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Motivation

Sea ice area anomalies (relative to the 1979-1988 
average) from NSIDC observations (black), and 
CESM2 historical+SSP370 simulation (blue). Also, 
see most CMIP5 (Turner et al 2013) and CMIP6 
(Roach et al. 2020) models

 

 

C. PROJECT DESCRIPTION 
C1. Identification of the Problem 
C1.1. Observed Anatectic sea ice expansion and Southern Ocean surface cooling trends 

Antarctic sea ice remains a key puzzle piece in understanding regional and global climate. Since 
the satellite era, Antarctic sea ice extent has seen a slight but significant increasing trend over three 
to four decades (Comiso and Nishio 2008; Parkinson 2019; also see Fig. 1). Such Antarctic sea ice 
increase was attributed to Antarctic icesheet melt (Bintanja et al. 2013; Pauling et al. 2016; Rye et al. 
2020) and changes in the Southern Annular Mode (SAM) due to rising anthropogenic greenhouse 
gas and depleted stratospheric ozone (Ferreira et al. 2015), despite the latter mechanism being 
argued by Polvani et al. (2021). The SAM influence, meanwhile, could be modulated by Southern 
Ocean mesoscale eddies and associated meridional oceanic heat transport (Rackow et al. 2022). 
Antarctic sea ice augment could also be linked to internal climate variability such as tropical Pacific 
variability (Chung et al. 2022; Schneider and Deser 2018), including the Interdecadal Pacific 
Oscillation (IPO) (Meehl et al. 2016), Atlantic Multidecadal Variability (Li et al. 2014) and the 
natural variability of Southern Ocean convection (Zhang et al. 2019). Nevertheless, Antarctic sea ice 
extent has an abrupt drop in austral spring 2016 (Fig. 1), with sea ice retreat occurring in all sectors 
of Antarctic but largest in the Weddell and Ross Seas (Turner et al. 2017). This unprecedented sea 
ice decline was attributed to a combination of tropically forced and internal Southern Hemisphere 
atmospheric variability (Purich et al. 2016; Stuecker et al. 2017; Meehl et al. 2019). As a result, 
Antarctic sea ice extent was suggested to enter a rapid decline stage thereafter (Parkinson 2019; 
Eayrs et al. 2021; Purich and Doddridge 2023). 

Along with the Antarctic sea ice expansion, sea surface temperatures (SSTs) in the board 
Southern Ocean witnessed a slight but significant cooling trend during the same period (Zhang et al. 
2019; Armour et al. 2016; Wills et al 2022). The SST cooling trend was attributed to freshwater 
discharge from Antarctic icesheet melt (Bintanja et al. 2013; Pauling et al. 2016; Rye et al. 2020), 
Southern Ocean heat transport by meridional overturning circulation (MOC; Armour et al. 2016; 
Zhang et al. 2022a), mesoscale oceanic eddy processes (Bilgen and Kirtman 2020), ocean 
convection induced natural variability (Zhang et al. 2022b), and alterations in surface westerly winds 
in the form of SAM trend through modifying the northward Ekman transport (Ferreira et al. 2015), 
despite the last mechanism being argued by Dong et al. (2023). The Southern Ocean SST cooling 
was also suggested to relate to the tropical southeast Pacific cooling (Zhang et al. 2021; Chung et al. 
2022) via atmospheric teleconnections (Dong et al. 2022) and cloud feedback (Kang et al. 2023).  

 
1980 20001990 2010 2020

Time (year)

SI
A 

(×
10

6  k
m

2

2.0

1.5

1.0

0.5

0

-0.5

-1.0

-1.5

-2.0

)

NSIDC
CESM2

Fig. 1. Anomalies (relative to the 
1979-1988 average) of the total annual 
mean Antarctic sea ice area from 
NSIDC observations (black), and NSF 
NCAR CESM2 historical+SSP370 
simulation (ensemble mean, blue; 
ensemble spread, light blue). The 
ensemble spread in CESM2 is 
calculated as one standard deviation 
among ensembles.  
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(SLP) observations show weakening of the Walker circulation over the 20th century (Tokinaga et  al.,  2012; 
Vecchi et al., 2006), however, the Walker circulation has strengthened since 1979 (Chung et al., 2019; Kociuba 
& Power, 2015; L’Heureux et al., 2013; Ma & Zhou, 2016; Zhao & Allen, 2019), in contrast to fully coupled 
historical simulations of this period (Figure 1). Recent decades have also been characterized by Southern Ocean 
cooling and sea-ice expansion, in contrast to the anthropogenically forced changes simulated in climate models 
(Fan et al., 2014; Turner & Overland, 2009).

It remains an open question whether the differences in recent multi-decadal trends between observations and 
models resulted from anomalous multi-decadal variability or from aspects of the forced climate response not 
captured by models. Some studies suggest that these difference in Pacific and Southern Ocean trends could have 
resulted from internal atmosphere-ocean variability (Chung et al., 2019, 2022; Olonscheck et al., 2020; Watanabe 
et al., 2021; L. Zhang et al., 2019; Zhao & Allen, 2019), while others suggest they result in part from missing 
forcings or model biases in the pattern of response to forcing (Bintanja et al., 2013; Coats & Karnauskas, 2018; 
Kohyama et al., 2017; Kostov et al., 2018; Schneider & Deser, 2018; Seager et al., 2019, 2022; Suarez-Gutierrez 
et al., 2021; Wills et al., 2020). It is critical to distinguish between these hypotheses in order to predict future SST 
trends and the associated atmospheric circulation changes.

Figure 1. Observed trends (per 41 yr) in annual-mean (a) sea-surface temperature (SST) and (b) sea-level pressure (SLP) over 1979–2020 from Extended 
Reconstructed SST data set v5 (ERSSTv5) (Huang et al., 2017) and the ERA5 reanalysis (Hersbach et al., 2020), respectively. Modeled trends in (c) SST and (d) SLP 
over 1979–2020, from the multi-model mean of simulations with 16 climate model large ensembles (LEs) (Table 1). The SST trends in each LE have been rescaled 
such that their global mean matches that in ERSSTv5. Observed trends in (e) SST and (f) SLP over 1979–2020, expressed in ensemble standard deviations away from 
the multi-model mean (i.e., the difference in trends between observations and the multi-model mean divided by the square root of the average variance in trends within 
LEs). Panels (c–f) are computed with the first 10 members of each LE such that models are weighted equally. The ±2 standard deviation contour is shown with a black 
line. The root mean square error over 60°S–60°N of the maps in panels (e and f) are shown in the upper right.
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Scientific Questions
Will a simulated Antarctic sea ice expansion render the Southern Ocean 
surface cool, or the other way around, given ice-ocean coupling? 

Or more specifically, to what extent can the bias of Antarctic sea ice trend 
account for the bias of Southern Ocean SST trend during the three to four 
decades since the satellite era? 

How will the Antarctic sea ice expansion associate with other components of 
Earth’s climate system? 

Liu, W. (2025a) Simulated Antarctic sea ice expansion reconciles climate model with observation. npj Climate 
and Atmospheric Science, 8, 4. 

Liu, W. (2025b) Linking Antarctic sea ice expansion to high-latitude Southern Ocean surface cooling and 
salinification. The Innovation Geoscience, 3, 100128-1.



Antarctic sea ice expansion due to natural sea-ice variability
Liu (2025a)

generate multidecadal periods of Antarctic sea ice expansion even with
greenhouse gas warming29, which aligns with the findings that observed sea
ice area trends during this period lie well within the range of natural
variability of CMIP5/6 pre-industrial controls22,30. More importantly, these
simulations elucidate the changes alongwith increasedAntarctic sea ice in a
natural atmosphere-ice-ocean coupled system, which is distinct from pre-
vious studies.

Results
I leverage six CMIP5/6 climate models (see Methods, and Table S1) whose
historical simulations exhibit large diversity among ensembles due to

internal climate variability. Between 1979 and 2014, there are 24 ensembles
(the HIST_ASI+ group, thereafter, see Methods) simulating a significant
(p < 0.05) annual mean Antarctic sea ice expansion at a rate of 0.22 ± 0.17
million km2/decade (ensemble mean ± one standard derivation among
ensembles), aligningwith the observed sea ice increasing trend (0.21million
km2/decade, Fig. 1a) during this period. Both observations andHIST_ASI+
ensemble mean show significant sea ice increases in the Weddle and Ross
Seas. While differences still exist between the two such as those in the
Cosmonaut Sea, where sea ice expands in observations but dwindles in
HIST_ASI+ (Fig. 1b, c), which might relate to different surface wind fluc-
tuations that redistribute the sea ice in the region. On the other hand, 53

Fig. 1 | Observed and simulated changes in Antarctic sea ice. aAnomalies (relative
to the 1979-1988 average) of the total annual mean Antarctic sea ice area from
NSIDC observations (black), HIST_ASI+ (ensemble mean, red; ensemble spread,
yellow), and HIST_ASI- (ensemble mean, purple; ensemble spread, light purple).
The ensemble spread in HIST_ASI+ or HIST_ASI- is calculated as one standard

deviation among ensembles. b–d Annual mean sea ice concentration trends over
1979–2014 (color shading in percent/decade) for (b) NSIDC observations, (c)
HIST_ASI+ and (d) HIST_ASI- ensemble means. The stipples refer to the regions
where trends are statistically significant based on Student’s t-test at 95%
confidence level.
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Model CMIP5/6 HIST_ASI+ HIST_ASI- 

ACCESS-
ESM1-5 

CMIP6 r19i1p1f1 r(1,3,4,6,12-14,17, 21,23, 
26,27,30,32,36-40)i1p1f1 

CAMS-CSM1-0 CMIP6 r1i1p1f1 r2i1p1f1, r1i1p1f2 

GFDL-CM3 CMIP5 r(1-4,9,11)i1p1 r(5,7,10,12-14,16,18,19)i1p1 

GFDL-ESM2M CMIP5 r(1,6,11,13,15,17,18,24-
26)i1p1 

r(2,4,8,16,19,20,22,27,29)i1p1 

MIROC6 CMIP6 r(5,25,28)i1p1f1 r(2,29,37,40,43)i1p1f1 

MIROC-ES2L CMIP6 r(10,12,22)i1p1f1 r(4-6,8,9,17,21,25,27)i1p1f1 

 
Table S1. Climate models and their simulation ensembles used in the study. The six CMIP5/6 
models together with their historical simulation ensembles for HIST_ASI+ and HIST_ASI- in the 
current study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Historical ensemble simulations with multiple 
climate models show that sea-ice natural 
variability enables the models to simulate an 
Antarctic sea ice expansion during 1979-2014 
under anthropogenic forcings

• This highlights the variability mechanism in an 
approach without interfering the natural 
atmosphere-ice-ocean coupling, thus different 
from many previous studies



Linked to high-latitude Southern Ocean SST cooling  
• Antarctic sea ice expansion is linked to 

a Southern Ocean SST cooling primarily 
to the south of around 50oS

• SST cooling north of 50oS could be 
associated with factors such as tropical 
Pacific variability 

• The difference reveals negative SST 
trends not only across the Southern 
Ocean but also in the tropical south 
Pacific and south Atlantic, implying 
teleconnections between the Southern 
and tropical oceans. Compared to 
retreating ice, Antarctic sea ice 
expansion has a cooling effect on 
tropical Pacific and Atlantic SST, but it is 
insufficient to offset the background 
anthropogenic warming or modelled 
tropical climate variability ensembles (theHIST_ASI- group thereafter) present a significant (p < 0.05)

decline trend of annual mean Antarctic sea ice area at a rate of−0.23 ± 0.21
million km2/decade (ensemble mean ± one standard derivation among
ensembles) over 1979-2014 (Fig. 1a), consistent with previous CMIP5 and
CMIP6 simulations21,22 but opposite to observations. HIST_ASI- ensemble
mean simulates a general reduction in sea ice concentration around Ant-
arctica (Fig. 1d).

The expansion of Antarctic sea ice in HIST_ASI+ is linked to a sig-
nificant cooling of annual mean SST (Fig. 2b) and surface air temperature
(SAT,Fig. S1b) primarily to the southof around50oS in the SouthernOcean,
which resembles observations (seeMethods, Fig. 2a and Fig. S1a) but differs
from the general Southern Ocean SST and SAT warming in HIST_ASI-
(Fig. 2c and Fig. S1c). This finding suggests that the Antarctic sea ice
expansion between 1979 and 2014 is primarily related to Southern Ocean
SST and SAT cooling up to around 50oS, with little implication for further
north. The observed SST and SAT cooling north of 50oS (Fig. 2a and Fig.
S1a), on the other hand, could be associated with factors such as tropical
Pacific variability8,9. This is because HIST_ASI+ ensembles do not capture
the same phase change in observed tropical Pacific variability like the IPO
from 1979 to 2014. Nonetheless, the ensemble-mean difference between
HIST_ASI+ and HIST_ASI- reveals strong negative SST trends not only
across the Southern Ocean but also in the tropical south Pacific and south
Atlantic (Fig. 2d), implying teleconnections between the Southern and
tropical oceans18–20. This result further indicates that, when compared to
retreating ice, Antarctic sea ice expansion has a cooling effect on tropical
Pacific and Atlantic SST, but it is insufficient to offset the background
anthropogenic warming or modelled tropical climate variability. Thereby,
unlike observations, HIST_ASI+ ensemble mean simulates a weak tropical
warming from 1979 to 2014. It is also worth noting that, aside from the
Southern and tropical oceans, the ensemble-mean difference between
HIST_ASI+ and HIST_ASI- exhibits anomalous surface cooling trends

over the subpolar North Pacific and Atlantic (Fig. 2d), and mid- to high
latitude Europe, Asia and North America (Fig. S1d), indicative of tele-
connections caused by Antarctic sea ice change over a global scale.

Beyond the surface, the expansion of Antarctic sea ice in either
observations (seeMethods) orHIST_ASI+ ensemblemean is accompanied
by a significant subsurface cooling off the Antarctic coast to about 50oS,
mostly in theupper100m, and enhancedwarmingbeneath (Fig. 3a, b). This
is perhaps due to a net northward sea-ice transport that allows freshwater to
be extracted near Antarctica and released into the open ocean, intensifying
stratification and thus cooling the surface open-oceanwaterswhile reducing
vertical mixing to warm the waters beneath31. Cooling in the upper-layer
waters, in turn, can aid in the expansion of sea ice32. Significant subsurface
cooling is absent in HIST_ASI- ensemble mean, instead, a consistent sub-
surface warming trend prevails in the Southern Ocean from 1979 to 2014
(Fig. 3c). The ensemble-mean difference between HIST_ASI+ and HIS-
T_ASI- illustrates a conspicuous cooling trend in theupper200macross the
entire SouthernOcean.At some latitudes, water cooling can reachas deep as
1000m (Fig. 3d).

Besides the ocean, Antarctic sea ice expansion affects the atmosphere
(Fig. 4). Although both HIST_ASI+ and HIST_ASI- ensembles can
simulate the observed (see Methods) “tug of war” pattern of upper-
troposphere tropical warming and amplified Arctic surface warming from
1979 to 2014 (Fig. 4a, c, e), their temperature changes differ in the Southern
Hemisphere. Between 60oS and 80oS, HIST_ASI+ ensemble mean presents
a significant tropospheric cooling from the surface to 700 hPa (Fig. 4c),
which is present in observations (Fig. 4a). This pattern, however, is not
represented by HIST_ASI- ensemble mean (Fig. 4e). Likewise, both
observations (Fig. 4b) and HIST_ASI+ ensemble mean (Fig. 4d) witness a
dipole-like change in zonal winds with positive and negative anomalies to
the north and south of around 65oS, whilst this dipole-like wind change is
less striking seen from the counterpart of HIST_ASI- (Fig. 4f). The

Fig. 2 | Observed and simulated changes in sea surface temperature. Linear trends
of annualmean sea surface temperature over 1979–2014 (color shading inK/decade)
from (a) the average of COBESSTv2, ERSSTv5 and HadISST, (b) HIST_ASI+ and

(c) HIST_ASI- ensemble means as well as (d) the difference between the two
(HIST_ASI+minus HIST_ASI-). The stipples refer to the regions where trends are
statistically significant based on Student’s t-test at 95% confidence level.

https://doi.org/10.1038/s41612-024-00881-1 Article
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Improved simulation of subsurface temperature change

ensemble-mean difference between HIST_ASI+ and HIST_ASI- unravels
the linkage between Antarctic sea ice expansion and atmospheric cooling
from 85oS to 20oS and from the surface to 500 hPa (Fig. 4g). As atmospheric
temperatures alter, the winds on the poleward flank of the upper-level
Southern Hemisphere subtropical westerlies intensify (Fig. 4h), meaning
that Antarctic sea ice expansion can effectively displace the Southern
Hemisphere westerly jets poleward.

The atmospheric influence ofAntarctic sea ice expansion is not limit to
temperature and zonal winds but extends to tropical precipitation33 (Fig. 5).
During 1979–2014, observations (see Methods) feature a dipole-like pre-
cipitation change with increases and decreases in the western and central
tropical Pacific (Fig. 5a), whilst HIST_ASI- ensemble mean depicts a pre-
cipitation increase across the equatorial Pacific (Fig. 5c), in line with pre-
vious model results34 but at odds with observations. HIST_ASI+ ensemble
mean, on the other hand, simulates a dipole-like precipitation change that is
closer to observations, despite the fact that the central Pacific precipitation
decrease is weaker and farther south than observed (Fig. 5b). Interestingly,
the ensemble-meandifferencebetweenHIST_ASI+ andHIST_ASI- reveals
a dipole-like tropical precipitation pattern similar to observations (Fig. 5d),
implying that Antarctic sea ice expansion plays a role in the change in
tropical precipitation over 1979–2014.

The ensemble-mean difference in the zonal mean precipitation trend
between HIST_ASI+ and HIST_ASI- further emphasizes the importance of
Antarctic sea ice expansion (Fig. 6a). It shows a decrease and increase in
annual mean precipitation to the south and north of about 5oN, indicating a
trend of northward shift of the global zonal mean Intertropical Convergence
Zone (ITCZ) due to Antarctic sea ice expansion over 1979–2014. Such ITCZ

change can be explained using the atmospheric energy-flux theory35–40 (see
Methods), which describes an anti-correlation between the zonalmean ITCZ
location and atmospheric cross-equatorial energy transport. The northward
ITCZ migration, in particular, corresponds to an enhanced southward
atmospheric cross-equatorial energy transport caused by changes in inter-
hemispheric asymmetry of top of atmosphere (TOA) radiation and surface
energy fluxes. Compared to their counterparts in the Northern Hemisphere,
TOA radiation and surface energy fluxes between 60oS and 80oS in the
Southern Hemisphere exhibit a larger amplitude change (Fig. 6c). Antarctic
sea ice expansion reduces the net TOA shortwave radiation over 40–80oS,
which, while partially offset by changes in the net longwave radiation
(Fig. 6b), results in a decrease in the net downward TOA radiation at these
latitudes. Meanwhile, sea ice expansion effectively promotes an anomalous
downward surface energy flux from 60oS to 80oS, primarily in the form of
turbulent (sensible and latent) heat fluxes (Fig. 6d). Compared to the ice
retreat case in HIST_ASI-, sea-ice expansion in HIST_ASI+ modifies the
temperature contrast between 2m air temperature and surface temperature
within 60–80oS (Fig. 6e), leading to an anomalous downward turbulent heat
flux into ocean via sea ice. To summarize, Antarctic sea ice expansion abates
the atmospheric moist static energy between 60oS and 80oS by reducing the
net incoming radiation energy and promoting energy leakage through the
surface (Fig. 6c), which contributes to an anomalous southward atmospheric
cross-equatorial energy transport and hence a northward ITCZ shift.

Discussion
I then delve into the factors that may influence Antarctic sea ice
variability as reflected by the difference between HIST_ASI+ and

Fig. 3 | Observed and simulated changes in Southern Ocean temperature. Linear
trends of zonal and annual mean ocean temperature in the upper 1000 m in the
SouthernOcean over 1979–2014 (color shading in K/decade) from (a) the average of
EN4, IAP and Ishii data, (b)HIST_ASI+ and (c)HIST_ASI- ensemblemeans as well

as (d) the difference between the two (HIST_ASI+minus HIST_ASI-). The stipples
refer to the regions where trends are statistically significant based on Student’s t-test
at 95% confidence level.
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Antarctic sea ice expansion is 
accompanied by a significant 
subsurface cooling off the 
Antarctic coast to about 50oS, 
mostly in the upper 100 m, and 
enhanced warming beneath. This is 
perhaps due to a net northward 
sea-ice transport that allows 
freshwater to be extracted near 
Antarctica and released into the 
open ocean, intensifying 
stratification and thus cooling the 
surface open-ocean waters while 
reducing vertical mixing to warm 
the waters beneath. Cooling in the 
upper-layer waters, in turn, can aid 
in the expansion of sea ice 



Can all of these be proved due to sea ice?

• Increase snow/ice emissivity in CESM1 by a time-evolving factor of                 
[1.2 + (year – 1979) × 0.05] over the Antarctic sea ice area under 
historical+RCP45 scenario where year denotes the year index 

• The modification of sea-ice/snow radiative properties can be viewed 
as ice forcing, adjusting the model to reflect the correct response of 
Antarctic sea ice to external forcing. This method allows for natural 
atmosphere-ice-ocean coupling as well as investigation of the effect 
of Antarctic sea ice on Southern Ocean SST and SSS

Liu (2025b)



Linked to high-latitude Southern Ocean surface 
cooling and salinification 

• Antarctic sea ice expansion in CESM1-
ASI causes a notable SST cooling 
primarily south of 60oS in the Southern 
Ocean 

• Antarctic sea ice expansion in CESM1-
ASI also brings on a conspicuous 
increasing trend of surface salinity from 
the Antarctic coast to 60oS and a surface 
freshening trend north of 60oS in the 
Southern Ocean, consistent with 
observation

• This is because sea ice forms around the 
Antarctic coast, moves northward due to 
meridional wind drift, and melts in the 
open ocean in lower latitudes
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Conclusion
• Historical ensemble simulations with multiple climate models to show that sea-ice 

natural variability enables the models to simulate an Antarctic sea ice expansion from 
1979 to 2014 under anthropogenic forcings. Along with sea-ice expansion, Southern 
Ocean surface and subsurface temperatures up to 50oS exhibit significant cooling 
trends, both of which are consistent with observations. 

• Neither the Southern Annular Mode nor the Interdecadal Pacific Oscillation can fully 
explain the simulated Antarctic sea ice expansion over 1979–2014, while the sea-ice 
expansion is closely linked to surface meridional winds associated with a zonal wave 3 
pattern. 

• Further Antarctic sea-ice perturbation experiment demonstrates the linkage between 
Antarctic sea ice expansion and high-latitude Southern Ocean surface cooling and 
salinification. 
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In addition, I examine the observed subsurface temperature trend
between 1979 and 2014 using the average of EN4, IAP, and Ishii ocean
temperature analyses55–57. All three sets of data are collected monthly.
EN4 data from version 4.2.2 have a horizontal resolution of 1o and 42
vertical levels over a full-depth ocean. They are available in four ver-
sions of correction schemes, and I use the average of the four to
represent the EN4 data. IAP data from version 3 have a horizontal
resolution of 1o and 41 vertical levels in the upper 2000 m. Ishii data
from version 7.3.1 have a horizontal resolution of 1o and 28 vertical
levels in the upper 3000 m.

I employ the average of GISTEMP, HadCRUT and NOAAGlo-
balTEMP data58–60 between 1979 and 2014 to study the observed SAT trend
during this period. All three sets of data are collected monthly. GISTEMP
data are of the version 4 and have a horizontal resolution of 2o. HadCRUT
data are of the version 5.0.2.0 and have a horizontal resolution of 5o, while
NOAAGlobalTemp data are of the version of 5.1.0 and have a horizontal
resolution of 5o. I also look into the observed precipitation trend between
1979 and 2014 by averaging CMAP,GPCP v2.3, andNOAA’s Precipitation
Reconstruction (PREC) data61–63. All three data are monthly and have a
horizontal resolution of 2.5o.

Fig. 7 | Observed and simulated changes in Southern Annual Mode and Inter-
decadal Pacific Oscillation indices. a The December-January-February (DJF)
Southern Annual Mode (SAM) index over 1979–2014 based on HadSLP2 (gray),
ERA5 (green), station-based data by Marshall (purple), HIST_ASI+ (ensemble
mean, red; ensemble spread, light red), and HIST_ASI- (ensemble mean, blue;
ensemble spread, light blue) where the ensemble spread is calculated as one standard
deviation among ensembles. b Linear trends of the DJF SAM index over 1979–2014
for the same data, using the same color scheme, with dots representing ensemble

mean and bars representing ensemble spread for either HIST_ASI+ or HIST_ASI-.
c The TPI index over 1979-2014 based on COBESSTv2 (gray), ERSSTv5 (purple),
HadISST (green), HIST_ASI+ (ensemble mean, red; ensemble spread, light red),
and HIST_ASI- (ensemble mean, blue; ensemble spread, light blue). The ensemble
spread in HIST_ASI+ or HIST_ASI- is calculated as one standard deviation among
ensembles. A 13-year Lanczos filtering has been applied for all the Interdecadal
Pacific Oscillation (IPO) timeseries.

https://doi.org/10.1038/s41612-024-00881-1 Article

npj Climate and Atmospheric Science | ������������(2025)�8:4� 8



11

Fig. 4 | Observed and simulated changes in atmospheric temperature and
zonal wind. a, c, e, g Linear trends of zonal and annual mean atmospheric tem-
perature over 1979–2014 (color shading in K/decade) from (a) ERA5 reanalysis, (c)
HIST_ASI+ and (e) HIST_ASI- ensemble means as well as (g) the difference
between the two (HIST_ASI+minusHIST_ASI-). Contours (in K) in (a, c, e) denote
their annual mean climatology patterns during this period. Contours (in K) in (g)

denote of HIST_ASI- annual mean climatology. The stipples refer to the regions
where trends are statistically significant based on Student’s t-test at 95% confidence
level. b,d, f, h Same as (a, c, e, g) but for linear trends of zonal and annualmean zonal
winds (shading in m/s/decade) and annual mean climatology of zonal winds
(contour in m/s).

https://doi.org/10.1038/s41612-024-00881-1 Article
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HIST_ASI-. I first look into the SAM (see Methods) and discover that
both HIST_ASI+ and HIST_ASI- simulate the December-January-
February (DJF) SAM shifting toward a higher index state, as consistent
with observations (Fig. 7a) and earlier studies41,42. From 1979 to 2014,
the simulated trends of DJF SAM index (see Methods) by HIST_ASI+
and HIST_ASI- are 0.34 ± 0.20 SAM/decade and 0.23 ± 0.21 SAM/
decade (ensemble mean ± one standard derivation among ensembles),
respectively (Fig. 7b), both of which are within the observational range
(from 0.35 SAM/decade in ERA5 to 0.58 SAM/decade in HadSLP2).
Additionally, I examine the IPO during 1979–2014, and find that the
observed (see Methods) IPO phase transition from positive before 1998
to negative after 1998 (Fig. 7c) cannot be captured by either the HIS-
T_ASI+ or HIST_ASI- ensemble mean. This is a common modeling
problem that has been identified by previous studies on the global
warming hiatus43. In brief, neither the SAM44 nor the IPO appear to be
capable of adequately accounting for the difference in Antarctic sea ice
trend between the ensemble means of HIST_ASI+ and HIST_ASI-.

I further probe the trends of near-surface (10-m) meridional wind
over 1979–2014 in observations (see Methods), HIST_ASI+ and HIS-
T_ASI-. Observations show northwardwind trends over the Amundsen,
Ross, Dumont D’Urville, Cosmonaut and King Håkon Seas (Fig. 8a),
which could drive northward sea-ice drifts and thus sea ice expansion in
these regions45–47. Likewise, albeit with detail differences, the HIST_ASI
+ ensemblemean simulates northward wind trends inmost of the above
regions as observed, especially over the area between the Ross and
Amundsen Seas (Fig. 8b), whereas the HIST_ASI- ensemble mean
simulates less robust northward wind trends than that in HIST_ASI+
(Fig. 8c). The ensemble-mean difference between HIST_ASI+ and
HIST_ASI- depicts a robust zonal wave 3 (ZW3)48 like pattern (Fig. 8d),

which was considered important to variability in sea ice extent44,49. This
finding suggests that Antarctic sea ice expansion can be potentially
attributed to near-surface meridional winds associated with the ZW3
pattern.

Conclusion
The current study reveals that a subset of CMIP5/6 historical ensemble
simulations can reproduce the observed increase in Antarctic sea ice
between 1979 and 2014. Because of sea-ice variability, these CMIP models
are able to naturally simulate anAntarctic sea ice expansion over 1979–2014
in a group of ensembles under historical anthropogenic forcings, in contrast
to earlier model experiments that interfered with the natural
atmosphere–ice–ocean coupling for sea ice expansion. The simulated
Antarctic sea-ice increase reconciles the models with observations from the
perspectives of significant cooling trends in SST, SAT, subsurface ocean
temperatures in the upper 100m up to about 50oS in the Southern Ocean,
and tropospheric temperatures from the surface to 700 hPa between 60oS
and 80oS. During 1979–2014, the Antarctic sea ice expansion ensembles
exhibit a precipitation trend in a dipole-like pattern with increased and
decreased precipitation in the western and central tropical Pacific, respec-
tively, which is more in line with observation when compared to the Ant-
arctic sea ice decline ensembles. In a zonal-mean view, Antarctic sea ice
expansion prompts a northward ITCZ displacement by creating an
anomalous southward atmospheric cross-equatorial energy transport
owing primarily to reduced atmospheric moist static energy between 60oS
and 80oS. Furthermore, neither the SAM nor the IPO can be identified to
fully interpret the simulatedAntarctic sea ice expansion from 1979 to 2014.
By contrast, the Antarctic sea ice expansion is inherently linked to near-
surface meridional winds associated with the ZW3 pattern.

Fig. 5 | Observed and simulated changes in precipitation. Linear trends of annual
mean precipitation over 1979–2014 (color shading in mm/day/decade) from (a) the
average of CMAP, GPCP v2.3 and NOAA’s Precipitation Reconstruction (PREC)
data, (b) HIST_ASI+ and (c) HIST_ASI- ensemble means as well as (d) the dif-
ference between the two (HIST_ASI+ minus HIST_ASI-), superposed by annual

mean precipitation climatology over 1979–2014 for HIST_ASI- ensemble mean
(contour in mm/day with an interval of 2 mm/day). The stipples refer to the regions
where trends are statistically significant based on Student’s t-test at 95% con-
fidence level.
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Methods
Observations
I use passive microwave monthly Southern Hemisphere sea ice con-
centration data by NASA Team algorithm50 processed by the National
Snow and Ice Data Center (NSIDC), which are gridded on the NSIDC
polar stereographic grid with 25 km × 25 km grid cells. I examine annual
mean values of sea ice concentration and total sea ice area from 1979 to
2014. I employ the metric of sea ice area here, since I target observation-
model comparison, and this metric is independent of model grid and
resolution.

I exploit COBE-SSTv2, ERSSTv5 and HadISST data51–53 between 1979
and 2014 to investigate the observedSST trendduring this period. I use their
average to reduce theuncertainty of the observation.All three sets of data are
collected monthly. COBE-SSTv2 and HadISST data have a horizontal
resolution of 1°, while ERSSTv5 data have a horizontal resolution of 2°. To
measure the IPO, I calculate the Tripole Index (TPI) using these three data
sets, which is defined as the difference between the SST anomaly (SSTA)
averaged over the central equatorial Pacific and the average of the SSTA in
the Northwest and Southwest Pacific54 and based on the climatology time
period of January 1979 to December 2014.

Fig. 6 | Effects of Antarctic sea ice change on zonalmean precipitation and energy
fluxes. Linear trends of zonal and annual mean (a) precipitation, (b) the net TOA
radiation energy flux (shortwave, medium blue; longwave, orange; both downward
positive), (c) energy fluxes (the net TOA radiation, blue; the net surface energy flux,
red; TOA minus surface, black; all downward positive), (d) surface energy flux

(shortwave plus longwave radiation, green; turbulent sensitive plus latent heat flux,
purple; both downward positive). eMap of temperature contrast (2-m air tempera-
tureminus sea surface temperature) trend over 1979–2014 (shading in K/decade) for
the difference between HIST_ASI+ and HIST_ASI- ensemble means (HIST_ASI+
minus HIST_ASI-). A weight of cosine of latitude has been applied to (a–d).
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