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Succession of cold glacials and warm interglacials during the Quaternary result from large global 20 

climate responses to variable orbital configurations, accompanied by fluctuating greenhouse gas 21 

concentrations. Despite the influences of sea-ice, atmospheric and ocean circulations in the Southern 22 

Ocean on atmospheric CO2 concentrations and climate, past changes in this region remain poorly 23 

documented. Here, we present the 800 ka deuterium excess (d-excess) record from the East 24 

Antarctica EPICA Dome C (EDC) ice core, EDC d-excess tracking sea surface temperature in 25 

evaporative regions of the Indian sector of the Southern Ocean from which moisture precipitated in 26 

East Antarctica is derived. We find that low obliquity leads to surface warming in evaporative 27 

moisture source regions during each glacial inception, though this relative temperature increase is 28 

counterbalanced by global cooling during glacial maxima. Links between the two regions during 29 

interglacials depends on the existence of a temperature maximum at the interglacial onset. In its 30 

absence, temperature maxima in the evaporative moisture source regions and in East Antarctica 31 

were synchronous. For the other interglacials, temperature maxima in the source areas lag early local 32 

temperature maxima by several thousand years, probably because of a change in the position of the 33 

evaporative source areas. 34 

  35 

The last IPCC Special Report on Ocean and Cryosphere in a Changing Climate1 has stressed the key 36 

role of the Southern Ocean for global carbon and heat uptake during the ongoing human-induced 37 

warming. This region of the world has however long been overlooked due to logistical challenges, 38 

leading to gaps in our understanding of past, present and future global climate change. In particular, 39 

gaps have been identified for reconstructions of past Southern Ocean changes while developing 40 

global paleoclimate syntheses2. 41 

Recent efforts have produced data syntheses for the last deglaciation3,4 which is the most 42 

documented and associated with the best chronological framework. Transient climate simulations 43 

show that the first order deglacial climatic signal can be reproduced in Antarctica and in the Southern 44 
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Ocean despite some model-proxy mismatches when looking at the timing and duration of millennial 45 

events5,6. Regional differences in the climatic evolution of Antarctica and the Southern Ocean7, only 46 

partly captured in these simulations5 can help understand the driving mechanisms of deglaciations. 47 

As a first example, in response to local summer insolation, the temperature reconstruction from the 48 

WAIS Divide ice core shows an early warming by 2 ka in west Antarctica compared to the onset of the 49 

warming in East Antarctica, the rise of atmospheric CO2 concentration and the decrease of the 50 

northern ice sheet volume8. As a second example, precise dating of deep sea sediment core shows 51 

that changes in the Southern Ocean circulation and in the East Antarctic climate were synchronous 52 

over the last deglaciation 9. This result supports the hypotheses of a shift of westerlies, oceanic 53 

circulation and/or productivity in the Southern Ocean as drivers of the CO2 atmospheric 54 

concentration increase10.   55 

Different deglacial patterns over the last 800 ka 56 

While the picture of the succession of events (changes in orbital parameters, ice sheet size, CO2 57 

concentration, temperature at different latitudes, etc…) has become increasingly clear for the last 58 

deglaciation (Termination I), there is a growing interest to compare this sequence of events with 59 

those corresponding to the preceding deglaciations. Indeed, each deglaciation occurs in a different 60 

orbital context, some of the deglaciations being associated with a strong precession minimum (e.g., 61 

Termination II, 130 ka) and others occurring in a low eccentricity context (e.g., Termination V, 440 62 

ka). Moreover, Termination I is remarkable for the occurrence of the Younger Dryas period in the 63 

middle of the deglacial phase. Millennial-scale events associated with modifications of the Atlantic 64 

Meridional Oceanic Circulation (AMOC), iceberg discharge events, shifts of the InterTropical 65 

Convergence Zone (ITCZ) and bipolar seesaw behaviour leading to asynchronous temperature 66 

evolutions in the North Atlantic and Antarctic region have also been documented during older 67 

terminations 11,12. Deglaciations older than Termination V (430 ka) also have a smaller amplitude, i.e. 68 

leading to cooler interglacials than most recent ones 13. Recent studies have highlighted the role of 69 
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precession, CO2 concentration, ice sheet volume and integrated summer energy at 65° N for the 70 

onset and timing of terminations; however, many questions remain open to explain the variety of 71 

triggering conditions and regional climatic signals over the different deglaciations 11,14.  72 

In this study, we address the link between Antarctic temperature records and climatic variability at 73 

lower latitudes, mainly in the Southern Ocean using water isotope records spanning the last 9 74 

deglaciations. For this aim, we combine new δD and δ18O measurements from the 800 ka EDC ice 75 

core to produce the longest ice core record of d-excess defined as δD-8×δ18O 15 (Methods). 76 

Deuterium excess is a classical ice core tracer of climate conditions in the low latitude regions of 77 

moisture evaporation16. Deuterium excess is very sensitive to relative humidity at evaporation over 78 

the ocean because of different sensitivity of δD and δ18O to kinetic and equilibrium fractionation17,18. 79 

Because the equilibrium fractionation factors associated with δ18O and δD show different sensitivities 80 

to temperature, d-excess is also largely influenced by the temperature difference between the 81 

source evaporative region and the site of precipitation.  82 

Deuterium excess and associated source evaporative region temperature have already been 83 

investigated in several deep Antarctic ice cores covering several glacial – interglacial cycles (Vostok 84 

over the last 400 ka, Dome F over the last 720 ka, Figure 1) showing a strong influence of the 85 

obliquity signal on the temperature of the source evaporative regions 16,19,20. Yet, climatic 86 

reconstructions from the Vostok and Dome F ice cores show significant differences, mainly during 87 

deglaciations with a larger and more rapid source temperature increase for Dome F than for Vostok 88 

suggesting either regional variability of deglacial changes in the Southern Ocean or artefacts in the 89 

climate reconstruction using Antarctic d-excess records 21. Here, we show that the EDC d-excess 90 

record is probably less affected by these artefacts. This makes EDC d-excess a faithful tracer for the 91 

reconstruction of climatic conditions of the source evaporative regions for precipitation reaching the 92 

Dome C area. It is hence used to provide the Antarctica vs Indian Ocean sector of the Southern Ocean 93 

pattern of deglaciations.   94 
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Climate reconstruction of the source evaporative regions  95 

The 800 ka d-excess record (Figure 2 and Extended Data Figure 1) from EDC depicts orbital variability 96 

already visible in the δD record: d-excess displays maxima during interglacial periods and minima 97 

during glacial maxima. Still, the d-excess increases over deglaciations are often occurring on longer 98 

time intervals than the δD increases. As an example, during Termination III, the d-excess increase 99 

lasts more than 15 ka compared to the δD increase lasting less than 10 ka. Deuterium excess 100 

generally peaks with minimum in obliquity especially at the onset of glacial periods16,20. Despite first 101 

order similarities between the d-excess profiles at EDC, Vostok and Dome F, significant differences 102 

are visible. There is first a higher average d-excess over the last 400 ka at Dome F and Vostok 103 

(respectively 13.9 ± 3.1 ‰ and 15 ± 1.4 ‰) compared to EDC (7.7 ± 1.8 ‰). Then, we observe a 104 

different timing of the d-excess maxima especially between Dome F and EDC (e.g 5 ka over 105 

Termination I, 10 ka over Termination VII), a difference which cannot be explained by chronology 106 

issues since all records are displayed on the consistent AICC2012 chronology 22. The difference in 107 

average d-excess is directly linked to the lower δ18O values at Dome F and Vostok than at Dome C 108 

due to the longer distillation path to reach Dome F and Vostok than EDC. The different timing of 109 

maxima calls for more in-depth investigations of climatic interpretation of d-excess including regional 110 

effects. 111 

In remote regions of the East Antarctic plateau, d-excess is influenced by local temperature so that d-112 

excess is generally strongly anticorrelated with δ18O in surface snow and precipitations when δ18O 113 

values are below -40‰ 18,23,24. An alternative definition has been proposed to remove this effect at 114 

Dome F, dln = ln(1+δD)+2.85.10-2×(10-3×ln(1+δ18O))2-8.47×10-3×ln(1+δ18O) 21 which can also be applied 115 

to the other East Antarctica sites (Methods, Extended Data Figures 2 and 3).  116 

Based on calibrations performed with isotopic models, past changes in temperature are 117 

reconstructed at precipitation sites (Tsite) and at source evaporative regions (Tsource) using δ18O and δD 118 

variations at our three Antarctic sites21,28,29 (Methods). The Tsite reconstructions are very close to the 119 
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δD and δ18O records for EDC, Vostok, Dome F and are very coherent between the three sites 120 

(Figure 2). On the contrary, the Tsource, d-excess and dln signal exhibits significant differences between 121 

the three sites (Figure 2 and Extended Data Figure 4) suggesting either regional differences or biases 122 

when calculating Tsource from d-excess or dln. At EDC, the Tsource signal is strongly correlated with either 123 

dln and d-excess (R=0.93), both being strongly correlated (R=0.80). The similarity of the Tsource, d-124 

excess and dln signals at EDC over the last 800 ka supports the fact that the EDC excess signal (dln or 125 

d-excess) is straightforward to be interpreted in term of Tsource. This result contrasts with the different 126 

relative evolutions of Vostok and Dome F Tsource, d-excess and dln, d-excess and dln being less 127 

correlated than at EDC (R < 0.6, Extended Data Table 1).   128 

An alternative possibility to interpret d-excess or dln in term of climate parameters avoiding 129 

calculation of Tsource is to use outputs of simulations obtained with atmospheric general circulation 130 

models or coupled global climate models equipped with water isotopes30,31. Using the GISS model (4° 131 

× 5° resolution) equipped with isotopes in a pre-industrial control run Schmidt et al. 31 showed that 132 

the d-excess over the whole East Antarctic plateau is significantly anti-correlated with the SAM 133 

(Southern Annular Mode, the leading mode of variability in the Southern Hemisphere atmospheric 134 

circulation), a behaviour explained by the northward shift of the Southern Hemisphere westerlies 135 

during the negative SAM phase. This result was later used to interpret variations of d-excess over the 136 

last glacial period 27. The SAM variability and amplitude were however probably different in the 137 

past32 and we thus do not aim at interpreting past d-excess signal in term of SAM.  138 

Here we examine regional variability of the d-excess and dln signals using the most recent high 139 

resolution ECHAM6-wiso model at 1.875° resolution33. The performances of this model for water 140 

isotopic variability in Antarctica and SAM representation have been well evaluated (Method and 141 

Extended Figures 5, 6, 7 and 8). In the pre-industrial ECHAM6-wiso free simulation, the link between 142 

d-excess and SAM is different from one site to the others, which contradicts previous observations 143 

from the GISS model: d-excess is correlated with SAM at Dome F, slightly correlated with SAM at 144 
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Vostok and weakly anti-correlated with SAM at EDC (Figure 1). On the contrary, dln and SAM are 145 

anticorrelated over the whole East Antarctic plateau (Extended Data Figure 9). The correlation 146 

between an “excess” signal and SAM is less dependent on its definition (d-excess or dln) at EDC (anti-147 

correlation for both definitions) than at Dome F and Vostok (correlation or anticorrelation depending 148 

on the definition) supporting a more robust use of either dln or d-excess to infer Tsource reconstruction 149 

at EDC. In the following, we concentrate on the 800 ka EDC records using mostly the classical d-150 

excess proxy for coherency with previous studies on EDC29,34. 151 

Figure 3 shows show some anti-correlation between EDC d-excess and obliquity (Figure 3) at the 152 

orbital scale as already observed for the Vostok ice core 16. However, we observe large variations in 153 

the correlation coefficient. These two parameters are anticorrelated during minima of obliquity 154 

occurring at glacial inception or at a transition from a warm stage to a colder stage.  On the contrary, 155 

we rather observe a positive correlation between Tsource and obliquity for obliquity minima occurring 156 

during strong glacial maxima (blue shaded areas). Termination VI shows a peculiar behaviour with a 157 

strong anti-correlation observed at about 530 ka when obliquity is maximum (green rectangle on 158 

Figure 3).  159 

Southern Ocean vs Antarctica climate over terminations and interglacials 160 

Previous studies29,35 explained the anti-correlation between Tsource or d-excess and obliquity as an 161 

increase (decrease) of the latitudinal temperature gradient between East Antarctica source 162 

evaporative regions (45°S on average in the Indian sector for EDC at present-day36) and East 163 

Antarctica sites during obliquity minima (maxima). This result characterizes an important positive 164 

feedback during glacial inceptions: a larger insolation gradient increases the temperature gradient 165 

between oceanic evaporation source regions and cooling polar regions. This leads to an increase of 166 

the amount of moisture advected to polar regions where enhanced snowfall deposition supports the 167 

growth of polar ice sheets.  168 
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Such a mechanism seems less active during glacial maxima when d-excess and Tsite exhibit a 169 

synchronous minimum. Northward shifts of the evaporative regions in the Southern Ocean probably 170 

occurred during glacial maxima because of combined effect of the obliquity minimum and of the 171 

large extension of Antarctic sea ice: a slight local maximum in d-excess is actually seen during this 172 

glacial maxima. However, the dominant effect on d-excess and Tsource is the global cooling, imprinted 173 

in both Antarctic temperature and global mean ocean temperature38.  174 

Our results illustrate the competition between the effects of global mean climate change and 175 

obliquity on the Southern Ocean climate. A reconstruction of upwelling in the austral ocean driven by 176 

southern westerly winds over the last climatic cycle has indeed shown that while low obliquity during 177 

glacial inception leads to a strengthening of the westerlies because of stronger latitudinal gradient, 178 

the global warming during the deglaciation leads to poleward shift of the westerlies counteracting 179 

the effect of increasing obliquity39.       180 

When looking in more details at the d-excess vs Tsite evolutions over the last 9 deglaciations (Figure 181 

3), we observe that after the concomitant minima during glacial maximum, there is a delay of several 182 

millennia between the maximum in Tsite and the maximum in d-excess over more than half of the 183 

interglacial periods (Marine Isotopic Stage, hereafter MIS, 1, 5, 7, 9 and 19 corresponding to the end 184 

of Terminations I, II, III, IV and IX, respectively). EDC Tsource and d-excess have very similar evolutions 185 

except at the end of Terminations III and IV where an early maximum of Tsource (not observed in the d-186 

excess) occurs only 1 ka after the Tsite optimum.  This Tsource signal not imprinted in d-excess arises 187 

from the influence of the rapid δD variation on Tsource reconstruction and may not reflect a true 188 

climatic signal in the Southern Ocean.  189 

Unlike what is observed over MIS 5, 7, 9, 19 and to a lesser extent MIS 1, no significant delay 190 

between Tsite and Tsource maxima is observed over the other interglacials of the last 800 ka (i.e., MIS 191 

11, 13, 15 and 17 beginning at the end of Terminations V, VI, VII and VIII). For these last interglacial 192 
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periods, the maximum in Antarctic temperature does not occur at their onset as for MIS 1, 5, 7, 9 and 193 

19 but in the second half of the interglacial period.     194 

Terminations I, II, III, IV and IX end with an Antarctic excess warmth13, i.e. a period lasting 1-2 ka with 195 

higher Tsite than the Tsite value of the following interglacial plateau. This Antarctic excess warmth 196 

shares similarities with Antarctic temperature evolution linked to the bipolar seesaw behaviour 197 

observed over the millennial events of the last glacial period. In particular, it has been suggested that 198 

deglaciations ending with an optimum in the Antarctic temperature have the characteristics of a 199 

millennial event initiated by a southern warming occurring in a period when large ice sheet size 200 

prevent any early abrupt northern warming. As for the classical bipolar seesaw expression, the 201 

maximum in East Antarctic temperature at the end of these terminations is concomitant with an 202 

abrupt methane increase often associated with the late abrupt temperature increase in the Northern 203 

hemisphere and abrupt onset of monsoon activity in South Asia 40. Still, while there is an almost 204 

synchronicity between the Antarctic temperature maximum and the Antarctic d-excess signal over 205 

the millennial events of the last glacial period 26,27, the terminations ending with an Antarctic excess 206 

warmth are followed by a continuing increase after the early maximum in Tsite. The decoupling 207 

between δD and d-excess trends reflects a decoupling between Tsite and Tsource over this early 208 

interglacial millennial pattern.  209 

The reconstruction of mean ocean temperature over the last two interglacial periods based on noble 210 

gas measurements in ice cores cannot explain this Tsite vs Tsource evolution since it closely resembles 211 

the evolution of the Antarctic temperature with an earlier optimum38,41. We thus interpret the lack of 212 

a concomitant strong maximum in d-excess and Tsite at the onset of interglacial as a southward shift 213 

of the Southern Ocean evaporative regions. This shift would have attenuated the Tsource and hence d-214 

excess increasing signals during the Antarctic and oceanic temperature maximum. We suggest that a 215 

strong decrease of the sea ice extent around Antarctica and modifications of the atmospheric and 216 

oceanic circulations induced by Antarctic excess warmth are the drivers of this southward shift of the 217 
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moisture evaporative regions of the Indian sector of the Southern Ocean. This hypothesis is 218 

supported by previous studies showing that large decreases in sea ice extent in the Southern Ocean 219 

connected with Antarctic warming42 are related to shifts in atmospheric and oceanic patterns43,44.  220 

A perspective for our study is to take advantage of the increasing computing capability making it 221 

possible to run ensembles of transient simulations over different interglacials (starting or not with a 222 

strong Antarctic temperature maximum) and compare the results with the two different patterns of 223 

Antarctic vs Southern Ocean climate observed here. 224 
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Figure captions 246 

Figure 1: Modelled Correlation between d-excess and Southern Annular Mode (SAM). The correlation 247 

has been obtained using the ECHAM6-wiso model over 30 years in a pre-industrial run and we have 248 

indicated the position of 5 Antarctic ice cores on the map (WDC: Wais Divide Core; EDML: EPICA 249 

Dronning Maud Land).  250 

Figure 2 : Water isotopic series and climate reconstruction from 3 deep ice cores in East Antarctica. 251 

From top to bottom, δD (a), d-excess (b), dln (c), ΔTsite (d) and ΔTsource (e) series from the EDC (red), 252 

Dome F (blue) and Vostok (orange) ice cores. Precession (a, inverse scale) and obliquity (b, inverse 253 

scale) are shown in grey. The numbering of the glacial terminations is also displayed (TI being the last 254 

deglaciation and TIX the oldest one recorded in available Antarctic ice cores). 255 

Figure 3: Link between ΔTsource, d-excess, ΔTsite and orbital parameters. Panel (a): correlation 256 

coefficient between obliquity and ΔTsource (orange), obliquity and d-excess (red) over a 50 ka sliding 257 

window – the two dashed grey horizontal lines are drawn for a correlation of -0.5 and +0.5; panel (b): 258 

EDC d-excess (red), ΔTsource (orange) and obliquity (black); panel (c): EDC ΔTsite (blue) and precession 259 

(black). The blue rectangles are associated with obliquity value lower than 0.4 rad (dashed blue 260 

horizontal line) with correlation coefficient between ΔTsource (or d-excess) and obliquity being 261 

positive. A green rectangle indicates the peculiar situation over Termination VI. 262 

Figure 4: Relationship between source and site temperature over glacial termination and interglacials 263 

of the last 800 ka. Evolution of Relative evolution of ΔTsource (orange), d-excess (red) and ΔTsite (blue) 264 

reconstructed from the EDC δD and δ18O records over the last 9 glacial terminations (terminations I 265 

to IX displayed on panels a to i). The vertical rectangles indicate the timing of the maximum over 266 

terminations or over interglacials for ΔTsite (blue) and d-excess (red). The blue rectangles include the 267 

value of the earliest ΔTsite maximum and the temporal window corresponds to ΔTsite values less than 268 

1°C lower (dashed horizontal lines). The orange rectangles include the earlier maximum in d-excess 269 

and the temporal window corresponds to d-excess values less than 1 ‰ lower (dashed lines). When 270 
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ΔTsite and d-excess maxima are synchronous, a blue-orange hatched rectangle is displayed. For 271 

Terminations III and IV, a vertical orange dashed line shows a first maximum seen in ΔTsource only (not 272 

in d-excess).  273 

  274 
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Methods 376 

Analytical Measurements 377 

δD measurements on the EDC ice core at a 55 cm resolution have been performed at Laboratoire des 378 

Sciences du Climat et de l’Environnement (LSCE) using a uranium reduction method 46,47. While the 379 

measurements performed over the top part of the ice core and covering the last 420 ka were 380 

associated with a 1σ uncertainty of 1‰, the accuracy was degraded over the deeper part because of 381 

analytical issues. This led to artificial scattering of d-excess (Extended Data Figure 1, Methods) so that 382 

we performed new δD measurements (760 samples) over the deepest part (418 m, covering the 383 

period 422 to 800 ka on the AICC2012 timescale 22,48) at LSCE in 2019-2020 using a Picarro L2130-i. 384 

The uncertainty associated with this new set of measurements is 1σ = 0.6 ‰. In parallel, the δ18O 385 

measurements were performed at University of Parma and Trieste using a water-CO2 equilibration 386 

method with an associated uncertainty 1σ of 0.05‰. These measurements were compared to a 387 

series of δ18O measurements performed with a Picarro L2130-i at LSCE in 2019-2020 over the 388 

deepest 418 m of the ice core. The two series of measurements are very similar with differences 389 

smaller than 0.13 ‰ for 69 % of the samples which should be compared to the 1σ = 0.13‰ 390 

uncertainty for the δ18O series of measurements performed with the Picarro L2130-i. 391 

 Comparison between d-excess and dln definitions for the EDC, Vostok and Dome F ice cores 392 

The dln definition (main text) has been chosen to remove non linearities in the δD vs δ18O relation and 393 

d-excess vs δ18O / δD anti-correlation in the surface snow over East Antarctica1. However, the δD vs 394 

δ18O relationship observed in the deep ice core data is not always similar to the relationship in 395 

present-day surface snow and precipitation. In particular, the large d-excess values (> 20 ‰) 396 

observed in surface samples are never encountered in deep ice cores49. Moreover, the EDC data are 397 

well aligned on a δD vs δ18O linear relationship with a global slope of 8.2 without any significant 398 

increase of d-excess with decreasing δ18O (actually, we rather observe some increase of d-excess 399 

with increasing δ18O). This is slightly different to the δD vs δ18O relationship observed in the Dome F 400 
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and Vostok ice cores which displays a global slope of 7.9 and a slight d-excess anti-correlation to δ18O 401 

for higher δ18O values (Extended Data Figure 2). Such differences in the isotopic composition of deep 402 

ice core vs surface snow are not unexpected. Indeed, d-excess or dln are not only influenced by local 403 

temperature but also by the water mass origins and trajectories.  404 

When comparing the ln(1+δD) vs ln(1+δ18O) relationship of the three ice cores to the ln(1+δD) vs 405 

ln(1+δ18O) relationship found by Uemura et al. (2012) from surface snow isotopic composition, there 406 

is a significant deviation for the EDC ice core data and to a lesser extent for the Dome F and Vostok 407 

data. This is reflected by a positive relationship between dln and ln(1+ δ18O) in the deep ice core data 408 

(Extended Data Figure 2) explaining the strong resemblance between dln and local temperature 409 

reconstruction in deep ice cores.  410 

Reconstruction of the Tsite and Tsource evolutions 411 

Independently of the “excess” definitions, efforts were devoted in modelling the isotopic 412 

composition (δD and δ18O) of water vapor and precipitation along a moisture trajectory starting from 413 

an oceanic evaporative moisture source toward a precipitation site in Antarctica using the Mixed 414 

Cloud Isotopic Model (MCIM) adapted to East Antarctica50. This model is based on the Rayleigh 415 

distillation and has been largely applied to the interpretation of isotopic profiles at Vostok, Dome F 416 

and EDC. It takes into account the coexistence of phases between vapor, solid and liquid below 0°C 417 

with a description of the Bergeron-Findesein process and associated water isotopic fractionation. The 418 

model contains several parameters (e.g., temperature range of coexistence of liquid water and snow, 419 

quantity of liquid/snow remaining in the cloud, supersaturation relationship to temperature) which 420 

have been tuned to reproduce the evolution of δ18O and d-excess in surface snow in Antarctica from 421 

the coast to the ice core drilling sites and in particular the observed d-excess increase when δ18O 422 

decreases below -40‰. In particular, this MCIM has been tuned and applied to Dome F, Vostok and 423 

EDC21,28,29 to infer from the δ18O and δD variations a scenario for the temperature of final 424 

precipitation (Tsite) as well as for the temperature of the corresponding moisture source (Tsource). We 425 
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provide below the equations obtained by the different previous studies focused on Vostok, EDC and 426 

Dome F21,28,29. The differences in the values of the coefficients between the different sites are due to 427 

different tuning of the MCIM by the different authors to best fit the surface values (δ18O, δD, 428 

temperature, pressure) observed at present-day over Antarctica.  429 

Vostok28: 430 

ΔTsource = 0.07×ΔδD + 0.96×Δd + 2.37×Δδ18Osw 431 

ΔTsite = 0.5×Δd + 0.17×ΔδD + 0.56×Δδ18Osw 432 

EDC29: 433 

ΔTsource = 0.06×ΔδDcorr + 0.93×Δdcorr 434 

ΔTsite = 0.16×ΔδDcorr + 0.44×Δdcorr 435 

Dome F21: 436 

ΔTsource = 0.15×ΔδDcorr + 0.94×Δdcorr 437 

ΔTsite = 0.19×ΔδDcorr +0.39×Δdcorr 438 

δDcorr, δ18Ocorr and dcorr are calculated as: 439 

δ18Ocorr = δ18O-δ18Osw× (1+δ18O)/(1+δ18Osw) 440 

δDcorr = δD – 8×δ18Osw× (1+δD)/(1+8×δ18Osw) 441 

dcorr = δDcorr - 8×δ18Ocorr 442 

ΔTsource and ΔTsite are the differences of temperature between Tsource and Tsite at the time of interest 443 

and Tsource and Tsite at present day (corresponding to the top of the ice core). Δdcorr, ΔδDcorr and 444 

Δδ18Ocorr are the differences in d-excess, δD and δ18O between the values at the time of interest and 445 

the values at the surface (present-day) after correction from the effect of δ18Osw
51. δ18Osw is the global 446 
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δ18O of seawater from the LR04 stack52 transferred on the AICC2012 timescale using the 447 

correspondence between the LR04 stack and EDC isotopic record53.  448 

The uncertainties on the ΔTsource and ΔTsite reconstructions are given in the original papers. They 449 

include uncertainties in the coefficients of the equations given above (the largest uncertainty being 450 

the one associated with the dependency of ΔTsource to ΔδDcorr) and the analytical uncertainties. The 451 

resulting uncertainties on the ΔTsite and ΔTsource values are within 2°C. The reconstructions of ΔTsource 452 

and ΔTsite obtained with the MCIM have been confronted to outputs of more complex modelling 453 

approaches (use of general circulation model equipped with water isotopes) and validated for 454 

Antarctica. The published comparison54 between the water isotope-enabled Goddard Institute for 455 

Space Studies ModelE-R general circulation model and the MCIM has shown that the d-excess can be 456 

used as a faithful tracer of source evaporative conditions but sensitivity experiments performed with 457 

this isotopes enabled general circulation model show that the quantitative relationship between 458 

source temperature and d-excess is associated with large uncertainties54. Actually, much larger 459 

uncertainties than those mentioned above can also arise from the tuning of parameters in the MCIM 460 

or general circulation model equipped with water isotopes, especially from the tuning of 461 

supersaturation dependency to temperature, which largely increases the uncertainty in the ΔTsource 462 

reconstruction (by a factor of two)21,55. This is the reason why the interpretation of d-excess in term 463 

of Tsource should be considered with care. 464 

At Dome F, Tsource shares many similarities with δ18O over deglaciations21,20 and is very similar to the 465 

dln signal over the glacial – interglacial cycles (R=0.97) but less similar to d-excess (R=0.49). dln seems 466 

hence a better proxy than d-excess at Dome F to discuss the climatic signal of regions of moisture 467 

evaporation. At Vostok, d-excess and Tsource share more similarities (R=0.93) than dln and Tsource 468 

(R=0.78). The difference between the Tsource similarities with d-excess or dln among sites is partly due 469 

to the way the MCIM has been tuned and to the data selection used for multiple linear correlation21. 470 

The situation is actually much simpler for EDC where d-excess, dln and Tsource are all well correlated 471 
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(Extended Data Table 1, Extended Data Figures 3 and 4) hence suggesting that the EDC d-excess or dln 472 

data are faithful proxies for climatic conditions of associated moisture evaporative regions in East 473 

Antarctica over long timescales (i.e., several glacial – interglacial cycles).  474 

Extended Data Figure 4 displays for each termination the evolution of ΔTsource, d-excess, dln and δ18O 475 

or δD (as proxy for ΔTsite). We observe that using either d-excess, dln or Tsource at EDC gives exactly the 476 

same timing for the maximum during all interglacials. On the contrary, there is a very strong shift 477 

between the maximum in dln and d-excess for Vostok and Dome F (at Dome F the d-excess maximum 478 

occurs several millennia after the dln maximum) leading to strong variability in the maximum in Tsource 479 

between the different sites. The Tsource maximum at Dome F is seen during the blue rectangle 480 

encompassing the signal of Tsite maximum while this is not systematically the case at EDC and Vostok. 481 

However, we observe that in addition to the first Tsource maximum occurring in phase with Tsite at 482 

Dome F for interglacial characterized by an excess warmth (i.e. early temperature maximum), we 483 

often have a Tsource high value at Dome F and Vostok at the timing of the EDC d-excess / Tsource 484 

maximum over the different interglacial periods. 485 

Given these observations, we conclude that we have not enough evidence to say that the climatic 486 

evolutions of the source evaporative regions are different at Dome F, Vostok and EDC over 487 

Terminations and interglacial periods. We thus propose that the pattern reconstructed from the 488 

water isotopic record at EDC can be taken as a good first order pattern to describe the climatic 489 

evolution of the source evaporative regions for East Antarctica.  490 

 491 

  492 
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Modelling d-excess with ECHAM6-wiso 493 

With the objective to discuss differences between Dome C, Vostok and Dome F, we used the 494 

ECHAM6-wiso model33 outputs from a free simulation at T63L47 spatial resolution (1.875° horizontal 495 

resolution and 47 atmosphere vertical layers) based on pre-industrial conditions: mean 1870-1899 496 

AMIP SST and sea-ice boundary conditions, orbital and GHG conditions according to PMIP4 PI 497 

experimental design, isotopic composition of surface seawater prescribed using the adapted global 498 

gridded data set56. This ECHAM-6 wiso simulation provides a good representation of the Marshall 499 

SAM calculated as the difference in pressure at sea level between latitudes 40°S and 65°S 500 

(https://climatedataguide.ucar.edu/climate-data/marshall-southern-annular-mode-sam-index-501 

station-based). The simulated SAM has a similar average (0), similar normalized standard deviation 502 

(1.88 vs 1.74) and similar frequency than the station based index of SAM57 as shown in Extended 503 

Data Figures 5 and 6. Moreover, the correlation maps between SAM and surface temperature or 504 

precipitation from ERA- Interim data58 are very similar when considering the data and the model 505 

(Extended Data Figures 7 and 8).  The simulated correlations between SAM and d-excess or dln are 506 

displayed in Figure 1 and Extended Data Figure 9. 507 

 508 

  509 
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Extended Data Fig. 1 | Raw d-excess data. Comparison between d-excess calculated with initial δD 
data measured in 2007 (grey) and d-excess calculated with new δD data measured in 2020 (black). 

 

Extended Data Fig. 2 | Evolution of the isotopic composition (a: δD vs δ18O, b: ln(1 + δD) vs ln(1 + 
δ18O), c: d-excess vs δ18O, d: dln vs ln(1 + δ18O)) for the three deep ice cores of the East Antarctic 
plateau (red – EDC; blue – Dome F; orange – Vostok). The black line on panel a represents the Global 
Meteoric Water Line, a linear relationship between δD and δ18O with a slope of 8 (and intercept of 10 
‰). The black line on panel b represents the ln regression determined from surface snow samples by 
Uemura et al. (2012)1. The solid lines on panel c represent the evolution of d-excess vs δ18O after a 
running mean over a 2‰ wide window on the δ18O scale, and the dashed lines represent the average 
d-excess value. 

 

Extended Data Fig. 3 | Isotopic records on three deep drilling sites of the East Antarctic plateau. 
Comparison of δ18O or δD, d-excess, dln and ΔTsource for the three sites of interest Dome F, Vostok 
and EDC. 

 

Extended Data Fig. 4 | Evolution of δ18O or δD in blue, d-excess in black, dln in yellow and ΔTsource in 
red, over the last 9 terminations for each site considered in the text, Vostok, Dome F and EDC, all on 
the AICC2012 timescale. The blue and orange rectangles correspond to those defined in Fig. 4 of the 
main text, highlighting maxima in Tsite and d-excess at EDC. Note that the Vostok records could not be 
well aligned on the AICC2012 timescale over Termination V because of lack of relative dating 
constraints so that the comparison of Vostok to other sites over Termination V is not meaningful. 

 

Extended Data Fig. 5 | Model-data comparison of the SAM variability. Comparison of the SAM 
variability as inferred from observations and reanalyses between 1971 and 2000 and as inferred from 
the ECHAM6—wiso model free simulation for pre-industrial period. 

 

Extended Data Fig. 6 | Spectral analysis of the SAM variability from the Marshall series (left) and from 
the ECHAM6-wiso model (right). In both cases, we see a peak at 0.22 month-1. 

 

Extended Data Fig. 7 | SAM vs temperature correlation. Map of the correlation between SAM and 2-m 
temperature (T2m) from the ERA- Interim data (a) and from the ECHAM6-wiso free simulation (b). 

 

Extended Data Fig. 8 | SAM vs pressure correlation. Map of the correlation between SAM and 
precipitation from the ERA- Interim data (a) and from the ECHAM6-wiso free simulation (b). 

 

Extended Data Fig. 9 | dln vs SAM correlation. Modelled correlation between dln and SAM as obtained 
from the ECHAM6-wiso model for a pre-industrial run. 

 



Extended Data Table 1 | Correlation coefficients between d-excess, dln and Tsource for the three East 
Antarctic ice cores EDC, Vostok and Dome F 

 

 

 





















  dln Tsource 

EDC d-excess 0.80 0.93 

dln 1 0.93 

Vostok d-excess 0.59 0.93 

dln 1 0.78 

Dome F d-excess 0.59 0.49 

dln 1 0.97 

 


