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The key role of the Southern Annular Mode
during the sea-ice maximum for Antarctic
sea ice and its recent loss
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Antarctic sea ice exhibits considerable interannual variability and has experienced unprecedented
decline over the past decade. Here we provide observational insights into the role of the Southern
Annular Mode in driving such variations in Antarctic sea-ice area. The influence of the Southern
Annular Mode on Antarctic sea-ice area exhibits more pronounced seasonality than indicated in
previous work. Positive anomalies in the Southern Annular Mode lead to decreases in sea-ice area
during the seasonal sea-ice maximum, but vice versa during the sea-ice minimum. Variations in
Southern Annular Mode during the sea-ice maximum also have an outsized influence on annual-mean
changes in sea-ice area, since the seasonally-varying persistence and shortwave effects of sea-ice
anomalies peak during the following months. It is argued that a notable fraction of the dramatic losses
in annual-mean sea-ice area over the past decade can be traced to variations in the Southern Annular

Mode during the sea-ice maximum.

Southern Hemisphere-mean sea-ice area (SIA) exhibited small increases
from the early 1980s through 2015, but has decreased abruptly since, setting
record negative anomalies in November 2016 and July 2023'~ (Fig. 1a). In
total, annual mean Antarctic sea-ice extent decreased by roughly 2.5 million
square kilometers between 2015 and 2023.

Various physical factors have been linked to both the weak increases
in Antarctic sea ice between 1980 and 2015 and the dramatic losses
thereafter (e.g., see discussion in ref. 6). The early sea-ice increases have
been linked to tropical phenomena such as the El Nifio-Southern Oscil-
lation (ENSO)"™"; freshening of the Southern Ocean via ice shelf melt and
changes in precipitation/evaporation’™"; Southern Ocean cooling'**%
sea-ice drift”’; changes in the surface flow linked to ozone depletion®*;
and variations in the atmospheric flow over the Southern Ocean'****. The
recent declines have likewise been linked to a wide range of atmospheric
and oceanic processes. These include wavelike variability in the atmo-
spheric flow’"*, the Indian Ocean Dipole™, changes in upper-ocean heat
content™ ™, and—as is the focus here-changes in the Southern Annular
Mode (SAM) 3,31,35,39-41

The SAM is characterized by variations in the strength of the westerly
winds over the Southern Ocean (e.g., ref. 42). In general, the contribution
of the SAM to regionally-varying changes in Antarctic sea ice is
robust™****** but its contribution to hemispheric-mean changes in sea ice
isless clear, in large part because its signature on Antarctic sea ice varies in

sign from one sector of the hemisphere to the next (e.g., ref. 26). Some
studies have argued that the SAM contributed to the increases in Antarctic
SIA from the 1980s-2000s>***>*, whereas others have argued that the
SAM had little influence on both the weak hemispheric-mean increases in
sea ice through the 2000s***** and the more pronounced decreases in
Antarctic SIA since ~2015*. To date, variations in the SAM have not been
conclusively linked to the large drops in Antarctic SIA centered around
2016/2017 and 2022/2023. As noted in Polvani et al.": “the SAM/sea-ice
extent relationship is tenuous”.

Here, we provide observational insights into the influence of the SAM
on variations in hemispheric-mean Antarctic sea ice, especially over the past
decade. We reveal that by far the largest influence of the SAM on annual-
mean changes in SIA arises not from contemporaneous variations in the
SAM, nor from variations in the SAM during the summer months when the
effects of ozone depletion on the surface circulation are most clear. Rather,
we demonstrate that the most pronounced influence of the SAM on annual-
mean SIA arises from variations in the SAM during the sea-ice maximum.
The pronounced influence of the SAM on annual-mean SIA arises from a
combination of the large contemporaneous relationships between the SAM
and STA during the sea-ice maximum, and the pronounced persistence of
the sea-ice field during the ensuing months. We begin our analysis by
exploring the lagged relationships between the SAM and SIA as a function of
season.
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Fig. 1 | Observed time series of Antarctic sea-ice area and the Southern
Annular Mode. Observed monthly-mean values of a Antarctic sea-ice area
anomalies (SIA) and b the Southern Annular Mode (SAM). The time series are
deseasonalized but not detrended. Months with record negative SIA anomalies are
denoted on (a).

Results

Seasonality of the influence of the SAM on Southern
Hemisphere SIA

The observational analyses are based on monthly gridded sea-ice con-
centration data, radiative flux data, wind data, and sea surface temperature
data from satellite and reanalysis products (Methods). The time series of the
SAM is defined as the leading principal component time series of monthly-
mean 700 mb height anomalies south of 20°S (Methods). By definition,
positive values of the index correspond to stronger-than-normal westerlies
over the Southern Ocean, and vice versa. Analyses of sea ice and atmo-
spheric data are based on the period January 1979 to July 2024; analyses of
radiative flux data are based on the period March 2000 to July 2024. Unless
otherwise noted, the long-term mean seasonal cycles and trends are
removed from the data before performing the analyses. Details of the ana-
lysis procedure and data sources are provided in the Methods section.

We focus on the seasonally varying and lagged signature of the SAM in
the Southern Hemisphere (SH) SIA. The SAM is key for Antarctic climate
for a range of reasons: (1) It is the most prominent pattern of internal
atmospheric variability in the mid-high latitude SH atmospheric circulation
and thus accounts for a large fraction of the variance in the surface flow
around Antarctica”’; (2) It accounts for the majority of the SH circulation
response to both stratospheric ozone depletion**” and increasing green-
house gases’*’ and (3) It accounts for a notable component of the SH
response to ENSO, especially in summer™.

To set the stage, Fig. 1a, b show the SH SIA and SAM indices as a
function of month. As noted in the Introduction, SH mean SIA increased
weakly through the mid-2010s and then dropped markedly after 2015, with
record negative anomalies reported in 2016 and 2023"** (Fig. 1a). The SAM
index exhibits considerable variability from 1 month to the next but has also
exhibited a weak positive trend throughout the period of record (Fig. 1b).
The positive trend is most clear during the summer months and over the
period of largest ozone losses through ~20007**.

From Fig. 1a, it is visually apparent that SH SIA exhibits notable per-
sistence for up to a few months (see also refs. 57-60), particularly over the

past decade®. Figure 2a probes this persistence as a function of season. The

first row shows the auto-regression of SIA during January, i.e., it shows SIA
in units km? at the lags indicated on the x-axis regressed onto standardized
values of SIA during January. Subsequent rows show analogous lag results
based on standardized values of SIA for the months indicated on the y-axis.
For example, results at lag zero in the October row indicate the regression of
October values of SIA onto standardized October values of SIA; results at lag
seven in the October row indicate the regression of May values of SIA
(during the following calendar year) onto standardized October values of
SIA; etc. Note that the lag zero results are equivalent to the year-to-year
standard deviation of SH mean SIA time series for the months indicated on
the y-axis. The results in Fig. 2c show the climatological-mean seasonal cycle
of SIA as a point of reference for interpreting the seasonal cycle in the
persistence. Corresponding correlations for Fig. 2a, b are shown in Sup-
plementary Fig. 1, and hatching indicates regions where the correlations
exceed the 95% level (Methods).

The results highlight the considerable persistence of SIA from 1 month
to the next, with sea-ice anomalies persisting for several months during all
times of the year’”*". They also highlight a unique pattern of reemergence in
sea-ice anomalies that is most clear after the sea-ice maximum in September
and October. Sea-ice anomalies during the sea-ice maximum persist for
several months, reach a minimum in the following summer season (i.e.,
around lags 4-5, which correspond to January-February), and then remerge
during the following season of sea-ice growth (i.e., around lags 7-8, which
correspond to the following April-May). The sea-ice anomaly reemergence
mechanism was first described for Arctic sea ice®’; Fig. 2a indicates it also
emerges in the Antarctic which is consistent with previous work (e.g.,
ref. 57). The reemergence of SIA anomalies from spring to the following
autumn has been linked to oceanic processes™”""****** and is reminiscent of
that found in association with extratropical SSTs (e.g., ref. 65). The ree-
mergence is most clear following the sea-ice maximum and gives rise to
significant persistence in the SIA field through the following winter (i.e.,
hatching indicates significance at the 95% confidence level; see also ref. 36).

Figure 2b explores the corresponding seasonally varying covariability
between SIA and the SAM index. In this case, the first row shows SIA in
units km? at the lags indicated on the x-axis regressed onto standardized
values of the SAM during January; subsequent rows show analogous results
for standardized values of the SAM during the months indicated on the y-
axis. For example, results at lag seven in the October row indicate the
regression of May values of SIA (during the following calendar year) onto
standardized October values of the SAM, etc. Blue shading indicates
increases in sea ice, and vice versa.

The results in Fig. 2b highlight two key aspects of the relationships
between the SAM and hemispheric mean SIA that have not been widely
appreciated in previous work:

1. The sign of the linkages between SIA and the SAM change from one
season to the next. The regressions between the SAM and SIA are
positive (that is, the positive polarity of the SAM gives rise to increases
in SIA) during the annual sea-ice minimum between February and
April, but negative during the annual sea-ice maximum between
August and November. The in-phase relationship between the SAM
and SIA during the annual sea-ice minimum is consistent with the sign
of the relationships reported in Doddridge and Marshall (2017)* and
Polvani et al.*. The out-of-phase relationship between SIA and the
SAM during the annual sea-ice maximum is not expected based on
previous work. Simpkins et al.” highlight regional decreases in sea ice
associated with the SAM during September, October, and November,
but they do not probe the corresponding changes in hemispheric mean
SIA or the results as a function of lag. Holland et al.** demonstrate
seasonally-varying lagged relationships between sea ice and the
Amundsen Sea Low, but do not consider the hemispheric-mean
impacts of the SAM.

2. Consistent with the persistence in the sea-ice field, the SAM-induced
changes in sea ice persist for months after the largest anomalies in the
circulation. In the case of the sea-ice maximum centered around
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Fig. 2 | Seasonality of Antarctic sea ice and its relationship with the Southern
Annular Mode. The regression of monthly-mean values of Southern Hemisphere-
mean sea-ice area (SIA) regressed onto standardized values of a SIA and b the
Southern Annular Mode (SAM) index. The months on the y-axis indicate the month
used as a basis for the regression; the values on the x-axis indicate the lag with respect
to the basis month. For example, the first row in (b) shows SIA in units km? at lags

0
10° km?/c SAM

indicated on the x-axis regressed onto standardized values of the SAM index during
January. All data used in (a, b) are detrended with respect to the long-term mean
climatology. ¢ Shows the climatological seasonal cycle of Antarctic SIA. Hatching
indicates regressions that are statistically significant at the 95% confidence interval.
See text for details.

September, the positive polarity of the SAM leads to decreases in SIA
that last through the following fall and winter seasons, up to 11 months
in the future. The regression coefficients are statistically significant for
lags up to 3-4 months following the sea-ice minimum centered around
March, and for lags up to 11 months following the sea-ice maximum
during September. Notably, the relationship between the SAM and
lagged SIA is insignificant during most other times of the year.

The top row in Fig. 3 shows the spatially varying signatures of the sea-
ice anomalies that underlie the hemispheric mean results in the September
row of Fig. 2b. Figure 3a-d show September, November, January, and
March sea-ice anomalies regressed on September values of the SAM index;
the vectors in Fig. 3a show the September near-surface wind anomalies
regressed onto September values of the SAM index for context. Blue shading
again indicates increases in sea ice, and vice versa. The area averages of the
results in Fig. 3a-d are equal to the results in the September row of Fig. 2b.
The climatological ice edge is indicated by the solid black contour.

Circulation anomalies associated with the positive polarity of the SAM
are dominated by a zonally-symmetric strengthening of the circumpolar
westerlies around Antarctica juxtaposed with poleward wind anomalies
upstream of the Antarctic peninsula (vectors in Fig. 3a). The largest con-
temporaneous sea-ice anomalies arise along the equatorward edge of the
sea-ice cover (shading in Fig. 3a) and are largely consistent with the sig-
nature of the SAM in the wind field, i.e., the most prominent regions of low
sea ice (red shading) arise along ~60°S and in regions to the north of the
Ross, Weddell and Davis Seas where the near-surface flow is anomalously
southward. When summed over the hemisphere, the regions of sea-ice
losses exceed those of sea-ice increases and thus September variations in the
SAM are associated with a net decrease in SIA during September (Fig. 2b).
At increasingly longer lags, the decreases in sea ice found during September
follow the seasonal cycle of the sea-ice edge, with sea-ice decreases retreating
to the periphery of Antarctica during the summer (Fig. 3b-d).

Supplementary Fig. 2 shows companion results for variations in the
SAM during the annual sea-ice minimum centered around March. In this
case, the SAM-related wind anomalies have a northward component over
the Ross, Davis, and Weddell Seas that is consistent with cold temperature
advection in these regions. The most prominent northward anomalies

overlie regions of positive sea-ice anomalies that give rise to the increases in
SIA in the March row of Fig. 2b. The sea-ice anomalies initiated during the
sea-ice minimum persist along the sea-ice edge as it expands during winter,
albeit as also indicated in Fig. 2b, their amplitude weakens through the
following spring.

What drives the persistence of the sea-ice anomalies associated with the
SAM? A variety of factors give rise to memory in SH sea ice, including upper
ocean heat content and radiative feedbacks’"***. The results in the bottom
two rows of Fig. 3 suggest clear-sky shortwave (SW) feedbacks play a key
role in maintaining the SAM-induced anomalies in the sea-ice field. The
middle row in Fig. 3 shows clear-sky SW fluxes from the Clouds and the
Earth’s Radiant Energy System (CERES) data product™ regressed onto
September values of the SAM index; the bottom row shows the same results
but for CERES SW cloud radiative effects (CRE). Red values indicate
anomalous fluxes into the surface. The regions of persistent sea-ice decreases
(top row) are overlaid by regions of clear-sky SW flux anomalies into the
surface (middle row). The anomalous clear-sky SW fluxes are consistent
with changes in surface albedo associated with the sea-ice anomalies and act
to support the anomalous changes in surface temperature associated with
the SAM-driven changes in sea ice. The SW CRE acts in the opposite sense:
Regions of sea-ice loss (top row) are overlaid by regions of anomalous
upward SW CRE (bottom row). While the SW CRE anomalies counteract
the clear-sky SW anomalies, the latter are substantially larger, thus dom-
inating the SW response to the SAM-driven changes in sea ice.

The factors that give rise to the long persistence of winter SAM-
induced anomalies in SH SIA are further probed in Fig. 4. The solid black
line shows the regression of SH-mean SIA regressed onto September values
of the SAM as a function of lag, i.e., the results are identical to the September
results from Fig. 2b. Note that the amplitudes for the SH-mean SIA in Fig. 4
are given as 10’km? to align with the range of the y-axis. The solid blue and
gray lines show companion results for the SW clear-sky and SW CRE,
respectively, where the fluxes are averaged over regions where the sea-ice
concentration anomalies for the corresponding month are negative. For
example, the values indicated by the blue line for November correspond to
the clear-sky SW fluxes from Fig. 3f averaged over regions where the sea-ice
concentration anomalies are negative in Fig. 3b. We focus on regions where
the concentrations are negative so that the results indicate radiative flux
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Fig. 3 | Regressions onto standardized September values of the Southern
Annular Mode index. a-d Sea-ice concentration (SIC) for the indicated months
regressed onto standardized September values of the Southern Annular Mode
(SAM) index. Vectors in (a) show results for September 10-m winds. e-h Asin (a-d)
but for clear-sky surface shortwave (SW) fluxes regressed onto standardized Sep-
tember values of the SAM index. i-1 As in (a-d) but for cloudy surface SW fluxes
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Fig. 4 | Regressions onto standardized September values of the Southern Annular
Mode index as a function of lag. Black line: The regression of Southern
Hemisphere-mean sea-ice area (SIA) as a function of lag onto standardized Sep-
tember values of the Southern Annular Mode (SAM) index. Gray and blue solid
lines: As in the black line, but for shortwave (SW) cloud radiative effects (CRE) and
SW clear-sky fluxes, respectively. Gray and blue dashed lines: As in the black line, but
for longwave (LW) CRE and clear-sky fluxes, respectively. Red line: As in the black

line, but for sea surface temperatures (SST). Amplitudes for all fluxes are given on the
right axis; amplitudes for SST anomalies and SIA anomalies are indicated on the left
axis. The fluxes and SST anomalies are averaged over regions where the sea-ice
concentration anomalies for the corresponding month are negative. All data are
detrended with respect to the long-term mean climatology. Fluxes are given over the
period 2000-2024. See text for details.
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anomalies over regions of sea-ice loss. Nevertheless, similar results are
derived when the fluxes are averaged over regions of both positive and
negative sea-ice anomalies. As evidenced in Fig. 4, the clear-sky SW fluxes
act to warm the surface and thus support the persistence in sea-ice loss,
whereas the SW CRE act to cool the surface. The corresponding changes in
the longwave (LW) fluxes (dashed blue and gray lines) are weak during all
lags. Note that the small changes in LW CRE suggest that the changes in SW
CRE are driven by variations in low-level clouds that have a weak signature
in the LW since they are close to the surface temperature. The implied
changes in low-level clouds over regions of sea-ice loss are reminiscent of
similar relationships between regions of open water and low-level clouds
over the Arctic”.

The SW flux anomalies in Fig. 4 decrease rapidly after roughly month
six with the onset of the following winter. The persistence of the sea-ice
anomalies beyond March can be understood from the thermal inertia of the
ocean mixed layer. The solid red line in Fig. 4 is constructed in the same
manner as the flux results, but for anomalies in sea-surface temperature
(SST) from the Hadley Centre Sea Ice and Sea Surface Temperature data
set™. Ocean heat content from the Argo data product does not consistently
sample regions poleward of 65°S%, thus we use SSTs over regions of sea-ice
anomalies as a proxy for heat storage in the ocean mixed layer™*. Periods of
low sea ice during September are followed by positive SST anomalies that
peak in summer and persist through the following fall and winter months.
The persistence of the SST anomalies is not due to shared low-frequency
variability in the SAM and SST data: Both datasets are detrended before the
analyses, and we confirmed that the regression coefficients drop to zero at
negative lags. As noted earlier, the persistence in ocean heat content is also
thought to underlie the reemergence of SH sea-ice anomalies™”~****%,

Why is the amplitude and persistence of the signature of the SAM in
SIA so much more pronounced after September than the surrounding
months? The persistence in SIA can not be traced to persistence in the SAM
itself—there is little memory inherent in the SAM index from one month to
the next, particularly following the sea-ice maximum (Supplementary
Fig. 3). Presumably, the analysis is not sensitive to the exact days used in the
analysis, and similar results would emerge from analyses based on, say, the

last weeks of August through the first weeks of October. Nevertheless, it is
notable that results based on July and August are marked by much weaker
SW clear-sky fluxes at positive lag, which suggests those months are less
prominent since the SW fluxes - and thus SW feedbacks - are relatively weak
at that time of year. For example, Supplementary Figs. 4 and 5 show results
analogous to Fig. 3 but for variations in the SAM during July and August.
The sea-ice anomalies correlated with July variations in the SAM are
dominated by positive anomalies north of the Amundsen Sea and to the east
of the Weddell Sea, consistent with the overlying northward component of
the wind anomalies, whereas the sea-ice anomalies associated with August
variations in the SAM are more varied, with areas of positive and negative
anomalies of similar amplitude. In both cases, the sea-ice anomalies are
marked by relatively weak clear-sky SW flux anomalies during the following
months (compare Supplementary Figs. 4e, f and 5e, f with Fig. 3e, ). As
noted earlier (Fig. 2b), results based on months later in the spring (e.g.,
October and November) are marked by weak hemispheric mean sea-ice
anomalies. The weak SIA anomalies arise since the regions of positive and
negative sea-ice anomalies largely cancel at this time of year due to regional
differences in the pattern of wind anomalies.

The key role of the SAM during the seasonal sea-ice maximum
The persistence of the circulation-induced sea-ice anomalies from one
month to the next suggests that circulation anomalies during the sea-ice
maximum and—to a lesser degree—the sea-ice minimum have a notable
impact on annual mean changes in SIA. The top panel in Fig. 5 shows the
regression of annual-mean SIA anomalies onto the SAM as a function of
month, where the annual-mean SIA anomalies are formed by averaging SIA
over the 12 consecutive months starting from the base month of the
regression. For example, the September bar in Fig. 5a is found by regressing
SIA averaged over September—August (of the following year) onto Sep-
tember values of the SAM index.

As expected from Fig. 2b, the positive polarity of the SAM leads to
increases in annual-mean SIA following the sea-ice minimum but decreases
following the sea-ice maximum. The influence of the SAM on year-round
SIA is particularly notable following September anomalies in the
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atmospheric circulation. In terms of variance explained, circulation
anomalies during the sea-ice maximum dominate the influence of the SAM
on annual mean sea ice: Variations in the SAM during September explain
over 30% of the annual-mean variance in SIA, whereas variations in the
SAM during other months explains only a small fraction of the year-to-year
variance (Supplementary Fig. 6).

The contribution of September variations in the SAM to year-round
values of SIA is also visually apparent when the time series of SIA are
discretized by year (Fig. 5b). Here, each line shows monthly-mean SIA
anomalies for all calendar years starting in September. The colors assigned
to each line correspond to the September values of the SAM for that year. To
simplify the figure, only years that had a September SAM value exceeding +1
standard deviation are shown (results including all years are shown in
Supplementary Fig. 7). There is a clear correspondence between years that
had large positive SIA anomalies and years that had large negative Sep-
tember SAM indices, and vice versa. Years that had particularly large
positive or negative SIA anomalies are labeled and exhibit marked corre-
spondence to September values of the SAM. Importantly, years with large
September SAM values had substantial STA anomalies that not only per-
sisted during the spring but throughout the year, consistent with results
shown in Figs. 2b, 5a.

As noted in the Introduction, the SAM is significantly correlated with
variations in ENSO. However, the most prominent linkages between the
SAM and ENSO are limited to the summer months®, whereas the most
prominent contribution of the SAM to hemispheric mean sea ice arises
following the sea-ice maximum. Supplementary Fig. 8 shows Fig. 5a
reproduced using the Nifio3.4 index obtained from the National Oceanic
and Atmospheric Administration (NOAA) Climate Prediction Center
(Methods). The contribution of ENSO to annual-mean changes in SIA is
clearly much smaller than that associated with the SAM, not only following
September, but following other months of the year as well (compare Fig. 5a
with Supplementary Fig. 8). A more detailed analysis of the signature of
ENSO in hemispheric-mean SIA is beyond the scope of the current study.

The linkages between variations in the SAM during the sea-ice max-
imum and annual mean changes in SH-mean SIA have implications for
understanding the large losses in SIA over the past decade. Figure 6 shows
September values of the SAM index (gray) superposed on SIA during
alternating subsequent months (black). That is: The gray lines in all rows
show September values of the SAM index; the black lines show SIA for the
indicated months (months not shown in Fig. 6 are shown in Supplementary
Fig. 9). The time series are standardized, and the SAM index is inverted so
that negative values of the index indicate stronger than normal circumpolar
westerlies, and vice versa. There is a clear visual relationship between Sep-
tember values of the SAM index and monthly SIA, not only for SIA values
during September, but for SIA values during subsequent months as well.

The linkages between September values of the SAM and SIA are par-
ticularly prominent over the past decade. The most notable exception arises
in 2023, when sea-ice variability appears to follow variations in the SAM
during the summer and autumn months, but not during the spring months
of September-November (see also ref. 36). It is worth noting that the key
features of the seasonally-varying relationships between the SAM and SIA
are reproducible in analyses limited to the period prior to the recent losses.
For example, Supplementary Fig. 10 shows the same results as Figs. 2b, 5a
but for the period 1979-2015. Variations in the SAM during the sea-ice
maximum have played an increasingly large role in annual-mean SIA over
the past decade (compare Fig. 5a and Supplementary Fig. 10b), but the
general pattern of the seasonally-varying relationships between the SAM
and SIA are recovered in analyses based on both the full and earlier periods
of record.

Reproducibility in a climate model

We close the results by exploring the ability of the Community Earth System
Model Version 2° (CESM2) climate model to reproduce the observed
relationships. Figure 7 shows results analogous to Fig. 2b for numerical
output from CESM2 run under the Coupled Model Intercomparison

| r=0.35
. Sep
= |
©
@ | r=0.42
=
= Nov
9]
@
8 4
£ | r=0.42
o - Jan
w
go!
2 |
%’ | r=0.43
2 1 Mar
©
i~
8 4
) | r=0.42
< M
w ay
>
=
=
S | =047
—/\\ Jul

1980 1990 2000 2010 2020
Time

Fig. 6 | Inverted September values of the Southern Annular Mode index and
monthly sea-ice area anomalies. Time series of inverted and standardized Sep-
tember values of the Southern Annular Moe (SAM) index (gray) and standardized
values of sea-ice area (SIA) anomalies as a function of month (black). That is: Each
row shows the same September SAM index time series superposed on standardized
values of SIA for the indicated months. The SAM index time series is inverted for the
purpose of illustration. SIA time series for months January, March, May, and July are
shifted by 1 year so that they align with the SAM index time series during the
previous September. The correlation coefficients between each month of SIA and the
inverted September SAM are labeled above each times series pair. All data are
detrended with respect to the long-term mean climatology. Missing data in the
January time series is explained in the Methods section. SIA months shown are
chosen at 2-month intervals.

Project Phase 6 historical and SSP5-8.5 forcings. During the 20th century
(Fig. 7a, b), there is a clear positive correlation between the SAM and SIA
during the sea-ice maximum and a clear negative correlation during the sea-
ice minimum. As is the case in the observations, the linkages between the
SAM and SIA during the sea-ice maximum exhibit more persistence than
those during the sea-ice minimum. The simulated linkages have slightly
weaker amplitudes compared to observations and peak at slightly different
lags (note the colorbar range differences between Fig. 2b and Fig. 7a, b).
During the 21st century (Fig. 7c, d), the linkages become increasingly weak,
consistent with predicted decreases in sea-ice coverage (Fig. 7e). The broad

Communications Earth & Environment| (2025)6:833


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02792-2

Article

SIA regressed onto SAM (ensemble mean)

1900-1950 1950-2000

c.

2000-2050 2050-2100

May

I

SAM Base Month

10 11
Lag

6 7 8 911 01234567889

e.

0123845678911 0122342566 7 89 1011

Sea Ice Area (106 km?)

—— September
February

1920 -
1940 -
1960 -
1980 -

5 2000

4
@

Fig. 7 | The relationship between sea-ice area and the Southern Annular Mode
in CESM2. a-d As in Fig. 2b but for results based on ensemble mean output from
CESM2 for the periods indicated. Results are formed for individual ensemble
members and then averaged over all members. All output is detrended over the

2020

indicated periods. e Time series of September and February sea-ice area (SIA). SIA
used in time series is neither detrended or deseasonalized. Output from 1900 to 2015
is derived from the historical simulation; output from 2015 to 2100 is derived from
the SSP5-8.5 simulation. See the main text and “Methods” for details.

similarities between the observed and simulated seasonally-varying rela-
tionships during the historical period are encouraging given known biases in
model representations of the linkages between the atmospheric circulation
and Antarctic sea ice’"””. Future changes in the linkages between the SAM
and sea-ice extent were also explored in Morioka et al.”*, who found stronger
linkages as anthropogenic forcing increases. However, their results are
primarily based on annual-mean and contemporaneous correlations, which
highlights the importance of the seasonally-varying lagged analysis
applied here.

Discussion
Antarctic SIA has exhibited marked declines over the past decade. Several
previous studies have probed the role of the atmosphere on the initial
declines in sea ice in 2016”**"**’% but the sustained losses over the past
decade have been primarily linked to ocean warming****'. The SAM, in
particular, is thought to have played a largely negligible role in the decreases
in SH-mean SIA over the past decade™*.

The results shown here highlight a key but seemingly overlooked
contribution of the SAM to recent changes in SIA. The linkages arise not
from the contemporaneous relationships between the SAM and SH-mean
SIA, but rather from the marked persistence of sea-ice anomalies induced by
the SAM during the sea-ice maximum centered around September. The
central findings include the following:

1. The linkages between the SAM and SH-mean SIA vary in both
amplitude and sign from one season to the next (Fig. 2b). The most
prominent relationships between the SAM and SH-mean SIA arise
during the sea-ice maximum and sea-ice minimum: Positive anomalies
in the SAM are associated with hemispherically-averaged increases in
SH sea ice during the sea-ice minimum, but hemispherically-averaged
decreases during the sea-ice maximum.

. Following the sea-ice minimum, SAM-induced anomalies in sea-ice
decay after roughly ~4 months. But following the sea-ice maximum,
SAM-induced anomalies in sea ice persist for up to a year. As such,
SAM-induced anomalies in sea ice during the sea-ice maximum have

an outsized influence on annual-mean SIA. The large persistence in
SAM-induced sea-ice anomalies following the sea-ice maximum is
consistent with spring/summer feedbacks from both the SW clear-sky
fluxes and potentially changes in ocean heat content (Figs. 3 and 4).

. A notable component of the recent declines in SH-mean SIA is
consistent with large variations in the SAM during the late winter/early
spring season (Figs. 5b, 6).

The results shown here highlight the key role of the SAM during the
sea-ice maximum in driving year-round changes in SH SIA. We have
focused on September since it corresponds to (a) the central month of the
sea-ice maximum (Fig. 2¢), (b) the month during which the SAM exhibited
particularly large variability over the past decade (Fig. 6¢) and (c) the time of
year when the SAM projects onto prominent persistence in SIA (Fig. 2b). It
is unclear what gives rise to the weaker relationships between the SAM and
SIA prior to 2015 (Supplementary Fig. 10). Potential factors include weaker
upper ocean warming prior to 2015, smaller amplitude variations in the
SAM, and differences in the mean distribution of sea-ice thickness or
concentration.

What physical processes underlie the large and unprecedented varia-
tions in the SAM during September in the mid 2010s? Prior to 2016, the
SAM exhibited large amplitude anomalies during the cold season months
and late spring, but did not exhibit notable anomalies during September.
The large amplitude of the SAM during September 2016 and the subsequent
decrease in the index through 2017 are unmatched in the historical record
(Fig. 6). The variations arise too early in the year to be traced to stratospheric
ozone depletion (e.g., ref. 44), and they are not coincident with large
anomalies in the SH stratospheric vortex. The unusual variations in the
SAM during the sea-ice maximum during the mid-late 2010s may have
arisen from a variety of processes, including, for example, atmosphere/ocean
interactions, coupling with the stratosphere, the remote response to tropical
variability, or simply internal variability in the extratropical atmosphere.
The relative contributions of various physical processes to variations in the
SAM during the sea-ice maximum remain to be determined.
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Methods

Observational, reanalysis, and satellite data

Monthly sea-ice concentration data are from the National Oceanic and
Atmospheric Administration/ National Snow and Ice Data Center NOAA/
NSIDC) Climate Data Record of Passive Microwave Sea Ice Concentration,
Version 47, and the Near-Real-Time NOAA/NSIDC Climate Data Record
of Passive Microwave Sea Ice Concentration, Version 2’° and has a spatial
resolution of 25 x 25 km. The near-real-time sea-ice concentration data are
used from January 2024 to July 2024 to provide a continuous record from
January 1979 to July 2024, except for December 1987 and January 1988,
where there are missing data due to satellite retrieval issues. The sea-ice
concentration is reported as the fraction of each grid cell that is covered by
sea ice. The time series of SH-mean SIA was found by first multiplying the
gridded sea-ice concentration data during each month by the area repre-
sented by each grid box, and then summing the resulting values over the SH.
Similar results are derived using sea-ice extent, i.e., the area-integral of grid
cells with sea-ice concentration greater than 15%.

Monthly mean values of the SAM index are from the NOAA Climate
Prediction Center (CPC), where they are calculated by projecting the
700 mb height anomalies poleward of 20°S onto the leading Empirical
Orthogonal Function analysis of 700 mb height, then normalized by the
standard deviation of the monthly index for the 1979-2000 base period””.
Monthly mean values of the Nifio3.4 index are also obtained from the
NOAA CPC. Monthly 10-m wind data is taken from European Centre for
Medium-Range Weather Forecasts Reanalysis v5 (ERA5) monthly averaged
data on single levels dataset and has a horizontal resolution of 0.25° x 0.25°”".
The SAM index and wind data cover the period from January 1979 to
July 2024.

Surface SW and LW clear-sky radiative flux and CRE data are from the
CERES Edition 4.2 Energy Balanced and Filled (EBAF) data product®. This
monthly data covers the period from March 2000 to July 2024. Fluxes are
positive when energy is deposited into the surface and the CRE effect is
defined as all-sky flux minus clear-sky flux. The horizontal resolution is
1° x 1°. The CERES product for these variables is used in lieu of a reanalysis
product because of the known uncertainty of reanalysis radiative fluxes,
especially prior to 2000. Past work has shown that moisture and energy
budgets in ERA5 experience spurious trends prior to 2000’ Additionally, in
the Antarctic, ERA5 has been shown to have biases in mixed-phase clouds
that could impact radiative fluxes™.

Observational SST data are from the Hadley Centre Sea Ice and Sea
Surface Temperature (HadISST) dataset*’. HadISST provides a monthly
globally complete sea ice and SST dataset on a 1° x 1° grid starting from
1871. We use the period from January 1979 to July 2024 to align with the
availability of other datasets used. The HadISST dataset sets SST values to
—1.8 °C for areas with >90% sea-ice concentration, and to NaN for areas
with 100% sea-ice concentration.

Model output

Modeled monthly mean sea-ice concentration and geopotential height at
700 mb are from the Coupled Model Intercomparison Project Phase 6
historical and SSP5-8.5 simulations run on CESM2"". The SSP5-8.5 scenario
is the fossil-fuel development scenario with an additional radiative forcing of
8.5 W/m’ by 2100 and represents the scenario with very high greenhouse gas
emissions®'. The historical period simulations have 11 ensemble members,
and the SSP5-8.5 simulations have three ensemble members. Only the three
common ensemble members between the historical and SSP5-8.5 simula-
tions are used to create a continuous record over the period 1900-2100. All
simulations have a nominal horizontal resolution 1.25° in longitude and 0.9°
in latitude and are run on the Community Atmosphere Model Version 6
(CAMBG6) with 32 vertical levels and a model top at 2.26 hPa’’. Modeled
monthly mean SAM indices are calculated using the 700 mb geopotential
height anomalies, using the same procedure as used by the NOAA CPC for
observed SAM indices, as described above. Analysis performed on this
model output follows the same process as the observationally-constrained
data, with the seasonal cycle removed and all data detrended before analysis.

Analysis methods

Unless otherwise noted, the long-term linear trend and mean seasonal
cycle are removed from all data prior to the analyses. The long-term linear
trend is calculated across the entire 1979-2024 period for all variables
except for the CERES radiative flux data. We emphasize that similar
results are derived if the data are not detrended and if they are detrended
with a base period of 1979-2015; the period of sea-ice increases (Sup-
plementary Fig. 11). As noted in the text, the broad structure of the results
is also reproducible in data restricted to the 1979-2015 epoch (Supple-
mentary Fig. 10). For the CERES radiative flux data, the base period is
March 2000-2024 due to data availability. Regression coefficients are
calculated as

x/ /
p="2 ¢
x?
where overbars denote the time mean and primes denote departures from

the long-term time mean. For all regressions, the independent variable, x, is
standardized. Correlation coefficients are computed as

_ x/y/
r= 00, )
where
0, = (" 3)

The fraction of variance explained is calculated by squaring the cor-
relation coefficient. The statistical significance of regression analyses is
computed by calculating the significance of the corresponding correlation
coefficients r using a Student’s ¢ statistic and assuming the effective sample
size Negris Nog = N :_:: Z, where N is the number of time steps, r, is the lag-
1 autocorrelation of the first time series and r,, is the lag-1 autocorrelation of
the second time series®.

Reporting Summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice
Concentration, Version 4 data can be found at https://nsidc.org/data/
g02202/versions/4, and the Near-Real-Time NOAA/NSIDC Climate Data
Record of Passive Microwave Sea Ice Concentration, Version 2 data can be
found at https://nsidc.org/data/g10016/versions/2. The SAM index data
from the NOAA CPC can be found at https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/aao/aao.shtml. The Nifo3.4
index data from the NOAA CPC can be found at https://psl.noaa.gov/data/
timeseries/month/Nino34_CPC/. ERA5 data can be found at 10.24381/
cds.f17050d7. CERES-EBAF surface flux data can be found at https://ceres.
larc.nasa.gov/data/. CESM2 data output can be found at https://cseg.cgd.
ucar.edu/experiments/public/. Figures were created using the Python
package Proplot https://proplot.readthedocs.io/en/latest/index.html.

Code availability

The code to process the data and create the figures is publicly available at
https://doi.org/10.5281/zenodo.16943398".
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