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After a period of relative stability, the Antarctic sea ice extent has abruptly decreased in 2016 and has
remained low since then. Both atmospheric and oceanic processes likely contributed to this drop but
many questions remain regarding the underlying dynamics and it is unknown if this drop is
unprecedented. Here we produce a new multi-variate spatial reconstruction covering 1958-2023 and
show that a similar drop in sea ice extent occurred at the end of the 1970s, albeit with a smaller
magnitude. Both drops show similar spatial patterns, with a higher sea ice loss in the East Antarctic
sector than in the West Antarctic sector where the variability is strongly modulated by wind-driven
changes. The ocean integrates the atmospheric forcing and provides memory that amplifies the

magnitude of both drops.

Since 1979, corresponding to the onset of continuous estimates derived
from satellite observations, the Antarctic sea ice extent has first slightly
increased, reaching its highest annual mean value in 2014 before a dramatic
decrease in 2016, leading to a record low in 2023'~. These recent changes are
so large that it has been suggested that sea ice has now shifted to a new
regime compared to the period covering the late 20™ century and the
beginning of the 21st century™.

Several studies have demonstrated the role of changes in atmospheric
circulation in driving the recent sea ice loss but different origins have been
identified for the different minima’®®. Furthermore, the transition from a
positive to negative trend in sea ice extent in 2016 does not correspond to
any observed shifts in the dominant modes of atmospheric variability
influencing the Antarctic sea ice, such as the Southern Annular Mode
(SAM), the Zonal wave mode 3 (ZW3) or El Nifio Southern Oscillation**”.
This has led to the suggestion that the Southern Ocean warming observed
since the 2015 may have been an important contributor to the maintenance
of a low Antarctic sea ice extent™'"".

The period covered by satellite observations is relatively short to
describe the dynamics of a system like the Southern Ocean characterized by
strong variability at all timescales'. Several sea ice reconstructions are
available prior the satellite era, based on long instrumental observations and
indirect climate records'*"”. However, a quantitative comparison with
recent changes is difficult because of the larger uncertainties in those
reconstructions and spurious trends in some of them due to the increasing
number of data with time'*”’. Furthermore, those sea ice reconstructions
have been produced independently of estimates of past oceanic and atmo-
spheric variations, which complicates the description of the mechanisms
responsible for the past sea ice changes.

Here, we show that a large sea ice extent decrease occurred just before
the beginning of continuous satellite observations and we quantitatively
compare the changes in sea ice, ocean and atmosphere during that period
with the ones observed after 2016. To do so, we reconstruct spatial fields
southward of 45°S for the period 1958-2023 by combining continuous
atmospheric pressure and temperature observations from 27 ground-based
weather stations (Supplementary Table 1) with results from nine large
ensembles of coupled climate model simulations™ (Supplementary Table 2)
using data assimilation.

Results
Reconstructing changes over the period 1958-2023
The reconstruction method is based on a particle filter'**** in which each
simulated state from the climate model ensembles receives a weight pro-
portional to its similarity to observations. The reconstruction is then pro-
vided by the weighted mean of the different model states, the link between
observation sites and locations where no observation is available and
between observed and non-observed variables being based on model phy-
sics. The atmospheric reconstruction is then used to force the sea ice-ocean
model NEMO to estimate the oceanic variations. This approach provides
physically consistent estimates for all the fields for the atmosphere, sea ice
and ocean. The reconstruction is also totally homogenous over the period
covered as the same number of data series is used throughout and our
method does not require a calibration period, thus avoiding potential biases
and issues related to the non-stationarity out of this calibration period.
While the sea ice interannual variability is strongly seasonally
dependent"'**, the long-term trends are much more homogenous across
seasons with, for example, the drop in sea ice extent after 2016 being
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observed in all individual months or seasons™*'*. This indicates that our
reconstruction, which has an annual resolution, is well adapted to study
these long-term trends™. Reconstructions have been generated using nine
different coupled climate models, which overestimate or underestimate the
observed sea ice extent, but our main conclusions are robust and remain
valid independently of those biases (Supplementary Tables 3-4). As we find
no objective reason to select one reconstruction over the others, we choose to
use the multi-model reconstruction, which is derived from the average of the
reconstructions obtained using the individual model results, in the following
analyses.

The reconstruction of the assimilated variables is by design very close to
the local temperature and sea level pressure station data used to constrain it
(Fig. 1). To evaluate our reconstruction in regions distant from those sta-
tions, we have compared our results with ERA5 atmospheric reanalysis
data™ over the period 1979-2023, which provides a spatially complete field
based on a large array of observations. For the multi-model reconstruction
of sea level pressure (Fig. 1a), the correlation with ERA5 is higher than 0.75
nearly everywhere at high latitudes. As a consequence, a large-scale index
such as the SAM index is also accurately reconstructed, with a correlation of
0.90 over the period 1958-2023 (Supplementary Fig. 1). The correlations are
also larger than 0.5 in most regions for temperature (Fig. 1b), with values
larger than 0.75 for regions with many stations. Consistently, the agreement
of our reconstructions with pressure and temperature at the weather stations
is as good for the period 1958-1979 as for the period 1979-2023, since the
same data and procedure is used for the whole period of the reconstruction.
By contrast, the correlation between our reconstruction and ERA5 is higher
for the years 1979-2023 than for the years 1958-1979. ERA5 uses much less
observations before 1979 than after 1979 and this lower agreement with our
reconstruction over 1958-1979 may underline some limitations of ERA5
over Antarctica for this period””* (Supplementary Fig. 2).

The skill for the variables that are not assimilated is generally lower in
data assimilation-based estimates but remains high here for sea ice con-
centration nearly everywhere compared to NSIDC observations™ (Fig. 1c).
This evaluation provides an independent validation of our results, as no sea
ice data are used at any stage in the reconstruction process. The sea ice extent
has also been assessed for the different sectors of the Southern Ocean,
obtaining correlations of the multi-model reconstruction with observations
between 0.55 and 0.71 for all sectors (Supplementary Table 3, Supple-
mentary Fig. 3). Reproducing the integrated sea ice extent over the whole
Southern Ocean is more challenging because of complex spatial patterns as
well as partial compensations between regions"'*. Nevertheless, the corre-
lation between the multi-model reconstruction of the total Antarctic sea ice
extent and observations over the period 1979-2023 reaches 0.56 (Fig. 2a).
Despite this overall reasonable performance, our reconstructions tend to
underestimate the magnitude of the extreme events, in particular the
maximum extent in 2014 and the minimum in 2023. However, when uti-
lizing our atmospheric reconstructions based on the CESM1-LM and
CanESM2 ensembles to force NEMO, the correlation of the simulated
Antarctic sea ice extent with NSIDC increases to values of 0.68 and 0.60,
respectively (Fig. 2b, ¢). The long-term trends are also stronger, leading to
slightly larger values in 2014 and lower values in 2023 in the NEMO
simulations than for the CESM-LMl-based and CanESM2-based
reconstructions.

The drops in sea ice extent at the end of the 1970s and in 2016

Our reconstruction is characterized by a negative trend in sea ice extent from
1958 to the end of the 1970s, followed by the slightly positive trend until
2015 described in many studies based on satellite records™’~". This leads to
adifference in sea ice extent between the 1958-1979 and 1980-2015 periods
that reaches 0.43 million km’ in the multi-model reconstruction (Supple-
mentary Table 4). The amplitude of this statistically significant drop is
consistent across all the reconstructions (the range of the reconstructions
based on different simulation ensembles is 0.22-0.58 million km?) but
smaller than the drop between 1980-2015 and 2016-2023, which is 0.69
million km® for the multi-model mean (the range of the reconstructions is
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Fig. 1 | Skill of the reconstruction. The Pearson correlation of the multi-model
reconstruction is shown for (a) annual mean sea level pressure and (b) near surface
air temperature, with ERA5 reanalysis™ and (c) the reconstruction of sea ice con-
centration with NSIDC” data over the period 1979-2023. Regions with a significant
correlation at a 95% confidence level based on two-sided t-test, accounting for the
autocorrelation of the series, are hatched. The correlation with weather station data
is indicated in color inside the white circles (all significant at the 95% con-

fidence level).
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Fig. 2 | Time series of sea ice extent.

a Reconstruction of the annual mean Antarctic sea
ice extent anomalies in the multi-model recon-
struction (in red) compared with NSIDC” data (in
black), the reconstruction of Fogt et al."* (in blue)
and ESMR data® for the years 1973 and 1974 (black
crosses). The red shading corresponds to one stan-
dard deviation of the ensemble reconstruction.

b Reconstruction of the annual mean Antarctic sea
ice extent anomalies based on CESM1-LM simula-
tion ensemble and ¢ CanESM2 simulation ensemble
and simulations with NEMO driven by a forcing
derived from those reconstructions (in olive green).
A dashed line represents the mean over the periods
1958-1979 and 2016-2023 for the estimates that
include these full periods. Anomalies are computed
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0.30-1.0 million km?), compared to an observed drop of 0.84 million km®.
The differences are higher in the NEMO simulations compared to the
reconstruction used to generate the forcing by about 0.1 million km?
bringing the model results closer to observations for the recent drop. Those
drops are a robust characteristic of the multi-model reconstruction and are
identified too if we consider a common 8-year length for the different
periods (maximum length allowed for the 2016-2023 period) before and
after the drops (Supplementary Table 5). The selected periods to define the
drops could also be derived from a change point analysis (Supplementary
Discussion).

The recent drop in Antarctic sea ice extent is well documented but the
evaluation of our reconstructions is more difficult prior to 1979. Satellite

observations from Electrically Scanning Microwave Radiometer (ESMR)
instruments covering the period December 1972 to May 1977 have many
gaps and a higher uncertainty than more recent satellite observations.
Despite these limitations, data clearly indicate a sea ice extent decline over
1972-1977, and shows that the Antarctic sea ice extent during this period
was considerably higher than in the 1980s"*****. A comparison performed
for the years 1973 and 1974 (Fig. 2a), which have a sufficient data coverage,
displays ESMR-based sea ice extents higher than in our reconstructions.
However, from estimates with large uncertainties for only 2 years, we cannot
reach more quantitative conclusions (see also Supplementary Fig. 4).

Our results can also be compared to other indirect reconstructions of
the sea ice extent (i.e., not directly derived from sea ice observations). The
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Fig. 3 | Sea surface temperature in the Southern Ocean. Reconstruction of the
annual mean sea surface temperature averaged over the latitude band 50°-60°S in the
multi-model reconstruction (in orange) and the reconstructions based on CESM1-
LM (in red) and CanESM2 (in green) compared with estimates from direct obser-
vations derived from ERSST5” (in dark blue) and the SST dataset used in the ERA5
reanalysis (in cyan), which is based on HadISST2 until 2007 and OSTIA afterwards™.
Anomalies are computed relative to the 1980-2015 period.

reconstruction of the sea ice extent of Fogt et al."* is based on long series of
weather observations, mainly at mid-latitudes, using principal component
regression techniques. Their reconstruction was calibrated using sea ice
observations over the period 1979-2020 and adequately reproduces the
impact of large-scale atmospheric circulation patterns on sea ice. The cor-
relation over the period 1958-2020 with our multi-model reconstruction is
higher than 0.59 for the Weddell and Amundsen/Bellingshausen Sea sectors
but lower for the other sectors (Supplementary Fig. 3). For the total sea ice
extent, the correlation with our reconstruction is still statistically significant
but with a value of 0.35. Overall, the reconstruction of Fogt et al." displays a
weaker trend than our reconstruction. This difference is at least partially
explained by our much larger network of high latitude data, in particular
continental temperature records that strongly constrain the long-term
trends” (Supplementary Fig. 5). Additionally, our reconstruction aligns
with sea ice reconstructions obtained from paleoclimate records, which
consistently show a sea ice extent decrease over the 20th century, except in
the Ross Sea'”"” (Supplementary Fig. 6).

The comparison with sea surface temperature (SST) data offers
another way to determine if the drop in Antarctic Sea ice extent at the end of
the 1970s is consistent with independent observations. The SST in the
Southern Ocean exhibit a long-term trend (similar to, but opposite sign to
the one of the Antarctic sea ice extent), characterized by warming between
1958 and 1980, followed by a slight cooling until around 2010 before the
recent warming’ ™", Our annual mean SST reconstructions are in good
agreement with the observations (Fig. 3) although they tend to under-
estimate the warming trend between 1958 and 1980, in particular compared
to ERSST5”. However, it is worth mentioning that this period has the fewest
SST observations, and therefore large uncertainties exist.

Description of the changes associated with the drops in sea
ice extent
The spatial distribution of the differences between the periods 1958-1979
and 1980-2015 and between the periods 1980-2015 and 2016-2023
(referred to hereafter as the first drop and the second drop) bears many
similarities (Fig. 4). Although local changes in sea level pressure are not large
compared to the interannual variability, both drops are characterized by a
decrease in surface pressure over Antarctica and a strengthening of the
Amundsen Sea Low (the ASL, a low-pressure system centered in the
Amundsen Sea). This pattern is consistent with the observed trend in the
SAM index and of the ASL since the mid-20 century™®”".

The surface warming during the drops is more significant locally, with
a pronounced temperature increase close to the Antarctic Peninsula. There
is also a large warming off East Antarctica, specifically around 30°E, while

the Ross Sea shows little or no warming. Consistently, sea ice decreases are
larger in the regions displaying the largest temperature changes. Those
patterns closely match those derived from NSIDC” and ERAS5 reanalysis for
the second drop (Supplementary Fig. 7).

Some differences also occur between the two drops. In particular, the
low-pressure anomaly in the Amundsen Sea is located more eastward for the
second drop. This low-pressure anomaly brings warm air from the north on
its eastern side, amplifying the warming, and cold air from the south on its
western side, partly offsetting the large-scale warming during the drops and
leading to nearly no change there. The shift in the low-pressure anomaly
between the two drops leads to an eastward displacement of the region with
the largest warming and largest sea ice changes. Furthermore, the atmo-
spheric circulation anomaly induces a large warming over the whole West
Antarctic continent for the first drop but not for the more recent drop, in
agreement with continental observations™”. The pattern of the sea ice
anomalies in the Pacific is thus consistent with the wind-driven changes
associated with the ASL (Supplementary Fig. 8) that have been accredited
extensively for interannual® and multidecadal variations*’. The direct
impact of the winds on sea ice extent changes is less clear off East Antarctica.

The comparison of oceanic temperatures in NEMO with
observations***’ provides an additional independent validation of our
results (Fig. 5). In the West Antarctic sector, NEMO overestimates the
temperatures before 1980 (Fig. 5ac). There, the multidecadal variability is
large, both in the top 100 m and in the 100-500 m depth range, with a long-
term trend that is smaller than this multidecadal variability. The behavior is
different in the East Antarctic sector where the top 100 m presents a time
evolution that mimics the sea ice variability, as expected (Fig. 5b). However,
the layer between 100 and 500 m (Fig. 5d) shows a nearly continuous
warming over the whole period, both in NEMO and in observations.

Discussion

The reconstructed decline in sea ice extent since 1958 is consistent with the
Southern Ocean warming™** and the continental warming observed over
most Antarctic stations during that period”*. Our methodology establishes a
physical link across those different changes in three different components of
the climate system, i.e., the atmosphere, the sea ice and the ocean. Although
such a reconstruction is not sufficient to quantitatively estimate the relative
contribution of atmospheric and oceanic processes in the two drops, it
suggests connections that can be compared to previous works and further
tested in future studies. It also provides a useful test for the different datasets
that we use as validation since these are themselves uncertain and the
agreement with our independent estimates confirm the robustness of this
general warming.

It can be tempting to attribute the warming in the atmosphere, in the
ocean and the decrease in sea ice extent since 1958 to a long-term response to
anthropogenic forcing, modulated by natural variability and regional pro-
cesses. Furthermore, this reconstructed sea ice extent decrease since 1958
may appear more consistent with the climate model results (Supplementary
Fig. 10) than when the model evaluation was made on shorter periods"'**".
Nevertheless, the climate models have large biases in the Southern Ocean
and they generally fail to reproduce adequately the observed sea ice varia-
bility, in particular the small increasing trend over 1979-2015"**. Conse-
quently, they cannot be used without additional validation for an attribution
of the origin of the long-term sea ice decrease. Furthermore, the recon-
structed period remains short considering the large natural variability
prevailing in the Southern Ocean. Having estimates back to 1958 is an
important step to characterize this variability but additional reconstructions
of the sea ice extent before 1958 are needed before drawing conclusions on
the magnitude of the natural and anthropogenic contributions in the trends
since 1958. In this regard, combining paleo records with instrumental
records is a promising way forward">*.

An influence of the Interdecadal Pacific Oscillation (IPO) over the
Southern Ocean has been identified in several studies'******’, Specifically, the
IPO has controlled the recent multidecadal variability of the sea surface
temperature and oceanic heat content in the Pacific sector of the Southern
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Fig. 4 | Shifts during the two drops. Difference in annual mean sea level pressure  circulation, only a few changes are statistically significant at the 90% level for sea level
(a,b), near surface air temperature (c, d) and sea ice concentration (e, f) between the  pressure, but many regions become significant if the confidence level is decreased to
periods 1958-1979 and 1980-2015 (left column) and between the periods 80%. The anomalies from weather station data are indicated in colored circles if
1980-2015 and 2016-2023 (right column) in the multi-model reconstruction. significant at the 90% confidence level and by a colored square if non-significant at
Changes significant at the 90% level using a two-sided t-test accounting for the false  the 90% confidence level.

discovery rate are hatched. Because of the large variability of the atmospheric
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Fig. 5 | Evolution of the heat content of the Southern Ocean. Mean ocean tem-
perature in the top 100 m (a, b) and in the layer from 100 m to 500 m (c, d) averaged
over the latitude band 55-65°S for the West Antarctic sector of the Southern Ocean
(165°E-70°W) and the East Antarctic sector of the Southern Ocean (70°W-165°E) in
the NEMO simulations driven by the forcing derived from the CESM-LM1

reconstruction (in red), the CanESM2 reconstruction (in green) and ERA5 (in cyan)
and in two datasets based on in situ observations (EN4* in light blue and IAPv4* in
dark blue). The filtered IPO index (based on ERSSTv5 data®) has been added on

panel a, scaled by a factor 2 to have an amplitude similar to other curves (in black).

Ocean***. It has also impacted the decadal variability of sea ice extent after
1979*° and likely played a role in the drop in 2016". Furthermore, tropical
variability has a large impact on the ASL****“*. The IPO could thus
influence the sea ice extent in the Pacific sector both through atmospheric
and oceanic processes. In this framework, our results (Fig. 5a) suggest that
the increase in the IPO index in the 1970s and the following decreasing trend
could also partly explain the multidecadal variability in the sea ice extent in
the West Antarctic sector before 1979 and the drop at the end of the 1970s.

It has been shown that the decrease in 2016 and subsequent minima
were initiated by atmospheric circulation anomalies™. Wind changes
could also be at the origin of the relatively stable conditions between 1979
and 2016"*". Additionally, the ocean likely contributed to the recent
decadal variability in Antarctic sea ice extent™'’: 1/ The ocean integrates the
high frequency atmospheric forcing, sustaining the anomaly for a longer
period and inducing lower frequency variations™. 2/ Oceanic feedbacks can
be triggered by the atmospheric perturbations"™*. 3/ Specific oceanic
processes such as changes in convection can be at the origin of decadal
variability™. 4/ Meltwater input from the continent can modify the heat
exchanges between the ocean and the sea ice and influence the multi-decadal
variability of sea ice’".

Our results also suggest a contribution of the winds in the drops, at least
in their regional distribution and in particular in the Pacific sector (Sup-
plementary Fig. 8). We have not addressed here the potential role of the
meltwater input to the ocean. Our NEMO simulations show no evidence of
change in oceanic convection but the multi-model reconstruction does not
reproduce the opening of the large Weddell polynya between 1974 and
1976 so we may underestimate the role of this process. The better repre-
sentation in the NEMO simulations than in the corresponding recon-
structions of the magnitude of the second drop, of the 2023 minimum and of
the autocorrelation of the sea ice extent series (see method section) strongly
suggest a role of the integration of the atmospheric perturbations by the ice-
ocean system and of the memory provided by the ocean. NEMO results are

also consistent with a preconditioning by 2022 minimum of the
2023 minimum as suggested in previous studies™. This preconditioning led
to the observed absolute minimum in the satellite area while our recon-
structions based on the climate model ensembles indicate that the atmo-
spheric conditions alone where not sufficient for such an absolute
minimum. Finally, the thermal energy stored at depth between 1980 and
2015 in the East Antarctic sector (where the drop in sea ice extent is larger
than in the West Antarctic sector, see Supplementary Table 4) has clearly the
potential to induce a large sea ice melting if brought to the surface. The
mixed layer depth in the model in the East Antarctic sector is larger after
2015 than before (Supplementary Fig. 9), inducing an entrainment in the
top 100 m of warmer water from below. This may have contributed to
maintain a warm condition in the top oceanic layer and could have initiated
feedbacks with the sea ice and the atmosphere53 . However, this cannot be to
addressed here as our simulation with NEMO is not coupled with the
atmosphere. Additional experiments and analyses are thus required to
quantify precisely the contribution of the different processes and the various
feedbacks in the multi-decadal variability of the Southern Ocean and to
determine how the recent changes align with these multi-decadal variations.
Our reconstruction, describing in a consistent way the changes in the
atmosphere, ocean and sea ice, underlines that the coupling between the
different components is a key element to this variability.

Methods

Method for reconstructing high latitude climate fields

The annual mean reconstruction is based on data assimilation using a
particle filter, as applied in previous studies for reconstructions from
paleoclimate records covering the past centuries™**. An ensemble of
simulations provides a distribution of the state of the system (the prior
distribution). Each ensemble member (or particle) is compared to available
observations for every year to estimate its likelihood. A weight is then given
to each particle proportional to this likelihood for each year covered by the
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reconstruction. The weighted mean of all the particles provides the mean
reconstruction while the range of the weighted ensemble (posterior dis-
tribution) gives an estimate of the uncertainty. This weighted mean can be
applied to all the fields simulated by the model to obtain reconstructions for
different variables, the covariance between locations and between variables
in the reconstruction being based on model physics. Here, we use a prior
fixed in time based on existing simulations, which is thus the same for each
reconstructed year. This approach, which has been successful in many past
applications'”, is often referred to as non-cycling or offline data assim-
ilation. It has the advantage that it is cheap to obtain a large ensemble to
characterize the prior distribution. The time evolution of the reconstruction
is then provided by the data constraint only, the particle filter giving more
weight to the particles in better agreement with the observations. Without
this data constraint, the filter would give the same weight to all the particles
and the reconstruction would provide a constant field equal to the ensemble
mean of the simulations. This also means that the simulated trend in sea ice
extent, which is biased in many models” does not have a direct impact on
the reconstruction and that the reconstructed trend can thus be very dif-
ferent from the one in the prior (Supplementary Fig. 10).

Selected simulation results for the reconstruction

The model results used to build the prior consist in all the years of nine
existing large ensembles of historical simulations performed with nine
different climate models™ (Supplementary Table 2). Particle filters have the
risk of degeneracy when the number of particles is too low”*”, justifying our
choice here of large ensembles only. We have made tests with additional
model ensembles but we did not obtain skillful reconstructions for the
Antarctic sea ice extent, having either a non-significant correlation with
satellite estimates of the sea ice extent or a negative coefficient of efficiency
(CE™). This could be due either to a too small number of ensemble members
or to an inadequate model covariance between the assimilated variables and
sea ice concentration. Those large ensembles are thus not included here. For
the simulations continuing after 2023, we limit the ensemble to the year
2023. The goal is to avoid to include states or covariance structures that may
be too different from the ones observed over the past decades due to a larger
response to anthropogenic forcings. A reconstruction is first obtained using
each large ensemble separately, providing nine different reconstructions.
The multi-model reconstruction corresponds to the mean of the nine
reconstructions. Note that for our reconstructions, the sea ice extent is first
calculated from monthly mean model results, before making the annual
mean. For the other variables, the annual mean is simply the average of the
monthly mean fields.

The nine ensembles display different simulated states in the Southern
Ocean. In particular, their simulated sea ice extent ranges from a large
underestimation to a large overestimation compared to observations
(Supplementary Fig. 10). They provide thus a well-adapted sampling of the
current climate model behavior®. Using all of them gives a strong test of the
dependency of our conclusions to the selected model and thus of their
robustness. However, because of these biases on the mean state, we use time
anomalies in the assimilation (compared to the mean over the simulated
period), and we cannot provide skillful reconstruction at the seasonal scale,
in particular, in summer, when many models have nearly no sea ice left and
thus could not provide information on the sea ice variability. Working with
time anomalies is common practice for data assimilation-based recon-
structions of climate variations beyond the satellite era’’. No additional bias
correction is applied to the model results.

Selected observations for the reconstruction

The data constraint is provided by weather station observations of near-
surface air temperature and sea level (or station level) pressure, collected
from the READER data set” and from the University Corporation for
Atmospheric Research data archive dataset ds570.0 as in Fogt et al."’.
Additionally, the temperature at Byrd station comes from Bromwich et al.”.
As our goal is to reconstruct the climate of the high latitudes of the Southern
Hemisphere, we have selected all the stations southward of 45°S for which

data are available at least since 1961. We wanted to have a data set that is as
homogenous in time as possible and having series starting later could
introduce spurious biases in the reconstructed evolution. Actually, nearly all
series goes back to 1958 except a few stations (Supplementary Table 1). This
let us with data from 27 stations (Supplementary Fig. 11). In order to avoid
regions with a dense station network having a too large influence on the final
reconstruction, data within the same grid box of 500 x 500 km are averaged
asinref. 19. On a practical point of view, this only applies here to the stations
Signy and Orcadas, McMurdo and Scott Base, Comodoro Rivadavia and
Sarmiento, respectively. A special treatment is also performed for the Halley
station where the different records from the slightly moving station location
are merged to a single record. This may introduce a drift in the series’ but
the potential impact on our results is very small (Supplementary Fig. 12).
The Neumayer and SANAE records are also merged. They are in the same
500 x 500 km box but cover different periods. However, the 10-year overlap
is used to avoid any spurious shift between the two series. Data assimilation
also requires to specify the data uncertainty of the records and the repre-
sentativity of those records at the scale of the model grid. In the absence of
specific information, we use an uncertainty of one standard deviation of the
annual time series. Our results are not very sensitive to this choice (Sup-
plementary Fig. 13).

Simulations with the model NEMO

A main limitation of the offline data assimilation method is that the
reconstructions for different times are independent of each other: the
reconstruction obtained at one time does not provide information for the
reconstruction at the next time step and some inconsistencies between
reconstructions for nearby periods can occur. Our reconstruction has an
annual resolution. This means that this should not be a too large problem for
air temperature or wind fields that have relatively low auto-correlation on
annual time-scale but this is not valid for reconstructing ocean temperature
at depths where the memory of the system is larger. To test the impact of this
limitation for the sea ice variables and to provide estimates of the changes in
oceanic variables, we have driven the sea-ice ocean model NEMO4.2 over
the period 1958-2023 with a forcing derived from our reconstructions. The
NEMO model® includes the OPA ocean model (Océan PArallélisé) coupled
SP’ sea ice model” and is run here at a global resolution 1°. To limit the
number of simulations with NEMO, we only use the reconstructions based
on CESM-LM and CanESM2 simulations that are among the most skillful
ones (Supplementary Table 3) and that provide all the necessary fields to
drive the model.

The data assimilation-based reconstructions deliver annual mean
values for all the forcing fields but the standard NEMO forcing requires
6-hour values. Consequently, we first derived a mean climatological
forcing based on the ERA5 forcing over the period 1981-2010 by sub-
tracting to the original series the anomaly for each month compared to
mean monthly value over the 30-year period. This provides a 30-year
long series with the same seasonal cycle for each year but preserving the
daily variations as in ref. 64. We then add the annual mean anomaly for
each of the forcing field derived from our reconstruction for all the years
of the period 1958-2023, distributing it over the different months pro-
portionally to the mean amplitude of the anomalies for each month in the
ERAD5 reanalysis. The goal is to add larger anomalies to the months with
the largest variance and to avoid unphysical values that would have
appeared if we would have added the same value for each month, such as
non-zero values for the solar radiation during the polar night for
instance. We also discuss briefly a NEMO simulation driven by ERA5
forcing directly. To obtain initial states for the simulations over
1958-2023, we have first initialized the model from the Word Ocean
Atlas” and performed three experiments driven by the ERA5 forcing
over 1979-2023, the end of the simulation over 1979-2023 being the
initial condition for the next one. From the state obtained in the third
experiment in 2014, we have performed a simulation over 1958-1967 for
each forcing, the state in 1968 being then the initial condition for the
simulations analyzed here for each forcing.
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Independent datasets for the validation of the reconstruction

To evaluate the skill of our reconstructions, they are compared to several
datasets. The sea ice concentration is obtained from the National Snow and
Ice Data Center (NSIDC) for the period 1979-2023. Before 1979, other
satellite observations are available but the temporal coverage can be insuf-
ficient to provide annual mean anomalies. Observations from the Elec-
trically Scanning Microwave Radiometer (ESMR) instrument on board of
the NIMBUS 5 satellite cover the period December 1972- May 1977 but
have many gaps, in particular after June 1975. Consequently, we only show
here the values for 1973 (8 monthly means available) and 1974 (12 monthly
means available). We use a recent reevaluation of ESMR observations that
provides extent on average 0.59 million km” larger than previous estimates
based on the same data®™. To estimate the annual mean, we compute the
monthly mean anomaly relative to NSIDC data over 1979-2023 and then
average the monthly anomalies.

HadISST2 sea ice concentration fields are based before 1979 on sea ice
charts derived from ship observations and early satellite observations.
Because of the data scarcity, the procedure to obtain continuous spatial
maps implies gap filling, and time interpolations, with climatologies being
applied for some decades when no information is available to determine
interannual variations, leading to large uncertainties.

We also compare our reconstruction of sea ice extent for the five
main sectors of the Southern Ocean to the ones of ref. 18 deduced from
instrumental observations at weather stations and several climate indices,
using a regression-based statistical method calibrated to satellite esti-
mates of sea ice concentration. This reconstruction is seasonal as the
teleconnections between mid and high latitudes are much larger at the
seasonal scale than for annual means. We simply averaged the four
seasons for the comparison with our reconstruction. Finally, we compare
our sea ice extent reconstructions to the ones of ref. 19 based on
paleoclimate records using the same data assimilation technique as in the
present study.

The ERAS5 atmospheric reanalysis provides estimates of atmospheric
fields for the period 1940-2023. While ERA5 is generally considered as
the best available reanalysis for Antarctica®, its performance is lower
before 1979 as many satellite observations begin only after this date. In
particular, a cold bias before 1979 has been observed for several stations,
likely because of a misrepresentation of the sea ice concentration in the
surface boundary condition applied in the reanalysis”** (Supplementary
Fig. 4). Consequently, we only evaluate our reconstructions by com-
paring them to ERA5 data for the post-1979 period. Besides, as the same
observation network is applied for the whole period covered by our
reconstructions, they could potentially be used to detect spurious trends
in ERA5 associated with the changes in the amount of observations used
as constraint. Additionally, we compare our reconstruction of the SAM
index to the one of ref. 36 derived from station observations of sea level
pressure.

For the evaluation of sea surface temperature, we use ERSSTv5* and
the dataset created to obtain the surface boundary conditions in ERAS5,
which is based on HADISST2 and OSTIA data®™. A sea ice masking algo-
rithm is applied in those SST data that requires estimates of the sea ice
concentration, which are very uncertain before 1979 as discussed above™.
Consequently, we have selected for our diagnostics the latitude band 50°S-
60°S as it is well in our domain of interest while still keeping a data coverage
that is good enough to estimate the general trend in zonal mean sea surface
temperature over the period 1958-2023">"". For the ocean temperature at
depth, we have selected EN4"* and IAPv4", which are long, objective ana-
lyses of oceanic data, including corrections to account for the biases intro-
duced by the application of different sensors over time.

NSIDC, ESMR and oceanic data provide independent information to
evaluate our reconstructions. The ERA5 reanalysis, Fogt et al.'* sea ice
reconstruction and the Marshall index share some data with us. Never-
theless, ERA5 includes much more data than the 27 stations selected here.
Fogt et al.”* only selected station data going back to the beginning of the 20th
century meaning that the only Antarctic station in common with our

reconstruction is Orcadas. The Marshall index uses some of the stations
selected here but also additional ones at mid-latitudes.

The comparison with those additional data sets illustrates the general
performance of our methodology as discussed in the main text and also
some specific limitations that are mentioned here. First, as the reconstruc-
tion relies on model covariance, biases in this covariance reduces the per-
formance of the reconstruction, in particular in regions where few data are
available such as the Ross—Amundsen Seas sector (165°E-110°W). Conse-
quently, for models that are able to reproduce well the links between changes
there and in other regions where more data is available, reconstructions have
a correlation with observed sea ice extent larger than 0.6 while some other
reconstructions have correlations very close to zero (Supplementary
Table 3). Second, the particle filter is not able to reconstruct states that are
out of the range of the simulate ensemble (i.e., the prior). We try to mitigate
the consequences of this limitation by selecting large ensembles and
ensembles with different models. Nevertheless, this likely contribute to the
underestimation of the largest anomalies in our sea ice extent reconstruc-
tions (Fig. 2). Third, offline data assimilation may underestimate the
autocorrelation of the observed series as reconstructions of different years
are independent. Analyses of observations' have shown that the auto-
correlation of the time series of sea ice extent was low until 2008 and
increases strongly after that. Our reconstructions reproduce qualitatively
well this behavior, with autocorrelation at lag 1 year of the Antarctic sea ice
extent close to zero for the period 1979-2008, as in the observations, and a
value for the multi-model reconstruction of 0.27 for the period 1979-2023.
However, this is much less than the observations that show an auto-
correlation at lag 1 year of 0.61 over the same period. Thanks to the con-
tribution of the ocean, the autocorrelation of the sea ice extent over
1979-2023 in two NEMO simulations rises to 0.32 and 0.42 but this is still a
large underestimation.

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

Data availability

All the data used were obtained from public repositories. The weather
station observations were obtained from the READER data set (https://
legacy.bas.ac.uk/met/READER/) and from the University Corporation for
Atmospheric Research data archive dataset ds570.0 (https://rda.ucar.edu/
datasets/ds570.0/#!description). The temperature at Byrd station is available
at https://polarmet.osu.edu/datasets/Byrd_recon/. The ERAS5 reanalysis,
including its surface boundary conditions, has been downloaded from the
Copernicus Climate Change Service (C3S) Climate Data Store**). ERSSTv5"
is available at https://downloads.psl.noaa.gov/Datasets/noaa.ersst.v5/.
EN.4.2.2 data was obtained from https://www.metoffice.gov.uk/hadobs/
en4/ and are © British Crown Copyright, Met Office, 2024, provided under a
Non-Commercial Government Licence http://www.nationalarchives.gov.
uk/doc/non-commercial-government-licence/version/2/. IAP data were
obtained from the IAP/CAS website http://www.ocean.iap.ac.cn/pages/
dataService/dataService.html?navAnchor=dataService). Sea-ice concentra-
tion data set from the NSIDC”, ESMR”, the sea-ice extent reconstruction of
Fogt et al.”’. and Dalaiden et al.””. the Marshall index” are available in
dedicated repositories (see the refences). Our reconstructions are available
on Zenodo https://zenodo.org/records/13861997.

Code availability

NEMO and XIOS (a NEMO-compatible I/O library) are developed by the
NEMO consortium (https://www.nemo-ocean.eu/) and distributed under
the CeCILL license (http://cecill.info/licences/Licence_CeCILL_V2-en.txt).
The code for the particle filter assimilation system is available here https://
github.com/dalaiden/DA_offline_PF.
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