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Abstract

The importance of the Atlantic Multidecadal Oscillation (AMO) and Interdecadal Pacific Oscillation (IPO) in
influencing zonally asymmetric changes in Antarctic surface air temperature (SAT) has been established.
However, previous studies have primarily concentrated on examining the combined impact of the contrasting
phases of the AMO and IPO, which have been dominant since the advent of satellite observations in 1979. This
study utilizes long-term reanalysis data to investigate the impact of four combinations of +AMO+IPO, –AMO–IPO,
+AMO–IPO, and –AMO+IPO on Antarctic SAT over the past 115 years. The +AMO phase is characterized by a
spatial mean temperature amplitude of up to 0.5℃ over the North Atlantic Ocean, accompanied by positive sea
surface temperature (SST) anomalies in the tropical eastern Pacific and negative SST anomalies in the
extratropical-mid-latitude western Pacific, which are indicative of the +IPO phase. The Antarctic SAT exhibits
contrasting spatial patterns during the +AMO+IPO and +AMO–IPO periods. However, during the –AMO+IPO
period, apart from the Antarctic Peninsula and the vicinity of the Weddell Sea, the entire Antarctic region
experiences a warming trend. The most pronounced signal in the SAT anomalies is observed during the austral
autumn, whereas the combination of –AMO and –IPO exhibits the smallest magnitude across all the
combinations. The wavetrain excited by the SST anomalies associated with the AMO and IPO induces upper-level
and surface atmospheric circulation anomalies, which alter the SAT anomalies. Furthermore, downward
longwave radiation anomalies related to anomalous cloud cover play a crucial role. In the future, if the phases of
AMO and IPO were to reverse (AMO transitioning to a negative phase and IPO transitioning to a positive phase),
Antarctica could potentially face more pronounced warming and accelerated melting compared to the current
observations.
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1  Introduction
During the satellite era since 1979, a series of climatic changes

have been observed in Antarctica. For example, surface air tem-
peratures (SAT) rose over West Antarctica and the Antarctic Pen-
insula, the heat content of the ocean increased, and sea ice in-
creased before 2015 and decreased after that (Li et al., 2021).
Most interestingly, SAT changes in Antarctica exhibit strong sea-
sonality and spatial complexity (Ding and Steig, 2013). With con-
tinued warming, temperature trends in Antarctica are more un-
even (Jones et al., 2019). For example, the near-surface air tem-
perature in West Antarctica has increased significantly (twice the
global average) (Schneider et al., 2012; Bromwich et al., 2013; Li
et al., 2014), but negligible warming or slight cooling has oc-
curred in East Antarctica in recent decades (Steig et al., 2009; Nic-

olas and Bromwich, 2014; Turner et al., 2016; Jones et al., 2019;
Wang et al., 2020; Li et al., 2021). However, the modeling studies
by Klein et al. (2019) and Jones et al. (2019) show uniform warm-
ing over both West Antarctica and East Antarctica.

The southern annular mode (SAM) was confirmed by previ-
ous studies to have a significant impact on the changes in Antarc-
tic SAT (Thompson and Solomon, 2002; Hosking et al., 2013;
Marshall and Thompson, 2016). The El Niño-Southern Oscilla-
tion (ENSO) phenomenon is a large-scale atmosphere-ocean in-
teraction occurring in the tropical Pacific and has crucial effects
on the global climate through atmospheric teleconnections (Wal-
lace et al., 1998; Liu et al., 2013; Li et al., 2023). Jones et al. (2019)
suggested that the ENSO is related to the SAM, and their impacts
on SAT can sometimes be difficult to separate. There is strong  
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evidence that in fact the response to ENSO is modulated by the
background state of the SAM. The ENSO teleconnection is only
statistically significant when SAM is in a weak (i.e., neutral)
phase, or when SAM is in phase with the driving ENSO event.
When SAM is in the negative phase, the Teleconnection with El
Nino is significant, while when SAM is in the positive phase, the
Teleconnection with La Nina is significant (Fogt and Bromwich,
2006; Stammerjohn et al., 2008; Fogt et al., 2011; Hobbs et al.,
2016). However, Li et al. (2014) suggested that these regional-
scale changes are mainly affected by changes in atmospheric cir-
culation; in particular, the Amundsen Sea Low (ASL), which is as-
sociated with internal tropical ocean variability and subsequent
tropical–polar teleconnections, has been found to be important
(Steig et al., 2009; Turner et al., 2013; Raphael et al., 2016).

Li et al. (2021) believed that a potential driver of multidecadal
changes in Antarctica is sea surface temperature (SST) variability
associated with the Atlantic Multidecadal Oscillation (AMO) and
the Interdecadal Pacific Oscillation (IPO). During the period of
+AMO, the Rossby wavetrain linked warming SSTs in the Atlantic
Ocean to surface pressure around the Amundsen Sea in all sea-
sons except austral summer (Simpkins et al., 2014; Li et al., 2014,
2015). In addition, the IPO shifted from a positive phase to a neg-
ative phase, with a decrease in tropical Pacific SSTs and a deep-
ening of the ASL, which contributed to the circulation changes in
the Ross Sea region (Meehl et al., 2016). Simpkins et al. (2016)
emphasized that the role of the Atlantic and Pacific Oceans can-
not be considered separately when diagnosing climatic changes
related to the tropics in the southern Hemisphere extratropics. It
has been found that the joint impact of +AMO and –IPO can
deepen the ASL (Li et al., 2021). The ASL can strongly influence
the climate of the Antarctic Peninsula and West Antarctica
(Kreutz et al., 2000). The ASL has also deepened in recent years,
contributing a positive SAT trend in the Peninsula and West Ant-
arctica because more northerly wind anomalies lead to warm ad-
vection (Raphael et al., 2016).

To date, research has mostly investigated the individual im-
pact of the AMO or IPO on the atmospheric circulation and Ant-
arctic SAT (Ding et al., 2011; Ding and Steig, 2013; Simpkins et al.,
2014; Li et al., 2014, 2015; Meehl et al., 2016) or the combined im-
pact of the opposing AMO and IPO phases (Yu et al., 2017, 2022;
Li et al., 2021), rarely considering the impact of the coinciding
phases (–AMO–IPO or +AMO+IPO). We would like to know the
impact of AMO and IPO on Antarctic surface temperature under
the same and opposite phases. However, since satellite observa-
tion data has been available, both IPOs and AMOs have been in
opposite phases, so the length of the data time series is crucial for
our research. If the data are extended to the late 1990s, will the
AMO and IPO also play a significant role in the Antarctic SAT? An
answer to this question is still lacking. In this study, we used long-
term reanalysis data to investigate the effects of the four combin-
ations of +AMO+IPO, –AMO–IPO, +AMO–IPO, and –AMO+IPO
on Antarctic SAT over the past more than 100 years.

2  Data and methods
This analysis specifically focuses on the monthly data ob-

tained from the National Oceanic and Atmospheric Administra-
tion (NOAA)-the Cooperative Institute for Research in Environ-
mental Sciences (CIRES)-the U.S. Department of Energy (DOE)
Twentieth Century Reanalysis (20CR) project Version 3 (Slivinski
et al., 2019). The 20CRv3 data covers the time period from Janu-
ary 1836 to December 2015, with a horizontal resolution of 1°.

The evaluation of 20CRv3 shows that the variability of many
fields is reliable throughout the twentieth and twenty-first cen-
turies but does not include the nineteenth century (Slivinski et
al., 2021). The main objective of this study is to assess the spatial
distribution of Antarctic SAT in relation to the four combinations
of +AMO+IPO, –AMO–IPO, +AMO–IPO, and –AMO+IPO, rather
than focusing on trend changes. Therefore, we used detrended
data on sea-level pressure (SLP), 10-m wind speed, 2-m air tem-
perature, albedo, net shortwave radiation flux, total cloud cover,
downward longwave radiation flux and atmospheric variables,
including 200-hPa geopotential height, temperature and winds,
during 1900 to 2015. As the European Center for Medium-Range
Weather Forecasts (ECMWF) Twentieth Century Reanalysis
(ERA-20C) data only extend to 2010, we only used them in this
study to compare SAT to 20CR. The SAT of the fifth generation
European Center for Medium-Range Weather Forecasts reana-
lysis (ERA5), with a spatial resolution of approximately 0.25° latit-
ude-longitude (Hersbach et al., 2020), was used to evaluate the
quality of 20CR by analyzing the overlapping period (1979–2015).

In addition, we also utilized the monthly NOAA Extended Re-
constructed Sea Surface Temperature data version 5 ERSSTv5,
(Huang et al., 2017). The AMO index with a ten-year running
mean (Enfield et al., 2001) and the IPO index with a 13-year
Chebyshev low-pass filter (Henley et al., 2015) values were ob-
tained from NOAA archives at https://psl.noaa.gov/gcos_wgsp/
Timeseries /AMO and https://psl.noaa.gov/data/timeseries/IPOTPI/,
respectively.

Austral summer, autumn, winter and spring refer to January,
February, and March (JFM); April, May, and June (AMJ); July, Au-
gust, and September (JAS); and October, November, and Decem-
ber (OND), respectively. The anomalies of variables were calcu-
lated with respect to the climatology over the period 1900–2015.
The significance is calculated using the two-tailed Student’s t-
test.

Following Sardeshmukh and Hoskins (1988), the Rossby wave
source (RWS) in the upper troposphere plays an important role in
tropical-extratropical teleconnections, which can be given by

RWS = −Vχ · ∇ζ − ζD ≈ −V′
χ · ∇ζ̄ − ζ̄D′, (1)

Vχ D

V′
x ∇ζ̄

−V′
χ · ∇ζ̄ −ζ̄D′

where ζ is the 2D absolute vorticity;  and  are the divergent
wind and divergence at 200 hPa, respectively. The climatological
mean and perturbation are represented by overbars and primes,
respectively.  is divergent wind anomaly,  is the gradient of
absolute vorticity mean, and D'  is  divergence anomaly.
Wang et al. (2019) suggest that the RWS is well approximated by
its linearized components S1 (  ) and S2 ( ). Two
components represent the advection of mean absolute vorticity
by anomalous divergent flow and the generation of vorticity by
anomalous divergence, respectively. Although S1 is more effect-
ive at exciting extratropical teleconnections from the tropical
heating (Wang et al., 2019), we will still show the sum of two
parts, as the magnitude of S2 is greater than that of S1.

3  Results and discussion
We start by evaluating the SAT data. Figure 1 illustrates the

trend of the Antarctic surface air temperature of the 20CR data
during 1900–2015 and 1979–2015 in the satellite observation era
and the comparison with ERA5 data from the same period
(1979–2015). The SAT trend of the 20CR data is broadly consist-
ent with that of the ERA5 data during the satellite observation
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era. Specifically, the SAT of West Antarctica increases in austral
summer (JFM) while the temperature of the Antarctic Peninsula
increases and the temperature of the Southwest Pole and the
Ross Sea decreases in austral autumn (AMJ). There is warming in
the southwest polar region in austral winter (JAS) and warming
south of 70°S in austral spring (OND).

During 1900 to 2015, there is a significant difference in the
trend of Antarctic temperature compared to the period after
1979. The Southern Ocean exhibits the most pronounced warm-
ing signal, and overall, Antarctica shows nearly ubiquitous warm-
ing, which is consistent with temperature trends over a centenni-
al period being driven by anthropogenic warming compared to
the asymmetric pattern over a shorter period when the influence
of internal variability is strong. In other words, the distribution of
the temperature trend strongly depends on the period of study.
However, the comparison with ERA5 shows that the 20CR data
can effectively captures SAT variability, instilling greater confid-

ence in its quality prior to 1979. At the same time, we also found
that autumn (AMJ) has the largest variability in SAT (as shown in
Fig. 2). Therefore, this study focuses on the analysis of the effect
of the AMO and IPO indices on autumn SAT in Antarctica.

The multidecadal variability in SST associated with the AMO
and IPO indices is believed to be a potential driver of multi-
decadal changes in Antarctica (Simpkins et al., 2016; Li et al.,
2021). Figure 3 shows four periods of the AMO during 1900 to
2015, including a negative phase from 1900 to 1928 and from
1964 to 1997 and a positive phase from 1929 to 1963 and from
1998 to 2015. The IPO period is on 20- to 30-year timescales. The
positive phase of the AMO can enhance the observed negative
phase of the IPO since the 1990s (Li et al., 2021).

According to phases of the seasonal AMO and IPO indices, we
divided the whole period of 1900–2015 into four combinations for
each season (+AMO and +IPO, –AMO and –IPO, +AMO and –IPO;
–AMO and +IPO) (Table 1). The difference in the years is small
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Fig. 1.   The 1900–2015 20CR (left; a, d, g, and j), 1979–2015 20CR (middle; b, e, h, and k) and 1979–2015 ERA5 (right; c, f, i, and l) sur-
face air temperature trends in different seasons.
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among seasons. There were only ten years (9%) in the +AMO
+IPO combination, while the +AMO–IPO combination was the
longest (43 years or 39%). The –AMO+IPO and –AMO–IPO com-
binations each lasted approximately 30 years, or 26% and 28%,
respectively. Next, through composite analysis, we reveal the in-
fluence mechanism of the SST anomalies associated with the four
combinations of the AMO and IPO indices on the Antarctic SAT.

We made a composite of SST anomalies for each season (Fig. 4).
The +AMO phase is characterized by an amplitude of the spatial
mean temperature up to 0.5℃ over the North Atlantic Ocean
(Figs 4a, e, i, m and Figs 4c, g, k, o). Moreover, positive SST anom-
alies over the tropical eastern Pacific and negative SST anom-
alies over the extratropical-mid-latitude western Pacific ap-
peared in the +IPO phase (Figs 4a, e, i, m and Figs 4d, h, l, p). The
spatial patterns of the four combinations are similar for the four

seasons despite small differences in magnitudes and locations.
There is strong asymmetry in the spatial patterns of SST anom-
alies for the combination of +AMO and –IPO and –AMO and
+IPO, especially over the tropical central and eastern Pacific.

Composited SAT anomalies are shown in Fig. 5. For the com-
bination of +AMO and +IPO, there is a positive anomaly south of
50°S in austral summer (JFM, Fig. 5a) and austral spring (OND,
Fig. 5m), a positive anomaly near the Ross Sea in JFM but a neg-
ative anomaly in the same region in OND. The temperature in-
creases near the Amundsen Sea in AMJ (Fig. 5e) and decreases
significantly in the other southern oceans in JAS (Fig. 5i). The dis-
tribution of SAT anomalies for the combination of +AMO–IPO
(Figs 5c, g, k, o) is almost opposite to that during +AMO+IPO and
opposite to that during –AMO+IPO (Figs 5d, h, l, p), except for the
domain of the Southern Indian Ocean. During –AMO+IPO,
nearly the whole Antarctic is warming except over the Antarctic
Peninsula and near the Weddell Sea. The smallest magnitude
compared with the other three phases is found for the –AMO and
–IPO combination (Figs 5b, f, j, n).

To further confirm the above results, we made a composite of
SAT using 2-m air temperature dataset from the ERA-20C dataset
(Fig. 6). The spatial patterns of SAT exhibit similarities to those
obtained using the t2m dataset from 20CR; for example, the dis-
tribution of SAT anomalies for the combination of +AMO–IPO
(Figs 6c, g, k, o) is almost opposite that for the combination of
+AMO+IPO (Figs 6a, e, i, m), and the Antarctic region as a whole
experiences warming during the period of –AMO+IPO (Figs 6d, h,
l, p). The spatial correlation coefficients between the SAT anom-
alies in ERA-20C and 20CR have the largest value of 0.93 in AMJ
for the combination of +AMO and +IPO (Table 2), with the correl-
ation coefficients for most other seasons and combinations be-
ing higher than 0.6. However, the correlation coefficient is not
significant in AMJ (Fig. 6f, 0.01) and JAS (Fig. 6j, 0.26) for the
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Fig. 2.   Variance in surface air temperature in austral summer (JFM) (a), autumn (AMJ) (b), winter (JAS) (c) and spring (OND) (d).
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Fig. 3.   AMO index (top) and IPO index (down) time series dur-
ing 1900–2015.

 

Table 1.   Years in different phases of the AMO and IPO from 1900–2015
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Fig. 4.   Distribution of SST anomaly of ERSST in different phases of the AMO and IPO in JFM, AMJ, JAS, and OND. The dots denote the
values passing the 95% confidence level for the two-sided Student’s t-test.
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combination of –AMO–IPO. In general, the two sets of data are
consistent with each other. Next, we explored the mechanisms
responsible for the spatial patterns of Antarctic SAT in austral au-
tumn (AMJ) during the different combinations of the AMO and
IPO.

To explain the anomalous Antarctic SAT for different combin-
ations, we made a composite of anomalous 10-m wind and sea
level pressure (Fig. 7). For austral autumn, anomalous surface
wind influences SAT through heat advection. For years of
+AMO+IPO, anomalous surface anticyclonic circulation over the
Bellingshausen Sea and cyclonic circulation produce southerly
wind anomalies over the Weddell and Ross Seas and northerly

wind anomalies over the Bellingshausen and Amundsen Seas,
which result in negative and positive SAT anomalies, respect-
ively (Figs 7a and 5e). Downward longwave radiation anomalies
related to anomalous cloud cover also strengthen the SAT in the
above regions (Figs 8a and b). Although the spatial pattern of al-
bedo anomalies shows opposite variability to that of SAT, the net
shortwave radiation related to it excites a smaller effect on posit-
ive air temperature anomalies over the Bellingshausen Sea and
negative air temperature anomalies over the South Atlantic
Ocean (Figs 9a and b). For the other three combinations, surface
wind field anomalies can explain SAT anomalies through heat
advection, especially over the Amundsen Sea for years of
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Fig. 6.   Distribution of 2-m air temperature anomaly of ERA-20C in different phases of the AMO and IPO in JFM, AMJ, JAS, and OND.

 

Table 2.   Correlation coefficients of surface temperature anomalies between ERA-20C and 20CR in different phases of the AMO and
IPO

Month
Correlation coefficient

+AMO+IPO –AMO–IPO +AMO–IPO –AMO+IPO

JFM 0.62* 0.77* 0.86* 0.72*

AMJ 0.93* 0.01 0.63* 0.74*

JAS 0.79* 0.26* 0.69* 0.72*

OND 0.62* 0.41* 0.64* 0.73*

     Note: Asterisk (*) denotes above 99% confidence level.
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Fig. 7.   Distribution of the 10-m wind anomaly (m/s; vectors, scale in bottom right) and sea level pressure anomaly (hPa; shading,
lower row) of 20CR in different phases of the AMO and IPO in AMJ. The dots denote the values passing the 95% confidence level for the
two-sided Student’s t-test.
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Fig.  8.     Distribution  of  the  total  cloud  cover  anomaly  (left
column) and downward longwave radiation flux anomaly at the
surface (right column) of 20CR in different phases of the AMO
and IPO in AMJ. The dots denote the values passing the 95% con-
fidence level for the two-sided Student’s t-test.
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Fig. 9.   Distribution of albedo anomalies (left column) and net
shortwave radiation flux anomalies at the surface (right column)
of 20CR in different phases of the AMO and IPO in AMJ. The dots
denote the values passing the 95% confidence level for the two-
sided Student’s t-test.
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+AMO–IPO and –AMO+IPO (Figs 5g, h and Figs 7c, d). This also
suggests that the circulation of +AMO–IPO can deepen the
Amundsen low pressure and cause warming of the Antarctic Pen-
insula, which is consistent with previous studies (Li et al., 2021).
Downward longwave radiation anomalies also have a larger ef-
fect than the net shortwave radiation, but their spatial patterns
are not consistent with the cloud cover anomalies (Figs 8 and 9).

Previous studies have suggested that anomalous SSTs in the

tropics can influence atmospheric circulation through the gener-
ation of planetary wavetrains (Li et al., 2015, 2021; Ding and Steig,
2013; Simpkins et al., 2014). To link the tropical SST anomalies
and high-latitude atmosphere circulation anomalies, we com-
posited the anomalous surface precipitation rate and upward
longwave radiation flux at the nominal top of the atmosphere
(Fig. 10) and the divergent wind, RWS, height anomaly, and wave
activity flux (WAF) at the 200-hPa level (Fig. 11). For years of
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Fig. 10.   Anomalous surface precipitation rate (left column) and upward longwave radiation flux at the nominal top of the atmo-
sphere anomaly (right column) from 20CR data in AMJ. The dots denote the values passing the 95% confidence level for the two-sided
Student’s t-test.
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Fig. 11.   The 200 hPa divergent wind anomaly (vectors), Rossby wave source in AMJ (shading) (left column) and the 200 hPa height
anomaly (shading) and anomalous wave activity flux (vectors) of 20CR in AMJ (right column).
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+AMO+IPO, negative SST anomalies over the southeastern Indi-
an and southeastern Pacific Oceans produce increased precipita-
tion and negative upward longwave radiation over the region
southeast of Australia and southwestern Australia (Figs 10a and
b), which induces anomalous divergent winds and positive
RWSs. The positive RWSs excite a wavetrain propagating south-
eastwards into the Ross and Amundsen Seas and then into the
Bellingshausen and Weddell Seas (Figs 11a and b). The wavetrain
generates negative upper-level height anomalies over the Ross
and Weddell Seas and positive values over the Bellingshausen
Sea, which induces surface mean sea level pressure (MSLP) and
air temperature anomalies.

For years of +AMO–IPO, increased precipitation and convect-
ive activities occur over the western tropical Pacific Ocean and
the region east of Australia (Fig. 10e). Increased convective activ-
ities produce positive RWSs and upper-level divergent winds over
the region east of Australia (Fig. 11e), which triggers a wavetrain
propagating southeastward (Fig. 11f). The wavetrain leads to pos-
itive height anomalies over the southern Pacific Ocean and the
Weddell Sea and negative height anomalies over the Amundsen
and Bellingshausen Seas, which influences the MSLP and SAT.
The opposite case occurs for years of –AMO+IPO.

For years of –AMO–IPO, positive SST anomalies over the cent-
ral South Pacific Ocean increase the precipitation and convective
activities there (Figs 10c and d), which generates positive RWSs
and divergent winds (Fig. 11c). The positive RWSs also trigger a
wavetrain propagating northeastwards and reflecting into the
Weddell Seas and the Bellingshausen and the South Indian
Ocean (Fig. 11d), which results in anomalous upper-level height,
MSLP and SAT.

Interdecadal variability Atlantic and Pacific SST have a strong
impact on Antarctic temperature by teleconnections. These im-
pacts are of great important implications for understanding and
predicting future changes in Antarctica. Similar tropical-polar
teleconnections are also evident on Arctic climate, and the link-
ages between tropical anomalies and the Arctic have been widely
reported (e.g., Garfinkel and Hartmann, 2007; Xie et al., 2012;
Kren et al., 2016; Rao and Ren, 2018; Song and Son, 2018). Li et al.
(2021) suggested that the relative importance of tropical-polar
teleconnections, anthropogenic forcing and internal variability
are still not fully understood.

4  Conclusions
In this study, we utilized two long-term reanalysis datasets to

investigate the impact of the IPO and AMO indices on Antarctic
SAT over the past 115 years. We categorized the IPO and AMO in-
dices into four combinations of +AMO+IPO, –AMO–IPO, +AMO–
IPO, and –AMO+IPO and examined their effects on the Antarctic
SAT.

A positive AMO probably intensified negative IPO observed
since the 1990s (Li et al., 2021). During the period of +AMO+IPO,
the distribution of Antarctic SAT exhibits an opposite pattern
compared to the period of +AMO–IPO. During the period of
–AMO+IPO, except for the Antarctic Peninsula and near the Wed-
dell Sea, overall Antarctic region experiences warming. The
strongest signal of the SAT anomalies is observed during the aus-
tral autumn season (AMJ), while the smallest magnitude com-
pared with the other three phases is for the –AMO and –IPO.

More specifically, in austral autumn (AMJ) and for the com-
bination of +AMO+IPO, the negative SST anomalies over the
southeastern Indian and southeastern Pacific Oceans produce

anomalous divergent winds and positive RWSs, which excite a
wavetrain propagating southeastward. Anomalous surface anti-
cyclonic circulation over the Bellingshausen Sea and cyclonic cir-
culation produce southerly wind anomalies over the Weddell and
Ross Seas and northerly wind anomalies over the Bellingshausen
and Amundsen Seas. As a result, SAT increases in West Antarc-
tica. For years of –AMO–IPO, positive SST anomalies over the
central South Pacific Ocean also trigger a wavetrain propagating
northeastwards toward the Weddell Seas and the Bellingshausen
and the South Indian Ocean. For +AMO–IPO and –AMO+IPO
years, similar wavetrains are excited over the South Pacific and
Atlantic Oceans, but the upper-level height anomalies exhibit op-
posite patterns due to the opposite SST anomalies over the
southwestern Pacific Ocean. These opposite upper-level height
anomalies lead to opposite surface atmospheric circulation an-
omalies. SAT decreases in the South Pacific and Atlantic oceans,
while SAT increases in other regions for the combination of
+AMO and –IPO, and almost the opposite is true for the combin-
ation of –AMO and +IPO.

In summary, the wavetrain generated by SST anomalies trig-
gers upper-level height and surface atmospheric circulation an-
omalies, resulting in changes in SAT. Downward longwave radi-
ation anomalies related to anomalous cloud cover also play a
role. Our conclusions support previous results that the joint im-
pact of the positive AMO and the negative IPO leads to a deepen-
ing of the Amundsen Sea Low (Fig. 7c, Hosking et al., 2013; Li et
al., 2021). Furthermore, we show results for the remaining three
combinations of the indices. In the future, the phases of AMO
and IPO if the phases of AMO and IPO were to reverse (with AMO
transitioning to a negative phase and IPO transitioning to a posit-
ive phase), Antarctica could potentially experience more pro-
nounced warming and accelerated melting compared to the cur-
rent observations.

It should be noted that the long-term reanalysis data 20CR is
the first reanalysis dataset that covers a span of over 100 years.
Compared to satellite products, observations and other reanalys-
is data, 20CRv3 can credibly reproduce different scales of atmo-
spheric estimates ranging from weather to long-term climate
events (Slivinski et al., 2019, 2021); however, it is crucial to exer-
cise caution when interpreting the results based on surface data
reanalysis. It should be noted that there is a significant shortage
of assimilable observations in long-term reanalysis prior to ap-
proximately 1955 (Schneider and Fogt, 2018). As a next step, we
intend to validate our findings by comparing them with CMIP6
model simulations and plan to design model experiments to fur-
ther investigate and confirm the mechanism through which the
AMO and IPO influence the Antarctic SAT, as revealed in this
study.
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