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Antarctic sea ice extent has seen a slight increase over recent decades, yet
since 2016, it has undergone a sharp decline, reaching record lows. While the
precise impact of anthropogenic forcing remains uncertain, natural fluctua-
tions have been shown to be important for this variability. Our study employs a
series of coupled model experiments, revealing that with constant anthro-
pogenic forcing, the primary driver of interannual sea ice variability lies in
deep convection within the Southern Ocean, although it is model dependent.
However, as anthropogenic forcing increases, the influence of deep convec-
tion weakens, and the Southern Annular Mode, an atmospheric intrinsic
variability, plays a more significant role in the sea ice fluctuations owing to the
shift from a zonal wavenumber-three pattern observed in the historical period.
These model results indicate that surface air-sea interaction will play a more
prominent role in Antarctic sea ice variability in the future.

Antarctic sea ice extent (SIE) has slightly increased in the past few
decades'. Since 2016, however, it has abruptly declined” and remained
arecord low in 2023°. Natural variability in the atmosphere and ocean
such as deepening of the Amundsen Sea Low* and weakening of the
Southern Ocean deep convection’ is suggested to cause the increasing
sea ice trend. The atmospheric zonal wavenumber-three (ZW3)° pat-
tern induced by extremely warm El Nifio/Southern Oscillation (ENSO)
in 2015 and the subsequent occurrence of a negative phase of the
Southern Annular Mode (SAM)’ contributed to the abrupt sea ice
decline in 2016°%. The warming of subsurface Southern Ocean
(100-500 m) has also contributed to a weaker stratification thereby
sustaining an anomalously low sea ice state afterwards’. Interannual
seaice variability has increased in a recent decade, not solely related to
the atmospheric variability’® but the ocean mixed-layer variability".
However, it is uncertain how the interannual sea ice variability changes
in the future under the anthropogenic forcing.

Several studies have discussed the impact of anthropogenic for-
cing on the future Antarctic sea ice mean state using coupled general
circulation models' ™. Most of them have consistently argued the sea

ice decline as the anthropogenic forcing increases. For example, one
recent study'® has discussed that the rate of the sea ice decline is slower
in an eddy-permitting coupled model than a lower-resolution coupled
model because the northward Ekman heat transport increases in
response to stronger westerlies and moderates the Southern Ocean
warming. However, the results are inconsistent with other studies
using eddy-resolving or -permitting models that simulate increase in
poleward heat transport by ocean mesoscale eddies and offset the
increase in the northward mean heat transport”’?°. Due to complex
nature of Southern Ocean circulation, there is a wide disparity among
climate models in future projections of sea ice decline associated with
the ocean heat transport change?.

Little attention has been paid to how the interannual sea ice
variability changes in the future under the anthropogenic forcing. A
few studies have suggested the impact of future changes in ENSO and
the SAM on the sea ice mean state. For example, a majority of coupled
models in the sixth phase of the Coupled Model Intercomparison
Project (CMIP6) demonstrate that the variance and frequency of ENSO
are likely to increase as the anthropogenic forcing increases™.
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The models projecting stronger ENSO tend to project slower Southern
Ocean warming® and sea ice reduction*, because of weaker upwelling
of subsurface warm Circumpolar Deep Water (CDW) due to weaker
intensification of westerlies. However, most of CMIP6 models project
poleward shift and intensification of westerlies, representing a positive
trend of the SAM®. The positive SAM tends to enhance the equator-
ward Ekman transport and reduce the coastal sea level around the
Antarctic coastline. This could also cause a multidecadal poleward
shift of the Antarctic Circumpolar Current®® and a weakening of the
Antarctic Slope Current, allowing more warm CDW to flow over the
continental slope and enhance sea ice melt”*,

Besides ENSO and the SAM, the increased precipitation and Ant-
arctic meltwater could also cause a contraction of the Antarctic Bot-
tom Water”, a weakening of the deep convection in the Southern
Ocean’®®”, and more intrusion of warm CDW over the continental
shelf***, With the constant anthropogenic forcing, the Southern
Ocean deep convection could drive a centennial-scale Antarctic tem-
perature variations****. However, the relative importance of future
changes in the deep convection, ENSO, and the SAM on the interannual
sea ice variability remains unclear. To address these unresolved sci-
entific issues, this study employs a series of coupled model experi-
ments with natural and anthropogenic forcings to identify physical
processes underlying the future Antarctic sea ice mean state and
variability.

Results
Impact of anthropogenic forcing on Antarctic sea ice mean state
The SPEAR_MED historical run (see Methods) reasonably captures the
observed seasonal cycle of pan-Antarctic SIE climatology (Supple-
mentary Fig. 1a), although it has a low sea ice bias in austral summer,
consistent with other CMIP6 models®. This is mostly due to smaller SIE
climatology simulated in the West Pacific sector, Ross Sea, and
Amundsen-Bellingshausen Sea (Supplementary Fig. 1d, e, f). With these
model biases in mind, clarifying the mean state change under the
increasing anthropogenic forcing is helpful for understanding the
change in the sea ice variability. Antarctic SIE deviation in the natural
forcing run (Fig. 1a) exhibits a low-frequency variability with high
values in the 1960s and 2060s and low values in the 2000s. We also
find similar fluctuations in Antarctic sea ice area (SIA) and sea ice
volume (SIV) deviations (Supplementary Fig. 2a, b), whereas the
occurrence number of Polynya events (see Methods) shows a smaller
low-frequency variability compared to the observation owing to the
lower model resolution (Supplementary Fig. 2c).

The low-frequency variability may originate from a multidecadal-
centennial variability of Antarctic SIE in the preindustrial control

simulation used for generating ensemble members (Supplementary
Fig. 3; see Methods). However, in the natural forcing run, this signature
is present in the multi-model mean, implying that it is not purely
internal variability. In particular, Antarctic SIE deviation in the natural
forcing run captures an increasing trend of the observed one after
2000 (Fig. 1a). This suggests that the observed trend may arise from
the natural forcing which includes solar radiation and volcanic aero-
sols (see Methods). Major volcanic eruptions (Mt. Agung in 1963; El
Chichon in 1982; Mt. Pinatubo in 1991) and the associated sharp
radiative coolings in the 1960s*, the 1980s*, and the 1990s*® (Sup-
plementary Fig. 2d) appear to slightly affect the sea ice increase on
interannual timescale (Fig. 1a; Supplementary Fig. 2a, b). However, its
influence on the increasing trend is rather limited. Rather, the
decreasing trend in the net radiation at the top of the atmosphere after
the late 1990s (Supplementary Fig. 2d) appears to be responsible for
the increasing sea ice trend after 2000.

SPEAR_MED shows that when the anthropogenic forcing
increased, Antarctic SIE started to decrease after the 2000s (Fig. 1a).
The magnitude of negative anomalies after 2016 is similar to the
observed one, although the negative anomalies developed gradually
rather than in the abrupt manner observed (Fig. 1a). This may under-
score a possible impact of increased anthropogenic forcing on the
recent decline in seaice. Antarctic SIE shows a steady decline under the
anthropogenic forcing in the future. However, if climate change miti-
gations are adopted in either 2030 or 2040 (see Methods), Antarctic
SIE will gradually recover in this model. The future projection of Ant-
arctic SIE inversely follows that of carbon dioxide (CO,; Fig. 1b).

In SPEAR_MED natural forcing run with the constant anthro-
pogenic forcing, the net surface heat flux (Fig. 2a) undergoes a low-
frequency variability in such a way that more heat releases from the
ocean as the sea ice melts and vice versa. When the anthropogenic
forcing increases, the net surface heat flux increases positively to warm
the ocean (Fig. 2a). This is mostly due to the increase in the sensible
heat flux (Supplementary Fig. 4a) and secondarily due to the delayed
increase in the shortwave radiation (Supplementary Fig. 4b). We find
that latent heat flux and longwave radiation increase negatively to cool
the ocean, playing counteracting roles (Supplementary Fig. 4c, d).
Furthermore, as the anthropogenic forcing increases, the air tem-
perature in the atmospheric boundary layer increases to warm the
ocean and sea ice. The resultant sea ice melting triggers the ice-albedo
feedback by yielding an increase in the lower-albedo and ice-free ocean
surface®.

In addition to the net surface heat flux, SPEAR_MED demonstrates
that surface winds and subsurface ocean heat can also play some roles.
Compared to the historical forcing run, the highest emission scenario
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Fig. 1| Antarctic sea ice extent (SIE) and carbon dioxide (CO,) in SPEAR_MED
runs. a Deviation of Antarctic SIE (in 10°km?) from the mean value of the historical

period (1985-2014). Here we used the observed mean value of the historical period
to calculate the observed SIE deviation (green), while we used the mean value of the

1940 1960 1980 2000 2020 2040 2060 2080 2100

historical run to calculate the simulated SIE deviation. b CO, (in ppmv) during
1921-2100 used in SPEAR_MED natural, historical, and SSP forcing runs. Correla-
tions with Antarctic SIE deviation for historical and SSP forcing runs are shown in
the panel.
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Fig. 2 | Net surface heat flux, zonal-mean zonal wind, ocean potential tem-
perature, and lower cell strength in SPEAR_MED runs. a Net surface heat flux (in
W m™) in the Antarctic Sea (region south of 60°S) for 1921-2100 period of
SPEAR_MED natural, historical, and SSP forcing runs. Positive values indicate
downward heat flux to warm the ocean. b Zonal-mean zonal wind speed at 10 m (in
m s™) as a function of latitude for the 30-yr average of the historical (black;
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1985-2014) and SSP585 (red; 2071-2100) forcing runs. ¢ Latitude-depth cross
section of zonal mean ocean potential temperature (in °C) for the 30-yr average of
the historical (black contour; 1985-2014) and SSP585 (color; 2071-2100) forcing
runs. d Same as in (a), but for the lower cell strength (LCS; in Sv) on a density space.
The LCS index (see Methods) is defined as absolute value of negatively maximum
streamfunction on a density space at 75°S near the Antarctic coast.

(i.e., SSP585; see Methods) run projects surface westerlies stronger at
higher latitudes (Fig. 2b). The strengthening and poleward shift of
westerlies leads to those of upwelling of subsurface warm and saline
CDW (Fig. 2¢), facilitating the sea ice melt from below. The sea ice melt
also influences the deep convection near the Antarctic coast. With the
constant anthropogenic forcing, the lower cell strength (LCS; see
Methods), which corresponds to the strength of the lower ocean cir-
culation cell used as a potential indicator of the deep convection
(Fig. 2d, Supplementary Fig. 5a), undergoes a low-frequency variability,
as simulated in the Antarctic SIE deviation (Fig. 1a). Stronger deep
convection tends to bring warm CDW to the surface thereby melting
sea ice from below and vice versa. When the anthropogenic forcing
increases, however, deep convection weakens (Fig. 2d). Even if climate
change mitigations are adopted in either 2030 or 2040 (see Methods),
the deep convection remains weaker. The weaker deep convection
arises from the surface freshening (Supplementary Fig. 5b) associated
with the increased precipitation (Supplementary Fig. 5c). The total
volume change in the freshwater input by the precipitation is much
larger than the increased runoff associated with the Antarctic ice shelf
melt (Supplementary Fig. 5d).

In the highest emission scenario run of SPEAR_MED (Fig. 3a), the
sea ice steadily declines in the entire Antarctic Sea (region south of
60°S). This translates into surface temperature increase (Supplemen-
tary Fig. 6a), positive sea level pressure (SLP) changes in the mid-
latitudes and negative SLP changes over Antarctica (Supplementary
Fig. 6b), representing stronger westerlies associated with a positive
trend of the SAM. In the post-2040 mitigation run (Fig. 3b), the sea ice
does not significantly change due to the delayed Antarctic SIE mini-
mum in around 2060 (Fig. 1a), whereas in the post-2030 mitigation run

(Fig. 3c), the sea ice shows a significant recovery in the Pacific and
Atlantic sectors. Despite these sea ice changes, the surface tempera-
ture shows a slightly positive trend along the Antarctic Circumpolar
Current (Supplementary Fig. 6c, e), whereas the SLP shows weaker
westerlies associated with a negative trend of the SAM (Supplementary
Fig. 6d, f).

In the highest emission scenario run of SPEAR_MED, the ocean
temperature in the Antarctic Sea (region south of 60°S; Fig. 3d)
becomes significantly warmer from the surface down to 2000 m. This
is associated with a freshening in the upper 500 m and a salinity
increase below (Supplementary Fig. 7a). This leads to a stronger stra-
tification (Supplementary Fig. 7b) and a weaker deep convection. On
the other hand, poleward shift and strengthening of westerlies facil-
itate more poleward advection of warm and saline CDW. Even after
employing the climate change mitigations in either 2030 or 2040 (see
Methods), the subsurface ocean in the Antarctic Sea continues
warming (Fig. 3e, f), despite the cooling of near-surface ocean tem-
perature. The salinity and density changes (Supplementary Fig. 7c-f)
resemble those in the highest emission scenario run (Supplementary
Fig. 7a, b). Therefore, our models suggest that the weaker deep con-
vection and the associated poleward advection of warm and saline
CDW may contribute to the persistence of subsurface ocean warming
in the Antarctic Sea.

Role of anthropogenic forcing in Antarctic sea ice interannual
variability

In SPEAR_MED natural forcing run with constant anthropogenic for-
cing, the LCS anomaly shows a significantly negative correlation with
Antarctic SIE anomalies on the interannual timescale (Table 1a).
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Fig. 3 | Multidecadal changes (2081-2100 minus 2041-2060) in sea ice
concentration (SIC) and zonal-mean ocean potential temperature in
SPEAR_MED runs. a-c Multidecadal changes in the SIC (in %) from 2041-2060 to
2081-2100 for SPEAR_MED SSP585, SSP5340S, and SSP5340S _10ye forcing runs.
Black dots indicate the statistically significant changes that exceed 90% confidence

level using Student’s t-test. d-f Latitude-depth cross-section of multidecadal
changes in the zonal-mean ocean potential temperature (color in °C) from
2041-2060 to 2081-2100 for SPEAR_MED SSP585, SSP5340S, and SSP5340S _10ye
forcing runs. Black dots indicate the statistically significant changes that exceed
90% confidence level using Student’s t-test.

The correlation is stronger than that with the SAM and NINO3.4 indi-
ces. We also find a similar negative correlation with the mixed-layer
depth (MLD, see Methods; Table 1a) averaged in the Antarctic Sea
(region south of 60°S). The negative correlations remain significant
even for the LCS and MLD anomalies leading the SIE anomalies by one
year (Supplementary Table 2a). This indicates that the deepening of
the mixed layer in association with the deep convection contributes to
the sea ice decrease by entraining subsurface warm water.

When the anthropogenic forcing increases, the SAM shows sig-
nificantly positive correlations with the SIE anomalies (Table 1a, Sup-
plementary Table 2a), consistent with the historical analysis results*’.
The links with the LCS and NINO3.4 indices get weaker. As the
anthropogenic forcing increases, the deep convection weakens, so the
LCS index may not measure the deep convection effectively, because it
can also be influenced by wind-driven circulation, polynyas, and dense
water formation on the continental shelves. Therefore, it is worth
examining the correlations with the MLD anomaly that can measure
the surface variability rather than deep convection. Indeed, the cor-
relation with the MLD anomaly shows the most change with sig-
nificantly positive values and gets closer to the correlation with the
SAM index (Table 1a, Supplementary Table 2a). This change in sign of
the correlation suggests a dynamical change in the sea ice-mixed layer
relationship in such a way that the deepening of the mixed layer can
contribute to the sea ice increase accompanied by cold dense water.
The LCS and MLD measures capture different dynamical behavior in
the forced scenarios, resulting in changing correlations with the SIE
anomaly, although the detailed dynamical processes for these changed
correlations are as yet clear.

The above relationships in SPEAR_MED exhibit seasonal depen-
dency (Table 1b-e). The LCS anomaly (Table 1d) shows significantly
negative correlations with Antarctic SIE anomalies during
July-September when the strong convection occurs in the Antarctic

Sea. We find a similar negative correlation with the MLD anomaly
(Table 1d). The SAM (Table 1e) shows significantly positive correlations
during October-December when the westerly wind variability in the
stratosphere over the Antarctica is the strongest in a year’. We also find
that the SAM plays a stronger role in the sea ice variability during
April-June and July-September with three months lead (Supplemen-
tary Table 2c, d). The link with the SAM and MLD anomaly gets posi-
tively stronger as the anthropogenic forcing increases, in particular,
during July-September and October-December (Table 1d, e) when the
westerly wind shows a larger variability in the stratosphere’. The same
analysis was conducted for the atmospheric ZW3 index (see Methods),
and it is found that the ZW3 (Supplementary Table 1) shows lower
correlations with the SIE anomalies than the SAM (Table 1). Further-
more, as the anthropogenic forcing increases, the correlations slightly
increase from the natural to historical runs but decrease from the
historical to SSP585 forcing run (Supplementary Table 1).

One may wonder whether the expanding role of the SAM under
the increasing anthropogenic forcing in SPEAR_MED is a result of
intrinsic changes within the SAM itself or a consequence of the
diminishing role of the deep convection. The frequency distributions
of the SIE and LCS anomalies (Fig. 4a, b) clearly show an increase in
weaker anomalies and a decrease in stronger anomalies as the
anthropogenic forcing increases, whereas those of the SAM and ENSO
indices (Fig. 4c, d) represent no clear changes. We also find that the
regression coefficients of the Antarctic SIE anomalies on the LCS
anomaly become smaller as the anthropogenic forcing increases
(Fig. 5a), whereas those on the SAM index remain similar across the
experiments (Fig. 5b). Furthermore, the relationship with ENSO
becomes weaker and ultimately negligible as anthropogenic forcing
increases (Fig. 5¢), which is consistent with the aforementioned cor-
relation analysis (Table 1). These results indicate that the relationship
(i.e., regression) between sea ice and the SAM remains the same, but
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Table 1] Yearly and seasonal simultaneous correlations between Antarctic sea ice extent (SIE) and ocean/atmosphere drivers

in SPEAR_MED runs

a Annual mean correlation (30 members)

Natural Historical SSP5340S SSP585
LCS -0.26* -0.15* -0.17* -0.13*
MLD -0.25* 0.21* 0.36* 0.29*
SAM 0.22* 0.26* 0.39* 0.35*%
NINO3.4 -0.13* -0.16* -0.03 0.02
b Jan-Mar correlation c Apr-Jun correlation

Natural Historical SSP5340S SSP585 Natural Historical SSP5340S SSP585
LCS -0.00 -0.01 0.01 0.01 LCS -0.26* -0.25* -0.16* -0.22*
MLD 0.21* 0.21* 0.15* -0.01 MLD -0.20* 0.50* 0.60* 0.59*%
SAM 07+ 0.18* 0.09* 0.03 SAM 0.29* 0.24* 0.30* 0.25*
NINO3.4 -0.03 -0.09* 0.03 0.02 NINO3.4 0.10* -0.18* -0.14* -0.04
d Jul-Sep correlation e Oct-Dec correlation

Natural Historical SSP5340S SSP585 Natural Historical SSP5340S SSP585
LCS -0.27* -0.19* -0.22* -0.19* LCS -0.20* -0.14* -0.10* -0.09*
MLD -0.17* 0.17* 0.29* 0.24* MLD -0.15* 0.27* 0.50* 0.41*
SAM 0.04 0.02 0.14* 0.12* SAM 0.30* 0.31* 0.43* 0.41*
NINO3.4 -0.12 -0.12* 0.08 0.16* NINO3.4 -0.07 -0.08* -0.03 -0.01

a Yearly simultaneous correlation coefficients of annual mean lower cell strength (LCS) anomaly on a density space, mixed-layer depth (MLD) anomaly, Southern Annular Mode (SAM) index, and
NINO3.4 index with Antarctic SIE anomalies for 30 ensemble members of SPEAR_MED natural, historical, and SSP forcing runs. We used annual mean anomalies during 1985-2014 period for the
natural and historical runs and during 2071-2100 period for the SSP forcing runs. We calculated the correlations across 30 ensemble members over the 30-year period (i.e., 900 points), not for the
ensemble mean anomalies, because the ensemble-mean values represent the forced variability. Asterisk indicates statistically significant correlations that exceed 99% confidence level using
Student’s t-test. b-e Same as in (a), but for January-March, April-June, July-September, and October-December mean anomalies from 30 members of SPEAR_MED natural, historical, and SSP

forcing runs, respectively.
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Fig. 4 | Frequency distributions of Antarctic sea ice extent (SIE) anomaly, lower
cell strength anomaly, Southern Annual Mode (SAM) and NINO3.4 indices in
SPEAR_MED runs. a Frequency distributions (in %) of Antarctic SIE anomalies for

the observation and SPEAR_MED natural, historical, and SSP585 forcing runs.
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the 1985-2014 period of the natural and historical forcing runs and for the
2071-2100 period of the SSP58S forcing runs are used. A figure in the parenthesis
indicates a median value. b Frequency distributions (in %) of the lower cell strength
(in Sv) anomalies on a density space for the SPEAR_MED natural, historical, and
SSP58S forcing runs. ¢, d Same as in (b), but for the SAM and NINO3.4 indices.
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Fig. 5 | Relationships of Antarctic sea ice extent (SIE) anomaly with lower cell
strength (LCS) anomaly, Southern Annual Mode (SAM) index, and NINO3.4
index in SPEAR_MED runs. a Scatterplots of Antarctic SIE anomalies (in 10°km?)
against the LCS anomalies (in Sv) on a density space for SPEAR_MED natural (blue),
historical (black), and SSP585 (red) forcing runs. We used anomalies for 1985-2014

period of the natural and historical forcing runs and for 2071-2100 period of the
SSP585 forcing run. Regression line and equation for each of three runs are shown
in the panel. b, ¢ Same as in (a), but for the SAM index (in hPa) and NINO3.4 index
(in °C).
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Fig. 6 | Regressions of zonal-mean ocean potential temperature and sea level
pressure (SLP) anomalies onto Antarctic sea ice extent (SIE) anomalies in
SPEAR_MED runs. a-c Regression coefficients of zonal-mean ocean potential
temperature anomalies (in 10 °C/0) onto standardized Antarctic SIE anomalies for
1985-2014 period of SPEAR_MED natural forcing run and for 2071-2100 period of
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SSP585 and SSP5340S forcing runs. We used anomalies from all ensemble members
of SPEAR_MED runs to calculate the regression coefficients. Color indicates statis-
tically significant regression coefficients that exceed 99% confidence level using
Student’s t-test. d-f Same as in (a), but for the regression coefficient of SLP
anomalies (in hPa/o).

the importance (i.e., correlation) of the SAM increases as a result of the
diminishing role of the deep convection.

In SPEAR_MED with constant anthropogenic forcing, sea ice
increase is associated with cooler surface temperature and warmer
temperature in the subsurface ocean (Fig. 6a). The subsurface heat
buildup is accompanied by salinity increase there (Supplementary
Fig. 8a). This represents more poleward advection of warm and saline
CDW, contributing to lower density there (Supplementary Fig. 9a).
When the anthropogenic forcing increases, the links with subsurface
heat buildup and salinity increase get weaker, but the links with surface
cooler temperature and salinity increase get stronger (Fig. 6b, c;
Supplementary Fig. 8b-e; Supplementary Fig. 10c, d). In particular, the
salinity increase in the SSP585 forcing run is mostly due to the vertical
advection (Supplementary Table 3). This indicates that the deepening

of the mixed-layer associated with the surface cooler temperature and
seaice increase tends to enhance the mixed-layer salinity by entraining
subsurface saline water into the mixed layer. The role of surface mixed-
layer process gets stronger (Table 1) in association with the weakening
role of deep convection.

For the atmospheric variability associated with the sea ice varia-
bility under the constant anthropogenic forcing, SPEAR_MED show a
signature of the SAM with positive values of the SLP regression in the
midlatitudes and negative values over Antarctica but also with a clear
signature of the ZW3 during the stronger deep convection period of
1985-2014 (Fig. 6d). We also find a similar ZW3 structure of atmo-
spheric variability for the weaker deep convection periods of
1941-1970 and 2041-2070 (Supplementary Fig. 10a, b, e, f). This sug-
gests that the amplitude of the deep convection may be independent,
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not driving the change in the atmospheric relationship in the future. As
the anthropogenic forcing increases, the positive and negative SLP
patterns become more zonally elongated (Fig. 6e, f; Supplementary
Fig. 10g, h), which may explain why the zonally symmetric SAM metric
is more strongly related to sea ice in this case. This is also evident in the
regressions of surface air temperature anomalies (Supplementary
Fig. 11). With the constant anthropogenic forcing, increased SIE is
associated with cooler surface temperatures significantly in the Ross
Sea and Weddell Sea where the strong deep convection takes place
(Supplementary Fig. 11a), whereas as the anthropogenic forcing
increases, surface temperature gets warmer in the midlatitudes and
cooler in the polar regions, representing the positive SAM-like
response (Supplementary Fig. 11b-e). To summarize, the growing
influence of the SAM in response to the increasing anthropogenic
forcing (Table 1) in SPEAR_MED is linked to the atmospheric variability
associated with the sea ice variability becoming a less ZW3-like pattern
in contrast to the historical period (Supplementary Table 1).

Dependence on model resolutions and physics
SPEAR_LO with a lower atmospheric resolution shows less reduction in
the future SIE than SPEAR_MED (Supplementary Fig. 12a), although
there are no clear differences in the LCS on a density space (Supple-
mentary Fig. 12b). The rates of decreases in the SIE deviation and LCS
are similar between the two models. This indicates that an increase in
atmospheric resolution does not affect the rate of Antarctic SIE
decrease in the future, because both models adopt the same atmo-
spheric dynamics. Given these results, the slower rate of future sea ice
decrease in other models' may be due to increase in their ocean model
resolution, but we need to keep in mind a wide disparity among cli-
mate models in simulating and predicting the ocean heat uptake and
storage in the Southern Ocean?.

We obtain similar results for seven CMIP6 models (Supplementary
Fig. 12c, d). Here we calculated the LCS index on a depth coordinate
because of the limited availability of the model output, so we should
note that the results on the deep convection are not directly com-
parable to the SPEAR model results*. For example, the SPEAR_ MED
shows that the amplitude of the LCS index on a density coordinate is
smaller than that on a depth space (Supplementary Fig. 12b, d). CMIP6
models show the steady decline of the Antarctic sea ice and deep
convection as the anthropogenic forcing increases, although the
CMIP6 models have larger spreads than SPEAR_MED. If climate change
mitigation is made in 2040 (see Methods), the sea ice effectively
recovers but the deep convection remains weaker. This is also evident
in the multidecadal changes of the sea ice concentration (SIC) from
2041-2060 to 2081-2100 (Supplementary Fig. 13a, b). In the highest
emission scenario run, sea ice continues declining (Supplementary
Fig. 13a). This is characterized by surface temperature warming,
stronger westerlies (Supplementary Fig. 14a, b), and subsurface ocean
warming and salinity increase (Supplementary Fig. 13c, €). On the other
hand, in the post-2040 mitigation run, the sea ice effectively recovers
(Supplementary Fig. 13b), but Southern Ocean continues warming in
association with weaker westerlies, subsurface warming, and salinity
increase (Supplementary Fig. 13d, f; Supplementary Fig. 14c, d). All of
these mean state changes are consistent with those in SPEAR_MED.

Regarding the relationship with Antarctic sea ice interannual
variability, SPEAR_LO demonstrates that a significantly negative cor-
relation with the LCS anomaly does not largely change between con-
stant and increasing anthropogenic forcing, while a significantly
positive correlation with the SAM increases as the anthropogenic
forcing increases (Supplementary Table 4a). We also find a much
weaker link with the NINO3.4 index. On the other hand, four out of
seven CMIP6 models (NorESM3-LM, MRI-ESM2-0, IPSL-CM6A-LR, and
ACCESS-CM2; Supplementary Table 4c, d, e, f) show increasing roles of
the SAM in the sea ice variability under the increasing anthropogenic
forcing, whereas only two models (ACCESS-CM2 and CMCC-ESM2;

Supplementary Table 4f, g) show weakening roles of the deep con-
vection in the sea ice variability. Only ACCESS-CM2 shows similar sea
ice relationships with the SAM and LCS indices simulated in
SPEAR_MED and SPEAR LO. Therefore, we can conclude that there is
not much consistency among the CMIP6 models. The CMIP6 model
results are based on a single ensemble member with the same variant
level (see Methods) because of the limited availability of ensemble
members, so further mechanistic research using more ensemble
members is required to better understand the extent of the applic-
ability of these model results in the future.

Discussion

This study has identified the relative roles of deep convection and the
SAM in the Antarctic sea ice interannual variability under the anthro-
pogenic forcing. Both SPEARMED and SPEAR LO models have
demonstrated that with constant anthropogenic forcing, the Southern
Ocean deep convection has the largest role in the sea ice variability,
but as the anthropogenic forcing increases, the deep convection
weakens, and the SAM plays a more prominent role in the sea ice
variability. This involves the shift of the atmospheric variability asso-
ciated with the sea ice variability to a more symmetric SAM-like pat-
tern, from the ZW3-like pattern observed in the historical period
(Fig. 6; Supplementary Table 1). Furthermore, the role of the surface
mixed-layer process increases (Table 1) in association with the weak-
ening role of deep convection. These model results indicate a stronger
role of surface air-sea interaction in the Antarctic sea ice variability in
the future. We have also confirmed the increasing role of the SAM in
four out of seven CMIP6 models, while only two models show the
decreasing role of the deep convection, representing a large diversity
among the CMIP6 models.

Most of the CMIP6 models including the SPEAR models do not
have sufficient ocean resolutions to simulate ocean mesoscale eddies
with less than 10 km at latitudes higher than 60°S*>*>. The mesoscale
eddies transport heat poleward across the Antarctic Circumpolar
Current and play a counteracting role in northward Ekman heat
transport by westerlies. When the anthropogenic forcing increases, the
eddy activity is expected to increase with stronger westerlies so that
the increase in the poleward heat transport further compensates for
the increase in the equatorward mean heat transport®*’. However, a
previous study’® claimed that the sea ice declines at a slower rate in an
eddy-permitting coupled model. It is uncertain whether the results are
model dependent, so follow-up studies using other eddy-resolving or
-permitting coupled models are required to verify the role of ocean
mesoscale eddies in the future Antarctic sea ice mean state and
variability.

Both SPEAR_MED/LO and CMIP6 models have demonstrated that
ENSO plays a limited role in Antarctic sea ice variability under the
increasing anthropogenic forcing. One possible reason for this rela-
tionship is that the Antarctic sea ice anomalies associated with ENSO
tend to have a dipole structure with opposite signs in the Pacific and
Atlantic sectors®***, so that the zonal-mean Antarctic sea ice anoma-
lies associated with ENSO become much smaller. ENSO may influence
the SAM through atmospheric teleconnections such as the Pacific-
South American mode (PSA)*¢, but ENSO-related atmospheric varia-
bility is accompanied by a wavenumber three or four structure in the
midlatitudes*” and its influence on the SAM depends on the spatial
patterns of ENSO*. Seasonal observed correlations between ENSO and
the SAM are not so high with a range of -0.06 (July-September) to
-0.37 (October-December) for the satellite period (1982-2022), so
ENSO influence on sea ice variability is much weaker than that of the
SAM and deep convection.

Finally, this study has not separated anthropogenic forcing into
the individual roles of greenhouse gases, aerosols, and ozone deple-
tion, so the relative influence of them on the sea ice variability remains
unclarified. In the past few decades, the ozone depletion tends to
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cause stronger westerlies associated with a positive trend of the SAM*’.
This leads to sea ice increase through northward Ekman heat transport
on an interannual timescale, whereas on a decadal timescale, sea ice
declines through upwelling of subsurface warm water®. The magni-
tude and period of the two-timescale response to the ozone depletion
vary among climate models™. In the future, the ozone is expected to
recover owing to a decrease in ozone depleting gases, so the influence
of ozone-depleting gases on the westerlies and sea ice becomes weaker
and overwhelmed by greenhouse gases increase™. In our model
experiments, we adopted a single emission scenario for ozone-
depleting substances (see Methods), so further studies using differ-
ent emission scenarios would be required to elucidate the impact of
ozone-depleting substances on the Antarctic sea ice variability. Fur-
thermore, the cooling effect of volcanic aerosols on the Antarctic sea
ice is evident in the natural and historical forcing runs on the inter-
annual timescale (Fig. 1a). However, the influence of future volcanic
and anthropogenic aerosols remains uncertain. Further studies are
needed to better understand the relative roles of these anthropogenic
forcings in the Antarctic sea ice mean state and variability.

Methods

Sea ice data and ocean/atmosphere indicators

As the observational reference, we used daily SIC data with 25km
horizontal resolution during 1979-2022, which is provided from
NSIDC and based on Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive
Microwave Data, Version 2%, We defined the SIE and SIA as the total
surface area with the SIC greater than 15% and the total surface area
multiplied by the SIC for both observations and model simulations,
respectively. We also calculated the SIV as the total surface area mul-
tiplied by the SIC and sea ice thickness from the model simulations.

To explore a link with subsurface ocean variability in the Antarctic
Sea, we calculated a LCS on a density space using the absolute value of
the minimum zonal mean meridional overturning streamfunction at
75°S near Antarctic coast where the strong deep convection occurs.
We used the LCS as a potential indictor for the strength of the deep
convection, but it should be noted that the LCS can also be influenced
by wind driven circulation, polynyas and dense water formation on the
continental shelves. For comparison with other climate models pro-
viding subsurface ocean variables on a depth space, we also calculated
the LCS on a depth space using the absolute value of the minimum
meridional overturning streamfunction south of 60°S following a
previous study’.

For the link with large-scale atmosphere and ocean variability, we
computed the Southern Annual Mode (SAM) index, which is based on
Antarctic Oscillation index (AAO)** and defined as a difference in the
zonally averaged SLP between 40°S and 65°S. Among the other climate
modes existing in the southern high latitudes®, the zonal wavenumber
three (ZW3) pattern, a predominant atmospheric winter mode®, can
also affect the entire Antarctic seaice®*. We calculated the ZW3 index”’
which is originally defined as the average values of standardized SLP
anomalies over the three selected regions (latitudes 45-50°S and
longitudes 45-60°E, 161-171°E, and 71-81°W), which is different from
the recently introduced ZW3 index*®. We also used the conventional
NINO3.4 index, which is defined as the SST anomalies in the central-
eastern tropical Pacific (5°S-5°N, 170°W-120°W). For calculation of
anomalies, we removed the monthly mean and linear trend using the
least squares method over a 30-yr period of our interest. Using the
detrended anomalies, we calculated the correlations and regressions.

Coupled general circulation model experiments

To explore Antarctic sea ice variability, we used two coupled general
circulation models at National Oceanic and Atmospheric Administra-
tion (NOAA)/Geophysical Fluid Dynamics Laboratory (GFDL), called
Seamless System for Prediction and Earth System Research Low-
Resolution (SPEAR_LO)*’ and Medium-Resolution (SPEAR_MED)*. Both

the SPEAR_LO and SPEAR_MED are comprised of AM4 atmospheric and
LM4 land surface models®®®' and the MOM6 ocean and SIS2 sea ice
models®’. These model versions are the same between SPEAR_LO and
SPEAR_MED, but the only difference between them is the atmospheric
horizontal resolution with ~100 km and 50 km, respectively, but both
models have 33 levels in the vertical with the model top at 1 hPa. The
ocean and sea ice components have a nominal horizontal resolution of
1° with a gradual increase to 1/3° in the meridional direction toward the
tropics. The ocean model has 75 layers in the vertical that include 30
layers in the top 100 m with a finer resolution. It uses a hybrid vertical
coordinate which is based on a function of height in the upper ocean (a
z-layer coordinate), transitioning to isopycnal layers in the interior
ocean. The ocean model employs a simplified energetics-based para-
meterization for the planetary boundary layer (ePBL)** which provides
vertical diffusivity and viscosity as well as the depth of active mixing
(i.e., the boundary layer thickness). The interior diapycnal mixing is
also parameterized as a function of the resolved shear and the flux
Richardson number®’. Due to a coarse resolution, the effects of
mesoscale eddies are parameterized by an eddy overturning stream
function which estimates the production and dissipation of subgrid-
scale mesoscale kinetic energy balanced by the release of resolved
available potential energy®**°. We used the model output of the mixed-
layer depth defined as the depth at which the ocean potential density
increases by 0.03 kg m™ from the surface.

To explore the role of anthropogenic forcing in Antarctic sea ice
variability, we analyzed natural radiative forcing, historical radiative
forcing, and several future emission scenario runs, called Shared
Socio-economic Pathways (SSP) runs, from 1921 to 2100 (Fig. 1b;
Supplementary Fig. 2d). For the natural forcing run, we selected 30
initial conditions with 20 years apart from model years 101 to 681 of the
pre-industrial control simulation (Supplementary Fig. 3) in which the
greenhouse gases, anthropogenic aerosols, land use®’, solar radiations
and volcanic aerosols®® set to be constant at 1850 level. Then, we
generated 30 ensemble members from 1921 to 2014 which are forced
with the constant greenhouse gases, anthropogenic aerosols and land
use at 1921 level but with the observed solar radiation and volcanic
aerosols. We extended the natural forcing run from 2015 to 2100 using
the constant greenhouse gases, anthropogenic aerosols and land use
at 1921 level. For the solar radiation, we used a synthetic estimate of
solar irradiance changes based on the observed solar cycle, while for
the volcanic aerosols, we used the long-term mean values during
1851-2014 with a linear transition from the observed values in 2014 to
the estimated values after 2024.

In the historical forcing run, we used the same 30 initial conditions
as the natural forcing runs but generated 30 ensemble members from
1921 to 2014 using the observed greenhouse gases, anthropogenic
aerosols, land use, solar radiation and volcanic aerosols. In the future
scenario runs, we extended the historical forcing run from 2015 to
2100 using different scenario-based anthropogenic forcing®, anthro-
pogenic aerosols, land use, solar radiation and volcanic aerosols. Here
we conducted the lowest emission SSP1-1.9 scenario (SSP119) run, the
medium emission SSP2-4.5 scenario (SSP245) run, and the highest
emission SSP5-8.5 scenario (SSP5857°) run. To explore the impact of
climate change mitigation on Antarctic sea ice variability, we used the
SSP5-3.4 overshoot scenario (SSP5340S or post-2040 mitigation) run
which follows the SSP585 scenario until 2040 but the radiative forcings
rapidly decrease to the negative emission level after around 2070”. To
further explore the influence of timing of climate change mitigation,
we performed 10-year earlier SSP5-3.4 overshoot scenario (SSP5340-
S_10ye or post-2030 mitigation) run. For ozone-depleting substances,
we follow a single emission scenario across these future runs as a result
of Montreal Protocol’” in which the concentrations and radiative for-
cing contributions are assumed to strongly reduce with no substantial
variations until 2100. We analyzed monthly output of the model
experiments and calculated monthly anomalies by removing the
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monthly mean and linear trend using the least squares method over a
30-year period of our interest.

Other coupled general circulation model experiments

To explore the dependence of results on model resolutions and phy-
sics, we employ a series of natural forcing, historical forcing, and
future scenario runs provided from the sixth Coupled Model Inter-
comparison Project (CMIP6)”. Because of the limited availability for
the climate change mitigation (i.e., SSP5340S) run, we selected seven
CMIP6 models with the same variant level with realization, initializa-
tion, physics and forcing (i.e., rlilplfl). These consist of CanESM5™,
NorESM2-LM”, MRI-ESM2-07¢, IPSL-CM6A-LR”’, ACCESS-CM27%, CMCC-
ESM2”°, EC-Earth3-Veg®. We downloaded yearly output of the model
experiments and calculated yearly anomalies by removing the annual
mean and linear trend using the least squares method over a 30-yr
period of our interest.

Data availability

The observed daily sea ice concentration is available from NSIDC
website: https://doi.org/10.5067/MPYGISWAA4WX. The SPEAR large
ensembles of historical and future forcing runs are available from
NOAA/GFDL website: https://www.gfdl.noaa.gov/spear large_
ensembles/. The CMIP6 model output is available from USA, PCMDI/
LLNL website: https://esgf-node.linl.gov/projects/cmip6/.

Code availability

All observational and modelling analysis was carried out with the use of
open-source code with Fortran and Grads. Due to the large data size,
only sample codes used for the numerical analysis are provided here:
https://zenodo.org/records/13667134. Other analysis codes are also
available from the corresponding author upon request.
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