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Abstract 

Previous research has explored the impact of the Interdecadal Pacific Oscillation (IPO) and Atlantic Multidecadal 
Oscillation (AMO) on Antarctic surface air temperature (SAT) variability. However, a notable gap remains in our com-
prehension concerning the response of Antarctic SAT to the four phase combinations of IPO and AMO. In this study, 
we unveil unique patterns of Antarctic SAT anomalies during four distinct sub-periods based on the phases of IPO 
and AMO. Notably, Antarctic SAT anomalies exhibit a considerable seasonality, with the most pronounced (weak-
est) anomalies occurring during the austral winter (summer), a phenomenon consistent across all four sub-periods. 
These different anomalous SST patterns trigger varying convective rainfall patterns, consequently initiating distinct 
wavetrains that propagate into the Southern Ocean. These different wavetrains, in turn, induce variations in sea level 
pressure and surface wind fields, resulting in different Antarctic SAT anomalies primarily through mechanisms related 
to horizontal thermal advection and downward longwave radiation.

Key points 

• Antarctic SAT anomalies exhibit a considerable seasonality during the four combinations of the phases of the IPO 
and AMO.

•  These different SST anomalies during the combinations trigger distinct wavetrains that propagate into the South-
ern Ocean.

• Different wavetrains induce anomalous sea level pressure and surface wind fields and Antarctic SAT through ther-
mal advection and radiation.

Plain language summary 

Understanding the variability in Antarctic surface air temperature (SAT) is crucial for unraveling the complex dynam-
ics of the polar climate system and its broader implications for global climate patterns. Fewer studies highlighted 
the impacts of the four combinations of the phases of IPO and AMO on Antarctic SAT anomalies. In this study, 
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Introduction
The Pacific decadal oscillation (PDO)/Interdecadal 
Pacific Oscillation (IPO) and the Atlantic Multidecadal 
Oscillation (AMO) are prominent drivers of sea surface 
temperature (SST) variability on interdecadal timescales 
(Mantua et al. 1997; Mantua and Hare 2002; Enfield et al. 
2001; Henley et al. 2015; Newman et al. 2016). These well-
documented climate phenomena are acknowledged for 
their interactions over decadal periods (d’Orgeville and 
Peltier 2007; Wu et al. 2011; Meehl et al. 2021; Hong et al. 
2022). Such interactions are characterized by the PDO/
IPO’s ability to induce corresponding phases of the AMO 
(Cai et al. 2019; Meehl et al. 2021), and reciprocally, the 
AMO’s capability to produce opposing phases of the 
PDO/IPO through the influence of Walker circulation 
anomalies and mid-latitude teleconnections (McGregor 
et al. 2014; Li et al. 2016a, b; Levine et al. 2017; Ruprich-
Robert et al. 2017; An et al. 2021; Meehl et al. 2021).

The PDO/IPO plays a pivotal role in regulating surface 
air temperature (SAT) and precipitation patterns across 
the Asian monsoon region (Krishnan and Sugi 2003; 
Hessl et al. 2004; Chan and Zhou 2005; Wang et al. 2008; 
Chen et  al. 2013; Krishnamurthy and Krishnamurthy 
2014) and South America (Andreoli and Kayano 2005; 
Kayano and Andreoli, 2007). Additionally, it exerts a 
profound impact on polar SAT and sea ice cover (Meehl 
et  al. 2013; 2016; 2018; 2019; Turner et  al. 2016, 2020) 
and assumes a significant role in the interdecadal vari-
ability of global SAT and precipitation (Meehl et al. 2013; 
Kosaka and Xie 2013; Dong and Dai 2015). Conversely, 
the AMO has been associated with climatic and weather 
patterns in Europe (Sutton and Hodson 2005; Knight 
et al. 2006; Peings and Magnusdottir 2014; 2016), Atlantic 
hurricane activity (Vimont and Kossin 2007; Wang et al. 
2012), the West African monsoon (Martin and Thorn-
croft 2014), and rainfall patterns in the Sahel region of 
Africa (Wang et  al. 2012) and South American (Chiessi 
et  al. 2009; Kayano and Capistrano 2014). Similarly, the 
AMO’s influence extends to polar SAT and sea ice cover 
(Chylek et al. 2009; Simpkins et al. 2014; Li et al. 2014).

Recent findings underscore the collective impact of the 
IPO/PDO and AMO on global climate variability (Joshi 
and Rai 2015; Li et  al. 2016a, b; Si and Ding 2016; Kim 
et  al. 2017; Zhang et  al. 2018, 2020; Elsbury et  al. 2019; 

Huang et al. 2019; Kayano et al. 2019, 2020). For instance, 
Joshi and Rai (2015) examined the combined influence 
of the AMO and IPO on low-frequency variability of 
rainfall and extremes over India and its homogeneous 
monsoon regions, revealing an interconnectedness that 
resonates throughout East Asian winter and summer 
monsoon climates. Moreover, the relationship between 
El Niño-Southern Oscillation (ENSO) and South Ameri-
can rainfall is modulated by the phases of the IPO and 
AMO (Kayano et  al. 2019, 2020). The joint impact of a 
positive AMO phase and a negative IPO phase can 
deepen the Amundsen Sea Low (ASL), thereby influenc-
ing SAT anomalies around Antarctica (Li et  al. 2021). 
Additionally, Yu and Zhong (2018), along with Yu et  al. 
(2019), attributed over 40% of Arctic sea ice loss over the 
past four decades to the phase reversal of the PDO and 
AMO. They further suggested that over half of the oppos-
ing trends in Arctic and Antarctic sea ice extents stem 
from shifts in the phases of the IPO/PDO and AMO (Yu 
et al. 2017; 2022).

While prior research has explored the joint influence 
of the IPO/PDO and AMO on Antarctic SAT, they have 
predominantly focused on the combined influence dur-
ing the recent four decades when the two indices have 
been primarily in opposite phases (Yu and Zhong 2018; 
Yu et al. 2017; 2019; 2022; Li et al. 2021). Fewer studies 
have delved into the nuanced impacts stemming from 
the four distinct combinations of the IPO/PDO and 
AMO phases. In the current study, we undertake an 
extensive examination of the effects of the four possible 
phase combinations of IPO and AMO (+ IPO + AMO, 
-IPO-AMO, + IPO-AMO, -IPO + AMO) on Antarctic 
SAT over the past seven decades using observational 
and reanalysis datasets and the composite analysis tech-
nique. The spatiotemporal variability of the PDO and 
IPO closely resembles each other (Newman et al. 2016), 
which is why, in this study, we employ the terminology of 
IPO and AMO to represent low-latitude SST anomalies 
on decadal timescales.

Datasets and methods
For the basis of our analysis, we obtained SST data 
from the U.S. National Oceanic and Atmospheric 
Administration (NOAA) Extended Reconstructed SST 

we uncover distinct patterns of Antarctic SAT anomalies during four different periods based on the phases of IPO 
and AMO. We note that Antarctic SAT anomalies exhibit a considerable seasonality, with the most pronounced (weak-
est) anomalies occurring during the austral winter (summer), consistently across all four periods. The anomalous SST 
patterns during different periods trigger distinct wavetrains that propagate into the Southern Ocean, inducing vari-
ations in sea level pressure, surface wind fields, and Antarctic SAT anomalies. These findings bear substantial implica-
tions for the prediction of Antarctic seasonal SAT variations on interdecadal timescales.
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(ERSST) version 5 dataset. This global SST dataset is 
reconstructed from in-situ buoy and ship observations, 
with a temporal resolution of monthly data points and a 
spatial resolution of 2.0 degrees latitude by 2.0 degrees 
longitude (Huang et al. 2017). While the ERSSTv5 data-
set spans observations dating back to 1854 and con-
tinues to the present day, our analysis focuses on the 
recent seven decades spanning 1948 through 2022. This 
selection was made in accordance with findings high-
lighted by Schneider and Fogt (2018) that pointed out 
that the lack of assimilated observations and notable 
uncertainties associated with pressure measurements 
prior to our study period render the dataset’s accuracy 
questionable for our purpose of analysis.

The IPO index is defined as the difference between 
the SST anomalies averaged over the central equa-
torial Pacific (10°S–10°N, 170°E–90°W) and the 
average of the SST anomalies in the Northwest 
(25°N–45°N, 140°E–145°W) and Southwest (50°S–15°S, 
150°E–160°W) Pacific regions (Henley et al. 2015). The 
AMO index is defined as the area-weighted average 
of SST anomalies over the North Atlantic Ocean (0°–
70oN) (Enfield et al. 2001). The IPO and AMO indices 
are calculated by the NOAA’s Physical Science Labo-
ratory and made available at the following websites: 
https:// psl. noaa. gov/ data/ times eries/ IPOTPI/ tpi. times 
eries. ersst v5. data and https:// psl. noaa. gov/ data/ corre 
lation/ amon. us. data, respectively. Following the pro-
cedure outlined by Hong et  al. (2022), both unfiltered 
indices were detrended and standardized based on 
their respective standard deviations.

Atmospheric variables were extracted from the Euro-
pean Centre for Medium-Range Weather Forecasts 
(ECMWF) fifth-generation reanalysis dataset, ERA5, 
which has a 1/4 degree latitude and longitude horizontal 
resolution (Hersbach et al., 2020). An additional atmos-
pheric variable, the outgoing longwave radiation (OLR) 
at the top of the atmosphere, was obtained from NOAA’s 
Interpolated OLR dataset. The Rossby wave source 
(RWS) and wave activity flux (WAF) were computed 
following the formulations described in Sardeshmukh 
and Hoskins (1988) and Takaya and Nakamura (2001), 
respectively. The primary methodology employed in our 
study was composite analysis, with statistical significance 
determined through a two-tailed Student’s t-test.

The analysis is based primarily on seasonal anomalies 
of SST and atmospheric variables, calculated by remov-
ing their linear trends and the 1948–2022 climatological 
means for each of the Antarctic seasons. These seasons 
are defined as follows: summer (January―March; 
JFM), autumn (April―June; AMJ), winter (July―
September; JAS), and spring (October―December; 
OND).

Due to constraints in our dataset (Schneider and Fogt 
2018), our study was unable to employ longer-term data 
to create composites of SAT anomalies over the decadal 
to interdecadal timescales, which are primarily associated 
with the IPO and AMO. Applying a 20-year filter to our 
current dataset significantly reduced the sample size for 
combinations of the IPO and AMO indices in the same 
phase. To maintain sufficient degrees of freedom in our 
composite analysis, we opted to use unfiltered IPO and 
AMO indices. This approach enabled us to examine SAT 
anomalies across a broader timescale, ranging from inter-
annual to interdecadal variability. Similar methodologies 
have been employed by Hong et al. (2022) in their exami-
nation of tropical interactions between the Pacific and 
Atlantic Oceans using PDO and AMO indices. Future 
studies will explore the impacts of IPO and AMO indi-
ces on Antarctic SAT if more robust Antarctic SAT data 
become available. Additionally, pacemaker experiments 
offer a valuable tool to assess the effects of IPO and AMO 
on Antarctic SAT.

Results
Anomalous SST patterns corresponding to the IPO 
and AMO phase combinations
During austral winter, both the IPO and AMO indices 
exhibit notable interdecadal variability, as depicted in 
Fig. 1a, b. For instance, the AMO index demonstrates a 
pattern of positive values spanning from 1948 to 1962 
and then again from 1995 to 2022, with a period of nega-
tive values in between. In contrast, the interdecadal vari-
ability of the IPO index shows predominantly positive 
values from 1976 to 1997, with a mix of positive and neg-
ative values occurring during other periods. The simulta-
neous correlation coefficient between the IPO and AMO 
indices registers at −0.18 (p > 0.05).

In terms of spatial patterns, SST anomalies during the 
positive phase of the IPO are characterized by a distinc-
tive horseshoe-shaped positive center, flanked by nega-
tive centers in both the central North and South Pacific, 
as well as the tropical western Pacific Oceans (Fig.  1c). 
Furthermore, a positive tropical dipole structure is 
observed in the tropical Indian Ocean, alongside a quad-
rupole structure extending from the North Atlantic to 
the South Atlantic. Conversely, during the positive phase 
of the AMO, a basin-wide warming pattern becomes evi-
dent across the North Atlantic Ocean. This warming is 
accompanied by elevated SSTs in the northwestern and 
southwestern regions of the Pacific Oceans (Fig. 1d).

To investigate the influence of the IPO and AMO 
phase interactions on Antarctic SAT, we construct four 
distinct SST composites based on the positive and neg-
ative phases of the two indices, resulting in four com-
binations: + IPO + AMO, -IPO-AMO, + IPO-AMO, 

https://psl.noaa.gov/data/timeseries/IPOTPI/tpi.timeseries.ersstv5.data
https://psl.noaa.gov/data/timeseries/IPOTPI/tpi.timeseries.ersstv5.data
https://psl.noaa.gov/data/correlation/amon.us.data
https://psl.noaa.gov/data/correlation/amon.us.data
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and -IPO + AMO (Table  S1). The spatial patterns of 
SST anomalies corresponding to these combinations 
are depicted in Figs.  1e-1h. Notably, the SST anoma-
lies corresponding to the two in-phase combinations 
(+ IPO + AMO and -IPO-AMO) exhibit a mirror-like 
symmetry (Fig. 1e, f ).

However, some differences emerge in the SST spatial 
patterns when examining the in-phase and out-of-phase 
combinations of the IPO and AMO indices. For instance, 
the tropical SST anomalies for + IPO + AMO and -IPO-
AMO combinations exhibit nearly symmetrical distribu-
tions about the equator (Figs. 1e, f ), whereas + IPO-AMO 

Fig. 1 The detrended and standardized time series of the IPO (a) and AMO (b) indices in austral winter (JAS) from 1948 to 2022, the spatial 
patterns of the regressed SST anomalies onto the detrended standardized IPO (c) and AMO (d) indices (oC), and the composited SST anomalies 
(oC) for the four IPO and AMO phase combinations: + IPO + AMO (e), -IPO-AMO (f), + IPO-AMO (g), and -IPO + AMO (h). Dotted regions indicate 
the above 95% confidence level
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and -IPO + AMO combinations predominantly feature 
these anomalies in the Southern Hemisphere (Figs.  1g, 
h). In the case of the in-phase combinations, basin-scale 
SST anomalies are influenced by disturbances in the 
central North Atlantic, while for the out-of-phase com-
binations, these disturbances manifest in the tropical 
northern Atlantic Ocean.

Overall, the spatial patterns of the IPO and AMO 
modes for the four combinations (Figs.  1e–h) exhibit 
some variations compared to the typical patterns 
(Figs. 1c, d), indicating an interaction between the Pacific 
and Atlantic basins on interdecadal timescales. Details of 
specific years corresponding to these four combinations 
categorized by the phases of the IPO and AMO indices 
for other seasons can be found in Tables S2-S4, and their 
spatial representations are illustrated in Figures S1-S3. It 
is important to note that other seasons exhibit analogous 
characteristics, both in terms of the temporal variations 
and spatial patterns.

Anomalous Antarctic SAT patterns corresponding 
to the IPO and AMO phase combinations
We investigated the influence of the interaction between 
the IPO and AMO characterized by the four phase com-
binations on Antarctic SAT for each season, and the 
results are shown in Fig. 2. Notably, the response of SAT 
to these four combinations exhibit a distinct seasonal 
pattern, with the magnitude and extent of SAT anomalies 
being most prominent during austral winter, followed by 
austral autumn, and least noticeable in austral summer.

Although the SST anomalies associated with the two 
in-phase combinations (+ IPO + AMO and -IPO-AMO) 
exhibit a mirror-like symmetry (Figs.  1e, f ), the corre-
sponding anomalous SAT patterns are not entirely mir-
rored. For instance, during austral winter, significant 
negative SAT anomalies associated with + IPO + AMO 
occur over the southeastern Pacific Ocean (Fig.  2i). In 
contrast, SAT anomalies linked to -IPO-AMO exhibit a 
structure of zonal wave number two with negative values 

Fig. 2 Anomalous surface air temperature for the four phase combinations of IPO and AMO: + IPO + AMO, (a), (e), (i), (m); -IPO-AMO, (b), (f), (j), 
(n); + IPO-AMO, (c), (g), (k), (o); and -IPO + AMO, (d), (h), (l), (p); in austral summer (JFM), (a), (b), (c), (d); autumn (AMJ), (e), (f), (g), (h); winter (JAS), (i), 
(j), (k), (l); and spring (OND), (m), (n), (o), (p). Dotted regions indicate the above 95% confidence level
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also extending over the southern Atlantic and Indian 
Oceans (Fig.  2j). However, the spatial patterns of SAT 
anomalies associated with the two out-of-phase com-
binations (+ IPO-AMO and -IPO + AMO) are entirely 
opposite to each other (Figs.  2k, l). While anomalous 
SATs in austral autumn and spring for + IPO + AMO 
and -IPO-AMO both display a zonal wave number two 
structure, there are slight differences in their location and 
extent (Figs. 2e, f, m, n).

Additionally, the results show the phase of AMO can 
modulate the IPO’s influence on Antarctic SAT. The 
extent of positive SAT anomalies in the Southern Pacific 
Ocean varies depending on the phase of the AMO (Fig-
ures  S4a, S4c, S4e, S4g, 2). During austral autumn, the 
negative phase of the AMO diminishes the extent of 
positive SAT anomalies in the Southern Pacific Ocean 
induced by the positive phase of the IPO (Figures S4c, 2e, 
2  g). Conversely, the opposite occurs for the other sea-
sons (Figures S4a, S4c, S4e, S4g, 2a, 2c, 2i, 2 k, 2 m, 2o). 
Similarly, the phase of the IPO also affects SAT anomalies 
related to the AMO (Figures  S4b, S4d, S4f, S4h, 2). For 
instance, there is large difference in the SAT anomalies 
over the southeastern Pacific Ocean for + IPO + AMO 
(Fig.  2i), -IPO + AMO (Fig.  2l), and + AMO (Figure 

S4f ). SAT anomalies over the Southern Atlantic Ocean 
for -IPO-AMO (Figs.  2b–j) during austral summer and 
winter are nearly opposite to those for + IPO-AMO 
(Figs. 2c–k).

Mechanisms
Prior research has established that the teleconnection 
between tropical SST anomalies and Antarctic SAT 
anomalies is mediated by the Rossby wavetrain initiated 
by SST anomalies (Li et al. 2021). Given the most signifi-
cant SAT anomalies occur during austral winter, we focus 
on elucidating the mechanisms underlying the influence 
of the four IPO and AMO phase combinations on Ant-
arctic SAT during this season. Detailed insights into the 
mechanisms during other seasons are provided in the 
supplementary materials.

During the periods with the + IPO + AMO combi-
nation, the positive IPO enhances convective precipi-
tation over the tropical central Pacific Ocean and the 
central and southeastern Pacific Ocean, while reduces 
rainfall over the southwestern Pacific Ocean and south 
of Australia (Figure S5a). The former corresponds to 
positive RWS and 200-hPa divergent wind patterns, 
whereas the latter generates the opposite response 

Fig. 3 The composited Rossby wave source (shading)  (10−10  s−2) and 200-hPa divergent wind (vector), (a), (c), (e), (g); wave activity flux (vector) 
and 200-hPa geopotential height (shading) (gpm), (b), (d), (f), (h) in austral winter (JAS) for the four IPO and AMO combinations: + IPO + AMO, (a), (b); 
-IPO-AMO, (c), (d); + IPO-AMO, (e), (f); and -IPO + AMO, (g), (h)
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(Fig.  3a). These RWS patterns set in motion a Rossby 
wavetrain that propagates southeastward into the 
Amundsen, Bellingshausen, and Weddell Seas (Fig. 3b), 

which results in anomalous 200-hPa geopotential 
height patterns (Fig.  3b) and mean sea level pressure 
distributions (Fig.  4a), characterized by a weakened 

Fig. 4 The composited mean sea level pressure (Pascal), (a), (c), (e), (g) and 10 m wind field, (b), (d), (f), (h), in austral winter (JAS) for the four IPO 
and AMO phase combinations: + IPO + AMO, (a), (b); -IPO-AMO, (c), (d); + IPO-AMO, (e), (f); and -IPO + AMO, (g), (h). Dotted in panels a, c, e, and g 
and shaded regions in panels b, d, e, and h indicate the above 95% confidence level



Page 8 of 12Yu et al. Geoscience Letters           (2024) 11:39 

ASL and anomalous low pressure over the Weddell 
Sea. This weakened ASL generates anomalous north-
erly winds to the west of its center and anomalous 
southwesterly winds to the east of its center (Fig.  4b), 
resulting in positive SAT anomalies over the Ross and 
western Amundsen Seas, along with negative SAT 
anomalies over the eastern Amundsen, Bellingshausen, 
and western Weddell Seas (Fig. 2i). The SAT anomalies 
over the southern Indian Ocean are also influenced by 
the associated anomalous surface wind field. Further-
more, the positive SAT anomalies are reinforced by 
anomalous downward longwave radiation, particularly 
over East Antarctica (Fig.  5a), with a spatial pattern 
resembling that of the anomalous SAT in austral winter 
when there is no shortwave radiation.

During the period with the -IPO-AMO combination, 
nearly opposite patterns of rainfall anomalies occur 
over the southern Pacific Ocean (Figure S5b). This gen-
erates positive RWS extending from southeastern Aus-
tralia to the southwestern Pacific and negative RWS 
over the central to southeastern Pacific Ocean (Fig. 3c). 
These anomalous RWS patterns excite a wavetrain 
that propagates southeastward into the Ross, Amund-
sen, Bellingshausen, and Weddell Seas, along with the 
southern Indian Oceans (Fig. 3d). The wavetrain results 
in a strengthened ASL, surrounded by positive mean 
sea level pressure anomalies (Fig.  4c). The intensi-
fied ASL is linked to SAT anomalies that oppose those 
observed during the + IPO + AMO combination, span-
ning from the Ross Sea to the western Weddell Sea, as 

Fig. 5 The composited accumulated downward longwave radiation  (106 W  m−2) in austral winter (JAS) for the four IPO and AMO phase 
combinations: + IPO + AMO, (a); -IPO-AMO, (b); + IPO-AMO, (c); and -IPO + AMO, (d). Dotted regions indicate the above 95% confidence level
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indicated by the anomalous surface wind field (Fig. 4d). 
Anomalous southerly winds, stemming from the posi-
tive sea level pressure anomalies over the Weddell 
Sea, induce negative SAT anomalies over the southern 
Atlantic Ocean (Fig.  2j). Similarly, SAT anomalies are 
influenced by anomalous downward longwave radia-
tions (Fig. 5b).

During the period with the + IPO-AMO combination, 
the spatial patterns of convective activities appear quite 
similar to those observed during + IPO + AMO (Figure 
S5c). However, the extent of significant rainfall anomalies 
over the southern Pacific Ocean and south of Australia 
during + IPO-AMO is somewhat smaller than that dur-
ing + IPO + AMO. Conversely, there are more suppressed 
convective activities over the southwestern Indian 
Ocean. Consequently, the RWS over the southern Pacific 
Ocean trigger the development of a distinct wavetrain 
propagating into the Southern Ocean (Figs.  3e, f ). The 
presence of negative RWS patterns between Australia 
and New Zealand encourages the formation of the wave-
train. The wavetrain lead to the weakening of the ASL. 
Although the magnitude of the anomalous ASL is some-
what smaller during + IPO-AMO, its spatial extent is 
larger than that observed during + IPO + AMO (Fig. 4e). 
The anomalous northerly winds, associated with this ASL 
change (Fig. 4f ), contribute to the expansion of positive 
SAT anomalies from the Amundsen Sea to the southeast-
ern Indian Ocean (Fig. 2k). Conversely, the negative SAT 
anomalies linked to anomalous southerly winds exhibit 
a smaller spatial extent and magnitude. Two negative 
anomalous sea level pressure centers, flanking the anom-
alous ASL, give rise to SAT anomalies over the southern 
Atlantic and Indian Oceans through the anomalous sur-
face wind field.

Lastly, during the period with the-IPO + AMO com-
bination, a notable pattern emerges with negative RWS 
over the southern Pacific Ocean and positive RWS over 
the southern Indian Ocean (Fig.  3g), both associated 
with rainfall anomalies (Figure S5d). These opposing 
RWS patterns trigger a distinct wavetrain that propagate 
southeastwards into the Southern Ocean (Fig.  3h). The 
wavetrain results in a stronger ASL anomaly, which 
exhibits a larger spatial extent than that observed dur-
ing -IPO-AMO (Fig.  4g). The anomalous surface wind 
field (Fig.  4h), driven by this intensified ASL, induces 
increased SAT over the Weddell and Bellingshausen Seas 
and decreased SAT over the Ross Sea and the Southern 
Indian Ocean. Notably, the negative SAT anomalies over 
the Southern Indian Ocean correspond to the presence 
of anomalous northerly winds (Fig. 4h). Additionally, the 
spatial pattern of downward longwave radiation anoma-
lies (Fig. 5d) closely mirrors that of the anomalous SAT 
(Fig. 2l).

In summary, during austral winter, each of the four 
phase combinations of the IPO and AMO indices reveals 
distinct spatial patterns of SST anomalies. These dif-
ferences in SST patterns give rise to varying convective 
activities, subsequently initiating different wavetrains 
that propagate into the Southern Ocean. These wave-
trains, unique to each combination, in turn, induce spe-
cific patterns of sea level pressure, surface wind fields, 
and downward longwave radiation anomalies. The cul-
mination of these processes ultimately results in diverse 
patterns of Antarctic SAT anomalies. It is worth noting 
that analogous mechanisms are in play during the other 
three seasons, as illustrated in Figures S6 to S10.

Conclusions and discussions
In this study, we analyzed global SST (ERSSTv5) and 
atmospheric (ERA5) datasets during the period from 
1948 to 2022 to understand the interactions between the 
Pacific and Atlantic basins, contingent on the four possi-
ble phase combinations of the IPO and AMO modes, and 
their influence on the Antarctic SAT anomalies and their 
seasonal variations.

The Pacific-Atlantic interaction results in distinct spa-
tial patterns of SST anomalies for the four phase com-
binations of the IPO and AMO indices. These patterns 
deviate somewhat from the typical patterns observed for 
the individual indices, reflecting the mutual influence 
and feedback between the two basins. Our findings dem-
onstrate that the impact of one index on Antarctic SAT 
is contingent upon the phase of the other. Notably, the 
Antarctic SAT anomalies related to these combinations 
exhibit a clear seasonal character, with the most substan-
tial anomalies occurring during austral winter, followed 
by austral autumn, and the smallest occurring in austral 
summer.

The varying SST anomalies associated with these com-
binations trigger distinct convective rainfall patterns, in 
turn initiating different wavetrains that propagate into 
the Southern Ocean. These wavetrains give rise to vary-
ing sea level pressure and surface wind field patterns, 
which, through the mechanisms of horizontal thermal 
advection and downward longwave radiation, lead to 
diverse Antarctic SAT anomalies.

Previous studies have examined the impacts of the four 
phase combinations of the IPO and AMO indices but 
with a focus on tropical Pacific Climate, Indian monsoon 
rainfall, and East Asian climate. Antarctic climate stud-
ies, however, have primarily centered on the out-of-phase 
combinations of the two indices, which have been pre-
dominant over the recent four decades. To the best of 
our knowledge, our study is the first to comprehensively 
examine the effects of all four combinations of the IPO 
and AMO phases on Antarctic SAT.
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Our study highlights the atmospheric pathways 
through which the tropical and subtropical signals of 
IPO and AMO and their phase combinations can influ-
ence Antarctic SAT. However, we cannot rule out the 
role of the oceanic pathways in the connection between 
IPO/AMO and Antarctic SAT. Previous studies have 
examined these oceanic pathways. The Atlantic meridi-
onal overturning circulation (AMOC) related to the 
AMO can impact the opposite variability of SAT over 
the North Atlantic Ocean and the Southern Ocean/
Antarctic continent (Johnsen et  al. 1972; Blunier and 
Brook 2001; Stocker and Johnsen 2003; Kim et al. 2020). 
The mode shift of the AMOC also contributes to warm-
ing over the Southern Ocean (Oka et  al. 2021). Addi-
tionally, ENSO can modulate the SST anomalies over 
the Southern Ocean through heat anomalies related to 
Ekman currents (Ciasto and England 2011).

While our analysis is based on the ERA5 reanalysis 
dataset for the past seven decades, we acknowledge 
that the limited data length may introduce some uncer-
tainty. Future research will benefit from employing 
longer-term, reliable datasets and conducting numeri-
cal experiments to augment our understanding and 
reduce uncertainties stemming from limited sample 
size. The insights gained from this study regarding the 
connection between Antarctic SAT and SST anomalies 
in the tropical Pacific and Atlantic Oceans hold poten-
tial for enhancing our ability to predict shifts and fluc-
tuations in Antarctic SAT. It is important to emphasize 
that even slight alterations in Antarctic SAT can exert 
profound repercussions on the stability of ice sheets 
and, consequently, on the global issue of rising sea 
levels.
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