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Understanding long-term climate variability in the high latitudes of the Southern Hemisphere is

critical due to the key role of the Southern Ocean in the global climate system. However, sparse
observations (in space and time) coupled with strong internal variability limit our ability to interpret
the origin of recent changes, and their longer-term context. Here we present a dynamically consistent
reconstruction of the Antarctic atmosphere and Southern Ocean from 1700 to 2023. We first use data
assimilation (DA)-based Antarctic atmospheric reanalyses that combine instrumental observations
(1958-2023) and paleoclimate proxies (1700-2000) with Earth System Models to reconstruct key
surface climate fields. We then drive a global ocean—sea-ice model with this atmospheric reanalysis

to simulate historical ocean conditions, including temperature, salinity, currents, and sea-ice-related
variables at 1° resolution. This reconstruction provides the first long-term physically consistent dataset
of Antarctic atmosphere-ocean variability, suitable for studying low-frequency climate variability,
evaluating climate models, and potentially driving regional atmospheric and ocean models as well as ice
sheet models.

Background & Summary

The high-latitude regions of the Southern Hemisphere have undergone substantial climate changes in recent
decades'. West Antarctica, in particular, has experienced one of the most pronounced warming trends globally
since 19582, Meanwhile, Antarctic sea-ice extent showed a surprising positive trend from 1979 to 2014, before
dropping to record-low levels in subsequent years>*. These surface changes are tightly coupled with changes
in atmospheric circulation, including the intensification and poleward shift of westerly winds and modified
meridional heat and moisture transport - key drivers of regional climate variability’=°. At the same time, the
Southern Ocean has warmed since the mid-20th century'®!!, contributing to broader changes in the coupled
ocean-ice-atmosphere system'2 These climate changes have had major direct and indirect implications for
the Antarctic Ice Sheet (AIS). While snow accumulation generally increased over the 20th century' - albeit
strong spatial variability has been noticed'*~'® -, observed basal melt rates of ice shelves (floating extensions of
grounded Antarctic glaciers) since the 1990s have exceeded the historical rate at which the glaciers would be in
balance. In particular, there are evidence that glaciers located in the Amundsen Sea are experiencing high melt
rates since the 1970s'>%°, and possibly as early as the 1940s*'. This melting is primarily driven by the intrusion
of relatively warm ocean waters into ice shelf cavities?>~?°, which undermines ice shelf stability and contributes
to AIS mass loss. As these losses overall outpaced surface mass gains from snowfall, the net effect is a growing
Antarctic contribution to global sea-level rise?. This highlights the urgent need to better understand historical
climate variability in the high latitudes of the Southern Hemisphere, along with its atmospheric and oceanic
drivers as well as their interactions.

The climate of the high-latitude Southern Hemisphere is characterized by strong natural variability?®.
However, observational records in these regions are limited in time, making it difficult to place recent changes in
a longer-term context. Most studies of surface climate trends rely on satellite observations, which only became
widely available in 1979. For the Southern Ocean, reliable observational records are even more reduced, with
data primarily starting in the 1990s for areas closed to the Antarctic coast'’. This limited temporal coverage is
especially problematic given the pronounced variability in these regions, which complicates the interpretation of
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ongoing changes. It also poses challenges for evaluating climate models, which often display substantial biases in
Antarctic regions?”*%. As a result, it remains difficult to determine whether discrepancies between model results
and observations arise from model deficiencies or from internal climate variability. To address this gap, recent
efforts have developed historical reconstructions of the Antarctic surface climate over the past few centuries.
These reconstructions combine the physics-based framework of Earth System Models (ESMs) with indirect
climate records (i.e., climate proxies)?*-*'. However, such reconstructions have mainly focused on atmospheric
and sea-ice variables, particularly temperature, precipitation, and wind. In contrast, the ocean remains com-
paratively understudied. Although past efforts have used sediment cores to infer surface ocean variability*?,
comprehensive reconstructions of historical ocean conditions are still lacking.

Longer time-series of historical changes of both the atmosphere and ocean are therefore essential for contex-
tualizing the current changes and for understanding the physical mechanisms behind this climate variability, in
particular at the low-frequency variability, which is largely unknown. This limitation is particularly critical for
future projections of global sea level, as the largest uncertainties arise from the contribution of the Antarctic Ice
Sheet*?*. Since these uncertainties are primarily linked to the complex interactions between the ocean and ice
shelves, without sufficient information on past climate variability in the Southern Ocean, accurately initializ-
ing ice sheet models remains highly challenging and poorly constrained, significantly contributing to the large
uncertainties in future sea-level projections®. Regarding the past variability, historical simulations (1850-2014)
from the Coupled Model Intercomparison Project Phase 6 (CMIP6) have been recently used to investigate the
mass balance variability of the AIS*. However, as noted by the authors, these CMIP simulations are not directly
constrained by observations (only external forcing), meaning that the phase of natural variability might be
strongly different from reality. Additionally, several studies have shown that these CMIP6 historical simulations
likely underestimate the amplitude of internal variability*”*. These limitations pose challenges for directly com-
paring simulations with observations and for attributing observed changes.

In this work, we employ both Data Assimilation (DA) and a global ocean-sea-ice model to provide a con-
sistent reconstruction of past climate variations at the high latitudes of the Southern Hemisphere from 1700
to 2023. DA-based approaches have the advantage of utilizing a Bayesian framework to update the initial state
of the entire system by incorporating information from available observations. Although DA-based methods
have been increasingly used to reconstruct historical climate variability in recent years**-*!, no comprehensive
dataset specifically focused on Antarctica is currently available. DA-based methods enable the reconstruction
of specific variables that are assimilated, such as temperature and pressure, as well as non-assimilated varia-
bles like sea-ice cover and winds, by utilizing the dynamical relationships between the reconstructed variables.
Specifically, DA-based techniques integrate observational data with climate models to propagate local informa-
tion across space and between different variables, using the modeled covariance from the climate model. This
ensures dynamical consistency among all reconstructed variables.

As a first step, we focus on reconstructing atmospheric variables, by providing a long-term atmospheric
reanalysis over Antarctica. To this end, we extend the satellite observation period to 1958 (i.e., beginning of
instrumental observations in Antarctica*?) by using the recent atmospheric reanalysis of Goosse et al.**, which
employed a DA-based method that combines 10 Large Ensembles (LEs) — performed with 10 different Earth
System Models (ESMs) — and 27 long observational time series of near-surface air temperature and atmospheric
surface pressure from the mid-latitude region and Antarctica. This reconstruction is referred to as station-based
reanalysis. This method, using instrumental observations, provides historical data on key atmospheric variables
(i.e., near-surface air temperature, sea-level pressure, precipitation, winds, and heat fluxes), as well as sea sur-
face conditions (sea-ice cover and sea surface temperature) around Antarctica from 1958 to 2023, with annual
temporal resolution and 1-degree spatial resolution. Before 1958, we need to rely on indirect climate records,
in particular paleoclimate records. Therefore, we utilize the reconstruction published by Dalaiden, Rezsohazy
et al.*!, which follows the same methodology as the station-based reanalysis but incorporates more than 100
paleoclimate proxy records from the mid-latitude and Antarctic regions. This reconstruction, referred to as
paleo-based reanalysis, spans the period from 1700 to 2000, with annual resolution and 2-degree spatial reso-
lution. In contrast to the station-based reanalysis, the paleo-based reanalysis is based on solely one model, the
isotope-enabled Community Earth System Model version 1 (iCESM1)***. These two reanalyses only cover the
Southern Ocean.

In the second step, we use an ocean-sea-ice model forced by our atmospheric reconstructions to provide
historical changes for the ocean from 1700-2023. Forcing an ocean model is one approach to reconstruct the
historical variability of the ocean in response to atmospheric changes*. Specifically, we employ a 1-degree global
configuration of the Nucleus for European Modelling of the Ocean (NEMO) with the largest ice shelf cavities
open?. Since the paleo-based atmospheric reanalysis does not span the period after 2000, the atmospheric forc-
ing is constructed by combining the station-based reanalysis and paleo-based reanalysis. Besides, these rea-
nalyses only cover the high latitudes of the Southern Hemisphere, we therefore combine them with a global
atmospheric reconstruction covering the past 600 years*! to obtain a global atmospheric forcing. As NEMO
requires high-frequency input for atmospheric forcing, we develop an algorithm to generate 6-hourly forcing by
combining the annual reconstructions with state-of-the-art atmospheric reanalysis.

The atmospheric reanalysis and ocean simulation spanning 1700-2023 provide, for the first time, a dynami-
cally consistent reconstruction of historical climate changes over Antarctica, encompassing both the atmosphere
and the ocean. All standard three-dimensional ocean variables are estimated, including temperature, salinity,
sea-ice-related variables, and ocean velocities. By including dynamical variables, such as changes in atmospheric
and oceanic circulation, this dataset offers a unique opportunity to understand the underlying mechanisms of
the long-term climate variability in the high latitudes of the Southern Hemisphere. We aim to provide a dynam-
ically coherent atmosphere-ocean reconstruction over the past centuries to support a range of applications. This
dataset enables the study of low-frequency climate variability over Antarctica — a key component of decadal and
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multi-decadal variability with significant implications but under-investigated due to the shortness of observa-
tional time-series. This dataset can be thus used to assess variability in ESMs — which is strongly underestimated
when comparing to observations®. Furthermore, our longer historical sea-surface conditions can be used to
force atmospheric models, including polar-oriented regional atmospheric models, to simulate surface climate
over the Antarctic Ice Sheet and assess long-term changes, placing satellite-era observations in a broader tem-
poral context. Ultimately, the main purpose of this dataset is to drive ice sheet models. Forcing ice sheet models
with this reconstruction offers, most probably, a more realistic representation of the role of natural variability in
Antarctic mass balance than current simulations based on CMIP historical simulations™.

Method

Atmospheric reconstruction.  Offline data assimilation. To reconstruct the atmospheric variability and
surface conditions over the past decades and centuries, we employ a Data Assimilation (DA) method, which
optimally fuses the information from observations and climate models. More specifically, data assimilation starts
with an initial state of the system (i.e., the climate state; x”) provided by the climate model simulations, called the
prior. Afterwards, the prior is updated according to the available observations (y), which gives the final state of
the climate system, the posterior. In this study, the used data assimilation method is based on a particle filter?,
following the implementation of Dubinkina et al.*’. This method has been successfully applied in recent years to

reconstruct the climate variability during the past centuries?>**!. DA is based on the Bayes theorem:
(ylxP)p(x)
p(y) (1)

In this equation, p(x’|y) is the posterior probability distribution function (pdf). p(x?) and p(y) correspond
the prior and the distribution of observations, respectively. p(y|x?) represents the conditional probability of
observations given the prior (i.e., the likelihood). This term can be further written as follows:

Py — gL _l _ W1y P
p(ylx’) = K™ exp 2(Y H(x"))'R™(y — H(x")) @)

where K~ is a normalization constant (as such that the cumulative distribution function is unity), H corre-
sponds to the operator that maps the prior to the observational phase space (see the section related to the
Forward operator for details). R represents the error covariance matrix induced by the model-data comparison
and is assumed here to be diagonal (the errors are independent of each other).

The approach outlined by van Leeuwen*® involves approximating the prior through a discrete distribution
built from independent model states known as particles. This methodology, known as particle filtering, requires
more particles for complex systems than simpler ones, so more particles are required when assimilating a larger
amount of observations. Unlike the common sequential DA method, which propagates information forward
in time (referred to as online data assimilation®?), we employ the offline version of the particle filter. The offline
DA method, also known as the no-cycling method, relies on a fixed prior for every timestep of the DA. It means
that the state at time ¢-1 does not influence the state at time . The temporal variability of the posterior therefore
only comes from the variability within the assimilated observations. Offline methods have a large advantage
since they allow using existing model simulations. Applying online DA methods using CMIP-class Earth System
Models directly to reconstruct the climate over the past centuries has not been achieved yet because of the enor-
mous computational expense this would require. Since we aim to reconstruct the hydroclimate at the interan-
nual variability (the timestep of the assimilation is one year), offline methods are appropriate. This is supported
by the study of Matsikaris et al.*, which demonstrated that online methods do not outperform offline methods
in reconstructing hydroclimate, which is predominantly influenced by atmospheric processes, at this timescale.
In this context, the prior can be written as follows:

1 N
Py — _E P_x?b
#x) Ni—lé(x X (3)

N is the number of particles while § corresponds to a kernel density. Since we have no information about the
likelihood of each particle, each particle is an equal weight when building the prior. By combining Egs. (1) and
(3), the posterior can re-written as:

N
px’ly) = LE:Wiz?(x"—xf’)
N3

with,

plylx))
Y p(ylxd) (5)

We can insert Eq. (2) into Eq. (5) for calculating the weight of each particle depending on its likelihood rel-
ative to observations, w;:
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ESM ‘ Spanned period | Size of the ensemble | Reference

station-based reanalysis
ACCESS-ESM1-5 1950 - 2100 40 Rashid et al.'?
CanESM2 1950 - 2023 50 Kirchmeier-Young et al.'®
CanESM5 1850 - 2014 40 Swart et al.!*
CESM1 850 - 2005 12 Otto-Bliesner et al.'®
CESM2 1850 - 2023 100 Rodgers et al.''¢
CNRM-CM6-1 1850 - 2014 19 Voldoire et al.'"’
IPSL-CM6A-LR 1850 - 2014 33 Boucher et al.'®
MPI-ESM 1850 - 2023 100 Maher et al.!"?
NorCPM1 1850 - 2014 30 Bethke et al.'?
UKESM1-0-LL 1850 - 2014 14 Sellar et al.'?!

paleo-based reanalysis
iCESM1 ‘ 850 - 2005 ‘ 3 Brady et al.**; Stevenson et al.*®

Table 1. Details of the Large Ensembles used to construct the prior for both the station- and paleo-based
atmospheric reanalyses, including information about the Earth System Model, the period covered by the
ensemble, the number of ensemble members, and the reference.

exp[— 2 (y—Hx)'R (y—H(x])]
S sexp|— 1y~ HED) R (y—HxD)| ©

w; =

Throughout the study, the mean of the posterior is considered as the reconstruction, which is calculated as
the weighted mean of all the particles:

N
xPly) = S wx?
g J; ™ %)

The particle filter ensures consistency among all the reconstructed variables as given by the climate model
since only the weights of the particles are modified (and not directly the particles). In addition to the mean of the
reanalysis, the Bayesian framework provides an estimation of the uncertainty of the reanalysis as well. Here, we
define this uncertainty as the weighted standard deviation of the particles:

(8)

The DA process is executed over the complete period for which observations are available. Since we employ
an offline DA method, each timestep of the DA is reconstructed independently. The assimilation is performed
on anomalies, where the mean of both observations and model simulations is removed.

Large ensembles of Earth System Model simulations. The climate model used in the DA framework plays a
pivotal role in the final reanalysis, as the modeled spatial covariance is employed to spread local observational
information across space. Additionally, the modeled covariance between assimilated and reconstructed vari-
ables is used to reconstruct non-assimilated variables. To assess the influence of the choice of climate model
within the DA framework on the final station-based reanalysis, we utilize 10 different Large Ensembles (LEs)
generated by various Earth System Models (ESMs) (Table 1). For the paleo-based reanalysis, we exclusively use
the last millennium ensemble (three simulations) performed with the isotope-enabled CESM1. This approach
directly assimilates ice-core isotopic records, enhancing the skill of the reconstruction compared to the linear
temperature-6'30 relationship®, thereby avoiding dependence on this non-stationary relationship>*. CESM1
has demonstrated good performance in reproducing atmospheric variability over Antarctica® as well as surface
processes on the ice sheet®®, making it a reliable choice for this purpose.

Observation data.  For the two atmospheric reanalyses, we use distinct observational datasets: instrumental
observations for the station-based reanalysis and paleoclimate records for the paleo-based reanalysis. In both
reconstructions, only observations from the mid- and high-latitude regions (45°S and beyond) are utilized. The
locations of all records used in each reanalysis are displayed in Fig. 1.

Observations from weather stations. ~For instrumental observations, we exclusively use long-term near-surface
air temperature and sea-level pressure records from weather stations located in the mid- and high-latitude
regions of the Southern Hemisphere. Observations from Antarctic and sub-Antarctic weather stations
were obtained from the READER dataset??, while mid-latitude observations originate from the University
Corporation for Atmospheric Research (dataset ds570.0; see Fogt et al.”” for further details). To prevent artefacts
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Fig. 1 Locations of the observations from weather stations and paleoclimate records used in the station- and
paleo-based atmospheric reanalysis.

in the final reanalysis due to the increasing number of records over time, we chose to include only long-term
records starting from 1961. In total, our dataset used for producing the station-based reanalysis includes 27
weather stations (Fig. 1). The records from the Antarctic and sub-Antarctic weather station data are accessible
from the READER database (https://legacy.bas.ac.uk/met/READER/) and from the University Corporation for
Atmospheric Research (dataset ds570.0; https://rda.ucar.edu/datasets/ds570.0/#!description).

Records from paleoclimate archives. ~ Although we do not produce a new paleo-based atmospheric reanalysis, we
provide details on the paleoclimate proxy records used in the paleo-based atmospheric reanalysis applied in this
study>"®8. This reanalysis primarily relies on ice cores, supplemented by tree-ring width records. The inclusion
of tree-ring records from mid-latitude regions helps to better constrain large-scale circulation patterns*. For
ice-core records, Dalaiden, Rezsohazy et al.*! incorporated isotopic content>®®, snow accumulation®-%, the B40
snow accumulation records from Medley and Thomas?, and sea salt content®*%. Only annually resolved records
are used, resulting in a total of 109 records (Fig. 1). Compared to weather station observations, paleoclimate
records are predominantly concentrated in the Pacific sector.

Forward operator. During the DA procedure, the model states (i.e., the prior) are compared with the available
observations at each reconstructed time step. This process involves the forward operator (H in equation (2)),
which projects the model states into the observational space. To prevent over-weighting regions with a high
density of records, all records are first aggregated onto a polar stereographic grid of 500 km x 500 km centered
on Antarctica. These aggregated time-series are then used as observations in the DA process. For weather station
observations, the comparison is direct, with model states interpolated onto the same 500 km x 500 km grid.
In the case of proxy records, however, the forward operator accounts for processes that govern the response of
a sensor (for instance the width of a tree ring) to environmental conditions. In other words, the forward oper-
ator should capture all the relevant processes responsible for the observed variability in the proxy signal in the
sensor. In paleoclimatology, this forward operator is commonly referred to as a Proxy System Model (PSM)%.
For isotopic content and snow accumulation in ice-core records, Dalaiden et al.?® developed a PSM to account
for representativeness errors — these errors arise from the coarse resolution of climate models and missing pro-
cesses, which partly explain the model-observation discrepancy®®®’. Sea salt ice-core records, on the other hand,
are assimilated as proxies for atmospheric circulation, more specifically to offshore changes in 500-hPa geopo-
tential height based on the assumption that sea salt content reflects transport from the open ocean®'. Finally, for
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tree-ring width records, as in previous studies***"%8, a local linear PSM is applied, using local near-surface air
temperature and/or precipitation (see Dalaiden et al.?® for the exact implementation).

Oceanic reconstruction.  The ocean-sea-ice model: the NEMO — SF model. Offline DA methods assume
no temporal memory during the reconstructed period, as each time step is reconstructed independently. This
approach is appropriate for atmospheric variables, where the time step of DA (i.e., one year) exceeds the predicta-
bility time for such variables (i.e., weak annual autocorrelation). However, this assumption is highly questionable
for oceanic variables, particularly for the ocean at mid-depth, given the large inertia of the ocean. As a result, we
cannot directly use the updated oceanic fields from the offline DA-based reanalysis. Instead, we employ an ocean
model to reconstruct the ocean state, using our atmospheric reanalysis as the forcing for the model. The ocean
model thus integrates atmospheric fluctuations to simulate the ocean state, ensuring temporal consistency.

Model configuration. 'We use NEMO 4.2%° with a nominal resolution of 1° at the Equator (grid eORCA1) and
75 vertical levels, following a configuration similar to that of Hutchinson et al.””. Given our focus on long-term
changes at multi-decadal to centennial timescales, we opted for a global configuration, as these changes may
be driven by large-scale fluctuations in ocean circulation, modifying water mass properties. Compared to pre-
vious eORCA1 configurations, Hutchinson et al.*’ included the explicit resolution of ocean circulation within
ice shelf cavities developed in a quarter-degree NEMO configuration’. Given the relatively low resolution of
eORCAL1 along the Antarctic coast, ocean circulation is explicitly resolved only within the three largest ice shelf
cavities: the Ross Ice Shelf, Filchner-Ronne Ice Shelf, and Larsen C Ice Shelf. The resolution of the ocean cir-
culation in these cavities was, partly, necessary to prevent unrealistic intrusions of warm water masses towards
the Ross Ice Shelf. The bathymetry is a combined dataset from derived from Earth Topography version 27!
and the International Bathymetric Chart of the Southern Ocean’ for sub-ice shelf bathymetry. Further details
on the implementation of ice shelf cavity openings can be found in Hutchinson ef al.¥’. NEMO is coupled
with the SI’ sea-ice model, which resolves both the thermodynamics and dynamics of sea ice’>%. Additional
details on the numerical schemes and parameter values can be found in the simulation namelists provided in
the Supplementary Materials.

The initial conditions for each NEMO — SI® simulation are based on the 1981-2010 climatology from the
World Ocean Atlas 2013 (WOA2013)7>7¢, unless otherwise specified. Since WOA2013 does not provide the
necessary fields within ice shelf cavities, Hutchinson et al.’ conducted regional simulations for the three major
ice shelves using NEMO, with boundary conditions derived from WOA2013. We therefore utilize these spatially
extended fields as initial conditions for our simulations (see Hutchinson et al.*’ for further details). In the three
resolved ice shelf cavities, the freshwater flux from ice shelf melting is directly computed within NEMO (see
Hutchinson et al.” for details of the calculation). The freshwater flux in other cavities is imposed from Depoorter
et al.”” and remains constant over time. A sea surface salinity restoring is applied in all simulations, nudging
towards the 1981-2010 WOA2013 climatology, except under sea ice. Although this restoring was necessary to
prevent a salinity drift and the formation of large open-sea polynyas in the Weddell Sea, this might partly sup-
press variability in the model, particularly on long timescales.

Long-term atmospheric forcing and methodology for building the atmospheric forcing. Since we use a
NEMO — SP® configuration without atmospheric coupling (standalone configuration), it is necessary to pre-
scribe air-sea fluxes. Specifically, NEMO — SI° requires several atmospheric forcing variables at the surface,
including sea-level pressure, near-surface air temperature, total and solid precipitation, meridional and zonal
wind components, shortwave and long-wave radiation fluxes, and near-surface specific humidity. NEMO — SI?
requires high temporal frequency atmospheric forcing. However, both the station-based reanalysis and
paleo-based reanalysis are only available at annual resolution. Additionally, these two reanalyses cover only the
Southern Ocean. In this section, we describe the method used to generate a transient global atmospheric forcing
dataset at 6-hourly resolution for the period 1700-2023.

Global atmospheric reanalysis over the past centuries. Since both the station and paleo-based reanalysis only
cover the high latitudes of the Southern Hemisphere and we employ a global ocean configuration, an atmos-
pheric forcing outside of the Southern Ocean is needed. We use the Modern Era Reanalysis (ModE-RA)* for
the global pre-satellite atmospheric reanalysis. ModE-RA combines instrumental measurements, documentary
data, paleoclimate records, and climate model simulations through a DA method. As ModE-RA provides time
anomalies, we recompute the climatology over 1981-2010 and add the corresponding climatology from the
latest ECMWF atmospheric reanalysis (ERA5)7, so that the mean state is bias-corrected based on ERA5. The
temporal resolution of ModE-RA is monthly; however, we compute the annual mean to keep consistency with
the station and paleo-based reanalysis. In contrast to our reanalyses, ModE-RA does not provide all the nec-
essary atmospheric fields to force the NEMO — SI? model. Specifically, surface winds, specific 2-m humidity,
and long-wave and short-wave radiation fluxes are not provided. Consequently, we derive these variables from
the available fields in ModE-RA. For surface winds, ModE-RA provides zonal and meridional winds at 850
hPa. To obtain winds at the surface, we apply spatially dependent scaling factors to the two wind components
at 850 hPa. These scaling factors are computed by comparing the wind components at the surface and 850 hPa
in ERA5. For 2-m specific humidity, we assume that monthly relative humidity remains constant over time,
based on the present-day conditions. We first compute the monthly climatology of near-surface air temperature,
specific 2-m humidity, and sea-level pressure from ERA5. From these, we derive the monthly climatology of rel-
ative humidity following the Clausius—Clapeyron relation (approximated based on the formula of Tetens). Then,
using reconstructed monthly near-surface air temperature and sea-level pressure, we compute the monthly 2-m
saturation specific humidity and apply the fixed relative humidity to obtain 2-m specific humidity over the full
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reconstruction period. This approach ensures that specific humidity evolves consistently with temperature and
pressure changes, while maintaining a constant relative humidity. This assumption is reasonable for non-limiting
moisture regions, such as oceans. The consideration of long-wave radiation flux changes is crucial. The change
in long-wave radiation flux (A LW) can be expressed as a temperature change (A T), specifically as the first term
in the Taylor expansion of the Stefan-Boltzmann Law:

ALW%4U€F3AT )

where o is the Stefan-Boltzmann constant (5.670373 x 10~% W - m~2 - K*) and ¢ is the atmospheric emissivity.
Using the Stefan-Boltzmann Law, we estimate a spatially dependent atmospheric emissivity based on ERAS.
Although the atmospheric emissivity varies annually (e.g., due to changes in cloud cover), we assume a constant
value over time. We do not account for changes in short-wave radiation flux for regions outside of the Southern
Ocean, as ModE-RA does not provide relevant variables (the 1981-2010 climatology from ERA5 is used).

The final atmospheric forcing used to drive NEMO — SI® is a merged product derived from the station-based
reanalysis, paleo-based reanalysis, ModE-RA, and ERAS5. For the period 1700-1957, the paleo-based reanalysis
is merged with ModE-RA between 42°S and 52°S using a cosine-weighted scheme. For the period from 1958
onward, the station-based reanalysis is merged with ERA5 with the same merging between 42°S and 52°S. For
consistency with the paleo-based reanalysis, we selected the station-based reanalysis relying on CESM1 for
building the prior. This results in a global atmospheric forcing dataset spanning from 1700 to the present. To
assess the performance of the paleo-based reanalysis, we evaluate the skill of key atmospheric variables (temper-
ature, precipitation, and winds) against both ERA5 and the station-based reanalysis.

Downscaling annually-resolved reanalysis for high-temporal atmospheric forcing. NEMO — SI° requires atmos-
pheric forcing inputs every 6 hours to account for, for instance, the influence of the diurnal cycle. However, our
reanalyses are only available at annual resolution. Therefore, to obtain a high-temporal atmospheric forcing,
we process as follows: 1. we downscale the annually-resolved reanalysis to the monthly resolution (monthly
downscaling); 2. we apply a seasonal bias correction based on ERA5 (seasonal bias correction); 3. we add the
high-frequency variability (i.e., weather variability) from ERAS5 (high-frequency variability).

Monthly downscaling.  As our reanalyses provide annual anomalies, we must distribute these anomalies across
individual months. In other words, we need to determine how the annual anomaly is expressed throughout the
year. For example, at high latitudes, shortwave radiation flux anomalies should occur during summer months. To
achieve this, we quantify the typical monthly distribution of anomalies in each variable using ERA5. Specifically,
we compute monthly spatial-dependent scaling factors (3,,, with m = 1, ..., 12) that are proportional to the
deviation of the monthly value from its monthly climatology, relative to the deviation of the annual value from
its annual climatology. The scaling factors are computed based on ERA5 data over the 1979-2022 period, and
are defined as:

. 12
B = VIR with o = =
o 12 Ovarm
very =100y (10)

where 0.,,,, and 0.,,, are the standard deviations of the monthly and annual values, respectively, for each forcing
variable (var). These monthly scaling factors are then used to downscale the annual anomalies from the reanal-
ysis to monthly anomalies as follows:

ANO,, = 3,, - ANO, a1

where ANO, is the annually-resolved anomaly from the reanalysis, and ANO,, is the resulting monthly anom-
aly. As a result, months that contribute more significantly to the annual variability receive proportionally
larger anomalies. This approach allows us to generate a monthly reconstruction (LF,,,) for both the station and
paleo-based reanalysis.

Seasonal bias correction. 'To convert anomaly fields into absolute fields, we add a reference monthly climatol-
ogy to the monthly reconstruction (i.e., LF,,.). The monthly climatology is computed from ERA5 over the 1981 -
2010 period and smoothed using a cubic spline, denoted as LE,;;,,. This ensures that the reconstructed forcing has
zero bias relative to ERA5, by construction.

High-frequency variability. To incorporate high-frequency variability over the monthly signal provided by
LF,,,, we derive this variability from ERA5, assuming that changes in the climate background have minimal
impact on sub-monthly variability. For this purpose, we follow the methodology outlined in a modeling study
that projected future oceanic conditions based on CMIP models”™. To generate high-frequency variability, we
follow the approach presented in Naughten et al.”®, which utilizes multiple decades to construct high-frequency
atmospheric variability. This method is particularly relevant for regions like Antarctica, where natural variability
is strong?. We use the 1981-2010 period to build the high-frequency variability at 6-hourly resolution. First, we
subtract the monthly mean from the 6-hourly time series of ERA5 forcing data. To ensure a smooth transition
between months, we apply a cubic spline to the monthly-mean time series. As a result, the derived 6-hourly time
series from 1981-2010 (30-year long) represents high-frequency variations without the monthly signal (HF,,,,;).

The final atmospheric forcing is then obtained as the sum of LF,,, HF,,,,;, and LF,,. HF,,,,, is cyclically
repeated over the period covered by the atmospheric forcing (i.e., 1700-2023).
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Fig. 2 Setup of the NEMO — SI® simulations presented in the study.

When constructing the atmospheric forcing, some variables may exhibit non-physical values, particularly
precipitation, specific humidity and short- and long-wave fluxes, where negative values can occasionally be
observed. To ensure the conservation of the annual anomaly, we set the time steps displaying negative values
to zero and apply a scaling factor to the other time steps. This scaling factor is defined as the ratio of the sum
of negative values to the sum of positive values (i.e., we reduce the positive values by this scaling factor). For
near-surface specific humidity, a similar correction is applied by ensuring that the relative humidity does not
exceed 100%. When this occurs, the near-surface specific humidity is adjusted to correspond to 100%. For all
other time steps, the near-surface specific humidity is increased to maintain the same annual anomaly.

Experimental design of oceanic simulations. The experimental design of the NEMO — SI* simulations
is outlined in Fig. 2. To force NEMO — SI® with a transient atmospheric dataset covering the past 300 years, we
must start from pre-industrial conditions. Therefore, we first performed a 1000-year control simulation under
18th-century climate conditions. Specifically, the period 1701-1730 (considered as representative of the 18th
century atmospheric conditions) from the atmospheric forcing dataset was cyclically repeated over 1000 years,
ensuring sufficient time for the model to reach equilibrium and prevent drift in the subsequent transient simu-
lation. This control simulation was initialized from WOA20137>7¢ (see the section dedicated to the model con-
figuration). The final state of the control run was then used to initialize NEMO — SI® for a transient simulation
spanning the period 1700-2023. This simulation is driven by the entire atmospheric forcing that includes both the
paleo and station-based reanalysis as discussed in the section focused on the creation of the atmospheric forcing.
This simulation is referred as to the transient paleo simulation. We also conduct an additional NEMO — SI® sim-
ulation over 1958-2000 using only the paleo-based reanalysis as atmospheric forcing. Additionally, the control
simulation was extended for the same duration as the transient simulation to verify the absence of model drift. To
complement the transient paleo simulation, we also performed an additional NEMO — SI® simulation over the
period 1958-2023, initialized from the present-day conditions. For this setup, we followed the methodology of
Goosse et al.**: NEMO — SI® was first initialized from WOA2013 and forced with ERA5, repeating the 1981-2010
period twice. This was followed by a 10-year spin-up phase using the 1958-1967 transient atmospheric forcing,
allowing for a smoother transition when initializing the model in 1958. Finally, the model was run from 1958
until 2023 using the transient atmospheric forcing. This simulation is referred as to the transient instrumental
simulation. Comparing the two NEMO — SI® simulations enables us to assess the influence of past climate varia-
bility on variability observed during 1958-2023.

Data Records

The dataset is available at Zenodo https://zenodo.org/records/15472051%. The archive includes atmospheric
reanalyses at annual resolution, covering key surface climate variables: sea-level pressure, surface meridional
and zonal winds, 2-m air temperature, precipitation, and sea-ice concentration, as well as regional Antarctic
sea-ice extent. These are provided for both the station-based and paleo-based reanalyses, with associated uncer-
tainty estimates, and are expressed as anomalies relative to 1981-2010 period and 1961-1990 period for the
station-based and paleo-based reanalysis, respectively. For the station-based reanalysis, we provide both the
ensemble mean (averaged across all reanalyses using different climate model priors) and each individual rea-
nalysis. The monthly atmospheric forcing used to drive the ocean model is also included (expressed in absolute
values). For the oceanic simulations from the transient paleo and instrumental experiments, the archive pro-
vides annual outputs of key physical variables - temperature, salinity, zonal and meridional currents, sea-ice
concentration, and barotropic streamfunction - restricted to the Southern Ocean. Monthly sea-ice concentration
fields are also included. All the variables from the oceanic simulations are expressed in absolute values. Each file
(in NetCDF) follows a consistent naming convention and includes metadata to clarify its contents.
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Technical Validation

To assess the skill of the atmospheric and oceanic reconstruction, we compare them with various existing obser-
vations and reconstructions. We mainly use three skill metrics. Ability to capture variability is quantified using
the linear Pearson correlation coefficient (r). Absolute skill is quantified using the Relative Root Mean Square
Error (RRMSE; %) defined as:

n ’ "n2
" (yl—x])
il %) x 100

RRMSE = —
im0 (12)
where indicates departures from the time mean, n is the number of samples (e.g., the length of the time series),
y represents the predicted values (e.g., the reanalysis), and x corresponds to the observational dataset. Low
RRMSE values indicate low errors. We also quantify the ensemble spread to ensure the ensemble encompasses
the reconstruction error (i.e., the difference between the reconstruction and the observation dataset) by comput-
ing the Ensemble Calibration Ratio (ECR), defined as:

n ( .'fxi')2
ECR = L y,—z
ni=1 Uy,i (13)

where az) ;is the variance of the ensemble of the reconstruction at time i. An ECR value of unity indicates that the
ensemble is correctly calibrated, meaning that it has sufficient spread to account for the reconstruction error.
Higher (lower) values indicate an underdispersive (overdispersive) ensemble, implying that the ensemble under-
estimates (overestimates) the error (i.e., the difference between the reconstruction and the observation dataset).
In general, ECR values higher than unity are less desirable than values lower than unity, as they indicate that the
estimated reconstruction uncertainty is too small to encompass the actual error.

Atmospheric reanalysis.  Station-based reanalysis. Figure 3 presents the maps of annual correlation coef-
ficients between the station-based reanalysis and ERAS5 for near-surface air temperature, sea-level pressure, pre-
cipitation, and zonal and meridional surface winds over 1979-2023. As highlighted in Goosse et al.*’, the
station-based reanalysis exhibits strong agreement with ERAS5 for near-surface air temperature (7 = 0.64; for lat-
itudes poleward of 50°South) and sea-level pressure (7 = 0.82) across the mid- to high-latitude regions of the
Southern Hemisphere. Despite no direct precipitation observations being used in the station-based reanalysis, the
reanalysis demonstrates decent skill in reproducing precipitation patterns (7 = 0.47), particularly over the
Southern Ocean near the Antarctic coast, as well as over the West Antarctic Ice Sheet and the Antarctic Peninsula.
Regarding surface winds, the station-based reanalysis performs well, with correlation coefficients of 7 = 0.61 and
7 = 0.67 for zonal and meridional surface winds, respectively. The agreement is particularly strong over the ocean,
though performance declines in specific coastal regions, such as Dronning Maud Land, where both zonal and
meridional wind correlations are lower. This discrepancy may be attributed to the complex orography of the East
Antarctic Ice Sheet as well as the presence of strong katabatic winds®!. It is important to acknowledge that the
evaluation of the reanalysis is performed using ERA5 as the observational reference. However, ERA5 is itself
subject to biases. Nevertheless, among state-of-the-art atmospheric reanalysis products, ERA5 has been shown to
exhibit comparatively lower biases relative to in situ and satellite-based observations over the Antarctic Ice
Sheet?!82,

Table 2 presents the three skill metrics for the Southern Annular Mode (SAM), integrated near-surface air
temperature and precipitation over the four main sub-Antarctic regions (West Antarctic Ice Sheet, East Antarctic
Ice Sheet, Antarctic Peninsula and Antarctic Ice Sheet as a whole), as well as regional sea-ice extents. The time
evolution of the SAM, a key metric related to the westerly wind variability?, is evaluated against the station-based
Marshall index® over 1958-2023 and is well reproduced (r = 0.90; RRMSE = 5.46%; ECR = 0.74). The mean
value of ECR, being lower than unity indicates that the ensemble is correctly calibrated and accounts for recon-
struction error (i.e., the difference between the station-based reanalysis and observations). Additionally, the
ensemble spread among all the reanalysis based on different model prior for r and RRMSE is small, suggesting
that the choice of the ESM in DA has little impact, the observational network contributing the most. For inte-
grated near-surface air temperature over the four sub- Antarctic regions, the station-based reanalysis demon-
strates strong performance (as already observed in Fig. 3), with a correlation coefficient of 0.92 for Antarctica as
a whole, an RRMSE of 6.07%, and an ensemble that remains correctly calibrated since the mean ECR is lower
than unity. In contrast, precipitation shows weaker skill (r = 0.55; RRMSE = 12.62% for Antarctica as a whole),
though better performances for the Antarctic Peninsula. The mean ECR is larger than unity, suggesting that the
ensemble underestimates the error. Overall, the ensemble spread is also larger compared to SAM and regional
temperature, which is expected since precipitation observations are not assimilated, making the simulated
covariance of the ESM having a central role in the final reanalysis. Additionally, although ERA5 demonstrates
good performance over Antarctica for near-surface air temperature and winds®®2, precipitation estimates are
associated with larger uncertainties. These biases may partly account for the lower agreement observed between
ERAS5 and the station-based reanalysis for precipitation compared to other variables. Therefore, we repeated the
evaluation using the polar-oriented Regional Atmospheric Climate Model RACMO2.3p2%, which has been
extensively evaluated and is considered a reliable benchmark for surface mass balance components over the
Antarctic Ice Sheet. Results show similar results using ERA5 (7 = 0.55, RRMSE = 12.81% and ECR =1.92 for
Antarctica as a whole). Finally, regional sea-ice extents are relatively well captured across all regions, despite the
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Fig. 3 (left) Annual correlation coeflicients between the station-based reanalysis and ERA5 over 1979-2023 for
near-surface air temperature, sea-level pressure, total precipitation, and zonal and meridional surface winds.
(right) Correlation coeflicients between the station-based reanalysis and the paleo-based reanalysis over 1958-
2000 for the same variables.

absence of direct sea-ice observations in the assimilation process. Notably, the Weddell and Bellingshausen/
Amundsen seas show good skill (» = 0.71 and r = 0.67, respectively), with RRMSE values remaining consistent
across all regions (approximately 12%). ECR values indicate that the ensemble effectively accounts for model
uncertainty. Further validation for sea ice is provided in the section assessing the historical variability of the
ocean.
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E | RRMSE [%] | ECR

Atmospheric modes

Southern Annular Mode [090% £0.01 [546 £0.24 [0.74 £025
Near-surface air temperature

West Antarctic Ice Sheet 0.78* £0.05 |9.56 £0.71 | 0.58 £0.13

East Antarctic Ice Sheet 0.92% £0.02 | 6.39 £0.54 |0.88 £0.33

Antarctic Peninsula 0.88* £0.03 |7.39 £0.71 | 0.46 +0.27

Antarctic Ice Sheet 0.92* £0.02 | 6.07 £0.67 | 0.66 +0.30
Precipitation

West Antarctic Ice Sheet 0.68* +0.05 | 11.45 £0.54 | 1.18 +0.47

East Antarctic Ice Sheet 0.65* +0.07 | 12.18 £0.58 | 1.87 £0.79

Antarctic Peninsula 0.86* £0.03 | 10.43 £0.51 | 3.70 +2.41

Antarctic Ice Sheet 0.55% £0.10 | 12.62 £0.85 | 1.90 £0.91
Seaice

Bellingshausen/Amundsen Sea | 0.71 * +0.12 | 10.75 £ 1.57 | 0.37 £0.27

Weddell Sea 0.67 * £0.05 | 11.08 +0.64 | 0.95 4+ 0.38

King Hakon 0.59* +£0.14 | 12.10 £1.75 | 0.75 £ 0.90

East Antarctica 0.55* 4 0.06 | 12.83 £0.80 | 0.82 £ 0.63

Ross Sea 0.57* £0.16 | 12.45 £1.66 | 0.67 £ 0.43

Southern Ocean 0.55% +0.09 | 12.67 £0.77 | 0.79 £0.47

Table 2. Evaluation metrics for the annually resolved station-based atmospheric reanalysis for the Southern
Annular Mode (compared against the Marshall index®® over 1958-2023), regional near-surface air temperature
and precipitation (compared against ERA5 over 1979-2023), and regional sea-ice extent (compared with
NSIDC? over 1979-2023). The definitions of the regions for near-surface air temperature and precipitation
follow Steig et al.!?*: the West Antarctic Ice Sheet (60-180°W, south of 72°S), the East Antarctic Ice Sheet
(60°W-180°E), and the Antarctic Peninsula (60-180°W, north of 72°S). The five sea-ice extent regions are
defined as follows: Amundsen/Bellingshausen Seas (110°W-70°W), Weddell Sea (70°W-15°W), King Hakon
sector (15°W-70°E), Indian sector (70°E-165°E), and Ross Sea (165°E-110°W). Correlation coefficients (r),
RRMSE, and ECR values are presented for the multi-model ensemble mean, along with the standard deviation of
the multi-model ensemble. Statistically significant correlations at the 95% confidence level are marked with stars.

Finally, we evaluate the reconstructed temperature at the weather station locations where observations are
assimilated by comparing them with these observations and ERA5 (Fig. 4). For the 22 assimilated temperature
time series, the station-based reanalysis successfully reproduces the observed temperature variability (¥ = 0.82),
except at Marion Island, where it fails to capture the warming trend from 1958 to the early 21st century. The
anomalously low reconstructed temperature at the Marion Island location is likely due to the limited spatial
extend of the sub-Antarctic island, which prevents the model from adequately capturing the thermal contrast
between land and surrounding ocean. In contrast to the station-based reanalysis, ERA5 simulates a pronounced
warming over 1958 to the beginning of the satellite period (i.e., 1979) for several East Antarctic locations,
including Novolazarevskaya, Mawson, Davis, Dumont d'Urville, Neumayer-SANAE, and McMurdo (see Fig. 1
for specific locations). This aligns with recent findings®, which highlight substantial temperature biases in ERA5
before the satellite era. Similar biases are also evident in ERA5 for atmospheric pressure (Fig. S1).

Paleo-based reanalysis. ~ Since the skill of the paleo-based reanalysis has already been extensively evaluated in
Dalaiden et al.?’ and Dalaiden, Rezsohazy et al.’!, we only provide a brief summary here. The performance of the
paleo-based reanalysis is assessed by comparing it with the station-based reanalysis over the 1958-2000 period,
as the overlap with ERA5 (1979-2000) is too short for a robust evaluation. Overall, the paleo-based reanalysis
shows good agreement with the station-based reanalysis for sea-level pressure, near-surface air temperature,
precipitation and winds in the Atlantic and Pacific sectors, while a much larger disagreement is noticed in the
East Antarctic sector (Fig. 3). This reduced skill in East Antarctica, also reported in other paleo-based recon-
structions using similar methods®*%S, is primarily associated with the limited number of records in this region,
the higher noise in ice-core records (often located in low-accumulation zones), and the complex topography,
which coarse-resolution climate models struggle to represent accurately. Reconstructed sea-ice extent is dis-
cussed later in the section related to the historical variability of the ocean. For a more detailed evaluation, we
also refer the reader to Dalaiden et al.?® and Dalaiden, Rezsohazy et al.*!, as well as Goosse et al.* for the recon-
structed sea-ice extent from the paleo- and station-based atmospheric reanalyses.

Oceanic reanalysis. Overall representation over present-day conditions. Before evaluating the historical
variability of the Southern Ocean over the past centuries, we first assess whether NEMO — SI°, when forced by
the reconstructed atmospheric forcing, accurately reproduces the mean state of main oceanic features. Figure 5
presents the 1981-2010 climatology of the barotropic stream function from both the transient instrumental and
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Fig.4 Annual time series of near-surface air temperature (relative to the 1958-2023 period; in °C) from
Antarctic and sub-Antarctic weather stations over 1958-2023, based on observations (obs; black), the station-
based reanalysis (recon; red), and ERA5 (green). The red shading represents one standard deviation of the
ensemble of the station-based reanalysis. The geographical locations of each weather station are shown in Fig. 1.

paleo simulations, along with temperature and salinity at seabed, compared against WOA20137>7¢, which is used
as the observational reference dataset.

Albeit in both simulations, the barotropic stream function follows the general path of the Antarctic
Circumpolar Current (ACC)* and both simulations capture the Weddell and Ross gyres (negative values of the
barotropic stream function indicate a clockwise circulation), the Ross Gyre extends farther into the Amundsen
Sea and northward in the transient instrumental simulation, differing from previous studies®. The ACC trans-
port through Drake Passage is 118 Sv in the transient instrumental simulation and 144 Sv in the transient paleo
simulation. The latter is in better agreement with the observed values (137-173 Sv***%; but in the low range) and
the estimated transport of approximately 155 Sv from two oceanic reanalyses®"?2. We also notice weaker Ross
and Weddell gyres in the transient paleo simulation (20 Sv and 40 Sv, respectively; defined as the maximum
barotropic stream function in the two areas) compared with the transient instrumental simulation (34 Svand 48
Sv, respectively). The transient paleo simulation is in better agreement with the Southern Ocean State Estimate®!,
with transport values of 20 &= 5 Svand 40 =+ 8 Sv for the Ross and Weddell gyres.

The simulated temperature at seabed shows overall good agreement with observations, capturing key ther-
mal structures such as warm water masses over the continental shelf in the Amundsen and Bellingshausen
Seas (though slightly overestimated) and colder conditions in East Antarctica (Fig. 5). Cold conditions are also
observed in the Weddell and Ross Seas and their surroundings. As a note, the transient paleo simulation has
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a cold bias over the continental slope in East Antarctica. This bias could be related to the fresh bias and to the
coarse spatial resolution on these narrow ice shelves. However, uncertainties in the observational dataset are also
important in that sector®.

Salinity plays a critical role in accurately simulating global oceanic circulation. In the high-latitude Southern
Ocean, the formation of High Salinity Shelf Water (HSSW) on the continental shelves - particularly in the Ross
and Weddell Seas - is a key precursor to the production of Antarctic Bottom Water. Compared to the WOA,
the salinity at seabed from the transient instrumental simulation shows a strong fresh bias over the continental
shelves, especially in the western Ross and Weddell Seas, which limits HSSW formation. In contrast, the tran-
sient paleo simulation exhibits a much smaller bias (around 0.04 gkg™"), likely due to its longer integration time
(1,400 years), which allows the deep ocean to reach a more stable and physically consistent state. However, the
transient paleo simulation still presents a fresh bias over the East Antarctic shelf, potentially due to the absence
of coastal polynyas formed by landfast ice®. Additionally, a fresh bias is noticed in the deep ocean (approxi-
mately 0.09 g kg™"), which may be attributed to model drift.

Finally, regarding sea ice, both the transient instrumental and paleo simulations accurately reproduce
the main observed annual sea-ice concentration pattern (Fig. 6) as well as the total annual Antarctic sea-ice
extent (13.2 x 10°km? and 11.7 x 10°km?, respectively), which aligns well with satellite-based observations of
12.6 x 10°km?. During the austral winter, the simulations closely match observations, whereas in the austral
summer, it tends to underestimate the observed sea-ice cover, especially in the Indian sector where the simu-
lations display no ice. As noted for the salinity bias, the lack of sea ice in the Indian sector may be linked to the
non-resolution of landfast ice in our simulations.

Historical Southern Ocean Sea Surface Conditions since 1700.  As the presented NEMO — SI® simulations are
not coupled to the atmosphere, we expect that the sea surface conditions are similar to the atmospheric forcing,
in particular for the sea-ice cover because the fingerprint of the sea-ice edge is present in the near-surface air
temperature fields used in the atmospheric forcing. However, NEMO — SI® may bring additional information to
the simulated sea surface conditions, related to the contribution of oceanic processes, which might thus result
in different sea surface conditions.

Sea Surface Temperature. For sea surface temperature (SST), we compare our simulations with OISST**, which
is based on in-situ oceanic observations and satellite observations. For the earlier period, we also use ERSSTv5%.
However, ERSSTv5 exhibits substantial biases prior to 1980 at high southern latitudes due to the scarcity of
observations, relying almost entirely on spatial interpolation from lower latitudes. Unlike OISST, ERSSTv5
does not incorporate satellite observations. Figure 7 presents the time series of annual SST averaged over the
Southern Ocean (50°-60°S) from OISST, ERSSTv5 and the two NEMO — SI® simulations. As expected, the two
simulations are very similar to each other, explained by the common atmospheric forcing and the surface salin-
ity restoring. Overall, the simulations are consistent with OISST, capturing the observed cooling from 1982 to
around 2000, followed by a subsequent warming trend to the present (albeit underestimated). Additionally, the
simulations show a warming period from 1958 to 1980, a cooling phase until approximately 2000, and a warm-
ing thereafter, reflecting pronounced multi-decadal variability. In contrast, ERSSTv5 exhibits a stronger ampli-
tude of variability, with a more pronounced warming prior to 1980 and a sustained cooling until about 2010.
This discrepancy may stem from larger uncertainties in ERSSTv5 during this period, as well as uncertainties in
the sea-ice mask applied to SST products, which is particularly uncertain before 1979%, and may influence SST
estimates further north. Prior to 1958, SST products over the Southern Ocean are highly uncertain, making it
difficult to draw robust conclusions about long-term variability.

Sea-ice extent.  To assess historical sea-ice extent variability in the two NEMO — SI3 simulations, we first
compare them with the reconstructed sea-ice extent derived from the atmospheric reanalysis, which serves as
the atmospheric forcing for the simulations (Fig. 8). The differences between the two highlight the influence of
ocean dynamics on sea-ice changes. We then evaluate our NEMO — SI? simulations against the satellite-based
NSIDC product®* for the 1979-2023 period. For the 20th century, we compare our results to the reconstruction
of Fogt et al.”’. This reconstruction is based on mid-latitude atmospheric teleconnections linking atmospheric
pressure and near-surface air temperature from long-term weather stations as well as climate mode indexes to
regional and Antarctic-wide sea-ice extent at the seasonal timescale.

During the satellite period, all the reconstructions show relatively good agreement with the observations
(Fig. S2), although they struggle to reproduce the total sea-ice extent maximum observed in 2014, mainly arising
from an underestimation of the reconstructed sea-ice expansion in the King Hakon and Indian sectors as well
as the Weddell Sea. Regarding the 1979-2014 period, the instrumental and paleo simulations virtually exhibit
no trend in total Antarctic sea-ice extent compared to the positive, statistically significant trend from NSIDC.
As highlighted in Goosse et al.*?, this discrepancy primarily results from an underestimation of the 2014 sea-ice
maximum in both simulations. Additionally, the paleo simulation exhibits a pronounced sea-ice minimum
around 2003 in the Bellingshausen/Amundsen and King Hakon sectors (in contrast with satellite-based obser-
vations and instrumental simulation), contributing to a delayed recovery and weaker trend over the period. This
behavior underscores the influence of ocean memory and highlights how anomalies from some sectors may lead
to divergent total Antarctic trends. Overall, although the paleo simulation is expected to better reproduce the
present-day variability of the sea-ice extent than the instrumental simulation - due to a more physically consist-
ent initialization — biases in the ocean-sea-ice model as well as in the atmospheric forcing may still introduce
undesired behaviors, such as the 2003 sea-ice minimum that is not present in the instrumental simulation.
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Fig. 5 (top) Annual salinity and temperature at the sea bed from WOA, averaged over 1981-2010. (middle
and bottom) Annual barotropic stream function, salinity, and temperature at the sea bed from the transient
instrumental and paleo simulations averaged over 1981-2010. The pink contour in the barotropic stream
function corresponds to 0 Sv while the dashed pink contour for the salinity and temperature at the sea bed
salinity represents the 1,200 m isoline.

Regarding the 20th century, compared to the reconstruction of Fogt et al.”’, both the atmospheric reanalysis
and the transient paleo simulation indicate higher values for the total Antarctic sea-ice extent in the early 20th
century (Fig. 8). Over 1905-1930, the difference with the Fogt et al.”’ reconstruction reaches 0.36 x 10°km?
for the atmospheric reanalysis and 0.82 x 10°km? for the transient paleo simulation. The larger differences
observed in the transient paleo simulation may reflect the influence of ocean memory responding to earlier
atmospheric forcing, or the impact of remote oceanic changes — potentially driven by remote atmospheric var-
iability. Investigating the origin of these discrepancies is key to improving our understanding of low-frequency

SCIENTIFICDATA|  (2025) 12:1574 | https://doi.org/10.1038/s41597-025-05808-w 14


https://doi.org/10.1038/s41597-025-05808-w

www.nature.com/scientificdata/

Transient instrumental run

NEMO NEMO NEMO
Sea ice concentration - ANN Sea ice concentration - JAS Sea ice concentration - JFM

Transient paleo run

NEMO NEMO NEMO
Sea ice concentration - ANN Sea ice concentration - JAS Sea ice concentration - JFM

Fig. 6 Sea-ice concentration from the transient instrumental and paleo simulations averaged over 1981-2010
for the annual, winter, and summer means. The green line represents the simulated sea-ice edge (defined

as the 15% concentration), while the red line indicates the corresponding edge derived from satellite-based
observations (NSIDC G02202)°.
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Fig. 7 Annual time series of sea surface temperature anomalies over the Southern Ocean (50°-60°South) based
on OISST?*%, ERSSTv5%, transient instrumental and paleo simulations over 1958-2023. Anomalies are relative to
the 1982-2010 period.
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Fig. 8 Annual time series of regional sea-ice extent (10°km?) for the five main Antarctic regions, as well

as the total integrated extent for the Southern Hemisphere, based on observations (NSIDC G02202; black),
the reconstruction of Fogt et al.’” (magenta), the hybrid atmospheric reanalysis (atmospheric recon; green),
the transient paleo simulation (blue), and the transient instrumental simulation (red) over 1700-2023.

The thin lines represent the annual time-series while the thick lines are the 11-yr running averages. For the
NEMO — SP® simulations and the atmospheric reanalysis, the mean bias over 1981-2010 has been removed to
match the observed 1981-2010 values. The five regions are defined as follows: the Amundsen/Bellingshausen
Seas (110°W-70°W), the Weddell Sea (70°W-15°W), the King Hakon sector (15°W-70°E), the Indian sector
(70°E-165°E), and the Ross Sea (165°E-110°W).

and long-term sea-ice variability, particularly the role of oceanic processes. Furthermore, while our simula-
tions suggest a more substantial sea-ice extent loss over the past century, the reconstruction by Fogt et al.>’
indicates relatively modest changes, with the most notable decline confined to the Weddell Sea. As highlighted
by Goosse et al., the lower sea-ice extent values over the 20th century in Fogt et al.>” may be attributed to the
reconstruction method relying on the atmospheric teleconnections, which could significantly underestimate
the contribution of the ocean, as well as the non-inclusion of high-latitude observations, which primarily drive
the long-term trends observed in the atmospheric reanalysis®*. The best agreement is found in the Weddell Sea,
where observations from the Orcadas station are incorporated into all reconstructions, underlying the critical
role of high-latitude observations in capturing the long-term trends.

The content of Methane Sulphonic Acid (MSA) in Antarctic ice cores has been widely used in previous stud-
ies (see Thomas et al.”” for a review on paleoclimate proxies for sea-ice changes) to reconstruct past sea-ice condi-
tions. The decline in sea-ice extent observed in the Bellingshausen/Amundsen Sea since around 1850 in both the
transient paleo simulation and the atmospheric reconstruction aligns with the findings of Abram and Thomas®*,
who used a MSA record from the Antarctic Peninsula to suggest a continuous retreat of the sea-ice edge since
1900. Similarly, based on a MSA ice core record from West Antarctica, Thomas ef al.”® reported a weak yet steady
sea-ice expansion in the Ross Sea starting around 1940, superimposed by pronounced multi-decadal variability.
The NEMO — SP® simulations and the atmospheric reconstruction do not show statistically significant long-term
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Fig. 9 Annual time series of mean oceanic temperature anomalies over the Southern Ocean (50°-80° South;
upper 300 m; °C) from the transient paleo and instrumental simulation, and EN4 over 1958-2023. Anomalies
are relative to the 1981-2010 period.

changes in this region but capture the multi-decadal variability. Besides, the transient paleo simulation displays
a substantial sea-ice expansion in 1940-1970. The MSA record used in Thomas et al.”® may reflect not only
sea-ice changes but also changes in atmospheric circulation, as the onset of the observed sea-ice expansion coin-
cides with a deepening of the Amundsen Sea Low?>!%, a persistent low-pressure system off the West Antarctic
coast. In the Weddell Sea, the sea-ice decline over the 20th century captured by the NEMO — SI? simulations
and atmospheric reconstruction is consistent with observations of reduced landfast ice formation and shorter
ice duration since the early 20th century'®. Finally, German and Russian Antarctic Atlases suggest that the
Southern Ocean in the early 20th century was covered by much more ice compared to the satellite period'®%
According to these sources, Antarctic sea-ice extent has declined by approximately 50% between the beginning
of 20th century and present-day conditions. Although these atlases are associated with large uncertainties, the
transient paleo simulation indicates a larger Antarctic sea-ice decline than both the transient instrumental sim-
ulation and the atmospheric reconstruction.

The transient paleo simulation displays a larger temporal variability compared with the atmospheric reanal-
ysis (about two times larger when considering the total Southern Hemisphere over 1700-2023). Additionally,
except for the Indian Sector, the transient paleo simulation displays a much larger sea-ice loss since 1950 com-
pared with the atmospheric reanalysis (for the total Southern Hemisphere sea-ice extent, —0.25 x 10°km?dec-
ade™'and —0.13 x 10°km?decade™" for the transient paleo simulation and atmospheric reanalysis, respectively).
In contrast with the atmospheric reanalysis, a sea-ice expansion is also noticed for the Weddell Sea over 1800-
1950 and in Ross Seas over the early mid-20th century in the transient paleo simulation. Yet, a few studies?>!0>104
indicate that these two regions display a large multi-decadal in the ocean variability, which ultimately impacts
the sea-ice cover. Finally, differences between the transient paleo and instrumental simulations are also observed,
with the transient paleo simulation exhibiting a greater overall sea-ice loss (a difference of 0.07 x 10°km? in the
total sea-ice extent trend over 1958-2023). Since the two simulations are driven by the same atmospheric forc-
ing, the differences stem from the initial conditions, which have a greater influence at the beginning of the sim-
ulation but continue to be substantial at the end of the simulation. Stronger sea-ice extent trends are observed in
the transient paleo simulation across all regions except for the Indian sector.

Historical oceanic temperature and circulation of the Southern Ocean since 1700. Evaluating subsurface ocean
temperature in the Southern Ocean is much more challenging than assessing SST, primarily due to the lim-
ited availability of observations!!. Although gridded oceanic datasets are available, these products contain large
uncertainties at high southern latitudes, especially beneath sea ice, where virtually no subsurface temperature
profiles exist prior to the 1990s. As an initial assessment, we compare the annual mean ocean temperature
integrated over the upper 300 meters from the two NEMO — SI® simulations with the EN4 analysis'®®, which
is based on available subsurface observations, for the period 1958-2023 (Fig. 9). This comparison should not
be considered a formal evaluation, as EN4 in the Southern Ocean largely relies on spatial interpolation from
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Fig. 10 Annual time series of mean oceanic temperature anomalies over 40°-50°South, 40°-80°South and
50°-80°South (upper 800m; °C) the transient paleo and instrumental simulations, and EN4 over 1700-2023.
Anomalies are relative to the 1981-2010 period.

lower-latitude observations. Both simulations and EN4 reveal a warming phase from 1958 to the early 1990s, a
relatively stable period afterwards, and then a subsequent warming. However, EN4 shows a larger amplitude of
temperature change, consistent with SST trends from ERSSTv5 (which does not include observations from high
southern latitudes before 1980). While the two simulations agree reasonably well when averaged over the entire
Southern Ocean, substantial regional differences emerge (Fig. 9). Dividing the Southern Ocean into two sectors
— West Antarctica (165°E-70°W) and East Antarctica (70°W-165°E) - reveals different behaviors: the transient
paleo simulation shows cooling from 1958 to 2023 in the East Antarctic sector and warming in the West, while
the transient instrumental simulation suggests the opposite. These contrasting results underscore the impor-
tance of model initialization in determining the simulated evolution of ocean temperatures.

To further assess the skill of the transient paleo simulation, we compute the annual ocean temperature over
the upper 800 m of the Southern Ocean at mid-latitudes (Fig. 10), specifically between 40° and 50° South.
Although this region is north of the Antarctic continent, it benefits from a higher density of observations and
has exhibited a clear warming trend since the mid-20th century'®!!, making it a valuable region for evaluat-
ing the simulation. In addition to showing overall agreement with observations, the transient paleo simulation
suggests that this warming trend may have begun in early 20th century. When extending the ocean heat con-
tent calculation to include high-latitude regions (40°-80° South), a significant discrepancy emerges: while EN4
indicates a steady warming trend since the mid-20th century, the transient paleo simulation instead suggests a
more moderate warming with pronounced multi-decadal fluctuations. This disagreement becomes even more
pronounced when focusing solely on the high-latitude region (50°-80° South), where EN4, like in other regions,
depicts a strong warming trend, whereas the transient paleo simulation shows no clear trend since the 1950s. As
previously noted, EN4 uncertainties are particularly large in this region, especially under sea ice.

We assess temperature variability over the Antarctic continental shelf (<1,200 m) by integrating oceanic
temperature between 200 and 700 m - a key proxy for ice shelf melt rates'* - from the two NEMO — SI® sim-
ulations (Fig. 11). Reliable, continent-wide observations of ice shelf melt rates have only been available since
1994?3197 making it highly challenging to evaluate long-term variability. Except for the Western Atlantic sector,
the two simulations exhibit significant differences in historical variability over 1958-2023. For Antarctica as a
whole, the transient paleo simulation shows a warming trend of 0.033 °C decade ™! (p-value < 0.001) over 1980-
2023. However, as observed, this warming is regionally heterogeneous: while the sectors of Eastern Atlantic and
Western Pacific show limited warming, the Western Pacific and Eastern Atlantic sectors (i.e., Amundsen,
Bellingshausen, and Weddell Sea) have warmed significantly (on average, 0.053 °C decade ™, statistically signif-
icant at the 99% confidence level). Albeit the average 200-700m oceanic temperature over the continental shelf
does not correspond to the ice shelf melt rates, Naughten et al.!% shows it is a relatively good proxy, at least for
the Amundsen Sea. Therefore, the higher ice shelf melt rates observed over the past decades?>~>* are coherent
with the warmer ocean over the continental shelf.

Jacobs et al.!® reported a freshening in the southwest Ross Sea that is not captured by the paleo simulation.
This freshening is driven by the increased ice shelf melt in the Bellingshausen and Amundsen Seas, which is
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Fig. 11 Annual time-series of oceanic temperature (°C) averaged over 200-700m for the five main continental
shelf regions of the Southern Ocean, along with the entire Southern Ocean from the transient instrumental and
paleo simulations over 1700-2023. To ensure comparability, the mean over 1981-2010 has been removed from
the transient instrumental simulation to align with the mean from the transient paleo simulation.

subsequently transported to the Ross Sea. The NEMO — SI° configuration used in this study lacks the spatial
resolution necessary to accurately represent ocean circulation within ice shelf cavities, and thus cannot simulate
the meltwater contributions from these smaller ice shelves, thus explaining the discrepancy with the study of
Jacobs et al.'%,

Finally, Fig. S3 presents the anomalies of salinity vertical profiles for the five main regions of the Southern
Ocean, along with the Southern Ocean as a whole, for both the transient paleo and instrumental simulations
since 1700. In the Atlantic sector, the transient paleo simulation reveals a period of large salinity anomalies at
mid-depth (200-400m) starting in the early 20th century, which reach the surface by the late 1960s. This triggers
convection reaching depth of several hundreds meters, which leads to the occurrence of large winter open-sea
polynyas in the simulation. This bears interesting similarities with observations of large winter open-sea polyn-
yas in the region during the 1970s (1974-1976; Weddell polynyas)!®. However, the simulated polynyas appear
earlier than those observed in the 1970s. This timing mismatch may result from limitations in the atmospheric
reanalysis used to drive the ocean model. In particular, the reconstruction method may overestimate atmos-
pheric variability by attributing too much of the observed changes to atmospheric forcing, and not enough to
ocean variability. Because the reconstruction does not account for coupled ocean-atmosphere feedback, it may
artificially amplify atmospheric anomalies to match observed surface conditions. This could, in turn, prema-
turely trigger deep convection and the formation of open-ocean polynyas in the simulation.

Usage Notes

Our goal was to provide a coherent dataset for the atmosphere and ocean in Antarctica. This dataset is particu-
larly designed for investigating low-frequency climate variability and for driving regional ocean-sea-ice and
ice sheet models, to place observed changes over the past decades into a broader temporal context. This could
ultimately reduce uncertainties regarding the contribution of the Antarctic Ice Sheet and its surroundings in
the 21st future projections. Studying long-term climate variability in the high-latitude regions of the Southern
Hemisphere remains challenging due to the sparse observational network and important biases in climate mod-
els — even during the satellite era. Despite efforts to minimize uncertainties in both the atmospheric and oceanic
reconstructions, some degree of uncertainty is inherent due to limitations in, mainly here, paleoclimate records
and the ocean-sea-ice model.

For the atmospheric reconstructions, we recommend users rely on the ensemble mean of the station-based
reanalyses derived from different priors. This ensemble mean represents the the most robust estimate, as it
smooths out individual ESM errors and extracts the common signal across reconstructions based on different
ESMs. Since the paleo-based reanalysis is based on a unique prior, uncertainties related to the ESM used for
reconstructing might be larger. However, the ESM used for the paleo-based reanalysis is CESM1, which has been
intensively, and positively evaluated over the Antarctic region®**>>%, In contrast with the station-based reanal-
ysis, the number of assimilated records varies over time - increasing over time. As a result, the skill is higher
in more recent periods where more records are available. To assess the reliability of the paleo-based reanalysis,
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users should examine the ensemble spread, which provides a direct estimate of the constraint from the observa-
tions to the final reconstruction (reported as the standard deviation of the ensemble). A large spread indicates
weak constraint from observations. Additionally, because the spatial and temporal distribution of proxy records
is uneven, the skill of the reanalysis can vary significantly between regions. Users are therefore encouraged to
assess uncertainty regionally and temporally depending on the focus of their analysis.

Regarding the ocean-sea-ice simulations, comparisons with available observations over recent decades indi-
cate that the transient paleo simulation aligns more closely with observations than the transient instrumental
simulation, which is initialized from present-day conditions. However, the transient paleo simulation exhibits
notable biases over the East Antarctic sector. We argue that these biases are primarily due to the lower skill of the
paleo-based atmospheric reanalysis in East Antarctica compared to West Antarctica. As such, for applications
focused on East Antarctica, we strongly advise users to carefully evaluate the behavior of the simulation in this
region.

In addition, the transient paleo simulation displays pronounced multi-decadal variability, particularly at
the regional scale. Importantly, this large variability is not constrained by oceanic observations, and substantial
temperature anomalies seen in some regions are not yet fully understood. While the transient paleo simula-
tion provides physically consistent responses to the reconstructed atmospheric forcing, it should be viewed as
an uncertain historical realization rather than a validated reconstruction of past ocean conditions. However,
although the reliability of this low-frequency variability is difficult to assess — mainly due to the scarcity of
observations - there are studies considering discrepancy between ESM simulations and paleoclimate records in
this regard®. ESMs tend to simulate much weaker low-frequency variability than is inferred from paleoclimate
records. The enhanced multi-decadal variability seen in the transient paleo simulation therefore may be in better
agreement with paleoclimate evidence. Nevertheless, this strong low-frequency variability is a key characteris-
tic of the dataset and could pose challenges for certain applications - especially for ocean-sea-ice or ice sheet
models calibrated using only the instrumental period, which may not capture the full range of natural variabil-
ity. In such cases, we recommend that users assess the amplitude of low-frequency variability in their region of
interest to ensure compatibility with their model framework. For users primarily interested in pre-industrial
conditions and seeking to minimize the potential issues related to the low-frequency variability, we recommend
averaging the transient paleo simulation over a period prior to 1950 to derive a representative estimate of the
pre-industrial climate state. Additionally, users may find it valuable to compare the transient instrumental and
paleo simulations. The transient paleo simulation likely better captures low-frequency variability due to a more
realistic representation of oceanic circulation, but it may also be more susceptible to model biases®. In contrast,
the transient instrumental simulation is expected to more closely resemble the observed present-day state, yet it
may significantly underestimate historical oceanic changes, especially at depth.

Finally, this dataset is based on a coarse spatial resolution (i.e., 1°) for both the atmosphere and ocean, and
is therefore primarily designed to capture large-scale features. Caution is advised when using it to study local
processes. For such applications, we recommend first assessing the performance of the reconstruction at the
zone of interest and, if needed, applying a downscaling method - either statistical or dynamical (e.g., using a
regional ocean-sea-ice model) - to enhance spatial resolution and to reduce these biases. Future versions of this
dataset will aim to:

1. implement a method to improve the consistency between atmospheric and oceanic reanalyses by produc-
ing a fully coupled atmosphere-ocean reanalysis over the past centuries''’;

2. apply a statistical downscaling technique to increase the spatial variability in the atmospheric reanalysis''};

3. use a higher-resolution configuration of NEMO — SI? to explicitly resolve ocean circulation within all the

Antarctic ice shelf cavities”.

Code availability

The code for performing the atmospheric reanalysis can be found on Github (https://github.com/dalaiden/
DA _offline_PF). The code used for the NEMO — SI® simulations is publicly available by the NEMO consortium
(https://www.nemo-ocean.eu/) and is distributed under the CeCILL license (http://cecill.info/licences/Licence_
CeCILL_V2-en.txt). All the data generated in the study are archived on Zenodo (https://doi.org/10.5281/
zenodo.15472051).
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