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From 2021 to 2023, satellite records reveal that February Antarctic sea ice extent reached record lows
in 2022 and 2023. Simultaneously, the Antarctic ice sheet experienced a transient mass gain and
rebounded temporarily from a decadal decline since 2002. The reasons behind these dramatic

changes are unknown. Here, we show that the triple-dip La Nifia event during 2021-2023 (referred to
as TD_LN2023) played a major role in these changes. Compared to a previous triple-dip La Nifia event
(1999-2001), the tropical-Antarctic teleconnections during TD_LN2023 were stronger. A more
pronounced southward shift of the Ferrel Cell was identified as a key driver for the enhanced tropical-
Antarctic teleconnections during TD_LN2023 against the background of intensified westerly winds
and tropical expansion. The poleward increase, which facilitated poleward atmospheric heat and
moisture transport, contributed to the sea ice extent decline and the ice sheet mass growth.
Additionally, this southward shift strengthened the Rossby wave train, which, sustained by enhanced
stratosphere-troposphere coupling, amplified the Pacific-South American pattern, and further
promoted regional sea ice decline. Finally, this southward shift, associated with the southward shift of
the westerly jet, enhanced Ekman suction, bringing subsurface warm water to the surface and
contributing to pan-Antarctic low seaice. The physical processes outlined in the case study are further
validated through empirical orthogonal function and regression analysis. Under global warming, multi-

year La Nifia events are projected to occur more frequently. The evolving tropical-Antarctic

teleconnections in the context warrant close attention.

Warming in the Antarctic and its surrounding Southern Ocean is
slower compared to that over many regions, such as, the Arctic,
where rapid warming has been observed. Unlike the Arctic, Ant-
arctica has not experienced substantial large-scale warming'. Fur-
thermore, Antarctic sea ice exhibits a more complex evolution
pattern compared to the near-monotonic decline of Arctic sea ice™’.
This disparity between the Arctic and Antarctic is partly due to a
substantial heat uptake by the Southern Ocean, which delays the
surface warming in this region®.

However, in recent years, abrupt surface changes across Antarctica
have emerged, with hotspots developing over both the Antarctic continent
and the Southern Ocean, signaling a profound shift in the Antarctic
climate™. Firstly, from 2021 to 2023, annual (average from July through
June of the following year) sea ice extent (SIE) continued to decline, reaching
arecordlow in 2023 (Fig. 1a), with annual (February) SIE about 10.39 (1.91)
million km® in 2023°°. In 2023, annual (February) SIE decreased by
approximately 11% (38%) compared to the climatological mean (Fig. Sla).
Two satellite-retrieved datasets confirm the pronounced decline in sea ice
from 2021 to 2023 (Fig. la). Regionally, substantial sea ice reductions
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Fig. 1 | Dramatic decrease in Antarctic sea ice during the recent triple-dip La Nifia
event compared to 1999-2001. a Timeseries of annual Sea Ice Extent (SIE) from
1980-2023 (black bar: NSIDC with TD_LN years highlighted in blue; green line:
OSISAF). b, ¢ Annual Sea Ice Concentration (SIC) anomalies averaged over
2021-2023 and 1999-2001, respectively, relative to the 1991-2020 climatology. The
dots indicate where the SIC anomalies exceed one standard deviation (10) of the
climatology (1991-2020). Black lines in (b, ¢) represent the climatological sea ice
edges (15% SIC).

(exceeding 20% sea ice concentration, SIC) were observed in eastern Ross
Sea, northern Weddell Sea, and along the eastern Antarctic coastline, with
anomalies exceeding one standard deviation (1) (Fig. 1b and Fig. S1b).
During a previous triple-dip La Nifa event (referred to as TD_LN2001),
Antarctic SIE remained within a normal range, with an averaged annual
(February) SIE around 11.79 (3.0) million km?, highlighting a sharp contrast
to that observed in TD_LN2023.

Secondly, the Antarctic ice sheet (AIS) mass experienced a notable
increase from 2021 to 2023, temporarily rebounding from a decadal decline
since 2002 (Fig. 2a). During 2003-2023, the total AIS mass from 2003 to
2021 showed a continuous decrease. However, in 2022, a temporary
rebound occurred, with an increase of approximately 205.43 Gt (relative to
2020-2021), equivalent to a global mean sea level change about 0.55 mm.
The AIS mass changes result from a combination of surface mass balance
(SMB) and ice dynamic processes'’. The SMB consists of total precipitation,
sublimation and runoff, while the ice dynamic processes are mainly related
to ice discharge across the grounding line'’. Due to discrepancies in dis-
charge estimated from different studies'" ™", only the SMB data from the
RACMO2.4P1 is applied to analyze the cumulative mass changes. Overall,
beginning around 2007, the cumulative SMB anomaly exhibits a continuous
decline but shows a substantially increase from approximately 2020, par-
ticularly in 2022 (Fig. 2b). This pattern closely aligns with the evolution of
the AIS mass changes observed from 2021 to 2023 (Fig. 2a), indicating that
the cumulative SMB changes are vital for the AIS mass gain during
TD_LN2023. The spatial pattern of the SMB anomalies during this period
show a substantial increase along the sea ice edges, particularly in the Bel-
lingshausen Sea, and along the Antarctic coasts, most notably on the eastern

side (Fig. 2¢). Simultaneously, the total precipitation anomalies (i.e., snowfall
plus rainfall) closely resemble the SMB anomalies (Fig. 2d), indicating that
increased precipitation in TD_LN2023 dominated the SMB changes, which,
in turn, contributed to the temporary rise in AIS mass. Recent studies™'* also
suggested that the rise in East Antarctic surface mass is largely attributed to
greater snowfall accumulation.

These anomalous events coincided with a three consecutive La Nifa
during TD_LN2023 (Figs. S2-3). A strong connection exists between tro-
pical Pacific sea surface temperature (SST) and Antarctic surface
climate'>"®. A pathway is that the El Nifio and Southern Oscillation (ENSO)
drives large-scale atmospheric Rossby waves that propagate poleward along
great circles”, forming the Pacific Southern American (PSA) mode. The
PSA mode is a pattern characterized by anomaly centers east of New
Zealand, in the Amundsen-Bellingshausen Sea, and the northern Weddell
Sea™. However, whether the substantial Antarctic surface climate changes
(i.e., seaice and ice sheet mass changes) during TD_LN2023 are dynamically
linked to the prolonged La Nifia event is still unknown.

Below, we explore dynamics behind the dramatic changes in Antarctic
sea ice and ice sheet from the perspective of tropical-Antarctic tele-
connections. We find that the rare three-year La Nifa event had an
enhanced impact on Antarctic surface climate changes from 2021 to 2023,
primarily through a pronounced southward shift of the Ferrel Cell and the
associated circulation changes from 2021 to 2023.

Results

Southward shift of the Ferrel Cell during 2021-2023

The Ferrel Cell is characterized by ascent of relatively cold air in high
latitudes and the descent of relatively warm air in lower mid-latitudes". It
plays a crucial role in the poleward transport of heat and moisture, influ-
encing mid- to high- latitude weather and climate patterns”™". In
TD_LN2023, the meridional mass stream function (MSF) shows a sub-
stantial intensification of the Ferrel Cell, with a magnitude of approximately
6 x 10° kg/sec (Fig. 3a). Compared to its climatological position, the MSF in
TD_LN2023 shifted southward. The strengthening and southward shift of
the Ferrel Cell is accompanied by an ascent branch over latitudes 55-70°S
and a descending branch over mid-latitudes (40-55°S), corresponding to a
mid-latitude warming of approximately 1K (Fig. 3b). The mid-latitude
atmospheric warming enhances the meridional temperature gradient
between the mid- and high-latitudes (Fig. 3b), which, in turn, causes a
southward shift of the westerly jet from the surface to the upper troposphere
(50-70°S), in accordance with the thermal wind relationship (Fig. 3c). The
poleward shift of the westerly jet and temperature anomalies largely
resemble the positive phase of the Southern Annular Mode (SAM)”. In
contrast, the Ferrel Cell and jet stream anomalies during TD_LN2001 were
located further north and weaker than those observed in TD_LN2023
(Fig. 3e-g vs. Fig. 3a—c).

The southward shift of the Ferrel Cell during TD_LN2023 is also
accompanied by the southward transport and, more importantly, the
convergence of moist static energy (MSE, Fig. 3d); the intensified advection
of heat and moisture (also compared that during TD_LN2001, Fig. 3d vs. h),
particularly their convergence towards the sea ice regions (60-70°S), con-
tributed to the low Antarctic sea ice during TD_LN2023. Consistently, the
precipitation anomalies during TD_LN2023 were centered between 50°S
and 70°S, exceeding 10, aligning and coherent with the increased moisture
convergence in this region (Fig. 4a). Similarly, the substantial increase of the
net surface heat flux (Qnet) by approximately 2 W/m’ is consistent with
convergence of MSE over the latitude band from ~55°S to 70°S (Fig. 4b),
contributing to the low level of SIE. Notably, the increase in Qnet is largely
attributed to enhanced downward longwave radiation and sensible heat flux
(Fig. S4), both of which are linked to the increased MSE—reflecting a
warmer and wetter atmosphere. In comparison, during TD_LN2001,
moisture convergence-induced precipitation changes were primarily con-
centrated between 50°S and 60°S (Fig. 4c). During TD_LN2023, the
moisture convergence-induced precipitation increase along the coastal areas
of Antarctica was further amplified by the steep coastal slopes through
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Fig. 2 | Temporarily rebounded in Antarctic ice sheet masses and the surface mass
balance changes during the recent triple-dip La Nifia event. a Timeseries of
monthly Antarctic mass variation in Gt since April 2002, based on the Gravity
Recovery and Climate Experiment (GRACE) data, with the period from July 2020 to
June 2023 highlighted. b Timeseries of the cumulative surface mass balance (SMB)
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anomaly relative to April 2002, with the period from July 2020 to June 2023 high-
lighted. ¢, d Annual SMB and total precipitation (Prep) (from RACMO2.4P1)
anomalies during 2021-2023, respectively. The dots indicate where the anomalies
exceed one standard deviation (10) of the climatology (1991-2020). Blue lines
denote the elevation of the Antarctic ice sheet at 1200 meters.

orographic lifting”’. A detailed comparison between the TD_LN2023 and
TD_LN2001 indicates that the southward shift of the Ferrel Cell during
TD_LN2023 resulted in a corresponding shift of the MSE convergence zone
(i.e., moisture and energy), leading to increased precipitation along the
Antarctic coasts and a concurrent decrease in sea ice.

Rossby wave train and stratosphere-troposphere coupling dur-
ing 2021-2023

La Nifia events tend to drive a southward shift of the Ferrel Cell”**. Addi-
tionally, Rossby wave trains generated by La Nifa events and emanating
from the tropics serve as a key mechanism for horizontal teleconnections
between the tropics and the Southern Hemisphere (SH) high-latitudes™***.
The cooling strengthens the polar vortex by increasing the temperature
contrast between the cold polar air and warmer mid-laititudes™. A stronger
polar vortex, in turn, influences the Antarctic surface climate in the fol-
lowing summer’**. Generally, a stronger polar vortex descends into the
troposphere, driving the positive phase of the SAM****”.

We begin by comparing the tropospheric circulation anomalies during
the two TD_LN events. Compared to the TD_LN2001, the positive geo-
potential height (GPH) anomalies in TD_LN2023 were notably stronger,
especially over the Amundsen-Bellingshausen Sea region (Fig. 5a, b),
accompanied by a much deeper Amundsen Sea Low (ASL) (about —10 hPa
during TD_LN2023) (Fig. 5¢). The Rossby wave train induced by the
TD_LN2023 also propagates eastward, generating positive GPH anomalies
over the northern Weddell Sea, which extend southeastward toward the
southern high-latitudes. This pattern demonstrates intensified teleconnec-
tions between the tropical Pacific and the SH high-latitudes. The stronger
Rossby wave train is related to the southward shift of the Rossby wave source
(Fig. 5b), accompanied by the southward shift of the regional Hadley Cell
over the South Pacific and the South Pacific convergence zone (SPCZ) (Figs.

S5-6). The southward shift of the regional Hadley Cell and the SPCZ
induces wind divergence in the upper troposphere, leading to a southward
shift of the Rossby wave train (Fig. 5a, b). Additionally, a stronger mid-
latitude westerly jet serves as a wave guide to navigate poleward and east-
ward propagation of the Rossby waves'>. The deepening ASL (by
approximately -4 hPa) corresponds with the elevated PSA pattern during
TD_LN2023 (Fig. 5e).

Furthermore, there is a strong stratosphere-troposphere coupling
during TD_LN2023 from austral spring through summer. The Antarctic
stratosphere displayed significant cold anomalies (< —1 K) extending from
300 hPa to 10 hPa and the polar jet showed positive anomalies above 8 m/s,
indicating a very deep and strong polar vortex (Fig. 6a). These anomalies are
consistent with the anomalous Eliassen-Palm (E-P) fluxes—defined by
upward E-P flux vectors that signify the upward propagation of planetary
waves—which instead propagate downward from the stratosphere to the
troposphere at 50°S to 70°S (Fig. 6a). The stronger westerly jet in the tro-
posphere prevents the upward propagation of planetary waves™ (Fig. 6a, c).
During TD_LN2023, the polar vortex not only strengthened but also per-
sisted longer (Fig. S7), with a delayed breakup due to its stability (Fig. 6a).
During TD_LN2001, the polar vortex was also strong, but far weaker than
that of TD_LN2023 (Fig. 6b, d). The prolonged polar vortex descended into
the troposphere, enhancing the westerly jet and positive SAM from austral
spring to summer’**’. The response in the troposphere showed that the
strong PSA and ASL anomalies persist from austral spring to summer
(Fig. 6¢).

Antarctic sea ice anomalies are influenced by circulation anomalies
through both thermodynamic and dynamical processes. The deepening of
the ASL and elevated PSA pattern associated with the TD_LN2023 pri-
marily induced robust northward sea ice motion, thereby promoting the
formation of coastal polynyas over the Ross Sea (Fig. 1b). This process
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contributes to sea ice loss through the ice-ocean albedo feedback’. Addi-
tionally, the deeper ASL and positive GPH anomalies over the northern
Weddell Sea are linked to strong northwesterly-to-northerly wind anoma-
lies, which transport warm and moist air masses from the north, leading to
considerable loss of sea ice around the Antarctic Peninsula. Hence, the
enhanced regional sea ice loss observed during TD_LN2023 could be par-
tially attributed to the circulation anomalies induced by the
TD_LN2023 event.

Ekman Suction and Upper Ocean Warming during 2021-2023

The southward shift of the Ferrel Cell associated with La Nifa events often
leads to anomalous westerlies in high latitudes™ (Fig. 3c). The circulation
changes during TD_LN2023 also occurred under the background of
intensified westerly winds and Southern Ocean warming, both of which

were driven by the increased emissions of CO, and ozone depleting
substances*"*’. Theoretically, the strengthened westerly winds or the positive
phase of the SAM over the Southern Ocean lead to both the northward
Ekman transport and Ekman upwelling. This process has been observed
over the past four decades**"’. As discussed earlier, both the southward shift
of the Ferrel Cell and enhanced stratosphere-troposphere coupling in
TD_LN2023 contributed to the stronger and more persistent westerly
anomalies and a positive SAM. The continued strengthening of westerly
winds enhances Ekman upwelling (Fig. 7a-c). However, the actual impacts
of the upwelling anomaly on the surface depends on the upper ocean
thermal structure™. From Fig. 7d-f, we observe that before 2016, the vertical
temperature structure of the Southern Ocean was characterized by surface
cooling and subsurface warming according to the RG_ARGO (Roemmich-
Gilson for Argo), ORAS5 (Ocean Reanalysis System 5), and IAPv4 (4™
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version of the Institute of Atmospheric Physics) datasets, consistent pre-
vious studies™. After 2016, following the transition to a new sea ice regime®,
three datasets consistently show that subsurface warming has been
spreading upward, driven by enhanced Ekman suction. The change indi-
cates a fundamental shift in ocean heat distribution. During TD_LN2023,
the upward spreading of warm subsurface ocean water was seen from depths
of 200-100 meters to approximately 50 meters (Fig. 7d-f, arrows). Fur-
thermore, not only was the subsurface warming moving closer to the sur-
face, but its intensity was also increasing over time. These two factors—
upward spreading and increasing heat content—are key drivers of Antarctic
sea ice loss.

Relationship between the Southward Shift of the Ferrel cell and
circulations

As illustrated above, a key distinction between TD_LN2001 and
TD_LN2023 lies in the position of the Ferrel Cell and the associated cir-
culation anomalies. To further validate theses differences, we conduct
empirical orthogonal function (EOF) analysis on the SH MSF (20°-80°S) to
examine the longterm variations in the Ferrel Cell. Figure 8 presents the first
two leading modes of the annual MSF from 1980 to 2023, which explain 51%
and 20% of the total variance, respectively. EOF1 reflects the strengthening

of the Ferrel Cell, with the corresponding principal component (PC1) dis-
playing a decadal enhancement since 1998, closely aligned with the tropical
expansion (correlation coefficient = 0.77) (Fig. 8a, ¢). Meanwhile, the EOF2
captures the southward shift of the Ferrel Cell, centered around 50°S. The
corresponding PC2 shows a strong annual enhancement from 2021 to 2023
(Fig. 8b, d), indicating a pronounced southward shift of the Ferrel Cell
during TD_LN2023.

To demonstrate the connections between the southward shift of the
Ferrel Cell and circulations, we conducted regression analysis between PC2
and the circulations (Fig. 9). A positive PC2, indicative of a southward shift
of the Ferrel Cell, is associated with positive temperature anomalies in the
mid-latitude troposphere, corresponding to the descent branch of the Ferrel
Cell, while the Antarctic stratosphere exhibits significant cold anomalies
(Fig. 9a). These anomalies closely align with observations (Fig. 6a). Similarly,
the temperature patterns are consistent with a stronger stratospheric jet
stream and an intensified mid-to-high latitude jet stream (Fig. 9b). Hor-
izontally, a positive PC2 is linked to a PSA-like pattern with a sig-
nificant deepening of the ASL (Fig. 9¢). The southward shift of the
westerlies also enhances the Ekman suction (Fig. 9d), facilitating
upwelling of warm subsurface water. As a result, the circulation
anomalies associated with a positive PC2 contribute to a substantial
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sea ice loss in the northern Weddell Sea, Ross Sea, and along the
coastal regions of East Antarctica, while also driving a substantial
increase in total precipitation over East Antarctica and the Antarctic
Peninsula (Fig. e, f). Overall, these ice anomalies closely resemble
the sea ice and SMB changes depicted in Figs. 1-2, further reinforcing
the strong connection between the southward shift of the Ferrel Cell,
regional sea ice retreat, and increased precipitation along the Ant-
arctic coasts.

Compared to the circulation anomalies associated with PC2
(Figs. 9 vs. 10), the key distinction is that PC2 exhibits a zonally symmetric
westerly jet strengthening, whereas PC1 is zonally asymmetric, linked to
the deepening of the ASL, with westerly jet strengthening at the 50°-60°S
and the increased precipitation north of 60°S in the Pacific sector. Clearly,
the net impacts on Antarctic sea ice are distinctly different from those of
PC2, which is related to a decrease in sea ice (Figs. 9e vs. 10e). Several
previous studies have shown that a deepening ASL can lead to regional SIE
expansion'””***¥, We also note that PC1 shows pronounced positive
anomalies during TD_LN2001, which corresponds to a slightly increase in
SIE, in contrast to the response observed during TD_LN2023. The physical
connections between the southward shift of the Ferrel Cell and changes in
Antarctic sea ice and ice sheet mass are further illustrated in Fig. 11.

Discussion

We find that the enhanced tropical-Antarctic teleconnections during
TD_LN2023 might have contributed to the dramatic changes in Antarctic
sea ice and ice sheet, and their characteristics through the Ferrel Cell
mechanism (Fig. 11). Compared to the previous TD_LN event, several
factors contributed to the enhancement during TD_LN2023.

Firstly, although the difference in the Nifio 3.4 index between the two
TD_LN events is moderate (Fig. S2), the two events correspond to different
responses of the Ferrel Cell—one involving strengthening and the other a
southward shift (Fig. 3e vs. a). As shown in the regression analysis above, the
strengthening of the Ferrel Cell (i.e., PC1) contributes to the expansion of
the SIE, while the southward shift of the Ferrel Cell (i.e., PC2) leads to a

retreat of the SIE and ice sheet mass gain. This suggests that the mid-latitude
responses to the TD_LN events are crucial in driving the contrasting effects
on Antarctic sea ice.

Secondly, as demonstrated above, PCl1 has shown a decadal
enhancement since 1998. Positive PC1 is related to the increased westerly
jet over the 50°-60°S latitude band and increased SST over the sub-
tropical Pacific (Fig. 10b, ¢), indicating a southward shift of the SPCZ.
The increase in the westerlies during TD_LN2023, superimposed on the
positive tend linked to the decadal enhancement of the PCI, resulted in
an enhanced Ekman suction and a stronger wave train. It is worth noting
that both PC1 and PC2 exhibit strong correlations with the SAM, with
coefficients of about 0.4 and 0.6, respectively (Fig. 8d). However, their net
impacts on Antarctic sea ice are distinctly different (Figs. 9 vs. 10e). This
study thus highlights a scenario in which La Nifa events, particularly
TD_LN, combined with the tropical expansion trend and stronger
westerlies, contribute to warming in the high-latitude Southern Ocean,
contrasting with the cooling effects reported in many previous
studies®™***. The SIE retreat associated with TD_LN events is also con-
sistent with findings based on the Coupled Model Intercomparison
Project Phase 6 under a high-emission scenario®.

Thirdly, around 2015/16, a transition in the Antarctic sea ice state
occurred, shifting from a positive trend to a low level of SIE. The shift
coincided with substantial warming of subsurface waters south of
approximately 55°S and a significant increase in Southern Ocean heat
content™. The Antarctic sea ice is more vulnerable for warmer subsurface
water that is vertically advected by the enhanced Ekman suction.

Finally, ongoing anthropogenic global warming has amplified the
effects of ENSO by increasing both atmospheric water vapor content and
temperature’'. Previous studies’” have shown that both La Nifa events and
global warming can drive the southward shift of the Ferrel Cell. The
strengthening of the Ferrel Cell further enhances the poleward transport of
moist static energy from mid- to high- latitudes, contributing to pronounced
sea ice loss and increased precipitation increase over the Antarctic coasts™.
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Under global warming, multi-year La Nifa events are projected to
occur more frequently’>”. The tropical-Antarctic teleconnections introduce
considerable internal variability and uncertainty into long-term predictions
of the Antarctic surface climate. In this context, the responses of the mid-

latitudes, particularly the Ferrel Cell, are of critical importance.

Methods

Data

The monthly sea ice concentration (SIC) for the period of 1979-2023 is
obtained from the National Snow and Ice Data Center (NSIDC). This
dataset is derived from the Nimbus-7 Scanning Multichannel Microwave
Radiometer (SMMR), the Defense Meteorological Satellite Program
(DMSP) Special Sensor Microwave Imager (SSM/I), and the DMSP Special
Sensor Microwave Imager and Sounder (SSMIS) sensors using the NASA
team algorithm™. The data are provided on the polar stereographic pro-
jection with a spatial resolution of 25 km. The SIE is defined as the total area
of a pixel covered by at least 15% SIC.

The Global Sea Ice Concentration data set from the EUMETSAT
Ocean and Sea Ice Satellite Application Facility (OSISAF) spans 1979
through the present. The data are generated using brightness temperature
measurements from the Scanning Multichannel Microwave Radiometer
(SMMR), the Special Sensor Microwave/Imager (SSM/I), and the Special
Sensor Microwave Imager/Sounder (SSMIS) sensors aboard various Nim-
bus and Defense Meteorological Satellite Program (DMSP) satellites.

The monthly data of the ERA5 over the same period are used in this
study™, including mean sea level pressure (SLP), zonal and meridional
winds, temperature, geopotential height, specific humidity, total precipita-
tion (Prep), total column ozone (TCOs) and surface heat fluxes.

Sea surface temperature (SST) data are obtained from the NOAA
Extended Reconstructed Sea Surface Temperature V5 (ERSSTv.5) with a
resolution of 2° x 2° and for the years 1979 to 2023°°. When sea ice is present,
the SST values are adjusted to the freezing temperature of sea-
water (—1.8 °C).

Ocean temperature data from 2004 to 2023 are derived from the
extension of the gridded Argo data product as described in Roem-
mich and Gilson”. This product provides a 1°x 1° gridded atlas of
monthly mean profiles for ocean temperature and salinity from the
surface to 2000 dBar (hPa), based on data from Argo profiling floats.
While this dataset does not include shipboard measurements, it
provides broad spatial coverage of the Southern Ocean within a
homogenous dataset.

The ocean temperature data are from the ocean and sea-ice reanalyses
(ORAs, or ocean syntheses) of version 5 (ORAS5), which is a global eddy-
permitting ocean and sea-ice ensemble reanalysis™.

Additionally, ocean temperature and ocean heat content (OHC) data
are obtained from the 4™ version of the Institute of Atmospheric Physics
(IAPv4) objective analysis product™.

RACMO2.4P1 data set includes the surface mass balance (SMB)
components, surface energy budget variables and near-surface climate
variables as is simulated by the regional atmospheric climate model RAC-
MO2.4p1 over Antarctica from January 1979 to December 2023%.

Climate indices

Sea ice extent (SIE) is defined as the total area covered by at least 15% sea ice
concentration (SIC). The Nifio 3.4 index is the area-averaged SST anomaly
from 5°S-5°N in latitude and 170°E-120°W in longitude.
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mass balance (SMB, contours; kg/m?). Dots denote the regression coefficients sig-
nificant at 95% confidence level. Black line in e represents the climatological sea ice
edges (15% SIC).

The strength of the stratospheric polar vortex in the SH is computed as
the zonal mean zonal wind at 10 hPa and 60°S (U10_60S).

The Southern Annular Mode (SAM), which is the dominant mode of
middle-to-high latitude climate variability. Here, the SAM index is defined
as the difference in zonal mean SLP between 40°S and 65°S°".

The ASL index is defined as the area-averaged SLP within the domain
of 170°E to 298°E in longitude and 60°S to 80°S in latitude®.

The Pacific South American (PSA) pattern is characterized by a
stationary Rossby wave train originating from the tropical central Pacific,
with major anomaly centers located to the east of New Zealand, in the
Amundsen-Bellingshausen Seas, and near the southern tip of South
America. Following the Yuan and Li%, the PSA pattern index is defined
by monthly geopotential height (GPH) anomalies at 250 hPa (Z250) at
three anomalous centers: to the east of New Zealand, in the Amundsen
Sea, and in the Southwest Atlantic. This definition is expressed as:

H1+H2—-H3
3

PSA =

Here, we use Z250 values at the following coordinates for H1, H2, and H3,
respectively: 45°W, 50°S; 170°W, 45°S; and 120°W, 67.5°S.

Polar vortex breakup date is defined as the transition from westerlies to
easterlies at 10 hPa and 60°S (U10_60S)**.

The Southern Hemisphere Hadley Cell edge is used to indicate the
tropical expansion, which is defined as the latitude where the mean mer-
idional MSF reaches zero at 500 hPa of the Southern Hemisphere®.

Mass stream function (MSF)
The strength of the Ferrel Cell is measured by the mean meridional MSF*,
which is calculated as

2 Ps
MSF = —“a;"s‘l’ / v(p, ¢)dp
P

where a, ¢, p and v denote Earth’s radius, latitude, atmospheric pressure,
zonal mean meridional wind, respectively.

MSE and its poleward transport and divergence
The MSE is calculated as the summation of three terms and are shown
below:

MSE=c¢,T+L,q+g
C, denotes the specific heat at constant pressure, L, denotes latent heat of

vaporization, and g, z are the gravitational constant and the geopotential
height, respectively. The meridional transport of the MSE is defined as the

npj Climate and Atmospheric Science| (2025)8:173


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01066-0 Article
a Reg_PC1_ZMT b Reg_PC1_zZMZzU
10 10 —
20 20
50 50
g g
= £
[
E 100 % 100
o a
200 200
-70 —60 - —-40 -30 -20 -50 -20
Latitude (S-N) Lat (S-N)
-1.0 -0.6 -0.2 0.2 0.6 1.0 -2.0 -1.5-1.0-05 0.0 05 1.0 15 20
(o] Temp (K) d uwnd (m/s)
eg_PC1_SST&Z250 .
- Reg_PC1_Ekman_pumping_rate&U250
20°S 20°S  40°S [Tam O B 07| 40°5
40°S B 40°S 60°S - 60°S
60°S 60°S 80°S e 2 SEEEEL, 2 0 80°S
80°S : : : 80°S 0° 60°E 120°E 180° 120°W 60°W
E 4 . X X ZE
0° 60°E 120°E 180° 120°W 60°W
S 2000
-1.0 -0.6 -0.2 0.2 0.6 1.0
e -04 -03 -02 -0.1 ss(#%() 0.1 0.2 0.3 0.4 f Ekman pumping rate (cm/day)
Reg_PC1_Prep&SMB
40°S =

Reg_PC1_SIC
v 7

120°E

-3 b 3 5

1 1
SIC (%)
Fig. 10 | Strengthening of the Ferrel Cell and the associated changes in circula-

tions, sea ice and SMB. a—f Regression coefficients between the first principal
component (PC1) and annual mean key variables over 1980-2023: (a) zonal mean
temperature (ZMT), (b) zonal mean zonal wind (ZMZU), (c) Sea surface tem-
perature (SST, shading) and geopotential height at 250 hPa (Z250, contours; meter).

N

120°E

-3 -1

1 3 5
Prep (ka/m2)

d Ekman pumping rate (shading) and zonal wind at 250 hPa (U250, contours; m/s),
(e) Sea ice concentration (SIC), and (f) precipitation (Prep, shading) and surface
mass balance (SMB, contours; kg/m?). Dots denote the regression coefficients sig-
nificant at 95% confidence level. Black line in (e) represents the climatological sea ice
edges (15% SIC).

mathematical product of the meridional wind (v) and MSE. The formula is
shown below:

MSE transport = vMSE
The meridional divergence of the MSE transport is defined below,

3(vMSE)

MSE divergence = 3

Net surface heat flux (Qnet)
Qnet is calculated as the summation of the net surface radiative fluxes and
turbulent heat fluxes and are shown below:

Qnet = Qlw + Qsw + Qlat + Qsen

Qlw, Qsw, Qlat, and Qsen denote the net longwave radiation, net
shortwave radiation, latent heat flux and sensible heat flux, respectively. By
convention, the surface fluxes are positive downward.

Eliassen-Palm (E-P) flux vector

We use E-P flux to diagnose planetary wave activities and subsequently
wave-mean flow interaction, which is one of the major mechanisms of the
stratosphere-troposphere coupling. Following the textbook”, in log-
pressure coordinate, the EP flux is defined as

ve
20/ Bz'f]

where p,, f and a are air density, the Coriolis parameter and the Earth’s
radius; zand (7 arelog-pressure height and latitude; the 0 is the zonal mean
potential temperature, and u/v/, v'6' are the vertical eddy heat the
momentum fluxes. Following linear theory, upward E-P flux vectors
indicate that planetary waves propagate upward and an E-P flux
convergence above indicates that breaking planetary waves are exerting a
drag on the mean flow causing a deceleration of the mean flow. Rossby
Wave Source (RWS). The RWS is defined as in Sardeshmukh and
Hoskins®,

[Fg,FP] = pyacos & [—W,

RWS=V -V (f+()

npj Climate and Atmospheric Science| (2025)8:173

10


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01066-0

Article

Fig. 11 | Schematic illustration of the connections
between the tropical triple-dip La Nifia events and
Antarctic surface climate changes through the
southward shift of the Ferrel Cell. The diagram
illustrates the southward shift of the Ferrel Cell
(green arrows), which drives the southward advec-
tion of heat and moisture (red arrows) (contributing
to sea ice decrease), and shifts rainfall southward
(supporting ice sheet mass increase). This shift also
strengthens the westerly jet (large arrow), sustained
by enhanced stratosphere-troposphere coupling.
Changes of westerly jet further intensify Ekman
suction (white arrows) (promoting additional sea ice
loss). Horizontally, the shift is linked to an intensi-
fied Pacific-South American (PSA) pattern (brown
circles) (contributing to regional sea ice decrease).
The enhanced tropical-Antarctic teleconnections
during TD_LN2023 occurred against the back-
ground of tropical expansion (dark blue arrow).
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where V. denotes the divergent wind velocity, f and { denote the Coriolis
parameter and the relative vorticity, respectively.

Ekman pumping rate
Ekman pumping rate induced vertical velocity is calculated as follows,

“5(50)

where 7, is the surface wind stress vector (7, 7,,), f is the Coriolis pari—

meter and p is the density of seawater, approximated here as 1025 kg m .

T

e = (e of) = 2 ()

Data availability

All the data analyzed here are openly available. ERA5, https://cds.climate.
copernicus.eu/datasets/reanalysis-era5-pressure-levels-monthly-means?
tab=download. MERRA2, https://gmao.gsfc.nasa.gov/reanalysis/ MERRA-
2/. NSIDC sea ice, https://noaadata.apps.nsidc.org/NOAA/G02202_V4/
south/. OSISAF sea ice, https://doi.org/10.15770/EUM_SAF_OSI_0008.
ERSSTv.5, https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html.
RG_ARGO, https://sio-argo.ucsd.edu/RG_Climatology.html.  ORASS5,
https://cds.climate.copernicus.eu/datasets/reanalysis-oras5?tab=download.
IAPv4, http://www.ocean.iap.ac.cn/. RACMO2.4pl, https://zenodo.org/
records/14217232. The SAM, https://legacy.bas.ac.uk/met/gjma/sam.html.
GRACE data, https://climate.nasa.gov/vital-signs/ice-sheets/?intent=121.
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available upon request.
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