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Some studies have discussed potential influences of Antarctic sea ice anomalies, Atlantic
Multi-decadal Variability (AMV), and Interdecadal Pacific Oscillation (IPO) on the Southern
Hemisphere (SH) climate, individually. However, it is not clear how different combinations
of them influence the extratropical SH climate. Here we select three different combinations
of strong anomalies in Antarctic sea ice (SI), AMV and/or IPO identified from observations,
and investigate their influence on the winter extratropical SH climate using the Community
Atmosphere Model. The model results show that atmospheric responses vary with
different combinations. When both SI and AMV are in strong positive polarity (SI +
AMV), the polar jet shifts equatorward while the subtropical jet shifts poleward, the
amplitude of zonal wave number 1 is reduced in high-latitudes with minimal changes in
wave number 2, and a north-south circulation dipole occurs in both the Atlantic and Pacific.
Different from SI + AMV, when SI is in strong positive polarity and IPO is in strong negative
polarity (SI-IPO), the reduction of wave number 1 is dramatically increased, accompanied
by remarkably increased wave number 2. The north-south circulation dipole only occurs in
the Pacific and is confined to the central and eastern Pacific, whereas the Atlantic is
dominated by anomalously anticyclonic circulation. Together, SI + AMV-IPO leads to the
largest reduction of wave number 1 in high-latitudes and subtropics, the strongest north-
south circulation dipole in the Pacific as well as the Amundsen Sea Low. As a result, the
three combinations produce different patterns of surface temperature and precipitation
anomalies over Antarctica, Australia and South America.
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INTRODUCTION

Most of surface area in the extra-tropics of the Southern Hemisphere (SH) is covered by the ocean.
This leads to atmospheric circulation that is more zonally symmetric compared to its counterpart
in the Northern Hemisphere (Thompson and Wallace 2000; Hall and Visbeck 2002; Sen Gupta
and England 2006). A circumpolar low pressure strengthens during winter, which increases the
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north-south pressure gradient. A band of high pressure in the
subtropics also intensifies during winter, which is featured by
subsidence and divergence in the low-level atmosphere
(Miyasaka and Nakamura 2010). Hence the middle to high
southern latitudes are dominated by the westerly winds.

As the interface between the atmosphere and the ocean,
variability of Antarctic sea ice can result in large changes in
surface heat and moisture fluxes (Simmonds and Budd 1991),
which might have profound influence on weather and climate in
the SH extra-tropics (Mesquita et al., 2011). Antarctic sea ice
extent underwent a long-term increase (statistically significant)
from the late 1970s to the mid-2010s (Liu et al., 2004; Parkinson
and Cavalieri 2012). Based on the historical Antarctic sea ice
change, Raphael et al. (2011) showed that the positive sea ice
anomalies in austral summer tend to result in positive Antarctic
Oscillation (AAO, also known as Southern Annular Mode) and
noticeable influence not only on polar circulation but also
atmospheric circulation in lower latitudes. Associated with sea
ice expansion in recent decades, the SH tropospheric jet shifts
poleward in winter (Smith et al., 2017). Meanwhile, some studies
examined the impacts of decreased Antarctic sea ice on SH
atmosphere and showed different results. Menéndez et al.
(1999) and Bader et al. (2013) found an equatorward shift of
the tropospheric jet stream in winter, while Kidston et al. (2011)
suggested that there is no significant change of the jet. England
et al. (2018) also showed an equatorward shift of the SH
atmospheric jet in winter based on the CESM whole
atmosphere model simulation. Ayres and Screen (2019)
suggested a weakening of the eddy-driven jet, and to a lesser
extent, an equatorward shift of the jet based on the simulation of
11 models involved in the Coupled Model Intercomparison
Project phase 5.

There is a growing evidence that sea surface temperature in the
tropics and subtropics are playing an important role in forcing
atmospheric circulation in the SH extra-tropics. The Atlantic
Multi-decadal Variability (AMV) is identified as a coherent
climate pattern of multi-decadal variability in the basin-wide
North Atlantic sea surface temperature (SST) (Schlesinger and
Ramankutty 1994; Ting et al., 2011), which is associated with
changes in thermohaline circulation (Knight et al., 2005; Zhang
and Delworth 2009), atmospheric blocking (Hakkinen et al.,
2011), and aerosol effect (Ting et al., 2009; Booth et al., 2012).
A few studies have connected the AMV (especially the tropical
Atlantic SST warming) to atmospheric anomalies in the SH extra-
tropics through the teleconnection of Rossby wave train. This
includes the intensification of the AAO and the deepening of the
Amundsen Sea Low, as well as the strong warm signals
throughout the Antarctic Peninsula and much of West
Antarctica (Li et al., 2014; Simpkins et al., 2014). The
Interdecadal Pacific Oscillation (IPO) is identified as a climate
mode of decadal to multi-decadal variability in the Pacific SST
(Salinger et al., 2001; Tomita et al., 2001). The spatial pattern of
IPO is similar to the El Niño–Southern Oscillation (ENSO), but
IPO presents a much stronger signal in the extra-tropics than that
of the ENSO (Latif and Barnett 1994, 1996; Mantua et al., 1997).
The impacts of the IPO on the SH climate have been
acknowledged. Sea surface temperature variability associated

with IPO in the tropical west Pacific and south Pacific
Convergence zone has significant impact on the SH polar
circulation and climate (Meehl et al., 2014; Purich et al., 2016;
Clem et al., 2018; Clem et al., 2019). During the positive IPO, the
lower pressure anomaly around Antarctica and more intense
cyclones and anticyclones in the SH were observed (Pezza et al.,
2007). During the positive IPO phase, the temperature tends to be
warmer over north and east of Australia and south of Africa, and
the precipitation tends to be above normal over south of South
America and below normal over east Australia and south of
Africa (Dong and Dai 2015).

The aforementioned studies have improved our knowledge
about the potential impacts of Antarctic sea ice anomalies, and
SST anomalies in the North Atlantic or the Pacific on the SH
climate, individually. Given their co-occurrences, improved
knowledge of the influence of different phase combinations of
the Antarctic sea ice, AMV, and/or IPO on the extratropical SH
climate is needed. The impacts of Antarctic sea ice anomalies on
atmospheric circulation might be not well constrained. This is
partly due to atmospheric response to sea ice anomalies is
nonlinear and state-dependent. That means a similar Antarctic
sea ice anomaly may result in different atmospheric response
given different background state associated with modes of climate
variability in the North Atlantic and/or Pacific. For example,
Screen and Francis (2016) showed that the influence of large
reduction of Arctic sea ice on tropospheric circulation and Arctic
amplification is modulated by the phase of Pacific Decadal
Oscillation; Smith et al. (2017) emphasized the importance of
the sea surface temperature state in the North Atlantic in
atmospheric response to Arctic sea ice change.

In this study, we select different combinations of strong
Antarctic sea ice anomalies, SST anomalies associated with
AMV and/or IPO based on the observational data since the
satellite era, and then investigate their influences on the SH
extratropical climate using an atmospheric circulation model.
The paper is organized as follows. Data and Model Experiments
describes the data and model experiments. Results analyzes the
results of model experiments focusing on changes in zonal mean
circulation, atmospheric pattern, and regional temperature and
precipitation. Discussion provides discussion and conclusion.

DATA AND MODEL EXPERIMENTS

Data
The merged Hadley-OI SST and sea ice concentration data set is
used in this study. It is a combination of the HadISST1 (Rayner
et al., 2003) and NOAA OI.v2 (Reynolds et al., 2002) products
and is specifically developed as surface forcing for uncoupled
simulations of the Community Atmosphere Model (CAM, see
Hurrell et al., 2008 for details). The standardized time series of
Antarctic sea ice extent (hereafter referred to as SI) is calculated
from the sea ice index provided by the National Snow and Ice
Data Center (NSIDC, Fetterer et al., 2017). Because the satellite-
derived sea ice data from the NSIDC has relatively more accurate
total sea ice extent and interannual variability compared to the
merged data. The standardized AMV and IPO indices are
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calculated using the above merged data. Here the AMV index is
defined as the area weighted average of SST over the North
Atlantic (0–70°N) following Enfield et al. (2001). The IPO index is
defined as the difference between the SST averaged over the
central equatorial Pacific and the SST averaged in the Northwest
and Southwest Pacific following Henley et al. (2015). As shown in
Figure 1 and Table 1, based on the standardized SI, AMV, and
IPO indices and 0.75 standard deviation (SD) as the threshold to
increase the sample size, we select years in which SI is in its large
positive anomalies (>0.75 SD), AMV is in its large positive
anomalies (>0.75 SD), and IPO is in its large negative
anomalies (<−0.75 SD). It should be noted that there are
limited cases of extreme SI anomalies, since reliable
observations start from the late 1970s. Considering the sample
size, we focus on the following three cases in this study:

Case 1: Both SI and AMV are in anomalously strong positive
phases (hereafter referred to as SI + AMV).

Case 2: SI is in anomalously strong positive phase, whereas
IPO is in anomalously strong negative phase (hereafter referred to
as SI-IPO).

Case 3: Strong positive SI, positive AMV and negative IPO
occur at the same time (hereafter referred to as SI + AMV-IPO).

We then generate composite fields of SST and sea ice
concentration (SIC) anomalies for the above three situations
(Figures 2, 3), which are used as the prescribed boundary
conditions for our model experiments as described in Model
Experiments.

For case 1, the North Atlantic shows a basin-wide warming
that resembles the canonical positive AMV except that there is a
cold anomaly south of Greenland (Figure 2A). Much of the

Antarctic exhibits more than normal sea ice cover, except the
southern Amundsen and Bellingshausen Seas (Figure 3A).

For case 2, the Pacific is characterized by cold anomalies in the
central and eastern tropical Pacific and warm anomalies in the
western and central subtropical and mid-latitude Pacific that
resemble the canonical negative IPO (Figure 2B). The anomalies
of sea ice cover are qualitatively consistent with that of case 1
(Figure 3B).

For case 3, the SST patterns in the North Atlantic and Pacific
are similar to those of case 1 and 2, but the warm anomalies are
enhanced relatively and there is no cold anomaly south of
Greenland (Figure 2C). The pattern of Antarctic sea ice is
also similar to those of case 1 and 2, but has relatively larger
anomalies (Figure 3C). The sea ice anomaly fields are
qualitatively consistent with each other in the three cases,
which is reflected by high spatial correlation coefficient
(r > 0.85).

Model Experiments
Numerical experiments are performed using the Community
Atmosphere Model Version 5 (CAM5) developed by the
National Center for Atmospheric Research to investigate the
atmospheric response in the extratropical Southern Hemisphere
to the prescribed SST and sea ice conditions. In this study, the
CAM5 is run at a horizontal resolution of 1.9 ° × 2.5 °, with 30
levels vertically. We conduct four model simulations (see
Table 2), including one control run and three sensitivity
experiments. The SST and SIC forcing fields of all
simulations are annually repeated with seasonal cycle. The
control run (CON) is forced by the climatological SST and
sea ice concentration calculated from the Hadley-OI data. The
SST forcings of sensitivity experiments are generated by
superimposing the annual-mean composite anomaly fields in
the ocean basins as shown in Figure 2 on the climatology; the
SIC forcings are generated by superimposing the annual-mean
composite anomaly fields in Figure 3 on the climatology at grids
where SIC>0 (January to December). The SI + AMV experiment
is forced by superimposing the composite anomaly fields of
positive SI and AMV (Figures 2A, 3A) on the climatology. The
SI-IPO experiment is forced by superimposing the composite
anomaly fields of positive SI and negative IPO (Figures 2B, 3B)
on the climatology. The SI + AMV-IPO experiment is forced by
superimposing the composite anomaly fields of strong positive
SI and AMV, and negative IPO (Figures 2C, 3C) on the
climatology. Other forcings such as greenhouse gases and
ozone are fixed at the level of the year of 2000. All the
experiments are run for 71 years, and we analyze
the simulation of the last 70 years. The difference between
the sensitivity experiments and the control run are used to

FIGURE 1 | The standardized time series of annual mean Antarctic sea
ice extent (SI), AMV and IPO indices during 1979–2019. (A) SI and AMV; (B) SI
and IPO. The dotted line represents ±0.75 SD.

TABLE 1 | List of the years for different phase combinations of the Antarctic sea ice extent (SI), AMV, and IPO based on the standardized SI, AMV and IPO indices that exceed
±0.75 SD.

+AMV −AMV +IPO −IPO

+SI 2004, 2008, 2009, 2010, 2012, 2013, 2014, 2015 — 2015 1988, 2008, 2010, 2013
−SI 2002, 2016, 2017, 2018 — — —
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represent the model response to the prescribed SST and sea ice
anomalies. In this study, we focus on the extended Southern
Hemisphere winter defined as June to September, which shows
the strongest response compared to other seasons. Two-tail
student t test is used for significant test.

RESULTS

Zonal Mean Change
Figure 4 shows the zonal mean temperature difference between
the sensitivity experiments and control run during winter. For SI
+ AMV and SI-IPO experiments, the increased sea ice cover in the
Southern Ocean reduces the transfer of heat (sensible and latent)
from the ocean to the atmosphere. This results in intensified
surface cooling between ∼55°S and ∼75°S, and the cold anomalies
decay from the surface (around −2.5°C) to the lower troposphere,
indicating a shallow vertical mode. The cooling of SI + AMV is
relatively stronger and extends higher in vertical relative to that of
SI-IPO. Meanwhile, SI + AMV produces significant warming in
the mid-troposphere over the polar cap and the entire
troposphere in the subtropics, but there is a minimal
temperature change in between (Figure 4A). By contrast, SI-
IPO produces significant warming for most of the troposphere in
the Southern Hemisphere (Figure 4B). When the high Antarctic
sea ice cover, positive AMV and negative IPO are combined, the
surface-intensified cooling becomes slightly shallower in the
vertical than those of SI + AMV and SI-IPO, but the warming
for most of the troposphere in the Southern Hemisphere is greatly
enhanced, especially for two warming centers in the mid-
troposphere over the polar cap and in the upper troposphere
in the subtropics (Figure 4C).

Consistent with the changes in the temperature gradient, the
response of the zonally averaged zonal wind to SI + AMV exhibits
stronger westerlies in the lower troposphere centered ∼50°S and
weaker westerlies in the entire troposphere centered ∼75°S
(Figure 5A). Such response implies an equatorward shift of
the polar front as well as the eddy-driven polar jet stream. In
the subtropics, SI + AMV results in stronger westerlies south of
30°S and weaker westerlies north of 30°S, especially in the upper
troposphere. This implies a poleward shift of the subtropical jet
stream. SI-IPO shows similar responses. However, compared to
SI + AMV, the response of the zonal wind to SI-IPO is stronger
centered near 75°S and north of 30°S, but weaker in between
(Figure 5B). Together, in the middle and upper troposphere, SI +
AMV-IPO leads to even weaker westerly anomalies over the polar

FIGURE 2 | The annual-mean composite fields of SST anomalies for
three situations. (A) SI + AMV (2004, 2008, 2009, 2010, 2012, 2013, 2014,
and 2015); (B) SI-IPO (1988, 2008, 2010, and 2013); (C) SI + AMV-IPO (2008,
2010, and 2013).

FIGURE 3 | Same as Panel 2, but for Antarctic sea ice concentration anomalies.
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cap and in the subtropics and stronger westerly anomalies south
of 30°S than those of SI + AMV and SI-IPO (Figure 5C).

The zonal planetary waves in the high-latitudes of the
Southern Hemisphere have a profound impact on the climate
of the Antarctic (i.e., sea ice distribution and regional
temperature, Williams and Loon 1976; Renwick 2005; Raphael
2007; Irving and Simmonds 2016). The wave number 1 that is
strongly influenced by the temperature gradient, has the largest

mean amplitude of the planetary waves in winter (Randel 1988;
Hobbs and Raphael 2007; Guryanov and Fahrutdinova 2014;
Turner et al., 2017). As shown in Figure 6A, the amplitude of
wave number 1 during winter is reduced centered ∼60°S in SI +
AMV, whereas the amplitudes of wave number 2-4 have no
significant change. Compared with SI + AMV, the reduction of
wave number 1 in SI-IPO (centered ∼65°S) is about a factor of two
larger, which is accompanied by significant increase of wave

TABLE 2 | List of numerical experiments performed in this study.

Experiments SST forcing fields Sea ice forcing fields

CON Average of 1870–2018 Average of 1981–2010
SI + AMV North Atlantic SST and Antarctic sea ice concentration are replaced by the average of 2004, 2008,

2009, 2010, 2012, 2013, 2014 and 2015
SI-IPO Pacific SST and Antarctic sea ice concentration are replaced by the average of 1988, 2008, 2010 and

2013
SI + AMV-IPO North Atlantic SST, Pacific SST and Antarctic sea ice concenrtation are replaced by the average of 2008,

2010 and 2013

FIGURE 4 | Difference in winter zonal mean temperature between the sensitivity experiments and control run. (A) SI + AMV minus control run; (B) SI-IPO minus
control run; (C) SI + AMV-IPO minus control run. Dotted areas indicate 95% significance.

FIGURE 5 | Same as Panel 4, but for the zonally averaged zonal wind.
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number 2 to its north (centered ∼55°S) and south (centered
∼75°S) (Figure 6B). With the combined impacts of the high
Antarctic sea ice cover, positive AMV and negative IPO, the
amplitude of wave number 1 has the largest reduction compared
to those of SI + AMV and SI-IPO, but the increased amplitude of
wave number 2 is only significant to its north (relatively smaller
than that in SI-IPO) (Figure 6C).

In the subtropics, the amplitude of wave number 1 is also
reduced centered ∼35°S in SI + AMV, whereas the amplitudes of
wave number 2–4 have minimal change (Figure 6A). By contrast,
a smaller reduction (but significant) of wave number 1 occurs in
SI-IPO, which is associated with significant increase in wave
number 2 centered ∼30°S (Figure 6B). Together, SI + AMV-IPO
results in the largest decrease in the amplitude decreasing of wave
number 1 centered ∼35°S and an increased amplitude of wave
number 2 centered ∼30°S (comparable to that of SI-IPO)
(Figure 6C).

Atmospheric Pattern Change
In the SH extra-tropics, the Antarctic Oscillation (AAO) is the
dominant mode of atmospheric variability (nearly zonally
symmetric, Gong and Wang 1998; Jones and Widmann 2003),
which drives large climate fluctuations stretching from the mid-
latitudes across the Southern Ocean to Antarctica. Meanwhile,
some studies showed zonal asymmetries of AAO effects, which
are associated with zonal wave number 3 (Sallee et al., 2010; Fogt
et al., 2012; Zhang et al., 2018). Different from the AAO, the
Amundsen Sea Low (ASL) is a non-zonal atmospheric circulation
(Turner et al., 2013), which strongly influences the climate of
West Antarctica by modulating the meridional circulation
(Hosking et al., 2013; Coggins and McDonald 2015; Raphael
et al., 2016; Raphael et al., 2019). Three subtropical highs located
over the South Atlantic, South Pacific and Indian are intense in
winter and have a significant influence on the subtropical and
mid-latitude climate (Miyasaka and Nakamura 2010).

Here we examine changes in sea level pressure and near
surface wind between the sensitivity experiments and control
run during winter. As shown in Figure 7A (the solid red lines
outline the subtropical highs based on the 1020-hPa isoline), in
response to SI + AMV, in the Atlantic Ocean, a weakening of the

easterly flow is found in the subtropics centered ∼30°S and a
weakening of the westerly flow lies in the high latitudes centered
∼65°S. (Figure 7A). This is consistent with the below-normal
pressure over the subtropical and mid-latitude Atlantic and
above-normal pressure over the Weddell Sea. The Pacific
Ocean shows quite opposite responses compared to that of the
Atlantic Ocean. There is a strengthening of the easterly flow in the
subtropics and the southern Ross and Amundsen/
Bellingshausen Seas, and a strengthening of the westerly
flow in between, centered ∼50°S. Correspondingly, the
pressure anomalies show a north-south dipole pattern, and
the negative pressure anomalies in the south extend
northeastward from the east Ross and Amundsen Seas to
the subtropical Atlantic. This indicates a strengthening of the
ASL. Following the AAO definition of Gong and Wang,
(1999), we calculate AAO index as the difference of
zonally averaged sea level pressure between 40°S and 65°S.
This index manifests the zonal symmetry structure of AAO. It
appears that there is no significant change in the AAO index.
However, the amplitude of wave number 1 is weakened in the
high-latitude Southern Ocean, with small changes in wave
number 2–3. SI + AMV produces a weakening of the Atlantic
subtropical high and a strengthening of the Pacific
subtropical high, but no obvious change in the Indian
subtropical high. The pressure changes induced by SI +
AMV in our study are almost similar to the result of Li
et al. (2014, in which the CAM4 atmospheric model is forced
with SST related to the positive AMV only), but quite
opposite to that of Li et al. throughout Antarctica. This
suggests that more Antarctic sea ice alters the influence of
the positive AMV over the polar cap.

For SI-IPO, the circulation changes in most of the Pacific looks
similar to that of SI + AMV. However, the north-south dipole
pattern of pressure anomalies is limited to the central and
eastern Pacific, the location of its north and south centers is
more symmetrical, and the negative pressure anomalies in the
south are much larger. The western Pacific and eastern Indian
are characterized by the north-south dipole pattern having
the opposite sign of SI + AMV, and the positive pressure
anomalies in the south are significantly strong. Different

FIGURE 6 |Change in the amplitude of wavenumber 1–4 at 500-hPa in winter between the sensitivity experiments and control run. (A) SI + AMVminus control run;
(B) SI-IPO minus control run; (C) SI + AMV-IPO minus control run. The Fourier analysis is used to calculate wavenumber 1–4. The plus marks indicate 95% significance.
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from SI + AMV, an anomalous anticyclonic circulation
occupies the Atlantic, which is consistent with the broad
positive pressure anomalies there. The pressure anomalies in
the Southern Ocean lead to the much enhanced wave number
2 pattern. Thus SI-IPO results in a much stronger ASL than
that of SI + AMV. There is still no significant change in the
AAO index. However, the reduction of wave number 1 is
dramatically enhanced in the southern high-latitude.
Moreover, it is companied with remarkably enhanced wave
number 2 to its north and south. Also, there is no significant
change in wave number 3. SI-IPO produces a stronger
subtropical high in the eastern Pacific and Atlantic and a
weaker subtropical high in the western Pacific, and no
significant change in the subtropical high in the Indian
Ocean.

Associated with the combined high Antarctic sea ice cover,
positive AMV and negative IPO, the circulation anomalies in the
Atlantic resemble that of SI + AMV, but with weaker negative
pressure anomaly over the subtropical Atlantic and stronger

positive pressure anomaly over the Weddell Sea. This is due to
the cancellation of the pressure anomalies in the subtropical
Atlantic and the reinforcement of the pressure anomalies in the
southern Atlantic between SI + AMV and SI-IPO. The north-
south dipole pattern of circulation anomalies in the Pacific
becomes more pronounced, but the anomaly centers are more
northwest to southeast oriented, which is due to the
reinforcement of circulation anomalies between SI + AMV
and SI-IPO. Much of the Indian Ocean shows weak positive
pressure anomalies due to a cancellation between SI + AMV and
SI-IPO. Compared to SI + AMV and SI-IPO, SI + AMV-IPO
results in the strongest ASL. It also produces an insignificant
change of AAO, but with the largest reduction in the amplitude of
wave number 1 in both the southern high-latitude and subtropics.
Like SI-IPO, SI + AMV-IPO also shows enhances wave number 2
pattern in the circumpolar region and small change in wave
number 3. Meanwhile, there is a stronger subtropical high in the
eastern Pacific and Indian and a weaker subtropical high in the
Atlantic.

FIGURE 7 | The difference of SLP (color shaded) and wind (vector) at 992 hPa (the bottom level of the model) between the sensitivity experiments and control
run. (A) SI + AMV minus control run; (B) SI-IPO minus control run; (C) SI + AMV-IPO minus control run. Dotted areas and thick black vectors indicate 95% significance.
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Regional Temperature and Precipitation
Change
What are the influences of the aforementioned changes in
atmospheric pattern over the land in the extratropical
Southern Hemisphere? Figures 8, 9 show the changes in 2-m
temperature and precipitation during winter. Over Antarctica, in
response to SI + AMV, significant warm anomalies are found in
the west Antarctic Peninsula/Palmer Land and the western Ross
Ice Shelf and adjacent land area and significant cold anomalies are
found in the land area adjacent to the Ronne Ice Shelf.
Meanwhile, significantly decreased precipitation is found at
Marie Byrd Land and adjacent Ross Ice Shelf and increased
precipitation is found at the western Ross Ice Shelf and
adjacent land area. This is a result of the anomalous
meridional flows associated with the strengthening of the low

pressure extending northeastward from the east Ross and
Amundsen Seas to the Atlantic. Besides the warming in
the west Antarctic Peninsula/Palmer Land and the western
Ross Ice Shelf and adjacent land area, SI-IPO produces a
broad significant warming in almost the entire east
Antarctica. The out-of-phase precipitation anomalies
between the Antarctic Peninsula/Palmer Land and Marie
Byrd Land/the eastern Ross Ice Shelf become more
pronounced compared to that of SI + AMV. The east
Antarctica between 60°E–120°E sees increased
precipitation. This is in line with the strengthening of the
ASL and the pronounced increase of the wave number 2
patten in the circumpolar region that leads to anomalous
poleward heat and moisture flux in east Antarctica
(60°E–120°E, Figure 7B). The coastal Antarctica between
30°W–60°E experiences decreased precipitation due to the

FIGURE 8 | Difference in 2-m temperature over Antarctica (top panel), Australia (middle panel) and South America (bottom panel) between the sensitivity
experiments and control run in winter. (A–C) SI + AMV minus control run; (D–F) SI-IPO minus control run; (G–I) SI + AMV-IPO minus control run. Dotted areas indicate
95% significance.
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increasing pressure. Associated with the combined high
Antarctic sea ice cover, positive AMV and negative IPO,
there are even more pronounced warming (compared with
SI-IPO) in the west Antarctic Peninsula/Palmer Land and
broad significant warming in the entire east Antarctica. The
out-of-phase precipitation changes between the Antarctic
Peninsula/Palmer Land and Marie Byrd Land/the eastern
Ross Ice Shelf is comparable to that of SI-IPO. The
increased precipitation (compared with SI-IPO) covers
most of east Antarctica between 30°E–170°E.

Over Australia, there are warm anomalies and reduced
precipitation in response to SI + AMV, particularly in
central Australia. This is consistent with the enhanced
subsiding air from the strengthening of the subtropical
high in the western Pacific. By contrast, SI-IPO results in
significant warming in northern and eastern Australia and
increased precipitation in much of central and east Australia.
This is associated with the anomalously cyclonic circulation

over Australia with its center to southeast of Australia, which
brings moisture air from the south and results in increased
precipitation. With the combined effects of SI + AMV-IPO,
the entire Australia sees significant warming. Large parts of
Australia experience decreased precipitation, except the
northern and southeastern parts.

Over SouthAmerica, in response to SI + AMV, warm anomalies
and decreased precipitation tend to extend from northwest to
southeast, but precipitation has clearer signal. This is consistent
with the anomalously cyclonic circulation in the subtropical to
mid-latitude Atlantic, which reduces the climatological easterly/
southeasterly flow and deprives moisture air from the ocean and
result in decreased precipitation. The north-south dipole pattern in
the Pacific enhances the easterly flow, resulting in above-normal
precipitation over southwestern South America. SI-IPO results in
significant warm anomaly in the south part of South America, and
quite opposite precipitation pattern (but insignificant) compared to
that of SI + AMV. This is due to the enhanced subsiding air from

FIGURE 9 | Same as Panel 8, but for precipitation.

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 7574759

Zhu et al. Extratropical Southern Hemisphere Climate

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the strengthening of the Atlantic subtropical high in the south
portion of South America. With combined effects of SI + AMV-
IPO, warm anomalies and decreased precipitation occur large parts
of South America.

DISCUSSION

As shown above, three different combinations of strong anomalies
in SI, AMV and/or IPO can result in different atmospheric
responses in the SH extra-tropics. It is well known that
variations in the sea ice cover and SST strongly affect turbulent
heat and radiative fluxes at the surface, influencing atmospheric
circulation. Here we calculate the response of the net surface heat
flux (the sum of the sensible heat, latent heat, and net longwave
radiative fluxes) to prescribed sea ice and SST changes in Figure 10.
It should be noted the shortwave radiation does not influence the
simulation due to sea ice and SST are specified and are not included
in the net heat flux calculation. As shown in Figure 10, in all three
sensitivity experiments, significant negative net heat flux anomalies
(from the ocean to the atmosphere) are found at in the area
associated with increased Antarctic sea ice, but positive net heat
flux anomalies are located in the southern Amundsen and
Bellingshausen Seas. When strong anomalies in positive SI and
AMV and negative IPO occur at the same time (SI + AMV-IPO),
compared to SI +AMV and SI-IPO, it leads to enhanced changes in
the heat flux in the ice covered area. Thus, the atmosphere exhibits
a local thermal response to the increased Antarctic sea ice. This also
affects baroclinic instability and the atmosphere in remote areas
(Kidston et al., 2011).

In the SI + AMV experiment, associated with increased SST in
the context of the positive AMV, there are positive net heat flux
anomalies over a large fraction of the North Atlantic, especially at
tropical Atlantic (Figure 10A). In SI-IPO experiment, associated
with negative IPO SST pattern, the eastern Pacific is largely
dominated by negative heat flux anomalies, while the western
Pacific is largely dominated by positive heat flux anomalies
(Figure 10B). In the SI + AMV-IPO experiment, with
combined effects, there are significantly enhanced positive heat
flux anomalies in the tropical Atlantic and the western south
Pacific (Figure 10C). The large surface heat flux perturbations
associated with SST changes would perturb local convection and
then generate Rossby wave anomalies, which would affect
atmospheric circulation in the remote area by wave train
(Simpkins et al., 2014; Clem and Fogt 2015; Li et al., 2021). As
a result, there are significant changes in zonal wavenumbers,
subtropical high and jet stream at Southern Hemisphere.

FIGURE 10 | The anomalies of composite fields of sea level pressure and 10 m wind in the winter for 2008, 2010, and 2013 calculated from the ERA-Interim
reanalysis. The climatology is calculated for the period 1979–2019. Dotted areas and thick black vectors indicate 95% significance.

FIGURE 11 | The difference of net surface flux (net longwave flux, latent
heat flux, sensible heat flux) between the sensitivity experiments and control
run. (A) SI + AMV minus control run; (B) SI-IPO minus control run; (C) SI +
AMV-IPO minus control run. Positive values indicate the transfer of heat
from the ocean to the atmosphere. Dotted areas indicate 95% significance.
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Recent studies suggested that there are interactions between
AMV and IPO. Although it is inappropriate to directly compare
our results from sensitivity experiments with the composite from
the observation, we note that there are three overlap years when
generating the composites of SI + AMV and SI-IPO (Table 2).
Here we generate the composite of sea level pressure and near
surface winds for these 3 years using the ERA-interim reanalysis,
which approximates the observed effects of SI + AMV-IPO
(Figure 11). Despite the small sample size, the composite
exhibits the out-of-phase circulation anomalies between the
subtropical to mid-latitude and high-latitude of the Atlantic
Ocean, which weakens the Atlantic subtropical high. There is
a pronounced north-south dipole pattern of circulation
anomalies in the Pacific Ocean, which results in the
intensification of the ASL and Pacific subtropical high. These
circulation anomalies are broadly consistent with our model
result (Figure 7C). Unlike the sensitivity simulation, the
composite shows an anomalous anticyclonic circulation
between the subtropics and mid-latitude of the Indian Ocean.
Additionally, the pressure response over the polar cap is different
between the composite and model simulation. A larger sample
size (longer time series) is needed to understand the above
discrepancies.

The three sensitivity experiments designed in this study is
based on the limited cases identified from the observational data,
in which Antarctic sea ice, AMV and IPO are in their
anomalously strong positive and negative phases. As shown in
Table 2, since the late 1970s, there is no case for the opposite of SI
+ AMV (that is strong low Antarctic sea ice and negative AMV),
and SI-IPO (that is strong low Antarctic sea ice and positive IPO),
which is primarily due to the observations of Antarctic sea ice are
limited to the satellite era. It should be noted that the three
patterns are not totally independent due to the limited sample
size. Long-term observations are needed to address this issue so
that the model experiments could be more systematically
contrasted. Recent efforts showed that with the existing proxy
records, there is a scope for reconstructing a near continuous
circum-Antarctic estimate of sea ice extent back to 1900 (Thomas
et al., 2019). Follow-up research will include all possible
combinations of different strong phases of Antarctic sea ice,
AMV and IPO, and examine differences in atmospheric
sensitivity.

CONCLUSION

The real world is very complex, with many aspects of the climate
system changing and varying simultaneously. In this study, we
present three different phase combinations of Antarctic sea ice,
AMO, and/or IPO on the winter extratropical Southern
Hemisphere climate based on the targeted atmospheric model
experiments. The key findings are as follows:

1) When both Antarctic sea ice cover and AMV are in
anomalously strong positive phases (SI + AMV), the eddy-
driven polar jet shifts equatorward, the subtropical jet shifts
poleward, and the north-south circulation dipole pattern

occurs in both the Atlantic and Pacific. The ASL and
Pacific subtropical high become stronger, while the Atlantic
subtropical high become weaker. Significant warming is found
in the west Antarctic Peninsula/Palmer Land, the western
Ross Ice Shelf and adjacent land area, central and south of
Australia, and northwest to southeast South America.
Meanwhile, decreased precipitation is found in Marie Byrd
Land and adjacent Ross Ice Shelf, most of Australia, and
northwest to southeast South America and increased
precipitation is found in the western Ross Ice Shelf and
adjacent land area. The wave train anomaly from the South
Atlantic to the Amundsen and Bellingshausen seas in SI +
AMV (Figure 7A) is similar to the influence pattern induced
by the positive AMO only in previous studies (Li et al., 2014; Li
et al., 2021). However, the intensities and positions of wave
pattern and responses over polar cap are different, which is in
part due to increased Antarctic sea ice and its interaction with
the positive AMO.

2) When Antarctic sea ice cover is in anomalously positive phase
and IPO is in anomalously negative phase (SI-IPO), the north-
south circulation dipole pattern only occurs in the Pacific,
whereas the Atlantic is controlled by the anticyclonic
circulation anomaly. The ASL is greatly enhanced. SI-IPO
leads to increased temperature in much of east Antarctica,
northern and eastern Australia, and south part of South
America, and quite opposite precipitation anomalies in
large parts of Australia and South America. The north-
south dipole pattern mentioned above is similar to the
influence pattern induced by the negative IPO only in Ding
et al. (2011) and Li et al. (2021). However, their intensities and
locations and responses over the Antarctic are different, which
is in part due to increased Antarctic sea ice and its interaction
with the negative IPO.

3) When strong anomalies in positive SI and AMV, and negative
IPO occur at the same time (SI + AMV-IPO), compared to SI
+ AMV and SI-IPO, it leads to the strongest north-south
circulation dipole pattern in the Pacific and ASL. It produces
enhanced warming in the entire east Antarctica, Australia,
and large parts of South America, and decreased precipitation
in large parts of Australia and South America.

The atmospheremodel-only experiments conducted here have
advantages in which SST and sea ice conditions can be prescribed
to isolate their impacts on the atmosphere. However, a major
issue is such experiments cannot reflect the coupling of
atmosphere–sea ice-ocean interactions, as well as associated
feedbacks, which can modulate the response in the
atmosphere. The next step of our research is to explore full
responses to different phase combinations of Antarctic sea ice,
AMV and IPO by using a fully coupled climate model, and
compare coupled simulations with atmosphere-only simulations.
In addition to conducting sensitivity experiments, the long
control experiments of the CESM large ensemble (based on
the CESM coupled model) may be used to gain insight about
the possible response of the SH climate to Antarctic sea ice, AMV
and IPO, i.e., Zhang (2015) and Li et al. (2018) showed examples
of this alternative approach.
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