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ABSTRACT: Antarctic sea ice expanded for the first 35 years of the satellite record but in the past 10 years has dropped
to record lows. Recent studies argue that the recent decline brings climate models into better agreement with observed
Antarctic sea ice trends. Here, we assess this claim by considering Antarctic sea ice area and concentration across a large
number of Coupled Model Intercomparison Project phase 6 (CMIP6) simulations, and we reach a different conclusion.
Even with many models that sample a large range of internal variability, we find that very few capture the observed multi-
decadal expansion or the large decline after 2014. Further analysis reveals that models with trends similar to observations
typically have poor simulation of climatological sea ice, its variability, and its regional patterns. The continued inability of
CMIP-class models to simulate Antarctic sea ice and its observed trends severely limits our ability to understand past
changes and to confidently project its evolution in the coming decades.
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1. Introduction

Satellite observations, now spanning 45 complete years from
1979 through 2024, have revealed surprising changes in Antarctic
sea ice area. From the beginning of the satellite era until
around 2014, Antarctic sea ice steadily expanded at a rate of
2% decade™" (Fig. 1). Such an expansion was rather unex-
pected, given the concurrent increase in global temperature
and the dramatic melting of sea ice in the Arctic. Several pa-
pers argued that internal variability alone might explain the
multidecadal expansion (Polvani and Smith 2013; Zunz et al.
2013; Singh et al. 2019). Some studies have suggested that the
absence of ocean warming (and sea ice decline) in observa-
tions may be linked to the background ocean circulation
(Marshall et al. 2014; Armour et al. 2016) and possibly eddy-
mediated heat transport (Rackow et al. 2022) that have de-
layed the emergence of forced Southern Ocean warming.
Others suggested that sea ice expansion was caused by melt-
water from the Antarctic ice sheet (Swart et al. 2023; Schmidt
et al. 2023) and possibly by changes in winds (Holland and
Kwok 2012), including trends in the Amundsen Sea low (Turner
et al. 2016) and Southern Annular Mode largely driven by ozone
depletion (Ferreira et al. 2015). However, the relative influence
of these processes is still debated (Roach et al. 2023). We note, in
particular, that sea ice expansion driven by ozone depletion via a
more positive annular mode appears, at this point, quite unlikely
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(Bitz and Polvani 2012; Landrum et al. 2017; Seviour et al. 2019;
Polvani et al. 2021).

We have now observed the start of another surprising
phase. After a record maximum in 2014, and another rela-
tively high year in 2015, Antarctic sea ice has subsequently
been dropping rapidly with successive record lows in 2016,
2022, and 2023 and with the most recent year, 2024, also re-
maining low. Hence, an entire decade of anomalously low and
rapidly decreasing sea ice area has now been observed (Fig. 1),
possibly accompanied by an increase in year-to-year variability
(Hobbs et al. 2024). Recent work has suggested that unusual
atmospheric conditions (Turner et al. 2017; Wilson et al.
2023; Purich and England 2019) and subsurface ocean warming
(Purich and Doddridge 2023) may be responsible for these sea
ice lows. However, as for the earlier expansion phase, the rel-
ative contributions of internal variability and anthropogenic
forcing in the decline phase, as well as the driving processes
responsible for sea ice loss, remain unclear.

Coupled climate models are essential tools for understanding
coupled interactions, projecting future change, and attribution. A
number of previous studies have highlighted model-observation
discrepancies in the simulation of Antarctic sea ice (e.g., Turner
et al. 2013; Roach et al. 2020; Shu et al. 2020), summarized by
Fox-Kemper et al. (2021), spanning several phases of the Coupled
Model Intercomparison Project (CMIP), including the most
recent phase, CMIP6. The record lows in Antarctic sea ice in
the most recent decade have renewed interest in the skill of
coupled climate models. Diamond et al. (2024), focusing solely
on the exceptional 2023 sea ice anomaly, found such an event
to be extremely unlikely within current coupled climate models’
simulations. However, taking a broader perspective, two recent
studies have reached more optimistic conclusions regarding the
abilities of CMIP6 models to represent trends in Antarctic sea ice.

First, Holmes et al. (2024) evaluated Antarctic sea ice area
trends between 1979 and 2023 in CMIP6 historical simulations.
They found that while models “exhibit different skills for
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FIG. 1. Annual-mean SIA in the NSIDC CDR (solid black) and OSI SAF (dashed black) observational products.
Colored lines show linear fits for different time periods: the expansion period (1979-2014, blue) and the decline period
(2014-24, red). (a) Total SIA; (b)—(f) regional SIA for the five NASA regions.

different time scales and periods,” the rapid decline in the
most recent decade has changed the picture of model-observa-
tion agreement. In fact, they conclude that the recent rapid de-
clines “bring observed sea ice area trends back into line with
the models.”

Second, Liu (2025) identified a small subset of coupled cli-
mate models that simulate Antarctic sea ice expansion during
1979-2014 and suggested that natural variability in sea ice en-
ables those models to simulate expansion under historical an-
thropogenic forcings. Unfortunately, that study specifically
excluded the rapid decline period after 2014. By examining
average climate conditions in the subset of models that simu-
late sea ice expansion, that paper concluded that natural vari-
ability “reconciles the models with observations.”

In this paper, we offer a different perspective. Given that the
trends have reversed in a major way (Fig. 1), suggesting a poten-
tial change in the underlying drivers, we here examine the sea
ice expansion and decline phases separately. We ask how well
CMIP6 models capture the observed expansion and decline
phases. As we will demonstrate, very few simulations capture
the observed sea ice expansion phase and, for those, large biases
in mean state and/or variability are evident, both in basinwide
and regional perspectives. Similarly, few models simulate the
observed sea ice decline phase and, again, those are affected by
similarly poor representation of the sea ice mean state, its vari-
ability, and its regional trends. These shortcomings suggest to us
that, unfortunately, models are still far from reliably simulating
the observed Antarctic sea ice evolution of the last 45 years.

2. Methods

We here focus on sea ice area (SIA), calculated by multi-
plying sea ice concentration with individual gridcell areas and

then summing over the Southern Hemisphere. SIA provides a
more consistent picture across different grid resolutions as
compared with sea ice extent, the area of all grid cells with
more than 15% sea ice concentration (Notz 2014). To account
for uncertainty in satellite retrieval algorithms (Ivanova et al.
2014), we employ two independent observational records:
1) the European Organisation for the Exploitation of Meteo-
rological Satellites (EUMETSAT) Ocean and Sea Ice (OSI)
Satellite Application Facility (SAF) version 2.2 SIA product
(EUMETSAT 2023) and 2) SIA computed from the National
Snow and Ice Data Center (NSIDC) Climate Data Record
(CDR) version 4 sea ice concentration product (Meier et al.
2021).

For model output, we analyze the CMIP6 monthly SIA
available from the University of Hamburg (UHH) CMIP6 SIA
repository. Although this does not completely reflect all the
available simulations from CMIP6 on ESGF, it is the same re-
pository considered by Holmes et al. (2024), allowing for direct
comparison of the studies. It is freely available and already
processed to a user-friendly format, allowing our analysis to be
easily reproduced. As shown below, our results are consistent
even when taking subsets of this repository. We consider the
CMIP6 historical experiments, which span 1850-2014, and the
CMIP6 shared socioeconomic pathway (SSP) 2-4.5 scenario ex-
periments, which span 2015-2100. A full list of models and en-
semble members included here is provided in Table S1 in the
online supplemental material.

3. Results

Let us start by examining the time evolution of annual-
mean SIA in observations (Fig. 1). Observational values from
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FI1G. 2. NSIDC CDR sea ice concentration trends for (a) February
1979-2014, (b) September 1979-2014, (c) February 201424, and (d)
September 2014-24. The black line shows the 15% sea ice concen-
tration contour for each period’s climatology. The sectors used in
Fig. 1 are marked with gray lines. Note the doubled color scale be-
tween the top and bottom panels.

the NSIDC CDR and OSI SAF satellite products are shown
as solid and dashed black lines, respectively. Clearly, the en-
tire observational record from 1979 to 2024 cannot be fitted
with a straight line (a simple linear regression yields R* = 0.1).
In fact, no period beginning in 1979 and extending beyond
2021 is captured by a linear regression. Consequently, we
avoid using a single long-term linear fit over the whole ob-
servational period to quantify agreement between models
and observations.

Instead, as suggested by the observations themselves, we
choose to divide the sea ice time series into two distinct phases.
While formal methods such as changepoint analysis (Purich and
Doddridge 2023) or higher-order statistical models could be ap-
plied, visual inspection alone reveals a clear transition. First,
from 1979 to 2014, we see a clear and steady sea ice expansion:
the 1979-2014 SIA trend is 0.21 = 0.04 million km* decade !
in NSIDC CDR and 0.28 + 0.04 million km* decade ™' in OSI
SAF, where the uncertainty estimate is the standard error in
the linear trend over that period. Second, from 2014 through
2024, the trend reverses sharply: the 2014-24 SIA trend is
—1.70 = 0.5 in NSIDC CDR and —1.60 * 0.48 in OSI SAF
observations.

Next, let us consider the regional time series (Figs. 1b—f)
for the five standard NASA Antarctic regions: the Weddell,
Indian, South Pacific, Ross, and Amundsen-Bellinghausen
(A-B) sectors (marked in Fig. 2 and subsequent figures). In
the regional perspective, interannual variability is more pro-
nounced. Despite this, regional sea ice trends over 1979-2014
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remain reasonably well described by linear regression, with
sea ice expansion in four of the five sectors, only the Amund-
sen—Bellingshausen Sea declining. For 2014-24, all regions
show a negative SIA trend as well as substantial interannual
variability, similar to total SIA. The largest declines are in the
Weddell Sea and South Pacific.

In this study, we will largely focus on integrated Southern
Hemisphere sea ice and annual-mean trends, as Antarctic
SIA trends are rather similar in all months in observations
and in most models (Fig. S1). However, it is also valuable to
examine spatial patterns in specific seasons, and here, we
highlight September and February, which represent the sea-
sonal maximum and minimum in SIA, respectively. These in-
dividual months do not explain the entire seasonal cycle but
offer a quick look at spatial patterns and how they vary by
season. Maps of sea ice concentration trends for NSIDC CDR
in the highlighted months only, for NSIDC in all months, and
for OSI SAF in all months are shown in Fig. 2, Fig. S2, and
Fig. S3, respectively. As previously explained, we separate
the expansion (1979-2014) and decline (2014-24) phases, as a
single straight line is not appropriate over the entire 1979-2024
period. It is reassuring that both observational products exhibit
very similar spatial patterns. For the 1979-2014 period, sea ice
concentration trends in February are mostly positive, strongly
so in the Weddell sector and between the Ross and South
Pacific sectors, and sea ice loss is limited to the Amundsen—
Bellinghausen Sea and parts of the Ross Sea. In September,
however, sea ice expansion is seen in nearly all sectors and
is mostly found at the sea ice edge, with only small areas of
negative trends. For the more recent 2014-24 sea ice loss pe-
riod, the concentration trends are much larger in magnitude
(note the doubled color scale), and the spatial patterns are simi-
lar to the expansion period but with opposite sign.

a. Sea ice expansion phase

With the observed expansion from 1979 to 2014 clearly es-
tablished across multiple datasets and regions, we now assess
how well CMIP6 models reproduce this 35-yr-long trend.
In Fig. 3, we show linear trends over 1979-2014 for all ensem-
ble members in the UHH repository (markers) and from ob-
servations (solid and dashed black lines). Note that many
models share components and, therefore, cannot be considered
wholly independent (Merrifield et al. 2023). As greenhouse
gas, ozone, and aerosol forcing vary in time, and their inter-
play is understood to be particularly important for Southern
Hemisphere circulation (Banerjee et al. 2020), we compare
models and observations over the same time period. The sea
ice expansion phase 1979-2014 falls within the historical
experiment, for which we analyze 462 ensemble members
in total from 56 models. This comprises a much larger set
of models and simulations than those analyzed in the early
report on CMIP6 Antarctic sea ice evaluation by Roach
et al. (2020). Unlike Holmes et al. (2024), we retain all ensem-
ble members available for each model to evaluate the range of
internal variability, and we examine the sea ice expansion and
decline phases separately to more systematically assess model
performance.

The number of ensemble members provided to CMIP6 varies
considerably between models, from 1 to 73. The small ensemble
size for many models makes it challenging to assess consistency
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FIG. 3. Annual-mean Antarctic SIA trends over 1979-2014 in historical simulations and observations. Observed trends are shown as
horizontal black lines (solid for NSIDC CDR and dashed for OSI SAF), with gray shading representing the widest range from the two ob-
servational products’ standard error. Colored markers denote individual simulations from CMIP6, grouped by model along the x axis,
with the number of ensemble members per model indicated in parentheses. We use colors and three markers (circle, square, diamond) to

demarcate individual models.

with observations, and so we compute internal variability in
two ways. First, simply considering the range across all avail-
able ensemble members for each model, we see that natural
internal variability causes each individual model to simulate a
range of trends among its ensemble members, even though
each member is identically forced. For Antarctic SIA trends,
models simulate highly varying amounts of internal variability.
For example, contrast the large spread across the GISS-E2-1-H
ensemble (10 members) and the smaller spread across the
IPSL-CM6A-LR ensemble (32 members).

To test how ensemble size impacts differences in internal
variability, we perform a bootstrap-based convergence analy-
sis. For each model with at least five members, we first com-
pute the standard deviation of the sea ice trend using all
available ensemble members. We then draw repeated random
bootstrap samples of increasing size (from two up to the full
ensemble) and calculate the standard deviation for each such
synthetic sample. Then, for each sample size, we compute the
relative error compared to the original standard deviation
with no replacements. We find that an ensemble size of seven
to eight ensemble members is sufficient to estimate the spread
to within 10% accuracy. Beyond this threshold, increasing en-
semble size does not significantly reduce the intermodel
spread in internal variability, which instead reflects differ-
ences in model physics. Comparing models using synthetic
eight-member bootstrapping ensembles (Fig. S4), we find that
UKESM1-0-LL and GISS-ES-1-H have the largest internal
variability at around 0.3 million km? decade ™', while on the
low end, MIROC6 and INM-CMS5-0 have less than 0.05 mil-
lion km? decade™!. This large intermodel spread, which stems
from different model physics, complicates model evaluation
and interpretation of trends.

We define as “consistent with observations” any individual
simulation that falls within the range of the observed trend

plus or minus its standard error, taking the widest range from
the two different observational products. As shown in Fig. 3,
few models have any simulations consistent with observations
during the observed sea ice expansion. Out of 462 total ensem-
ble members, only 8 ensemble members from 4 models are con-
sistent with observations. These are one ensemble member from
CAMS-CSM1-0, one ensemble member from IPSL-CM5A2-
INCA, two ensemble members from MPI-ESM1-2-HR, and
four ensemble members from MPI-ESM1-2-LR. This represents
less than 2% of the simulations we consider here.

Of course, it is easy for models to fail this consistency test if
only a few ensemble members are available. Small ensemble
size is also difficult to account for, given the large intermodel
spread in internal variability estimates. To test robustness of
our conclusions, we compare with internal variability esti-
mated using the bootstrap approach. We first compute the
multimodel mean of the bootstrap-based estimates of internal
variability (¢ = 0.14 million km* decade™!). For each model,
we then add this estimate to its ensemble mean (or its single
value, in the case of n = 1 ensemble members). Using one
standard deviation as the measure of internal variability (for
the sake of simplicity), we find that no additional models are
consistent with observations. Using two standard deviations
suggests that two additional models might be consistent with
observations (FGOALS-f3-L, MPI-ESM-1-2-HAM)—a rela-
tively minor increase.

In section 3b, we will consider the SSP2-4.5 experiments to
assess the decline phase, for which fewer models and ensem-
ble members are available compared to the historical experi-
ments. To ensure that the comparison between the two
phases is fair, we here subset the historical runs to include
only models that have SSP2-4.5 simulations in the UHH re-
pository (218 ensemble members from 36 models). In doing
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FIG. 4. (a) The eight historical simulations whose 1979-2014 annual-mean SIA trend is consistent with observations.
(b) The eight historical simulations whose 1979-2014 time-mean SIA is closest to observations, based on RMSE.
Note that we also show the SSP2-4.5 extensions were available to span the full observational period, with a vertical
gray line marking 2014. In the legend, the numbers in parentheses indicate the number of ensemble members included
here. Both panels include the observed SIA time series from NSIDC CDR and OSI SAF.

so, we find that only five ensemble members from two models
fall within the observed trend range over the expansion phase.
This represents around 2% of the subsetted simulations, approx-
imately the same fraction as from the full dataset, indicating that
the result is not strongly sensitive to model selection. Thus, we
can confidently say that, irrespective of model selection, only a
very small proportion of simulations capture the observed sea
ice expansion under historical forcing.

We now briefly place the model-observation trend compar-
ison in the context of other biases in models’ simulation of
Antarctic sea ice, notably the simulation of sea ice climatology
and interannual variability. The observed annual-mean SIA
over the expansion phase is approximately 10 million km?,
yet 10 models simulate less than half that value (Fig. S5a).
Some models show negative climatological SIA biases for the
winter maximum in September, and many models show neg-
ative climatological SIA biases for the summer minimum in
February (Figs. S5b,c). In February, 33 models have SIA less
than half the observed value, and six models have SIA less than
0.1 million km?. A difference of 5 million km* in SIA corre-
sponds to a difference of 10° in the zonal-mean ice edge latitude
(Eisenman et al. 2011), so these biases are substantial.

We also assess interannual variability, noting that the obser-
vational record may not be long enough to capture multideca-
dal variability. We compute interannual variability for each
model, and for the observations, as the standard deviation of
the time series over the expansion period only, after removing
the linear trend (regardless of its significance) (Fig. S5d). Some
models (e.g., MIROC-E2SL and MIROCS6) have lower variabil-
ity than observed. Others (e.g., BCC-CCSM2-MR, MPI-ESM1-
2-HR, and especially GISS-E2-1-H) have higher interannual
variability than observed, falling well outside what could be
considered a plausible range.

With these clear biases in mind, we now ask to what extent
do the eight individual simulations whose trends are consistent
with observations over the expansion period resemble obser-
vations in other aspects? To answer this, Fig. 4a shows the

eight modeled time series of SIA over 1979-2024 in color, to-
gether with the observed ones in black. For five of these eight
simulations, the experiments are extended in the figure
through 2024 for reference, using the SSP2-4.5 scenario to
show the full observational period. Although the magnitude of
sea ice expansion in these simulations is broadly comparable
to the observed trend, the simulated expansions are generally
less well described by a linear trend. Moreover, the climatolog-
ical SIA in these simulations is substantially underestimated,
typically around half, or even less, of the observed value. As a
counterpoint, Fig. 4b shows the eight simulations with the clos-
est match to the observed 19792014 climatological SIA, based
on the root-mean-square error (RMSE). (We choose to show
eight simulations to match the number shown in Fig. 4a.)
These runs, as one can see, fail to reproduce the observed ex-
pansion trend and in fact simulate strong declines. Taken to-
gether with Fig. 4a, this illustrates that no model captures
both the observed sea ice expansion and the observed clima-
tology of Antarctic sea ice.

Next, we examine the spatial patterns of sea ice gain and
loss. To give a sense of sea ice behavior during winter and
summer, we focus on selected months. Figure 5 shows the
September sea ice concentration trends over 1979-2014 in
those eight simulations that capture the observed overall sea
ice expansion over this period, with observations in the top
left. Unlike observations, where both sea ice gain and loss
are confined to a narrow band near the ice edge, most models
exhibit broad, diffuse regions of sea ice concentration in-
creases, often accompanied by large areas of sea ice loss. The
largest trends in the models are in the Ross and Weddell
Seas. Figure S6 shows February trends over 1979-2014 in these
models. Because most models simulate very limited summer
sea ice cover by February, little change is evident, unlike in
the observations, which show notable trends during the sum-
mer season (Fig. S6a).

b. Sea ice decline phase

Next, we turn to the sea ice decline phase, i.e., 2014-24.
Fewer simulations were conducted for this period using the
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FIG. 5. September 1979-2014 sea ice concentration trends in (a) NSIDC CDR ob-
servations and (b)-(i) the eight simulations whose 1979-2014 annual-mean SIA
trend is consistent with observations. The black line shows the 15% sea ice concen-
tration contour for the 1979-2014 climatology. Gray lines show the sea ice sectors.

SSP2-4.5 scenario compared with the historical scenario. The
UHH CMIP6 archive includes 36 models with a total of 218
ensemble members for SSP2-4.5. Figure 6 shows the SIA
trends over this period for both models and observations.
Over this shorter time period, the observed trend is more var-
iable than over 1979-2014, which results in a larger standard
error (gray shading). We find that 12 simulations from 8 mod-
els capture the observed decline over 2014-24, representing
6% of the total number of simulations. If instead we use the
SSP5-8.5 scenario, with 185 ensemble members from 36 models,
a similar result emerges, with about 5% of simulations falling
within the observed trend range (not shown, models listed in
Table S1).

Comparing to the previous subsection, it is, therefore, 2-3 times
more likely for models to capture the 2014-24 decline than the
1979-2014 expansion. However, the periods are of different
lengths; it should be easier for models to capture a shorter

trend than a longer one. Comparing all 11-yr periods between
1979 and 2024, we see that the fraction of models capturing the
observed trend is in fact nearly at its lowest during the recent
decline phase.

As for the expansion period, we assess whether the individual
simulations whose trends are consistent with observations over
the decline period, 2014-24, resemble observations in other as-
pects. Figure 7a shows these 12 modeled time series of SIA over
19792024 in color, together with the observed ones in black.
Notably, some ensemble members from MPI-ESM1-2-LR also
capture sea ice expansion over 1979-2014 but have very low
SIA values and variability that does not resemble observa-
tions. Among the remaining models, most simulations show
multidecadal declines, in contrast to the observed behavior.
ACCESS-CM2 and CNRM-CM6-1 stand out slightly, re-
maining fairly steady until the mid-2000s before decreasing. As
a counterpoint, Fig. 7b shows the 12 simulations with mean
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FI1G. 6. Asin Fig. 3, but for 2014-24, using the SSP2-4.5 scenario.

SIA over 2014-24 closest to observations. These runs, how-
ever, exhibit pronounced declines throughout the full pe-
riod, again inconsistent with the observed trend structure.
Finally, we examine the spatial patterns in the models
whose SIA trend over 2014-24 is consistent with observa-
tions. As for the expansion phase, one can see from Fig. S7
that February is largely ice free in most models, with the ex-
ception of CanESM5 and UKESM1-0-LL. The correspond-
ing September 2014-24 sea ice concentration trends for
these 12 ensemble members are shown in Fig. 8. Note that
seven of them have very diffuse trends within the ice pack,

(a) 2014-2024 trend consistent with observations
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similar to the expansion period. The remaining simulations
display spatial patterns somewhat closer to observations,
having a more defined band of sea ice change at the edge of
the sea ice zone, although the actual locations of positive
and negative trends generally fail to match observations.

4. Summary and discussion
Analyzing the same model output used in two recent stud-

ies (Holmes et al. 2024; Liu 2025) that suggested Antarctic sea
ice area (STA) trends in climate models can now be reconciled

(b) 2014-2024 climatology closest to observations
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FIG. 7. Annual-mean SIA in historical simulations extended with the SSP2-4.5 scenario. (a) The 12 simulations

whose 2014-24 annual-mean SIA trend is consistent with

observations. (b) The 12 simulations whose 2014-24 mean

SIA is closest to observations, based on RMSE. In both panels, a vertical gray line marks 2014. In the legend, the

numbers in parentheses indicate the number of ensemble
SIA time series from NSIDC CDR and OSI SAF.

members included here. Both panels include the observed
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FIG. 8. September 2014-24 sea ice concentration trends in (a) NSIDC CDR observations and
(b)-(m) the 12 simulations whose 2014-24 annual-mean SIA trend is consistent with observa-
tions. The black line shows the 15% sea ice concentration contour for the 2014-24 climatology.
Gray lines show the sea ice sectors.
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with observations, we draw different conclusions. For exam-
ple, Holmes et al. (2024), computing linear trends over 1979—
2023, have concluded that the models now agree with obser-
vations. The observed SIA time series, however, does not re-
semble a straight line, and we argue that the expansion and
decline phases need to be examined separately. Regardless of
whether the trends in these two phases are externally forced
or internally driven, all skillful models should capture them
if their ensembles are sufficiently large to adequately sam-
ple internal variability of the Antarctic climate system. And
yet, not a single simulation among the several hundreds
available from many models in CMIP6 resembles observa-
tions for both the 35-yr expansion phase and the 11-yr de-
cline phase.

When we consider these two phases separately, we find that
the observed sea ice expansion from 1979 to 2014 is simulated
by a minuscule fraction of the CMIP6 models considered here
(only around 2% of simulations). These simulations are
largely the CMIP6 models identified by Liu (2025), who used
them to argue that models can be reconciled with observa-
tions and to analyze associated climate conditions. However,
these simulations have very biased climatological sea ice
area, in many cases less than half of the observed amount.
In addition, their variability does not resemble observations
and neither do regional trend patterns. A larger fraction of
simulations, around 6%, capture the decline phase (2014-24).
However, these are also plagued by low-biased climatological
sea ice area, high variability, and trend patterns that do not
match the observations. Comparing short (11 yr) trends across
the observational record, models are least able to capture the
most recent years. Taken together, these facts lead us to con-
clude that the extended observational record, including the
recent SIA minima, does not increase confidence in the ability
of CMIP6 models to accurately simulate sea ice around
Antarctica.

We have followed best practices for model-observation
comparison as far as possible (Simpson et al. 2025). We con-
ducted a like-for-like comparison, computing sea ice area on
native grids and showing sea ice concentration trends regridded
onto a common grid. We used two sea ice observational datasets
to sample observational uncertainty. We compared observations
to individual model runs, made use of many different models,
and have accounted for internal variability. Furthermore, we
have verified that our analysis is not sensitive to small changes
in the end points of the different time periods. While we be-
lieve that the entire 1979-2024 period cannot be fitted with a
single linear curve, we nonetheless applied a simple linear
trend to two subperiods because they offer a simple and read-
ily interpretable perspective and are a reasonable approxima-
tion once the sea ice time series is separated into expansion
and decline phases.

An important caveat is that many models provide few en-
semble members, complicating estimates of internal variabil-
ity, which vary significantly across models. Applying a simple
correction (based on the model mean) only slightly increases
the number of models we identify as consistent with observa-
tions in terms of sea ice expansion. We also concede that the
satellite record, while now 45 years in length, may still not be
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fully representative of the entire spectrum of time scales of
variability at play in the Antarctic climate system (Fan et al.
2014). Advances in proxy reconstructions provide better con-
text, suggesting that the more recent sea ice changes are un-
precedented over the past century (Fogt et al. 2022; Raphael
et al. 2025). However, we note that Antarctic sea ice evolution
differs considerably across recent reconstructions, even in
the latter half of the twentieth century (Goosse et al. 2024;
Cooper et al. 2025). And, although we have here focused on
SIA, as it is relatively well observed from satellites, accurate
sea ice thickness observations are still lacking, limiting full char-
acterization of Antarctic sea ice evolution.

Several hypotheses have been proposed to explain why
current-generation models still struggle to simulate observed
Antarctic sea ice changes. These include interactions with the
Antarctic ice sheet, which are not included in CMIP6 models
(Schmidt et al. 2023), biases in Southern Hemisphere atmo-
spheric circulation (Bracegirdle et al. 2020), biases in sea ice
drift (Sun and Eisenman 2021), biases in the representation of
Southern Ocean clouds (Zelinka et al. 2020), biases in Southern
Ocean heat fluxes (Chemke 2022; Zhang et al. 2021), the low res-
olution of the ocean models (Rackow et al. 2022), and significant
deep open-ocean convection in models that is unsupported by
observations (de Lavergne et al. 2014; Heuzé 2021; Morioka et al.
2023). It is particularly noteworthy that ocean—ice hindcast simu-
lations (Krumhardt et al. 2024; Kusahara and Tatebe 2025) and
simulations with nudged winds (Blanchard-Wrigglesworth et al.
2021; Roach et al. 2023) are able to capture the observed changes,
while free-running coupled models are not. This suggests that at-
mospheric processes and atmosphere—ocean/sea ice coupling
could be the culprit. There are many processes at play in this cou-
pled system, and more work is required to untangle the leading
causes of sea ice biases.

Ultimately, we aim to understand the drivers of observed
Antarctic sea ice change over the satellite record, the key
question being to what extent the 1979-2014 expansion or the
more recent decline is fundamentally caused by anthropo-
genic forcings versus merely reflecting internal (i.e., unforced)
variability. To answer that question, comprehensive climate
models are a crucial tool, since the anthropogenic forcings in
model simulations can be included or excluded at will, and in-
ternal variability can be suppressed by averaging large ensem-
ble to extract the forced component. However, to confidently
draw conclusions from model simulations, one needs to en-
sure that models are able to capture observations. Unfortu-
nately, at present, this is not the case, and this is why the
observed changes in Antarctic sea ice over the last several
decades remain a major puzzle.
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