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The annual cycle of Antarctic sea ice, oscillating from a mean 
winter extent of ~18.5 × 106 km2 to a mean summer extent of 
~3.1 × 106 km2, exerts a strong control on Southern Ocean (SO) 

circulation and its ecosystems1, as well as on global climate via the 
modulation of atmospheric CO2 concentrations and global ocean 
circulation2. Since the beginning of satellite measurements in 1979, 
total Antarctic sea-ice extent has increased by ~1.5% per decade3. 
However, there have been marked regional differences, includ-
ing sea-ice decreases in the Amundsen–Bellinghausen sector and 
increases in the western Pacific and Atlantic sectors4. Because the sat-
ellite record is very short (<41 years), the processes underlying this 
regional heterogeneity, such as changes in wind-induced ice drift1,5 
and in ocean heat vertical redistribution6, are still debated. The rela-
tive importance of natural variability and human-induced activities 
(mainly anthropogenic greenhouse gas emissions and ozone hole) 
in driving these sea-ice changes is currently unknown. In particular, 
our knowledge of SO natural variability7 is limited due to the lack of 
records of its past evolution. Furthermore, most of the current cou-
pled climate models are not able to reproduce the monitored increase 
in Antarctic sea ice8, which may severely hamper any robust projec-
tions of Antarctic sea-ice evolution and associated oceanographic 
and climatic feedbacks over the coming decades. Acquisition of 
decadal-scale Antarctic sea-ice records is therefore crucial to improve 
our understanding of the natural patterns and drivers of sea-ice vari-
ability as a basis to explain the recent observed trends.

Only a few records of Holocene Antarctic sea-ice dynamics 
exist, and these are generally at multi-centennial resolution9–12. 

Therefore, none of these records allows for a robust understand-
ing of the processes driving multi-decadal sea-ice variability. In this 
article, we describe sea-ice dynamics in the Indian sector of the 
SO over the last 2,000 years and identify potential drivers through 
comparison with published palaeoclimate records and offline data 
assimilation (DA) using Community Earth System Model version 
1 Community Atmospheric Model version 5 (CESM1-CAM5 cou-
pled ocean–atmosphere General Circulation Model). We analysed 
diatom assemblages and diatom-specific biomarkers in a 40-m-long 
sediment sequence at Integrated Ocean Drilling Program (IODP) 
U1357B Hole (66° 25’ S, 140° 26’ E, 1,026 m water depth) recovered 
on the Adélie Land coast (ALC) continental shelf to reconstruct 
sea-ice duration off East Antarctica over the 0–1900 ce period at a 
sub-decadal resolution. Concomitantly, we analysed diatom assem-
blages in a 0.5 m sediment sequence at COR1GC site (54° 16’ S, 
39° 46’ E, 2834 m of water depth) from the Indian Antarctic Polar 
Front (APF) to reconstruct summer sea surface temperatures (SSTs) 
in the open ocean zone of the Indian sector over the 0–1000 ce 
period at a multi-decadal resolution (Fig. 1). Core descriptions 
and chronologies can be found in refs. 13,14, respectively, and in the 
Methods.

Environmental conditions inferred from marine records
Sea-ice-related diatoms (Fragilaropsis curta and F. cylindrus; ref. 15)  
and highly branched isoprenoids (HBIs, ratio of diene to triene;  
ref. 16) preserved in marine sediment records are commonly used to 
infer past changes in spring sea-ice conditions, with high values of 

Multi-decadal trends in Antarctic sea-ice extent 
driven by ENSO–SAM over the last 2,000 years
Xavier Crosta   1 ✉, Johan Etourneau1,2, Lisa C. Orme3, Quentin Dalaiden   4, Philippine Campagne1, 
Didier Swingedouw   1, Hugues Goosse   4, Guillaume Massé5, Arto Miettinen6,11, Robert M. McKay7, 
Robert B. Dunbar8, Carlota Escutia9 and Minoru Ikehara   10

Antarctic sea ice has paradoxically become more extensive over the past four decades despite a warming climate. The regional 
expression of this trend has been linked to changes in vertical redistribution of ocean heat and large-scale wind-field shifts. 
However, the short length of modern observations has hindered attempts to attribute this trend to anthropogenic forcing or 
natural variability. Here, we present two new decadal-resolution records of sea ice and sea surface temperatures that doc-
ument pervasive regional climate heterogeneity in Indian Antarctic sea-ice cover over the last 2,000 years. Data assimila-
tion of our marine records in a climate model suggests that the reconstructed dichotomous regional conditions were driven 
by the multi-decadal variability of the El Niño Southern Oscillation and Southern Annular Mode (SAM). For example, during 
an El Niño/SAM– combination, the northward sea-ice transport was reduced while heat advection from the subtropics to the 
Southern Ocean increased, which resulted in reduced sea-ice extent in the Indian sector as sea ice was compacted along the 
Antarctic coast. Our results therefore indicate that natural variability is large in the Southern Ocean and suggest that it has 
played a crucial role in the recent sea-ice trends and their decadal variability in this region.

NAtuRE GEOSCIENCE | www.nature.com/naturegeoscience

mailto:xavier.crosta@u-bordeaux.fr
http://orcid.org/0000-0002-8005-9939
http://orcid.org/0000-0002-3885-3848
http://orcid.org/0000-0002-0583-0850
http://orcid.org/0000-0002-5438-3612
http://orcid.org/0000-0002-2695-4713
http://crossmark.crossref.org/dialog/?doi=10.1038/s41561-021-00697-1&domain=pdf
http://www.nature.com/naturegeoscience


Articles NATurE GEOScIENcE

either proxy indicating persistent sea ice (Methods). Relative abun-
dances of the F. curta group (Fig. 2b) show two periods of higher 
values at −200 to 500 ce (Period 1) and 830–1520 ce (Period 3), 
indicating a late-spring sea-ice retreat in ALC. Two periods of lower 
abundances at 500–830 ce (Period 2) and 1520–1850 ce (Period 4) 
conversely suggest early-spring sea-ice retreat. On the basis of the  
F. curta group record, the most recent period at 1850–1900 ce prob-
ably had late-spring sea-ice retreat. The diene/triene values (Fig. 2a) 
were generally higher during Periods 1 and 3 than during Period 
2. Diene/triene values were generally low during Period 4, except 
for two short-lived events that are in phase with small increases in  
the F. curta group. When comparing these records with the 
Thalassiosira antarctica record, a diatom species whose high abun-
dances are commonly used to infer early sea-ice return in autumn17 
(Methods), we find a different seasonal evolution of spring and 
autumn sea-ice conditions over the last 2,000 years. Indeed, aver-
age relative abundances of T. antarctica are observed during Periods 
1 and 3 (Fig. 2c), while low abundances characterized Period 2, 
suggesting late sea-ice formation compared with Periods 1 and 3. 
Conversely, much higher abundances persisted throughout Period 
4, indicating that this time saw the earliest sea-ice return of the last 
2,000 years. The comparison of these data with diatom distribu-
tions in modern SO sediments18 and in ALC sediments covering the 

instrumental period15 allows us to estimate regional sea-ice dura-
tion (Extended Data Fig. 1). This suggests sea-ice presence (SIP) of 
8–9 months per year during Period 1 (late melting, early freezing), 
7–8 months per year during Period 2 (early melting, late freezing), 
9–10 months per year during Period 3 (late melting, early freezing) 
and ~8 months per year during Period 4 (early melting, early freez-
ing) (Extended Data Fig. 2).

Our results are supported by East Antarctic ice core records, 
which demonstrate that heavy spring sea-ice conditions generally 
occurred during periods of cool air temperatures over the East 
Antarctic Plateau and Wilkes Land coast19. However, Period 4 expe-
rienced low air temperatures and early autumn sea-ice return, but 
early sea-ice retreat (Section 2 in the Supplementary Information). 
This, along with discrepancies at the decadal scale, may explain the 
non-significant anti-correlations between the marine and ice core 
records (Section 4 in the Supplementary Information). However, 
the good centennial to multi-centennial agreement indicates a close 
coupling between atmospheric and coastal oceanic conditions at 
these timescales.

We then compared natural sea-ice variability off ALC with Indian 
APF oceanographic conditions. Diatom assemblages in COR1GC 
core indicate that sea ice never reached the core location from 0 
to 1000 ce. We thus used SST as an alternative indicator, whereby 
higher SSTs infer a more southern winter sea-ice edge20. Diatoms 
are robust and commonly used tools to quantitatively reconstruct 
SST in the open SO21 (Methods). The COR1GC record (Fig. 2d) 
shows mean SST of ~4.5 °C during Period 1 and early Period 3, 
and SST of ~3 °C during Period 2. Over the common period, the  
F. curta group (Hole U1357B, ALC) and SST (COR1GC, Indian 
APF) records are significantly and positively correlated (Section 4 
in the Supplementary Information), demonstrating that cold waters 
and heavy SIP in ALC were congruent with warm surface ocean 
conditions at the Indian APF (Periods 1 and 3). Conversely, lower 
SIP and warmer conditions in ALC were synchronous with colder 
surface ocean conditions at the Indian APF (Period 2). Therefore, 
an important finding of our study is that there was opposite climate 
variability between the high and mid-latitudes of the Indian SO 
over the last 2,000 years. A similar behaviour has been previously 
observed at millennial timescales over the Holocene and attrib-
uted to changes in the latitudinal insolation and thermal gradients9 
through their impact on the southern westerly winds (SWW), the 
eastward zonal atmospheric circulation between 30° and 60° S that 
influences large-scale precipitation patterns and ocean circulation 
in the SO.

Drivers inferred from data and DA
Deciphering between changes in intensity and position of the SWW 
over the last 2,000 years is complex. However, two SWW records, 
based on different proxies (iron content and foraminifer geochem-
istry) and processes (precipitation and hydrologic front migration), 
give a robust picture of latitudinal shifts in the SWW22,23. The two 
wind records are significantly correlated, while the Fe content record 
in core GeoB3313-1 is significantly correlated with the SST record, 
and the Globorotalia inflata δ18O record in core GeoB13862-1 is 
significantly correlated with the F. curta group record (Section 4 
in the Supplementary Information). Taken together, the two wind 
records suggest that the core of the SWW was generally located 
southward during Periods 1 and 3 and located northward during 
Periods 2 and 4 (Fig. 2e,f). The sodium content in Antarctic ice 
cores provides further insight into the atmospheric circulation dur-
ing these periods. Sodium content is a direct and conservative tracer 
of marine source air-mass intrusion, with higher content indicat-
ing greater poleward transport of warm, moist air at the southern-
most limb of the SWW24. Ice cores from Wilkes Land (Law Dome), 
the East Antarctic Plateau (Dome C) and West Antarctica (Taylor 
Dome and Siple Dome) generally show greater Na content during 
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features. IODP Hole U1357B site is shown by the blue star and COR1GC 
by the red star. The background map represents the modern (1955–2008) 
mean annual SST field from the World Ocean Atlas 2009 (https://www.
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Periods 1 and 3, relative to Period 2, supporting a poleward posi-
tion and more intense SWW when SSTs at the Indian APF were 
higher and sea ice in the ALC region was more persistent (Section 3 
in the Supplementary Information). However, the relationship less-
ens over Period 4 with, generally, high Na content in ice cores but 
less-persistent sea ice in ALC.

DA is a mathematical method that optimally combines informa-
tion from proxy records and climate physics as represented by a cli-
mate model. It has been applied here to understand how large-scale 
atmospheric reorganization could drive decadal-to-centennial vari-
ability of Antarctic sea ice over the last 2,000 years and to identify 
processes that led to the opposite climate trends between the high 

and mid-latitudes of the Indian SO. The simulations selected are an 
ensemble of experiments covering the past millennium performed 
with the CESM1-CAM5 coupled climate model25. This model has a 
good performance at high southern latitudes and has been widely 
used for Antarctic studies26. We have assimilated both COR1GC 
SST and Hole U1357B sea-ice records (Methods), along with seven 
Antarctic ice core-based regional surface temperature reconstruc-
tions, to ensure the coherency with continental conditions27. From 
a technical point of view, DA was able to reconstruct variations of 
assimilated variables (the average of the linear correlations between 
the assimilated variables and those reconstructed is 0.86; section 
5.1 in the Supplementary Information). This means that no incon-
sistency is found between atmospheric and oceanic temperature 
reconstructions, and particularly between the opposite climate pat-
terns in ALC and Indian APF regions. Two composites were built 
to understand the mechanisms underlying the variations at each 
oceanic core site (Methods). First, the SST+/SIC+ (SIC, sea-ice 
concentration) composite represents climate conditions when 
COR1GC SST and Hole U1357B SIP anomalies were concomitantly 
positive or concomitantly negative. Second, the SST+/SIC– com-
posite represents climate conditions when positive anomalies of SST 
at COR1GC were congruent to negative anomalies of SIP at Hole 
U1357B, and vice versa.

The SST+/SIC+ composite corresponds to 65% (about two- 
thirds) of the 0–1000 ce interval, when our records overlap, con-
firming the general anti-correlation between our palaeorecords 
over this period. The model reproduces the anti-correlation 
between the two regions as inferred from the data, for surface air 
temperatures (SATs), SSTs and SIC (Fig. 3, left). Low modelled 
SATs and SSTs are reconstructed in the southwestern Pacific and 
the ALC region, while high SATs and SSTs are obtained in the 
Bellinghausen–Amundsen Sea and in the Indian APF. Sea-ice mod-
elled distribution is opposite to both SAT and SST with greater SIC 
in the ALC region but lower concentration in the Bellinghausen–
Amundsen Sea and in the Indian APF, indicating a reduced extent 
there. In the DA-based reconstruction, these climate conditions are 
associated with a strong negative anomaly of geopotential height 
in the southern mid-latitudes of the Pacific and eastern Indian 
sectors and a strong positive anomaly of geopotential height over 
the Bellinghausen–Amundsen Sea. Such an atmospheric pattern 
resembles a negative phase of the Southern Oscillation Index (SOI; 
a key atmospheric index for gauging the strength of El Niño and 
La Niña events) as encountered today during El Niño-like condi-
tions28,29. In the DA-based reconstruction, a mean SOI value of −0.34 
(P < 0.05; section 5.2 in the Supplementary Information) confirms 
that El Niño-like conditions prevailed for the SST+/SIC+ compos-
ite. This is further supported by the simulation of pervasive warm 
temperature anomalies in the Equatorial Pacific (section 5.3 in the 
Supplementary Information). However, the pattern is not strictly 
Pacific centred, and a non-significant annular component is evi-
denced along with a negative phase of the Southern Annular Mode 
(SAM, the dominant mode of extra-tropical atmospheric variabil-
ity in the Southern Hemisphere related to changes in the mid- to 
high-latitudinal meridional pressure gradient and in variations in 
the strength and position of the SWW; index of −0.67, P < 0.05). 
This indicates a combined effect of El Niño Southern Oscillation 
(ENSO) and SAM to modulate SST and sea-ice fields in the Indian 
SO at the decadal-to-centennial timescales. In the DA-based recon-
struction, the combination of El Niño and SAM– resulted in the 
climate situation described in the preceding while the combination 
of La Niña and SAM+ led to the opposite climate situation, with 
lower SST in the Indian APF and shorter sea-ice duration in the 
ALC region but overall larger sea-ice extent in the Indian sector.

These DA-based results are supported by palaeoclimate data 
whereby significant correlations are found between our SST 
and sea-ice records, SWW records and the SOI (Section 4 in the 
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Fig. 2 | Intercomparison of sea-ice and climate records over the last  
2,000 years. a, Diene/triene ratio in IODP Hole U1357B (this study).  
b, Relative abundances of the F. curta group in Hole U1357B (this study). 
c, Relative abundances of Thalassiosira antarctica in Hole U1357B core 
(this study). d, Mean summer SSTs estimated from diatom-based transfer 
function in COR1GC core (this study). e, Iron content in GeoB3313-1 
core with higher values indicating a poleward position of the southern 
westerly winds (SWW)22. f, Ice-volume-corrected Globorotalia inflata 
δ18O record in GeoB13862-1 core, with lower values indicating meridional 
shifts of the Brazil–Malvinas Confluence and SWW23. g, Southern 
Oscillation Index (SOI) record calculated as the difference between the 
reconstructed precipitation records from Indonesia and the Galapagos49. 
h, Southern Annular Mode (SAM) record calculated from an array of 
temperature-sensitive proxy records in Antarctica and South America50.
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Supplementary Information). Multi-decadal negative phases of the 
SOI (El Niño-like conditions) are observed during periods 1 and 
3, while positive phases of the SOI (La Niña-like conditions) are 

recorded during periods 2 and 4 (Fig. 2g). SOI and SAM appear 
negatively related during the 1000–1600 ce interval (Fig. 2g,h) 
but uncorrelated over the 1600–1800 ce interval when the sea-ice 
record in Hole U1357B is no longer in agreement with ice core 
records (sections 2 and 3 in the Supplementary Information). A 
recent study also identified a pervasive negative correlation between 
these two modes over the past millennium, despite a few intervals of 
weak or positive correlation30. During El Niño/SAM– (and La Niña/
SAM+) combinations, atmospheric circulation in the mid-latitudes 
of the Pacific acts to maintain teleconnections with the equatorial 
Pacific31, thus conveying low-latitude climate anomalies to the SO. 
In this configuration, recent El Niño events induced cool ocean 
temperatures and heavier sea-ice conditions off East Antarctica that 
were contrasted by warmer ocean temperatures at the Indian APF32, 
as observed in our DA-based reconstruction. Mechanistically, our 
data, along with recent observations and modelling studies, sug-
gest that warming of Indian APF waters (40–60° S) during El Niño 
events is related to the poleward intrusion of warm subtropical 
air masses29,33 and surface waters when SWW are located further 
to the south34, with a more southward direction35. Both processes 
induce sea-ice loss at the margin and equilibrate the sea-ice edge 
southward36. A positive feedback involving ocean–atmosphere heat 
exchange and absorption of solar energy may further warm the 
newly ice-free ocean region37. Cooling of high-latitude waters (south 
of 60° S) and heavier coastal sea-ice conditions are due mainly to 
reduced sea-ice transport northward1 and sea-ice compaction by 
more northerly winds38,39.

The SST+/SIC– composite corresponds to 35% (about one-third) 
of the 0–1000 ce interval. The DA-based results display high SATs 
and SSTs alongside a drop in SIC around Antarctica, thus suggesting 
a reduced sea-ice extent in the Indian sector. These conditions are 
associated with a negative anomaly of geopotential height over West 
Antarctica and an annular positive anomaly in the mid-latitudes 
(Fig. 3, right). Such a pattern in geopotential height resembles a 
positive phase of the SAM40. The SAM index value for the SST+/
SIC– composite is 0.49 (P < 0.05; section 5.2 in the Supplementary 
Information), while the equatorial Pacific does not seem to play 
any significant role with an SOI index of 0.08 (P > 0.05; section 
5.3 in the Supplementary Information). Observations and model  
studies suggest that the SO response to SAM+ like events  
depends on the timescale. The annual transient response is marked 
by enhanced Ekman upward pumping and northward trans-
port of cold winter waters in the region of seasonal sea ice, cool-
ing the surface and allowing sea-ice expansion8,41. However, at 
the multi-decadal timescale, sustained Ekman pumping results 
in increased upwelling of deep warm waters, warming the surface 
waters and reducing both SIC and sea-ice extent6,36,41. As such, the 
SST and sea-ice distributions observed in the SST+/SIC– composite 
are consistent with the longer-term response to prolonged positive 
SAM conditions.

Our new SST and sea-ice data along with our DA results indicate 
a strong regional heterogeneity in Indian SO natural climate vari-
ability over the last 2,000 years. According to our results, ENSO and 
SAM, as well as their phasing, are the key drivers of this climate 
heterogeneity. Of particular interest, the multi-decadal response 
to repetitive El Niño events or persistent SAM positive phase is 
a warming of the mid-latitudes that restricts the outer pack-ice 
extent in the Indian sector. Given the projected future increase in 
the frequency of extreme El Niño events42 and of a prevalent posi-
tive SAM43, our results suggest that these two climate modes will 
independently enhance sea-ice decline in the next decades and may 
oppose other potential stabilizing mechanisms such as increased 
fresh meltwater flux from glacial meltwater44. However, the global 
impact will depend on the phasing of these two climate modes. Our 
study adds to a growing body of evidence7 that most state-of-the-art 
climate models do not adequately reconstruct SO natural variability, 
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and the new data provided here may be crucial to help better evalu-
ate the reliability of these climate models.
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Methods
Location and description of the cores. IODP Expedition 318 was conducted in 
January–February 2010 and drilled three holes at U1357 Site (66° 25’ S, 140° 26’ E, 
1,026 m water depth, located ~35 km from the coast of Adélie Land), in the most 
proximal depression of the Dumont d’Urville Trought (DDUT), through the 
Holocene sediment sequence. Hole U1357B recovered an ~172-m-long archive, 
in 19 sections, of undisturbed hemipelagic sediments composed of unusually pure 
diatom oozes51. The upper 170 m of the core is characterized by dark olive-brown 
to light greenish-brown diatom oozes, along with centimetre-scale laminations, as 
previously shown at the same site51. Laminations result from changing conditions 
between a high-productivity deposition during spring and a less organic-rich 
sedimentation during summer52–54.

The 2.5-m-long COR1GC core was retrieved from the southwest flank of 
the Conrad Rise in the southwestern Indian sector of the SO (54° 16’ S, 39° 46’ E, 
2834 m water depth) using a gravity corer during the expedition KH-10-7 on board 
the R/V Hakuho-Maru in 2010. COR1GC sediments are composed mainly of 
homogeneous pale-yellow to greenish diatom oozes55.

Chronologies of the cores. The age model of Hole U1357B core is based on 
87 radiocarbon dates performed on acid-insoluble bulk organic carbon13. The 
raw dates were calibrated with a reservoir age correction of 1,200 ± 100 years 
recommended for the area56. An additional correction of 400 years to account for 
the dead carbon fraction was applied. The dead carbon fraction has been  
calculated via the comparison of radiocarbon dates on bulk organic carbon and 
foraminifera in the twin JPC17 core57. The depth–age conversion was done using 
BACON58 and the Marine13 calibration dataset59. The core covers the last 11,500 
years in 172 m and the last 2,000 years in 40 m with a mean sedimentation rate 
of 2 cm yr−1. The last 2,000 years are constrained by 24 dates. More details can be 
found in ref. 13.

The age model of COR1GC is based on 15 radiocarbon dates performed on 
monospecific samples of the planktic foraminifera Neogloboquadrina pachyderma 
sinistral14. The raw dates were calibrated with a reservoir age correction of 
890 ± 100 years recommended for the area60. The depth–age conversion was done 
using BACON58 with the Marine13 calibration dataset59. The core covers the 
1,000–14,000 yr period in 2.5 m and the 1,000–2,000 yr period in 0.5 m with a mean 
sedimentation rate of 0.025 cm yr−1. The last 2,000 years are constrained by five 
dates. More details can be found in ref. 14.

Diatom analysis. Diatom permanent slides were made according to the technique 
described in ref. 61. Briefly, the sediment is dried overnight in an oven at 60 °C. 
Around 0.5 g of dry sediment is transferred into a 250 ml beaker and covered with 
H2O2 at 30%. The beaker is left in a hot bath at 65 °C until the reaction stops. It 
might be necessary to add H2O2 a second time as this chemical loses its oxidative 
power during the reaction. The solution is then transferred into a tube and washed 
three times by adding 50 ml distilled water and centrifuged for 7 min at 1,250 rpm. 
Then, carbonates are dissolved by adding 10–20 ml HCl at 30% and the solution 
is washed again three times. The sediment is subsequently transferred back into 
the beaker and dilution is adjusted to 50–100 ml by adding distilled water. A few 
drops (150 µl each) are deposited into a petri dish in which a coverslip was placed 
and covered with distilled water. The petri dish is then filled with distilled water. 
After half an hour, the water is slowly removed from the petri dish by adding a 
cotton string. Dried coverslips on which the sediment is now deposited are glued 
permanently on a microscope slide using NOA61. Three slides are mounted per 
sample.

Around 350 complete diatom valves were counted per sample with a phase 
contrast Olympus BX-51 microscope at a magnification of ×1,000. Diatoms were 
identified to species or species group level, and the relative abundance of each was 
determined as the fraction of diatom species against total diatom abundance in the 
sample.

In core COR1GC, diatoms were counted every ~1 cm, providing a temporal 
resolution of 30–60 years (mean resolution of ~50 years) over the considered 
period.

In Hole U1357B, diatoms were counted every 5–20 cm, providing a temporal 
resolution of 3–15 years (mean resolution of ~10 years) over the considered period.

Biomarker analysis. HBI alkenes (diene and trienes) were extracted from the 
sediment following the method described in ref. 62. To ~0.5 g of freeze-dried 
sediment, 9 ml CH2Cl2/MeOH (2/1, v/v), containing an internal standard 
(7-hexylnonadecane (7-HND)), was added. Sonication and centrifugation steps 
were repeated thrice to extract properly the selected compounds. After drying 
with N2 at 35 °C, the total lipid extract was fractionated over a silica column into 
apolar and polar fractions using 3 ml hexane and 6 ml CH2Cl2/MeOH (1/1, v/v), 
respectively. HBIs were obtained from the apolar fraction by the fractionation over 
a silica column using hexane as eluent following the procedures reported by refs. 
62,63. After removing the solvent with N2 at 35 °C, elemental sulfur was removed 
using the tetrabutylammonium sulfite method64,65. The hydrocarbon fraction was 
analysed by an Agilent 7890 A gas chromatograph (GC) fitted with 30 m fused 
silica Agilent J&C GC columns (0.25 mm ID and 0.25 μm film thickness) and 
coupled to an Agilent 5975 C Series mass selective detector with triple axis detector. 

Spectra were collected using the Hewlett-Packard MS-Chemstation software. 
Relative abundances of individual HBI isomers were calculated on the basis of 
their individual GC retention times and mass spectra (m/z 346; m/z 348) relative 
to those of the internal standard (m/z 266). Values are expressed as concentration 
relative to the 7-HND.

In Hole U1357B, HBIs were analysed every 5 cm, providing a temporal 
resolution of ~3 years.

Modern sea-ice data. Daily SICs for the period 1979–2012 were obtained from the 
National Snow and Ice Data Center data repository. The dataset is based on passive 
microwave observations from the Nimbus-7 SSMR (1979–1987) and DMSP SSM/I 
(1987–2007) and SSMIS (2007–2012) radiometers processed with the NASA Team 
algorithm66 at a spatial resolution of 25 × 25 km. Averaged SICs were calculated 
over the core site in the central part of the DDUT. Two pixels centred at 66.5481° S, 
140.5149° E and 66.4065° S, 140.0883° E were used for the extraction of the daily 
SIC values15.

The sea-ice retreat date was determined as the Julian day when the SIC (7-day 
average) dropped below 40%, while the sea-ice advance was attributed to the day 
when SIC increased to above 40%. The duration of the ice-free season corresponds 
to the number of days per year during which SIC < 40%. Monthly anomalies are 
expressed relative to the mean value calculated for each month over the 1979–2009 
period15.

Reconstruction of summer SSTs in core COR1GC (Indian APF). Diatoms are 
widely used to reconstruct past variations in SSTs and SIP in the SO at different 
timescales. Several transfer functions have been developed to quantify past SST21,67 
and SIP68,69.

A summer (January–February–March) SST reconstruction in core COR1GC 
was achieved by applying the modern analogue technique (MAT) to fossil diatom 
assemblages. The modern database is composed of 249 surface sediment samples 
(modern analogues) for which locations modern summer SSTs were interpolated 
on a 1° × 1° grid from the World Ocean Atlas 201345 using Ocean Data View70. The 
MAT is based on the principle that similar species assemblages are derived from 
similar environments71. The MAT used here was implemented from the ‘bioindic’ 
package72 built on the R-platform (http://cran.r-project.org/). We used here the 
relative abundances of 32 diatom species and the chord distance to select the five 
most similar modern analogues. The threshold above which modern analogues are 
supposed to be too dissimilar to the fossil assemblage is fixed at the first quartile 
of random distances on the validation/modern dataset. Quantitative estimates of 
summer SST represent a distance-weighted mean of the climate values associated 
with the selected modern analogues73. For summer SST, this method yields an R2 of 
0.96 and a root mean square error of prediction of ~1 °C.

Reconstruction of sea-ice conditions in site IODP U1375B (ALC). Diatom 
transfer functions do not perform well on the coastal Antarctic shelves, preventing 
a robust quantification of past sea-ice changes. Fortunately, diatom relative 
abundances are still an extremely useful tool to qualitatively reconstruct both SST 
and sea-ice conditions in regions where transfer functions do not perform well. 
However, palaeoclimate models assimilate only quantitative data such as SST 
and SIP. We here developed a protocol to convert diatom relative abundances to 
quantitative SIP data.

Off Adélie Land, ref. 15 has shown that relative abundances of the open-water 
diatom (OWD) group over the past 40 years were strongly related to the length of 
the open-water season. At the inter-annual to decadal timescale, this relationship 
appears stronger than the one linking the F. curta group to sea-ice conditions, 
probably because of highly variable conditions during spring and more stable 
conditions during summer. The relative abundances of the OWD group were 
resampled at an annual resolution over the 40 years covered by core DTCI2010, 
retrieved at the same location as site IODP U1375B, for a direct comparison  
with the mean annual open-water length. The mean annual length of the 
open-water, ice-free season is understood as the period when SIC consistently  
falls below 40% in spring and increases back above 40% in autumn (section 
Modern sea-ice data in the Methods). Resampling did not change the inter- 
annual pattern of the OWD group but reduced the amplitude of the variability 
(Extended Data Fig. 1a).

The resampled OWD group record was then compared with the yearly 
sea-ice-free season. Both records show similar decadal variability (Extended 
Data Fig. 1b). Two endmembers were defined. The upper one represents high 
OWD group relative abundances and a long ice-free season while the lower 
one represents low OWD group relative abundances and a short ice-free season 
(Extended Data Fig. 1b, grey shaded boxes). These endmembers were used to 
calculate a linear relationship linking OWD group relative abundances and the 
length of the open-water season (Extended Data Fig. 1c).

Finally, the relative abundances of the OWD group in Hole U1357B were 
injected into the equation derived from the modern time to quantify the mean 
annual length of the open-water season over the last 2,000 years at a 5–20 yr 
resolution (Extended Data Fig. 2, orange line). The mean annual length of the 
sea-ice duration was then quantified by subtracting the open-water values from 
365 days (Extended Data Fig. 2, blue line).
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DA method. DA, optimally combining information from proxy records and model 
simulations, is now a standard procedure in palaeoclimatology74,75. In this study, 
we use an offline method. This means that the model prior is obtained from an 
ensemble of existing model simulations and that this ensemble does not evolve as a 
function of the results of any previous assimilation74. Consequently, in contrast to 
online DA methods, information is not propagated forward in time. However, this 
method is affordable and can be applied in palaeoclimatology on high-resolution 
climate models—something almost impossible with online methods as DA 
requires a large ensemble of simulations. As a result, the offline DA has provided 
skilful reconstructions for various kinds of data spanning recent centuries25,76–78. 
The method used here is based on a particle filter79 following the implementation 
described in ref. 80. Throughout the DA procedure, we computed the likelihood 
of each ensemble member (also called particle) by comparing its results with the 
assimilated proxy-based reconstruction. A weight was attributed to each particle 
as a function of its likelihood. The weighted mean of all particles provided the 
DA-based reconstruction for each time step. To construct our reanalysis product, 
we used the multi-members CESM1-CAM5 outputs (12 simulations, ref. 25) 
covering the 850–2005 ce period.

DA experimental design. We assimilated the regional Antarctic continental 
reconstructions of surface temperature from ref. 27, the summer SST at COR1GC 
as well as the length of the ice-free season (ocean without sea ice) at Hole U1357B. 
Including data derived from ice cores provided a stronger constraint for the 
assimilation procedure and ensured that the reconstructed patterns not only were 
valid for the ocean data but also are consistent with the temperature changes 
observed on the continent. The time frequency for DA is 10 years, comparable to 
Hole U1357B resolution. The COR1GC core, which has a multi-decadal resolution, 
was linearly interpolated on the decadal scale. Conversely, the annual surface 
temperature reconstructions of ref. 27 have been averaged over 10 years.

Two composites were built from the two oceanic core records to understand 
the mechanisms underlying the variations at each oceanic core site (COR1GC and 
Hole U1357B; Fig. 3).

First, the SST+/SIC+ composite was obtained by computing the average of all 
the 10 yr periods when COR1GC and Hole U1357B series were in phase, indicating 
opposite climate conditions in the two studied areas (positive anomalies of SST at 
COR1GC and positive anomalies of the sea-ice duration at Hole U1357B, and vice 
versa). To obtain a common signal from opposite conditions, we added the mirror 
image of the SST-/SIC- composite to the SST+/SIC+ composite.

Second, the SST+/SIC- composite was obtained by computing the average of all 
the 10 yr periods when COR1GC and Hole U1357B series were opposite, indicating 
similar climate conditions in the two studied areas (positive anomalies of SST at 
COR1GC and negative anomalies of the sea-ice duration at Hole U1357B, and vice 
versa). To obtain a common signal from opposite conditions, we added the mirror 
image of the SST–/SIC+ composite to the SST+/SIC– composite.

Anomalies are computed using the first millennium (0–1000 ce) as reference.

Atmospheric indices in the climate model. The SAM index is calculated as the 
normalized difference in zonal 500 hPa geopotential height between the latitudes 
40° S and 65° S, while the SOI index is the normalized difference in 500 hPa 
geopotential height between Tahiti and Darwin.

Data availability
Diatom-based sea surface temperature data from core COR1GC can be found 
at https://doi.org/10.1594/PANGAEA.913621. Diatom and highly branched 
isoprenoid data from IODP Hole U1357B are available at https://doi.org/10.1594/
PANGAEA.924721 and https://doi.org/10.1594/PANGAEA.924723, respectively.

Code availability
The results of the Last Millennium Ensemble performed with the CESM1 model 
are available at https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.CESM_
CAM5_LME.html.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Scaling diatom relative abundances to sea-ice presence. a, Raw relative abundances of the Open Water Diatom (OWD) group in 
core DTCI2010 off Adélie Land (black line)15 and resampled relative abundances of the OWD group at a 1 year resolution (red line). b, Resampled relative 
abundance of the OWD group at a 1 year resolution (red line) compared to the length of the yearly sea-ice free season off Adélie Land between 1979 and 
2010 (blue line)15. Grey shaded boxes represent the upper and lower end members used to scale the relative abundances of the OWD group to the yearly 
open water length. c, The mean upper and lower end members used to calculate the equation to scale the OWD group relative abundances to the length 
of the open season.
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Extended Data Fig. 2 | Sea-ice duration off Adélie Land over the last 2000 years. Length of the sea-ice free season (orange line) calculated by applying 
the equation presented in Extended Data Fig. 1c to the relative abundances of the OWD group in IODP Hole U1357B and length of the sea-ice duration 
calculated (blue line) by subtracting the ice-free values from 365 days.
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