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ABSTRACT: In recent years, the Southern Ocean has experienced extremely low sea ice cover in multiple summers.
These low events were preceded by a multidecadal positive trend that culminated in record high ice coverage in 2014. This
abrupt transition has led some authors to suggest that Antarctic sea ice has undergone a regime shift. In this study we ana-
lyze the satellite sea ice record and atmospheric reanalyses to assess the evidence for such a shift. We find that the standard
deviation of the summer sea ice record has doubled from 0.31 million km2 in 1979–2006 to 0.76 million km2 for 2007–22.
This increased variance is accompanied by a longer season-to-season sea ice memory. The atmosphere is the primary driver
of Antarctic sea ice variability, but using a linear predictive model we show that sea ice changes cannot be explained by the
atmosphere alone. Identifying whether a regime shift has occurred is difficult without a complete understanding of the
physical mechanism of change. However, the statistical changes that we demonstrate (i.e., increased variance and autocor-
relation, and a changed response to atmospheric forcing), as well as the increased spatial coherence noted by previous re-
search, are indicators based on dynamical systems theory of an abrupt critical transition. Thus, our analysis is further
evidence in support of a changed Antarctic sea ice system.

SIGNIFICANCE STATEMENT: In recent years, there have been several summers with extremely low Antarctic sea
ice cover, including consecutive record lows in February 2022 and February 2023. Since then, the 2023 winter has seen a
remarkably low sea ice growth with an anomaly far below expected climatology. This has led researchers to question
whether there has been a regime shift, and we assess the observational evidence for such a shift. In the last decade or
so, the variability of summer sea ice has almost doubled, accompanied by a much longer sea ice memory from season to
season. These statistical changes, as well an increased spatial coherence noted by other researchers, are consistent with
theoretical indicators of a critical transition, or regime shift.
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1. Introduction

Antarctic sea ice area increased over the period of reliable
satellite records starting in 1979, resulting in record high
anomalies in 2014 and 2015 (Parkinson 2019; Parkinson and
DiGirolamo 2021). That four-decade increase ended abruptly
and unexpectedly with sustained low sea ice cover in the years

since, and three extreme ice loss events in the past seven sum-
mers, occurring in 2016, 2022, and 2023 (Turner et al. 2017;
Parkinson 2019; Parkinson and DiGirolamo 2021; Raphael
and Handcock 2022; Wang et al. 2022; Liu et al. 2023). Sum-
mer extremes were punctuated in the 2023 austral winter by a
remarkably low winter sea ice growth, leading to a winter max-
imum that was 1 million km2 below the previous low record.
These recent events, with record highs followed by record lows
(Fig. 1) has led to suggestions that the Antarctic ocean–sea ice
system may have fundamentally changed in the last decade or
so (Eayrs et al. 2021; Raphael and Handcock 2022; Purich and
Doddridge 2023). In this study, we explore the evidence for
that hypothesis.

Conceptually, Antarctic sea ice can be considered as part of
the ocean’s mixed layer (Schroeter 2020), due to its strong cou-
pling with the ocean through heat and salinity (Marchi et al.
2019; Ordoñez et al. 2018). Its external drivers are the atmo-
sphere and the sub–mixed layer deep ocean. At shorter time
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scales (i.e., seasonal and shorter), the dominant driver by far is
the atmosphere. Wind is the main driver of sea ice motion, es-
pecially in the outer pack where sea ice concentration (SIC) is
most variable (Kimura 2004). Winds cause both atmospheric
thermal advection, which affects freeze and melt rates, and me-
chanical redistribution of the ice (Raphael 2007), with the latter
thought to be the dominant effect (Hobbs and Raphael 2010).
Northerly winds drive sea ice toward the Antarctic coast, which
reduces sea ice extent but potentially produces very thick ridged
ice (Massom et al. 2008). In contrast, southerly winds push the
ice edge farther north. Since the presence of ice cover impedes
both ocean cooling (in winter) and surface warming (in summer),
the dynamic effect is also strongly related to thermodynamic
freeze and melt. In winter, divergence caused by northward sea
ice transport allows more freezing by creating open water leads;
in summer the same open water absorbs solar radiation to help
drive spring–summer melt (Nihashi and Ohshima 2001; Eayrs
et al. 2019).

Given the dominant role of the atmosphere, it is unsurpris-
ing that both the multidecadal positive sea ice area trend from
1979 to 2015 (Holland and Kwok 2012; Hobbs et al. 2016, and
references therein) and the low 2016/17 summer anomalies have
been attributed to atmospheric anomalies (Turner et al. 2017;
Schlosser et al. 2018; G. Wang et al. 2019; Z. Wang et al. 2019;
Turner et al. 2020). More specifically, the 2016/17 event has
been linked to the following:

• an unusually strong atmospheric zonal wave 3 (ZW3),
which is related to stronger than usual meridional winds
(Raphael 2007; Schlosser et al. 2018);

• a negative Southern Annular Mode (SAM) in spring 2016
(Stuecker et al. 2017; G. Wang et al. 2019);

• a deep Amundsen Sea low (ASL; Turner et al. 2017); and
• teleconnections to the tropical Pacific (Stuecker et al. 2017;
Meehl et al. 2019; Purich and England 2019).

While the anomalies in these atmospheric indices were cer-
tainly key drivers, it is important to note that they were not in-
dividually nearly as extreme as the precipitous decline in sea

ice cover between 2015 and 2016. This raises the question of
whether the atmosphere}while unquestionably the major
driver of sea ice variability}can alone explain the extreme
sea ice fluctuations of the last decade. Multiple atmospheric
drivers may have acted in concert to drive the observed sea
ice loss (Stuecker et al. 2017; Schlosser et al. 2018; G. Wang
et al. 2019), but to date the relative impact of these individual
modes has not been quantified.

In addition to atmospheric drivers, upwelling warm deep
water has been suggested as a driver of the 2016 event. The po-
lar Southern Ocean is characterized by a cold, relatively fresh
mixed layer atop relatively warm Circumpolar Deep Water
(CDW: Martinson 1990; Orsi and Whitworth 2005). The latter
upwells, regionally and on occasion, primarily due to the strong
zonal winds over the Southern Ocean. Meehl et al. (2019) sug-
gested that increased upwelling warm water played a part in the
2016 event. This warm deep water is also integral to understand-
ing a theoretical “two-phase” response to the observed positive
trend in the SAM (Ferreira et al. 2015), a response that is simu-
lated by many coupled climate models, albeit with large uncertainty
in timing (Kostov et al. 2017). This response is characterized by a
period of increased sea ice extent under sustained positive SAM
conditions, driven by increased zonal winds and the associated
northward Ekman sea ice transport. Eventually, however, the
Ekman pumping would bring up warm, deep water resulting in
a sudden switch to sea ice decline. Despite the congruence of
this hypothesis with observed sea ice variability in the last de-
cade (i.e., a long-term increase followed by a sudden and sus-
tained reduction), the SAM trend (as opposed to variability) has
not been clearly connected to recent Antarctic sea ice changes
(Polvani et al. 2021). What, if any, role the ocean has played re-
mains an open question, which is difficult to address due to the
lack of sustained under-ice observations in the polar Southern
Ocean, and the complexity of modeling mixed layer processes.

Recent extreme sea ice events have challenged our under-
standing of Antarctic sea ice variability. In this work, we use
sea ice observations and atmospheric reanalysis data to test
the suggestion that there may have been a regime shift. We

FIG. 1. Observed monthly total Antarctic sea ice area (SIA) anomalies (million km2) with re-
spect to 1979–2018 climatology from NSIDC climate data record (CDR) data (Meier et al.
2021a,b).
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follow the definition proposed by Lenton et al. (2023) of a
regime shift as an abrupt change in the state of a system,
which may or may not be associated with an irreversible
change (i.e., tipping point). We do not consider whether the
latter has occurred. Specifically, we consider whether there
has been a significant change in sea ice variability that has led
to the prevalence of extreme sea ice events (both positive and
negative) during the last decade or so, and whether such a change
indicates a changed response to the atmosphere, which is the pri-
mary external driver of sea ice variability.

2. Methods

a. Data

The primary observational data are version 4 of the monthly-
mean National Snow and Ice Date Center Climate Data Record
(CDR) of sea ice concentration (Meier et al. 2021b). At the time
of writing these data run to the end of 2022, so for 2023 records
we use the equivalent Near Real Time CDR product (Meier
et al. 2021a). Sea ice area (SIA) is calculated as the spatial
integral of SIC. Due to instrument issues, there are no data for
December 1987–January 1988, so we exclude that summer from
the record of December–February (DJF) means. Atmospheric
variability is characterized by version 5 of the European Centre
for Medium-Range Weather Forecasts reanalysis (ERA5;
Hersbach et al. 2018). ERA5 has a proven high-quality repre-
sentation of the atmosphere over the polar Southern Ocean,
and although it has a slight spurious cooling trend over the
Bellingshausen Sea (Hobbs et al. 2020), compared to other rean-
alyses, it has a superior representation of near-Antarctic atmo-
spheric variability (Caton Harrison et al. 2022). Additionally, we
use several indices of tropical variability that are derived from his-
torical station records, or sea surface temperature; these indices
and their source data are summarized in Table 1.

b. Statistical analysis

We use an F test to assess whether the summer (i.e., DJF)
total SIA variance has changed over the satellite record, with
degrees of freedom adjusted to account for autocorrelation in
the data. Previous research indicates that the summertime se-
ries is not autocorrelated, since the separation time between
each summer is longer than the typical decorrelation time

scale of Antarctic sea ice, and each summer is separated by a
midwinter “predictability barrier” (e.g., Ordoñez et al. 2018;
Libera et al. 2022). Calculation of the lag-1 autocorrelation
verified that this was true up to 2006, but for the latter
analysis period there is some correlation between one sum-
mer and the next. We therefore adjust the degrees of free-
dom for each time period to account for autocorrelation at
lags of up to 12 months, using the method of Zwiers and
von Storch (1995).

To test the changing relationship between large-scale cli-
mate modes and Antarctic sea ice, we use a regression model
to predict summer SIA using six indices with well-established
relationships to Antarctic sea ice (SAM, SOI, ASL, ZW3 am-
plitude and phase, and IOD; see Table 1). Additionally, we
include SIA for preceding months (i.e., March–November) as
a predictive variable (SIAlead). The indices are each sepa-
rated into individual calendar months leading or overlapping
the DJF sea ice period (e.g., the monthly SAM index is sepa-
rated into a March SAM index, April index, and so on), so
that there are 81 potential predictor indices (i.e., 6 atmo-
sphere variables3 12 months, plus 9 months for SIAlead).

Using all these indices allows us to consider the established
large-scale drivers of summer SIA variability, but it raises the
issue of covariance between these indices (e.g., SAM and
ASL are closely related, as is SAM from one month to the
next). To overcome this problem, these 81 indices are trans-
formed into 40 principal components (PCs), which are theo-
retically independent of each other, and therefore do not
covary. These PCs capture almost all the variance of the in-
dices (Fig. S1 in the online supplemental material), and so
include every possible combination of the original indices.
However, any regression model fit is sensitive to the num-
ber of predictors used (in this case too few PCs diminishes
the model skill, i.e., underfitting, while too many leads to
overfitting). We use a cross-validation method (Picard and
Cook 1984) to objectively find the optimal balance be-
tween under- and overfitting (see the online supplemental
material S2). This is achieved by using the 10 leading PCs,
which between them explain 64% of the total variance of
the input data (Fig. S1). The variance explained and asso-
ciated eigenvector patterns of all 10 PCs are also shown in
Fig. S3.

TABLE 1. Summary of indices used to fit the empirical DJF SIA regression model.

Mode Index description Citation

Southern Annular Mode (SAM) Difference between 408 and 658S standardized ERA5
monthly zonal mean sea level pressure (MSLP)

Gong and Wang (1999)

Amundsen Sea low (ASL) ERA5 monthly MSLP areal mean for 608–758S,
1708E–758W

Turner et al. (2016)

Zonal wave-3 amplitude (ZW3amp) and
phase (ZW3phs)

Derived from the leading two PCs of ERA5 monthly
500-hPa meridional wind anomalies

Goyal et al. (2022)

Southern Oscillation Index (SOI) Standardized MSLP differences between Tahiti and
Darwin

NOAA (2022)

Indian Ocean dipole (IOD) SST difference between 108S–108N, 508–708E and
108S–08N, 908–1108E

Saji and Yamagata (2003)

Sea ice area (SIAlead) Total SIA from March to November preceding summer –
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3. Results

a. Evidence for increased sea ice variability

Using a set of changepoint algorithms based on the Antarc-
tic sea ice mean state, Purich and Doddridge (2023) identified
two changepoints (2007 and 2016). These changepoints sepa-
rate three periods in the satellite record: an early period span-
ning 1979–2006, a high sea ice cover from 2007 to 2016, and a
low ice cover state from spring of 2016 to the present. Here
we extend that changepoint analysis to explore shifts in the
variability rather than the mean state of the sea ice record,
where we term such behavior changes as a regime shift. The
2007 changepoint is also marked by an increased sea ice vari-
ability (Fig. 1) but the variability in the 2007–16 period and the
2016–present period are statistically indistinguishable (Purich
and Doddridge 2023). Hence, we focus on the 2007 changepoint
in this paper.

In terms of sea ice variability, austral summer (DJF) has
generally shown the strongest signals, both in long-term
trends (Hobbs et al. 2016) and for recent extremes (Turner
et al. 2017; Raphael and Handcock 2022; Liu et al. 2023). We
therefore focus our analysis on SIA anomalies during DJF.
To test whether there has indeed been an increase in summer
variance, we calculate the standard deviation of DJF SIA
anomalies for running 10-yr periods (Fig. 2). This shows a
clear, almost monotonic increase in SIA variance over the
twenty-first century (black line, Fig. 2), and an accelerated
ramping up since 2014. There is an increased standard devia-
tion from 0.31 million km2 in 1979–2006 to 0.76 million km2

in 2007–22, an increased variance that is statistically significant at

the 99% level based on an F test after accounting for temporal
autocorrelation. Undoubtedly this increased variance is in part
due to the extreme loss in 2016 (Fig. 1). To eliminate this, we
calculate the standard deviation for 2007–15. There is still an in-
creased variance (s 5 0.50 million km2), although due to the
smaller sample size it is only statistically significant at the 90%
level. Regardless, it is clear that Antarctic sea ice summer vari-
ability has increased since the turn of the twenty-first century. In
the subsequent sections we explore possible drivers for this ap-
parent change in variability.

b. Possible drivers of recent sea ice variability

Figure 2 compares the changes in SIA variability with those of
the atmospheric indices listed in Table 1. Most of the indices do
not show systematic changes in their standard deviation over the
period of satellite observations, with exception of the Indian
Ocean dipole (IOD), which has variance changes broadly inverse
to those of the sea ice record. While it is not immediately appar-
ent how increased variance in the tropical Indian Ocean would
suppressAntarctic sea ice variance (and vice versa), we note that
the IOD may have contributed to the 2016 event (Purich and
England 2019), so it is possible that a tropical teleconnection has
some bearing on the nonstationary SIA variance. However, we
also note that the magnitude of IOD variance change is small
compared to that of the SIA record. Figure 2 suggests that de-
spite the atmosphere’s dominance in driving interannual sea ice
variability, there is no immediate explanation from these indices
which have a well-established relationship to Antarctic SIA.
This implies three possibilities: 1) the sea ice response to at-
mospheric variability has altered/magnified; 2) the change in

FIG. 2. Standard deviation (s) of 120-month running windows for monthly atmospheric indi-
ces, and 10-yr running mean of summer (DJF) SIA. To account for the different units of each
time series, each has been divided by its own 1979–2023 average (i.e., 1 on the y axis indicates a
120-month s equal to the s of the full period). The x-axis dates refer to the final date of each
averaging period.
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SIA variance is driven by some other factor (e.g., the ocean);
3) there is some nonlinear interaction between atmospheric
modes that modulates the sea ice response. As an example,
the sea ice response to ENSO events is affected by the back-
ground SAM state (Stammerjohn et al. 2008; Wang et al. 2023),
and indeed both SAM and ENSO have been implicated in the
2016 event (Stuecker et al. 2017). Could the observed multide-
cadal positive SAM trend have changed the sea ice response to
ENSO?

To test hypothesis 1), we fit a linear regression model using
principal components of the climate indices that are related to
Antarctic sea ice (SAM, SOI, ASL, ZW3, IOD, SIAlead; see
Table 1) as described in section 2b. The empirical model
shows reasonable skill at predicting summer SIA (Fig. 3), and
interestingly shows rather more skill in the recent period
(shown by red dots) compared to the earlier period, even
though extreme values are often truncated in linear models.
The predicted values have a similar increased variance as the
observed time series, with s 5 0.30 million km2 for 1979–2006
compared to 0.56 million km2 for 2007–22. This gives us confi-
dence that our relatively simple set of predictors captures
most of the observed summer SIA variability, and we can ex-
plore this model further to isolate which predictors are essen-
tial for explaining the shift in SIA behavior. An important
note is that this linear model is unable to capture nonlinear
interactions suggested by hypothesis 3) above; the model’s
skill in reproducing summer sea ice suggests that such nonlin-
ear interactions have not played a significant role in the vari-
ance changes.

We proceed by performing a simple “leave-one-out” analy-
sis, whereby we refit the model but eliminating each of the
10 leading PCs used as predictors in turn; we can then com-
pare the impact on model skill of each PC (Fig. 4). This analy-
sis identifies that much of the model skill comes from the
third and fourth PCs; the exclusion of any of the other PCs
has a limited effect on the predictive skill, whereas model skill
reduces when either PC3 or PC4 is excluded (Fig. 4a). The re-
siduals over time shown in Fig. 4b indicate that no single PC
has a consistently dominant influence on predictive skill over
the entire time series. The importance of PCs 3 and 4 emerges
only after 2010, and this effect predates the summer 2016/17
event. This result implies that the recent increased summer sea
ice variance is explained by changes in these two principal com-
ponents. (A confounding factor here is the period from 2005 to
2008, when the model skill is relatively poor for all PCs.)

An interesting point in the context of Fig. 2 is that the removal
of PC2, which encompasses the IOD contribution (Fig. S2), does
not change the skill, which confirms that the change in IOD vari-
ance is unlikely to have affected the sea ice variance. (An impor-
tant note when interpreting Fig. 4 is to remember that the order
of the PCs}i.e., PC1 explains greater variance than PC2, and so
on}only applies to the input series in Table 1 from which the
PCs are constructed, and not to the target variable of summer
SIA. This means that the greater importance of PCs 3 and 4
over leading-order PCs for summer SIA is not necessarily in-
consistent.)

The eigenvectors of PCs 3 and 4 are shown in Fig. 5. PC4
shows a relationship between June–July ZW3 and SAM/ASL
throughout the March–September sea ice growth season, all in-
dices which have been previously associated with the 2016/17
sea ice loss (Stuecker et al. 2017; Schlosser et al. 2018; G. Wang
et al. 2019). Both PCs also show an important role for sea ice
preconditioning, with winter SIA dominating PC3 and spring
(September–November) SIA showing strongly in PC4. The ei-
genvalue time series of PCs 3 and 4 (Figs. 5c,d) both show a
strong imprint of the 2016 and 2021 events. PC4 (related to
SAM, ZW3, and spring sea ice) is indicative of a point process
with importance for specific events (1980, 2016, 2021) but no ev-
idence of a systematic change (Fig. 5d). PC3 on the other hand
(related to winter sea ice preconditioning) shows an increased
variance after 2000 that qualitatively matches the summer sea
ice record.

The relationship between sea ice and the SAM, ASL, and
ZW3 is long established, whereas the importance of winter
sea ice preconditioning has only recently been noted (Purich
and Doddridge 2023). To explore further which of the indices
in PCs 3 and 4 are essential for predicting summer SIA, and
also the temporal dependence of that predictive skill, we refit
the model (including computing new PCs) excluding individu-
ally ZW3 (phase and amplitude), SAM/ASL, and SIAlead
(Fig. 6). Prior to 2012 the model’s residuals are reasonably
stationary, and there is no evidence that the exclusion of any
of the indices has a dominant effect, which would be indicated
by a much larger residual for one of the lines in Fig. 6 com-
pared to the others. (2002 is a notable exception and indeed
was a rather unusual year, with the most negative winter
SAM state on record coupled with El Niño conditions, and

FIG. 3. Observed summer SIA (x axis), and SIA predicted by lin-
ear model (y axis), plotted as standardized anomalies (i.e., a value
of 2 denotes a 2 standard deviation anomaly). Black dots are for
1979–2006 and red dots are for 2007–22. Solid line shows the 1-to-1
relationship and dashed lines show the 95% confidence intervals
(defined as 2 times the calibration RMS error). Selected years that
correspond to extreme sea ice events are annotated.
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the SAM’s importance for that year’s sea ice is clear in Fig. 6.)
After 2012, however, the model predicts the summer sea ice
if, and only if, winter/spring sea ice is included in the predic-
tion model. In the context of increased sea ice variability, we
can see from Fig. 6a that the atmosphere-only predictions
produce the correct sign of the post-2012 anomalies, but not
the magnitude of recent extreme anomalies. When SIA is ex-
cluded from the predictive model, the 2007–22 standard devi-
ation is just 0.29 million km2, compared to 0.56 when SIA is
included, and 0.76 for the observations (section 3a). This re-
sult suggests that increased summer sea ice variance after
2006 can only be partially explained by atmosphere drivers,
and is closely related to a significantly increased relationship
between winter/spring sea ice and the subsequent summer.
This change in sea ice memory across different seasons is in it-
self a change in the behavior of the sea ice system that we ex-
plore further in the next section.

c. Month-to-month sea ice relationships

In the previous section, we demonstrated that the increased
summer Antarctic sea ice variability is not readily explained
by atmospheric modes, and that SIA in winter and spring

seems to have become a reliable predictor of the summer sea
ice state. In this section we explore that relationship in more
detail. Figure 7a shows the SIA record for each individual
month. Up to 2006 there is little evidence of covariance be-
tween any of the months, indicated by the noisy “spread” be-
tween the months for any given year. Quantifying this, and
with reference to the important PCs identified in the previous
section, the 1979–2006 correlation between SON and the sub-
sequent DJF SIA is very low (r 5 0.14). However, from the
late 2000s the different months begin to covary, and from 2010
onward they are remarkably coherent. This covariance includes
the extreme 2016 loss but also clearly predates it, and includes
both increases and decreases (i.e., the covariance is not merely
due to a background trend common to all the months). From
2007, the SON to DJF correlation is statistically significant
(r5 0.88, significant at the 95% confidence level).

This suggests that all seasons, not just those identified in the
linear analysis in the previous section, have a stronger statisti-
cal relationship with summer SIA over the last decade or so.
This is confirmed in Fig. S4, showing correlation coefficients
by month with DJF SIA. Interestingly, even though the corre-
lation with summer SIA is strong for all months, the predictive

FIG. 4. Results of “leave-one-out” analysis, based on reconstructed 1979–2022 summer SIA
after exclusion of a single PC. (a) Skill metrics based on predicted 1979–2022 summer SIA. The
x axis refers to the excluded principal component (PC). The skill metrics are root-mean-square
error (RMS; black line; note reversal of the y axis) and fraction of variance explained (R2; red
line; right y axis). For both metrics, a value close to the top of the plot indicates the greatest skill.
(b) Absolute residuals (compared to observations) for each summer’s predicted SIA. The refer-
ence case is “ALL”; i.e., no PC was excluded. A higher residual implies that that PC was impor-
tant for explaining that particular summer.
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relationship (indicated by regression coefficients in Fig. S4b) is
much more heterogenous and is particularly strong for June
and September, broadly consistent with Fig. 5. (Note that the
analysis in Fig. S4 does not account for covariance between
the predictor months and should not be regarded as a reliable
empirical model for summer SIA.)

While our focus has been on recent extreme summer events,
Fig. 7a indicates that coherence in interannual variability is
now happening for all months, not just for winter-to-summer
correlations. We explore this further in Fig. 7b, which shows
the autocorrelation of the monthly SIA record at different lags
in running 10-yr periods. Unsurprisingly, like most ocean vari-
ables the SIA record has a high autocorrelation at 1-month lag
throughout the satellite record. The recent increase becomes
apparent at longer lags though, with autocorrelation of more
than 0.7 for 6 months lag. At all lags the autocorrelation ramps
up rapidly after 2006, consistent with Purich and Doddridge
(2023).

This analysis shows that the increased SIA variance over the
last decade or so has been accompanied by greater sea ice auto-
correlation, indicating more capacity for sea ice anomalies to
persist from one season to the next. Indeed, while atmosphere
modes are essential drivers of month-to-month sea ice variabil-
ity, our analysis shows that accounting for this sea ice memory
is necessary to empirically predict summer sea ice. Previous
studies describe how an increase in temporal autocorrelation ac-
companies an increase in variance, since anomalies accumulate
over time rather than dissipate quickly (Scheffer et al. 2009;

Lenton 2011). This can be formally proven mathematically, and
is evident in historical climate records, hence our results have a
sound theoretical underpinning. Intriguingly, these changes are
considered as warning signs of a system approaching a critical
transition, and paleoclimate records show that a sudden shift to
very high autocorrelation}such as we show for Antarctic sea
ice over the last decade}has been a precursor to several abrupt
changes in Earth’s history (Dakos et al. 2008). Our results there-
fore lend weight to suggestions that Antarctic sea ice has under-
gone a regime shift (Eayrs et al. 2021; Raphael and Handcock
2022; Purich and Doddridge 2023).

4. Discussion

We have shown that there has been a doubling of summer
Antarctic sea ice variability over the period of satellite observa-
tions, consistent with Purich and Doddridge (2023). At the time
scales considered in this study the primary driver of Antarctic
sea ice is the atmosphere, but while large-scale atmospheric
modes (e.g., SAM, ENSO, ZW3) are highly skillful in predicting
summer sea ice, those modes alone are not enough to explain
this recent increased variance. Instead, we show that since 2010
the sea ice state in preceding seasons is essential to skillfully
predict summer sea ice. This is a departure from the earlier
three decades of the satellite record, when winter and spring
sea ice were not good predictors of the subsequent summer
(Holland et al. 2013; Marchi et al. 2019; Ordoñez et al. 2018;
Libera et al. 2022).

FIG. 5. (a),(b) Eigenvector pattern of the third and fourth principal components, respectively, calculated from corre-
lation matrix of the seven input indices for each month outlined in Table 1. The sign of each loading pattern is
arbitrary. (c),(d) Eigenvalue time series for the third and fourth principal components, respectively. (The eigenvector
patterns of all 10 PCs are shown in Fig. S2.)
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A dominant feature of the recent satellite record is the sud-
den decline from a record high in 2014 to record low in 2016,
which contributes to the increase in variance. However, it is
important to emphasize that the systemic changes are evident
from 2010, and that an increased variance was statistically sig-
nificant at the 90% level before 2016. As extraordinary as the
summer 2016 event was, our results are not solely dependent
on that.

The highly unusual sea ice state over recent years has led
researchers to suggest that there may have been a regime shift
in the Antarctic sea ice system (Eayrs et al. 2021; Raphael
and Handcock 2022; Purich and Doddridge 2023). For the
purposes of this paper, we have considered a regime shift as
an abrupt change in the system’s response to external drivers
(Lenton et al. 2023), and in particular the sea ice response to
atmospheric modes. Dynamical systems theory, proven in fields
as broad as economics and ecology as well as climate science,
shows that critical transitions in a system may be indicated by a
state called “critical slowing down” (Wissel 1984; Dakos et al.
2008), which more specifically is indicated by an increased vari-
ance, an increased autocorrelation, and more spatially coherent
system responses (Scheffer et al. 2009; Lenton 2011). Our analy-
sis demonstrates the former two conditions, and it is important

to note that they are related, since increased autocorrelation
allows anomalies to accumulate rather than dissipate over
time. We have not considered spatial changes in this study, but
Schroeter et al. (2023) showed that since 2006, the sea ice
anomalies have become more spatially homogenous, even
though the wind forcing over the Southern Ocean has become
more spatially heterogenous (and specifically more ZW3-like).
This is something of a paradox since we would expect a more
wavelike wind forcing to drive a more spatially heterogenous
ice cover, but importantly it satisfies the third indicator of a
critical change}spatial coherence}in a way that defies a sim-
ple attribution to atmospheric forcing.

Our study is limited by the relatively short satellite record
of Antarctic sea ice, and by the fact that we do not yet have a
physical mechanism to explain the observed changes. How-
ever, even with these caveats, the weight of statistical evidence
is consistent with a regime shift. Indeed, we note that over re-
cent months, winter 2023 sea ice cover has not just been a re-
cord low, but a striking seven standard deviations below the
1979–2008 climatology, and two standard deviations below
the previous record (June 2022). This event has been remark-
able not just for its magnitude but also its season, since winter
sea ice variability is less than summer variability. While we

FIG. 6. Results from refitting the predictive model after excluding SIA, ZW3, and SAM/ASL
as predictors, and using only SIA. (a) Observed and predicted summer SIA. (b) Absolute resid-
uals with respect to the observations. Black line shows observations.
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have focused on summer in this study, this austral winter is an
important context for our results.

An intriguing result that merits future analysis is the 2005–
08 period. This approximately coincides with the 2007 transi-
tion in Antarctic sea ice state found by Purich and Doddridge
(2023), and Fig. 6 shows that none of our predictive variables
(atmosphere or sea ice) have any real skill in capturing 2005–
08 summer sea ice variability. This period coincides with a shift
from a positive to negative phase of the interdecadal Pacific
oscillation (IPO), a mode of decadal tropical Pacific variability
that has been implicated in Antarctic sea ice variability (Meehl
et al. 2016), but which is not included in our empirical model,
since its long time scale means that it is difficult to train on a
45-yr dataset. The first decade of the twenty-first century is
unique in our study period since the IPO was in a negative phase,
which may have impacted observed sea ice trends (Meehl et al.
2016). Given the shortness of the observational record it is im-
possible to state whether this IPO transition could temporarily al-
ter the sea ice–atmosphere relationship, but this merits further
investigation.

As noted, this study presents a purely statistical analysis and
does not consider the physical mechanism of the underlying
change. However, the clear changes in the month-to-month
memory are indicative of a change in sea ice–ocean mixed layer
interactions. During the spring, an early retreat allows more so-
lar energy to warm the ocean mixed layer, which is a source of
predictability in subsequent seasons (Stammerjohn et al. 2012);
however subsequent sea ice melt forms a well-stratified surface
layer that separates the spring thermal anomalies from the ice
pack, so that the spring memory does not influence the summer
sea ice (Holland et al. 2013; Marchi et al. 2019; Libera et al.
2022). During winter, sea ice production entrains older, deep
water with no memory of recent surface conditions into the
mixed layer (Martinson and Iannuzzi 1998). This implies a nega-
tive sea ice–ocean feedback that would limit variability, and also
reset the thermal state of the sea ice–mixed layer system and
causes a winter predictability barrier (Libera et al. 2022). Our
finding that spring (SON) SIA is now an important predictor of
the summer state therefore indicates that the system may not be
developing such a well-defined fresh summer layer. Moreover,

FIG. 7. (a) Time series of 1979–2023 SIA anomalies (million km2) by month. (b) Autocorrela-
tion function (acf) of monthly SIA record in running 120-month periods at lags of 1 month (black),
3 months (blue), and 6 months (orange). The x axis shows the first year of each 120-month
period.
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we have shown that early winter anomalies now seem to cross
the midwinter predictability barrier. Since sea ice–mixed layer
interactions are the primary constraint on sea ice memory, our
result of an increased correlation from winter to summer is a
possible indicator that ocean processes could be driving the
change in Antarctic sea ice behavior. While this is merely a hy-
pothesis, given both the ocean’s role as a source of memory and
that even persistent atmospheric drivers (e.g., ENSO) cannot
explain the increase in summer sea ice variance, it seems highly
likely that the ocean is involved in some way.

It is also important to note that this study does not consider
the impact or otherwise of anthropogenic climate forcings, an
analysis that would require a formal detection and attribution
study (Hegerl et al. 2009). While our statistical analysis sug-
gests a possible regime change, it is possible that such shifts
have happened unforced in the past, prior to the continuous
satellite record. Changes in sea ice modes have been observed
even within the satellite record, such as the Antarctic Circum-
polar Wave (White and Peterson 1996), an eastward propa-
gating mode of sea ice and ocean temperature anomalies that
has waxed and waned over the satellite record (Cerrone et al.
2017). However, robustly detectable anthropogenic warming
signals have emerged in multiple aspects of the Antarctic cli-
mate (Hobbs et al. 2021; Dalaiden et al. 2022; Holland et al.
2022), and it seems reasonable to consider the possibility of
an anthropogenic change to the sea ice system. Formal de-
tection and attribution studies rely on the comparison of ob-
servations with coupled climate model simulations, but a
possible confounding factor is the low confidence that cur-
rent coupled models adequately represent Southern Ocean
processes (Meredith et al. 2019; Roach et al. 2020). Further
climate-scale perspectives may also be gained from analysis
of pre-satellite-era sea ice reconstructions (e.g., Fogt et al.
2022).

This analysis has several implications for seasonal predictabil-
ity of summer sea ice, a topic that has seen increased interest
since the start of a coordinated annual prediction comparison
for Antarctica, the Sea Ice Prediction Network-South project
(Lieser et al. 2020). Our results indicate a more predictable total
circumpolar sea ice, although in practice, regional predictions
are more relevant for operational users who need them for ac-
cess and logistics (e.g., national Antarctic programs, Southern
Ocean fisheries).

Sea ice is a critical component of the Antarctic ecosystem,
and extreme low summer ice cover has significant impacts. A
stark example is the reported 2022 catastrophic breeding fail-
ure of emperor penguin (Aptenodytes forsteri) colonies due to
early sea ice loss (Fretwell et al. 2023). Sea ice loss could also
have significant consequences for Southern Ocean biogeo-
chemistry. Changes in sea ice behavior can affect the synchro-
nicity between ice retreat and the onset of water column
biological productivity, which have been well studied locally
and at circumpolar scales (Vernet et al. 2008; Montes-Hugo
et al. 2009; Taylor et al. 2013; Li et al. 2016; Liniger et al.
2020; von Berg et al. 2020). Based on our findings, under-
standing how the physical environment, biogeochemistry, and
ecosystems could be affected by such changes in local sea ice
is critical, noting considering that variability in sea ice extent

has been shown to affect phytoplankton communities’ diver-
sity near the northern Antarctic Peninsula (Lin et al. 2021),
with implications for the ocean carbon cycle. The ecosystem
impacts of a sustained and repeated loss of Antarctic sea ice
are complex and varied (Swadling et al. 2023), but the impacts
of increased variability have not yet been systematically
considered.

5. Conclusions

In the last 15 years, summer Antarctic sea ice variability has
been significantly greater than the earlier satellite record. This in-
creased variance is tied to a marked increase in month-to-month
sea ice autocorrelation. These changes, along with changes in the
spatial variance of Antarctic sea ice shown by Schroeter et al.
(2023), are all consistent with theoretical precursors of a transi-
tion to a new sea ice state. Our model indicates that the increased
sea ice variance and autocorrelation are not directly attributable
to changes in atmospheric drivers of Antarctic sea ice variability.
Although we have not considered a physical mechanism, we sug-
gest that the changes in sea ice variability herald a shift in sea-
sonal sea ice–ocean mixed layer interactions.
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