper329
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Figure 6: Surface stresses and advection. A. The vertical and horizontal salinity advection
terms, and the Ekman pumping velocity (wEk), presented as anomalies (reproduced from Fig-
ure 5E-H) for off-shelf regions in E Ant and W Ant. B. Anomalies in the surface stress and
stress curl over off-shelf regions in E Ant and W Ant. C. Anomalies in the curl of ERA5 wind
velocity and in the ERA5 westerlies over the off-shelf regions of E Ant and W Ant. Time series
in panels A and B are smoothed with a 12-month rolling mean to highlight interannual variabil-
ity, while panel C uses a 10-year rolling mean to emphasize decadal trends.
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ocean is anticipated to respond to zonal stresses. This analysis is restricted to the off-shelf re-330

gions of E Ant and W Ant. When computing the stress curl, the full (zonal and meridional)331

surface stress vector was considered, whereas anomalies in zonal stresses were computed us-332

ing only positive (eastward) values. This approach is equivalent to using a spatial mask that333

selects the area with westerlies, which drive eastward stress and northward Ekman advection–334

a mechanism that has been proposed as a driver of sea ice loss (17).335

As expected, during periods of enhanced cyclonicity in surface stress (negative anomalies336

in r⇥ ⌧ , Figure 6B), the vertical salinity advection term exhibits anomalously positive values337

(grey lines in Figure 6A). Conversely, during periods of weakened cyclonicity in surface stress338

(positive anomalies in r⇥⌧ , Figure 6B), the vertical advection term shows negative anomalies.339

SOSE reveals a zonal asymmetry in the stress curl: E Ant experiences intensified cyclonicity340

from 2013 to 2017, followed by a weakening; whereas W Ant exhibits weak cyclonicity from341

2014 to 2017, which intensifies thereafter. This zonal asymmetry in the surface stress curl342

corresponds to a similar asymmetry in vertical advection across E Ant and W Ant.343

A zonal asymmetry is also found in the eastward stress over E Ant and W Ant. Both regions344

exhibit an intensification between 2014 and 2016, and again from 2020 to 2023 (Figure 6B).345

However, the zonal stresses are generally stronger off E Ant between 2014 and 2016, whereas346

during 2020-2023 they are generally more intense off W Ant. The horizontal advection terms347

in E Ant and W Ant co-vary with the temporal variations of the eastward stress, suggesting that348

Ekman advection plays an important role in driving horizontal salinity advection anomalies in349

the upper ocean.350

To contextualize these results within the multidecadal changes in Southern Ocean climate,351

we analyze ERA5 wind fields (monthly averages at 10 m above sea level) from 1970 to 2023352

over the off-shelf regions of E Ant and W Ant (Figure 6C). Only the eastward component of the353

zonal wind is considered in computing “WANT: u” and “EANT: u”. Wind curl and westerlies354

were computed as anomalies relative to their monthly means and smoothed using a 10-year355

rolling mean to capture interdecadal variability. The subpolar Southern Ocean has experienced356

a long-term intensification of wind curl over both E Ant and W Ant. Additionally, the westerlies357

have shown a sustained positive trend, reaching their highest magnitudes during the period from358

2010 to 2023. The long-term trends in the winds indicate an intensification in the processes that359

induce upward transport of heat and salt from the subsurface ocean.360
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Figure 7: Salinity budget maps, time-integrated over periods: P1 (2013-06-01 through 2014),
P2 (2015-2017), and P3 (2018-2023). Upper row shows salinity anomalies, and subsequent
rows show the time-integrated salinity budget terms for vertical advection (adv v), horizontal
advection (adv h), vertical diffusion (diff v), and surface fluxes (surf). All terms are on the
unit-less practical salinity scale (PSS (52)). Thick black lines mark the boundaries between E
and W Ant at longitudes 150�E and 60�W.
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2.6 Synthesis361

The changes in Antarctic sea ice extent, and in upper-ocean hydrography and stratification,362

documented in the preceding sections may be synthesised into three distinct periods: P1 (mid363

2013 to 2014), P2 (2015-2017), and P3 (2018-2023). These periods were selected based on364

the temporal evolution of sea ice volume in the off-shelf E Ant (Figure 2B), as this is the main365

contributor to total Antarctic sea ice volume changes. P1 corresponds to a period of elevated366

sea ice volume. P2 marks the onset of sea ice volume loss. And P3 captures the persistence of367

a low sea ice volume state with further decline.368

During P1, the upper ocean exhibits a fresh anomaly across much of E Ant, while the W369

Ant region displays a saline anomaly (Figure 7; P1-sal to P3-sal). In P2, the magnitude of these370

anomalies diminishes overall. P3 is characterised by a salty anomaly in E Ant, and a fresh371

anomaly in W Ant. Saline and fresh anomalies are respectively associated with reduced and372

strengthened upper-ocean stratification.373

During P1 (prior to 2015), the only budget term that displays a positive (salinifying) anomaly374

over the entire subpolar Southern Ocean is the vertical advection term (Figure 7; P1-adv v). The375

surface flux term exhibits a positive anomaly everywhere except in the Ross Sea, off-shelf re-376

gions of the Amundsen and Bellingshausen seas, and the Eastern Weddell Sea. This is consistent377

with enhanced brine rejection due to stronger sea ice production in this period.378

P2 (2015-2017) is characterised by sea ice loss, accompanied by an upper-ocean salinity379

increase across much of E Ant. The vertical advection term continues to salinify the upper380

ocean over large areas of E Ant, consistent with increased cyclonicity in the surface stress curl381

during this period. Generally, Ekman advection (which is a component of horizontal advection)382

moves cooler and fresher waters northward from high-latitude regions. Horizontal advection en-383

hances salinity along the northern margins of the off-shelf regions, while exhibiting a freshening384

tendency in areas further south. This pattern occurs alongside positive anomalies in eastward385

surface stresses in E Ant, and a strong negative anomaly in surface stresses in W Ant during386

2016. P2 is also characterised by increased vertical diffusion (Figure 7; P2-diff v) across much387

of the subpolar Southern Ocean associated with intensified surface stresses that likely promote388

vertical mixing (see EANT-⌧ in Figure 6B). Surface fluxes show a freshening tendency near the389

sea ice margins, consistent with increased sea ice import from the continental shelf followed by390

melting offshore.391

P3 exhibits a reversal of the zonal asymmetry in upper-ocean salinity, with salty anomalies392

in E Ant and fresh anomalies in W Ant (Figure 7; P3-sal). Vertical advection shows a freshen-393
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ing tendency, consistent with reduced cyclonicity in the surface stress curl over much of E Ant.394

In contrast, over the off-shelf W Ant, vertical advection exhibits a slight positive anomaly dur-395

ing this period. Salinification due to horizontal advection strengthens, aligning with enhanced396

surface stresses and increased northward Ekman advection of salt over much of E Ant. Surface397

fluxes indicate a salinifying tendency across the bulk of E Ant, consistent with decreased sea398

ice production in both the off-shelf and continental shelf regions. This leads to reduced sea ice399

(and freshwater) import into the off-shelf areas. In parts of the Ross and Amundsen seas in W400

Ant, however, surface fluxes freshen along the pack margins and salinify within the sea ice field,401

consistent with increased sea ice production on the continental shelves and reduced production402

and more melting in the off-shelf regions.403

It is notable that our diagnosed mechanism during P3, wherein the surface fluxes act to404

salinify the upper ocean due to reduced sea ice export into the off-shelf E Ant regions, is the405

reverse of that reported by Haumann et al. (2016) during 1982-2008 (11). At that time, sea ice406

export was enhanced, leading to a freshening of the off-shelf regions. This reversal is in line407

with the oppositely-signed tendencies in sea ice extent in 1982-2008 vs. P3.408

3 Discussion409

We have shown that Antarctic sea ice loss in recent years was the compound result of a range of410

drivers acting in three distinct phases. This has led to a sustained low sea ice state unprecedented411

in the observational record (i.e. since the 1970s). These phases were most clearly observed in412

E Ant. At the start of the first phase (P1; 2013-2014), the upper ocean in E Ant was relatively413

cool and fresh. This was qualitatively consistent with the immediate response described by the414

two-timescale hypothesis (40), although we caution here that the hypothesis was based on ide-415

alized simulations that do not entirely capture the full complexity of the freshwater cycle that416

SOSE reveals. Further, P1 is also in accord with the Haumann et al. (2016) mechanism (11),417

wherein an expansion in sea ice extent caused freshening on the margins of E Ant. However,418

during P1-P2, vertical advection and mixing progressively increased the upper ocean’s salinity,419

leading to a saltier state from P2 (2015-2017) through P3 (2018-2023) that qualitatively aligns420

with the longer-timescale response anticipated by the two-timescale hypothesis. Thus, the sub-421

surface ocean played an important role in initiating upper-ocean warming and salinification that422

ultimately led to a pronounced sea ice loss in East Antarctica.423

Additionally, we identify a third stage (P3) characterized by the response of surface fluxes to424
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Figure 8: Summary of processes driving Antarctic sea ice loss. In West Antarctica, enhanced
cloud cover associated with increased downward longwave radiation in years 2016, 2017, 2019,
and 2020 drove sea ice loss. In East Antarctica, shoaling of the warm and salty Circumpolar
Deep Water and the subsequent mixing of heat into the mixed layer during years 2013-2016
initiated sea ice loss.
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sea ice loss. This response results in salinification of off-shelf regions due to a reduced import425

of freshwater via sea ice – a process analogous to a reversal of the Haumann et al. (2016)426

mechanism (11).427

Sea ice loss in East Antarctica was initiated via heat input through the shoaling and mixing428

of heat from the CDW layer below the pycnocline. From 2015 to 2020, sea ice loss over the off-429

shelf regions resulted in increased sea ice production and freshwater export from the continental430

shelves. However, after 2020, sea ice production declined in both the off-shelf and continental431

shelf regions, leading to salinification due to reduced sea ice and freshwater import into the432

off-shelf areas of E Ant. These salty anomalies were redistributed by Ekman advection, forced433

by anomalous eastward surface stresses associated with intensified westerlies. Once sea ice434

was lost, the albedo feedback mechanism amplified heat gain through enhanced absorption of435

shortwave radiation. Doddridge et al. (2025) (16) used numerical experiments to show that this436

excess heat penetrates into the subsurface during summer and is re-entrained into the mixed437

layer during the subsequent winter, inhibiting sea ice growth.438

Upper-ocean warming in E Ant was primarily initiated by the mixing of heat from below439

the pycnocline, whereas in W Ant, it was induced by enhanced downward longwave radiation440

associated with increased cloud cover. Schroeter et al. (2023) (32) demonstrated that the inten-441

sification of the ZW3 pattern enhanced the meridional transport of warm subtropical air masses442

toward the Ross, Amundsen and Bellingshausen seas from 2007 to 2021. Such meridional443

transport has been shown to impact sea ice via enhanced longwave radiative fluxes (32, 53).444

Further, Josey et al. (2024) (12) found that sea ice loss during 2023 was concentrated in re-445

gions of strong meridional transport, and was associated with enhanced ocean-to-atmosphere446

heat loss. A summary of processes identified in this study is provided in Figure 8.447

The different balance of processes in E Ant vs. W Ant is manifested in a zonal asymmetry448

in upper-ocean salinification, which was driven by contrasting patterns of wind forcing between449

the two regions. W Ant begins with a saltier upper ocean, possibly due to enhanced Ekman450

pumping consistent with more intense wind curl over this region from 2009 to 2012 (Figure 6C).451

W Ant then gradually freshens after 2016, influenced by negative anomalies in the vertical452

advection term, which align with weaker surface stress curl over the region at that time. In453

contrast, E Ant experiences an enhancement in the cyclonicity of surface stresses, leading to454

increased Ekman pumping of salty warm waters toward the surface.455

W Ant also experienced low sea ice conditions associated with upper-ocean saline anoma-456

lies. However, sea ice volume loss was less pronounced than in E Ant and showed a recovery457
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in the off-shelf regions of W Ant after 2021. Observed sea ice extent also displayed a recovery458

in 2020 and 2021, but declined again thereafter. The W Ant upper ocean salinifies only weakly459

in 2022 and 2023, even though the vertical advection term supplies salt at a greater rate during460

this period (P3; 2018–2023; Figure 7). This salinification is driven by enhanced cyclonicity in461

the surface stress curl (Figure 6B). The slow response of upper-ocean salinity to this vertical462

advection may explain the apparent discrepancy in SOSE’s sea ice extent during these years.463

The SOSE run period captures the sea ice-ocean dynamics over the most recent decade,464

which encompasses the abrupt reduction in Antarctic sea ice of 2016. However, upwelling-465

favourable conditions occurred over a much longer period: a multidecadal trend toward en-466

hanced cyclonicity in the winds over the subpolar Southern Ocean began in the 1980s (Fig-467

ure 6C). Such intensification in wind cyclonicity coincided with a period of positive SAM that468

intensified the surface stresses (24). The Southern Ocean has also seen a multidecadal shoaling469

of the CDW layer and an accumulation of heat in the subsurface (54–56).470

Enhanced wind stress and cyclonicity were found to precede anomalously low sea ice condi-471

tions in a model-based study (41). Reconstructions of past sea ice suggest a reduction in sea ice472

extent in the 1970s that took place under similar conditions of enhanced SAM and cyclonicity,473

with a greater loss seen over E Ant relative to W Ant (57).474

Is the current decline in Antarctica sea ice a signal of a new regime in Southern Ocean dy-475

namics, potentially locking the system into a persistent low sea ice state? Statistical analyses476

show evidence of a regime evolution in sea ice from 2007 onwards, finding increased variance477

and autocorrelation (58) and increased persistence in summer minima from year to year (59).478

Sea ice vorticity coupling with wind vorticity has increased, possibly indicating thinner sea ice479

overall (60). Predicting the future evolution of Southern Ocean sea ice requires caution, as480

climate models often struggle to accurately represent the complex processes governing the life-481

cycle of sea ice and its interplay with Southern Ocean dynamics, largely due to their coarse grid482

resolution and crude mixing parameterization schemes (61). Nevertheless, there is good reason483

to believe that upwelling-favourable conditions, driven by an enhanced SAM and intensified484

cyclonicity, are likely to persist under the influence of greenhouse gas emissions and the ozone485

hole (27, 40). These conditions are expected to facilitate upward mixing of CDW heat into the486

upper ocean, reinforcing the present low sea ice state.487
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Figure 9: Sea ice concentration anomaly relative to the September mean (2013-2023) for
satellite observations (left column) and for SOSE (right column). Lower panel shows the sea
ice extent anomaly (SIE) in satellite observations (Obs.; blue line) and in SOSE (red line).
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4 Methods488

4.1 Southern Ocean State Estimate (SOSE)489

The Biogeochemical Southern Ocean State Estimate (SOSE) is based on the MITgcm numer-490

ical ocean model with data assimilation through the adjoint method, which ensures that the491

assimilation scheme remains physically consistent (62). We used iteration-155 for this analysis492

(accessed from https://sose.ucsd.edu/), which has a horizontal resolution of 1/6º and493

52 unevenly spaced vertical levels, and which runs from 2013 to 2023. The model iteratively494

assimilates in situ hydrographic profiles from Argo and tagged seals, and remotely sensed sea495

surface height, sea surface temperature and sea ice concentration. The assimilation does not496

introduce any unphysical nudging terms, and is carried out via the adjustment of the model’s497

boundary forcing and initial conditions, hence preserving the budgets of conservative quanti-498

ties. The atmospheric parameters were prescribed from ERA-5 fields at hourly intervals using499

boundary layer bulk formulae (63). The sea ice model represents the viscous-plastic rheology of500

ice and the thermodynamic equations governing its growth (64). Continental meltwater runoff501

is prescribed from the Hammond and Jones (2016) dataset (65), which is a multi-year average502

of freshwater fluxes from Antarctic ice shelves and ice sheets. This approach captures regional503

variation in meltwater discharge, but does not account for its temporal variability.504

SOSE hydrography (44), sea ice properties (66), and thermodynamics (3) have been vali-505

dated by numerous studies. Here, we extend the validation by comparing SOSE sea ice char-506

acteristics with satellite-based observations. Wintertime sea ice in SOSE is displaced equa-507

torward compared to satellite data and shows a negative bias in the Weddell Sea, particularly508

pronounced between 0º and 60ºE (Figure S1). However, when examining the anomalies of each509

product relative to their own 11-year monthly-mean, the locations of positive and negative sea510

ice concentration anomalies are comparable between the two datasets (Figure 9). The sea ice511

extent (SIE) anomalies summed over the entire Southern Ocean are also comparable across the512

two datasets (lower panel; Figure 9). This provides confidence in our use of the state estimate513

to explore the mechanisms behind the observed sea ice loss.514

We restrict this analysis to the model domain south of 50ºS. The model is fully equilibrated515

in terms of kinetic energy convergence, but the first six months of model output during 2013 are516

discarded, as the model hydrography and sea ice require time to evolve from the influence of517

the initial conditions. The analysis is spatially averaged over two regions: (1) West Antarctica518

(W Ant), defined between longitudes 150ºE and 300ºE, encompassing the Ross, Amundsen and519
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Bellingshausen Seas; and (2) East Antarctica (E Ant), which includes all regions outside of W520

Ant, covering the Weddell Sea and East Antarctica. Additionally, we define continental shelf521

(CS) regions as areas shallower than 3,000 m and south of 60ºS, with off-shelf (OS) regions522

comprising all areas beyond these criteria.523

We consider the salinity (equivalent to salt concentration) budget:524

@S

@t
= Gadv v +Gadv h +Gdiff h +Gdiff v +Gsurf (1)

where the terms on the right hand side represent the salinity tendency due to vertical advec-525

tion (Gadv v), horizontal advection (Gadv h), horizontal diffusion (Gdiff h), vertical diffusion526

(Gdiff v), and net surface fluxes (Gsurf ) due to evaporation, precipitation, meltwater runoff,527

and sea ice. All terms were stored online as 5-day averages. All salinity values are on the528

unit-less practical salinity scale (52), and the budget terms are in units of s�1.529

Similarly, a temperature (equivalent to heat) budget is evaluated:530

@✓

@t
= Gadv v +Gadv h +Gdiff h +Gdiff v +Gsurf (2)

where the time tendency of potential temperature (✓ in �C) is diagnosed as a function of ver-531

tical advection (Gadv v), horizontal advection (Gadv h), horizontal diffusion (Gdiff h), vertical532

diffusion (Gdiff v), and net surface fluxes (Gsurf ) of heat. The net surface fluxes integrate all533

surface heat flux components i.e. sensible, latent, longwave, and shortwave radiative fluxes.534

In this analysis, we separate out the shortwave component (SW) from the remaining surface535

components (surf). The budget terms are in units of �Cs�1. As for the salinity budget, all536

temperature budget terms were stored online as 5-day averages.537

The sea ice volume (SIV) budget is computed as (47):538

@SIV
@t

= �AD + SIP (3)

using the advection (ui ·r(SIV)) and divergence ((SIV)rui) of sea ice, where ui is the hori-539

zontal sea ice velocity. The residual was used to represent the in situ sea ice production (SIP).540

The sum of advection and divergence of sea ice volume (AD) represents the mechanical move-541

ment of sea ice, while sea ice production (SIP) represents the thermodynamic growth and melt542

of sea ice.543

The Ekman pumping velocity is calculated using the total surface stress: wEk =
1
⇢0
r⇥ ( ⌧f ),544
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where wEk is the vertical Ekman pumping velocity, the density of seawater ⇢0 = 1, 035 kg545

m�3, ⌧ is the surface horizontal stress on the ocean from wind and sea ice, and f = 2⌦ sin(�)546

is the Coriolis parameter, with the planetary angular velocity being ⌦ = 2 ⇡
T , and the planet’s547

rotational period as T = 86 400 s.548

4.2 Other methodological considerations549

Satellite-observed sea ice concentration was obtained at daily frequency from the National Snow550

and Ice Data Center (67), and wind data was acquired as monthly averages from the ERA-5551

reanalysis (68). Throughout this manuscript, all budget terms were smoothed using a 12-month552

rolling mean and a Butterworth filter with a window size of 90 days before being plotted. This553

was done to remove the seasonal signal, as the focus of this study is on interannual and longer-554

timescale variability. Numerical values represented as anomalies were computed within each555

spatial grid cell against the 11-year (2013-2023) monthly mean, after which they were spatially556

averaged.557
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43. L. A. Roach, J. Dörr, C. R. Holmes, F. Massonnet, E. W. Blockley, D. Notz, T. Rackow,673

M. N. Raphael, S. P. O’Farrell, D. A. Bailey, et al.. Antarctic sea ice area in CMIP6. Geo-674

physical Research Letters 47, e2019GL086729 (2020).675

44. A. Verdy, M. R. Mazloff. A data assimilating model for estimating southern ocean biogeo-676

chemistry. Journal of Geophysical Research: Oceans 122, 6968–6988 (2017).677

45. A. Narayanan, S. T. Gille, M. R. Mazloff, M. D. du Plessis, K. Murali, F. Roquet. Zonal678

distribution of Circumpolar Deep Water transformation rates and its relation to heat con-679

tent on Antarctic shelves. Journal of Geophysical Research: Oceans 128, e2022JC019310680

(2023).681

32



46. H. Chen, F. A. Haumann, L. D. Talley, K. S. Johnson, J. L. Sarmiento. The deep ocean’s682

carbon exhaust. Global Biogeochemical Cycles 36, e2021GB007156 (2022).683

47. K. Himmich, M. Vancoppenolle, S. Stammerjohn, M. Bocquet, G. Madec, J.-B. Sallée,684

S. Fleury. Thermodynamics drive post-2016 changes in the Antarctic sea ice seasonal cycle.685

Journal of Geophysical Research: Oceans 129, e2024JC021112 (2024).686

48. D. Stappard, B. Fernández Castro, A. Naveira Garabato, T. Tyrrell. Identification of south-687

ern ocean upwelling from biogeochemical-argo floats. Journal of Geophysical Research:688

Oceans 130, e2023JC020597 (2025).689

49. D. G. Martinson. Evolution of the Southern Ocean winter mixed layer and sea ice: Open690

ocean deepwater formation and ventilation. Journal of Geophysical Research: Oceans 95,691

11641 (1990).692

50. E. A. Wilson, S. C. Riser, E. C. Campbell, A. P. S. Wong. Winter upper-ocean stability and693

ice–ocean feedbacks in the sea ice–covered Southern Ocean. Journal of Physical Oceanog-694

raphy 49, 1099–1117 (2019).695

51. F. Roquet, D. Ferreira, R. Caneill, D. Schlesinger, G. Madec. Unique thermal expansion696

properties of water key to the formation of sea ice on Earth. Science Advances 8, eabq0793697

(2022).698

52. E. L. Lewis, R. Perkin. Salinity: Its definition and calculation. Journal of Geophysical699

Research: Oceans 83, 466 (1978).700

53. D. Francis, K. S. Mattingly, M. Temimi, R. Massom, P. Heil. On the crucial role of atmo-701

spheric rivers in the two major Weddell Polynya events in 1973 and 2017 in Antarctica.702

Science Advances 6, eabc2695 (2020). Publisher: American Association for the Advance-703

ment of Science.704

54. S. Schmidtko, K. J. Heywood, A. F. Thompson, S. Aoki. Multidecadal warming of Antarc-705

tic waters. Science 346, 1227 (2014).706

55. S. T. Gille. Warming of the Southern Ocean since the 1950s. Science 295, 1275–1277707

(2002).708

33



56. L. Herraiz-Borreguero, A. C. Naveira Garabato. Poleward shift of circumpolar deep water709

threatens the east antarctic ice sheet. Nature Climate Change 12, 728–734 (2022).710

57. H. Goosse, Q. Dalaiden, F. Feba, B. Mezzina, R. L. Fogt. A drop in antarctic sea ice extent711

at the end of the 1970s. Communications Earth & Environment 5, 1–11 (2024).712

58. W. Hobbs, P. Spence, A. Meyer, S. Schroeter, A. D. Fraser, P. Reid, T. R. Tian, Z. Wang,713

G. Liniger, E. W. Doddridge, P. W. Boyd. Observational evidence for a regime shift in714

summer antarctic sea ice. Journal of Climate 37, 2263–2275 (2024).715

59. M. N. Raphael, T. J. Maierhofer, R. L. Fogt, W. R. Hobbs, M. S. Handcock. A twenty-716

first century structural change in antarctica’s sea ice system. Communications Earth &717

Environment 6, 1–9 (2025).718

60. W. de Jager, M. Vichi. Increased rotational coupling between antarctic sea ice and719

the atmosphere over the last 30 years. Journal of Geophysical Research: Oceans 130,720

e2024JC021239 (2025).721
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Figure S1: Sea ice concentrations (SIC) observed by satellites, averaged in September, is shown on

the left hand column. SOSE SIC minus satellite-observed SIC, averaged in September, is shown on

the right hand column.
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Figure S2: Sea ice thickness from SOSE represented as anomalies with respect to the 11-year

monthly means, shown here for February (left hand column) and for September (right hand column).
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Figure S3: Upper-ocean (0 m to 100 m) salinity anomaly during February (left hand column) and

September (right hand column).


