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Indian summer monsoon rainfall drives
Antarctic climate and sea ice variability
through atmospheric teleconnections
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In recent decades, Antarctica has undergone significant climate change, with most studies focusing
on the impact of oceanic multiscale variability on Antarctica, especially on West Antarctica. However,
our research reveals that Indian summer monsoon (ISM) rainfall strongly influences the austral winter
(June—August) Antarctic climate and sea ice concentration (SIC) through atmospheric
teleconnections. Diabatic heating from ISM rainfall shifts the Hadley cell northward, triggering a
Rossby wave train from the Mascarene Islands into Antarctica. This alters sea level pressure and
induces warm advection to both East and West Antarctica, leading to widespread warming.
Consequently, Antarctic SIC undergoes a tripole redistribution, with increases in the Ross and Weddell
Seas, and decreases in the Amundsen and Bellingshausen Seas. These findings emphasize the
importance of ISM rainfall in shaping Antarctic climate and SIC, suggesting ISM rainfall as a possible
contributing factor to the record-low Antarctic SIC observed during the austral winter of 2023.

In recent decades, pronounced climatic shifts have occurred in Antarctica,
with the most rapid warming observed in the western region, where
surface air temperature (SAT) has risen at roughly twice the global mean
pace'”. Byrd Station in Central West Antarctica, for instance, has recor-
ded a SAT increase exceeding 2.44 °C over the past 50 years’. These
changes in temperature have significantly impacted the Antarctic sea ice
concentration (SIC)”®. In contrast to the continuous decline in Arctic
SIC™", the Antarctic SIC initially experienced a slight increase, but this
tendency was masked by pronounced regional disparities in SIC trends'".
The Amundsen Sea and Bellingshausen Sea experienced a reduction in
SIC'*™™ whereas SIC increases were recorded in the Ross Sea and Weddell
Sea'™'®. The SIC increase reached its highest annual average in 2014,
followed by a sharp decline in 2016, and reached a historic low in 2023'".
These changes in SAT and SIC in Antarctica have significant implications
for sea level rise’"”’, polar ecosystems”**, atmospheric circulation***, and
ocean circulation®”.

In the case of drastic climatic changes in Antarctica, natural variabilities
play dominant roles, while the impact of anthropogenic forcing is com-
paratively minor”". The natural variabilities affecting Antarctica primarily
include local circulation patterns including the circumpolar zonal wave-3
and the Southern Annular Mode” >, as well as remote teleconnections from
beyond the Antarctic region''. The well-documented effect of El Nifio-

Southern Oscillation (ENSO) on Antarctica has given rise to the concept of
connections between the tropics and the poles'***. Tropical climate
variabilities, including the tropical Atlantic sea surface temperature (SST)
variability™**, the Indian Ocean Dipole (IOD)"***°, and convection over the
Maritime Continent***’, have been found to affect Antarctic climate and SIC
by generating atmospheric Rossby waves that interact with the Amundsen
Sea Low'™ on interannual timescales. Additionally, the SST anomalies in
the extratropical southern Indian Ocean can also alter the distribution of
Antarctic sea ice’””. Moreover, the Pacific Quasi-Decadal Oscillation™, the
Atlantic Multidecadal Oscillation®*>**, and the Interdecadal Pacific
Oscillation™*>** exert significant impact on decadal variability in Antarctica.
Moreover, research indicates that the pronounced warming of the tropical
Atlantic alongside the moderate cooling of the equatorial Pacific over the
20th century has contributed to the centennial-scale changes in Antarctic
snowfall”’. These remote influences typically modify the Antarctic atmo-
spheric circulation via the excitation of Rossby waves, thereby affecting
Antarctic SAT and SIC". In addition, recent studies have demonstrated that
tropical-polar teleconnections can significantly influence the variability of
atmospheric rivers over Antarctica. The atmospheric rivers carry heat and
moisture from the subtropical and mid-latitude areas of the Southern
Hemisphere toward Antarctica, notably impacting precipitation, SIC, and
the stability of the ice shelves™™".
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The Indian summer monsoon (ISM), which accounts for over 80% of
annual rainfall in the ISM region, shows considerable interannual variability
in atmospheric circulation and rainfall”. The ISM rainfall not only affects
billions of local people but also interacts with climate systems across the globe
through atmospheric teleconnections. Previous studies have revealed multi-
ple modes of interaction between ISM rainfall and polar SIC, indicating that
ISM rainfall responds to variations in SIC in both the Arctic and
Antarctic®*. Moreover, the melting of Antarctic SIC and the combined
melting of both poles exert a greater impact on the ISM rainfall than Arctic sea
ice melt alone”*. Conversely, ISM rainfall can also modulate Arctic SIC
variability””*. Beyond the polar regions, ISM rainfall can trigger atmospheric
teleconnections that have far-reaching impacts on the climate of other regions
across the globe™”". Recent research also indicates that the abnormally strong
ISM rainfall in 2022 triggered quasi-stationary Rossby wave, resulting in
persistent heatwaves in the Yangtze River basin™>’ and marine heatwaves in
the western North Pacific”*. Therefore, many studies have highlighted the
impact of the ISM rainfall on the climate of the Northern Hemisphere.

However, there has been limited research on the impact of the ISM
rainfall on the climate of the Southern Hemisphere, particularly the Ant-
arctic climate and SIC. Furthermore, research efforts have predominantly
targeted SAT and SIC changes in West Antarctica and the Antarctic
Peninsula, with East Antarctica remaining less explored, although some
sectors of its ice sheet have undergone mass reduction over recent decades’”.
Our research aims to explore the impact of the ISM rainfall on Antarctica,
particularly East Antarctica, and its underlying mechanisms. This study
plays a vital role in enhancing predictions of climate change and sea ice
distribution across Antarctica.

Results

Spatial-temporal characteristics of ISM rainfall and Antarctic SIC
To better characterize the interannual variability of ISM rainfall, we refer to
the ISM rainfall index proposed in previous studies”**, which is defined as

the regionally averaged rainfall. Based on the spatial pattern of the JJA
climatological average and standard deviation of ISM rainfall (Fig. 1a, b), we
define the standardized regional average JJA rainfall over 10°N-28°N,
70°E-100°E (red box in Fig. 1a) as the ISM rainfall index.

The empirical orthogonal function (EOF) analysis was conducted to
extract the dominant modes of the JJA Ross-Amundsen-Bellingshausen-
Weddell Seas (50°5-90°S, 120°E-10°W, Supplementary Fig. 1) SIC varia-
bility (see Methods). The leading mode (SIC-EOF1) predominantly repre-
sents a dipole pattern in sea ice, marked by opposite SIC anomalies between
the Ross-Amundsen Seas and the Bellingshausen-Weddell Seas (Supple-
mentary Fig. 2a). The first mode explains approximately 28% total variance.
In contrast, the second mode (SIC-EOF2) reveals a tripole pattern (Fig. 1c),
with SIC increasing in the Ross Sea and Weddell Sea and decreasing in the
Amundsen-Bellingshausen Seas. The second mode accounts approximately
15% of the total variance. Additionally, unlike the almost negligible corre-
lation between the first SIC mode and ISM rainfall index (Supplementary
Fig. 2b), a significant correlation (r = 0.50, p < 0.01) is observed between the
principal component (SIC-PC2) of the SIC-EOF2 and ISM rainfall index
(Fig. 1d), suggesting that the ISM rainfall may drive the aforementioned
tripole redistribution pattern. By analyzing the spatial-temporal character-
istics of ISM rainfall and Antarctic SIC, we preliminarily conclude that ISM
rainfall can influence the distribution of Antarctic SIC and, potentially, the
Antarctic climate.

The impact of ISM rainfall on Antarctica

We next examine the effects of the ISM rainfall on the JJA Antarctic climate
and explore the potential mechanisms behind these effects. To do so, we first
regressed JJA Antarctic SAT and SIC onto the ISM rainfall index. Significant
warming is observed in East Antarctica (70°5-90°S, 0°-90°E), extending to
the central part of the Antarctic continent (Fig. 2a). In addition, warming is
also detected in West Antarctica (65°S-90°S, 60°W-160°W). In contrast, the
Ross Sea and Weddell Sea experience marked cooling. Concurrently,
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Fig. 1 | The main spatial-temporal characteristic of Indian summer monsoon
(ISM) rainfall and Antarctic sea ice concentration. The a climatological average
and b standard deviation of June-August ISM rainfall (unit: mm/day). The red box
(10°N-28°N, 70°E-100°E) in (a, b) indicates the region with high rainfall and
variability, and the standardized regional average JJA rainfall within this region is

defined as the ISM rainfall index. ¢ The second empirical orthogonal function (EOF)
modes of JJA Antarctic sea ice concentration (SIC-EOF2). d The correlation coef-
ficient between principal component (SIC-PC2, blue curve) of the SIC-EOF2 and
ISM rainfall index (red curve) is 0.50 (p < 0.01). The purple contours in (a, b) indicate
the Tibetan Plateau.
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Fig. 2 | Impact of the Indian summer monsoon (ISM) rainfall on Antarctica.

June-August (a) surface air temperature (SAT, shading, unit: °C) and 10 m wind speed
(vectors, unit: ms '), b sea ice concentration (SIC, unit: 1), ¢ 200-hPa geopotential height
(shading, unit: gpm), Rossby wave source (RWS, purple contour, positive solid and

negative dashed, zero line omitted, contour interval: 1, unit: 10" s~%) and wave activity
flux (WAF, green vectors, values smaller than 0.01 are filtered out, unit: m* s ), d sea
level pressure (SLP, shading, unit: Pa) and 10 m wind speed (vectors, unit: m s7"), and

e mass stream function averaged over 60°E-100°E (shading, unit:10° kg s ") regressed
onto ISM rainfall index. The contours in (e) represent the climatological mean mass
stream function for JJA during 1979-2024 (positive solid and negative dashed, contour
interval: 1.5, unit: 10’ kg s'). The dotted areas in the shading, as well as the black vectors,
indicate significance at the 95% confidence level. The two green lines in (e) denote the
latitudinal extent of the ISM region (10°N-28°N). Circulation is clockwise (antic-
lockwise) around positive (negative) mass stream function.

significant changes in Antarctic SIC are observed, with a SIC increase in the
Ross Sea and Weddell Sea and a SIC decrease in the Amundsen-
Bellingshausen Seas, forming a tripole pattern (Fig. 2b). This fully explains
the significant correlation between the ISM rainfall index and SIC-PC2, in
view of SIC-EOF?2 representing the tripole pattern of JJA SIC variation in the
Ross-Amundsen-Bellingshausen-Weddell Seas.

Since ENSO and IOD has a significant impact on Antarctic climate and
SIC**™, as well as on ISM rainfall”>’*”, the composite analysis was con-
ducted to eliminate the influence of ENSO and IOD and obtain the pure
impact of ISM rainfall on Antarctica. We first examined extreme cases by
selecting years with high (> 1) and low (<—1) ISM rainfall index (Supple-
mentary Fig. 3). After excluding years where strong ENSO or IOD events
occurred, there are four years identified for both high and low ISM rainfall
index categories. We then compared the JJA SAT, SIC, and surface wind
between these high and low ISM rainfall index years. The differences closely
resemble the regression results, displaying that East Antarctica (60°S-90°S,
0°-100°E) warmed by more than 4 °C and West Antarctica (65°S-90°S,
60°W-160°W) warmed by nearly 3 °C (Supplementary Fig. 4a), with the
SIC variation exceeding 30% (Supplementary Fig. 4b), highlighting the
significant impact of the extreme ISM rainfall on Antarctica.

Mechanisms of ISM rainfall affecting the Antarctica
So how does ISM rainfall affect the Antarctic climate and SIC? Regression of
the Southern Hemisphere’s JJA geopotential height, sea level pressure (SLP)

and surface wind onto ISM rainfall index reveals an atmospheric tele-
connection between ISM rainfall and Antarctica. Specifically, in the upper
atmosphere, a Rossby wave train originates near the Mascarene Islands
(Rossby wave source and wave activity flux in Fig. 2c), travels across the
southern Indian Ocean, passes over East Antarctica (60°S-90°S,
60°E-120°E), extends to the Ross-Amundsen Seas, and forms two branches:
the northern branch eventually reaches the South Pacific, while the southern
branch reaches the Antarctic Peninsula (Fig. 2¢c). Due to the barotropic
structure of atmospheric teleconnections” ™, a corresponding Rossby wave
train also emerges in the lower atmosphere, which markedly increases the
SLP over East Antarctica (60°S-90°S, 60°E-120°E) and Antarctic Peninsula
while decreasing the SLP over the Ross-Amundsen Seas, thereby
strengthening the Amundsen Sea Low (Fig. 2d). The tripole SLP pattern in
Antarctica induces an anticyclone circulation (anticlockwise) over East
Antarctica (60°S-90°S, 60°E-120°E) and Antarctic Peninsula as well as a
cyclone circulation (clockwise) in the Ross-Amundsen Seas, respectively
(vectors in Fig. 2a).

The surface northerly wind on the west side of the anticyclone over East
Antarctica (60°S-90°S, 60°E-120°E) transports warm air from low latitudes
toward the Antarctic continental center, resulting in significant warm
advection (Fig. 2a). Conversely, the surface southerly wind on the east side of
the anticyclone combined with surface southerly wind on the west side of the
cyclone in the Ross-Amundsen Seas form offshore winds, leading to sig-
nificant cold advection in the Ross Sea. The surface northerly wind on the
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east side of the cyclone, combined with the surface northerly wind on the
west side of the Antarctic Peninsula anticyclone, induces warm advection,
resulting in warming of the Amundsen-Bellingshausen Seas. In contrast, the
offshore wind on the east side of the Antarctic Peninsula anticyclone leads to
cooling in the Weddell Sea. The presence of offshore and onshore winds not
only induces temperature advection, altering the SAT over the Antarctic
continent, but also significantly affects SIC, which is the SIC tripole redis-
tribution mentioned above (Fig. 2b). The Rossby wave train in the Southern
Hemisphere is more pronounced in the differences in JJA geopotential
height and SLP between high and low ISM rainfall index years (Supple-
mentary Fig. 4¢, d). Correspondingly, a strong anticyclone develops over
East Antarctica (60°S-90°S, 60°E-120°E) and Antarctic Peninsula, and a
strong cyclone develops over the Ross-Amundsen Seas. This indicates that
the wave train in the Southern Hemisphere induced by ISM rainfall can
occur independently of ENSO and IOD influences.

However, the impact of ISM rainfall in the Northern Hemisphere on
Antarctica cannot be attributed solely to atmospheric Rossby wave train.
The mechanisms also involve the atmospheric meridional overturning
circulation adjustment, which can cross the equator. During normal ISM
rainfall index years, the ascending branch of the JJA Hadley cell (contours
in Fig. 2e) in the Indian Ocean is located slightly north of the equator,
while the descending branch is situated over the Mascarene Islands in the
southern Indian Ocean, forming the Mascarene High. The regression of
the JJA mass stream function, averaged over the region 60°E-100°E,
representing the atmospheric meridional overturning circulation, onto
the ISM rainfall index reveals that the Hadley cell’s ascending branch
shifts further north under the influence of ISM rainfall, moving closer to
the ISM region compared to the normal meridional overturning circu-
lation (Fig. 2e). The descending branch of the Hadley cell in the southern
Indian Ocean also shifts northward, causing the Mascarene High to
migrate north and generating a meridional pressure gradient. Addi-
tionally, the northward shift of the Hadley cell’s descending branch leads
to subtropical convergence, and the interaction with intense zonal wind
shear (Supplementary Fig. 5) results in anomalous Rossby wave sources
along the edge of the subtropical jet'"".

Asaresult, a Rossby wave train originating from the Mascarene Islands
propagates southwestward toward Antarctica, extending through the Ross-
Amundsen Seas and into the Antarctic Peninsula and South Pacific. The
northward shift of the Hadley cell under the influence of ISM rainfall is more
apparent in the differences in the JJA mass stream function between high
and low ISM rainfall index years (Supplementary Fig. 4e).

Numerical model experiments

To provide further evidence for our proposed mechanism whereby ISM
rainfall can affect Antarctic climate via atmospheric teleconnection, we
conducted atmospheric general circulation model (Community Atmo-
spheric Model version 5, CAM5) experiments forced with the observed JJA
climatological average diabatic heating in the ISM rainfall index region
(10°N-28°N, 70°E-100°E, see Methods). The CAM5 results show that the
ISM rainfall diabatic heating substantially modifies atmospheric circulation,
generating a Rossby wave train that extends from the Mascarene Islands to
Antarctica and reaches the Antarctic Peninsula and South Pacific closely
resembling the observed results (Fig. 3a). The SLP also undergoes significant
changes as the Rossby wave propagates, influencing surface wind over
Antarctica (Fig. 3b). The onshore wind induces warm advection to both East
(60°S-90°S, 60°E-150°E) and West (70°S-90°S, 60°W-160°W) Antarctica,
thereby heating the Antarctic continent (Fig. 3c). Conversely, the offshore
wind in the Ross Sea and Weddell Sea brings cold air from the Antarctic
center, creating cold advection and leading to cooling. Thus, the CAM5
results confirm our hypothesis that ISM rainfall can indeed impact the JJA
Antarctic climate.

Furthermore, the model results confirm the triggering mechanism of
the Rossby wave located in the Southern Hemisphere. Consistent with the
observational results, the ascending motion in the ISM region is sig-
nificantly enhanced by the diabatic heating associated with ISM rainfall,

leading to a further northward shift of the Hadley cell ascending branch
and a northward movement of its descending branch in the southern
Indian Ocean (Fig. 3d). The northward shift of the descending branch
interacts with the strong wind shear of the subtropical jet, thereby trig-
gering a Rossby wave train that propagates toward Antarctica and
impacts the Antarctic climate.

Discussion

In this study, we demonstrate that the JJA ISM rainfall, located in the
Northern Hemisphere, significantly influences the JJA Antarctic climate
and SIC through atmospheric teleconnection mechanisms (Fig. 4). The
diabatic heating released by the Indian summer monsoon rainfall causes the
Hadley cell to shift northward, which in turn triggers a Rossby wave train
propagating from the Mascarene Islands across the southern Indian Ocean
to Antarctica. The Rossby wave changes the SLP, leading to warm advection
to both East and West Antarctica along with cold advection to the Ross Sea
and Weddell Sea. Owing to the effects of temperature advection, warming
occurred across nearly the entire Antarctic continent. Simultaneously, the
SIC in the Ross-Amundsen-Bellingshausen-Weddell Seas region exhibited a
tripole distribution pattern driven by the surface wind stress and tem-
perature advection, marked by a SIC increase in the Ross Sea and Weddell
Sea and a SIC decrease in the Amundsen-Bellingshausen Seas. The
mechanisms have also been consistently reproduced in CAM5 model
experiments.

During the 2023 austral winter, Antarctic SIC experienced an unpre-
cedented reduction, with a loss of 2.33 million square kilometers in sea ice
extent in June, twice the size of the previous June record'. The decline in
Antarctic SIC increased ocean heat loss and heightened the frequency of
atmospheric storms, severely impacting air-sea interaction in the Southern
Ocean and the broader climate system™. However, we observed that the
certain anomalies in Antarctic SAT and SIC during the JJA 2023 exhibited a
opposite pattern compared to the changes caused by the ISM rainfall
(Supplementary Fig. 6a, b). Specifically, the Ross-Amundsen-
Bellingshausen-Weddell Seas SIC anomalies during the JJA 2023 closely
matched the SIC-EOF2 mode (Fig. 1c), exhibiting a distinct tripole pattern.
Simultaneously, the atmospheric circulation in the Southern Hemisphere
also exhibits anomaly patterns partially opposite to those associated with
ISM rainfall (Supplementary Fig. 6¢, d), with some Rossby waves originating
from the Mascarene Islands in the southern Indian Ocean (Rossby wave
source and wave activity flux in Supplementary Fig. 6¢). Interestingly, both
the ISM rainfall index and SIC-PC2 reached their lowest values in 2023 (Fig.
1d). During the JJA 2023, strong ENSO and IOD events were also devel-
oping—both known to exert substantial influences on Antarctic SIC'**’
*434_ Therefore, we speculate that the record-low Antarctic SIC during the
austral winter of 2023 may have been associated with ENSO, IOD, and ISM
rainfall on interannual timescales. However, the relative quantitative con-
tributions of these three factors to the SIC reduction merit further
investigation.

In fact, some previous studies have already acknowledged the con-
nection between Antarctic SIC and the ISM rainfall******, However, all of
their viewpoints suggest that Antarctic SIC influences the ISM rainfall*>**, or
that Antarctic SIC indirectly affects the ISM rainfall through its interaction
with the ENSO®. This study provides a complementary perspective to
previous conclusions by demonstrating that the ISM rainfall can influence
variability in Antarctic SIC through atmospheric teleconnections, and that
such teleconnections can exist independently of ENSO and IOD. Therefore,
our findings are of great significance for reinterpreting the two-way tele-
connection between Antarctic SIC and ISM rainfall.

Regarding the factors influencing Antarctic SAT and SIC, most studies
have focused on the teleconnection patterns generated by interannual and
interdecadal ocean variability™*'"*****. Our research, however, reveals the
significant impact of the Northern Hemisphere monsoon system on Ant-
arctica, indicating that ISM rainfall plays a critical role in shaping Antarctic
climate and SIC. Additionally, rainfall in other monsoon systems also
generates substantial diabatic heating, which affects global atmospheric
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Fig. 3 | Atmospheric model experiments. Differences in June-August a 200-hPa
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wind speed (vectors, unit: ms ), ¢ surface air temperature (SAT, shading, unit: °C)
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the CTL experiment. The contours in (d) represent the climatological mean mass
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stream function for JJA in CTL experiment (positive solid and negative dashed,
contour interval: 1, unit: 10° kg s™"). The dotted areas in the shading, as well as the
black vectors, indicate significance at the 95% confidence level. The two green lines in
(d) denote the latitudinal extent of the Indian summer monsoon region

(10°N-28°N). Circulation is clockwise (anticlockwise) around positive (negative)
mass stream function.

circulation”. As such, the potential influence of Northern Hemisphere
monsoon rainfall on the climate of the Southern Hemisphere, especially
Antarctica, warrants further investigation. Moreover, some studies have
indicated that relatively moist air transported by atmospheric rivers from
low latitudes can enhance downward longwave radiation through increased
cloud cover, leading to additional surface warming™**'. Consequently, aside
from the effects of temperature advection, ISM rainfall can also influence
atmospheric river activity, which subsequently modifies cloud-induced
longwave radiation and ultimately affects surface air temperature and sea ice
distribution over Antarctica.

Most studies have primarily focused on West Antarctica and the
Antarctic Peninsula"***", with fewer investigations conducted on East
Antarctica. Our findings not only enhance the understanding of climate
change in West Antarctica but also highlight the impact of the ISM rainfall
on East Antarctica SAT. Moreover, ISM rainfall significantly contributes to
a tripole distribution pattern of Antarctic SIC—characterized by a SIC
increase in the Ross Sea and Weddell Sea and a SIC decrease in the
Amundsen-Bellingshausen Seas—consistent with the observed SIC trend
from 1979 to 2015"". As future ISM rainfall and the frequency of extreme
rainfall events are also expected to increase™ ", the tripole distribution of
Antarctic SIC will become more pronounced. Furthermore, East Antarctica
may face an increased risk of warming, while the already severely warm
West Antarctica could experience even more dramatic temperature rises.

Methods

Data sets and indices

In this study, we employ the fifth-generation atmospheric reanalysis dataset
(ERA5) from the European Center for Medium-Range Weather Forecasts™.
The monthly ERA5 reanalysis data, at a spatial resolution of 1°x 1° and
covering 1979-2024, include precipitation, geopotential, horizontal wind, sea
level pressure, and air temperature. The Hadley Centre Sea Ice and Sea Surface
Temperature dataset”, obtained from the Met Office Hadley Centre, provides
monthly SST and sea ice data at 1° x 1° resolution for the period 1979-2024.

We use the Nifio 3.4 SST index—defined as the standardized average
SST anomaly over the region 5°5-5°N and 170°W-120°W—to represent
ENSO variability. The IOD is quantified using the Dipole Mode Index
(DMI), calculated as the standardized difference in SST anomalies between
the western equatorial Indian Ocean (10°S-10°N, 50°E-70°E) and the
eastern equatorial Indian Ocean (10°S-0°, 90°E-110°E).

To characterize the interannual variability of ISM rainfall, we defined
the standardized regional average JJA rainfall over 10°N-28°N, 70°E-100°E
as the ISM rainfall index, based on the spatial pattern of the climatological
average and standard deviation of JJA rainfall in the ISM region (Fig. 1a, b).
Notably, although the spatial extent of our ISM rainfall index is slightly
smaller than that used in previous studies (10°N-30°N, 70°E-105°E)*"", the
two ISM rainfall indices show almost no difference (r=0.98, p <0.01).
Furthermore, we defined years with the ISM rainfall index greater than 1 as
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Fig. 4 | Schematic representation of the Indian summer monsoon rainfall’s
impact on Antarctica. The diabatic heating of June-August Indian summer
monsoon rainfall causes the northward movement of the Hadley cell, triggering a
Rossby wave train (contour) that propagates from the Mascarene Islands into
Antarctica. The Rossby wave train alters sea level pressure and introduces warm
advection (red vector in Antarctica) to both East and West Antarctica, while con-
currently causing cold advection (blue vector in Antarctica) to the Ross Sea and
Weddell Sea. The surface wind and temperature advection significantly influence the
June-August Antarctic surface air temperature (shading in Antarctica) and sea ice.

high ISM rainfall index years, and those with the index less than —1 as low
ISM rainfall index years. From these high and low ISM rainfall index years,
we further excluded years with concurrent ENSO or IOD events. Ultimately,
8 extreme ISM rainfall index years were selected for composite analysis:
1991, 2007, 2011, and 2024 as high ISM rainfall index years, and 1979, 1986,
2002, and 2021 as low ISM rainfall index years.

EOF analysis of Antarctic SIC

To more objectively describe the spatial-temporal patterns of JJA Antarctic
SIC, we conducted EOF analysis to capture the dominant modes of JJA
Antarctic SIC in the region of high SIC variability, which is the Ross-
Amundsen-Bellingshausen-Weddell Seas (50°S-90°S, 120°E-10°W). We
extracted the first two EOF modes (SIC-EOF1 and SIC-EOF2) and the
corresponding principal components (SIC-PC1 and SIC-PC2). The first
mode explains approximately 28% of the variance, and the second mode
explains 15%.

Rossby wave source

Anomalous convection associated with ISM rainfall can induce vertical
motion anomalies, which in turn generate upper-level perturbations that act
as a source of anomalous vorticity, denoted by the Rossby wave source
(RWS). According to Sardeshmukh and Hoskins®, the RWS calculation
formula is as follows:

RWS=—V, - V{—{D~ -V, V{- D (1)

Here, \7)( denotes the divergent portion of the horizontal wind, V is the
horizontal gradient operator, { stands for absolute vorticity, and D indicates
horizontal wind divergence. Overbars and primes signify the climatological
mean and perturbation, respectively. The RWS can be effectively

represented by its linearized components: S1 (—\7)(/ - VO, describing the
advection of mean absolute vorticity by anomalous divergent flow; and S2
(—{D’), the vortex stretching term responsible for vorticity generation due
to anomalous divergence. This study focuses on S1, as it is more effective in

triggering extratropical teleconnections in response to tropical heating***".

Atmospheric wave activity flux

The propagation of Southern Hemisphere atmospheric Rossby waves
during JJA 2023 was analyzed using the wave activity flux formulation of
Takaya and Nakamura™. The following is the calculation formula:

_u_[(w\ _ o] v [way oy

N cos a?cos?g oA 14 oA? a’cosg | O d¢ y dAdg
h = u ay oy’ )Py v oy 2 Py
2 E: aZC(;sgo {WW_ 14 6Aa<pj| —i_a_E (_q)) -V d¢p?

@

The T-N wave activity flux vector is denoted as W where ¢ refers to
latitude, and A refers to longitude. The climatological méan horizontal wind
vector, ? =(u,, v.), comprises the mean zonal and meridional wind

components. The perturbation stream function is expressed as y’, where a
refers to the Earth’s radius and p is defined as pressure/1000 hPa. The
climatological mean and perturbation values were computed for the period
1979-2024.

Atmospheric diabatic heating

During the formation process of ISM rainfall, a large amount of diabatic
heating is released, which in turn influences the atmospheric circulation.
However, existing observational data for the diabatic heating are not
available. Therefore, it is necessary to deduce the diabatic heating rate from
the air temperature. Here, we refer to deduce the diabatic heating on the

basis of the calculation formula proposed by Yanai’**:

al
P ot

RT (E) T) @)

o=|—]—- (=

C,p op
Here, C, =1004.7 J kg™ K™ is the specific heat capacity at constant
pressure, T represents the air temperature and ¢ stands for time. Vertical
velocity is indicated by w. Static stability is denoted by o, the gas constant

(287 T kg ' K™') by R, pressure by p, the horizontal wind by V, and V stands
for the horizontal gradient operator.

Q = — Cy(wo — V- VT) ©)

Atmospheric general circulation model experiments

In this study, we employed the CAMS5”, the atmospheric module of the
Community Earth System Model (CESM) version 1.2.2, developed by the
National Center for Atmospheric Research (NCAR), to validate our pro-
posed mechanism. The model has been extensively validated in previous
studies and is considered reliable for simulating atmospheric responses
induced by ISM rainfall’>"**.

We conducted two sets of experiments at the 0.9° latitudex1.25°
longitude (f09g16) horizontal resolution, with 30 vertical levels. The first set
corresponds to the control experiment (CTL), which is forced by the cli-
matological annual cycle of SST and sea ice over the period 1979-2024. The
CTL simulation is freely integrated for 30 years. We use the first 5 years as
spin-up, and the subsequent 25 years are utilized to generate an ensemble
mean, minimizing model-related uncertainties. In the second set, the
heating sensitivity experiment (HEATING) is also forced using the clima-
tological SST and sea ice annual cycle spanning 1979-2024. In addition, the
anomalous diabatic heating is added over the ISM rainfall index region (red
box in Fig. 1a, 10°N-28°N, 70°E-100°E) during boreal summer (JJA) in the
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HEATING experiment. The heating rate is the observed JJA climatological
average diabatic heating (Supplementary Fig. 7). We also run the HEATING
experiment freely for 30 years, using the initial 5 years as spin-up. The
subsequent 25 years are then averaged to form an ensemble mean, which is
compared with the last 25 years ensemble mean of the CTL experiment.

Statistical information

Statistical significance testing for the Pearson correlation coefficients and
linear regression between two autocorrelated time series is performed via a
two-tailed Student’s t-test. This research utilizes data for the climatological
baseline from 1979 to 2024. We define the June-August (JJA) as boreal
summer and austral winter.

Data availability

All datasets utilized in this study are freely accessible online. The ERA5
atmospheric reanalysis data can be obtained from ECMWEF via https://doi.
0rg/10.24381/cds.6860a573 and https://doi.org/10.24381/cds.f17050d7.
The Hadley Centre Sea Ice and Sea Surface Temperature data set is derived
at https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html.

Code availability
The main codes for calculations and plotting in this study are available at:
https://github.com/SongQiangH/ISM_impact_Antarctica.
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