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a b s t r a c t

The climate of the last glacial Marine Isotopic Stage 3 (MIS3) period is characterized by strong millennial-
scale variability with a succession of DansgaardeOeschger events first identified in Greenland ice cores
and associated with variations of the Atlantic Meridional Overturning Circulation (AMOC). These abrupt
events have a smooth and lagged counterpart in water stable isotopes from Antarctic ice cores. In this
study we aim at depicting and understanding the circum-Antarctic expression of this millennial-scale
variability. To illustrate the mechanisms potentially at work in the response of the southern high lati-
tudes to an abrupt decrease of the AMOC, we first present results from experiments performed with the
IPSL-CM4 atmosphere-ocean coupled model under glacial boundary conditions. When the AMOC is
perturbed by imposing an additional freshwater flux in the North Atlantic, our model produces the
classical bipolar seesaw mechanism generally invoked to explain the warming of the Southern Ocean/
Antarctic region. However, this mechanism can be locally offset by faster atmospheric teleconnections
originating from the tropics, even though the precise location of this fast response is not coherent among
different climate models. Our model results are confronted with a synthesis of Antarctic records of ice
core stable isotope and sea-salt sodium, including new data obtained on the TALDICE ice core. The IPSL-
CM4 produces a dipole-like pattern around Antarctica, with warming in the Atlantic/Indian sectors
contrasting with an unexpected cooling in the East-Pacific sector. The latter signal is not detected in our
data synthesis. Both ice core data and simulations are consistent in depicting a more rapid response of
the Atlantic sector compared to the Indian sector. This feature can be explained by the gradual impact of
ocean transport on which faster atmospheric teleconnections are superimposed. Detailed investigations
of the sequence of events between different proxies are conducted in three ice cores. Earlier shifts in
deuterium excess and significant changes in sea-salt sodium fluxes in the most coastal sites (TALDICE and
EDML) compared to EDC suggest reorganizations in local moisture sources, possibly linked with sea-ice
cover. This study demonstrates the added value of circum-Antarctic ice core records to characterize the
patterns and mechanisms of glacial climate variability.

� 2012 Elsevier Ltd. All rights reserved.
Madingley Road, CB3 0ET

All rights reserved.
1. Introduction

During the last glacial Marine Isotopic Stage 3 period (MIS3),
global climate underwent strong millennial-scale fluctuations.
Paleoclimatic archives reveal that the Northern Hemisphere
experienced repeated abrupt warming phases known as

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:stenni@units.it
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
http://dx.doi.org/10.1016/j.quascirev.2012.05.023
http://dx.doi.org/10.1016/j.quascirev.2012.05.023
http://dx.doi.org/10.1016/j.quascirev.2012.05.023


D. Buiron et al. / Quaternary Science Reviews 48 (2012) 99e112100
DansgaardeOeschger (DO) events, characterized by shifts of up to
16 �C between stadials (cold phases) and interstadials (warm pha-
ses) occurring within a few decades in Greenland (Dansgaard et al.,
1993; Severinghaus et al., 1998; Lang et al., 1999; Landais et al.,
2004). Several of the DO events were preceded by Heinrich events,
massive iceberg discharges from the Northern Hemisphere ice
sheets (Heinrich,1988). Large releases of freshwater into theAtlantic
Ocean are probably associated to a weakening of the Atlantic
Meridional Overturning Circulation (AMOC) (Vidal et al.,1997; Elliot
et al., 2002; McManus et al., 2004) although the question of the
initial triggering mechanism for this freshwater flux, and timing
compared to the AMOC collapse, remains an open question
(cf. Alvarez-Solas andRamstein, 2011).Oceanmodels showthat such
a decrease in the AMOC intensity affects the bipolar heat distribu-
tion, leading to a cooling of the North Atlantic region and awarming
of the South Atlantic (Crowley, 1992; Stocker, 1998). The strong
Southern Ocean (SO) circumpolar current is then expected to
propagate this anomaly around the Antarctic continent. Precise
synchronisation ofAntarctic andGreenland ice core records (Blunier
et al., 1998; Blunier and Brook, 2001; EPICA Community Members,
2006; Capron et al., 2010) has allowed characterizing the phase
relationships of north-south climate variability. During stadial
phases in Greenland, a gradual warming occurs in Antarctica
(w2 �C/1000 years). This warming is then interrupted after a few
thousands of years and Antarctica starts to cool gradually
(w2 �C/1000 years), concomitant with the onset of an abrupt
warming event in Greenland. A systematic one-to-one correspon-
dencehas beenestablishedbetween stadialeinterstadial transitions
in Greenland, and Antarctic Isotope Maximum (AIM) events during
the last glacial period (Blunier et al., 1998; Blunier and Brook, 2001;
EPICACommunityMembers, 2006; Capronet al., 2010). Suchout-of-
phase relationship between the two poles can be explained by the
thermal bipolar seesaw concept (Broecker, 1998) where the SO acts
as a heat reservoir affected by the AMOC strength (Stocker and
Johnsen, 2003; Barker et al., 2009).

Because of the central role of the Atlantic Ocean in the bipolar
seesaw mechanism, one may expect strong regional differences for
the expression of the AIM events in the different sectors of the SO
around Antarctica. Stenni et al. (2010) have compared the shapes of
the AIM events observed between two different ice cores in
Antarctica (described in Table 1): the EPICA (European Project for
Ice Coring in Antarctica) Dome C (EDC) ice core drilled in the Indian
sector is characterised by triangular AIM events (EPICA Community
Members, 2004; Jouzel et al., 2007), while the EPICA Dronning
Maud Land (EDML) ice core drilled in the Atlantic sector shows
more squared AIM event shapes (EPICA Community Members,
Table 1
Description of the different drilling sites.

Site Latitude
(south)

Longitude Elevation (m) Distance to
coast (km)

Current surface
temperature (�C

TALDICE 72�480 159�06E 2318 250 �41

EDC 75�100 123�35E 3240 870 �54.5

Vostok 78�280 106�48E 3490 1260 �55.5
Taylor Dome 77�480 158�43E 2365 120 �43
Siple Dome 81�660 148.8W 621 470 �24.5
Byrd 80�010 119�31W 1530 620 �28
EDML 75�000 0�01E 2892 529 �43.2

Dome F 77�190 39�42E 3810 1000 �57.3
2006). These data suggest, in response to AMOC weakening,
a faster response in the Atlantic than in the Indian Ocean sector. At
a broader scale, there is also little information available on changes
in SO sea surface temperatures (SST). Lamy et al. (2004) and Kaiser
et al. (2005) suggest that latitudinal shifts of the Antarctic
circumpolar current/southern westerly were similar for all loca-
tions of the SO, implying that changes in SST/atmospheric circula-
tion/surface ocean circulation are zonally homogeneous and
simultaneous for the SO. This contrasts with the findings from
Antarctica arising a question about the possibilities of zonal
asymmetries in the abrupt climate changes in the southern high
latitudes, and which processes could explain them.

On the modelling side several simulations have already been
carried out with coupled ocean-atmosphere General Circulation
Models (hereafter, noted GCM) to identify the mechanisms
responsible for the climatic system behaviour observed during
millennial-scale abrupt events. These were first performed under
modern boundary conditions (e.g., Manabe and Stouffer, 1988) but
the most recent experiments were performed under Last Glacial
Maximum (Kageyama et al., 2009; Otto-Bliesner and Brady, 2010)
or even Marine Isotopic Stage 3 (Merkel et al., 2010) boundary
conditions. DO or Heinrich events are mimicked by prescribing an
abrupt freshwater release in the North Atlantic region (Stouffer
et al., 2006; Timmermann et al., 2010). All these models have
confirmed the robustness of the bipolar seesaw signature of the
climate response to AMOC weakening: the South Atlantic Ocean
warms while a cooling is observed in the North Atlantic region and
this is accompanied by a southern shift of the Intertropical
Convergence Zone (ITCZ) (Dahl et al., 2005; Broccoli et al., 2006;
Krebs and Timmermann, 2007; Swingedouw et al., 2009). While
the South Atlantic systematically warms in response to a fresh-
water discharge applied in the North Atlantic, there are regional
differences in the simulated SO response (Timmermann et al., 2010,
in addition to the reviews of Clement and Peterson, 2008 and
Kageyama et al., 2010). Some models simulate a quasi-uniform
warming (e.g. Otto-Bliesner and Brady, 2010) while others show
contrasted patterns with a West Pacific cooling associate with the
Southern Indian Ocean sector warming. Timmermann et al. (2010)
attribute such dipole-like surface air temperature to an intensifi-
cation of the negative phase of the atmospheric Pacific South
America mode (PSA). Anomalies in the meridional heat advection
are simulated to produce an anomalous cyclonic circulation in the
Amundsen-Bellingshausen Sea. Simulated regional circum-
Antarctic temperature anomalies coincide with regional sea ice
extent changes, amplified by sea ice albedo feedbacks. Analyzing
atmosphere-only experiments in which SST anomalies from the
)
Current
accumulation
rate
(mm w.eq./yr)

Geographical
sector according
to this paper
division

Isotopic data
resolution
between
20 and 50 ky
BP (yr)

References

80.5 Indian 88.9 (Frezzotti et al., 2004)
(Stenni et al., 2011)

26.9 Indian 48.3 (EPICA Community
Members, 2004)
(Jouzel et al., 2007)

21.8 Indian 82.1 (Petit et al., 1999)
47.4e66.3 Ross Sea 101.5 (Steig et al., 1998)
106.1 East-Pacific 91.3 (Brook et al., 2005)
94.7e113.6 East-Pacific 100.1 (Blunier and Brook, 2001)
60.6 Atlantic 100.0 (EPICA Community

Members, 2006)
25e30 Atlantic 250.0 (Watanabe et al., 2003)
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perturbed coupled simulation are prescribed only on restricted
regions, Timmermann et al. (2010) relate this anomalous behaviour
of the South Pacific to SST anomalies from the Tropical Pacific. Ding
et al. (2011) explain the link between the central equatorial Pacific
and the Pacific sector of East Antarctica climate through atmo-
spheric Rossby waves propagating from the tropics to Antarctica.
Atmospheric teleconnections have therefore the potential to cause
zonal asymmetries in the circum-Antarctic response to AMOC
changes.

Here, we aim at better documenting the regional patterns of
temperature evolution around Antarctica during AIM events. For
this purpose, we compare a synthesis of existing and new high-
resolution Antarctic ice core data covering the last 50 ky (thousands
of years) and climatic simulations. In Section 2 we analyze the
circum-Antarctic response to a freshwater perturbation applied in
the North Atlantic simulated by the global coupled climate model
IPSL-CM4. Section 3 presents the ice core proxy data used to
document past regional changes in temperature, moisture origin
and sea-ice extent, and the consistency of the available chronolo-
gies. Section 4 presents new detailed measurements (d18O,
d-excess, sea salt sodium, ssNaþ) performed on the Talos Dome
(TALDICE) ice core, drilled on the edge of the East Antarctic plateau
(Frezzotti et al., 2004), and a detailed comparison with other
Antarctic ice cores. This database yields a comprehensive picture of
the AIM event expression in different sectors of Antarctica. Section
5 discusses these results and compares them to the model results
presented in this introduction and Section 2.

2. Climatic simulations

We analyze two simulations performed with the coupled
atmosphere-ocean climate model IPSL-CM4 (Kageyama et al.,
2009; Marti et al., 2010). Both simulations use Last Glacial
Maximum (LGM) climate boundary conditions (PMIP2 protocol,
Braconnot et al., 2007): the ICE-5G ice-sheet reconstruction (Peltier,
2004), and greenhouse gases atmospheric mixing ratios of
185 ppm, 350 ppb and 200 ppb for CO2, CH4 and N2O, respectively
(Flückiger et al., 1999; Dällenbach et al., 2000; Monnin et al., 2001)
are prescribed, as well as 21 ky orbital parameters (Berger, 1978).
The vegetation cover remains similar to modern conditions over
ice-free areas but river pathways have been adapted for LGM
conditions (Alkama et al., 2007). The reference simulation (LGM-
Fig. 1. a: Time evolution (in years) of the AMOC strength in simulations LGM-ref (black) an
release of 0.1 Sv of freshwater in the North Atlantic and Arctic oceans. Arrows underline th
(SAT) anomaly represented on the right panel of this figure. b: Mean annual SAT anomaly (in
of LGM-fw. (For interpretation of the references to colour in this figure legend, the reader
ref) has a stable AMOC at around 15 Sv. To simulate a rapid cooling
event in the North Atlantic through a collapse of the AMOC, we
have imposed, starting from the end of year 149 of the reference
run, an additional 0.1 Sv freshwater flux in the North Atlantic and
the Arctic (Kageyama et al., 2009). This 419-year long freshwater
hosing simulation (LGM-fw) is characterized by a very large
reduction in the AMOC strength (Fig. 1a), and provides an idealized
scenario of what may have happened at the onset of a Heinrich
event such as H2 or H1, which occurred close to the LGM.

The Surface Air Temperature (SAT, taken at 2 m above the
surface) anomaly induced by the AMOC shutdown is shown in
Fig. 1b. The North Atlantic region gets cooler when the AMOC is
reduced, whereas the South Atlantic warms, expressing a bipolar
seesaw. The NH (Northern Hemisphere) cools locally by 9 �C
whereas the SH (Southern Hemisphere) warming is more muted
(up þ3 �C). This is consistent with ice core temperature estimates
during AIM events (Stenni et al., 2010) (see also Section 5.1). The
most surprising feature concerns the zonal asymmetries in the
temperature response in the SO and their Antarctic signatures.
Strong positive anomalies are simulated in the South Atlantic and
Indian Oceans, whereas the Southeast Pacific sector undergoes
a slight cooling, leading to a dipole pattern in the southern thermal
response.

As summarized in Section 1, the mechanism at the origin of such
regional disparities could originate from a fast atmospheric tele-
connection from the tropics to the southern Pacific. In our simu-
lation (Fig. 2b), the freshwater flux leads to a cooling in the
northern tropical Atlantic and a warming in the southern tropical
Atlantic. As described in Kageyama et al. (2009), the southward
ITCZ shift is strongest in the Atlantic Ocean and surrounding
continents. This disturbance in the tropical large-scale circulation is
responsible for an atmospheric stationary wave propagating
southeastward over the tropical Pacific and then southward over
the southeast Pacific Ocean. Fig. 2b highlights the centres of action
of this wave in Austral winter (June, July, August) 200 hPa stream
function anomaly, with a positive centre at 100�W and 20�S,
a negative centre at 120�Wand 40�S and a broad positive centre at
around 60�S in the southeast Pacific. These centres correspond to
underlying surface temperature anomalies, with a slight southward
shift of the upper circulation anomalies compared to the surface
temperature ones. A similar wave is developing above the South
Atlantic Ocean. Sensitivity tests to Atlantic or Pacific SST anomalies,
d LGM-fw (cyan), expressed in Sv (1 Sv ¼ 106 m3/s). In LGM-fw, there is a prescribed
e periods used for the calculation of the final mean surface atmospheric temperature
�C) between LGM-ref (averages values between years 200 and 600) and the last 100 yr
is referred to the web version of this article.)



Fig. 2. Teleconnection from the tropical Atlantic to the Southeast Pacific and Antarctica. Results from the Atmosphere-only GCM, using different surface ocean forcing. All fields are
shown for June-July-August. a: Reference run LGM-refatm, using surface ocean conditions from LGM-ref: SAT (�C, shading) and 200 hPa stream function (106 m2/s, contours). b:
Anomalies in SAT (�C, shading) and stream function (106 m2/s, contours, dashed for zero line, dotted for negative values) for the FW-global SST experiment.
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using atmosphere-only simulations are reported in the Appendix
(Section III). This suggests that tropical Atlantic SST changes alone
can generate a stationary wave reaching the southeast Pacific.

In order to better quantify the simulated spatial and temporal
features associated with the SO and Antarctic response to the
AMOC weakening, we divided this region into four sectors: the
Atlantic, Indian, West-Pacific/Ross Sea, and East-Pacific sectors
(Fig. 3). Fig. 4 displays the mean SAT and sea-ice evolutions in the
course of the LGM-fw simulation for each sector, and averaged
between 40 and 80�S. The differences observed between the mean
SAT of each sector reflects at least partly the difference of the land-
sea surface ratio between each sector in the 40-80�S latitude range.
To complement this study, we also calculated the SAT evolution in
each sector between 40 and 60�S and between 60 and 80�S sepa-
rately (not shown in this paper). Even if themean SATof each sector
Fig. 3. Map showing the division of the Southern Ocean and Antarctica into four
sectors: an Indian sector located between 15�E and 160�E and between 40�S and 80�S,
an Atlantic sector located between 15�E and 50�W and between 40�S and 80�S,
a West-Pacific/Ross Sea sector located between 160�E and 150�W and between 40�S
and 80�S, and an East-Pacific sector located between 150�W and 75�W and between
40�S and 80�S.
varies considering those different latitude ranges, the SAT evolu-
tions obtained show similar patterns as the ones calculated for
latitudes between 40 and 80�S. As our main interest lies in SAT
variations and not in SAT absolute value, we finally chose to show
only the 40-80�S SAT evolution in Fig. 4.

This comparison highlights specific features, amplitudes, and
rates of temperature changes through the different ocean sectors,
summarized in Table 2. A strong consistency is depicted between
simulated SAT and sea-ice extent. The following differences appear
between the simulated climatic responses in the different sectors:

- The fastest temperature changes (þ1 �C within 50 years) are
simulated in the Atlantic sector. These large temperature
variations mainly affect the oceanic sector between about 78
and 65�S.

- A smaller linear increasing trend is detected in the Indian
sector (þ1 �C over >300 years). Even if stronger over ocean
than land areas, these large temperature variations have awide
impact: they concern both the oceanic and Antarctic continent
down to latitude of about 85�S.

- In contrast to the Atlantic and Indian sectors, a cooling trend
(�0.7 �C in >100 years) associated with a regional sea-ice
expansion is depicted in the East-Pacific. This SAT anomaly
mainly affects the oceanic sector between about 70 and 40�S.

- No centennial trend is detected in the Western Pacific and Ross
Sea sector, where temperature variability is the weakest and
occurs on decadal time scales. SAT variations only concern
oceanic areas with a cooling trend down to 70�S, and a warm
anomaly at northern latitudes (see Fig. 1b).

In summary, the LGM-fw simulation shows a persistent zonal
dipole in temperature between the East-Pacific and Indian sectors.
The freshwater hosing of around 0.1 Sv in the North Atlantic and
Arctic Oceans produces sharp changes in the early part of the
simulation in the Atlantic and East-Pacific sectors which are not
counteracted by a warming due to the bipolar seesaw and advected
by the SO circulation. This behaviour was also shown by several
climate models under both modern and LGM boundary conditions
(cf. the multi-model study of Timmermann et al., 2010) while a few
other models (e.g. Merkel et al., 2010) depict a SO temperature
response, which is nearly zonally symmetric. For models, which do
show a zonally asymmetric response of the SO to a freshwater



Fig. 4. Climate anomalies simulated by the IPSL-CM4 model in the southern area. LGM-ref-LGM-fw Surface Air Temperature, SAT (in K) and sea-ice fraction evolutions in the
Atlantic (purple), East-Pacific (blue), Indian (Green) and West-Pacific/Ross Sea (black) sectors during the LGM-fw simulation. Dashed lines represent the initial values calculated as
the average of the first ten years for each signal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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perturbation applied in the North Atlantic, the pattern of this
response is not consistent from model to model. For instance, for
LGM boundary conditions, the CCSM3 model response over the SO,
as depicted in Otto-Bliesner and Brady (2010), is weaker (and even
slightly negative) in the Atlantic sector of the SO. At this point, we
conclude that the latest results from atmosphere-ocean climate
Table 2
Left part: amplitude and warming duration of AIM evens 8 and 12 in the different ice cor
step. For TALDICE, EDML, and EDC sites calculations, please refer to the Appendix and to
based on their own age scales. Right part: amplitude of the SAT variation simulated by the
(from the lowest to the highest SAT value taken on 30 years averaged data).

Ice core data

Ice core
drilling site

Geographical sector
according to this
paper division

AIM 8 isotopic
amplitude (&)

AIM 12 isotopic
amplitude (&)

AIM 8 warm
duration (yr

TALDICE Indian 2.2 1.3 1650
EDC 2.7 3.2 1600
Vostok 2.0 2.7 1500
Taylor Dome Ross Sea 3.3 4.3 1850
Siple Dome East-Pacific 4.5 4.0 1000
Byrd 2.5 3.0 1800
EDML Atlantic 2.2 1.9 850
Dome F 1.3 1.3 750
models show the possibility of a fast response of the SO surface to
perturbations in the AMOC forced by a freshwater flux imposed in
the North Atlantic, stemming from atmospheric teleconnections
from the tropics. This fast atmospheric response can weaken, or in
some cases counteract, the slower bipolar thermal response of the
ocean. The precise pattern of the zonal asymmetry does not appear
es: the amplitude has been determined through data re-sampled on a 100 year time
Section 4.1 of this paper. For other ice cores, the duration has been visually defined
model during the LGM-fw simulation, and time requests to reach this total anomaly

Model results

ing
)

AIM 12 warming
duration (yr)

Amplitude of
temperature
change (�C)

Linear correlation
coefficient for
temperature data

Duration for the
total temperature
change (yr)

1800 þ1.23 0.54 328
1600
2400
2000 þ0.74 e 33
2300 �0.71 0.024 118
2700
970 þ1.08 e 51

1700



D. Buiron et al. / Quaternary Science Reviews 48 (2012) 99e112104
to be consistent from model to model and is probably sensitive to
the details of the scenario chosen to perform the freshwater hosing
experiment. This sensitivity is confirmed by the systematic study of
the response of the LOVECLIM model to an ensemble of freshwater
hosing scenarios (Roche et al., 2010). Improving the spatio-
temporal documentation of rapid climate changes at southern
high latitudes is expected to provide an important test of the
models and the scenarios used tomimic Heinrich events or stadials.

3. Material and methods

We use published and new Antarctic ice cores records to
confront our modelling results with paleoclimatic evidence. In
order to retrieve information on local temperature variations and
on the evolution of the sea-ice extent, assumed to play an impor-
tant role in the regional variability, we investigatemeasurements of
water isotopes (d18O) (a proxy of Antarctic temperature), deuterium
excess (d ¼ dD � 8 � d18O) (a proxy of moisture source evaporation
conditions), and sea-salt sodium flux (ssNaþ) (suggested to be
related to sea-ice extent).

3.1. Drilling sites

Our investigation of regional changes relies on 8 different ice
cores (Fig. 3), whose characteristics are summarized in Table 1.

In particular, we present new measurements performed on the
most recent ice core, TALDICE, drilled during the field seasons
2004e2008. The drilling of TALDICE reached a depth of 1620 m at
a site located on the eastern edge of the East-Antarctic plateau in
the Victoria Land, at roughly equal distance (w300 km) from the
Southern Indian Ocean and the Ross Sea. As for current surface
climatic conditions, the annual mean accumulation rate is 8.05 cm
w.eq./yr (water equivalent per year) (Stenni et al., 2002; Frezzotti
et al., 2007) and the annual mean air temperature is of �41 �C.
Backtrajectory analyses show that TALDICE receives air masses
arriving from the Indian Ocean (50%) and partially from the Pacific/
Ross Sea sector (30%), the last 20% arriving from the Antarctic
plateau (Sodemann and Stohl, 2009; Scarchilli et al., 2011; Masson-
Delmotte et al., 2011). During glacial times and most of the degla-
ciation, the presence of the Ross Ice Sheet extending up to the
continental margin should have reduced the precipitations coming
from the Ross Sea area. The new measurements cover the MIS3
time period and complement the first dataset published by Stenni
et al. (2011).

3.2. Water stable isotope data

The water stable isotope composition (d18O and dD) of Antarctic
ice cores is an integrated tracer of thewater cycle, mostly controlled
by the condensation temperature. Along its transport from oceanic
sources to ice core sites, atmospheric moisture is exposed to
multiple fractionation processes at each phase change, causing
a progressive distillation and loss of heavy isotopes. Despite the
complexity of the different processes involved, the isotopic
composition of Antarctic surface snow is linearly linked to the local
surface air temperature (Lorius et al., 1979; Masson-Delmotte et al.,
2008), with a spatial slope of 0.8&/�C. This spatial relationship has
been used for decades to estimate past temperatures using water
stable isotope measurements from Antarctic ice cores. However,
uncertainties exist in the stability of the isotope-temperature
relationship through time, as it is sensitive to variations of the
oceanic evaporative regions (Stenni et al., 2010) and of precipitation
intermittency (Krinner and Werner, 2003). Temporal
d18O e temperature slopes based on seasonal or interannual
measurements in several Antarctic stations (Van Ommen and
Morgan, 1997; Oerter et al., 2004) are associated with a value
almost twice smaller (0.4&/�C) than the spatial slope. While Sime
et al. (2009) suggest a small isotope-temperature slope for warmer
than present-day climates, Jouzel et al. (2003) suggest that the
spatial relationship is a good approximation to reconstruct past
glacial temperature with 20e30% uncertainty. Moreover, Stenni
et al. (2010) have shown limited impacts of changes in source
conditions on temperature estimates along AIM events at EDC and
EDML hence strengthening the conclusion of Jouzel et al. (2003).
Still, being aware of the aforementioned limitations, we only use
the d18O variations over AIM events as qualitative indications for
the amplitude of the temperature changes in Antarctica, with
a correspondence between d18O and temperature ranging between
0.4 and 0.8&/�C.

The d18O of the TALDICE ice core has been measured with
a depth resolution of 1 m (bag sample). The new TALDICE data
presented in this study are covering a depth interval ranging from
850 m to 1199 m (20e50 ky BP). The mean temporal resolution of
this dataset is 91 years. TALDICE d18O bag samples were measured
in Italy (Trieste and Parma Universities) and France (LSCE)
according to well-established techniques (Epstein et al., 1953;
Vaughn et al., 1998; Stenni et al., 2011). dD was measured in Italy
using the H2/water equilibration method with an automatic HDO
device coupled to amass spectrometer. The d18O data provided here
result from at least duplicate measurements of 346 samples. The
analytical precision of d18O and dD measurements is �0.05& and
�0.7&, respectively.

3.3. Deuterium excess and ssNaþ data

3.3.1. The deuterium excess proxy
The deuterium excess, d-excess ¼ dD � 8 � d18O (Dansgaard,

1964), is a second-order isotopic parameter, containing informa-
tion about conditions prevailing in the source regions of Antarctic
precipitation. The d-excess is imprinted by the initial evaporation
conditions (Merlivat and Jouzel, 1979) but is also influenced by (1)
the equilibrium fractionation associated with air mass cooling
(slight dependency on temperature of the fractionation ratio of dD
and d18O and therefore on the apparent meteoric water line) and
(2) by kinetic fractionation taking place during ice crystal formation
(Jouzel and Merlivat, 1984). Ice core d-excess therefore provides
integrated information on past changes in moisture sources and/or
air mass trajectories.

At each phase of the hydrological cycle (evaporation, con-
densation.), equilibrium and kinetic fractionations affect the
isotopic composition of water in the vapour and condensed phase.
The two types of fractionations do not affect similarly d18O and dD
so that these two parameters do not exhibit exactly the same signal.
While dD and d18O variations in polar snow indicate at first order
changes in the local temperature, d-excess contains information
about the temperature and relative humidity of the oceanic source
providing Antarctic precipitation (Vimeux et al., 1999; Stenni et al.,
2001). It is also slightly influenced by the final condensation
temperature and isotopic composition of the ocean. From simple
isotopic models tuned for EDC (Masson-Delmotte et al., 2004) or
EDML (Stenni et al., 2010), the theoretical slope of the relationship
between d-excess and site temperature is w�0.5&/�C. The
uncertainty on this slope is difficult to estimate, as it depends on
uncertainties in isotopic model parameterizations, as well as on the
range of temperatures between evaporation and condensation. For
inland sites such as Dome Fuji or Vostok, slopes up to �1.3&/�C
have recently been suggested (Uemura et al., 2012). While d18O or
d-excess are also affected by changes in oceanic isotopic composi-
tion, this effect can be neglected on time scales of AIM events. We
conclude that TALDICE d-excess variations over AIM events should
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mostly be sensitive to evaporation conditions at the oceanic
moisture source.

The TALDICE d-excess data have been calculated on 346 samples
between 20 and 50 ky BP from the raw d18O and dD signals with an
overall precision of �0.8&.

3.3.2. The ssNaþ proxy
Sea-salt concentrations in Antarctic aerosols were originally

interpreted in terms of changes in storminess, which was supposed
to be the main driver of both aerosol production and inland
transport (Petit et al., 1981; Delmas, 1992). Then, the formation of
sea-salt aerosol by atmospheric uplift of frost flowers was proposed
as a significant source of sea spray for coastal areas of Antarctica
(Rankin et al., 2002;Wolff et al., 2003). Frost flowers provide a large
effective surface area and a reservoir of sea-salt ions in the liquid
phase with ion concentrations up to three times higher than
seawater (Perovich and Richter-Menge, 1994; Rankin et al., 2002).
The sea-salt concentration in the seawater trapped in the sea-ice
pockets is due to the sea-salt exclusion during the freezing
processes leading to the formation of new sea ice. This enriched
source could explain the higher ssNaþ concentrations measured in
the aerosol and in the snow deposition in winter and during cold
periods. Changes in source intensity and typology and/or variations
in transport pathways and efficiency can also affect past variations
in ssNaþ deposition. Limitations of this proxy have been raised
recently. First, it is not clear yet whether the flux of sea salt to the
ice sheet represents primarily an indicator of ice production or sea
ice extent (Wolff et al., 2010). Second, the sensitivity of sea-salt flux
to sea ice extent is probably non-linear and seems to showaweaker
response during period of large ice sheet extends (Fischer et al.,
2007; Röthlisberger et al., 2010). However, keeping this in mind,
ssNaþ records from Antarctic ice cores still provide unique infor-
mation on past sea-ice extent and persistence around Antarctica
(Wolff et al., 2006; Fischer et al., 2007; Röthlisberger et al., 2008).

In the following, we cautiously use new ssNaþ data from TAL-
DICE to qualitatively discuss sea ice extent variations in the Ross Sea
area in comparison with information inferred from existing ssNaþ

records from the EPICA drilling sites.
320 samples of the TALDICE ice core were measured for ssNaþ

concentrations between 848.5 and 1188.5 m of depth, corre-
sponding to the 20e50 ky BP range. SsNaþconcentrations are
translated into fluxes by multiplying with the accumulation rate
deduced from the inverse method for dating discussed below
(Lemieux-Dudon et al., 2009; Buiron et al., 2011).

3.4. Ice cores age scales

In order to precisely investigate the timing of the climate signals
in the different sites and to compare them to the model findings, it
is necessary to rely on consistent and accurate age scales.

Between 20 and 50 ky BP, the TALDICE-1 age scale (Buiron et al.,
2011) mainly relies on (1) the synchronization of the TALDICE
methane profile with the Greenland composite record (Blunier
et al., 2007) on the absolute GICC05 age scale from Greenland ice
cores (Svensson et al., 2008), and (2) the use of a new inverse
method for ice core dating (Lemieux-Dudon et al., 2009). The
TALDICE-1 uncertainty reaches 1500 years between 20 and
25 ky BP and typically lies between 450 and 650 yr in the period
between 25 and 50 ky BP (see Appendix for more details). The
chronological uncertainty thus remains smaller than the duration
of the AIM events themselves, enabling a pluri-centennial time
scale study of the timing and duration of each event.

For the EDC and EDML ice cores, we used the chronologies
calculated by Lemieux-Dudon et al. (2010) with the same inverse
method. Therefore TALDICE, EDML, and EDC time scales are all
based on a synchronisation with the Greenland GICC05 absolute
chronology (Svensson et al., 2008). The relative uncertainties
associated with each age scale are low enough during the last 50 ky
(�100e800 yr at EDML, �70e800 yr) at EDC (Lemieux-Dudon
et al., 2010) to allow for investigation of the timing, shape and
duration of rapid climatic events between the three sites.

For the other ice cores, unfortunately, such precise synchroni-
sation is not available and lies beyond the scope of this manuscript.
We used their latest official time scales: the Byrd time scale built by
Blunier and Brook (2001), the Vostok age scale improved
by Lemieux-Dudon et al. (2010), the Siple Dome time scale built by
Brook et al. (2005), the Dome F time scale built by Kawamura et al.
(2007), and the Taylor Dome chronology improved by Grootes et al.
(2001) from the initial one built by Steig et al. (1998). The time
resolution of isotopic data for each ice core is summarized in
Table 1. We therefore focus our analysis on the three synchronised
records, and compare the main findings with the remaining five ice
cores on their own chronology in Table 2. We are aware that the
chronology is an issue in such a comparison so that the comparison
given in Table 2 should be considered with caution.

4. Results

4.1. d18O records from TALDICE and EPICA ice cores

The TALDICE d18O record during theMIS 3 period is shown in the
upper part of Fig. 5, compared to its EDC, EDML, and NorthGRIP
counterparts on a common timescale. This enables to study within
the same chronological framework the expression of the millennial
time scale climatic variability in three different sectors of
Antarctica. The signal depicts a millennial-scale variability pattern
very similar to the one observed in the EPICA ice cores, with slow
d18O increases during the Greenland stadials and d18O decreases
during the Greenland interstadials. With the resolution of our
measurements on the TALDICE ice core, 10 over 12 AIM events can
be distinguished between 20 and 50 ky BP. Within the chronolog-
ical uncertainties and limitations associated with the sampling
resolution, the sequence of events from TALDICE appears as a direct
bipolar response with respect to the Greenlandic NorthGRIP record.
The TALDICE signal shares the EDC triangular AIM event shapes
previously described, in opposition to the EDML squared shapes.
This is particularly visible on the AIM events 8 and 12. The fact that
the AIM event shapes are similar between EDC and TALDICE
suggests that both sites share similar oceanic influences, probably
from the Indian Ocean (EPICA Community Members, 2006; Stenni
et al., 2010, 2011).

In order to better quantify spatial differences, we summarize the
AIM events 8 and 12warming amplitudes and rate of changes for all
available ice cores around Antarctica in Table 2 (also see Fig. S3 in
the Appendix). We focus on those particular two events for two
reasons. First, they are associated with a clear Heinrich event as
evidenced from marine cores hence making the comparison with
modelling experiments driven by a freshwater flux more direct.
Second, these climatic events are the longest and present the
largest warming amplitudes observed between 20 and 50 ky BP.
This enables to clearly depict the signal shape. For EDC, EDML and
TALDICE ice cores we estimated the duration of the warming phase
for each event by calculating the first derivative of the isotopic
record (see Appendix for details). The relative associated uncer-
tainty when comparing the three ice cores is estimated to be
�300 yr. For the remaining ice cores, our estimate is only indicative
because their chronologies are less accurate and in particular not
consistent with the one of EDC, EDML and TALDICE.

The EDML warming rate appears twice higher than in TALDICE
and EDC ice cores, and seems to take place on a 40% shorter



Fig. 5. d18O, ssNaþ flux and deuterium excess signals recorded at TALDICE (purple lines), EDML (blue line) and EDC (black line) between 20 and 50 ky. SsNa and d-excess data are re-
sampled to 500 yr at EDC and at 300 yr at EDML and TALDICE (width lines). AIM events are numbered. The NGRIP isotopic signal is represented with an orange line and DO events
are numbered at the top and pointed by black dashed lines. Black arrows underline ssNaþ decreases at EDML and TALDICE at the beginning of AIM events. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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duration (910 yr vs 1600 yr for both EDC and TALDICE). In the
Atlantic sector, the Dome F warming also is significantly faster,
which strengthens the hypothesis of a more rapid response of the
Atlantic sector to an AMOC weakening. Age scale uncertainties do
not allow assessing further the discrepancies of the different
signals.

4.2. d-excess and ssNaþ records at TALDICE, EDML and EDC
drilling sites

Sea-salt sodium and deuterium excess records are compared to
the water isotopic profiles for EDML, EDC and TALDICE (Fig. 5).

4.2.1. Deuterium excess
The mean MIS3 d-excess (w�2&) is significantly lower at

TALDICE than at EDML (w2&) and EDC (w6&) between 30 and
50 ky BP (Fig. 5). This gradient is also currently observed and likely
reflects a stronger contribution of high latitude moisture sources to
TALDICE, consistent with present-day back-trajectory analyses and
modelling (Delaygue et al., 2000; Reijmer et al., 2002; Sodemann
and Stohl, 2009; Scarchilli et al., 2011; Masson-Delmotte et al.,
2011).

Millennial-scale features are visible in the TALDICE d-excess
signal between 25 and 50 ky BP. For some AIM events (AIM event 8
and less clearly for the AIM events 7 and 11), an antiphase pattern
can be distinguished between d18O and d-excess, the d-excess
starting to increase when d18O has reached a maximum (Fig. 6).
This feature is actually more marked in the EDC ice core (Stenni
et al., 2010), and cannot be explained by the small impact of
limited site temperature changes on deuterium excess (see
Section 3.3.2). Variations of d-excess during AIM events are thus
related to moisture source changes. Because paleoceanographic



Fig. 6. Comparison between TALDICE and EDC isotopic records over four AIM events. For AIM events 7, 8, 11 and 12: representation of the TALDICE (on the left) and EDC (on the right)
d18O (black diamonds) and d-excess (red circles) records, plotted on their own time scales, and compared to the NorthGRIP water isotopic record (full black line) represented on the
GICC05 chronology. A running average line on five points has been added to the d-excess profile (brown line). In each case the dashed line underlines the DO transition and an arrow
points the lowest d-excess value preceding theDO transition. (For interpretation of the references to colour in this figure legend, the reader is referred to thewebversion of this article.)
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reconstructions of SST in the southern Indian Ocean follow the
general pattern of Antarctic temperature (Mazaud et al., 2000),
changes in SST at a given area cannot explain the d-excess signal.
We therefore interpret the anti-correlation between d-excess and
local temperature as a southward shift of the location of oceanic
source regions during the warm phases of AIM events. Such reor-
ganizations of oceanic source regions around Antarctica are also
observed over terminations (Masson-Delmotte et al., 2010) and
could be linked to latitudinal shifts of the westerlies (Lamy et al.,
2007; Schmidt et al., 2007) and/or to sea ice extent variations.
The same scenario is probably at play for AIM events at EDC and
EDML (Stenni et al., 2010).

We also note peculiarities of the TALDICE (and to a lesser extent
EDML) d-excess signal, especially over AIM event 8, and to a lesser
extent in the AIM events 7, 11, and 12 (Fig. 6): (1) the d-excess
increase is more gradual at TALDICE than at EDC; (2) the minimum
of d-excess at TALDICE appears earlier than the AIM event d18O
maximumwhile the two events are in phase at EDC. This last point
suggests that the reorganization of the atmospheric circulation
occurs earlier in the moisture source regions of TALDICE (high
latitudes) than in the moisture source regions of EDC (lower lati-
tudes) (Ding et al., 2011). The earlier d-excess changes recorded at
the TALDICE coastal site support fast changes in moisture source
areas preceding the bipolar temperature seesaw impact in
Antarctic temperature.

4.2.2. Comparison of the ssNaþ records
Higher sea-salt sodium fluxes (ranging between 200 and

600 ng/cm2 yr) are observed at TALDICE compared to EDML
(between 100 and 400 ng/cm2 yr) and especially EDC (around
100 ng/cm2 yr). This probably reflects the reduced distance of
TALDICE to the open ocean with respect to both EPICA sites
(Table 1).

The first comparison of ssNaþ records between TALDICE, EDML
and EDC shows that ssNaþ variations are stronger in the coastal
sites than on the EDC site. Then, as already underlined by Fischer
et al. (2007), no clear correlation can be distinguished between
the water isotopes increase during AIM events and the variation of
the ssNaþ signal at EDC. However the TALDICE ssNaþ signal shares
some EDML features over the AIM events 11, 8, 7, 6 and 4, showing
similar rapid decreases at the onset of each AIM event (arrows in
Fig. 5) followed by gradual recoveries to higher values. At EDML,
this structure was interpreted as an abrupt reduction of sea ice in
response to the southernwarming (Fischer et al., 2007). If the same
mechanism for sea ice extent is at play for TALDICE and EDML, two
potential implications can be proposed from the observed TALDICE
ssNaþ rapid variations:

(1) Small increases of SAT temperature at the onsets of AIM events
have huge impact on sea ice extent over the Ross Sea/Indian
region (amplifying the SAT changes).

(2) If sea ice extent reacts to sea surface temperature (SST)
evolution, SST changes over the Ross Sea and over the Indian
sector of the SO are more abrupt than the temperature evolu-
tion recorded in TALDICE d18O.

5. Discussion

5.1. Comparison between simulations and ice core data during AIM
events

The comparison of d18O evolutions over the different ice cores
has revealed the same AIM event patterns at TALDICE and EDC,
notably through similar durations of warming phases (Table 2). This
suggests (1) a predominant contribution of Indian moisture source
at Talos Dome under glacial conditions, which is supported by
modern back-trajectories studies (Scarchilli et al., 2011; Masson-
Delmotte et al., 2011); (2) and/or that the Southern Pacific Ocean
warms slowly and in phase with the Indian Ocean. Finally, d18O
records from West Antarctica (Siple Dome and Byrd) reveal very
well depicted AIM events of triangular shapes with amplitude for
the d18O increases comparable to what is observed in the Indian
sector (Table 2).

By contrast, much more rapid temperature rises are identified in
the ice cores located in the Atlantic sector, EDML and to a lesser
extentDomeF,where thewarmingduration is twice as short as in the
Indian sector (Table 2). While the Indian/Pacific Ocean sector
warmingpersists during thewholeGreenland stadial perioduntil the
next DO event starts in the North Atlantic, the total warming of the
Atlantic sector of the SO is reached during the first half of the stadial.

Although the model-data comparison is limited by the short
duration of the simulations (less than 1000 years) compared to the
usual length of the Greenland stadial and by the idealized design of
the freshwater hosing scenario, some patterns are observed both in
ice core data and model simulations. The contrast between the
different AIM event warming durations in the Atlantic and Indian
sectors are very consistent with our simulations where a rapid
warming anomaly appears first in the Atlantic sector, before it
gradually propagates to the Indian sector. Strong Atlantic temper-
ature fluctuations are also consistent with the high sea ice sensi-
tivity to different boundary conditions observed in theWeddell Sea
area from marine data (Crosta et al., 2004; Stuut et al., 2004;
Gersonde et al., 2005).

Both model and ice core data results thus support the two
proposed drivers of the SO response to a reduced AMOC: (1)
a bipolar seesaw of ocean heat transport, which generates some
delay for building up warming around the Antarctic continent
(200e350 yr in the simulation); (2) deviations from this warming
induced by the bipolar seesaw, due to a fast atmospheric-surface
ocean teleconnection originating from the tropics. In the IPSL-
CM4 model, this teleconnection is related to SST changes in the
tropical Atlantic, which is the ocean basin over which there are the
largest changes due to the freshwater hosing. In other models,
a similar mechanism has also been observed but originating from
the tropical East Pacific (Timmermann et al., 2010).

While a quantitative model-data comparison remains difficult
because it would need amore realistic scenario in terms of boundary
conditions and hosing aswell as longer simulations, we note that the
magnitude of the strongest isotopic changes (Table 2) suggests
a minimum temperature anomaly of 1.8e6.4 �C (using the modern
spatial slope,whichmay underestimatemagnitudes, see Section 3.2).
This is a hint that the IPSL-CM4 (producing temperature change-
s< 1.2 �C) as well as other models simulating a response of the same
order for a hosing under glacial boundary conditions (Merkel et al.,
2010; Otto-Bliesner and Brady, 2010) may underestimate the
magnitude of AIM events. Further quantitative investigations would
require explicit isotopic modelling within the climate model.

Despite the general qualitative consistency between the IPSL-
CM4 and the isotopic records, several disagreements are also
observed. The very clear and high amplitude triangular shapes of
AIM events observed in ice cores located in West Antarctica are not
supporting the simulated cooling in the Siple Dome and Byrd
regions (Fig. 1b, Table 2). Moreover, temperature reconstructions
from marine sediment cores near southern Chile show a general
agreement with the AIM events features in West Antarctica (Lamy
et al., 2004; Kaiser et al., 2005). The simulated West Antarctic
pattern and cooling over the East Pacific sector of the SO therefore
appears unrealistic.

Several reasons can be invoked to explain this mismatch. Firstly,
the dipole simulated between East and West Antarctica is centred
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on coastal areas (Figs. 1 and 2). By contrast, the simulated Indian
sector warming affects a larger spatial extent with significant
imprints observed over the whole East Antarctic plateau. It is thus
possible that the AIM event pattern observed in ice core records
over a large part of Antarctica is controlled by climate changes
occurring in the Indian sector and does not resolve the regional
peri-Antarctic SO variability. Furthermore, the radiative impact of
millennial time scale fluctuations of atmospheric greenhouse gas
concentrations accompanying stadials/interstadials (CH4) and AIM
events (CO2) (Timmermann et al., 2010) are expected to drive
coherent temperature changes in Antarctica, and amplify AIM
event amplitudes. These were not taken into account in our ideal-
ized experimental design. In order to assess the consistency of
temperature changes around Antarctica, and the validity of the IPSL
simulated coastal pattern, a complete circum-Antarctic network of
high-resolution marine records is needed for MIS3. While some
marine records already exists that suggest coherent and simulta-
neous temperature changes in Antarctica and SO (Caniupán et al.,
2011), a detail comparison of marine and ice core records from
the three ocean basins placed on a coherent and climate indepen-
dent chronology is still lacking but is beyond the scope of this work.

As already stated, the set-up of the numerical experiments
analysed in Section 2 is also extremely simple. A continuous 0.1 Sv
freshwater flux is imposed in the North Atlantic, resulting in an
AMOC collapse, which is rather slow since it occurs in a few
hundred years. It would be interesting to investigate the signals
resulting from the bipolar seesaw and tropical-extratropical tele-
connections in response to faster or slower AMOC collapses.
Furthermore, the LGM boundary conditions used here are not
exactly those of MIS 3 (Van Meerbeeck et al., 2009). Swingedouw
et al. (2009) have shown that a cooling occurs in the south-
eastern Pacific as a response to freshwater hosing, for the LGM
and future climates, but not for the Holocene and preindustrial
climates. Thus, a sensitivity study with respect to the associated
mean changes in orbital context, ice volume and CO2 would be
interesting. Moreover, these studies show that fast mechanisms can
have an impact in modulating a basic bipolar seesaw response, but
much is left to investigate about the timing and spatial impact of
these fast responses.

5.2. Coastal vs. inland sites behaviour during abrupt temperature
changes

We now explore the observational and model evidences to test
the hypothesis of a stronger imprint of regional changes in coastal
versus more inland ice cores.

The millennial time scale variations observed in the d-excess
signals recorded in EDML, EDC and TALDICE ice cores suggest that
AMOC fluctuations are accompanied by a reorganization of the
atmospheric circulation and/or a change in the location of the
oceanic evaporative regions feeding the precipitation at the three
sites.

At EDC a classical signal is observed where d-excess begins to
increase simultaneously with the beginning of the Greenland
interstadial (Masson-Delmotte et al., 2010; Stenni et al., 2010), i.e.
when local temperature in Antarctica starts to decrease. This situ-
ation is consistent with previous investigations that have shown
that abrupt shutdown (recovery) of the AMOC strength during
Heinrich (DO) events leads to a southward (northward) displace-
ment of the ITCZ, which modifies the ascendance branch of the
atmospheric circulation and excites Rossby waves. As a conse-
quence the stationary waves in the high latitudes are modified
through this tropicaleextratropical teleconnection (Deser et al.,
2004) and induces stronger (weaker) westerlies winds in the
Southern Hemisphere. Such reorganization implies a modulation of
the relative contributions of low versus high latitude moisture. We
therefore suggest that the d-excess increase observed at EDC at the
onset of the Greenland interstadial reflects the northward shift of
moisture sources induced by the weakening of the SH westerly
winds linked with AMOC recovery (Schmidt et al., 2007; Stenni
et al., 2010).

The d-excess increase observed at EDML and TALDICE is more
gradual and leads the peak AIM event signal. This suggests that for
more peripheral sites, the d-excess variability is probably strongly
driven by regional SST variations and moisture source changes,
possibly also impacted by local sea ice extent. This suggestion is
supported by the coincident variability observed in the TALDICE
and EDML ssNaþ records.

As a perspective, sensitivity tests should be performed with
atmospheric general circulation models equipped with the
modelling of stable isotopes and water tagging, in response to the
ocean surface patterns provided by the coupled model outputs (e.g.
Langen and Vinther, 2008; Masson-Delmotte et al., 2011). Such
simulations would be particularly useful to perform more quanti-
tative model-data comparisons, to assess the realism of the
magnitude of the simulated changes, and hopefully to understand
the local versus remote moisture source signals in the ice core
records. Recent high-resolution simulations have indeed demon-
strated the ability of isotopic atmospheric models to resolve
modern regional features (Werner et al., 2011). Moreover multi-
model comparisons would allow assessing the robustness of the
IPSL-CM4 results.

6. Conclusions and perspectives

In this manuscript, we have first presented results from simu-
lations performed by a global coupled atmosphere-ocean model
(IPSL-CM4) under glacial conditions and compared them to the
results of other models. Our aim was to investigate the SO and
Antarctica responses to freshwater fluxes assumed to drive the
millennial time scale variability occurring between 20 and 50 ky BP.
Two (out of three) simulations performed under glacial conditions
highlight strong differences in the regional response of the
different geographic sectors of the SO (Atlantic, Pacific, and Indian),
as already suggested by previous studies performed with other
global coupled models under modern boundary conditions. The
question then arises of the possibility of a zonally asymmetric
response to a perturbation in the Atlantic Meridional Overturning
Circulation. Model results as well as studies of the recent evolution
of the Antarctic climate (Ding et al., 2011) show that this climatic
signature would likely consist of two distinct mechanisms: the
gradual bipolar seesaw effect and faster atmospheric tele-
connections linking the tropics (in the case of the IPSL-CM4 model,
the tropical Atlantic) and specific regions of the SO (in our case the
southern Pacific area). We have confronted the model results with
climatic data extracted from ice core records. We have thus pre-
sented a review of MIS3 AIM event expression from all the available
Antarctica ice core water isotopic records and complemented this
review through new data from the TALDICE ice core. Our data
suggest that the TALDICE site is mostly under the Indian Ocean
influence. To better depict the phasing between the different
regional expressions, we have performed detailed comparisons of
the three ice cores that have a new common chronology (EDML,
EDC and TALDICE). Although all sites share a clear bipolar seesaw
signal, the compilation of water isotopic records is consistent with
the simulated temperature change in the Atlantic sector reacting
immediately to the freshwater flux, and a slower response in the
Indian sector. A distinct difference of the climate evolution of the
Indo-Pacific and Atlantic sectors is also observed during millennial
events of the last deglaciation (Stenni et al., 2010, 2011).
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In addition to the water isotopic records, we have presented
new ssNaþ fluxes and d-excess records over the TALDICE ice core
between 20 and 50 ky BP and compared them with their counter-
parts in the EPICA (EDC and EDML) ice cores. The general anti-
correlation observed between d-excess and d18O at the three sites
suggests a major reorganization of the hydrological cycle (changes
in the moisture source location) potentially induced by shifts in the
ITCZ and modification of the SH westerlies intensity or position, in
response to an AMOC shutdown. Coastal sea ice may also signifi-
cantly influence such reorganization as suggested by the early d-
excess increase observed at TALDICE and EDML, during the stadial
phase, coinciding with significant ssNaþ decreases at the beginning
of each AIM event at both sites.

While AIM event shapes and amplitudes measured in ice cores
are similar in the Indian and East Pacific sectors, the model
produces a rather flat signal in West Antarctica. New climatic
simulations runs under various conditions would be needed to
investigate the origin of this model-data mismatch. Simulations
including water stable isotopes and water tagging would allow
a more quantitative comparison.

In order to go beyond the comparison of the three sites and also
look at the phasing between sea ice modification, moisture source
location and Antarctic temperature at the western side of
Antarctica, d-excess and ssNaþ data fromWest Antarctica ice cores
are strongly needed. In these perspectives, the data from the new
WAIS ice core (Fegyveresi et al., 2011) will be especially useful.
Besides, getting isotopic data from an ice core drilled in a coastal
site facing the Pacific Sector of Antarctica could provide a better
spatial and temporal quantification of the dipole pattern, simulated
by the model.

Finally, the robustness of the circum-Antarctic patterns requires
comparing the ice core records with other paleoclimatic archives
such as marine sedimentary cores drilled in the different ocean
basins to characterize SST, salinity and sea ice variations in the SO
during the MIS3 period.
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