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The deuterium excess of polar ice cores documents past changes in
evaporation conditions and moisture origin. New data obtained
from the European Project for Ice Coring in Antarctica Dome C East
Antarctic ice core provide new insights on the sequence of events
involved in Termination ll, the transition between the penultimate
glacial and interglacial periods. This termination is marked by a
north-south seesaw behavior, with first a slow methane concen-
tration rise associated with a strong Antarctic temperature warm-
ing and a slow deuterium excess rise. This first step is followed by
an abrupt north Atlantic warming, an abrupt resumption of the
East Asian summer monsoon, a sharp methanerise, and a CO, over-
shoot, which coincide within dating uncertainties with the end of
Antarctic optimum. Here, we show that this second phase is
marked by a very sharp Dome C centennial deuterium excess rise,
revealing abrupt reorganization of atmospheric circulation in the
southern Indian Ocean sector.

last interglacial | paleoclimate | westerlies

he previous interglacial period appears unusually warm in

Antarctica, as recorded in the water stable isotopes (6D or
5'80) from Vostok (1), Dome Fuji (2), and European Project
for Ice Coring in Antarctica (EPICA) Dome C (EDC) (3) ice
cores. In the context of the past 800 kyr, Termination II—the
transition from the penultimate glacial to the previous intergla-
cial—is associated with the largest glacial-interglacial Antarctic
temperature increase. The maximum EDC 6D is reached
~129 ka (thousand years before present), at the end of Termina-
tion II and the onset of Marine Isotopic Stage (MIS) Se (3). Such
early interglacial optima are a characteristic of the past five inter-
glacial periods in Antarctica. Sensitivity studies conducted with
coupled ocean-atmosphere climate models reveal that this warm-
ing cannot be explained by the climate response to MIS5e orbital
forcing only (4). Changes in ocean circulation linked with the
final northern hemisphere deglaciation have been suggested to
cause the early Antarctic warming (4). With a focus on the last
two terminations, we thus explore the links between Antarctic
early interglacial warmth and the preceding deglacial history
and show that Termination II is marked by an abrupt change
in the oceanic evaporative sources providing moisture at the
EDC Antarctic site.

Termination I is marked by an early resumption of the Atlantic
Meridional Overturning Circulation (AMOC) (5) after the Hein-
rich 1 event (massive north Atlantic ice rafted debris event,
Fig. 1I) leading to the Bglling-Allergd (B-A) warming in the
northern hemisphere (Fig. 1 F and G). This abrupt warming is
followed by an abrupt return to cold, quasi-glacial conditions.

www.pnas.org/cgi/doi/10.1073/pnas.0914536107

The Younger Dryas (YD) cold interval is likely caused by a fresh-
ening of the northern North Atlantic and a collapse of the AMOC
(5, 6). Termination I abrupt events are also strongly imprinted in
East Asian summer monsoon (EASM) activity (Fig. 1D) (7) and
atmospheric methane concentrations (Fig. 1E) (8). During
Termination I, the EDC 6D (Fig. 1B) undergoes a first increase
toward the Antarctic Isotopic Maximum AIMI, interrupted by
the Antarctic Cold Reversal—the counter part of B-A warming,
and followed by a second increase toward an early Holocene
optimum peak (AIMO), which coincides with the AMOC resump-
tion at the end of YD (5).

By contrast, EDC 6D (Fig. 2B) shows a steady increase along
Termination II. This termination is marked by the occurrence of
the Heinrich 11 (H11) event (Fig. 2H) ending when the Antarctic
temperature has already reached interglacial levels, and a likely
reduced AMOC for the duration of the deglaciation (9, 10).
Although there is evidence for reversals in some records of
sea level (11), in eastern North Atlantic ocean surface tempera-
ture (12), and a short interstadial (Chinese interstadial B.1, last-
ing several centuries at ~134 ka, thousand years before present)
in the EASM (7), most northern hemisphere records display cold
conditions during H11 (phase 1) followed by a sharp temperature
rise at ~129 ka (9) (phase 2). Within dating uncertainties
(SI Appendix B), the rapid northern hemisphere temperature rise
coincides with an abrupt increase in atmospheric methane
(Fig. 2E) (8), suggested to be linked with an abrupt resumption
of the EASM (Fig. 2D) (13). As during Termination I, the abrupt
northern hemisphere warming (Fig. 2 F and G) coincides with the
end of the Antarctic temperature optimum, in a bipolar seesaw
pattern. Between their peak warmth and the following cooling,
AIMO and 1 and this Termination II AIM are indeed fully
comparable in magnitude (typically 1-2°C) and in duration to
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Fig. 1. Comparison of records of Termination |. A coherent Greenland and
Antarctic glaciological age scale is used (36). From top to bottom, (4) CO,
concentration [ppm by volume, from Vostok, crosses (1), and from EDC
(28, 37) circles]; (B) EDC 6D (3) (%o, light gray); and C) deuterium excess (%o
against Vienna Standard Mean Ocean Water). Raw data measured along
55-cm samples were measured with a mean analytical precision of 0.5%o
at Laboratoire des Sciences du Climat et de I'Environnement (6D, dark gray),
0.05%o at Trieste and Parma (5'80) giving access to deuterium excess (Bottom,
gray). Smoothed records (5D, thick red; excess, thick blue) were produced
from a nine-point binomial filter using 100-yr resampled data. Dashed
vertical lines highlight abrupt deuterium excess rises during Termination |
(AXR1a and AXR1b) detected using the RAMPFIT change-point regression
method (see S/ Appendix B). (D) Chinese Asian monsoon speleothem calcite
5'80 [Hulu and Sanbao caves (7); different speleothem records available for
Termination | are displayed with different colors of orange)]. (E) EPICA
Dome C methane data (ppb by volume) from EPICA Dome C (thick green)
(8). (F) North Atlantic SST (blue, Celsius) from cores NA87-22 (38) (see
SI Text). (G) Greenland NorthGRIP ice core §'®0, a proxy of Greenland
temperature (see S/ Appendix B). (H) Variations of obliquity (dotted dashed
yellow line) and precession parameter (dashed yellow line) (reversed axis to
be in phase with Northern Hemisphere summer insolation) are also displayed.
(/) Ice rafted detritus (IRD) (lithics/g dry sediment) (brown) data from core
NAB87-22 (38, 39). Long-dashed horizontal lines display the late Holocene
temperature levels.

the glacial AIM events, attributed to the bipolar seesaw linked
with changes in the AMOC (14).

Combined 8D and §'®O measurements conducted on the same
samples of the EDC ice core have provided deuterium excess
data (d = 6D - 85'80) and new insights on Dome C moisture
source over the Holocene, the last deglaciation, and the last gla-
cial period (15). Deuterium excess (16, 17) is an integrated tracer
of the water cycle mainly influenced by kinetic fractionation
effects taking place at the moisture source during evaporation,
but also during droplet reevaporation and formation of ice crys-
tals (SI Appendix A). The EDC deuterium excess record is now
extended back to Termination II (Figs. 2C and 3) at much higher
resolution (~50 yr) than the earlier Antarctic ice core data from
Vostok (16) and Dome Fuji (18). Modeling studies using back
trajectories as well as atmospheric general circulation models
suggest that Dome C receives moisture transported from the
temperate area of the southern Indian Ocean in contrast to other
East Antarctic sites such as Vostok or Dome F, expected to re-

12092 | www.pnas.org/cgi/doi/10.1073/pnas.0914536107
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Fig. 2. Same as Fig. 1 but for Termination Il. The EDC3 age scale (40) is used
as a reference for Termination Il for marine and ice core records. The two
phases of Termination Il are highlighted above the upper horizontal axis
(phase 1 and AIM), as well as the CO, overshoot (black arrow). Dashed
vertical lines highlight the abrupt deuterium excess rise during Termination Il
(AXR2) detected using the RAMPFIT change-point regression method
(see SI Appendix B). In F, SST data from marine core ODP 980 (9) are displayed.
In G, Greenland ice core 5'80, a proxy of Greenland temperature, is recon-
structed from Greenland Ice Core Project (GRIP), Greenland Ice Sheet Project 2
(GISP2), and NorthGRIP ice cores (see SI Appendix B). In I, IRD data are ob-
tained from core ODP 980 (9). Long-dashed horizontal lines display the late
Holocene temperature levels for comparison with MIS5.5 temperatures.

ceive a larger contribution from the Atlantic or Pacific subtropics
(19). Simulations show that the interglacial deuterium excess in
central Antarctica is strongly linked with changes in the Southern
Annular Mode (SAM) (20), as reduced westerlies weaken high-
latitude evaporation and permit stronger advection of midlati-
tude moisture toward central Antarctica, resulting in a warmer
moisture source and higher deuterium excess in modeled central
Antarctica precipitation. Changes in EDC deuterium excess data
therefore reflect both changes in evaporation conditions in its
moisture source region and geographical shifts in moisture origin
in relationship with atmospheric circulation. Our record adds to
the understanding of climate dynamics by documenting changes
affecting the south Indian Ocean area, with an unprecedented
resolution over MIS5.5-6.

Termination II starts after ~140 ka, when Antarctic tempera-
ture (6D), deuterium excess, methane, and carbon dioxide start
increasing from low glacial values (Fig. 2). The first warming
phase (6D increase) is paralleled by a slow deuterium excess rise.
The Antarctic warming is mimicked by parallel Austral ocean
warming at mid and high latitudes (21-23). This small deuterium
excess rise is interpreted as resulting from the compensation
between a warming southern Indian Ocean (inducing higher
excess) and an increasing contribution of high latitudes to
EDC moisture (inducing a lower excess). In a second phase, when
6D reaches an optimum, deuterium excess undergoes a drastic
shift, at ~128.5 ka. This abrupt excess rise (AXR) event reaches
a magnitude of 2.4%o (half of glacial-interglacial amplitudes)
within approximately a century (SI Appendix B), much larger than
other secondary (~1%o) deuterium excess variations (detected

Masson-Delmotte et al.
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Fig. 3. Rapid deuterium excess shift during Termination Il (%o) as a function
of EDC3 age (ka). Repeated measurements of 6D and 6'80 have been con-
ducted in different laboratories (Saclay and Parma for D, Trieste and Copen-
hagen for §'80) on each 55-cm length interval using “bag” samples (55 c¢m)
and the average of five successive “fine cut” samples (11 cm), giving between
2 and 16 independent estimates of deuterium excess values. The deuterium
excess calculated from the initial bag sample 5D values (3) is displayed as filled
circles (Figs. 1 and 2), and the other data as open circles. The average value
obtained for each 55-cm depth is displayed as a black stair step. The ramp
transition as well as the mean levels before and after this transition are dis-
played as thick lines. The average quadratic analytical uncertainty (+0.8%o) is
shown as the shading. On this specific set of data, the standard deviation
amongst the absolute values of the differences between replicate measure-
ments is 0.8%o for 8D, 0.1%o for §'80, and 0.8%o for deuterium excess.

around 130 and 122.5 ka). The AXR event was not identified in
the ~10 times lower resolution Vostok record (16). Within a few
centuries, it appears to coincide with the abrupt changes in
methane concentration (8) (SI Appendix B) and in EASM
circulation detected in Chinese speleothems (7, 13) (now dated
at 129.0 £ 0.1 ka) (13). The approximate centennial duration of
the EASM shift (13) is also similar to the duration of the AXR.
The AXR event is robust with respect to corrections for sea water
isotopic composition and site and source temperature inversion
(15, 17). This AXR event is both faster and larger than the two
multicentennial deuterium excess increases occurring during
Termination I, associated respectively with the beginning of
the Antarctic Cold Reversal and the end of the Early Holocene
optimum (17) (see SI Appendix B).

Discussion

The abrupt AXR event cannot be explained by the progressive
increase in south Indian ocean sea surface temperature (SST)
documented in marine records (21-23), and must therefore re-
flect an abrupt geographical shift of the moisture origin toward
warmer evaporation conditions linked with changes in atmo-
spheric water vapor transport in the south Indian Ocean sector.
This AXR event is evidence for a centennial shift in atmospheric
moisture transport to Antarctica. Marine cores (24, 25), climate
models, and ice core aerosol data (26) point to a weakening of
westerlies across Terminations. The sharp deuterium excess in-
crease reflects a rapid shift of Dome C moisture source to lower
latitudes likely enabled by abruptly reduced westerlies (20, 27),
which may also be involved in the parallel overshoot in atmo-
spheric CO, concentration (28).

The present-day interannual climate variability has revealed an
interhemispheric link between high southern latitude atmo-
spheric circulation and EASM. Today, strong westerlies charac-
terized by a positive September—-November SAM index induce
warm September—February subtropical South Indian Ocean

Masson-Delmotte et al.

SSTs, followed by warm May—July SSTs in the equatorial Indian
Ocean and Bay of Bengal. This sequence results in a weak
EASM (29). During the last interglacial, the abrupt shifts in north
Atlantic SSTs (9), EASM, atmospheric methane concentration,
and EDC deuterium excess occur simultaneously (within age
scale uncertainties, see SI Appendix B), which cannot be coinci-
dence. The simultaneous shifts recorded in AXR and EASM
points to an interhemispheric coupling between the south Indian
Ocean atmospheric dynamics and EASM during MIS5.5.

Modeling studies show that AMOC reacts strongly to North
Atlantic meltwater flux with widespread impacts on atmospheric
circulation both in EASM and in the southern hemisphere (30).
During Termination I, slow changes in EDC moisture indeed
occur during intervals of AMOC resumption. However, Termina-
tions I and II have different orbital, deglacial, and AMOC
histories. The melting of northern ice sheets persistent along
Termination II into the early last interglacial delays the full estab-
lishment of a vigorous AMOC. Paleoceanographic data show that
the complete AMOC recovery of an interglacial AMOC below
~3000 m occurred at ~124 ka in the EDC3 timescale (10, 31).
However, benthic §'C data from shallower North Atlantic cores
indicate that AMOC resumption above that depth occurred be-
tween 130 and 128 ka (31), i.e., simultaneously, within age uncer-
tainties, with the AXR event and the sharp increase in EASM.
The later establishment of a vigorous interglacial AMOC at
depth results from the northern high-latitude climatic response
to high boreal summer insolation (10, 31).

Conclusions

Our synchronization clearly shows that the strong Antarctic
optimum at ~130 ka is occurring during northern hemisphere
deglaciation and shows similarities with glacial bipolar seesaw
events. The deuterium excess data strongly suggest that changes
in the southern hemisphere atmospheric circulation are at play at
the end of this Antarctic warm interval. Were these southern
changes purely driven by the final resumption of AMOC? Or
was there a role for interhemispheric atmospheric transport from
the southern to the northern Indian Ocean sector linked with the
onset of the EASM? And what was the role of interhemispheric
oceanic heat transport through the Agulhas leakage (32, 33)?
Modern oceanographic observations and ocean modeling studies
have recently demonstrated a tight coupling between southern
hemisphere atmospheric circulation and the outflow of Indo-
Pacific warm and salty waters to the Atlantic Ocean through
the Agulhas leakage (32-34). This salt advection could contribute
to kick-on convection and resumption of AMOC (35). The links
between interhemispheric ocean and atmosphere heat transport
and the final AMOC resumption remain to be fully deciphered.
Modeling the sequence of events during Termination II and the
last interglacial including the abrupt change in Antarctic moisture
source will therefore be an excellent benchmark for Earth system
models.

Material and Methods

The sequences of events during Termination I (Fig. 1) and Ter-
mination II (Fig. 2) have been established using data previously
published, as described in the figure captions, complemented by
our records, and improved chronologies. We have produced North
Atlantic SST reconstructions (see SI SST Reconstructions), and
measurements of EDC ice core stable isotopes (as described in
the caption of Fig. 3) in order to confirm the deuterium excess shift
identified in the low-resolution data (15). We have placed all the
Antarctic ice core records of Termination I on a common chron-
ology (36) coherent with the Greenland Ice Core Chronology 05
reference age scale, and all the ice core records of Termination II
(including the Greenland records) on the EDC3 age scale (see
SI Text) using gas synchronization. Termination II/last interglacial
North Atlantic marine records have been placed on the EDC3 age
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scale by assuming synchronous temperature changes in the air
above Greenland and in the North Atlantic, hence synchronizing
its SST record to the North Greenland Ice Core Project (North-
GRIP) ice 6'30 record and the EPICA Dome C methane record
(81 Common age scales for marine and ice records). We have used a
specific objective statistical method for the detection of deuterium
excess abrupt shifts [SI Timing of abrupt excess rise (AXR) events].
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