
1.  Introduction
As an important component of the global climate system, the Antarctic sea ice exerts large effects on a range of 
southern mid-latitude atmosphere and ocean features including storm tracks (Kidston et al., 2011), mesoscale 
cyclones (Uotila et al., 2011), ocean surface energy balance (Vihma et al., 2009), top-of-the atmosphere energy 
balance (Riihelä et al., 2021), carbon uptake (Delille et al., 2014), and formation of the deepest water masses in 
the Southern Ocean (Kerr et al., 2018). Further, land-fast sea ice acts as an important dynamical buffer between 
the ocean and the ice sheet/ice shelves (Massom et al., 2018), and thus indirectly affects sea level rise. The vari-
ability and changes of the Antarctic sea ice are influenced by a variety of climate drivers (Hobbs et al., 2016). 
Among the known climate variability modes, the Southern Annular Mode (SAM) has been identified as a key 
driver for the Antarctic sea ice variability across a range of time scales from seasonal to decadal; the positive 
(negative) SAM phase corresponds to the negative (positive) sea ice anomalies in the Weddell Sea, and the 
opposite is true in the Ross Sea (Kwok & Comiso, 2002; Lefebvre & Goosse, 2005; Zhang et al., 2018). On the 
interannual time scale, the eastern Pacific El Niño (La Nina) events appear to be associated with negative (posi-
tive) sea ice anomalies in the South Pacific (South Atlantic) (Yuan, 2004). The response of Antarctic sea ice to 
the phases of the El Niño-Southern Oscillation (ENSO) is modulated by the background state of the SAM (Fogt 
et al., 2010; Stammerjohn et al., 2008) and the relationship between the Antarctic sea ice and ENSO is stronger 
in austral winter and spring than summer and autumn (Simpkins et al., 2012). Raphael (2007) noted a significant 
relationship between the Zonal Wave Three mode and the Antarctic sea ice anomalies in austral autumn and early 
winter. In addition, the positive (negative) anomaly of the Amundsen Sea Low is related to more (less) sea ice 
cover in the Ross Sea and vice versa in the Antarctic Peninsula/Bellingshausen Sea (Turner et al., 2016).

Besides the sea surface temperature (SST) anomalies in the Pacific and Atlantic Oceans, Antarctic sea ice changes 
have also been linked to the SST anomalies in the tropical Indian Ocean (TIO). One of the two dominant SST 
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variability modes in TIO, the Indian Ocean Dipole (IOD), is characterized by the Dipole Mode Index (DMI) calcu-
lated as the difference in SST anomaly between the western TIO (50°E−70°E, 10°S−10°N) and the south-eastern 
TIO (90°E−110°E, 10°S−0°) (Saji et al., 1999). IOD has been shown to exert its maximum effects on sea ice in 
the region west of the Ross Sea, and positive (negative) DMI corresponds to positive (negative) sea ice anomalies 
near 60°E and vice versa near 90°E (Nuncio & Yuan, 2015). Little is known, however, if the other dominant 
TIO mode, the Indian Ocean Basin Mode (IOBM), is also related to the Antarctic sea ice variability. The IOBM, 
which represents uniform SST variability across the TIO on interannual time scale (Chambers et al., 1999; Klein 
et al., 1999; Saji et al., 1999), displays a close relationship with ENSO (Schott et al., 2009; Xie et al., 2016). 
Specifically, a boreal wintertime El Niño event is often a precursor to the positive phase of the IOBM in the 
subsequent boreal spring (Wang et al., 2019). According to Klein et al. (1999) and Saji et al. (1999), the IOBM 
is entirely forced by ENSO, whereas Wang et al. (2019) specified that the boreal wintertime El Niño event may 
produce the positive phase of the IOBM in the subsequent boreal spring. However, Taschetto et al. (2011) found 
that part of the IOBM signal does remain after the ENSO forcing is removed.

Xie et al. (2009, 2016) coined the effect of the IOBM on the tropical Pacific climate as “the Indian Ocean capac-
itor effect.” As such, the positive phase of the IOBM in boreal winter and spring, following an El Niño event, 
in turn influences summer northwestern Pacific climate through a baroclinic Kelvin wave into the Pacific (Xie 
et al., 2016). The interannual variability of the IOBM index has been linked to the boreal summer climate varia-
bility (Li et al., 2008; Xie et al., 2016; Yang et al., 2009). In addition, the IOBM can drive strong subsidence over 
Australia, prolonging the January-March dry conditions associated with El Niño events (Taschetto et al., 2011). 
Taschetto and Ambrizzi (2012) and de Souza et al. (2021) noted that the IOBM can modulate the March-May 
rainfall in South America via an anomalous Walker circulation and a mid-latitude wavetrain.

Although the IOBM has been linked to the Southern Hemisphere extratropical climate, its relationship with 
Antarctic sea ice remains to be investigated. In this study, we shall explore the linkage of the IOBM to the Antarc-
tic sea ice concentration for each season and examine how the relationship is modulated by the presence/absence 
of the ENSO signal.

2.  Data Set and Methods
The monthly SST data used in this study are from the United States National Oceanic and Atmospheric Admin-
istration (NOAA) Extended Reconstructed SST V5 (Huang et al., 2017). The SST data have a horizontal resolu-
tion of 2.0° latitude × 2.0° longitude for the period from 1854 to the present. The empirical orthogonal function 
(EOF) analysis is performed for detrended (separately for each grid point) seasonal SST in the TIO (30°S–30°N, 
40°–100°E) over the 1979–2018 period to obtain the IOBM index, which is defined as the time series of the first 
EOF mode (Sun et al., 2019). The spatial pattern of the IOBM for austral winter (Figure 1c, showing the positive 
phase of IOBM) is similar to that of Sun et al. (2019), though the strength of the warm anomaly center in the 
southwestern Indian Ocean is somewhat different, which may be due to the 1-month shift in the definition of 
Austral winter between ours (JAS) and theirs (JJA).

Our study shall examine whether some signals of sea ice anomalies related to the IOBM remain in the absence 
of the ENSO signal. The ENSO signal here is denoted by the Niño3.4 index, which refers to the SST anoma-
lies in the region (5°N–5°S, 170°W–120°W), and is obtained from the NOAA's Climate Prediction Center. To 
remove  the ENSO signal from the IOBM index for each season, a method proposed by An (2003) is utilized, 
which is based on the following formula:

IOBM∗ = IOBM − Ni�̃�3.4 × cov (IOBM,Ni�̃�3.4)∕var (Ni�̃�3.4)� (1)

where IOBM and IOBM∗ represent the time series of the IOBM index with and without the ENSO signal, 
respectively, cov (IOBM,Ni�̃�3.4) denotes the temporal covariance between IOBM∗ and the Niño3.4 index, and 
var (Ni�̃�3.4) indicates the variance of the Niño3.4 index. Equation 1 is also used for removing the DMI signal 
from the IOBM.

The monthly sea ice concentration data from January 1979 to December 2018 are downloaded from the U.S. 
National Snow and Ice Data Center (NSIDC). The data are on a polar stereographic grid with 25-km spac-
ing. The monthly atmospheric data from the European Centre for Medium-Range Weather Forecasts (ECMWF) 
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fifth-generation reanalysis (ERA5, Hersbach et al., 2020) are utilized to explain the interannual variability of 
Antarctic sea ice associated with the IOBM index. The ERA5 data describe reasonably well the climate in south-
ern mid and high latitudes (Gossart et al., 2019; Ramon et al., 2019). In addition, monthly outgoing longwave 
radiation (OLR) from the top of the atmosphere derived from NOAA Interpolated OLR data set (Liebmann & 
Simth, 1996) is also used in the analysis as a proxy for convective activities over tropical oceans. To describe the 

Figure 1.  Spatial patterns of the first modes of detrended SST variability (°C) over the tropical Indian Ocean for austral summer (JFM) (a), autumn (AMJ) (b), winter 
(JAS) (c), and spring (OND) (d). The percentage in each panel indicates the ratio of the total variance explained by the first modes.

 19448007, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
097745 by N

orce - N
orw

egian R
esearch C

entre, W
iley O

nline L
ibrary on [16/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

YU ET AL.

10.1029/2022GL097745

4 of 12

generation and propagation of planetary waves, we utilize the Rossby wave source (RWS), following Sardeshmukh 
and Hoskins (1988), as well as wave activity flux described in Takaya and Nakamura (2001).

Other statistical analysis methods, besides EOF, include linear correlation and regression, for which the statistical 
significance on interannual time scales is determined by a two-tailed Student's t test assuming 40 independ-
ent samples. Before the correlation or regression analyses is applied to the data, the variables and indices are 
detrended. The analyses are performed for all four seasons, but we will focus our presentation on the results for 
austral autumn (April–June) and spring (October–December) when the relationship between the IOBM and the 
Antarctic sea ice concentrations are much stronger than the other two seasons. The results for austral summer 
(January–March) and winter (July–September) can be found in Supplemental Materials. Repeating the same 
analyses with a different sea ice data set and a reanalysis data set yielded similar results, indicating our results are 
not sensitive to the specific datasets chosen for the study.

3.  Results
As the first EOF mode of the SST variability over the TIO, the IOBM explains 28.4%–44.8% of the total SST 
variance across the four seasons (Figure 1). The spatial patterns of the IOBM display positive SST anomalies 
nearly everywhere in the TIO, with the exception of the eastern portion in austral spring the southwestern portion 
in both spring and summer (Figure 1). The magnitude of the positive SST anomalies shows regional variability, 
with larger SST anomalies in the southeastern TIO in austral spring and summer, and in the western TIO in 
austral autumn and winter. Although there is a small region in the eastern TIO where the SST anomalies are 
negative in austral spring, the pattern is different from what was found previously during the positive phase of 
the IOD (Nuncio & Yuan, 2015) (Figure S1 in Supporting Information S1). The spatial pattern of the IOBM in 
austral winter (Figure 1c) is similar to the result of Sun et al. (2019), and the summer pattern (Figure 1a) is similar 
to those of Saji et al. (1999) and Taschetto et al. (2011) that used data from all months.

The IOBM index is correlated with the Niño3.4 index, with the correlation coefficient (r) varying between 0.37 in 
austral winter and 0.75 in austral summer, all significant at 95% confidence level (Table S1 in Supporting Infor-
mation S1). Schott et al. (2009) suggested that the IOBM peaks in autumn and is strongly related to the decaying 
ENSO, which is consistent with the rather high autumn correlation (r = 0.54), although not the highest among 
the four seasons. There are significant correlations between the DMI and the IOBM indices in austral spring, as 
suggested by Abram et al. (2020) and Taschetto et al. (2011). The spatial pattern of the spring DMI resembles that 
of the IOBM index (Figure S1a in Supporting Information S1 and Figure 1d). We remove the DMI signal from the 
IOBM index in austral spring following Equation 1. The spatial pattern of the new IOBM index shows a uniform 
variability in the TIO (Figure S1b in Supporting Information S1). The new IOBM index also has a significant, 
albeit weak, correlation with the Niño3.4 index in spring (r = 0.35, p < 0.05). Although the spatial pattern of the 
DMI index in austral winter is not similar to that of the IOBM index (Figure S1c in Supporting Information S1 
and Figure 1c), there is a significant correlation between the two indices. However, the new IOBM index for 
austral winter has no significant correlation with the winter Niño3.4 index (r = 0.10, p > 0.05). Hereafter, the 
IOBM refers to the original index for autumn and summer, but to the new index with the DMI signal removed for 
spring and winter. The second mode of SST variability over the TIO shows a dipole structure in austral summer 
and autumn and a tripole structure in austral winter and spring, and only explains 10%–16% of the total variance 
(Figure S2 in Supporting Information S1).

As significant correlations and interactions exist between the IOBM and the Niño3.4 indices, it is necessary to 
examine the relationships between the IOBM indices and the Antarctic sea ice concentration anomalies separately 
under conditions with and without the ENSO signal. To achieve this, we regress the seasonal sea ice concentration 
anomalies onto the seasonal detrended IOBM index with and without the ENSO signal, referring to IOBM and 
IOBM∗ in Equation 1, respectively, and the results are shown for austral autumn (Figures 2a and 2b). Associated 
with the positive IOBM with the ENSO signal are significant positive sea ice concentration anomalies over the 
Bellingshausen and northern Weddell Seas and negative anomalies in the coastal seas off the Dronning Maud 
Land (Figure 2a). With the ENSO signal removed, the extent of the above-mentioned positive sea ice anomalies 
and the negative sea ice anomalies near 20°E is reduced substantially, but the coverage of the negative anomalies 
in the southern Indian Ocean is slightly expanded near 90°E and 10°W (Figure 2b). The ENSO modulation on 
the relationship between the IOBM and the Antarctic sea ice anomalies is further elucidated by comparing the 

 19448007, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
097745 by N

orce - N
orw

egian R
esearch C

entre, W
iley O

nline L
ibrary on [16/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

YU ET AL.

10.1029/2022GL097745

5 of 12

Figure 2.  Regression map of anomalous seasonal sea ice concentration (a and b), mean sea level pressure (MSLP) 
(hectopascal) (c and d), and 10-m wind field (vector) and 2-m air temperature (°C) (e and f) onto the detrended Indian 
Ocean Basin Mode indices with the El Niño-Southern Oscillation (ENSO) signal (a, c and e) and without the ENSO signal 
(b, d and f) for austral autumn over the 1979–2018 period. Only results at above 90% confidence levels are shown in panels 
(a and b). Dotted regions denote above 90% confidence level for MSLP and surface air temperature in panels (b, d, e and 
f). Green vectors denote above 90% confidence level in panels (e and f). The red thick lines in panels (a and b) denote the 
climatological sea ice extent (sea ice concentration is equal to 0.15).
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patterns above to the regression patterns of the Antarctic sea ice anomalies onto the Niño 3.4 index (Figure S3b 
in Supporting Information S1). Although the ENSO-related sea ice anomalies tend to have a larger spatial extent, 
particularly in autumn and winter, the spatial patterns are overall similar, suggesting that the relationship between 
the IOBM and the Antarctic sea ice anomalies is strongly modified by the presence or absence of ENSO.

To explain the spatial pattern of the sea ice concentration anomalies in austral autumn from the perspective of 
local factors, we perform a regression analysis, in which several atmospheric variables including anomalous 
mean sea level pressure (MSLP), surface (2 m) air temperature, surface (10 m) wind vector, and downward long-
wave radiation are regressed onto the IOBM index with and without the ENSO signal (Figures 2c–2f and S4 in 
Supporting Information S1). The MSLP regression reveals a structure of zonal wavenumber two over the South-
ern Ocean, with significant MSLP anomalies over the Atlantic and Pacific sectors (Figure 2c). The anomalous 
cyclonic (anticyclonic) circulation around the negative (positive) MSLP anomalies over the eastern Weddell Sea 
(the Bellingshausen Sea) produces anomalous southerly winds (Figure 2e), which push sea ice off shore, increas-
ing the sea ice cover over the northern Weddell and Bellingshausen Seas (Figure 2a). Meanwhile, the cold advec-
tion associated with the anomalous southerly winds decreases 2-m air temperature (Figure 2e), which expands 
the sea ice cover over the northern Weddell and Bellingshausen Seas. The drier and colder air coincides with the 
negative downward longwave radiation anomalies (Figure S4a in Supporting Information S1), further decreasing 
surface temperature. The negative MSLP anomalies over the eastern Weddell Sea induce anomalous northerly 
winds over the eastern Atlantic sector of the Southern Ocean (Figure 2e), which reduces the sea ice cover at the 
coast of Dronning Maud Land. Positive surface air temperature anomalies related to anomalous southward heat 
transport and increasing downward longwave radiation anomaly also favor negative sea ice concentration anom-
alies. Such a response of Antarctic sea ice to the changes in the atmospheric circulations is in agreement with 
previous studies (Yu et al., 2018; Yu, Zhong, Sui, et al., 2021; Yu, Zhong, Vihma, et al., 2021).

Removing the effect of the ENSO signal, the structure of wavenumber two remains, but the strength and position 
of the anomaly centers have changed, as indicated by a significant strengthening of the low pressure over the 
Pacific sector (Figure 2d). The anomalous low-pressure centers over the eastern Atlantic sector also generate 
positive anomalies of the surface air temperature and negative anomalies of the sea ice concentration along the 
coast of Dronning Maud Land (Figures 2d and 2e). The negative sea ice concentration anomalies at the longi-
tude  of 90°E are also related to the anomalous low pressure and northerly winds there. Positive downward long-
wave radiation anomalies also are in favor of decreased sea ice cover (Figure S4c in Supporting Information S1).

Previous studies suggested that SST anomalies over the TIO can influence atmospheric circulation at south-
ern mid-high latitudes (Hoskins & Karoly,  1981; McIntosh & Hendon,  2017; Nuncio & Yuan,  2015; Wang 
et al., 2019). To determine how ENSO may modulate the relationship between the IOBM and the mid-high lati-
tude anomalous atmospheric circulations, several relevant atmospheric variables, including the 200-hPa geopo-
tential height, OLR, wave activity flux, streamfunction, 200-hPa divergent wind, and RWS are regressed onto the 
austral autumn IOBM index with and without the ENSO signal (Figure 3). The regression of the 200-hPa geopo-
tential height shows the structure of wave number two over the Southern Ocean (Figure 3e). The structure is asso-
ciated with planetary wavetrains propagating southeastwards into the Southern Ocean (Figure 3e). The wavetrain 
is excited by the convective activities over the central and eastern Pacific Ocean (Figure 3a), which corresponds 
to the anomalous convergent wind and negative RWS in the subtropics to the east of Australia (Figure 3c). The 
removal of the ENSO signal does little to the spatial pattern of the 200-hPa geopotential height, but results in 
some changes in the strength and location of the anomaly centers (Figure 3f). The convective activities are weaker 
and they occur mainly over the Indian Ocean and western Pacific Ocean (Figure 3b). The RWS and convergent 
wind to the east of Australia also weaken considerably (Figure 3d). The wavetrain still exists, but its strength and 
location have changed (Figure 3f).

We now move on to show results for austral spring (Figures 4 and 5). Note that in the following analysis the DMI 
signal has been removed from the IOBM index using Equation 1 where the Niño3.4 index is replaced by the DMI 
index. The largest areas with significant (90% confidence level) regression of sea ice anomalies on the IOBM 
index occur in austral spring (Figure 4a). Positive IOBM with the ENSO signal is associated with positive sea  ice 
anomalies in the Bellingshausen, Weddell, and Dumont d’Urville Seas, and negative ones in the Amundsen Sea, 
the Ross Sea and the southwestern Indian Ocean sector (30°E). Without the ENSO signal, the spatial extent of 
sea ice in the Southern Ocean related to the positive IOBM index decreases, but anomalous sea ice remains in 
the Weddell Sea and the southern Pacific Ocean (Figure 4b). The spatial pattern of the sea ice concentration 
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anomalies related to the Niño3.4 index in austral spring show the largest influence on Antarctic sea ice (Figure 
S3d in Supporting Information S1).

In austral spring, the anomalous MSLP displays a spatial pattern similar to that of the Zonal Wave Three 
(Figure 4c). The positive MSLP anomalies over the Ross and Amundsen Seas suggest a weakened Amundsen Sea 
Low. These MSLP anomalies induce anomalous southerly winds over the Weddell and Bellingshausen Seas and 
anomalous northerly winds over the Amundsen and Ross Seas (Figure 4e). The anomalous southerly (northerly) 
winds correspond to decreased (increased) surface air temperature and positive (negative) sea ice concentration 
anomalies (Figures 4a and 4e). Without the ENSO signal, the MSLP anomalies are much smaller in magnitude 
(Figure 4d). In particular, there is no longer a large positive MSLP anomaly in the region of the Amundsen Sea 
Low. Significant sea ice anomalies only appear in the southwestern Pacific Ocean and the region north of the 
Antarctic Peninsula. The positive sea ice anomalies over the northern Weddell also are linked to the anomalous 
southerly winds there (Figure 4f).

The corresponding anomalous atmospheric circulation patterns for austral spring show a typical Pacific South 
America (PSA) mode over the Pacific sector of the Southern Ocean (Figure 5e). The OLR spatial pattern is a 
typical El Niño OLR pattern with increased (decreased) convective activity over the central and eastern tropical 
Pacific Ocean and western TIO (the eastern TIO and Maritime Continent). There are two wavetrains excited by 
the suppressed convection over the southwestern Pacific Ocean and the enhanced convection over the south-
western Indian Ocean (Figures 5a and 5e). The former propagates southeastward from the southwestern Pacific 
Ocean into the Bellingshausen and Weddell Seas. Large parts of the latter propagate northeastward into the 
eastern Indian Ocean; small parts of it propagate southeastward into East Antarctica. The anomalous wind and 
RWS also determine the origin of the wavetrains (Figure 5c). The anomalous convection activities over southeast-
ern South America produce a wavetrain propagating northeastwards and southeastwards into the Indian Ocean 

Figure 3.  The same as Figure 2, but for outgoing longwave radiation (W m −2) (a and b), Rossby wave source (shading) (10 −10 s −2) and 200-hPa divergent wind (vector) 
(c and d), wave activity flux (vector) and 200-hPa geopotential height (shading) (gpm) (e and f). The green thick lines indicate the propagation of the wavetrains.
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Figure 4.  Regression map of anomalous seasonal sea ice concentration (a and b), mean sea level pressure (MSLP) 
(hectopascal) (c and d), and 10-m wind field (vector) and 2-m air temperature (°C) (e and f) onto the detrended Indian Ocean 
Basin Mode (IOBM) indices with the El Niño-Southern Oscillation (ENSO) signal (a, c and e) and without the ENSO 
signal (b, d and f) for austral spring over the 1979–2018 period. The Dipole Mode Index is removed from the detrended 
IOBM index. Only results at above 90% confidence levels are shown in panels (a and b). Dotted regions denote above 90% 
confidence level for MSLP and surface air temperature in panels (b, d, e and f). Green vectors denote above 90% confidence 
level in panels (e and f). The red thick lines in panels (a and b) denote the climatological sea ice extent (sea ice concentration 
is equal to 0.15).
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(Figures 5a–5e). These wavetrains are related to the weakened Amundsen Sea Low and the PSA mode. The wave-
trains are nearly opposite to those related to La Nina events (Wang et al., 2019), with a zonal shift related to the 
OLR difference. Without the ENSO signal, the PSA pattern disappears, but the Amundsen Sea Low is weakened 
slightly, though it is no longer statistically significant (Figure 5f). The positive OLR over the southwestern Pacific 
Ocean and negative OLR over the southeastern South America weaken, which result in the weaker wavetrains 
(Figure 5d). The wavetrain over the southwestern Indian Ocean strengthens and propagates southeastwards into 
the Southern Ocean, then northeastward into New Zealand (Figure 5f).

The sea ice anomalies related to the IOBM index in austral summer and winter are weaker than those in austral 
spring and autumn (Figure S5 in Supporting Information S1). In austral summer, the sea ice anomalies related to 
the positive IOBM with the ENSO signal display a dipole structure over the Ross Sea, with positive (negative) 
values over the eastern (western) Ross Sea (Figure S5a in Supporting Information S1). In addition, negative 
values also appear along the coastal region of Dronning Maud Land (Figure S5a in Supporting Information S1), 
which is expected as there is little sea ice far from the coast, except in the Weddell and Ross Seas. In austral 
winter, anomalies exist only in the northern margin of the sea ice zone with positive (negative) anomalies in 
the Weddell Sea (the southern Pacific Ocean) (Figure S5b in Supporting Information S1). In both summer and 
winter, the sea ice anomalies without the ENSO signal are smaller than with it (Figures S5c and S5d in Support-
ing Information S1). However, the extent of sea ice anomalies related to the Niño 3.4 index is smaller in austral 
winter and summer than in autumn and spring (Figures S2a and S2c in Supporting Information S1). The patterns 
of sea ice anomalies related to the IOBM with and without the ENSO signal in austral summer can be explained 
by anomalous MSLP, surface wind field and temperature, similar to what is observed in autumn and spring 
(Figures S6 and S7 in Supporting Information S1). The wavetrains excited by convective activity over the tropical 

Figure 5.  The same as Figure 4, but for but for outgoing longwave radiation (W m −2) (a and b), Rossby wave source (shading) (10 −10 s −2) and 200-hPa divergent 
wind (vector) (c and d), wave activity flux (vector) and 200-hPa geopotential height (shading) (gpm) (e and f) The green thick lines indicate the propagation of the 
wavetrains.
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Indian and central Pacific Oceans propagate southeastwards into the Southern Ocean (Figures S8 and S9 in 
Supporting Information S1).

4.  Conclusion and Discussion
In this study, we investigated whether there exists a teleconnection between the seasonal Antarctic sea ice concen-
tration anomalies and the IOBM, one of the two dominant modes of SST anomalies in the TIO, and how the 
teleconnection, if exists, may be modulated by the presence or absence of ENSO.

The seasonal IOBM index is found to be correlated with the Niño 3.4 index, with the highest correlation in austral 
summer, followed by austral spring, and smallest in austral winter. Because the IOBM index is correlated with 
the DMI index in austral spring and winter, we use a new IOBM index with the DMI signal removed for these 
two seasons in our analyses. The linkage of the IOBM to Antarctic sea ice also depends on the season, with the 
largest areas of significant IOBM-related sea ice anomalies in austral autumn and spring and the smallest areas 
in winter. Especially in austral autumn and spring, positive sea ice anomalies occur in the Bellingshausen and 
northern Weddell Seas, and there are negative anomalies in the Amundsen Sea and the coastal seas off Dronning 
Maud land. Without the ENSO signal, the areal extent of the IOBM-related positive sea ice anomalies retreated 
substantially to the northern Weddell Sea in spring, and the extent of negative anomalies to the coastal region of 
East Antarctica in autumn and to the southwestern Indian Ocean in spring. Previous literature suggested that the 
IOBM peaks from austral summer to autumn (Chambers et al., 1999). However, the linkage between the IOBM 
and Antarctic sea ice is much weaker in summer than autumn.

Previous studies on the relationship between the variability of the Antarctic sea ice anomalies and the IOD, the 
other dominant TIO SST mode, also found a similar seasonal dependence (Nuncio & Yuan, 2015). We also 
examined the effect of the DMI on the Antarctic sea ice concentration for each season (Figure S10 in Supporting 
Information S1) and compared it to that of IOBM. For austral summer and autumn, the IOBM index has stronger 
connection to the Antarctic sea ice than the DMI index; the opposite is true for austral winter and spring.

With the ENSO signal, the convective activity anomalies over the tropical Pacific Ocean not only produce an 
additional wavetrain propagating into the Southern Ocean, but also enhance the magnitude of convective activity 
over the TIO. Without the ENSO signal, convective activity anomalies related to the IOBM can excite wave-
trains, which produce atmospheric circulation anomalies over the Southern Ocean. Besides the Indian and Pacific 
Oceans, there are RWSs over the southeastern South America. Anomalous northerly (southerly) winds generate 
anomalous onshore (offshore) movement of sea ice, thus leading to decreased (increased) sea ice cover. Mean-
while, anomalous northerly (southerly) winds also transport warm (cold) and moist (dry) air, which increases 
(decreases) surface air temperature, thus reducing (expanding) sea ice cover.

Our study is, to our knowledge, the first to relate the IOBM index to the Antarctic sea ice variability on inter-
annual time scale. Since the 1950s, SST in the TIO has been increasing at a rate of 0.1°C per decade (Dhame 
et al., 2020; Ihara et al., 2008; Lee et al., 2015; Luo et al., 2012). Whether this warming has contributed to Antarc-
tic sea ice trends needs to be further examined. Further studies should also evaluate whether the IOBM-Antarc-
tic sea ice relationship shows interdecadal variability, and if and how the relationship may be modified by the 
increase in the atmospheric greenhouse gas concentrations. Some idealized numerical experiments are needed 
to verify the relationships obtained through statistical methods and to separate the roles of the Indian and Pacific 
SST play in the relationships.

Data Availability Statement
The monthly Antarctic sea ice concentration data set is available from the (http://nsidc.org/data/NSIDC-0051). 
Monthly mean atmospheric variables are provided by ERA5 reanalysis (https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5). The monthly SST data in this study are derived from the NOAA Extended 
Reconstructed SST V5 (https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html). The Niño3.4 index is availa-
ble from the CPC, NOAA (https://www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.91-20.ascii). The OLR 
data are derived from the NOAA Interpolated OLR (http://psl.noaa.gov/data/gridded/data.interp_OLR.html).
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