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Abstract: The Antarctic sea ice has undergone dramatic changes in recent years, with the highest
recorded sea ice extent in 2014 and the lowest in 2017. We investigated the impacts of the observed
changes in these two extremes of Antarctic sea ice conditions on the atmospheric circulation in the
Southern Hemisphere. We conducted three numerical simulations with different seasonal cycles
of Antarctic sea ice forcings using the Community Atmosphere Model Version 5: the maximum
sea ice extent in 2014 (ICE_14), the minimum sea ice extent in 2017 (ICE_17), and the average
sea ice extent between 1981 and 2010 (ICE_clm, reference simulation). Our results suggest that
the atmospheric response in the Southern Hemisphere showed strong seasonal variations and the
atmospheric circulation in winter was more sensitive to the decreased Antarctic sea ice in 2017 than
the increased sea ice in 2014. In ICE_14, the westerlies over the polar region were enhanced in
summer, but there was no significant change in the zonal-averaged wind in winter. In contrast, in
ICE_17, there was a clear equatorward shift in the subtropical jet in winter, but no significant change
in summer. The temperature responses were limited to the Antarctic coast, where there were changes
in the sea ice in ICE_14 and ICE_17. The warming on the coast of the Amundsen Sea in summer led
to a slight increase in precipitation in both simulations.
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1. Introduction

The impacts of sea ice changes in the polar region on global climate have attracted
increasing attention in recent years, particularly the changes in Arctic sea ice as a result
of global warming. In contrast with the substantial decreasing trend in the annual-mean
extent of Arctic sea ice in recent decades [1–5], the annual-mean Antarctic sea ice extent (SIE)
showed a moderate but significant trend of increase from 1979 to 2014, but then decreased
at an abnormal rate, reaching the lowest extent since the late 1970s (when accurate satellite
observations of polar sea ice began) in 2017 [6–8]. Several possible reasons have been
proposed for the sudden decrease in the Antarctic SIE after 2014 including the influence of
the extreme El Niño event and the negative phase of the Southern Annular Mode (SAM), a
positive zonal wave number three index, wind forcing around Antarctica, and strengthened
convective activity around tropical India and the West Pacific [9–12]. Previous studies have
shown that the sea ice changes can affect the atmospheric circulation. The influence of the
loss of Arctic sea ice on the weather and climate at high and mid-latitudes in the Northern
Hemisphere has been well-discussed [2,3,13]. However, the impacts of changes in Antarctic
sea ice on the atmosphere in the Southern Hemisphere have been less well-studied and
are controversial.

Associated with historical changes in Antarctic sea ice, Raphael et al. [14] showed
that positive sea ice anomalies in the austral summer tended to result in a positive SAM
and vice versa. The Southern Hemisphere mid-latitude jet has tended to shift poleward
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during winter with the expansion of sea ice in recent decades [15]. According to the
projections in the CMIP6 models, Antarctic sea ice will decrease toward the end of this
century in all the shared socioeconomic pathways [16]. A few studies have examined the
impacts of future decreases in Antarctic sea ice on atmosphere in the Southern Hemisphere,
but the results are controversial. Menéndez et al. [17] and Bader et al. [18] suggested
an equatorward shift in the Southern Hemisphere mid-latitude jet in winter, whereas
Kidston et al. [19] found no significant change in the jet in response to a shrinking of SIE.
More recently, England et al. [20] showed an equatorward shift of atmospheric jet in the
Southern Hemisphere in winter using the CESM-WACCM model. Ayres et al. [21] found
both weakening and an equatorward shift of the eddy-driven jet in response to Antarctic
sea ice loss, especially in fully coupled models. In contrast, Ayres and Screen [22] showed
that the Southern Hemisphere eddy-driven jet tended to weaken rather than drift toward
the equator through the simulations of 11 models involved in CMIP5.

Previous studies have mainly focused on the impacts of past and future long-term
changes in Antarctic sea ice. In this study, we focused on the impacts of the observed
extremes in Antarctic sea ice. From 2014 to 2017, the extent of Antarctic sea ice changed
from a record high in 2014 to a record low in 2017 over a short time period. The question is
whether these two extreme conditions of Antarctic sea ice have had detectable impacts on
the climate in the Southern Hemisphere. This has not been explored in previous studies.
Such extreme changes in Antarctic sea ice may occur in the future, so it is necessary to
explore the effects of these extreme sea ice conditions. We used the Community Atmo-
sphere Model Version 5 (CAM5) to investigate the atmospheric response in the Southern
Hemisphere to the extreme Antarctic sea ice conditions in 2014 and 2017 and analyzed the
atmospheric responses in both the austral summer and winter.

2. Data and Methods

We analyzed the atmospheric general circulation model (AGCM) simulations per-
formed with the CAM5 developed by the National Center for Atmospheric Research
(NCAR). CAM5 has been widely used in previous studies [5,23]. More detailed information
about this model is documented in Neale et al. [24] and Ghan et al. [25]. We ran CAM5 at a
horizontal resolution of 1.9◦ latitude × 2.5◦ longitude (f19_f19), with 30 vertical levels.

We used the merged Hadley–Optimal Interpolation (OI) sea surface temperature (SST)
dataset [26,27] and the bootstrap sea ice concentration (SIC) from the National Snow and
Ice Data Center [28] to explore the response of the Southern Hemisphere atmosphere to the
prescribed extreme Antarctic sea ice conditions. The Hadley–OI dataset is a combination
of the HadISST1 [27] and NOAA OI.v2 [29] datasets and was specifically developed as
surface forcing for the uncoupled CAM (see [26] for details).

Figure 1a shows the annual-mean Antarctic SIE from 1979 to 2021. The Antarctic SIE
reached a record maximum in 2014 and then decreased sharply in the following years,
reaching a record minimum in 2017; the difference in sea ice area between these two
extremes is about 2 million square kilometers. To investigate the impact of such extreme
sea ice conditions on the atmosphere in the Southern Hemisphere, we performed three
model experiments (one control run and two sensitivity experiments). All the simulations
were forced by repeating the seasonal cycle of the SST and the SIC. Other forcings such
as greenhouse gases and ozone were fixed at the levels in the year 2000. For the control
run (ICE_clm), the SST and SIC forcings were averaged over the time period 1981–2010.
The two sensitivity experiments (ICE_14 and ICE_17) were conducted with the Antarctic
SIC forcings replaced by those for 2014 and 2017, respectively. It is worth noting that the
magnitude of the anomalies of Antarctic sea ice forcing in ICE_14 and ICE_17 were not
symmetrical, with larger sea ice forcing anomaly in ICE_14 than in ICE_17 (Figure S1a).
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Figure 1. Extent and concentration of Antarctic sea ice. (a) Annual-mean Antarctic sea ice extent 
from 1979 to 2021. Antarctic sea ice concentration averaged between 1981 and 2010 in (b) summer 
and (e) winter. Antarctic sea ice concentration in (c) summer 2014 and (f) winter 2014. Antarctic sea 
ice concentration in (d) summer 2017 and (g) winter 2017. The orange line in (b–g) represents the 
edge of the sea ice defined as the contour of 15% ice concentration. 

3. Results 
3.1. Surface Heat Flux 

As the underlying surface of the atmosphere, variations in Antarctic sea ice can affect 
the atmosphere by changing the net surface heat fluxes. We calculated the net surface heat 
flux to the atmosphere as the sum of the latent heat flux, the sensible heat flux, and the 
longwave flux over areas where the SIC changed. Figure 2a shows the changes in the 

Figure 1. Extent and concentration of Antarctic sea ice. (a) Annual-mean Antarctic sea ice extent from
1979 to 2021. Antarctic sea ice concentration averaged between 1981 and 2010 in (b) summer and
(e) winter. Antarctic sea ice concentration in (c) summer 2014 and (f) winter 2014. Antarctic sea ice
concentration in (d) summer 2017 and (g) winter 2017. The orange line in (b–g) represents the edge
of the sea ice defined as the contour of 15% ice concentration.

Figure 1b–g shows the spatial distribution of the Antarctic SIC. Compared with the
climatological sea ice state (Figure 1b), there was increased sea ice cover around Antarctica
in ICE_14 in summer, except in the Amundson Sea (Figure S1b). In contrast, there was
decreased sea ice cover in the eastern Ross Sea, the Amundson Sea, and the east Weddell
Sea in ICE_17 in summer (Figure S1d). In winter, the anomalous sea ice cover mainly
occurred in the sea ice margin area, mostly positive in ICE_14 (Figure S1c), but negative in
ICE_17 (Figure S1e). All of the simulations were integrated for 71 years and we chose the
last 70 years for analysis. A two-tailed Student’s t-test was used to test the significance.

3. Results
3.1. Surface Heat Flux

As the underlying surface of the atmosphere, variations in Antarctic sea ice can affect
the atmosphere by changing the net surface heat fluxes. We calculated the net surface
heat flux to the atmosphere as the sum of the latent heat flux, the sensible heat flux, and
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the longwave flux over areas where the SIC changed. Figure 2a shows the changes in the
seasonal net surface heat forcing. Relative to ICE_clm, the increased sea ice cover in ICE_14
resulted in a decreased heat flux from the ocean to the atmosphere, whereas the decreased
sea ice cover in ICE_17 resulted in an increased heat flux. The change in the surface heat
flux in ICE_14 was about two times larger than that in ICE_17. This is consistent with the
larger sea ice anomalies in ICE_14 relative to ICE_clm than those in ICE_17 (Figure S1a). For
both ICE_14 and ICE_17, the sensible and latent heat fluxes dominated the change in the
net surface forcing (Figure S2a–c). The difference in net surface forcing reached a maximum
in the austral autumn and winter as a result of the more significant zonal wind, specific
humidity, and temperature gradients between the atmosphere and the ocean [30]. This was
also seen from the spatial distribution of the seasonal mean net surface heat flux anomaly
(Figure 2b–e). The heat flux anomaly was small in summer and limited to the Weddell
Sea, the Amundsen Sea, and the Ross Sea in both experiments (Figure 2b,d). In winter, the
heat flux anomaly was significantly enlarged around Antarctica, with the largest anomaly
(about ±80 W/m2) over the marginal sea ice zone in both experiments (Figure 2c,e). Based
on the difference in the response of the net surface heat flux to changes in SIC in summer
and winter, we analyzed the atmospheric responses in the austral summer (December,
January, February) and winter (June, July, August).

3.2. Response of the Jet Stream

Figure 3 shows the changes in the zonal mean temperature and zonal winds due
to changes in sea ice. For ICE_ 2014, there was weak, but significant, cooling in the
lower troposphere at high latitudes (Figure 3a) as a result of the decreased surface heat
flux upward toward the atmosphere (Figure 2b), accompanied by significant warming in
the mid-troposphere (about 850–350 hPa) between about 60◦ and 70◦ S (Figure 3a). The
westerlies over the polar regions (centered at about 80◦ S) were significantly strengthened
due to the increased temperature gradient toward to the pole, and slightly weakened
around 60◦ S. In winter, the decreased net surface heat flux (Figure 2c) led to intensified
cooling between about 55◦ and 75◦ S in the lower troposphere (from the surface to about
800 hPa). The increased meridional temperature gradient at about 60◦ S caused by this
cooling strengthened the northerlies and the Ferrell cell (Figure 4b) and gave rise to stronger
westerlies in the mid-troposphere (centered at about 60◦ S), but they were not statistically
significant (Figure 3d).

For ICE_17, there was no change in the zonal mean of the temperature and the zonal
wind in summer (Figure 3e,g) and no change in the three-cell circulation (Figure 4c). In
winter, there was significant warming in the lower troposphere between about 55◦ and
65◦ S (Figure 3f), but the intensity was weaker than the cooling in ICE_14. There was a
small, but significant amount of cooling in the mid-troposphere around 30◦ S in winter. The
decreased temperature gradient from the subtropics to the pole weakened the westerlies
south of 30◦ S and the increased temperature gradient from the tropics to the subtropics
strengthened the westerlies north of 30◦ S in the mid- to upper troposphere (Figure 3f).
This suggests an equatorward shift in the subtropical jet, corresponding to a weakened
Ferrell cell and a contracted Hadley cell (Figure 4d). In contrast to the results from previous
atmospheric models showing non-significant responses to decreasing Antarctic sea ice [19]
or responses that were constrained to mid- and high latitudes [20], our model showed
significant changes in the subtropical zonal winds in winter.
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Figure 2. Changes in the net surface heat flux (the sum of the latent heat flux, the sensible heat flux,
and the longwave flux over all grids where the sea ice changes) as a result of changes in Antarctic
sea ice. (a) Difference in the total Antarctic net heat flux between ICE_14 and ICE_clm (blue line)
and between ICE_17 and ICE_clm (red line). Spatial difference between ICE_14 and ICE_clm in the
austral (b) summer and (c) winter. Spatial difference between ICE_17 and ICE_clm in the austral
(d) summer and (e) winter. Positive means an upward flux from the ocean to the atmosphere. The
dotted areas were statistically significant at the 95% confidence level.
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Figure 3. Changes in the zonal mean temperature and zonal winds as a result of changes in Antarctic
sea ice. The zonal mean temperature (a,e) in summer and (b,f) in winter. The zonal mean zonal wind
in (c,g) summer and (d,h) winter. Parts (a–d) show the differences between ICE_14 and ICE_clm;
(e–h) show the differences between ICE_17 and ICE_clm. The dotted areas were statistically significant
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Figure 4. Changes in the zonal mean atmospheric meridional stream function as a result of changes in
Antarctic sea ice. Differences between ICE_14 and ICE_clm in (a) summer and (b) winter. Differences
between ICE_17 and ICE_clm in (c) summer and (d) winter. The dotted areas were statistically
significant at the 95% confidence level. The contours represent the mean state of ICE_clm.
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3.3. Changes in the Circulation in the Lower and Mid-Troposphere

Figure 5 shows the changes in sea-level pressure and near-surface winds resulting from
the extreme sea ice conditions. ICE_14 produced above-normal pressure over the Weddell
Sea in summer (Figure 5a). As the height increased, there was above-normal pressure over
the Bellingshausen Sea at 500 hPa (Figure S3a). There was a negative phase of SAM (not
significant) at both the surface and at 500 hPa. This was consistent with an easterly anomaly
centered at about 60◦ S (Figures 5a and S3a). In contrast, the responses in winter were
zonal asymmetry and a wavenumber 2 pattern in both the lower and mid-troposphere
between about 40◦ and 70◦ S. There was below-normal pressure in the Amundsen and
Weddell Seas, above-normal pressure to the south of Africa and in the southwestern Indian
Ocean, below-normal pressure in the southeastern Indian Ocean and south of Australia,
and above-normal pressure in the Southwestern Pacific (Figures 5b and S3b). This zonal
asymmetry resulted in no significant change in the zonal-averaged zonal wind as a result
of compensating responses.
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Figure 5. Changes in the sea-level pressure and near-surface winds as a result of changes in Antarctic
sea ice. Differences between ICE_14 and ICE_clm in (a) summer and (b) in winter. Differences
between ICE_17 and ICE_clm in (c) summer and (d) winter. The dotted areas were statistically
significant at the 95% confidence level. The contours represent the mean state of ICE_clm.

There was above-normal pressure over the Bellingshausen Sea for ICE_17 in summer
(Figure 5c). As the height increased, above-normal pressure was seen over the Amundsen
Sea at 500 hPa (Figure S3c). In contrast, the responses in winter were zonally asymmetrical.
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The southwestern Indian Ocean and southwestern Pacific Ocean between 45◦ and 70◦ S
were dominated by above-normal pressure anomalies, whereas the subtropical region of
the southern Pacific was dominated by below-normal pressure anomalies (Figures 5d and
S3d). Consistently, there were westerly wind anomalies in the north of 30◦ S and an easterly
wind anomaly at about 45◦ S over the Pacific region, which resulted in an equatorward
shift in the subtropical high. Although the anomaly of the sea ice forcing field and the
surface heat flux anomaly in ICE_17 were smaller than those in ICE_14, the anomaly in
the response of the circulation in ICE_14 was limited to mid- and high latitudes, whereas
the anomaly in the response of the circulation in ICE_17 reached the subtropic. This may
indicate that the climate in the Southern Hemisphere is more sensitive to a loss of Antarctic
sea ice than to an increase in sea ice.

3.4. Changes in Temperature and Precipitation

The temperature changes in both ICE_14 and ICE_17 were largely confined to high
latitudes, especially in the area adjacent to changes in sea ice forcing (Figure 6a–d). The
increased sea ice in 2014 led to a small, but significant amount of warming in the Amundsen
Sea and adjacent continents, but moderate cooling in the Weddell Sea and along the coastal
ocean of the eastern Antarctica in summer (Figure 6a). In winter, there was a broad region
of cooling along the Antarctic coast associated with the increase in sea ice. The continental
areas along the coasts of the eastern Ross and Amundsen Seas also showed significant
cooling as a result of the southern wind anomaly, which brought cold air from Antarctica
(Figures 5b and 6b). In ICE_17, significant warm anomalies were found on the coast of
the eastern Ross and Amundsen Seas in summer (Figure 6e). This was consistent with the
increased surface heat flux (Figure 2d) and the north wind anomaly (Figure 5c), which
both bring warmer air from the Amundsen Sea. In winter, despite the stronger surface
heat flux anomaly than in summer, the temperature changes were confined to the coastal
ocean of Antarctica; there was no significant change in temperature over the Antarctic
continent (Figure 6f).
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in significantly decreased precipitation over the Amundsen Sea (Figure 6d). In ICE_17, 
there was significantly increased precipitation on the coasts of the Amundsen Sea in sum-
mer (Figure 6g) as a result of the northerly wind anomaly bringing warm, moist air from 
the ocean (Figure 5c). In winter, changes in precipitation mainly occurred over the ocean 
and there was no significant change in precipitation over Antarctica (Figure 6h). The 
changes in precipitation were dominated by changes in snowfall (Figure S4). In response 
to the decreased amount of sea ice in 2017, there was a significant increase in snowfall on 
the coast of the Amundsen and eastern Ross seas. This increased snowfall increased the 
mass input and may influence the ice sheet balance in these regions. 

Figure 6. Changes in the 2-m temperature and precipitation as a result of changes in Antarctic sea
ice. Temperature responses of ICE_14 in (a) summer and (b) winter. Precipitation responses of
ICE_14 in (c) summer and (d) winter. Temperature responses of ICE_17 in (e) summer and (f) winter.
Precipitation responses of ICE_17 in (g) summer and (h) winter. Dotted areas indicate statistical
significance at the 95% confidence level.
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Consistent with the warming and north wind anomaly on the coast of the Amundsen
Sea in summer, there was slightly increased precipitation on the coast of the Amundsen Sea
in ICE_14 (Figure 6c). In winter, the south wind anomaly on the coast of the Amundsen
Sea (Figure 5b) brought cold, dry air from the central Antarctic to the coast, resulting in
significantly decreased precipitation over the Amundsen Sea (Figure 6d). In ICE_17, there
was significantly increased precipitation on the coasts of the Amundsen Sea in summer
(Figure 6g) as a result of the northerly wind anomaly bringing warm, moist air from the
ocean (Figure 5c). In winter, changes in precipitation mainly occurred over the ocean and
there was no significant change in precipitation over Antarctica (Figure 6h). The changes
in precipitation were dominated by changes in snowfall (Figure S4). In response to the
decreased amount of sea ice in 2017, there was a significant increase in snowfall on the
coast of the Amundsen and eastern Ross seas. This increased snowfall increased the mass
input and may influence the ice sheet balance in these regions.

4. Conclusions and Discussion

We explored the impacts of extreme sea ice conditions in Antarctica on the Southern
Hemisphere summer and winter climate by forcing CAM5 with the seasonal cycle of the
average Antarctic SIC from 1981 to 2010 and the Antarctic SIC in 2014 and 2017. Our results
show that the extreme Antarctic sea ice conditions in 2014 and 2017 might have affected
the tropospheric jets in the Southern Hemisphere. The large responses of temperature and
precipitation were largely limited to high latitudes.

The increased Antarctic sea ice in 2014 may have led to enhanced westerlies over the
polar region, accompanied by zonal-averaged warming between about 60◦ and 70◦ S in the
mid-troposphere and warming and increased precipitation on the coasts of the Amundsen
Sea in summer. In winter, there was significant cooling around Antarctica and slightly
decreased precipitation over the Amundsen Sea. The extremely low Antarctic sea ice in
2017 resulted in significant warming and increased precipitation on the coasts of the eastern
Ross Sea and the Amundsen Sea in summer and an equatorward shift in the subtropical jet
in winter. Compared with Antarctic sea ice forcing in ICE_clm, the sea ice forcing anomaly
in ICE_14 was stronger than that in ICE_17. However, the impacts of the sea ice forcing
anomaly in ICE_17 on the atmospheric circulation in the Southern Hemisphere reached
as far as the subtropics, whereas the response in ICE_14 was limited to mid- and high
latitudes. This suggests that the climate of the Southern Hemisphere was more sensitive to
the decreased Antarctic sea ice in 2017 than the increased sea ice in 2014.

We also compared the effects of extreme changes in sea ice on the climate of the
Southern Hemisphere in previous studies (Table 1). Raphael et al. [14] conducted numerical
experiments using the coupled NCAR Community Climate System Model Version Three.
They used the monthly SIC from 1978 to 2000 to select the months with the maximum
and minimum SIC in each of 12 months as the forcings in sensitivity experiments. Their
results showed a positive SAM in response to the maximum SIC and a negative SAM
in response to the minimum SIC in summer. In contrast, our results indicate a slightly
negative SAM in response to the increased sea ice in 2014 and no change in the SAM in
response to the decreased sea ice in 2017. This difference might result from air–ocean
coupling. England et al. [20,31,32] showed that the response to losses of Antarctic sea ice
were limited to the mid- and high latitudes of the Southern Hemisphere in the Whole
Atmosphere Community Climate Model (WACCM), but it may extend to the tropics and
even the Northern Hemisphere in the coupled model. This again shows the importance of
the air–ocean coupling.
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Table 1. Previous studies that have explored the impacts of Antarctic sea ice changes on the Southern
Hemisphere.

Reference Model Conclusion

Kidston et al. [19]
Community

Atmosphere Model
(CAM3)

The mid-latitude jet shifts poleward when sea ice extent increased during winter.

Raphael et al. [14]

Community Climate
System Model
Version Three

(CCSM3)

The polar cell expands (contracts) under minimum (maximum) sea ice conditions;
the Southern Hemisphere Annular Mode tends to be negative (positive) when the

sea ice is at a minimum (maximum) in summer.

Bader et al. [18]
atmospheric general

circulation model
ECHAM5

The mid-latitude jet and the storm tracks shift equatorward and there is a negative
phase of the Southern Hemisphere Annular Mode under future decreased sea ice

conditions.

Smith et al. [15]
Met Office Hadley

Centre global climate
model HadGEM3

Both the atmospheric-only and coupled experiments simulate a poleward shift of
mid-latitude jet under increased sea ice condition in recent years, especially in the

cold seasons.

England et al. [20]
Whole Atmosphere

Coupled Climate
Model (WACCM)

Future losses of Antarctic sea ice will act to shift the tropospheric jet equatorward in
the cold seasons. The response of the surface temperature and precipitation is

limited to the southern high latitudes, but is unable to impact the interior of the
Antarctic continent.

Kidston et al. [19] used the poleward contraction and equatorial expansion of the
climatological Antarctic sea ice by 7◦ of latitude as the forcing fields for their sensitivity
experiments. Smith et al. [15] investigated the impacts of the long-term observed trends in
the Antarctic sea ice long-term trend. Both sets of results showed a poleward shift of the
mid-latitude jet in winter as a response to increased Antarctic sea ice in the atmospheric-only
model. In contrast, our results showed no significant change in the mid-latitude jet.

Bader et al. [18] and England et al. [20] explored the effects of future losses of Antarctic
sea ice at the end of the 21st century using an atmospheric-only model and suggested a
equatorward shift of the mid-latitude jet in winter in response to sea ice loss. However,
our results showed no significant change in the mid-latitude jet, but an equatorward shift
of the subtropical jet in winter in response to the extremely low sea ice in 2017. The
large differences in the forcing field between our ICE_17 experiment and the sensitivity
experiments of Bader et al. [18] and England et al. [20] may have resulted in this low
comparability. In terms of temperature and precipitation, consistent with England et al. [20],
sea ice loss in 2017 caused significant near-surface warming on the coasts of Antarctica,
but this warming did not penetrate inland to the Antarctic continent. These earlier studies
conducted similar numerical experiments to ours, but we used a different model with
different forcings for the Antarctic sea ice. The comparison of our results with previous
studies suggest that the influence of Antarctic sea ice is sensitive to both the adopted model
and the distribution of sea ice forcing anomalies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14010036/s1, Figure S1: Seasonal cycle of prescribed Antarctic
sea ice area and difference in the sea ice concentration between the sensitivity experiments and
control run; Figure S2: Changes in the surface heat flux due to changes in the Antarctic sea ice;
Figure S3: Changes in the geopotential height and winds at 500 hPa due to changes in Antarctic sea
ice; Figure S4: Changes in snowfall due to changes in Antarctic sea ice.
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