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Tripole-like Antarctic sea ice pattern
linked to remote forcing from the Indian
Ocean and Maritime Continent
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Antarctic sea ice variability has long been characterized by a dipole pattern primarily located in West
Antarctica, attributed to the Amundsen Sea Low and remote forcing from the tropical Pacific, while
variability in other sectors has received less attention. Here we reveal a tripole-like pattern of sea
ice variability spanning multiple sectors of Antarctica, comprising the classic dipole together with
seasonally varying centers in East Antarctica during austral winter and spring. Using observational
analyses and numerical experiments, we demonstrate that, unlike the dipole, this tripole is not
governed solely by the Amundsen Sea Low. Instead, it emerges from paired atmospheric circulation
anomalies that impose coherent wind forcing along the sea ice edge, initiated by Rossby wave trains
from the Pacific, Indian Ocean and Maritime Continent. These findings provide a broader framework
for Antarctic sea ice variability and highlight previously overlooked Indian Ocean-Maritime Continent

drivers of Antarctic climate predictability.

The dipole sea ice pattern has been recognized as the dominant mode of the
inter-annual Antarctic sea ice variability, manifesting as seesaw-like sea-ice
anomalies between the Ross-Amundsen Seas and Bellingshausen-Weddell
Seas around West Antarctica'”. Despite this, the inter-annual variability of
Antarctic sea ice exhibits pronounced regional differences, and emerging
evidence suggests that variability in East Antarctic sea ice, particularly in
regions west of the Ross Sea and east of the Weddell Sea, may rival the
variability observed in the West Antarctic*. These regions exhibit variability
of a similar magnitude to the Antarctic Dipole™’, emphasizing the necessity
of investigating the broader spatial distribution and seasonal dynamics of
the pan-Antarctic sea ice variability.

The inter-annual variability of the Antarctic sea ice, in particular the sea
ice dipole pattern, is considered to be driven by the local atmospheric
dynamics, such as the Amundsen Sea Low (ASL)"™". The ASL represents the
most prominent low-pressure center associated with leading modes of
Southern Hemisphere atmospheric variability: the Southern Annular Mode
(SAM)'"**. Anomalous shallowing of the ASL drives the Antarctic Dipole
through opposing thermal advection*"*'* and mechanical forcing”"”. Fur-
thermore, other circulation centers associated with the SAM may also
influence Antarctic sea ice patterns™'’. These centers are interconnected by
Rossby wave dynamics, emphasizing the potential for examining Antarctic

sea ice variability through the lens of linked circulation centers across the
continent, rather than limiting analyses to West Antarctica and ASL.

While these atmospheric circulation centers around Antarctica drive
the redistribution of Antarctic sea ice, they are further modulated by
tropical-polar teleconnections'”'®, with sea surface temperature (SST)
variability across all three tropical ocean basins serving as key triggers. These
teleconnections, triggered by tropical variability, propagate to the high-
latitude Southern Hemisphere through Rossby wave dynamics. The pro-
pagation pathway depends strongly on the atmospheric mean flow"™'. In
particular, the subtropical jet serves as a waveguide and barrier to these wave
trains: the intensified anticyclonic curvature on its poleward flank creates a
channel of stationary wave trains toward Antarctica™”. Seasonal variations
in the subtropical jet alter the pathway of these wave trains by changing their
strength and phase”*”. This seasonality becomes especially pronounced
during austral winter and spring when the jet is stronger”’. The enhanced jet
structure allows Rossby wave activity from the tropics to propagate more
efficiently into high latitudes, further seasonally impacting Antarctic sea ice
variability.

Building on this general framework, previous studies have identified
several specific teleconnection pathways linking individual tropical basins to
Antarctica. The Pacific-Antarctic teleconnections, driven by El Nifo/
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Southern Oscillation (ENSO)-related tropical atmospheric deep
convection””, have been the most extensively investigated”>**™*'. The
ENSO-induced stationary Rossby wave train, referred to as the Pacific South
America pattern’>”, propagates southeastward to Antarctica™, interacting
with the ASL to amplify the Antarctic Dipole around West Antarctica™"".
Similarly, warm SST anomalies in the tropical Atlantic can deepen the ASL
through poleward-propagating Rossby wave trains**’. While these Pacific
and Atlantic influences predominantly affect West Antarctic sea ice,
emerging evidence shows that the Indian Ocean can modulate not only
West Antarctica but also East Antarctica®*”**, with its impacts strengthening
during austral winter and spring.

Despite recent progress, our understanding of Antarctic sea-ice
variability remains incomplete. While the Antarctic Dipole is widely
recognized as the leading mode of interannual variability driven primarily
by ENSO, the pronounced seasonality of tropical-Antarctic teleconnec-
tions, together with growing evidence for Indian Ocean influence, raises the
prospect that East Antarctic sectors may host variability centers of com-
parable magnitude during specific seasons. This has not yet been system-
atically explored. Moreover, even if such seasonally dependent centers exist,
it remains unclear how concurrent forcing from multiple tropical basins
combines to shape Antarctic sea-ice variability, and how individual basins
contribute to the resulting patterns. These unresolved questions motivate
our examination of the dominant sea-ice variability mode in each season
and the basin-specific tropical-Antarctic pathways that generate these
patterns.

Here, we investigate the seasonal differences in the inter-annual
variability of the pan-Antarctic sea ice and its linkage to local atmospheric
circulation and remote tropical forcing. Our results reveal a tripole-like sea
ice pattern in both austral winter and spring, characterized by a distinct
seasonal displacement in spatial structure. While the well-known Antarctic
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Fig. 1| Seasonal differences in the inter-annual variability of the Antarctic sea ice
tripole. a-e First EOF mode of sea ice edge anomalies (30% sea ice concentration,
SIC) around Antarctica for the period 1979-2023 (see “EOF analysis” in Methods).
The anomalies are shown for a annual, b austral summer (December-January-

February, DJF), ¢ autumn (March-April-May, MAM), d winter (June-July-August,

Dipole is primarily driven by ENSO-related ASL variability, the sea ice
tripole is more closely linked to the positioning of atmospheric “circulation
pairs.” This circulation pattern consists of three pressure centers that reg-
ulate surface winds near the sea ice edge and generate pronounced sea ice
anomalies in each season. Importantly, these circulation structures are
modulated by seasonally distinct Rossby wave trains originating from dif-
ferent regions of the tropical Indo-Pacific, underscoring the pivotal role of
tropical-polar teleconnections in shaping Antarctic sea ice variability.

Result

Structure and seasonal differences of the Antarctic sea ice
tripole

The dominant inter-annual variability of Antarctic sea ice is characterized
by the Antarctic Dipole, defined by the first mode of empirical orthogonal
function (EOF) decomposition"” of the Southern Ocean sea ice (Fig. 1) (see
“EOF analysis” in “Methods”). The Antarctic Dipole represents a seesaw-
like pattern between the Ross—Amundsen and Bellingshausen-Weddell
Seas (box I-II in Fig. 1a), mainly centered over the ocean sectors around
West Antarctica. This sea ice variability is primarily driven by the local
atmospheric circulation through thermal advection and mechanical
forcing*"*", and is further linked to tropical ocean variability through
atmospheric teleconnection'”",

To better clarify the seasonal differences of this dipole pattern, we
conducted a similar EOF analysis for all four seasons. Results show distinct
features across different seasons: autumn (March-April-May, MAM,;
Fig. 1¢) is the only season that shows a clear dipole-like sea ice pattern, while
the leading mode of sea ice variability in summer (December-January-
February, DJF; Fig. 1b) exhibits a basin-scale uniform feature, representing
an increase (or decrease) of the Antarctic sea ice across the entire Southern
Ocean. Interestingly, the main feature of the leading sea ice mode for austral
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JJA), and e spring (September-October-November, SON). The red boxes I and blue
boxes IT highlight the traditional Antarctic Dipole structure in (a), while the boxes III
in (d, e) represent the emerging Antarctic sea ice Winter Tripole (AWT) and the
Antarctic sea ice Spring Tripole (AST) patterns, respectively.
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Fig. 2 | Local circulation pairs controlling the Antarctic sea ice tripole. Regres-
sions of 500 hPa geopotential height (H500; contours at 6 gpm intervals) against the
AWT index during JJA (a) and against the AST index during SON (b). Black
contours denote the 10 and 80% seasonal-mean SIC, and shading indicates regions
where the SIC standard deviation exceeds 22%. Regressions of 2 m-temperature

(T2m; shading) and wind stress (green arrows) against the AWT during JJA (c) and
against the AST index during SON (d). Red (blue) contours indicate positive
(negative) SIC anomalies of +5% (-5%) in Fig. 1 d, e. Stippling in c, d represents the
areas with statistically significant regression coefficients at a level of <5% based on
Student’s ¢ test.

winter (June-July-August, JJA; Fig. 1d) and spring (September-October-
November, SON; Fig. 1e) both display tripole-like patterns that extend into
other ocean sectors beyond West Antarctica, hereafter referred to as the
Antarctic sea ice Winter Tripole (AWT) and the Antarctic sea ice Spring
Tripole (AST), respectively. The AWT, explaining 23.8% of wintertime sea
ice variance, is characterized by a classic Antarctic Dipole pattern (box I-Il in
Fig. 1d), alongside a newly identified negative sea ice anomaly center in the
King Hakon Sea (box ITIywr in Fig. 1d). Similarly, the AST, accounting for
19.9% of the interannual variance in SON, features dipole-like anomalies
(box I-II in Fig. le) and a pronounced positive anomaly center over the
Dumont d’Urville Sea (Il st in Fig. le).

These observed anomaly centers of the Antarctic tripole (box I-III in
Fig. 1d, e) may be partially influenced by the internal sea ice variability. To
illustrate the spatial distribution of this variability, we examine the mean
values (Supplementary Fig. 1a, b) and standard deviations (Supplementary
Fig. 1¢, d) of SIC during austral winter and spring. In particular, we highlight
the transitional belts where SIC ranges from 10 to 80%, delineated by black
contours. Notably, the anomaly centers of the Antarctic tripole (box I-III in
Supplementary Fig. 1c, d) tend to align with these transitional belts, which
feature a strong SIC gradient and large SIC standard deviations.

Given that the transitional belts are highly sensitive to atmospheric
forcing™*, it is essential to examine the role of local atmospheric circulation
in shaping the tripole-like sea ice patterns and the seasonal displacement of
the third anomaly center (box III in Fig. 1d, e).

Atmospheric circulation adjustment associated with the Ant-
arctic sea ice tripole

We define the principal component time series of the JJA and SON leading
EOF modes as the AWT and AST indices, respectively (see “EOF analysis”
in “Methods”). The regression fields are obtained by regressing each
atmospheric variable at every grid point onto these indices. The resulting
patterns show that both the AWT (Fig. 2a) and AST (Fig. 2b) are associated
with “circulation pairs” exhibiting a low-high-low anomaly pattern of the
500 hPa geopotential height (GPH). Specifically, two low-pressure centers
are located over the western Ross Sea and Weddell Sea, while a high-
pressure center is situated in the Amundsen Sea. The centers of these

“circulation pairs” lie on, or are situated close to, the transitional belts (color
shading in Fig. 2a, b), where the associated wind anomalies cut across these
sensitive transition zones, indicating that atmospheric circulation is strongly
correlated with regional sea-ice anomalies.

The local circulation regulates sea ice redistribution primarily through
thermal advection®*"* and mechanical forcing”", particularly during the
growth and maximum ice periods’. In JJA (Fig. 2a, c), the warm and cold
advection associated with the shallowing of the ASL increase sea ice over the
Bellingshausen-Weddell Seas while decreasing sea ice over the Ross-
Amundsen Seas, forming the well-established ADP"** (Fig. 1a). Addition-
ally, anomalous northeasterly winds east of the Weddell Sea Low advect
warm air from the South Atlantic into the King Hakon Sea sector, heating
the surface (orange shading in Fig. 2¢). This onshore wind (green arrows in
Fig. 2¢) and its associated warm advection reduce SIC (blue contours),
forming the third anomaly center in winter (box III in Fig. 1d). In contrast,
the anomalous circulation center near the western Ross Sea (Fig. 2a) lies
farther north of the transitional belt. As a result, the associated southeasterly
winds (green arrows in Fig. 2¢) remain weak, limiting cold air advection and
failing to create the sea ice anomaly center.

In austral spring, the low-pressure center over the Weddell Sea shifts
equatorward (Fig. 2b), while that over the western Ross Sea moves poleward
relative to JJA (Fig. 2a). The disappearance of the King Hakon Sea anomaly
center is attributed to weakened local wind stress (green arrows in Fig. 2d),
caused by the northward shift of anomalous circulation. Meanwhile, the
poleward-displaced low over the Ross Sea places its southwestern flank over
the transitional belt in the Dumont d’Urville sector. The resulting enhanced
southeasterly winds (green arrows in Fig. 2d) advect polar air into this region
(blue shading), cooling the surface and increasing SIC (red contour), thereby
forming a new anomaly center (box III in Fig. 1e).

Strong meridional winds across the sea ice transitional belt are crucial
for generating pronounced SIC anomalies, whereas weak winds produce
weak responses. Although three atmospheric pressure anomaly centers
occur in both seasons, only the two aligned with transitional belts generate
robust meridional winds, leading to two stable sea ice anomaly centers, while
the third remains variable. This highlights the tight coupling between local
atmospheric dynamics and sea ice variability. Because these “circulation
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Fig. 3 | Linkage between the Antarctic sea ice tripole and Indo-Pacific SST
variability. Correlations between tropical sea surface temperature (SST) and the
AWT index during JJA (a) and the AST index during SON (b). The Indian Ocean
(10), Maritime Continent (MC) and Pacific Ocean (PO) SST indices are calculated
as area-weighted SST averages over the IO region (left green boxes in (a, b)

0 0.3 0.6

40°E-110°E, 20°S-10°N), MC region (middle green boxes in (b) 100°E-160°E,
20°S-10°N) and PO region (right green boxes in (a, b) 180°-120°W, 20°S-10°N),
respectively. Stippling represents the areas with statistically significant regression
coefficients at a level of <5% based on Student’s t-test.
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Fig. 4 | Distinct Rossby wave trains from the Indo-Pacific Oceans modulating the
Antarctic sea ice tripole during austral winter. Partial regressions of (a) SIC
(shading) and b H500 (shading) and Plumb wave flux (arrows) against the inde-
pendent PO, index during JJA. ¢, d are the same as a, b but for the IO index (see
“Partial regression analysis” in “Methods”). The anomalies represent the response to
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a 1° variation in these SST indices. Stippling represents the areas with statistically

significant regression coefficients at a level of <5% based on Student’s ¢-test. Boxes
I-IIT highlight the development of the wintertime Antarctic sea ice tripole under both

PO and IO forcing.

pairs” reflect the impact of mid-latitude Rossby wave trains—often initiated
by tropical ocean forcing—the next section examines how tropical-polar
teleconnections shape these patterns.

Teleconnections linking tropical Indo-Pacific variability and the
Antarctic sea ice tripole
Correlation analysis reveals statistically significant associations between the
Antarctic sea ice Winter Tripole (Fig. 3a) and Spring Tripole (Fig. 3b) with
SST variability across Indo-Pacific basins. In both JJA and SON, the Ant-
arctic tripole patterns are typically linked to a broad warming signal in the
central-western Indian Ocean, accompanied by El Nifio-like SST anomaly
over the central-Pacific Ocean (Fig. 3a, b). In SON, in addition to the signals
from the Indian Ocean and central-Pacific, a significant negative correlation
emerges over the Maritime Continent. This forms a tripole SST structure,
which is an intrinsic mode across the tropical Indo-Pacific region****. These
results indicate that SST-driven atmospheric teleconnections from the Indo-
Pacific play a key role in shaping the Antarctic sea ice tripole patterns.

To assess the atmospheric response of Antarctic sea ice to Indo-Pacific
SST anomalies, we conducted a set of pacemaker experiments forced by
observed SST anomalies in Fig. 3 (see “Pacemaker experiments” in
“Methods”). By imposing basin-wide Indo-Pacific SST anomalies on the
coupled air-ocean-ice system, these experiments evaluate the integrated
remote influence of SST forcing. The simulations (Supplementary Fig. 2)
reasonably reproduce the observed Antarctic sea-ice tripole patterns in both

seasons. Minor regional differences are mainly confined to the systematic
model bias in sea ice extent and variability”. For example, the simulated
third center exhibits modest longitudinal shifts, moving westward in both
seasons (box IIIzwr and Ilzsr in Supplementary Fig. 2) relative to the
observed locations (box IIIwr and IIzgr in Fig. 1d, e).

Although the pacemaker experiments support the combined influence
of tropical Indo-Pacific SST variability on Antarctic sea ice tripole patterns,
the individual contributions of each basin remain unclear. To isolate these
effects, we extracted SST indices from the Indian Ocean (IO), Maritime
Continent (MC), and central-Pacific Ocean (PO) regions (green boxes in
Fig. 3) of the Indian Ocean (IO), Maritime Continent (MC), and applied
Gram-Schmidt orthogonalization to obtain a set of independent SST
indices (see “Partial regression analysis” in “Methods”). We then examined
how each index influences sea ice and its associated Rossby-wave pathways
using observational data (Figs. 4 and 5), and subsequently evaluated these
pathways using atmospheric transient experiments (Supplementary
Figs. 4 and 5) (see “Atmospheric transient experiments” in “Methods”). In
these simulations, SST anomalies associated with each tropical basin are
prescribed separately, allowing us to isolate the basin-specific atmospheric
forcing responsible for generating distinct Rossby wave trains.

During JJA, we examine the respective impacts of SST variability in the
central Pacific and Indian Oceans (Fig. 4). Regressions on 1 °C SST varia-
tions show that both the PO, and IO indices generate tripole-like Antarctic
sea-ice patterns (Fig. 4a, c). The PO, -related pattern (Fig. 4a) closely
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Fig. 5 | Distinct Rossby wave trains from the Indo-Pacific Oceans modulating the
Antarctic sea ice tripole during austral spring. Partial regressions of (a) SIC
(shading) and b H500 (shading) and Plumb wave flux (arrows) against the inde-
pendent PO, index during SON. c-f are the same as a b, but for the IO, and MC;
indices, respectively. The anomalies represent the response to a 1° variation in these
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SST indices. Stippling represents the areas with statistically significant

regression coefficients at a level of <5% based on Student’s t-test. Boxes I-II in

(a) show the classic dipole structure under PO, forcing, while the additional box
I gy in (b, ¢) highlight the emergence of a springtime tripole under IO, and MC .
forcing.

matches the leading EOF mode (Fig. 1d), whereas the IO, -related pattern
(Fig. 4c) is displaced eastward by ~20°, with anomalies concentrated in the
Weddell and King Hakon VII Sea (boxes I and IIT5 s in Fig. 4c). In contrast,
MC, -related SST variability during JJA does not generate statistically sig-
nificant Antarctic sea-ice anomalies or a tripole-like pattern (Supplementary
Fig. 3a), consistent with its weak relationship with AWT (Fig. 3a).
Accordingly, the following analysis focuses on the PO, - and 10, -related
atmospheric responses.

The PO, -induced Rossby wave train (Fig. 4b) originates in the
central Pacific, propagates toward Antarctica, weakens the ASL, and
deepens the Weddell Sea low, consistent with the local “circulation
pairs” (Fig. 2a). This interaction strengthens the tripole structure
through local dynamic feedback associated with surface wind anomalies.
In contrast, the I0,-induced wave train (Fig. 4d) originates in the
southern Indian Ocean and propagates eastward toward the western
Ross Sea, where most wave energy reflects back to mid-latitudes, and
only a small fraction reaches the Weddell Sea, contributing weakly to
tripole formation.

Atmospheric transient experiments confirm this contrast (see
“Atmospheric transient experiments” in “Methods”): the PO, -forced
simulation (Supplementary Fig. 4a) reproduces the anomalous high over the
Amundsen Sea and low over the Weddell Sea observed in reanalysis
(Fig. 4b), whereas the 10, -forced simulation (Supplementary Fig. 4b)
produces a similar pattern but shifted about 20° west of the observed wave
path (Fig. 4d). Additionally, the intensity of the simulated response is
approximately half of that seen in observations. This discrepancy in strength
could stem from limitations in model resolution, which may affect the
model’s ability to accurately capture interactions within the subtropical jet
and complex wave reflection processes.

In SON, we also examine the Maritime Continent due to its strong
negative correlation with the Antarctic sea-ice tripole. Partial regressions of
SIC show that patterns linked to the IO, and MC, indexes (boxes I-III in
Fig. 5¢, e) closely reproduce the observed springtime tripole (boxes I-III in

Fig. le). In contrast, the PO, -induced pattern (Fig. 5a) resembles a classic
dipole, failing to reproduce the third anomaly center over the Dumont
d’Urville Sea (box III sy in Fig. 1e).

To further understand these differences, we examine the associated
Rossby wave trains. The IO, -related Rossby wave train exhibits marked
seasonality: in SON, its wave flux (Fig. 5d) intensifies and shifts west of the
dateline compared to JJA (Fig. 4d), significantly deepening the low-pressure
anomaly over the western Ross Sea and reinforcing the spring tripole
(Fig. 5¢). In contrast, the PO, -induced wave train maintains a similar
structure between JJA (Fig. 4b) and SON (Fig. 5b), but its influence on the
Ross and Weddell Seas weakens during SON, particularly over the Ross Sea,
which is crucial for tripole formation. The MC -induced wave train (Fig. 5f)
originates from the subtropical eastern Indian Ocean and strengthens the
low-pressure anomaly over the western Ross Sea, facilitating the develop-
ment of the third anomaly center over the Dumont d’Urville Sea (box III st
in Fig. 5e).

Atmospheric transient experiments further support these findings: the
10, - and MC, -forced simulations (Supplementary Fig. 5b, ¢) reproduce the
observed Rossby wave paths and enhance the western Ross Sea Low,
whereas the PO, -forced simulation retains only a limited impact (Supple-
mentary Fig. 5a).

Therefore, partial regression and transient experiments confirm that
Rossby wave trains from different basins display contrasting seasonal
behavior. To investigate the origin of this contrast, we further analyze the
moderating role of the Southern Hemisphere mean flow in shaping Rossby
wave trajectories. The subtropical jet (black contours in Fig. 6) forms a broad
imaginary wave number region (white zone in Fig. 6) south of the jet core,
which acts as a barrier to the wave propagation (see “Rossby wave number”
in “Methods”). This barrier strengthens in JJA and weakens in SON. In both
seasons, wave activity originating from the central Pacific (red arrows)
crosses the barrier-free region and produces the eastern high-low “circu-
lation pair” (red and blue solid circles), thereby contributing efficiently to the
winter tripole.
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In contrast, the pathways of wave trains originating from the Indian
Ocean and Maritime Continent depend strongly on the seasonal config-
uration of the subtropical jet. During JJA (Fig. 6a), the strengthened barrier
deflects Indian Ocean wave activity (blue arrows) past the Ross Sea, allowing
it to reach the King Hakon VII Sea, supporting the winter tripole. During
SON (Fig. 6b), the barrier contracts westward, allowing wave trains from
both the Indian Ocean (blue arrows) and the Maritime Continent (purple
arrows) to penetrate the westerlies and reach the western Ross Sea, where
they amplify the western low-high “circulation pair” (blue and red solid
circles) that characterizes the spring tripole.

In summary, reanalysis data and numerical experiments reveal that
Antarctic sea ice tripole patterns result from both combined and basin-
specific Indo-Pacific SST effects. The central Pacific dominates in winter,
while the Indian Ocean and Maritime Continent prevail in spring. Seasonal
shifts in Rossby wave propagation, shaped by background flow and wave-
guides, drive the shift of the third anomaly center within the tripole.
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Fig. 6 | Southern Hemisphere mean flow related to Rossby wave dynamics. Rossby
wave number (K) during JJA (a) and SON (b). The black contour represents the mean
state of 200-hPa zonal wind speed, which indicates the strength of the subtropical jet.
South of the jet, strong zonal wind shear generates regions of negative zonal wind
velocity, resulting in areas of imaginary K (white shading) that act as reflective barriers
to wave propagation (see “Rossby wave number” in “Methods”). Colored arrows
indicate stationary Rossby wave trains triggered by tropical forcing from the IO (blue),
PO (red), and MC (purple). Red (blue) circles denote the anomalous high (low) cir-
culation centers in the “circulation pair.” Solid contours denote circulation anomalies
located sufficiently close to the sea ice edge to influence the tripole pattern, whereas

dashed contours indicate weaker or more distant anomalies with limited impact.

Discussion

By revealing the tripole-like Antarctic sea ice anomaly patterns (AWT and
AST), this work extends the traditional Antarctic Dipole framework to
coherent variability across multiple Southern Ocean sectors. A third
anomaly center emerges in different regions across seasons—over the King
Hakon VII Sea in winter and the Dumont d’Urville Sea in spring (Fig. 7).
This highlights a more complex interannual spatial structure of Antarctic
sea ice variability than previously recognized.

These tripole patterns are not merely extensions of the ASL-induced
dipole but are shaped by “circulation pairs,” whose strong meridional
winds cut across dynamically sensitive transitional sea-ice belts,
emphasizing the role of regional atmospheric dynamics. These “circu-
lation pairs” are, in turn, modulated by Rossby wave trains excited by
tropical SST variability, thereby linking local dynamics to remote tropical
forcing. Our results underscore that SST variability across the tropical
Indo-Pacific exerts both synergistic and basin-specific influences on
Antarctic sea ice through distinct Rossby wave pathways (arrows in
Fig. 7). While previous studies have primarily focused on the remote
effects of the Pacific™”™' and Atlantic*™ on Antarctic sea ice, our
analysis reveals a clearer differentiation among the tropical Indo-Pacific
regions. The central Pacific dominates the formation of the tripole pat-
tern in winter through robust wave trains, whereas in spring, the Indian
Ocean and Maritime Continent emerge as key contributors—particularly
in shaping the third anomaly center.

In JJA (Fig. 7a), stationary Rossby wave trains (arrows) triggered by
SST warming in the Indian and central Pacific Oceans (orange shading)
propagate into Southern Hemisphere mid- to high latitudes and generate
paired circulation anomalies around Antarctica (contours). These “circu-
lation pairs” intersect transitional sea ice zones, producing a
negative—positive-negative tripole from the Ross to the King Hakon VII Sea
(brown-gray-brown shading), driven by thermal advection and mechanical
forcing. The subtropical jet (blue belts) regulates the poleward penetration of
the wave trains. In SON (Fig. 7b), the weakened subtropical jet (blue belts)
allows wave trains from the Indian Ocean (blue arrow) and the Maritime
Continent (purple arrow) to intrude more directly into the western Ross Sea.
The “circulation pairs” tilts southeastward (contours), supporting a
positive-negative—positive tripole from the Dumont d’Urville to the Wed-
dell Sea (gray-brown-gray shading). Together, these results establish a
refined physical framework linking tropical Indo-Pacific SST variability to
Antarctic sea ice anomalies and highlight the overlooked roles of the Indian
Ocean and Maritime Continent teleconnections in Antarctic sea ice
predictability.

The classic Antarctic Dipole pattern has been recognized for more
than two decades'’, with a primary focus on sea ice variability around
West Antarctica. However, sea ice variability over King Hakon VII Sea
and Dumont d’Urville Sea exhibits a similar magnitude to that in West
Antarctica’, yet its structure and driving forces have not received

Fig. 7 | Schematic diagram of Rossby wave train
linking tropical ocean and the Antarctic sea ice
tripole. Arrows indicate wave trains triggered by
SST anomalies (warm and cold shading) in the
Indian Ocean (blue), central Pacific (red), and
Maritime Continent (purple). These wave trains
propagate across the subtropical jet (blue contours),
interact with high-latitude circulation (red and blue
contours around Antarctica), and modulate the
spatial structure of sea ice tripole patterns (brown
and gray shadings). a In austral winter (JJA), central-
Pacific SST warming dominates the tripole forma-
tion, with supplementary influence from the Indian
Ocean. b In austral spring (SON), Indian Ocean
warming and Maritime Continent cooling become
the main drivers.

(a) Teleconnection during JJA

(b) Teleconnection during SON
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adequate investigation. One reason this broader tripole-like pattern has
not been identified previously is that these East Antarctic centers emerge
only during specific seasons. Their sea ice cover becomes sufficiently
extensive in winter and spring to support large, coherent anomaly cen-
ters, whereas during summer and autumn the reduced ice extent masks
this variability’. At the same time, the subtropical jet is also strongest and
most coherent during JJA and remains organized in SON*, forming an
efficient waveguide that allows wave activity from tropical oceans to
reach Antarctica®. In contrast, the weakened summer jet limits Rossby-
wave penetration into polar latitudes, and the reduced sea ice extent
limits the surface expression of anomalies, suppressing the tripole during
DJF and MAM.

The tripole-like pattern identified here emerges from the perspective
of sea ice-dominated variability. Although it shares some similarities with
the circulation-based zonal wave-3 (ZW3) pattern**, the two differ
fundamentally in their wavenumber characteristics and seasonal beha-
vior. ZW3 is a well-established circulation mode that peaks in austral
winter and exhibits a mean longitudinal phase shift of about 20°-40°
between seasons™*. It is characterized by six sea-ice anomaly centers
around Antarctica, with the strongest three located in West Antarctica,
reflecting the enhanced wave-packet amplitude in this region’’. This
circulation-based framework has been highly valuable for understanding
how planetary-wave variability imprints on Antarctic sea ice”. In con-
trast, when sea-ice internal variability is used as the organizing per-
spective, the leading interannual SIC mode neither displays the six-center
structure nor shows the seasonally rotating phase that typifies ZW3.
Instead, during JJA and SON, it appears as a tripole, with the dipole
centers remaining nearly stationary and only the third center shifting
between seasons. This behavior indicates that the seasonal differences of
the tripole do not arise from a rotating phase but reflect internal sea-ice
variability together with seasonally shifting Rossby-wave pathways ori-
ginating from the Indo-Pacific basins.

Rossby wave dynamics link tropical Indo-Pacific variability with
Antarctic circulation pairs, which in turn influence sea ice variability
through regional atmosphere-ocean-ice interactions. These mechanisms
allow us to establish the seasonal Antarctic sea ice tripole pattern and link
it to remote forcing from the tropics. Nevertheless, other regional pro-
cesses, such as cloud-radiative feedback™ ", ice-albedo feedback™ ", and
ocean dynamical processes***** may also contribute to this large-scale
variability. The role of these regional processes in the formation of the
Antarctic sea ice tripole will be a primary focus of our future studies. On
the other hand, the evolving influence of tropical SSTs on the Antarctic
sea ice remains an area of concern, particularly under greenhouse
warming. Recent studies'*** have reported that since the late 1990s, the
Antarctic Dipole has weakened in both its spatial structure and its tele-
connection with ENSO. These findings underscore the need to investi-
gate the inter-decadal variability of the Antarctic sea ice tripole and
disentangle the relative contributions of internal variability and external
tropical SST forcing.

This study extends the Antarctic Dipole framework by estab-
lishing a continent-wide sea ice pattern, providing a new perspective
for understanding sea ice variability across the Southern Ocean and
its seasonal characteristics. Furthermore, this study highlights the
importance of the Indian Ocean in driving the Antarctic sea ice
changes, which has, to some extent, received less attention in the
previous literature. The teleconnection between the Indian Ocean
and Antarctic sea ice, as well as its co-effects with Pacific-induced
teleconnections, may have broader implications for understanding
Antarctic climate variability and changes™**. Given the extensive
simulations and projections of tropical SST variability under multiple
future emission scenarios®”’, these teleconnection insights offer new
potential to improve Antarctic sea ice predictions on decadal time-
scales—by linking well-characterized tropical SST signals with high-
latitude sea ice responses.

Methods

Datasets

For this analysis, we employ multiple observational and reanalysis datasets
to ensure robustness and comprehensiveness. SIC and SST data are obtained
from the Met Office Hadley Centre Global SST dataset (HadISST)"”. To
further validate the sea ice patterns, additional observational datasets from
the National Snow and Ice Data Center (NSIDC)” and reanalysis datasets
from the European Centre for Medium Range Weather Forecasts
(ECMWF) Reanalysis version 5 (ERA5)™ are utilized. Atmospheric vari-
ables, including 2-m air temperature and geopotential height (GPH), and so
on, are also sourced from the ERA5 reanalysis dataset. For surface wind
stress, we use data from the ECMWF Ocean Reanalysis System version 5
(ORASS5)”. The monthly averaged data from March 1979 to February 2023
are used for EOF and regression analysis. Anomalies are computed relative
to the 1979-2023 climatological annual cycle, and all fields are detrended at
each grid point over the same period.

EOF analysis

We conduct EOF decomposition on sea ice edge (30% SIC) anomalies
(longitude-time dimension) around Antarctic regions to investigate the
annual and seasonal sea ice variability™>. We project the SIC anomalies
(longitude-latitude-time dimension) onto the first principal component to
achieve a two-dimensional spatial distribution of the dominant sea ice
variability*”. The spatial patterns reveal a tripole-like pattern of sea ice during
JJA and SON, corresponding to the AWT and AST, with the first principal
component serving as the AWT and AST index. The observed tripole-like
pattern during austral winter and summer from the HadISST dataset
(Fig. 1d, e) is validated using the NSIDC observational datasets (Supple-
mentary Fig. 6a, b) and ERA5 reanalysis datasets (Supplementary Fig. 6¢, d).

Partial regression analysis

To quantify the influence of tropical SST variability on the Antarctic sea
ice and circulations, partial regression analyses are conducted for austral
winter (JJA) and spring (SON). Three regional SST indices are defined:
area-weighted SST averages over the IO region (40°E-110°E, 20°S-10°N;
left green boxes in Fig. 3a, b), MC region (100°-160°E, 20°S-10°N;
middle green boxes in Fig. 3b) and PO region (180°-120°W, 20°S-10°N;
right green boxes in Fig. 3a, b). To maintain consistency in sign inter-
pretation, the MC index is defined as the negative SST anomaly over its
domain, thereby reflecting the impact of MC cooling on Antarctic cli-
mate. To separate the individual effects of each SST region, the SST
indices are orthogonalized using the Gram-Schmidt method”®. We
constructed the independent PO, index by removing the linear con-
tribution of the IO and MC index from the original PO index. Likewise,
the independent 10, and MC; indices are constructed by removing the
linear contributions of the other two regions. The Student’s ¢-test is used
to calculate the significance level.

Plumb wave activity flux

The Plumb wave activity flux’’ can capture stationary Rossby wave activities
using quasi-geostrophic assumptions in spherical and log-pressure coor-
dinates. Here, we combine the Plumb wave activity flux with the potential
height to investigate the role played by planetary waves in connecting the
tropics to the Antarctic, whose horizontal component F; is given by

V2 _ 1 av¢)
20Rsin2¢ oA
FH =pcospx L a(”/(pr) (1)
/)
—UWYV t 30Renze A

Where p = pressure/1000mb; ¢ and A are latitude and longitude, respec-
tively; u, v are the horizontal geostrophic wind; ¢ is the geopotential height;
Q is the Earth’s rotation rate; R is the Earth’s radius. The prime (¢/,v/, ¢)
indicates deviations from the mean state.
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Rossby wave number
The Climatological Rossby wave number” K is determined by the 200hPa
planetary vorticity  and the zonal velocity U of the background flow.

F-Uy @

Where § — U,,, represents the meridional gradient of the absolute vorticity,
and when the meridional curvature U,), is excessively large, the total wave
number K becomes an imaginary, creating a wave barrier that blocks the

wave flux and limits the propagation of the Rossby wave train.

Pacemaker experiments

Pacemaker experiments were conducted using the fully coupled Commu-
nity Earth System Model (CESM), developed by the National Center for
Atmospheric Research (NCAR)*. The model configuration corresponds to
the F19_G16 grid, with a horizontal resolution of approximately 1.9° for the
atmospheric and land components and ~1.0° for the ocean and sea ice
components. Here, CESM is employed as a dynamical framework to
examine teleconnection processes, with the pacemaker approach used to
isolate the forced response to tropical SST anomalies.

In this experimental framework, SST anomalies over the Indo-Pacific
region are imposed via mixed-layer heat flux adjustments, following the
Newtonian restoring approach. The temperature in the ocean mixed layer is
relaxed toward a prescribed target SST field T, using the formulation:

F=cD(T,—T,)/t (3)

where ¢ is the heat content of seawater, D is the mix-layer depth, T, is the
restoring target temperature, T, is the model temperature at each time step,
and 7 is the restoring timescale, which is set as 5 days in this study.

Three ensemble experiments are conducted: one control run and two
perturbed runs (for JJA and SON, respectively). In the control run, the
mixed-layer temperature over the tropical oceans (20°S-20°N), with 10°
buffer zones on both the northern and southern boundaries, is restored to
the climatology state (with 1981 to 2010 full seasonal cycle derived from the
HadISST), ensuring the tropical region remains in a neutral state. In the
perturbed experiments, SST anomalies derived from regression fields of
observed SST against the AWT and AST indices (for JJA and SON,
respectively) are superimposed on the model climatology within the same
Indo-Pacific region. Buffer zones of 10° width are retained to ensure a
smooth transition at the nudging boundaries. The Atlantic basin is always
restored to its climatological mean state to exclude potential interference,
while other regions remain freely coupled.

Each simulation is integrated for 60 years from identical initial con-
ditions. The first 20 years are discarded as spin-up, and years 21-60 are used
for analysis. The sea ice responses to Indo-Pacific SST forcing are diagnosed
as the difference between the ensemble mean of each perturbed run and the
control run.

Atmospheric transient experiments

To examine the atmospheric pathways linking tropical SST variability to
Southern Hemisphere circulation patterns, we conduct a set of transient
experiments using the Community Atmosphere Model version 5 (CAMS5)”,
developed by the National Center for Atmospheric Research (NCAR).
CAMS is the atmospheric component of the Community Earth System
Model (CESM) and is configured at a horizontal resolution of 2.5° long-
itude x 1.9°latitude with 30 vertical levels. It is coupled with the Community
Land Model version 4 (CLM4) for land surface processes. Oceanic condi-
tions are prescribed using monthly SSTs from the HadISST datasets.

A 100-year control simulation is first performed using the seasonally
varying climatological mean SST and SIC from 1981 to 2010. Twelve years
from this control run are randomly selected to initialize 12 ensemble
members.

To isolate the atmospheric response to SST variability originating from
different parts of the Indo-Pacific, we design three basin-specific experi-
ments targeting the tropical Pacific (20°S-20°N), Indian Ocean (20°S to its
northern boundary), and Maritime Continent (20°S-20°N). These non-
overlapping domains collectively span the tropical Indo-Pacific, and 5°
buffer zones are applied along the adjacent boundaries to ensure smooth
dynamical transitions.

Within each experiment, SSTs inside the target basin are replaced by
the observed monthly HadISST fields from 1979 to 2023, thereby retaining
their full interannual variability. Outside the target basin, SSTs are fixed to
the seasonally varying climatological mean (1981-2010) with no inter-
annual variability. This configuration isolates the atmospheric response to
SST variability originating solely from the selected basin.

Each ensemble member is integrated from 1979 to 2023, and the 12-
member ensemble mean is used to suppress internal atmospheric noise and
highlight the forced atmospheric response.

Data availability

The HadISST data is available at https://www.metoffice.gov.uk/hadobs/
hadisst/data/download.html. The ERAS5 reanalysis data is available at
https://www.ecmwf.int/en/forecasts/datasets/. The ORAS5 data is available
at  https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-oras5?
tab=overview. The NSIDC observational data is available at https://nsidc.
org/data/g02202/versions/4. Data to reproduce the figures of this study are
provided as Supplementary Data 1.

Code availability

The data in this study are analyzed with MATLAB, available at https://in.
mathworks.com/products/matlab.html. The code of the CESM1 model
used is available at http://www.cesm.ucar.edu/models/cesm1.2. Code to
reproduce the figures of this study are provided as Supplementary Data 1.
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