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Total seaice extent (SIE) across the Southern Ocean increased from 1979-2014,
but declined rapidly after 2016. Significant sea ice decline has emerged since
the peak of SIE in 2014, coincident with Pacific sub-decadal sea surface tem-
perature (SST) trends resembling a strong La Nifia-like cold condition and the
negative phase of the interdecadal Pacific oscillation (IPO). Previous studies
suggest that the warm subsurface Southern Ocean was an important driver of
the low sea ice in spring 2016 and the sustained low sea ice state since. Here we
show that the observed atmospheric circulation changes near Antarctica
during the period from June 2013-May 2023 are conducive to increasing sur-
face temperature via warm advection from north and reducing Antarctic SIE,
involving a deepening of the Amundsen Sea Low and anomalous high pres-
sures over the Weddell Sea and West Pacific sectors. Through coupled pace-
maker experiments, we demonstrate that Pacific sub-decadal SST trends have
dominantly driven these atmospheric circulation changes through
tropical-polar teleconnections and also induced significant Southern Ocean
subsurface warming in the recent decade. The consequent decreasing SIE has
enhanced the Southern Ocean subsurface warming effect and significantly
contributed to the rapid Antarctic SIE decline.

Satellite observation shows total Antarctic sea ice extent (SIE) had a
small positive linear trend during 1979-2014, with large regional
variability’. There is evidence that internal decadal variability of the
climate system could be responsible for trends of Antarctic sea ice'™.
In particular, decadal variability from the tropical Pacific’** or tropical
Atlantic™™ could play an important role. Some studies also proposed
that Southern Ocean freshening and sea surface temperature (SST)
cooling trend might have contributed to the observed positive trend
before 2014522, After the peak of 2014, Antarctic SIE started to
decrease and dramatically dropped to a record low in late 20167,
after which the unexpected low sea ice state persisted for several years,

and the SIE reached a new record low in the mid-2023, and remained
at, or near, record-low values during ensuing Austral winter and
spring?®?. Nearly all regions have experienced significant sea ice loss,
particularly in the Weddell Sea (Figs. 1a and S1).

These prompt the critical question: What factors have caused the
tremendous Antarctic SIE decline since 2014? Recent studies indicate
that the decadal-long subsurface Southern Ocean warming associated
with the Southern Annular Mode (SAM) and the negative phase of IPO
contributed to the sudden Antarctic SIE decline of 2016 and sustained
a persistent sea ice decrease since'>**?**, and may have caused a
regime shift in Antarctic sea ice”. Through numerical simulations,
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Fig. 1| Observed changes in sea ice and atmospheric fields. a Seasonal time series
of sea ice extent (SIE) in the whole Antarctic from 1979 to December 2023 and the
linear trend fit to the 10 years from June 2013 to May 2023 (blue line) is shown.
Linear trends of seasonal mean fields in b-e satellite-derived sea ice concentration
(SIC) and f-m ERAS reanalyzed sea level pressure (SLP, interval 1 hPa/decade),
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850 hPa wind (UV850), and surface air temperature (SAT) from June 2013 to May
2023.*in (a) indicates the significant linear trend of SIE at the 95% confidence level.
Dotted in (b-e, i-m) and shaded areas in (f-1) indicate the statistical significance of
trends of SIC, SLP, and SAT at the 90% confidence level.

Zhang et al.”® demonstrate that the negative SIE in 2016-2021 corre-
sponds to an overall warm and salty upper ocean and that the SIE
declines are preceded by a heat buildup in the subsurface ocean
(depths of roughly 100-500 m) and a salinification in the surface
ocean before 2016, which tended to destabilize the upper ocean
stratification and trigger vertical instabilities. But the subsurface ocean
status before 2016 only sustains the overall low states of sea ice, and
the tremendous decline of sea ice after 2016 is still largely impacted by
the simultaneous atmospheric circulation and ocean variabilities'>,
This study mainly examines the relative roles of the Pacific sub-
decadal SST variations, originating from the evolution of ENSO varia-
tions and the shift of the IPO from the positive phase in 2014-2016 to

the negative phase after 2016, on Southern Hemisphere (SH) atmo-
spheric changes and Antarctic SIE decline. During 2014-2016, the
tropical Pacific experienced persistent warm conditions that included
a weak El Nifio in 2014 and an extreme EI Nifio in 2015-2016, while the
prolonged 2020-2023 La Nifia conditions developed and decayed in
autumn 2023. During June 2013-May 2023, the observed SST trend
patterns over the Pacific (Figs. 2a, S2a-d) resemble the typical La Nifia
conditions and the negative phase of the IPO characterized by strong
cold conditions in the central-eastern tropical Pacific and large
warming in the west-central midlatitude Pacific. The Nino34 SST and
raw unfiltered IPO indices show significant downward trends of -1.32
and -1.76 °C/decade from June 2013 to May 2023, respectively
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Fig. 2 | Sea surface temperature (SST) and tropical precipitation (Pr) forcing.

Linear trends of annual mean fields in a ERSSTv5 SST and b CMAP precipitation

from June 2013 to May 2023; and c, d pattern of Interdecadal Pacific Oscillation

(IPO) and associated raw unfiltered (red line) and low-pass filtered (black line) time

series since January 1950, and Nino34 SST index (blue line) since January 1979.

Dotted in (a, b) indicate observed values significant at the 90% confidence level.

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

——raw IPO (-1.76**) — filtered IPO —— Nino34 (-1.32**)

The linear trend of raw, unfiltered IPO index and Nino34 SST index during
2013-2022 are shown in (d) (unit: °C decade™), with ** indicating the statistical
significance at the 95% confidence level. Dark green lines demarcate the area of
prescribed Pacific or global pacemaker SSTs in the PACTrend and GLTrend
experiments in (a) and in the idealized Pacific pacemaker experiment in (c). Note
that the contour interval is 0.2 °C decade™ in (a) and 0.1°C in (c).

(Fig. 2d). The raw IPO has an extremely negative value below -1.5°C in
2022, indicating that the IPO has very likely transited to negative from
a short-lived positive phase during 2015-16*. In each season, sig-
nificant and persistent SST warming is found over the tropical Atlantic
and the high-latitude North and South Atlantic (Fig. S2a-d). Here, we
use the Community Earth System Model (CESM1.2) to perform two sets
of 100-year coupled pacemaker simulations in which observed trends
of SST anomalies over the Pacific and global ocean between 60 °S to 60
°N from June 2013 to May 2023 are added to the model-simulated SST
climatology, named the PACTrend and GLTrend experiments,
respectively (see “Methods” section). These coupled pacemaker
experiments only assimilate prescribed observed SST trend anomalies
into the ocean component of the coupled model, and the sea ice
component fully responds to atmospheric and ocean variations.

Results

Observed atmospheric forcing in SIE decline

The atmosphere is an important driver of Antarctic sea ice variability
and changes"*®**', Figure 1 indicates that changes in atmospheric
circulation might have governed the contemporary 10-year trend in
SAT and sea ice concentration (SIC) over the Southern Ocean in the

chosen time period from June 2013 to May 2023. There is a striking
coherence of the trends in SAT and SIC over most areas, where the
negative SIC trends are collocated with warming temperature trends,
suggesting that the SAT trend largely contributed to sea ice cover
trends®. In each season, a deepening of the Amundsen Sea Low (ASL)
and high sea level pressure (SLP) anomalies over the Weddell Sea and
Western South Pacific are observed, which induce warm SAT trends
over the Southern Ocean through warm advection from the north
(Fig. 1f-m). Maximum SLP trend values reach -10.0 (6.0), -15.0 (3.0),
-9.0 (6.0), and —8.0 (3.0) hPa/decade associated with the deepening
ASL (anomalous anticyclonic over the Weddell Sea) in JJA, SON, DJF,
and MAM, respectively. Circulation around the ASL promotes south-
erly flow on its western side and northerly flow on the eastern side, and
the intensity and location of the ASL strongly influence surface tem-
perature and sea ice extent in the Southern Ocean®**. Strong negative
SIC trends over the Weddell-Bellingshausen Seas are consistent with
large positive surface temperature trends and warm northwesterly
flow associated with enhanced ASL and positive SLP anomalies in the
Weddell Sea sector in Austral spring (September-October-November,
SON) and summer (December-January-February, DJF) (Fig. 1c, d, g, h),
along with warm northerly flow and marked poleward heat flux as a
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result of a couplet of low and high SLP anomalies that were centered
on 90°W and 0° in autumn (March-April-May, MAM) or 140°W and
60°W in winter (June-July-August, JJA) (Fig. 1f, i), respectively. Simi-
larly, sea ice loss and positive temperature trends over the West Pacific
and Ross Sea sectors are consistent with warm northwesterly flow
associated with high (low)-pressure anomalies over the Western South
Pacific (the Antarctic) in Austral summer and spring. Meanwhile, the
mechanical effect of the northerly winds would push ice southward,
decreasing the SIE and vice versa. In each season, anomalous positive
(negative) v-component 850 hPa winds are strongly connected with
greater offshore (onshore) flow and sea ice gain (loss)", but part of the
Amundsen-Bellingshausen Sea (ABS) and eastern Ross Sea experi-
enced strong southerly wind and only weak increase in sea ice. This
contrasts dramatic sea ice loss over other regions, particularly in the
Weddell Sea. During Austral spring (summer), the SLP trend pattern is
characterized by strongly (weakly) positive SAM but with considerable
zonal asymmetry, which is important in contributing to the sea ice
decline®*, The greatest warming and SIE loss are observed in the
Weddell Sea sector, accounting for over 41% of the total Southern
Ocean SIE trend (-1.84 x10°km?/decade). Figure 1 also shows the
concurrence of cold or weak warm SAT and large SIC decline over the
eastern Weddell Sea in JJA and vast areas from the Weddell Sea to Ross
Sea in DJF, indicating that subsurface warming might have driven the
sea ice decline, as will be discussed later.

In all seasons, the 300-hPa geopotential height (Z300) changes
over the South Pacific are associated with a negative Pacific South
America (PSA)-like Rossby wave train that originates in the tropical
Pacific, and the corresponding wave activity flux (WAF) exhibits a
distinctive arc-shaped trajectory, extending from the central tropical
Pacific toward the ABS region and continuing to the South Atlantic
(Fig. S2e-h). Coincident with the trends of the strengthened ASL and
negative PSA patterns in the anomalous circulation, tropical Pacific
rainfall trends show the La Nina-related dipole-like patterns with
strong negative rainfall over the western to central equatorial Pacific in
all seasons, and positive rainfall over the Maritime Continent in JJA and
SON and northwestern tropical Pacific and the South Pacific con-
vergence zone (SPCZ) in DJF and MAM (Fig. S3). A La Nifia condition
typically generates a negative PSA teleconnection pattern and deepens
the ASL***, and could also drive a SAM teleconnection in Austral
summer”**#°, while the IPO can affect Antarctic atmospheric circula-
tion through PSA-like Rossby wave trains and SAM teleconnection,
with anomalies persisting for decades'®". Over the tropical Atlantic,
there are warming SST and increased precipitation trends, but the
precipitation magnitudes are much smaller compared with the equa-
torial western Pacific or the SPCZ, suggesting that teleconnections
from Pacific precipitation anomalies are primarily responsible for
observed circulation changes in Figs. 1 and S2.

Modeling impacts of Pacific and global sub-decadal SST trends
on SIE decline

We first examine the forcing of Pacific sub-decadal SST trends in
atmospheric circulation changes and the rapid decline of Antarctic SIE
in the recent decade. In the PACTrend experiment, significant
ensemble-mean responses in Fig. 3e-h reproduce major features of
observed SLP and UV850 trends, especially the enhanced ASL and
positive SLP anomalies over the Weddell Sea and Western South Pacific
in all seasons and positive SAM-like teleconnections in SON and DJF.
The most noticeable disagreement is that the strengthening of JJA ASL
in the observation and simulation are centered at about 135°W and
90°W, respectively. The pattern correlations between observed SLP
trend and forced SLP response between 50°S and 90°S are 0.01, 0.68,
0.89, and 0.34 in JJA, SON, DJF, and MAM, respectively. In all seasons,
the magnitudes of the ensemble-mean SLP are less than observed
trends, mainly due to the ensemble averaging process. Figures S4 and
5a-d further indicate that the responses of precipitation, Z300, and

associated WAF responses to Pacific SST trends strikingly resemble the
corresponding observed trends in Figs. S2 and S3, except for the
longitude phase shift (about 45°) between observed and forced Z300
in JJA as in the SLP field. Sub-decadal negative SST anomalies in the
tropical Pacific drive enhanced Walker circulation over the tropical
Pacific with weakened (enhanced) vertical motion and reduced
(increased) convection and rainfall over the equatorial central-eastern
Pacific (equatorial western Pacific and SPCZ) in all four seasons
(Fig. S4a—d). There is a pair of symmetric cyclones over the Pacific from
~30°N-30°S responding to the cooling tropical Pacific SST in each
season, which appears to be quantitively consistent with the simple
model solution exhibited by Gill*! (Fig. S5a-d). This convection pro-
duces anomalous diabatic heating in the mid-troposphere and accel-
erates the local Hadley circulation over the western tropical Pacific,
forming anomalous convergent flows at the descending branch. There
is a large-scale zonally oriented dipole pattern in the tropics with
anomalous upper-level divergence (convergence) over the western
tropical Pacific and Indian Ocean (the central-eastern Pacific and tro-
pical Atlantic Ocean) in each season (Fig. S6a-d). The resultant sub-
tropical upper-level convergent/divergent anomalies perturb the
subtropical jet and generate anomalous Rossby wave sources (RWS)*,
which subsequently excite patterns of stationary Rossby waves and
influence the SH extratropics™"*°. Significant positive RWS is found
over the subtropical areas from South Indian Ocean and Australia to
the western South Pacific in all seasons. The propagation of WAF as
indicated by arrows shows a wave train originating from these areas,
and a negative PSA teleconnection is clearly seen (Fig. S5a-d), leading
to the significant anomalous low over the ASL region (maximum
anomaly -3.5, -4.5, -3.5, and -1.5hPa in JJA, SON, DJF and MAM,
respectively) and significant anomalous high over the northern Wed-
dell Sea (maximum anomaly 1.5-2.0hPa in SON, DJF and MAM,
respectively) (Fig. 3e-h).

Overall, above atmospheric responses to Pacific sub-decadal SST
variations are similar to those to the La Nifia SST anomalies***° and
negative IPO SST anomalies'®", and the associated tropical-polar tel-
econnections are consistent with the understanding of tropical tele-
connections to the SH extratropics arising from the tropical Pacific
variability associated with ENSO and IPO reviewed in Li et al.”. In Fig. 3,
sea ice increase and cold SAT over the ABS and Ross Sea are simulated
in all four seasons mainly due to the southerly wind anomalies asso-
ciated with the deepening of the ASL, which assists in bringing more
cold air from Antarctica, driving sea ice northward and enhancing sea
ice expension"**, In cold seasons, JJA and SON, the simulations
generally reproduce observed sea ice decline and warm SAT trends
over the Weddell and Indian Ocean Seas and West South Pacific when
tropical-polar teleconnections are strongest (Fig. 3a, b, i, j). Although
the PACTrend experiment captures spatial patterns of observed SLP
trends in DJF and MAM, the sea ice decline from the Bellingshausen-
Weddell Seas and Western South Pacific are much weaker than the
corresponding observed trends, indicating important contributions to
SIC decline by other forcings in these two warm seasons. In Fig. 3g, h,
strengthened westerlies likely drive cooling and sea ice increase over
the southern Weddell Sea in DJF and MAM by advecting cold and
surface mixed-layer waters northward by the Ekman effect®”, and
reduce sea ice loss over the northern Weddell Sea and Indian Ocean.

Second, the global SST trends are added to the model-simulated
SST in the global ocean between 60°S and 60°N in the GLTrend
experiment. As shown in Figs. 2a and S2, significant and persistent SST
warming is found over the tropical Atlantic and the high-latitude North
and South Atlantic, and weak cooling occurs over the Indian Ocean in
each season. The contributions of the global SST trend to the SIC and
atmospheric changes are shown in Figs. 4 and S4-S5. Key circulation
responses (e.g., the deepening of the ASL and positive SLP anomalies in
the Western South Pacific and PSA Rossby wave patterns in all seasons,
and DJF positive SAM) to global SST trends remarkably resemble those
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dashed) contours denoting positive (negative) values, and zero contours are
omitted. Dotted and shading areas indicate response values significant at the 95%
confidence level.

to Pacific SST trends. Compared to those responses in Fig. 3, the
strengthened ASL responses are slightly enhanced inJJA, DJF and MAM
with the maximum anomalies of —4.0, —4.0, and —2.5 hPa, respectively,
and the anticyclonic responses over the Weddell and Ross Seas are
reduced in JJA, SON and MAM (Fig. 4). The model atmospheric
responses of SLP and Z300 to the global SST trend (Figs. 4e-h, S5e-h)
reproduce the major features of the observed circulation changes in all
seasons, except similar eastward shifts of the strengthening JJA ASL
and PSA teleconnection as in the PACTrend experiment. The pattern
correlations between observed SLP trend and forced SLP response
between 50°S and 90°S are —0.08, 0.39, 0.92, and 0.69 in JJA, SON, DJF,
and MAM, respectively. Two sets of pacemakers run thus better
reproduce the observed SLP trends in the other three seasons but
simulate a deepening of the ASL with a 45° longitude phase shift from
observations in Austral winter. This indicates that Southern Ocean
atmospheric circulation changes are mainly induced by Pacific sub-
decadal SST variations in the other three seasons in the recent decade
but also by other factors in winter, such as atmospheric internal
variability.

The relative contributions of Atlantic and Indian Ocean SST trends
are shown in Figs. S7-S9 by subtracting responses in the PACTrend

simulation from those in the GLTrend simulation. Tropical Atlantic SST
warming and Indian Ocean cooling can perturb the zonal Walker cir-
culation and change the local Hadley cell*, creating anomalous
convergent (divergent) flow across the upper troposphere in the
central-eastern Pacific and eastern Indian Ocean (tropical Atlantic and
western Indian Ocean) (Fig. S7a-d), and leading to significant positive
precipitation responses over tropical Atlantic-South America with a
strengthened and southward shifted SACZ and increased (reduced)
precipitation over tropical Africa and the western tropical Indian
Ocean (the eastern tropical Indian Ocean) in all four seasons
(Fig. S8a-d). As demonstrated in previous studies™™, the interaction
between the anomalous convergence (divergence) over the subtropic
Atlantic (eastern Indian Ocean) and mean vorticity produces positive
(negative) RWS in the South Atlantic through to the western South
Indian Ocean and also over the western South Pacific (eastern South
Indian Ocean and South Pacific) (Fig. S7e-h). These RWS subsequently
excite two wave trains that teleconnect the region of the tropical
Atlantic and Indian Ocean, forcing to the extratropic, one from the
tropical Atlantic to the Amundsen-Bellingshausen-Weddell seas and
another wave train from the subtropical South Indian Ocean and
Australia toward the western South Pacific and South Atlantic
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(Fig. S8e-h). These two wave trains appear to constructively increase
the strength of both the trough and the ridge that develops over the
Southern Ocean significantly in the JJA, SON, and DJF seasons.
Overall, SLP and UV850 responses to Atlantic and Indian Ocean
SST trends are much weaker than those to Pacific SST forcing (Figs.
S9e-h, 3e-h) but cause significant warm SAT and sea ice reduction
over most areas of the ABS and Weddell Sea, and Western South
Pacific. In DJF, Atlantic and Indian Ocean SST trends induce a strong
positive (negative) Z300 response over the Weddell Sea (ABS)
(Fig. S8g), and a weak but significant SLP and anticyclonic wind
response over the Weddell Sea and warm northerly flow, leading to
local SAT warming and significant sea ice loss over the Weddell Sea
and ABS (Fig. S9c, g, k). This explains why a large SIC decline over
the Weddell Sea and less SIC increase over the ABS is simulated in the
GLTrend experiment (Fig. 4c, k). Similar warm air advected from the
north and northerly onshore flow effect on sea ice loss associated
with responses of 850 hPa winds are also simulated in other seasons,
significantly enhancing (reducing) the effects of SAT warming
(cooling) and sea ice decline (gain) by the Pacific SST forcing over the
Weddell Sea and Western South Pacific (the ABS). The GLTrend
experiment thus simulates much stronger signals of warming SAT
and sea ice decline over the Southern Ocean than the PACTrend

experiment (Figs. 3 and 4). The spatial and seasonal patterns of
Antarctic sea ice concentration decline, particularly the significant
ice loss in the Bellingshausen-Weddell Sea and Western South Pacific,
are better captured in the GLTrend experiment. Seasonal Antarctic
SIE decreases —0.70 (-0.39), -0.68 (-0.47), -1.21 (-0.25) and -0.53
(0.09) *10°km? from JJA to MAM in the GLTrend (PACTrend)
experiment, respectively (Table S1). The Pacific and global SST-
induced annual Antarctic SIE decreases are -0.40 and
-0.72*10° km?, accounting for about 22% and 40% of the observed
SIE trend (-1.84 *10° km*/decade), respectively.

Third, the PACTrend experiment reproduces observed North
and South Atlantic SST warming and tropical to subtropical (mid-
latitude) Indian Ocean cooling (warming) trends (the left panels), but
simulates a cooling tropical Atlantic SST response, in contrast to
observed warming trend there (Fig. 5a-d and left panels in Fig. S10).
Consistent with warming SST responses over the South Atlantic and
Indian Oceans, significant upper ocean warming responses over
these areas are also simulated in each season (right panels in Fig. S10,
Fig. 5e and S11). Amplitudes of 0-50 m annual mean temperature
responses averaged over 50°-65°S in the South Atlantic and Indian
Ocean sectors are about 0.37 °C and 0.18 °C, respectively. Figure 6
shows a strong (weak) annual warming trend of 0.51°C/decade
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whole Southern Ocean (0-360°E) and five sectors of the Ross Sea, Amundsen and

°C
Bellingshausen Seas, Weddell Sea, South Indian Ocean, and Western Pacific Ocean.
Solid (dash) lines in (d) indicate trend values significant (insignificant) at the 95%

confidence level. Green boxes in (a-d) demarcate the area of prescribed observed
SST trends over 50-60°S of the Pacific sector in the PACTrend experiment.

(0.13 °C/decade) from the Argo float data in the South Atlantic (South
Indian Ocean). Numerous studies have demonstrated that Pacific SST
variability can excite other modes of climate variability in the Atlantic
and Indian Oceans by altering the general circulation of the atmo-
sphere on interannual and decadal time scales, as reviewed by Wang
et al.”? and Li et al.”. When an El Nino event is developed and
matured, a basin-side warm Indian Ocean and a warm tropical North
Atlantic Ocean occur in boreal winter or in the following spring*. On
decadal time scales, there is a same-sign SST response in the tropical
Atlantic when observed SSTs are specified in historical tropical
Pacific pacemaker experiments, and processes in the Pacific and
Atlantic are sequentially interactive through the atmospheric Walker
circulation along with contributions from midlatitude teleconnec-
tions for the Atlantic response to the Pacific*’. In fact, seasonal SST
responses over the Atlantic and Indian Ocean in the PACTrend
experiment in Fig. S10a-d are similar to, but stronger than those to
the IPO forcing in Fig. 2c (also Fig. 1a in Meehl et al.**). The monthly
mixed-layer heat budget in the Southern Ocean reveals that the SST
and top layer warming over the Weddell Sea and Indian Ocean sector
is driven by both oceanic heat advection and surface heat fluxes
received by the ocean in the PACTrend experiment (Fig. S12). This is
consistent with the previous findings that mixed-layer temperature
variations averaged over the latitude band of 50°-65°S are primarily
governed by heating due to air-sea fluxes and northward Ekman
transport and wind-driven entrainment®*. Therefore, the impacts of

Indian Ocean and high-latitude Atlantic sub-decadal SST variations
on atmospheric circulation and the consequent rapid decline in Figs.
S7-S9 are likely relevant to that of the contemporary Pacific sub-
decadal variations in Fig. 2a and S2. Above results suggest the
dominant forcing of La Nifa-like Pacific sub-decadal SST variations
on the deepening of the ASL and positive SLP trends over the Wed-
dell Sea, Western South Pacific and Indian Ocean sectors in all sea-
sons, and the joint forcing of Pacific and tropical Atlantic sub-decadal
SST variations on Southern Ocean surface warming and SIE decline in
the recent decade.

Meanwhile, the temperature profiles of the upper 1000 m of the
ocean in Figs. 5e and S11 and spatial patterns in Fig. S10e-h reveal that
Pacific sub-decadal SST variations have induced 100-500 m subsur-
face warming in the Weddell Sea and Indian Ocean and the whole
Southern Ocean throughout the year. Surface warming can penetrate
into the subsurface through lateral advection, absorption of solar
energy to warm the ocean mixed layer, and Ekman pumping'>®.
Although a cold top-layer temperature is nudged over the ABS and
Ross Sea in the PACTrend experiment, 100-500 m subsurface warm-
ing is also simulated there, which is contributed by the oceanic pole-
ward heat advection and Ekman pumping effect bringing warmer
water upward as discussed in the next section. In the GLTrend
experiments, significant subsurface warming is also simulated in the
Weddell Sea and Indian Ocean, as well as the whole Southern Ocean
(Fig. S13).
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Compounding Pacific and subsurface forcing of SIE decline

A strengthened ASL induces strong southwesterly flow across the
Amundsen-Ross Seas and is supposed to increase SIE as simulated in
both experiments (Figs. 3 and 4), which is in contrast to a decrease in
SON and weak sea ice increase there in other seasons in observations
(Fig. 1). As noted earlier, Fig. 1 also shows concurrent cold or weak
warm SAT and large SIC decline over the eastern Weddell Sea in DJF
and wide areas from the Weddell Sea to Ross Sea in JJA. The Southern
Ocean subsurface warming (Fig. 6a) is suggested to link to the current
low sea ice state afterward”***®, Five Antarctic sectors show similar
subsurface ocean features (Fig. 6b-f), but with the largest magnitude
and increased trend over the Weddell Sea (Figs. 6d and S14). The
expected sea ice gain over the Amundsen and eastern Ross Seas due to
the strengthened ASL resulting from the La Nifia Pacific sub-decadal
SST trends (Fig. 3a-h) is offset by the subsurface ocean warming effect,
explaining why a weak sea ice trend is observed there. In contrast, the
atmospheric changes and consequent decreasing SIE over the
Weddell-Bellingshausen Seas and Indian Ocean and Western Pacific
Ocean by Pacific and tropical Atlantic SST forcing are enhanced by the
Southern Ocean subsurface warming effect. Significant and largest
warming trends of 0-50 m mean temperature (about 0.76 °C/decade)
are found over Weddell Sea in DJF and MAM (Fig. Sl4c, d), which is
consistent with the maximum sea ice decline there in these two sea-
sons (Fig. 1d, e). Even when the observed SST trends are prescribed in
the top mixed layer, the seasonal and annual mean responses of
0-50 m mean temperature over the whole Southern Ocean and five
sectors to global sub-decadal SST trends are less than the corre-
sponding warming trends (Fig. S13). A weak SIC decline in the GLTrend
experiment could be partially due to smaller upper ocean warming
forcing compared to observations.

Meehl et al.” suggest that the negative trend in wind stress curl
(WSC) during 2000-2014 associated with negative IPO/positive SAM
produces upward advection of warmer subsurface water through
Ekman pumping. During 2014-2023 Austral summer, the negative
trends in WSC over the southeast Weddell Sea, Western Pacific
Ocean and Ross Sea (Fig. 7c), associated with anomalous westerlies
for the Pacific-forced positive SAM in Fig. 1h, would also result in
more upwelling of warm subsurface water around Antarctica and con-
tribute to sea ice decline in these areas. This explains why a large sea ice
decline but weak SAT warming occurred in those areas to some extent
(Fig. 1d, I). Similar but weaker negative WSC responses over the Weddell
Sea in the Austral summer are also simulated in PACTrend and GLTrend
experiments (Fig. 7g, k). In all four seasons, significant negative trends
in WSC are observed over most areas in the ABS and Ross Sea
(Fig. 7a-d), and the association upwelling Ekman pumping effect
greatly reduces surface cooling and sea ice gain over the Amundsen and
Ross Seas induced by the strengthened ASL as analyzed in last two
sections. Therefore, weak sea ice and SAT trends are observed over the
Amundsen and eastern Ross Seas from SON to MAM (Fig. 1c-e, k-m).
Spatial and seasonal patterns of negative WSC trends over the ABS and
Ross Sea are well reproduced but underestimated in two pacemaker
experiments (Fig. 7e-1). Although still contributing to 100-500 m sub-
surface warming over the ABS and the Ross Sea in simulations,
upwelling Ekman pumping effects would weakly offset the large sea ice
gain and cooling SAT due to the enhanced ASL, explaining why sig-
nificant cold SAT and large sea ice are simulated over these areas in
Figs. 3 and 4. In JJA, a negative trend in WSC is observed over the
northeastern Weddell Sea (Fig. 7a) and likely contributed to 100-500 m
subsurface warming and sea ice decline there (Figs. S14a and 1b), but
such upwelling Ekman pumping is not simulated in two experiments.
The underestimated atmospheric and ocean signals in two pacemaker
experiments jointly provide an interpretation as to why the forced SIE
declines are weaker than the observed SIE trend.

The radiative forcing is fixed at the preindustrial level in both
PACTrend and GLTrend experiments. Contributions of radiative

forcing resulting from anthropogenic-induced factors (e.g., rising well
mixed greenhouse gas and changes of stratospheric and tropospheric
ozone, aerosol and biomass Burning Emissions, and land uses) and
natural factors (solar and volcanic forcing) to Antarctic SIE and asso-
ciated circulation changes are assessed by examining the output from
the seventeen models covering the observed period of June 2013 to
May 2023 under the Coupled Model Intercomparison Project Phase 6
(CMIP6) historical and the SSP3-7.0 future radiative forcing scenarios.
Figure S15 indicates that there is a circumpolar decrease in SIC and
warming SAT over the large areas of the Southern Ocean in all four
seasons, with larger forced signals in MAM and JJA. The SLP and UV850
trends are much weaker than those in the PACTrend experiment, with
positive SAM-like patterns in MAM and JJA and a maximum trend of
-0.75 (-0.50) hPa/decade over Weddell Sea in JJA (Antarctica in MAM).
The seasonal SIE trends range from —0.16 to —0.26 * 10° km?*/decade,
and the annual mean trend is —0.22 * 10° km?/decade, about 12% of the
observed annual SIE trend (Table S1).

Discussion

Our coupled pacemaker experiments well reproduce spatial and sea-
sonal patterns of observed SLP trends (including the all-seasonal
strengthening of the ASL and positive SLP trends over the Weddell Sea
and the Western South Pacific, and DJF positive SAM), PSA tele-
connections, Southern Ocean surface and subsurface warming, nega-
tive WSC trends and Antarctic SIC decline with high fidelity. We
conclude that La Nifa-like Pacific sub-decadal SST variations were the
primary driver of changes in Southern Ocean atmospheric circulation
and South Atlantic and Indian Ocean SST warming through
tropical-polar teleconnections and significantly contributed to
Southern Ocean subsurface warming and the decline of Antarctic sea
ice in the recent decade. Pacific sub-decadal SST variations originated
from the ENSO evolution (from the 2014-2016 El Nifio to the
2020-2023 La Nifia conditions) and the IPO phase shift (from the
positive phase in 2014-2016 to the negative phase after 2016). The SIC
and atmospheric responses to the IPO-only forcing with phase shift
from positive to negative (Fig. S16) are much weaker than those to the
total Pacific 10-year SST trends in the PACTrend experiment (Fig. 3).
Considering that the ensemble averaging process generally reduces
the magnitudes of atmospheric circulation responses to prescribed
SST forcing in the coupled pacemaker experiments, at least 40% of
observed annual Antarctic SIE decline is attributed to Pacific and
relevant Atlantic and Indian Ocean sub-decadal SST variations, and
also tropical Atlantic SST warming. Such impacts have amplified the
diminishing effect of Southern Ocean subsurface warming on Antarc-
tic SIE decline, together explaining why Antarctic SIE has dramatically
declined in the recent decade. Decadal hindcasts initialized in 2014 and
2015 indicate that approximately half of the SIE difference between low
ice states in 2017-2020 and high ice states in 2012-2015 can be attri-
butable to subsurface warming?®®. Both Pacific and tropical Atlantic sub-
decadal SST variations have acted in concert with the Southern Ocean
subsurface ocean to produce the tremendous Antarctic SIE decline
from June 2013 to May 2023, while the warming effect of anthro-
pogenic radiative forcing might have played a minor role that accounts
for about 12% of the overall reduction in SIE.

Since June 2023, a strong EI Nifio condition has developed”, and
cold La Nifa-like cold conditions in the central-eastern tropical Pacific
in the 10-year SST trends in winter and spring during 2014-2023 are
weaker than those during 2013-2022 in Fig. S2a, b, likely mitigating
sub-decadal impacts of Pacific SST trends on the Antarctic SIE in these
two seasons. In 2023, Austral summer and autumn SLP anomalies from
the ABS and Weddell Sea resemble observed trends in Fig. 1h, i, and the
shift in the ASL toward 90°W and large heat transports contributed to
the loss of sea ice in the Weddell Sea. Meanwhile, anomalous PSA
associated with the emerging El Nifio and an anomalous zonal-
wavenumber-three (ZW3) atmospheric circulation drove this
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temperature (SST) variations in the PACTrend and GLTrend experiments. Negative
WSC values denote areas of Ekman suction that would move water upward in the

column. Dotted areas denote observed trend (model response) values significant at
the 90% (95%) confidence level.

exceptional low in winter?”*®, and the combining impacts of anom-

alously warm upper-ocean temperatures and anomalously strong
northerly winds on impeding the ice advance during the fall and
winter®*”-°, significantly contributing to the second half 2023 Ant-
arctic SIE decline. Considering that changes in tropical deep convec-
tion fundamentally control the ZW3 pattern® and that anomalously
abundant rainfall in the equatorial Pacific was observed in 2023
winter”, the strong stationary ZW3 pattern in the 2023 JJA was very
likely driven by the developing El Nifio. On the other hand, observed
Southern Ocean subsurface warming persists in the second half of
2023 (also through 2024, Fig. 6) and has very likely also contributed to
Antarctic SIE loss since June 2023*°,

The 2023 record-low Antarctic sea ice coverage and the emer-
gence of significant sea ice decline in the recent decade indicate a new
low-extent state, a regime shift in Antarctic sea ice, and a potential
transition in the Southern Ocean-ice-atmosphere system??*5*%,
Several studies have hinted that recent record-low sea ice years may be
less unusual in the near future****, The increased autocorrelation and
predictability of Antarctic sea ice season by season during the last 15
years found by Hobbs et al. (ref. 52) are likely related to a slow and
lagged response to SST and subsurface temperature anomalies.

Espinosa et al.*° demonstrate that the 2023 winter sea ice anomalies
were largely driven by warm Southern Ocean conditions that devel-
oped prior to 2023 and were predictable six months in advance. Their
ensemble forecast correctly predicted that near-record-low sea ice
would persist in the Austral winter of 2024 due to persistent warm
Southern Ocean conditions. The subsurface ocean warming began
prior to 2016 and has persisted since, and is contributing to the current
low sea ice state?®*, In the long term, the subsurface Southern Ocean
warming in the upper 2000 m since the 1950s is largely attributed to
anthropogenic forcing®. Decadal-time scale trends of strengthened
circum-Antarctic westerlies associated with the negative phase of the
IPO and positive phase of the SAM moved warm subsurface water
upward in the water column due to Ekman pumping during
2000-2016 and, in turn, decreased the Antarctic SIE*. Subsurface heat
reduces the ocean stratification, and the associated deep convection
brings subsurface warm water to the surface and decreases the SIE in
the surface ocean**, The albedo feedback further amplifies such
warming in the Southern Ocean®. Our results demonstrate that Pacific
sub-decadal SST trends have also significantly contributed to Southern
Ocean subsurface warming in the recent decade through changes in
subsurface ocean heat flux and advection and the Ekman pumping

Nature Communications | (2025)16:3386

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58788-1

effect. Subsurface warming has strongly enhanced since 2020 over
most of the Southern Ocean (Fig. 6) and will push the Antarctic into a
lower-ice state in the coming decade.

Methods

Observational datasets and analysis

The six observational datasets used here are as follows: (1) The
monthly SIC data are the newly updated homogeneous monthly high-
resolution data derived from passive microwave satellite data with the
bootstrap algorithm®. (2) The monthly SLP, 850hPa u- and
v-components of wind (UV850), and 300 hPa geopotential height
(Z300) and SAT are from the ERAS reanalysis®. (3) SST dataset is the
Extended Reconstructed Sea Surface Temperature (ERSSTvS5) dataset
derived from the International Comprehensive Ocean-Atmosphere
Dataset (ICOADS)*. (4) Ocean subsurface temperature data from Jan-
uary 2004 to December 2023 are derived from the extension of the
gridded Argo data product®®. (5) The IPO and Nino34 SST indices are
from the Earth System Research Laboratory (ESRL) of the National
Oceanic and Atmospheric Administration (NOAA) and calculated from
the ERSSTVS dataset. The IPO index is the Tripole Index (TPI)*’, based
on the difference between the SST anomaly averaged over the central
equatorial Pacific (10°S-10°N, 170°E-90°W) and the average of the SST
anomalies in the Northwest (25°N-45°N, 140°E-145°W) and Southwest
Pacific (50°S-15°S, 150°E-160°W): SSTA, — (SSTA; + SSTA3)/2, which is
a measure of interdecadal variability in the Pacific. (6) Precipitation
data is from CMAP Precipitation®°.

Antarctic sea ice has dropped rapidly since arecord high in 2014.
Linear trends are calculated for seasonal mean of Antarctic SIC
anomalies in three successive months of June-july-August (JJA), to
September-October-November (SON),
December-January-February (JFM), March-April-May (MAM) in the
period of June 2013 to May 2023. The time period June 2013 to May
2023 was chosen to calculate a 10-year linear trend for each season,
avoiding the influence of the ongoing El Nifio event starting from
June 2023. When a strong El Nifio condition developed during the
spring of 2023, 10-year linear SST trends in the central-eastern Pacific
in Austral winter or spring during 2014-2023 significantly weakened.
The mechanisms of the continuing Antarctic SIE decline in the 2023
Austral winter and spring are mainly due to atmospheric forcing and
subsurface warming, as discussed in the main text. Similarly, linear
trends of seasonal mean ERAS5 SAT, UV850, SLP, and Z300 anomalies
are calculated in the above period. We examine SIE for the Southern
Ocean as a whole and for five sectors that have been considered in a
number of earlier studies (e.g., Turner et al.”%). These are the Ross Sea
(160°E-130°W), Amundsen-Bellingshausen Sea (ABS) (130°W-60°W),
Weddell Sea (60°W-20°E), Indian Ocean (20°E-90°E), and western
Pacific Ocean (90°E-160°E).

We analyze the responses of Rossby wave source and Rossby wave
flux (WAF) on 300 hPa. The upper-level component of this vorticity
source, denoted the Rossby wave source (RWS)*, is defined as:

RWS=-{D-V,-V( )

Where ( is the absolute vorticity and D is the horizontal wind diver-
gence, V, is the divergent component of the horizontal wind vector
and V represents the horizontal gradient operator. WAF is used to
study the propagation of Rossby waves to study the propagation
mechanism of the atmospheric circulation to the SST forcing. We use
the formula proposed by Takaya and Nakamura® to obtain the hor-
izontal component of WAF. The horizontal component of the WAF in
the form of 300 hPa geostrophic wind can be written as:

o L [A0E = ¢+ 0w, - ¢y

[) PP /o1y Sly2 /oy (2)
2’—U] u(wxwy - (/) l/)xy) + U(‘l)_y - (l) ‘pyy)

Where U= (ii, V) is the horizontal climatological geostrophic wind
field, ¢/ is a stream function anomaly derived from the 300 hPa geo-
potential height by the quasi-geostrophic approximation method, and
x and y represent the longitude and latitude directions respectively.
The upper horizontal line represents the time average.

Following Meeth et al.2, we estimate the magnitude of Ekman
pumping by calculating the vertical component of the curl of the wind
stress (WSC):

1 (0, or,
wse 57 (&%) ”

Where constant py is the density of seawater (1025 kg m™), fis the
Coriolis parameter, and 1, and T, are eastward and northward surface
stress, respectively. Negative trend or response values of WSC denote
areas of Ekman suction that would move water upward in the column
and cause sea ice decline.

Coupled Pacific and global Pacemaker experiments
We perform a 100-year fully coupled control simulation (CTR) with the
preindustrial radiative forcings and two sets of coupled pacemaker
simulations using Community Earth System Model 1.2 (CESM1.2)** to
examine the effects of Pacific and global sub-decadal SST trends from
June 2013 to May 2023. CESM1.2 ensemble pacemaker experiments
with a partial assimilation approach in the Pacific and global oceans are
similar to the idealized pacemaker experiment in Meehl et al.**. In
these experiments, the SST anomaly that amounts to observed
ERSSTV5 SST trends from June 2013 to May 2023 at each grid box is
added to the model-simulated SST climatology over the Pacific or
global region from 60°S to 60°N, named the PACTrend and GLTrend
experiments, respectively, with preindustrial radiative forcings. In
other words, the model SST is only restored to the observed trend
anomalies superimposed on the model’s own climatology over the
specified region of the Pacific or global oceans, and the model evolves
freely outside of the restoring region, allowing a full response of the
climate system. The SST restoration is performed using a restoring
time scale of 2 days. Data in sea ice regions are not assimilated, so
temperature anomalies in the sea ice region are not constrained by
observations and sea ice variations are completely controlled by the
internal dynamics. Each set of pacemaker simulations begins from the
control run and runs for 100 years, and the prescribed SST forcing
repeats annually. Each year is considered to be an ensemble member.
The climate response of any variable is the difference between the
seasonal means from the last 80 years of each coupled pacemaker run
and the 80 years of the coupled control run, allowing a 20-year spin-up
of the Parallel Ocean Program (POP) ocean model. The statistical sig-
nificance of grid-box responses is assessed by a standard two-tailed
difference of means Student’s ¢t-test.

To examine responses of top-layer ocean temperature to Pacific
SST trends, we utilize monthly output to calculate the mixed-layer heat
budget over the Southern Ocean. The equation for the mixed-layer
heat budget can be expressed as follows?*°:

%—: =— (7 x VT) + pOQ%:tH +Residual 4)

Here, T represents the mixed-layer temperature and H is the
mixed-layer depth; V signifies horizontal and vertical velocity and V
represents the gradient operator; Qe denotes the surface net heat
flux into the ocean as the sum of shortwave radiation, longwave
radiation, latent heat flux, and sensible heat flux. Constant C,
(3996 kg™ K™) represents specific heat capacity. Residual includes
mainly vertical entrainment and mixing.

This study also analyzes outputs from ideal pacemaker simulation
experiments conducted with the CESM1.2* to examine Antarctic SIC
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response to the shift of IPO from a short-lived positive phase during
2015-16°** to the negative phase. There are two sets of ten ensemble
idealized Pacific pacemaker simulations in which one standard devia-
tion of SST anomalies is added to the model-simulated SST in the
Pacific between 40°S to 60°N: positive Pacific Decadal Variability (PDV)
and negative PDV in Fig. 2c. The IPO and the Pacific Decadal Oscillation
(PDO) are highly correlated both spatially and temporally, and they are
referred to collectively as the PDV mode. Each ensemble selected
10 starting years with varying PDV states from the CESMLI large-
ensemble preindustrial control run: negative PDV (years 926, 1331,
1366); positive PDV (years 606, 1011, 1251); neutral PDV but trending
toward negative (years 1321, 1356). Each ensemble commences on
January 1 and continues for a duration of 10 years, during which the
specified seasonal cycle of SST anomalies in the respective areas was
kept constant in time while the rest of the model was fully coupled®.
Annual responses of SST in Fig. 2c and seasonal responses of SIC, SLP,
and UV850 to PDV-SST forcing in Fig. S16 are the ensemble-mean
difference between the PDV- simulation and PDV+ simulation. Global
responses of SST and SLP to the PDV forcing were examined by Meehl
et al.*,

CMIP6 simulation analysis

To estimate the forced SIC and atmospheric responses to radiative
forcing, we use the multimodel ensemble mean from phase 6 of the
Coupled Model Intercomparison Project (CMIP6)®*. To match obser-
vations, CMIP6 data from the historical and SSP3-7.0 experiments are
concatenated from June 2013 to May 2023. We include 17 CMIP6
models that have at least three ensembles for both historical and SSP3-
7.0 simulations to reduce the impacts of large internal variability on
the 10-year SIC trends (Table S2). Similar amplitudes of Antarctic SIE
trends in Table S1 and SIC trends in Figure S15 are obtained if SSP5-8.5
experiments are used. For significance testing, we compute the stan-
dard deviation (o) of 10-year trends in any region or grid box using the
304 superensemble members from these 17 models, with all members
assumed to be independent. We apply a two-sided local significance
test (ltrend|>2.00/+/Ne) to determine whether the superensemble
mean simulated trend is significantly different from zero at the 5%
significance level, where Ne=304. The estimated seasonal and annual
mean 10-year SIE trends range from —-0.16 to —0.26 *10° km?/decade
(Table S1). When estimated as the average of ensemble-mean trends of
17 models, similar 10-year SIE trends are found (Table S1).

Data availability

All observational, CMIP6, and idealized pacemaker model data-
sets used in this study are publicly available online. The Antarctic
sea ice data are from the National Snow and Ice Data Center
(NSIDC) (https:// https://nsidc.org). ERA5 data is available from
the ECMWF website at https://www.ecmwf.int/. The ERSSTv5 SST,
the IPO and Nino34 index, and CMAP precipitation datasets may
be downloaded from the Earth System Research Laboratory
(ESRL) of the National Oceanic and Atmospheric Administration
(NOAA) website at https://psl.noaa.gov. Argo ocean temperature
data is from https://sio-argo.ucsd.edu/RG_Climatology.html. The
CESML1.2 idealized pacemaker simulation data are available from
https://www.cesm.ucar.edu/working-groups/climate/simulations/
cesml-pacific-pacemaker. The CESM1.2 Pacific and global pace-
maker simulation data are available from https://codeocean.com/
capsule/0103116/tree  (https://doi.org/10.24433/C0.0103116.v1).
Source data are provided with this paper.

Code availability

The current CESML1.2 version is freely available at www.cesm.ucar.edu/
models/cesml/. The NCL scripts used to generate the plots in this
paper are available from https://codeocean.com/capsule/0103116/tree
(https://doi.org/10.24433/C0.0103116.v1).
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