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Abstract The West Antarctic climate has witnessed large changes during the1

second half of the 20th century including a strong and widespread continental2

warming, important regional changes in sea-ice extent and snow accumulation,3

as well as a major mass loss from the melting of some ice shelves. However,4

the potential links between those observed changes are still unclear and in-5

strumental data do not allow determination of whether they are part of a6

long-term evolution or specific to the recent decades. In this study, we ana-7

lyze the climate variability of the past two centuries in the West Antarctic8

sector by reconstructing the key atmospheric variables (atmospheric circu-9

lation, near-surface air temperature and snow accumulation) as well as the10

sea-ice extent at the annual timescale using a data assimilation approach. To11

this end, information from Antarctic ice core records (snow accumulation and12

δ18O) and tree-ring width records situated in the mid-latitudes of the South-13

ern Hemisphere are combined with the physics of climate models using a data14

Q. Dalaiden
Université catholique de Louvain (UCLouvain), Earth and Life Institute (ELI), Georges
Lemaître Centre for Earth and Climate Research (TECLIM), Place Louis Pasteur, B-1348
Louvain-la-Neuve, Belgium
E-mail: quentin.dalaiden@uclouvain.be

H. Goosse
Université catholique de Louvain (UCLouvain), Earth and Life Institute (ELI), Georges
Lemaître Centre for Earth and Climate Research (TECLIM), Place Louis Pasteur, B-1348
Louvain-la-Neuve, Belgium

J. Rezsöhazy
Université catholique de Louvain (UCLouvain), Earth and Life Institute (ELI), Georges
Lemaître Centre for Earth and Climate Research (TECLIM), Place Louis Pasteur, B-1348
Louvain-la-Neuve, Belgium
Aix Marseille University, CNRS, IRD, INRA, College de France, CEREGE, Aix-en-Provence,
France

E.R. Thomas
British Antarctic Survey, Madingley Road, Cambridge, CB3 0ET, UK



2 Quentin Dalaiden et al.

assimilation method. This ultimately provides a complete spatial reconstruc-15

tion over the West Antarctic region. Our reconstruction reproduces well the16

main characteristics of the observed changes over the instrumental period. We17

show that the observed sea-ice reduction in the Bellingshausen-Amundsen Sea18

sector over the satellite era is part of a long-term trend, starting at around19

1850 CE, while the sea-ice expansion in the Ross Sea sector has only started20

around 1950 CE. Furthermore, according to our reconstruction, the Amundsen21

Sea Low pressure (ASL) displays no significant linear trend in its strength or22

position over 1850–1950 CE but becomes stronger and shifts eastward after-23

wards. The year-to-year sea-ice variations in the Ross Sea sector are strongly24

related to the ASL variability over the past two centuries, including the recent25

trends. By contrast, the link between ASL and sea-ice in the Bellingshausen-26

Amundsen Sea sector changes with time, being stronger in recent decades than27

before. Our reconstruction also suggests that the continental response to the28

variability of the ASL may not be stationary over time, being significantly29

affected by modification of the mean circulation. Finally, we show that the30

widespread warming since 1958 CE in West Antarctica is unusual in the con-31

text of past 200 years and is explained by both the deeper ASL and the positive32

phase of the Southern Annular Mode.33

Keywords climate reconstruction · Antarctic · ice cores · climate models ·34

data assimilation35

1 Introduction36

The Antarctic Ice Sheet is the biggest reservoir of fresh water on Earth that37

would potentially raise the global sea-level by 58m if the entire ice sheet melted38

(Shepherd et al., 2018). Despite the remote location, the Antarctic and the39

Southern Ocean have experienced major climate changes over the past decades40

(e.g., Jones et al., 2019; Bromwich et al., 2013; Medley and Thomas, 2019;41

Pritchard et al., 2012), demonstrating large variability and their vulnerability42

to the global climate change.43

The largest changes have been found over the Antarctic Peninsula and the44

West Antarctic Ice Sheet (hereafter WAIS) (e.g., Jones et al., 2019), together45

forming West Antarctica. A major warming has been observed since the Inter-46

national Geophysical Year (i.e., 1958 CE), far exceeding the global warming47

during the same period (Vaughan et al., 2003; Turner et al., 2005a; Nicolas48

and Bromwich, 2014). Although the warming is particularly pronounced over49

the Peninsula, the warming over the central WAIS since the 1950s is one of the50

fastest recorded on Earth (Steig et al., 2009; Bromwich et al., 2013). Moreover,51

in the last decades, glaciers from West Antarctica (especially the Thwaites and52

Pine Island glaciers) have been losing mass at the ocean-ice shelf (i.e., the float-53

ing part of the glacier) interface at an accelerated rate (Pritchard et al., 2012;54

Rignot et al., 2019). This ice shelf melting positively contributes to the global55

sea-level rise, by directly enhancing the ice flow to the Southern Ocean. In con-56

trast with these spatially homogeneous changes, snow accumulation integrated57
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over West Antarctica has increased at an increased pace over the 20th century,58

but with strong regional differences (Medley and Thomas, 2019; Wang et al.,59

2019). While the Antarctic Peninsula and the Eastern WAIS have gained mass60

at the surface through snow accumulation, the Western WAIS has displayed a61

snow accumulation decrease (Medley and Thomas, 2019; Wang et al., 2019).62

Additionally, a large reduction of the sea-ice extent has been noticed in the63

Bellingshausen/Amundsen Sea sector that contrasts with an expansion in the64

Ross Sea sector over the satellite era (starting from 1979 CE) (Parkinson,65

2019).66

The observed changes in West Antarctica are not independent of each67

other, and have been widely attributed to changes in atmospheric circulation68

(e.g., Bromwich et al., 2013; Thomas et al., 2013; Steig et al., 2013), charac-69

terized by an increase in the intensity and a poleward shift of the westerly70

winds (Westerlies) (Marshall, 2003). This has been observed as a deepening71

in the Amundsen Sea Low (ASL), a quasi-stationary low-pressure system lo-72

cated off the Amundsen coast (hereafter ASL) (e.g., Raphael et al., 2016).73

Due to its location, variations in both the strength and position of the ASL74

strongly modulate the West Antarctic climate (e.g., Hosking et al., 2013). For75

instance, a stronger ASL enhances the northerly flow (onshore winds) to the76

continent, which warms the Antarctic Peninsula and the eastern WAIS (e.g.,77

Hosking et al., 2013) and increases snow accumulation (Turner et al., 2005b;78

Thomas et al., 2008). At the same time a stronger ASL enhances the southerly79

flow (offshore winds) of cold dry air masses over the western WAIS leading to80

lower temperatures and reduced snow accumulation. In addition to continen-81

tal changes, a stronger ASL is also associated with reduced sea-ice cover in82

the Bellingshausen/Amundsen Sea sector and a sea-ice cover expansion in the83

Ross Sea sector (e.g., Raphael and Hobbs, 2014). A deeper ASL also drives84

oceanic changes, enhancing warm ocean water upwelling towards ice shelves,85

inducing basal melting (e.g., Mankoff et al., 2012; Dotto et al., 2020).86

The ASL is thus a major feature of the atmospheric circulation in the87

Southern Hemisphere, which displays one of the greatest year-to-year varia-88

tions on Earth (e.g., Turner et al., 2019). The ASL is strongly modulated by89

the atmospheric circulation of the high latitudes of the Southern Hemisphere.90

Particularly, the Southern Annular Mode (hereafter SAM) describes the lat-91

itudinal movement of the Westerlies as well as their strength (e.g., Fogt and92

Marshall, 2020). When the SAM is in its positive phase, the Westerlies are93

stronger and located further south than in the negative phase, which in turn94

deepens the ASL (e.g., Raphael et al., 2016). The ASL is thus strongly related95

to the SAM. Wind changes in the West Antarctic are also closely linked to96

the climate variability in tropical oceanic basins. Several studies (e.g., Ding97

et al., 2011; Steig et al., 2013; Thomas et al., 2013; Meehl et al., 2016; Holland98

et al., 2019) have suggested the important tropical teleconnections that exist99

between the mid-latitudes/tropics and the West Antarctic. More specifically,100

positive anomalies in sea surface temperature in the tropical Pacific Ocean101

induce a convective heat event that further propagates to the West Antarctic102

region via the formation of Rossby wave train.103
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Despite the large changes observed recently, the impact of the ASL vari-104

ability on West Antarctic climate changes has not been fully studied because105

in-situ observations are lacking (Turner et al., 2004). Over the satellite era106

(from 1979 CE), atmospheric reanalyses seem to be reliable for studying the107

ASL variability and its impacts on the West Antarctic climate (Bracegirdle,108

2013). However, because of the high internal variability in the Amundsen re-109

gion (e.g., Raphael et al., 2016), longer time-series are needed to understand110

the processes controlling the variability in the region.111

In this study, we aim to better understand the West Antarctic climate112

variability on decadal to centennial timescales by analyzing the relationships113

between the main atmospheric variables with surface conditions and sea-ice114

cover. Furthermore, by making use of those potential links between variables,115

we provide historical estimations over the past two centuries that could not be116

directly observed. Special attention is given to the ASL, because of its major117

importance in the ongoing observed changes in West Antarctica. We investi-118

gate to which extent the ASL variability explains the West Antarctic climate119

change over the past two centuries, and if the role of the ASL has changed120

over time. The sea-ice extent (in particular the Bellingshausen/Amundsen Sea121

and Ross Sea sector) is also examined due to its key role in modulating West122

Antarctic climate (e.g., Lefebvre and Goosse, 2008; Thomas et al., 2013; Turner123

et al., 2017). Up to now, no spatial estimate of wind fields or sea-ice extent has124

been specifically validated for this region before the instrumental era and thus125

we aim to fill this gap. In addition to improving the general long-term changes126

in the West Antarctic climate, we assess the representativeness of the climate127

changes occurring during the second half of the 20th century on a longer time128

perspective. Finally, a complementary goal is to highlight the mechanisms that129

explain the warming over West Antarctica as a whole and the strong regional130

asymmetry in sea-ice extent trends over the past decades.131

To this end, we provide a spatially complete and multi-variate reconstruc-132

tion of the West Antarctic climate changes over the past two centuries (the pe-133

riod for which most paleoclimate proxies are available; see below) by optimally134

combining paleoclimate records and a climate model using a data assimilation135

approach. Over last years, data assimilation has been increasingly applied in136

paleoclimatology for estimating past climate changes (e.g., Goosse et al., 2009;137

Hakim et al., 2016; Steiger et al., 2017; Goosse et al., 2010). Compared to sim-138

pler statistical methods (e.g., Stenni et al., 2017; Emile-Geay et al., 2017), data139

assimilation does not assume a stationary relationship between the proxy and140

the climate. Data assimilation ensures that the resulting climate reconstruc-141

tion is dynamically coherent. Such a method is also particularly relevant for142

regions like the West Antarctic where a strong coupling exists between the143

observed changes from various variables (Jones et al., 2016; Fan et al., 2014;144

Goosse et al., 2009). Here, the model is constrained by δ18O and snow ac-145

cumulation records from Antarctic ice cores. Over the Antarctic, ice core is146

the most widespread climate archive for assessing historical climate changes147

at high temporal resolution (i.e., annual scale). Compared to the instrumental148

network, the ice core network is well developed over West Antarctica thanks149
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to a number of international drilling efforts. In addition to the ice cores, we150

also make use of the tree-ring width records from the mid-latitudes that cap-151

ture changes in past climate variability (e.g., Emile-Geay et al., 2017). The152

inclusion of non-specific-Antarctic proxies guarantees a large-scale coherence.153

This avoids forcing a local agreement with the Antarctic data that would not154

be based on processes compatible with larger-scale changes.155

This study is organized as follows. Section 2 includes a description of the156

data assimilation method, the paleoclimate proxies and the model used for the157

reconstruction. We discuss the performance of our reconstruction in section 3158

by comparing it with instrumental observations and other climate reconstruc-159

tions, and discuss our main results, before concluding.160

2 Data assimilation method161

Data assimilation (DA) optimally combines the information from observations162

and the climate physics as included in climate models. In practice, the data as-163

similation process updates the initial state of the climate given by the model164

(i.e., the prior) according to the available observations to provide the best165

estimate of the climate state (i.e., the posterior), while also considering the er-166

rors associated with both the data and model. Paleo DA methods thus spread167

the local and temporal information from proxy records in space but also into168

other variables by relying on the modelled co-variance in space and among169

variables, respectively. For instance, the 500-hPa geopotential height can be170

therefore reconstructed only by assimilating near-surface air temperature. In171

that situation, the reconstructed 500-hPa geopotential height relies on the172

covariance relationships between the 500-hPa geopotential height and near-173

surface air temperature in the model. If there is no covariance between the174

variable of interest and the assimilated variable, the reconstruction skill of the175

variable of interest will be null. Consequently, the resulting multi-variate cli-176

mate reconstruction guarantees a dynamical consistency in space and between177

variables, which is provided in a natural way with the climate model as it178

directly relies on the physics included in the climate model.179

The DA method employed in this study is an offline approach (also called180

a no-cycling method). This method uses existing climate model simulations to181

draw the prior. In contrast to the standard online data assimilation approach,182

the prior is estimated by selecting different years of a climate model simula-183

tion. Therefore, no information is propagated in time. This approach is totally184

appropriate when the predictability time-scale of the system is much smaller185

than the data assimilation time step (here, one year). This is particularly true186

when assimilating atmospheric variables because of the small correlation time187

in the atmosphere. In such cases, no additional relevant information is gained188

when using an online approach, as shown by Matsikaris et al. (2015).189
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2.1 Particle filter190

The DA method used here is based on a particle filter following the imple-191

mentation of Dubinkina et al. (2011). This method has been recently applied192

to reconstruct successfully large-scale near-surface air temperature and snow193

accumulation over Antarctica during the past millennia (Klein et al., 2019;194

Dalaiden et al., 2020a). We thus describe briefly the method here.195

The particle filter (van Leeuwen, 2009) aims at updating an initial esti-196

mate of the state of the system, referred to as the prior, using additional infor-197

mation provided by available observations, following the classical approach of198

Bayesian reconstructions. Specifically, the prior for each variable is represented199

by a probability density function (pdf), described in a discrete way using a set200

of independent model states, which are called particles. These model states201

are given by all the years (annual mean) of an ensemble of three simulations202

performed with the isotope-enabled Community Earth System Model version203

1 (iCESM1; Brady et al., 2019; Stevenson et al., 2019) spanning the 850–1850204

CE period (see section 2.5 for the model evaluation). The prior thus includes205

3003 particles and is constant throughout the data assimilation process. At206

each assimilation step (here every year), the particles forming the prior are207

evaluated against the available observations while taking into account the er-208

ror associated with the observations as well as the inconsistency between the209

observations and model related to unresolved processes in the model (i.e., the210

observation error; see section 2.6). As a result of this comparison with obser-211

vations, each particle of the prior receives a weight that is proportional to its212

likelihood knowing the observations. The weights are thus higher for the parti-213

cles closer to the observations than for the particles further to the observations.214

In other words, the particle filter redistributes the weights of all the particles215

at each time step to obtain posterior distribution in better agreement with216

observations. Since only the weights of the particles can change during the217

data assimilation process, the climate dynamics as represented in the model is218

fully respected. For each time step, the climate reconstruction is defined as the219

weighted mean of all the particles. We define the reconstruction uncertainty220

as the weighted standard deviation of all the particles. For more details on the221

implementation of the particle filter, see Dubinkina et al. (2011).222

2.2 Evaluation metrics223

In order to quantify the performance of our reconstruction, we use three dif-224

ferent metrics that compare the results with observations or other reconstruc-225

tions. The first one is the Pearson correlation coefficient (r), which determines226

the strength of the linear relationship between two time-series:227

r =
1

n

n
∑

i=1

(

(yi − y)(xi − x)

σyσx

)

(1)
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where n is the number of samples, y stands for the predicted vector while228

x is the true vector. Overbars indicate the mean over the time. σy and σx229

are the standard deviations of y and x, respectively. Although a high value of230

r indicates that the predicted values follow the direction of the true values,231

it does not ensure that the variations of the amplitude are well reproduced.232

Therefore, the second metric is the coefficient of efficiency (Nash and Sutcliffe,233

1970), which depends on the amplitude of the signal:234

CE = 1−

n
∑

i=1

(xi − yi)
2

(xi − x)2
(2)

A high value for CE thus indicates that both the timing and the amplitude235

are right. Finally, we need to verify if the ensemble reconstruction is similar to236

the reconstruction error relative to observations. For this purpose, we compute237

the ensemble calibration ratio (ECR) defined here as:238

ECR = median

[

(xi − yi)
2

σ2

x,i

]

(3)

where i varies from 0 to n and σ2

x,i is the variance of the reconstruction239

ensemble. An ECR of 1 means that the reconstruction is well calibrated240

(i.e., the reconstruction error equals the uncertainty of the reconstruction).241

When ECR<1, the estimation of the uncertainty of the reconstruction is too242

large compared to the error over the analyzed period. On the contrary, when243

ECR>1, the estimate of the uncertainty is likely too low compared to the real244

reconstruction error.245

2.3 Proxy data246

From the 79 ice core snow accumulation records included in the database of247

Thomas et al. (2017), we only keep the annually-resolved records (48 out of248

79) as in Medley and Thomas (2019). Medley and Thomas (2019) provide a249

spatially complete annual Antarctic snow accumulation over the past two cen-250

turies using this ice core snow accumulation database (Fig. 1). This excludes251

a majority of snow accumulation records in the continental Dronning Maud252

Land region. As in Medley and Thomas (2019), we also add the B40 ice core253

record of snow accumulation (Medley et al., 2018), which was published after254

the compilation of Thomas et al. (2017). Additionally, we also employ the infor-255

mation from the ratio of stable isotopes oxygen in the ice core (δ18O). Stenni256

et al. (2017) provide a compilation of the Antarctic precipitation-weighted257

δ18O records (n=112) covering the last two millennia. We only keep the 29258

annually-resolved δ18O records. It is worth noting that the majority of the ice259

cores (both snow accumulation and δ18O records) are located in West Antarc-260

tica (WAIS; Fig. 1).261

In addition to the Antarctic proxies, we also utilize the continental annually-262

resolved proxies situated in the Southern Hemisphere from the global database263
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Fig. 1 Annually-resolved climate/proxy records used in this study: snow accumulation
records (blue dots), δ18O records (purple squares), Automatic Weather Stations (AWSs;
green stars) and tree-ring width records (green dots). The map background represents the
surface elevation (m).

of the PAGES2k working group that includes all the proxy records suitable for264

reconstructing the global temperature over the last two millennia (PAGES2k265

Consortium et al., 2013; Emile-Geay et al., 2017). Among all the continental266

proxies included in the global database for the Southern Hemisphere, only the267

tree-ring width (hereafter TRW) are annually-resolved (in addition to some268

Antarctic ice cores already included in our study). A total of 18 sites present-269

ing TRW time-series over past centuries are located in the Southern Hemi-270

sphere : three in New Zealand, three in Tasmania and 12 in South America.271

Among the 12 South American sites, only six are positively correlated with272

climate (either near-surface air temperature or precipitation) according to our273
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dataset (see section 2.4) over the 1941–1990 CE period, and thus included.274

The geographical distribution of the selected sites is presented in Fig. 1.275

Most proxy records cover the last two centuries, but their number starts276

to decline from around 1990 CE (Fig. S1). Therefore, the period analyzed277

throughout the study is 1800–2000 CE. This provides a good compromise278

in terms of the number of records and the overlap with the satellite period279

(starting in 1979 CE) that is used for the evaluation of the reconstruction (see280

section 3.1). This period was also used in the study of Medley and Thomas281

(2019) who reconstructed snow accumulation in Antarctica using the same ice282

core snow accumulation records as here.283

In order to reduce the non-climatic noise and provide equal weighting in284

each region (i.e not bias a particular region with multiple records), a 500285

km grid (square cells of 500 km side) was established and records from the286

same grid were averaged together. For snow accumulation records, they are287

all normalized over the 1941–1990 CE period (mean zero and unit standard288

deviation) and the records situated in the same cell are averaged. The mean289

of normalized snow accumulation records for each grid cell produces the nor-290

malized composites. For each composite, the variance is then scaled to the291

variance of the spatial snow accumulation reconstruction from Medley and292

Thomas (2019), linearly interpolated on the 500 km grid over the 1941–1990293

CE period. Compared to snow accumulation, the δ18O records display a weaker294

spatial variability as they are less dependent on the topography and do not295

need normalization. Instead, δ18O composites for each grid cell are obtained296

by averaging the anomalies of δ18O records over the 1941–1990 CE. Finally, we297

apply the same methodology as for the snow accumulation records to TRW298

time-series, but without correcting the variance (z-scored composites) since299

TRW data is originally normalized.300

2.4 Proxy System Models301

Snow accumulation records are directly compared to the precipitation minus302

sublimation/evaporation (P − E) from the climate model simulation. Snow303

accumulation recorded in ice cores is the sum of both precipitation and post304

depositional changes (wind erosion, sublimation and melt). Several studies305

have shown that precipitation dominates and that snow accumulation can306

be directly compared with the precipitation minus sublimation/evaporation307

(P − E) from the climate model simulation (Lenaerts et al., 2017; Souverijns308

et al., 2018; van Wessem et al., 2018; Agosta et al., 2019). This is particularly309

true when working at a large spatial scale – as in our study (500 km grid)310

– and over the grounded ice sheet (i.e., the Antarctic Ice Sheet without ice311

shelves) (Agosta et al., 2019). Additionally, since iCESM1 explicitly simulates312

the ratios of water isotopes in all the climate components, the δ18O records313

are also directly compared to the δ18O simulated by the model.314

A Proxy System Model (PSM) specifically designed for the TRW is required315

in order to compare the model results to the proxy. To this end, a TRW316
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PSM is built for each TRW time-series. Instead of a mechanistic model, which317

simulates tree-ring growth by explicitly including the biological processes that318

drives the relationship between climate and tree growth (e.g., Guiot et al.,319

2014; Misson, 2004; Dufrêne et al., 2005; Rezsöhazy et al., 2020), we use a320

simple statistical model. It has the advantage of being easily implemented321

but the relationship between climate and tree growth is estimated empirically,322

without taking into account any biological processes. This method is similar323

to the one used in the Last Millennium Reanalysis (Tardif et al., 2019).324

In this study, we consider that trees are sensitive to the temperature or325

precipitation, or to both. Therefore, we introduce two types of models:326

yi = β0i + β1iX1i + ǫi (4)

yi = β0i + β1iX1i + β2iX2i + ǫi (5)

where yi corresponds to the observed z-scored TRW time-series (i.e., the de-327

pendent variable) for site i ; β1i and β2i are the slopes associated with the X1i328

and X2i of the i time-series, which are the explanatory variables; ǫi are the329

errors, assumed to be normally (Gaussian) distributed with a zero mean and330

a unitary variance (0, σ2). Parameters of the Eqs. (4) and (5) are estimated331

using the ordinary least squares method.332

Similarly to the Last Millennium Reanalysis (Tardif et al., 2019), we use333

the near-surface air temperature and precipitation as explanatory variables334

(X1 and X2). In addition to the annual mean of near-surface air temperature335

and precipitation, the climate variables are also averaged over different months336

during the calendar year (January to December), in order to take into account337

the seasonal response of trees: JJA and OND. All the possible combinations338

are tested. The calibration of the PSM is performed over the 1941–1990 CE339

period using the Global Meteorological Forcing Dataset for land surface mod-340

eling (v2; http://hydrology.princeton.edu/data.php, last access: 22 June 2020;341

hereafter GMF) (Sheffield et al., 2006) interpolated on the 500 km grid ex-342

cluding the oceanic grid cells. The sensitivity to the climate data has been343

assessed by also performing the calibration with the surface temperature from344

the NASA Goddard Institute for Space Studies Surface Temperature Analysis345

(Hansen et al., 2010) and precipitation from the Global Precipitation Clima-346

tology Centre (Schneider et al., 2014). Results display no major difference (not347

shown).348

To select the best PSM for each TRW composite, we rely on the Bayesian349

information criterion (BIC) (Schwarz, 1978) value defined as :350

BIC = −2 ∗ LL+ log(n) ∗ k (6)

where LL is the natural logarithm of the likelihood for the model – estimated as351

the mean squared error of the linear regression model (Watkins and Mardia,352

1992) – and k corresponds to the number of parameters in the regression353

model (i.e., 2 and 3 for the uni and bi-variate models, respectively). The BIC354
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is a particularly relevant metric to select the best model among uni and bi-355

variate models as the most complex models are penalized. Accordingly, the356

PSM displaying the lowest BIC is selected.357

2.5 Climate model simulation358

The initial estimate of the state of the climate system (i.e., the prior) is derived359

from an ensemble of three simulations performed with the isotope-enabled360

iCESM1 spanning the 850–1850 CE time period (Brady et al., 2019; Stevenson361

et al., 2019). iCESM1 is a coupled atmosphere-ocean model including a sea-ice362

component. The atmosphere is resolved at approximately 2◦ and the ocean at363

1◦. The iCESM1 simulations include the orbital changes, the solar variability,364

the volcanic forcing through changes in stratospheric aerosols and greenhouse365

gases, the land use changes and finally the human-induced greenhouse gases366

(Stevenson et al., 2019).367

Although numerous studies have shown that CESM is well-suitable for368

studying the Antarctic climate over the past, present and future (Lenaerts369

et al., 2016; Fyke et al., 2017; England et al., 2016; Lenaerts et al., 2018;370

Dalaiden et al., 2020b), this version has not yet been evaluated over the371

Antarctic continent. As the information from proxy records is spread spa-372

tially and into other variables using the climate model, it is important to373

assess the performance of the model used in the data assimilation in simulat-374

ing the near-surface climate over the Antarctic. Therefore, we briefly evaluate375

the Antarctic climate as simulated by iCESM1 by comparing it to the latest376

ECMWF’s atmospheric reanalysis, ERA5 (Hersbach et al., 2020). It is consid-377

ered as one of the best reanalyses in simulating the Antarctic climate over the378

satellite-era (Gossart et al., 2019; Tetzner et al., 2019). Since the paleoclimate379

proxies used in this study are annually-resolved, the evaluation is carried out380

on annual averages.381

Over the 1979–2005 CE period, the geopotential height at 500-hPa is382

well simulated in iCESM1 (Fig. S2; below south of 45◦S, R2=97%; relative383

bias=-0.2% computed as the mean relative difference between the 500-hPa384

geopotential height from iCESM1 and ERA5 south of 45◦S) and includes the385

three main low-pressure systems in Amundsen Sea, Dronning Maud Land and386

Wilkes Land. Regarding the near-surface air temperature, iCESM1 simulates387

the temperature gradient with the highest temperatures along the coasts and388

the lowest temperatures in the interior of the ice sheet (over the Antarctic389

continent, R2=76%; relative bias=-2.0%). Like temperature, snow accumula-390

tion is highly dependent on the topography. iCESM1 reproduces the Antarctic391

snow accumulation pattern well from ERA5 (R2=85% – based on log values392

as the snow accumulation distribution is log-normal (Agosta et al., 2019)–393

; relative bias=-6.9%). However, iCESM1 is not able to reproduce the high394

spatial variability of snow accumulation at local scale, because of its coarse395

horizontal spatial resolution. Besides, iCESM1 displays a total Antarctic sea-396

ice extent of 11.7 106 km2 against 11.9 106 km2 for observations from the397
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National Snow and Ice Data Center (NSIDC; data available here: https:398

//nsidc.org/data/NSIDC-0051/versions/1, last access: 5 September 2018).399

Compared with the NSIDC observations, iCESM1 overestimates by 5% the400

mean sea-ice extent in the West Antarctic sector (160◦W-60◦E) over 1979–2005401

CE, with a similar bias in both the Bellingshausen/Amundsen Sea (130◦W-402

60◦E) and Ross Sea (160◦E-130◦W) sectors (5.4% and 4.8%, respectively; Tab.403

S1). This suggests that iCESM1 is able to simulate relatively well the mean404

state of Antarctic sea-ice extent at present. Finally, although a quantitative405

evaluation of the simulated precipitation-weighted δ18O is not possible be-406

cause of the insufficient amount of Antarctic observations (three records in407

the Global Network of Isotopes in Precipitation), the precipitation-weighted408

δ18O pattern over Antarctica captures the gradient between the coasts (with409

the highest values, less negative) and the Plateau (with the lowest values, more410

negative) due to isotopic fractionations (Fig. S3). Based on the skill of iCESM1411

in simulating present-day Antarctic climate, we deem this model suitable for412

building the prior of the data assimilation experiment. As proxy data are av-413

eraged over a 500 km regular grid (see section 2.3), the prior has also been414

linearly interpolated onto this 500km regular grid.415

2.6 Observation error416

Data assimilation requires an error of the assimilated data. This observation417

error plays a crucial role in data assimilation because it determines the ex-418

tent to which each assimilated record is influencing the reconstruction. The419

records with a low observation error will thus have a larger weight in the data420

assimilation than the records with a high observation error.421

Three types of observation errors are usually mentioned (e.g., Badgeley422

et al., 2020). The first type of observation error directly comes from the ac-423

curacy of the measurement, i.e., the instrumental error. The second type of424

observation error is related to the processes in observations that are unresolved425

at the spatial scale of the model because of its coarse resolution , the so-called426

representativeness observation error (e.g., Oke and Sakov, 2008; Janjić et al.,427

2018). Finally, the last type of observation error arises from the performance428

of the PSM in simulating the relationship between the proxy and the climate429

variable(s). Overall, the instrumental error is much smaller than the two other430

observation errors (e.g., Oke and Sakov, 2008), especially in paleoclimatology431

(Tardif et al., 2019; Steiger et al., 2018; Badgeley et al., 2020). This observation432

error is thus ignored in our study. Finally, regarding the snow accumulation433

and δ18O records, we assume that the observation error related to the PSM434

is non-existent, since the model simulates both variables. The representative-435

ness error is thus considered as the largest contributor to the observation error.436

Therefore, for ice core snow accumulation and δ18O records, the observation er-437

ror is taken equal to the representativeness error. However, for tree-ring width438

records, the observation error combines the representativeness error and the439

PSM-related observation error as the climate model used in the data assimi-440

https://nsidc.org/data/NSIDC-0051/versions/1
https://nsidc.org/data/NSIDC-0051/versions/1
https://nsidc.org/data/NSIDC-0051/versions/1
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lation does not simulate tree growth. In contrast, the climate model simulates441

the snow accumulation and δ18O. As a consequence, a PSM simulating those442

variables is not required.443

To estimate the representativeness error of the snow accumulation com-444

posite associated with the ice core records, we use an Antarctic simulation445

performed with the latest version of the Regional Atmospheric Climate MOdel446

(RACMO2.3p2, hereafter RACMO) at 27 km horizontal resolution (van Wessem447

et al., 2018). RACMO is a polar-oriented regional climate model that specif-448

ically resolves near-surface processes over Antarctica. For each snow accumu-449

lation composite, we proceed as follows. We retrieve the annual time-series450

of snow accumulation from RACMO at the location of all the ice core snow451

accumulation records included in the composite over the 1979–2016 CE pe-452

riod (period over which RACMO results are available). In order to remove453

the dependence on the elevation, the calculation is performed on time-series454

anomalies. All RACMO-time series are then averaged in time. Next, we com-455

pute the difference between this averaged snow accumulation time-series and456

the snow accumulation time-series from RACMO interpolated on the 500 km457

grid (i.e., the resolution of snow accumulation composites; see section 2.3).458

Eventually, the representativeness error is defined as the standard deviation459

of the time-series difference. Note that the representativeness error is calcu-460

lated for each year of the composite (1800–2000 CE), based on the snow ac-461

cumulation RACMO data (1979-2016 CE). As the number of ice cores in the462

composite decreases when going further back in time, the representativeness463

error tends to increase. Finally, since RACMO does not simulate the δ18O,464

we use the iCESM1 linearly interpolated on the RACMO grid over the 1950–465

2005 CE period to estimate the δ18O representativeness error with the same466

methodology. A 50-year period minimizes the potential biases induced by the467

variability of the δ18O when using a too short time period and thus ensures the468

computation of a robust estimate. We have selected the final part of the series469

to have the largest overlap with the period over which the snow accumulation470

error is computed. This in part guarantees consistency in the calculation of471

the representativeness error for the snow accumulation and δ18O records.472

However, several studies (van Wessem et al., 2018; Lenaerts et al., 2016;473

Cavitte et al., 2020) have shown that the spatial variability of snow accumula-474

tion and δ18O is underestimated in models (i.e., RACMO and iCESM1) com-475

pared to ice core observations. Therefore, using these models to estimate the476

observation error in our study probably also underestimates the observation477

errors. In order to provide an observation error closer to the reality, we take478

into account the missing processes occurring between the scale represented in479

the models and the local scale of ice cores. This is achieved by performing480

a side-by-side comparison between adjacent snow accumulation records as in481

Fisher et al. (1985). More specifically, we compute the standard deviation of482

the difference between each pair of annual time-series of snow accumulation483

records (in anomalies) within the same grid cell of the 500 km grid over the484

1941–1990 CE (which is the most recent 50-year period for which all the ice485

core records are available; Fig. S1). The calculation is made for all the possible486
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combinations within the grid cell. According to the grid cell containing more487

than five ice cores (n=2; both situated in West Antarctica), the side-by-side488

comparison suggests that the error at the ice core-scale is higher by a three-489

factor compared to the one at the scale of RACMO. The same exercise for490

δ18O has been carried out and shows similar results (not shown).491

Regarding the TRW composites, the error is estimated by taking the stan-492

dard deviation of the residuals resulting from the linear regression (see Eqs.493

(4) and (5)) as in the Last Millennium Reanalysis (LMR) (Hakim et al., 2016;494

Tardif et al., 2019). The error thus encompasses the representativeness error495

and the error related to the PSM since the PSM has been calibrated using496

the climate data interpolated on the 500 km grid and not using the local497

data. After performing several sensitivity tests, we have found that our results498

present a small sensitivity to reasonable modification of the estimation of the499

observation error (not shown).500

2.7 Instrumental data assimilation-based reconstruction501

Before using the paleo records to reconstruct the Antarctic climate over the502

past centuries (hereafter referred to as the paleo-reconstruction), we first re-503

construct the Antarctic climate over the 1958–2000 CE period using data as-504

similation with near-surface air temperature records and snow accumulation505

records from ice cores. Applying a methodology that is as close as possible to506

the one selected for the longer timescales allows us to validate the approach,507

in particular the data assimilation method and the estimations of the errors508

using observations with lower uncertainties than the paleo records. This recon-509

struction based on instrumental and snow accumulation records thus provides510

an upper bound for the skill we could expect with the paleoclimate network.511

To this end, we assimilate the near-surface air temperatures from the Auto-512

matic Weather Stations (AWSs) over the Antarctic continent (Turner et al.,513

2004) (n=14) starting from 1958 CE (see Fig. 1 for their geographical localiza-514

tion). The model is also constrained by the snow accumulation records from515

ice cores, which are the best estimate of long-term snow accumulation, since516

AWSs do not record this variable. Additionally, TRW records are replaced by517

the near-surface air temperatures from the gridded dataset used for the cal-518

ibration of the TRW PSM (i.e., GMF; only where TRW sites are available).519

This reconstruction is referred to as the instrumental reconstruction.520

The observation error on the near-surface air temperature from AWSs is521

calculated similarly to the snow accumulation error (see section 2.6) but using522

near-surface air temperatures from RACMO. Like for the snow accumulation523

and δ18O records, we assume that the observation error for the Antarctic524

near-surface air temperature is mainly due to the representativeness error.525

This error should take into account the missing processes occurring between526

the local scale (i.e., the AWS scale) and the scale of RACMO (i.e., 27-km527

resolution). Nevertheless, the network of AWS starting from 1958 CE is much528

less dense than the paleo records (Fig. 1). Therefore, a side-by-side comparison529
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of adjacent near-surface air temperature time-series as we did for paleo records530

is not possible (see section 2.6). We are thus not able to provide an accurate531

estimate of the factor to make the link between local observation error and532

the error at the scale on the climate model grid. However, several studies533

(e.g., Agosta et al., 2019; van Wessem et al., 2018) showed a weaker spatial534

variability of near-surface air temperature compared to snow accumulation535

(e.g., Agosta et al., 2019; van Wessem et al., 2018). Therefore, we assume that536

the factor applied to take into account the unresolved processes at the RACMO537

scale is smaller than for snow accumulation (see section 2.6) and multiply the538

local observation error of near-surface air temperature for the Antarctic AWSs539

by a two-factor. Finally, the situation is very different for the assimilated near-540

surface air temperature of the gridded dataset GMF associated with the TRW541

sites as it is a gridded dataset at a resolution similar to the one of the model542

that is thus expected to represent processes at a similar scale. Therefore, a543

constant error of 0.5 ◦C is chosen, which is a typical value when assimilating544

gridded near-surface air temperature (e.g., Brennan et al., 2020; Dubinkina545

et al., 2011).546

3 Results and discussion547

3.1 Validation of the instrumental paleo reconstructions over the last decades548

Before analyzing the long-term changes using the paleo-reconstruction over549

the past centuries, we first need to ensure that our data assimilation method550

works. We establish this by testing the skill of the instrumental and paleo551

reconstructions at reproducing interannual climate variability and trends over552

the last decades, in particular the atmospheric circulation, near-surface con-553

tinental climate (temperature and snow accumulation) and sea-ice cover. To554

this end, Figure 2 presents the spatial correlation coefficients between our555

instrumental and paleo reconstructions and the latest ECMWF atmospheric556

reanalysis ERA5 (Hersbach et al., 2020) over the 1979–2000 CE period for the557

500-hPa geopotential height, near-surface air temperature and snow accumu-558

lation, as well as sea-ice concentration using the dataset from the National559

Snow and Ice Data Center (NSIDC) (Parkinson, 2019). Although the period560

is short (22 years), this evaluation gives a first indication of the performance561

of our reconstruction when compared to independent data.562

3.1.1 Near-surface air temperature563

For continental near-surface air temperature, our spatial instrumental recon-564

struction is highly correlated with ERA5 over West Antarctica (Fig. 2). Our565

instrumental reconstruction is also close to the reconstruction of Nicolas and566

Bromwich (2014) – which is based on the same near-surface air temperature567

observations as in our reconstruction but using a kriging interpolation over568
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1958–2000 CE –, when averaging over the two main regions of the West Antarc-569

tic continent, i.e., the West Antarctic Ice Sheet (WAIS; 60-180◦E and south of570

72◦S; r=0.88 (p-value<0.05), CE=0.71, ECR=0.27) and the Antarctic Penin-571

sula (AP; west longitude north of 72◦S; r=0.78 (p-value<0.05), CE=0.56,572

ECR=0.60; Fig. 3 a,b). The high CE and r values mean that both the inter-573

annual variability and the amplitude of changes are similar between the two574

reconstructions. ECR values are largely less than one, which suggests that our575

reconstruction ensemble has too much variance compared to the mean squared576

error. However, this result is not surprising since both our instrumental recon-577

struction and Nicolas and Bromwich (2014) used the same near-surface air578

temperature dataset for the assimilation. Although the skill metrics are lower579

for the AP compared to the WAIS, our reconstruction correctly displays the580

largest warming in AP (0.38 ◦C per decade) as in Nicolas and Bromwich (2014)581

(0.46 ◦C per decade).582

Comparing our paleo-reconstruction to the instrumental reconstruction583

shows that using paleo records instead of actual observations degrades the skill584

of the overall reconstruction, which is expected (Figs. 2 and 3a,b). However,585

near-surface air temperatures in the paleo-reconstruction still remain highly586

correlated with ERA5. This is in line with the good agreement with the near-587

surface air temperature reconstruction from Nicolas and Bromwich (2014) for588

the AP (r=0.62 (p-value<0.05), CE=0.21, ECR=0.95) and WAIS (r=0.53 (p-589

value<0.05), CE=0.28, ECR=0.37). For the linear trends over the 1958–2000590

CE period, similarly to Nicolas and Bromwich (2014), our paleo-reconstruction591

displays warming of 0.42 ◦C per decade and 0.15 ◦C per decade for AP and592

WAIS respectively, which is closer than for our instrumental reconstruction593

(Fig. 3a,b). Our paleo-reconstruction therefore captures the trend better than594

the instrumental reconstruction, which could be related to the denser paleo595

network, but not the spatial variability, nor the interannual variability.596

3.1.2 Snow accumulation597

The snow accumulation from our instrumental reconstruction is less correlated598

with ERA5 than the near-surface air temperature, and displays a reduced area599

with statistically significant correlation coefficients (Fig. 2). This could be par-600

tially explained by the much higher spatial variability of snow accumulation601

over the Antarctic continent, compared to near-surface air temperature (van602

Wessem et al., 2018; Agosta et al., 2019). Additionally, as all atmospheric603

reanalyses, ERA5 suffers from larger biases in snow accumulation than in604

near-surface air temperature (Gossart et al., 2019). At first order, the spatial605

variability of both near-surface air temperature and snow accumulation follows606

the topography (high temperature and snow accumulation on coastal areas,607

slowly decreasing towards the interior of the ice sheet), but snow accumula-608

tion is more affected by local processes, for example related to the wind (snow609

erosion/deposition and blowing snow) (Agosta et al., 2019). As a consequence,610

some snow accumulation records may be poorly correlated with snow accumu-611

lation derived from atmospheric reanalyses (Medley and Thomas, 2019). This612
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Fig. 2 Spatial correlation coefficients (r) between our instrumental (left) and paleo (right)
reconstructions and the ERA5 reanalysis for the near-surface air temperature, snow accu-
mulation, 500-hPa geopotential height and the sea-ice concentration from the National Snow
and Ice Data Center (NSIDC) over the 1979–2000 CE period. Stippling indicates statistically
significant correlations (95% confidence level).

is particularly prevalent for regions in East Antarctica (Medley and Thomas,613

2019). Since these snow accumulation records are used in our data assimilation,614

it is not surprising to obtain lower correlation coefficients for those areas.615

When evaluating our snow accumulation reconstruction compared to the616

snow accumulation reconstruction from Medley and Thomas (2019), the skill617

metrics show that our instrumental reconstruction displays good and similar618

performance for the WAIS (r=0.64 (p-value<=0.05), CE=0.40 and ECR=0.21)619

and AP (r=0.54 (p-value<=0.05), CE=0.24 and ECR=2.37; Fig. 3c,d). More-620

over, both our instrumental reconstruction and the reconstruction of Medley621

and Thomas (2019) show a positive linear trend in West Antarctic-wide snow622
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a. b.

d.c.

Fig. 3 (a-b) Comparison between our instrumental (red) and paleo (blue) near-surface air
temperature (SAT; ◦C) anomalies and the reconstruction of Nicolas and Bromwich (2014;
NB2014; in black) for the West Antarctic Ice Sheet (WAIS; 60-180◦E and south of 72◦S)
and the Antarctic Peninsula (AP; west longitude north of 72◦S) and over the 1958–2000
CE period. Regional definitions are identical as in Steig et al. (2009). (c-d) Comparison
between our instrumental (red) and paleo (blue) snow accumulation (Gt year-1; in red)
anomalies and the reconstruction of Medley and Thomas (2019; MT2019; in black) for the
West Antarctic Ice Sheet (WAIS) and the Antarctic Peninsula (AP) and over the 1958–
2000 CE period. Anomalies are computed over the 1958–2000 CE period. Linear trends
of near-surface air temperature trends and snow accumulation are displayed (expressed
in ◦C decade -1 and Gt year-1 decade -1, respectively) and the standard deviation (std)
of the time-series (expressed in ◦C and Gt year-1, respectively) over the 1958–2000 CE
period for each region. Asterisks indicate statistically significant trends at the 95% confidence
level. Additionally, the correlation coefficient (r), coefficient of efficiency (CE) and ensemble
calibration ratio (ECR) are computed over the 1958–2000 CE period. Error bands correspond
to the reconstruction uncertainty as defined in section 2.1.

accumulation (i.e., the sum of the WAIS and AP regions) over the 1958–2000623

CE period: 18.48 Gt year-1 per decade and 11.46 Gt year-1 per decade, re-624

spectively (both statistically significant; p-value<0.05). However, it is worth625

noting that our instrumental reconstruction for the AP displays a smaller lin-626

ear trend than in the reconstruction of Medley and Thomas (2019) (5.06 Gt627

year-1 per decade against 16.88 Gt year-1 per decade, respectively). Addition-628

ally, the ECR for the AP reaches 2.37, which means that the uncertainty in629

our reconstruction is underestimated.630

Finally, the performance of our paleo-reconstruction for snow accumulation631

is close to the instrumental reconstruction (Fig. 3c,d). The degradation of the632

performance between the instrumental and paleo reconstructions is very lim-633

ited for snow accumulation compared to near-surface air temperature, which is634

expected as we use the same observational dataset in the two reconstructions635

of snow accumulation. Moreover, our paleo-reconstruction displays a 18.04 Gt636
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year-1 per decade linear trend for the West Antarctic-wide snow accumulation637

over 1958-2000 CE, which is very close to Medley and Thomas (2019) (18.48638

Gt year-1 per decade over the same period).639

3.1.3 Atmospheric circulation640

Unlike near-surface air temperature and snow accumulation, no pressure data641

is used in the data assimilation process for both the instrumental and paleo re-642

constructions. The skill of the reconstruction of the non-assimilated variables is643

thus expected to be lower than for the assimilated variables. Spatial correlation644

coefficients between our instrumental reconstruction and the ERA5 reanaly-645

sis for the 500-hPa geopotential height during the 1979–2000 CE period show646

that interannual changes in the atmospheric circulation are well reconstructed647

over the West Antarctic and in the mid-high latitudes of the Pacific Sector of648

the Southern Hemisphere (Fig. 2). Furthermore, for the paleo-reconstruction,649

the stronger correlations over the ocean, compared to the continent, reflect650

the fact that changes in this region are driving the variability recorded in ice651

cores. This confirms that marine intrusions predominantly govern the near-652

surface climate variability in West Antarctica (Nicolas and Bromwich, 2011).653

This also gives confidence in the use of ice core records for reconstructing the654

atmospheric circulation in that sector.655

We also analyze the Amundsen Sea Low pressure (ASL), which can be656

characterized by several indexes (e.g., Hosking et al., 2013), for example related657

to the change in the ASL position (latitudinal and longitudinal positions) or658

to the intensity of the minimum pressure in the ASL region. Here, the ASL659

index is defined as the annual average of the 500-hPa geopotential height from660

75◦S to 60◦S and from 170◦E to 70◦W (Fogt et al., 2012; Turner et al., 2013;661

Hosking et al., 2013). Note that geographical definitions can differ between662

studies but the resulting indexes are relatively similar. This index is then663

normalized (zero mean and unity standard deviation) over the 1941–1990 CE664

period. Following this definition, a negative (positive) ASL index corresponds665

to a deeper/stronger (weaker) ASL. Because no reconstruction of the ASL666

index exists, we use the ASL index derived from the ERA5 reanalysis as the667

reference ASL index for the evaluation.668

Over the 1979–2000 CE period, the ASL index from both the instrumen-669

tal and paleo reconstructions displays a high correlation coefficient with ERA5670

(0.87 (p-value<0.05) and 0.65 (p-value<0.05), respectively), as well as CE val-671

ues (0.74 and 0.30, respectively; Fig. 4a). Although no estimation of the ASL672

index change exists over the last decades, Fogt et al. (2019) have recently pro-673

vided a complete spatially reconstruction of Antarctic pressure back to 1905674

CE at seasonal scale based on available pressure data from the Antarctic and675

the mid-latitudes of the Southern Hemisphere. It is worth noting that the goal676

of Fogt et al. (2019) was not to reconstruct the ASL variability over the past677

decades. Furthermore, Fogt et al. (2019) mention that their reconstruction has678

a poor skill in the Amundsen region mainly because of the sparse observational679

network in West Antarctica. In particular, prior to 1958 CE, this reconstruc-680
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tion only relies on pressure observations situated in the mid-latitudes, and thus681

only depends on the mid latitudes-Antarctic connections. However, the com-682

parison with Fogt et al. (2019) is still valuable since this is the only Antarctic683

pressure dataset based on instrumental observations available before 1979 CE.684

The ASL index derived from Fogt et al. (2019) displays a correlation coefficient685

r of 0.75 (p-value<0.05) with ERA5 over 1979–2000 CE.686

a. b.

d.c.

Fig. 4 (a) The Amundsen Sea Low (ASL) and (b) Southern Annular Mode (SAM; b)
indexes derived from our instrumental (red) and paleo (blue) reconstructions correlated with
ERA5 data (in black) for the ASL over 1979–2000 CE and the Marshall Index (Marshall,
2003) (in black) for the SAM over 1958–2000 CE. For all the datasets plotted, the linear
trends are displayed (expressed in decade -1) and the standard deviation (std) of the time-
series (unitless) over the 1979–2000 CE and 1958–2000 CE periods for the ASL and SAM,
respectively. (c-d) Comparison between our instrumental (red) and paleo (blue) sea-ice
extent (106 km2) reconstructions (in anomalies) and the observed sea-ice extent from the
National Snow and Ice Data Center (NSIDC; in black; only available from 1979 CE) for
the Bellingshausen/Amundsen Sea (130◦W-60◦W) and Ross Sea (160◦E-130◦W) sectors
over the 1958–2000 CE period. Regional definitions are identical as in Parkinson (2019).
Anomalies are computed over the 1979–2000 CE period. The linear sea-ice extent trends are
displayed (expressed in 106 km2 decade -1) and the standard deviation (std) of the time-
series (expressed in 106 km2) over the 1979–2000 CE period for each region. Additionally,
the correlation coefficient (r), coefficient of efficiency (CE) and ensemble calibration ratio
(ECR) are computed over the respective periods depending on the observations. Error bands
correspond to the reconstruction uncertainty as defined in section 2.1. Our SAM index is
computed as the normalized difference in mean sea-level pressure between the 40◦S and
65◦S longitude bands. Note that by construction, the standard deviation of all the SAM
and ASL time-series are equal to 1.

Both our instrumental and paleo reconstructions are well correlated with687

the ASL index derived from Fogt et al. (2019) over 1979–2000 CE (r=0.74 (p-688

value<0.05) and 0.65 (p-value<0.05), respectively), but correlation coefficients689
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drop to 0.55 (p-value<0.05) and 0.44 (p-value<0.05) over 1958–2000 CE. This690

decrease is probably related to the smaller number of data (associated with a691

weaker quality) used in Fogt et al. (2019) during the 1958–1978 CE period since692

our observational network remains unchanged over 1958–2000 CE. Over the693

1958–2000 CE period, the ASL index derived from Fogt et al. (2019) displays a694

linear trend of -0.12 std per decade (p-value>0.1) while the trends from the in-695

strumental and paleo reconstructions are -0.001 std per decade (p-value>0.1)696

and -0.17 std per decade (p-value>0.1), respectively. Our paleo-reconstruction697

is thus closer to Fogt et al. (2019) than our instrumental reconstruction. How-698

ever, trends of the ASL index from Fogt et al. (2019) and our instrumental699

reconstruction are highly sensitive to the analyzed period, reflecting the high700

internal variability prevailing in this region (e.g., Raphael et al., 2016).701

In addition to the ASL, we also analyze the main atmospheric mode of vari-702

ability in the Southern Hemisphere, i.e., the Southern Annular Mode (SAM).703

SAM represents the intensity and position of the westerly winds. The SAM704

index (defined as the normalized difference in mean sea-level pressure between705

the 40◦ and 65◦ South longitude bands) derived from our instrumental re-706

construction has a correlation coefficient r of 0.52 (p-value < 0.05) with the707

Marshall index (Marshall, 2003) that is only based on atmospheric pressure708

observations (Fig. 4b). However, our instrumental reconstruction does not dis-709

play the observed linear trend over 1958–2000 CE as in observations. On the710

contrary, our paleo-reconstruction is able to reconstruct the linear trend (al-711

beit statistically insignificant) but the correlation coefficient drops to 0.31712

(p-value<0.05). The SAM being an annular mode, a high number of geo-713

graphically evenly distributed observations is required to correctly reproduce714

this mode. This partly explains the limited skill of our SAM index since the715

observational network is unequally distributed geographically. Consequently,716

we mainly focus our analysis on the ASL and not on the SAM.717

The best performance of our reconstructions for simulating the ASL com-718

pared to the SAM could be explained by two factors. The ASL is a more local719

atmospheric feature in comparison with the SAM. The observational network720

(instrumental and paleo observations) used in our reconstructions is limited721

to the Antarctic continent, with few records in East Antarctica, plus Tasma-722

nia, New Zealand and South America, which makes difficult to reconstruct723

the SAM. In contrast, our observational network includes a large number of724

records in West Antarctica, which is the region where the ASL has the largest725

influence. Additionally, the correlation coefficient between the SAM and ASL726

index in our paleo-reconstruction over the 1800–2000 CE period reaches -727

0.97 (p-value<0.001; non-sensitive to the analyzed period), meaning our re-728

constructed SAM variability mainly captures the ASL-related variability. Al-729

though our reconstruction seems to overestimate the ASL-SAM relationship,730

several studies have demonstrated that the ASL is highly correlated with the731

SAM in observations (Turner et al., 2013; Hosking et al., 2013; Raphael et al.,732

2016; Fogt and Marshall, 2020).733
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3.1.4 Sea-ice cover734

As for the atmospheric circulation, the sea-ice cover reconstructions rely totally735

on the relationships between the assimilated variables and sea-ice cover as736

represented by the model since this variable is not assimilated. Figure 2 shows737

that the sea-ice concentration from our instrumental reconstruction is well738

correlated with the observed sea-ice concentration from the National Snow and739

Ice Data Center (NSIDC) over the 1979–2000 CE period. This is especially740

true in the offshore regions where the interannual variability of the sea-ice741

concentration is the highest. Indeed, the ocean along the West Antarctic coast742

is nearly always covered by sea-ice (not shown). It is especially the case in the743

Ross Sea sector and to a lesser extent in the Amundsen Sea sector. This means744

that the interannual variability of the sea-ice concentration in this region is745

weak. Consequently, the sea-ice concentration in that region cannot explain746

the variability of the signal recorded in ice cores (e.g., snow accumulation and747

δ18O). Therefore, given that the relationship between the ice core signal and748

sea-ice concentration in that region is weak, the sea-ice concentration in that749

region cannot be successfully reconstructed.750

In order to quantify the sea-ice extent (i.e., oceanic surface covered by at751

least 15% of ice) at the regional scale, we divide the West Antarctic sector752

into two sectors following the geographical definitions of Parkinson (2019):753

the Bellingshausen/Amundsen Sea sector (130◦W-60◦E) and Ross Sea sector754

(160◦E-130◦W). It is important to stress that the overlapped period of 22755

years between the NSIDC dataset and our reconstructions is short to evaluate756

in detail our sea-ice extent reconstruction. Therefore, this limits our ability757

to assess the quality of our reconstruction in terms of trends over the past758

decades.759

Our instrumental reconstruction displays a correlation coefficient r of 0.43760

(p-value<0.05) and 0.51 (p-value<0.05) with the NSIDC dataset over the761

1979–2000 CE period for the Bellingshausen/Amundsen Sea and Ross Sea sec-762

tors, respectively (Fig. 4c,d). Regarding our paleo-reconstruction, we observe763

an overall reduction of the local skill compared to our instrumental reconstruc-764

tion (Fig. 2). However, our paleo-reconstruction still displays high correlation765

coefficients for both the Ross Sea and Bellingshausen/Amundsen Sea sectors766

when compared to the NSIDC dataset (r=0.45 (p-value<0.05) and r=0.35767

(p-value>0.05), respectively; Fig. 4c,d). Additionally, the sea-ice extent for768

these two regions are highly correlated between the two reconstructions over769

the 1958–2000 CE period (r=0.67 (p-value<0.05) and r=0.56 (p-value<0.05),770

respectively; Fig. S4). Finally, both the instrumental and paleo reconstruc-771

tions show a decrease in sea-ice extent for the Bellingshausen/Amundsen Sea772

sector over the 1958–2000 CE period (both -0.057 106 km2 per decade; p-773

value<0.05), and an increase for the Ross Sea sector (0.018 106 km2 per decade774

(p-value>0.05) and 0.026 106 km2 per decade (p-value<0.05), respectively for775

the instrumental and paleo-reconstruction). These changes over 1958–2000 CE776

are consistent with observations over the 1979–2000 CE period (Parkinson,777

2019). However, although our instrumental and paleo reconstructions of the778
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sea-ice extent are in agreement with observations regarding the direction of779

the change, our reconstructions underestimate the magnitude.780

3.2 Reconstruction of the ASL and sea-ice in the West Antarctic sector over781

the last 200 years782

Now that we have evaluated the skill of our reconstructions during the recent783

period, we can extend the reconstruction back in time. According to our an-784

nual paleo-reconstruction of the ASL index (Fig. 5), the ASL displays three785

main phases over the last two centuries. From 1800 CE to around 1840 CE, we786

observe a positive linear trend (trend=0.34 std per decade; p-value<0.001) fol-787

lowing by a period of about one century (until around 1940 CE) with virtually788

no trend (trend=0.05 std per decade; p-value>0.05). From around 1940 CE,789

the ASL displays a strong negative linear trend (trend=-0.30 std per decade;790

p-value<0.001). This strong negative linear trend is consistent with the ob-791

served positive linear trend in the Southern Annular Mode, which deepens the792

ASL (e.g., Raphael et al., 2016). In addition to being stronger since 1940 CE,793

our results show that the ASL has also moved eastwards at the same time794

(Fig. S5; in our paleo-reconstruction, the longitudinal position of the ASL is795

anti-correlated with the ASL index over the 1800–2000 CE period; at r=-0.88;796

p-value<0.001) but no change in latitudinal position is noticed (not shown).797
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Fig. 5 ASL index derived from our paleo-reconstruction over 1800–2000 CE. Thin line
corresponds to the annual index while the thick line is the decadal mean (10-year lowess
smoothing). Error bands correspond to the reconstruction uncertainty as defined in section
2.1.

Along with the ASL changes over the past two centuries, we analyze an-798

nual sea-ice extent changes in the West Antarctic sector, in particular in the799

Bellingshausen/Amundsen Sea sector (130◦W-60◦E) and in the Ross Sea sector800

(160◦E-130◦W; Fig. 6a,b). These two regions are anti-correlated at the annual801

scale in observations over 1979–2000 CE (r=-0.26 (p-value>0.1). In our paleo-802
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reconstruction, this correlation coefficient reaches -0.50 (p-value<0.05) over803

the same period. However, our paleo-reconstruction indicates that this correla-804

tion coefficient varies over the past two centuries. In the Bellingshausen/Amundsen805

Sea sector, the sea-ice has grown from 1800 CE to around 1860 CE (trend=0.037806

106 km2 per decade; p-value<0.001) before starting a long-term reduction until807

present (trend=-0.021 106 km2 per decade; p-value<0.001). On the contrary,808

the Ross Sea sector displays a different picture during the past two centuries.809

Over the first forty years of the 19th century, our reconstruction indicates a810

reduction of the sea-ice extent in the Ross Sea sector (trend=-0.017 106 km2
811

per decade; p-value>0.1), which is followed afterwards by a slight long-term812

reduction of sea-ice extent until around 1940 CE (trend=-0.009 106 km2 per813

decade; p-value<0.01). Finally, a positive linear trend is observed over the last814

sixty years (trend=-0.021 106 km2 per decade; p-value<0.05). Therefore, over815

the last two centuries, the only significant 50-year trend of sea-ice extent in816

the Ross Sea sector is the sea-ice expansion which has started from about 1940817

CE.818

a. b.

d.c.

Fig. 6 Sea-ice extent for Bellingshausen/Amundsen Sea (a) and Ross Sea (b) sectors (106

km2) derived from our paleo-reconstruction over 1800–2000 CE. Error bands correspond
to the reconstruction uncertainty as defined in section 2.1. (c) Latitudinal position of the
annual sea-ice extent edge averaged over 70–100◦W in our paleo-reconstruction (in blue) and
the MSA-based reconstruction of Abram et al. (2010) (in black) over 1800–2000 CE. (d)
Latitudinal position of the annual sea-ice extent edge at 146◦W in our paleo-reconstruction
(in blue) and the MSA-based reconstruction of Thomas and Abram (2016) (in black) over
1800–2000 CE. Thin lines correspond to the annual reconstructions while thick lines are
the decadal means (10-year lowess smoothing). For (c) and (d), correlation coefficients (r)
between the paleo and MSA-based reconstructions are computed over 1900–2000 CE (star
indicates statistically significant correlation at the 95% confidence level).
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3.2.1 Comparison with independent sea-ice reconstructions819

Our paleo sea-ice reconstructions can be compared to two independent re-820

constructions, which are based on phytoplankton productivity emissions from821

marine algae at the sea-ice edge (Methane Sulphonic Acid; hereafter MSA;822

Thomas et al., 2019). First, Thomas and Abram (2016) have reconstructed823

the position of the winter sea-ice edge at 146◦W in the Amundsen-Ross sec-824

tor since 1702 CE using an ice core MSA record situated in West Antarctica.825

Over the 1800–2000 CE, the sea-ice edge at 146◦W derived from our paleo-826

reconstruction presents a correlation coefficient r of 0.22 (p-value<0.05) with827

the MSA-based reconstruction from Thomas and Abram (2016) and 0.34 (p-828

value<0.05) over the 1900–2000 CE period (Fig. 6d). Over the 20th century,829

our reconstruction displays a sea-ice extent northward expansion of 0.13◦ per830

decade, which is very similar to Thomas and Abram (2016) (0.12 ± 0.02◦831

per decade). Therefore, although the interannual correlation is relatively low832

between both reconstructions, the long-term changes are consistent with each833

other. We also notice that our paleo-reconstruction is not able to reconstruct834

the exceptional sea-ice expansion for the 1997–1999 CE period (Hanna, 2001)835

in contrast with the MSA-based reconstruction from Thomas and Abram836

(2016).837

The weaker agreement between two reconstructions at the interannual838

timescale is something to expect when comparing two very different paleo839

proxies. The MSA emissions arise from the algal blooms that occur in the840

spring, during the period of sea-ice break-up. Thus, this record is indicative841

of seasonal changes, closely linked to winter sea-ice extent, rather than annual842

sea-ice changes. The differences between the reconstructions can also partly843

be explained by the fact that the MSA record is influenced by conditions844

at the source as well as the transport pathways and potentially includes a845

non-climatic signal. In contrast, our data assimilation approach is unable to846

capture these small-scale local processes and, by construction, our method847

tends to minimize the non-climatic signal.848

Second, using a similar methodology as Thomas and Abram (2016), Abram849

et al. (2010) have estimated a -0.08 ± 0.02◦ per decade southward retreat in850

the Bellingshausen/Amundsen Sea sector (70◦W–100◦W) over the 1901–1990851

CE period, while our reconstruction suggests a slightly greater retreat (-0.10852

◦ per decade; p-value<0.05). Over the 20th century, the correlation coeffi-853

cient between the two reconstructions is 0.29 (p-value<0.05). Thus, despite854

the differences on the seasonal and inter-annual scale, our reconstruction in-855

dependently confirms the long-term changes in sea-ice extent over the 20th
856

century as suggested by Thomas and Abram (2016), including the persis-857

tent dipole between the Bellingshausen/Amundsen Sea and Ross Sea sectors858

(r=-0.70 (p-value<0.001) in our reconstruction over 1900–1999 CE). However,859

our reconstruction indicates that the sea-ice extent retreat in the Belling-860

shausen/Amundsen Sea sector started around one century before the sea-ice861

extent expansion in the Ross Sea sector (Fig. 6a,b).862
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The evolution of the sea-ice extent in the Ross Sea sector over the past863

two centuries coincides with the evolution of the ASL, with a correlation co-864

efficient r of -0.82 (p-value<0.001) in our paleo-reconstruction. This confirms865

the dominant role of the ASL in modulating annual sea-ice variations in this866

sector, as highlighted by several studies (e.g., Hosking et al., 2013; Raphael867

and Hobbs, 2014; Raphael et al., 2019). The ASL has deepened (negative ASL868

index) over the past few decades, associated with enhanced cold southerly869

winds coming from the Ross Ice Shelf, resulting in sea-ice expansion in the870

Ross Sea sector (e.g., Lefebvre and Goosse, 2008). Conversely, when the ASL871

is deeper, this atmospheric situation tends to bring more warm air into the872

Bellingshausen/Amundsen Sea sector in concert with the horizontal movement873

of the sea-ice to the coast (i.e., ice compaction), which leads to a reduction of874

sea-ice cover.875

However, the sea-ice variability in the Bellingshausen/Amundsen Sea sec-876

tor is less correlated with the ASL index than for the Ross Sea sector in our877

reconstruction over the same period (r=0.37; p-value<0.001). Additionally,878

unlike the Ross Sea sector, the correlation between the sea-ice extent and the879

ASL depends on the analyzed time period. For instance, this correlation co-880

efficient drops to -0.16 (p-value>0.1) over 1851-1950 CE (against 0.37 over881

1800–2000 CE (p-value<0.001)). During this period, the sea-ice extent for the882

Bellingshausen/Amundsen Sea sector is decreasing while the ASL index does883

not present a linear trend. This suggests that the ASL is not the unique driver884

controlling the variability of sea-ice extent in the Bellingshausen/Amundsen885

Sea sector. Raphael and Hobbs (2014) pointed out that the Zonal Wave Three886

and El-Nino Southern Ocean partly govern the variability of the sea-ice ex-887

tent in the Bellingshausen/Amundsen Sea sector. Furthermore, the analysis of888

the spatial correlation coefficients between the sea-ice extent in the Belling-889

shausen/Amundsen Sea sector and the 500-hPa geopotential height based on890

our paleo-reconstruction (Fig. 7a) indicates that the circulation changes along891

the Drake Passage (between Cape Horn and the South Shetland Islands) and892

in the Weddell Sea are correlated with the sea-ice extent in this region. This893

is confirmed by performing the same analysis with observations (NSIDC and894

ERA5) over 1979–2000 CE that also gives statistically significant correlation895

coefficients, but with smaller values (Fig. 7b). Nevertheless, the correlation co-896

efficient between the sea-ice extent in the Bellingshausen/Amundsen Sea sec-897

tor and the ASL over the 1951–2000 CE period reaches 0.66 (p-value<0.001;898

against -0.16 over 1851–1950 CE (p-value>0.1)), pointing out the strong role899

of the ASL in the reduction of the sea-ice extent in this region over the last900

decades.901

3.3 Is the current widespread warming over West Antarctica representative902

of changes in the past 200 years?903

Numerous studies have pointed out a strong west-east asymmetry in the904

surface warming since 1958 CE as West Antarctica has undergone a large905
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a.

b.

Fig. 7 (a) Annual sea-ice extent averaged over the Bellingshausen/Amundsen Sea and Ross
Sea sectors correlated with the 500-hPa geopotential height in our paleo-reconstruction for
the 1800–2000 CE and 1979–2000 CE periods. (b) As (a) but based on observations (ERA5
and NSIDC) over the 1979–2000 CE. Stippling indicates statistically significant correlations
at the 95% and 90% confidence levels for the 1800–2000 CE and 1979–2000 CE periods,
respectively.

widespread warming, unlike East Antarctica (e.g., Steig et al., 2009; Nicolas906

and Bromwich, 2014; Schneider et al., 2012; Jun et al., 2020). As a result, West907

Antarctica is often seen as a region that behaves homogeneously in terms of908

climate change and variability. However, it is still unknown if this observed909

widespread warming in West Antarctica over the past decades is representative910

of the behavior of the region on longer timescales. Our paleo-reconstruction911

allows examination of this representativeness by analyzing the near-surface air912

temperature changes over the past 200 years along with changes in other key913

variables such as snow accumulation, sea-ice extent and atmospheric circula-914

tion.915

Figure 8 displays the linear trends for the 500-hPa geopotential height,916

700-hPa air temperature, near-surface air temperature, snow accumulation917

and sea-ice concentration over 50-year periods between 1801 and 2000 CE.918

Over 1801–1850 CE, we observe a clear continental dipole in the trends of919

near-surface air temperature and snow accumulation between the Peninsula920

and a part of eastern WAIS compared to the western WAIS. The 500-hPa921

geopotential height field shows that the ASL weakened during 1801–1850 CE922

(trend=0.30 std per decade; p-value<0.01), which is consistent with the time-923
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series of the ASL index over the last two centuries (Fig. 5). These atmospheric924

conditions are associated with weaker northerly winds in the Peninsula that925

result in a cooling, while the opposite occurs in the western WAIS (i.e., the926

west of the WAIS Divide where the ice flow is null, which separates the WAIS927

into two regions). It has been shown that a strong positive correlation ex-928

ists between temperature and snow accumulation over the Antarctic Ice Sheet929

(Frieler et al., 2015; Dalaiden et al., 2020a; Cavitte et al., 2020). Higher tem-930

perature induces an increase of the saturation vapor pressure that potentially931

leads to more continental precipitations (i.e., the Clausius-Clapeyron rela-932

tionship). This is consistent with the cooling in the Peninsula (which cor-933

responds to a snow accumulation decrease) and the warming in the western934

WAIS (which corresponds to a snow accumulation increase). In addition to the935

atmospheric circulation changes, continental changes are highly influenced by936

oceanic conditions (Kittel et al., 2018; Krinner et al., 2008). Particularly, when937

the ocean is ice-free, the air potentially contains more humidity because of the938

enhanced evaporation above the ocean. This eventually leads to a warming939

and an increase in snow accumulation over the continent when the airflow hits940

the coastline. Accordingly, we observe an increase in sea-ice concentration in941

the Bellingshausen/Amundsen Sea sector in contrast with a decrease in the942

Ross Sea sector.943

During the second interval (i.e., 1851–1900 CE period), the continental and944

atmospheric circulation patterns are relatively similar to the one over the 1801–945

1850 CE period. However, the amplitude of the surface changes is weaker and946

the ASL seems slightly shifted eastwards (Fig. 8). This induces an eastward947

shift of the warming pattern over the continent compared to the period 1801–948

1850 CE. Moreover, the typical dipole in sea-ice is no longer observed since a949

general reduction of the sea-ice extent is noticed in the West Antarctic sector.950

The 1901–1950 CE period is characterized by small and insignificant changes,951

except that a widespread sea-ice cover reduction is noticed as during the 1851–952

1900 CE period. Over the last fifty years of the 20th century, the atmospheric953

circulation corresponds almost to the opposite 1801–1850 CE pattern (Fig. 8).954

With a deepening ASL (trend=-0.22 std per decade; p-value<0.01), warmer955

and moister air is brought in the Peninsula resulting in a decrease of sea-956

ice cover in the Bellingshausen/Amundsen Sea sector, as well as a warming957

associated with an increase in snow accumulation in the Peninsula. As expected958

from the deeper ASL, the Ross Sea sector gained sea-ice during the same period959

while the western WAIS displays a decrease in snow accumulation. However,960

in contrast to the 1801–1850 CE period, the temperature change has the same961

sign over the whole West Antarctic region, in agreement with previous studies962

(e.g., Steig et al., 2009; Nicolas and Bromwich, 2014). The boundary between963

regions showing a warming and those displaying a cooling at 700-hPa is shifted964

offshore over the ocean while it was located close to the WAIS Divide for the965

period 1801–1850 (Fig. 8). The dipole is still present but the entire continent966

is experiencing a warming. The trends of 700-hPa air temperature over 1951–967

2000 CE on both sides of the Amundsen coasts are thus opposite.968
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Fig. 8 Linear trends in 500-hPa geopotential height (m per decade), 700-hPa air temper-
ature (◦C per decade), near-surface air temperature (◦C per decade), snow accumulation
(mm w.e. eq. year-1 par decade) and sea-ice cover (% per decade) over the last 200 years
separated by 50-year intervals. Stippling indicates statistically significant correlations (95%
confidence level).
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Since the change in the atmospheric circulation during this period roughly969

corresponds to the opposite pattern of the 1801–1850 CE period, the homoge-970

neous warming over the continent could either indicate a change in the role of971

the ASL on the West Antarctic climate or a relationship between the ASL and972

the West Antarctic climate that may have changed over time. Figure 9 dis-973

plays spatial correlation coefficients between the ASL index and near-surface974

air temperature, snow accumulation and 700-hPa air temperature over the975

1801–1850 CE and 1951–2000 CE periods. Over the 1801–1850 CE period,976

the spatial patterns of correlation coefficients between the ASL index and the977

three variables are very similar to the spatial pattern of trends for the same978

variables and over the same period. This indicates that over that period, the979

ASL is the major contributor to those changes.980

In contrast to the ASL-snow accumulation relationship, the relationship981

between the ASL and near-surface air temperature has changed between the982

two periods (Fig. 9). Correlation coefficients between the ASL index and near-983

surface air temperature over 1951–2000 CE still exhibit a dipole like for the984

1801–1850 CE period, but this dipole is shifted eastward. Additionally, the985

strength of the correlation over the western WAIS is weaker compared to the986

1801–1850 CE period. This change in the link between the ASL and near-987

surface air temperature could be related to a change in the mean state of the988

atmospheric circulation. According to our reconstruction and in agreement989

with previous studies, the atmospheric conditions prevailing in the Antarctic990

over 1951–2000 CE correspond to a positive phase of SAM in regards to the991

1801–1850 CE period (Fig. 10). Based on the SAM index derived from our992

reconstruction and normalized over the 1800–2000 CE period, the SAM index993

averaged over 1801–1850 CE is -0.11 against 0.87 over 1951–2000 CE.994

To examine the role of the SAM in the relationship between the ASL and995

the near-surface air temperature and snow accumulation independently of our996

reconstruction, we analyze the relationships between the ASL and these two997

variables in the ERA5 reanalysis over 1979–2019 CE. More specifically, we998

perform the correlation of climate variables with the ASL index over negative999

SAM (SAM-) years compared with positive SAM (SAM+) years (Fig. 11). The1000

analysis confirms that depending on the large-scale atmospheric background1001

(i.e., the sign of the SAM index), the impact of the ASL on the near-surface air1002

temperature and snow accumulation is different. During the SAM- years, the1003

fingerprint of the ASL on the continent displays a clear dipole in both near-1004

surface air temperature and snow accumulation. During the SAM+ years, the1005

dipole in near-surface air temperature over the continent is much less clear1006

with weaker correlation coefficients between the ASL and the near-surface1007

air temperature in the western WAIS. This potentially indicates that snow1008

accumulation is a better proxy for reconstructing the ASL than the near-1009

surface air temperature as shown in Thomas and Bracegirdle (2015).1010

As a consequence of the general warming in West Antarctica over the last 501011

years, the western part of the region warms but has lower snow accumulation.1012

This is opposite to the classical link between the two variables due to Clausius-1013

Clapeyron relationship. Cavitte et al. (2020) have shown that some areas over1014
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Fig. 9 Annual ASL index linearly correlated with near-surface air temperature, snow ac-
cumulation and 700-hPa air temperature in our paleo-reconstruction for the 1801–1850 CE
and 1951–2000 CE periods. Stippling indicates statistically significant correlations (95%
confidence level).

Fig. 10 Change in the 500-hPa geopotential height (m) between the 1951–2000 CE and
1801–1850 CE periods in our paleo-reconstruction.

the Antarctic continent in fact display a negative relationship between snow1015

accumulation and near-surface air temperature because of winds-topography1016

interactions. This is for instance observed over the Peninsula (Elvidge and1017

Renfrew, 2016; Cavitte et al., 2020). We argue that the same phenomenon at1018

larger spatial scale has occurred in WAIS during the 1951–2000 CE period1019

because of the presence of the WAIS Divide. When warm moist air driven1020

by the ASL is brought in the eastern WAIS towards the WAIS Divide, the1021
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Fig. 11 Annual ASL index linearly correlated with near-surface air temperature, snow
accumulation and 700-hPa air temperature in the ERA5 reanalysis over 1979–2019 CE.
Correlations have been computed on all (All), SAM+ (SAM+) or SAM- (SAM-) years with
n corresponding to the sample length. Stippling indicates statistically significant correlations
(90% confidence level).

air moisture is released as snowfall during the uplift towards the Divide. At1022

that point, the air masses start to descend towards the Ross Ice Shelf on the1023

leeside. This results in an adiabatic warming, which is not associated with an1024

increase in snow accumulation. However, this feature is mainly observed over1025

the 1951–2000 CE period due to the position of the winds at that time (Figs.1026

8 and S6).1027

4 Conclusions1028

In this paper, we have investigated the West Antarctic climate variability over1029

the past two centuries by providing a complete reconstruction for the main1030

atmospheric variables, as well as the sea-ice concentration. This is achieved by1031

using a data assimilation approach that combines optimally the information1032

brought by paleoclimate proxies and the climate physics from climate models.1033

The reconstruction is based on all the annually-resolved snow accumulation1034

and δ18O records from the Antarctic ice cores, as well as tree-ring width records1035

situated in the mid-latitudes from the Southern Hemisphere. The use of the1036
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isotope-enable climate model iCESM1 in the data assimilation allows to avoid1037

strong assumptions on the relationship between the δ18O in ice cores and1038

climate variables.1039

We have evaluated our reconstruction using various independent data over1040

the instrumental era and shown that our reconstruction is able to reproduce1041

well the climate variability over West Antarctica (near-surface air temperature1042

and snow accumulation), the atmospheric circulation in the West Antarctic1043

sector (in particular, the ASL), and the sea-ice cover. Snow accumulation and1044

δ18O records from ice cores, as well as tree-ring width, are thus providing1045

valuable information to reconstruct the West Antarctic climate over the past1046

200 years at least. This is further confirmed by comparing our sea-ice extent1047

reconstructions with two independent sea-ice reconstructions based on MSA1048

records from ice cores, which leads to similar results as our reconstruction at1049

the decadal scale.1050

According to our reconstruction, the overall observed reduction of sea-1051

ice extent in the Bellingshausen/Amundsen Sea sector over the instrumental1052

era (e.g., Parkinson, 2019) is part of a long-term linear trend starting at the1053

beginning of the industrial period. In contrast, the increase of sea-ice extent1054

in the Ross Sea sector has started one century later, around 1950 CE and is1055

preceded by a small sea-ice reduction between 1850 and 1950 CE. Our results1056

show that the deeper ASL over the second half of the 20th century generally1057

explains these long-term changes by modulating winds in the West Antarctic1058

sector. However, we observe that the strength of the relationship between1059

the sea-ice extent in the Bellingshausen-Amundsen Sea sector and the ASL1060

strongly varies over the past two centuries.1061

We have also shown that the observed general warming since 1958 CE in1062

West Antarctica is not representative of changes over the past 200 years, which1063

usually present a dipole on the continent due to the ASL. Our reconstruction1064

suggests that this widespread warming is explained by both the stronger ASL1065

and the positive phase of SAM. Therefore, this could not be simply related to1066

the fingerprint of the ASL impact on the continent or ocean surface, but also1067

the SAM. The continental response to a change in the atmospheric circulation1068

may not be stationary. Care must be thus taken when inferring changes at1069

the West Antarctica-scale from local proxies. Care should also be taken when1070

relying on the short instrumental period to infer changes in Antarctic climate1071

variability and its drivers. Future climate scenarios are often reliant on our1072

understanding of climate variability during the instrumental period. But our1073

study demonstrates that this time period may not be the most representative1074

of the climate variability over multi-decadal to centennial timescales.1075

Additionally, those time-dependent relationships, as well as the potential1076

complex response of the climate in West Antarctica to the atmospheric circu-1077

lation, raise concerns about simple statistical methods that assume, by con-1078

struction, constant relationships between the proxy and the reconstructed cli-1079

mate variable. Using a more sophisticated method like data assimilation is a1080

clear advantage because it directly relies on the covariance between the re-1081

constructed variables and the observations as described by the model. Data1082
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assimilation-based reconstruction thus ensures that all reconstructed variables1083

are dynamically consistent.1084

This present work is focused on the ongoing West Antarctic climate by an-1085

alyzing local changes. Our study demonstrates that the recent period appears1086

unusual in the longer context but further work is needed to understand the1087

drivers and the underlying mechanisms of those changes. Atmospheric circu-1088

lation changes in the high latitudes of the Southern Hemisphere over the past1089

decades have been attributed to various factors (Thompson et al., 2011), most1090

notably the atmospheric ozone depleting and the increase of the atmospheric1091

greenhouse gases (e.g., Fogt et al., 2009; Polvani et al., 2011). Additionally, an1092

increasing number of studies (e.g., Ding et al., 2011; Steig et al., 2013; Clem1093

et al., 2016; Holland et al., 2019) have shown that changes in the West Antarc-1094

tic climate are closely linked to the climate variability in the tropical Pacific1095

and other basins through tropical-Antarctic teleconnections. These telecon-1096

nections influence the West Antarctic climate by modifying the atmospheric1097

circulation around Antarctica. Therefore, quantifying the contribution of these1098

teleconnections on the West Antarctic climate is a next step to improve the1099

knowledge of the climate changes in West Antarctica over the past centuries.1100

Assimilating in addition tropical proxies (in particular corals; e.g., Tierney1101

et al., 2015), would likely allow improving the reconstruction of the variability1102

of the Antarctic climate by relying on the tropical-Antarctic teleconnections,1103

particularly in the West Antarctic sector where they are known to be strong1104

(e.g., Thomas et al., 2013, 2015). For instance, the tropical proxies could help1105

to reproduce the exceptional sea-ice expansion in the Ross sector observed1106

between 1997 and 1999 CE (e.g., Hanna, 2001) since this event has been largely1107

attributed to tropical variability in the western Pacific Ocean. In addition, this1108

new data assimilation-based reconstruction would provide a good framework1109

to study the impact of tropical variability on the Antarctic climate over the1110

past centuries.1111
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