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[1] Sea surface temperature and oxygen isotopic records from two well-dated Indian Ocean cores covering
the last deglaciation show the occurrence of two periods of increased salinity along the route of warm
surface water transport from the Indian to the Atlantic Ocean, one between 18 and 14.5 ka and the other
during the Younger Dryas. Our results imply that during these periods, salt accumulated in the tropical
Atlantic, creating favorable conditions for an abrupt resumption of the thermohaline circulation and abrupt
northern hemisphere warming. Furthermore, we suggest that the observed pattern of millennial climate
variability during the last glacial and deglaciation resulted from the interaction between the relatively slow
rhythm of expansion and decay of the northern hemisphere ice sheets, and El Niño–Southern Oscillation
variability, through changes in the position of the Intertropical Convergence Zone. This interaction
generated an oscillator with millennial time response that operated at times of sufficient northern
hemisphere ice sheets extent.
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Theme: Past Ocean Circulation

1. Introduction

[2] Millennial scale climate variability observed
during the last glacial period characterized by
Heinrich events and Dansgaard-Oeschger cycles
[Bond et al., 1992, 1993; Heinrich, 1988] has been
mostly attributed to high-latitude interactions be-
tween atmosphere, ice and ocean [Broecker, 1994].
However, recent studies have suggested that low-
latitude climatology may play a major role in this
variability [e.g., Cane and Clement, 1999; Clement
et al., 1999; Peterson et al., 2000]. The importance
of low-latitudes in global climate can be readily
seen from the fact that tropical warming leads polar
ice melting and high northern latitude warming at
both glacial-interglacial [Hays et al., 1976] and
millennial scales [Lea et al., 2000; Rühlemann et
al., 1999; Schmidt et al., 2004; Visser et al., 2003].
Yet, a thorough understanding of past changes in
tropical climatology and connections with global
climate variability is still lacking.

[3] Low latitudes are a major source of latent heat
transferred to the atmosphere. Several recent stud-
ies have concluded that large changes in hydrolog-
ical cycles analogous to those associated to El
Niño–Southern Oscillation (ENSO) could be a
dominant feature of the tropical Pacific and Indian
oceans over glacial-interglacial and millennial
scales [Cane and Clement, 1999; Clement et al.,
1999; Palmer and Pearson, 2003; Stott et al.,
2002]. El Niño is understood to be one phase of
a natural mode of oscillation (La Niña is the
complementary phase) that results from unstable
interactions between the tropical Pacific Ocean and
the atmosphere in the modern climate [Philander,
1990]. El Niño events occur every three to seven
years. During El Niño events, the warm waters and
the center of atmospheric convection move east-
ward from near Indonesia to the vicinity of the
dateline. The effects are felt worldwide because the
tropical Pacific is a powerful source of heat driving
atmospheric circulation. The relatively uniform sea
surface temperatures in the tropical Pacific during
El Niño are associated with a southward shift of the

ITCZ (and northward shift of the South Pacific
Convergence Zone) which induce rainfall varia-
tions: there is heavy rainfall in central and east
equatorial Pacific regions but droughts in the
western region covering Indonesia, the Philippines,
Hawaii, eastern Australia, as well as in south-
eastern Africa [Philander, 1990; Ropelewski and
Halpert, 1987]. Modern salinity anomalies (evap-
oration excess) observed during El Niño events in
the Atlantic and Indo-Pacific oceans are shown in
Figure 1. A dominant El Niño mode has been
hypothesized by [Stott et al., 2002] in the western
tropical Pacific during Dansgaard-Oeschger (D-O)
stadials. Simultaneous changes in the transport of
water vapor in the atmosphere and salt in the upper
ocean would impact on ice sheets budget and ocean
circulation, and hence on global climate conditions.
Few studies, however, have addressed the role of
this meridional transport of water vapor and oce-
anic salt in global climate changes. To explore this
issue, we document changes in sea surface temper-
ature and salinity obtained from planktonic paleo-
proxies in two Indian Ocean cores covering the last
deglaciation period.

2. Material and Methods

[4] IMAGESsedimentcoreMD98-2165(9�38.96S,
118�20.31 E, 2100 m water depth), was retrieved
south of the Indonesian archipelago (Figure 1).
With a sedimentation rate between 7 and 50 cm ky�1,
this core is well suited to monitor rapid climate
changes of the tropical Indonesian area. It is
located at the present southern limit of the area
affected by the fresh water input linked to the
monsoon, and thus ideally located to monitor its
variability.

[5] 20 accelerated mass spectrometry 14C dates
were obtained on core MD98-2165 mono-specific
Globigerinoides ruber (white) samples. Calendar
ages were computed using the CALIB4.3 software
[Stuiver and Braziunas, 1993] and 1998 marine
calibration curve [Stuiver et al., 1998]. Core
MD98-2165 age scale was derived by linear inter-
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polation between the computed calendar ages
(Figure 2). The complete table of dated levels
and a full description of the age model are given
by Waelbroeck et al. [2006].

[6] Core MD79-257 (20�240S, 36�200E, 1262 m
water depth) was retrieved in the Mozambique
Channel, on the pathway of Indian tropical upper
waters toward the Agulhas current. It is thus well
located to monitor the transport of Indian warm
surface waters to the Atlantic Ocean. Its sedimenta-
tion rate of 13 to 70 cm ky�1, allows high-resolution
climate reconstruction. Core MD79-257 has been
previously precisely dated [Duplessy et al., 1991].
Since then, 11 additional 14C ages have been
measured at LSCE (see auxiliary material1 Tables S1
and S2) As for core MD98-2165, 14C ages were
converted to calendar ages using the CALIB4.3
software and 1998 marine calibration curve [Stuiver
and Braziunas, 1993; Stuiver et al., 1998]. Sedimen-
tation is not as regular as in core MD98-2165, with a
non-erosive turbidite between 115 and 225 cm, and a
plateau of constant 14C ages between 500 and 550 cm
depth. We thus developed an age model using a
polynomial regression of order 6 (Figure 2).

2.1. Isotopic Measurements

[7] Planktonic foraminiferal specimens of G. ruber
(white) sensu stricto (as defined by Wang [2000])
were hand picked in relatively narrow size ranges to
minimize size effect on isotopic ratios [Waelbroeck
et al., 2005]. For core MD98-2165 G. ruber were
picked in the 250–315 mm size range. For core
MD79-257, new measurements were performed in
the 200–250 mm size range in order to increase the
temporal resolution between 10 and 18 calendar ky

BP (ka) with respect to the published G. ruber
oxygen isotopic record [Duplessy et al., 1991].

[8] Isotopic measurements were performed, fol-
lowing the standard procedure, at LSCE on Fin-
nigan MAT251 and Delta+ mass-spectrometers.
Samples comprised 4 to 14 shells. Data are pre-
sented in standard delta notation as the per mil (%)
difference from the Pee Dee Belemnite (PDB)
standard. d18O data are calibrated with respect to
NBS19 [Coplen, 1988; Ostermann and Curry,
2000]. The mean external reproductibility (1s) of
carbonate standards is ±0.05 % for d18O.

2.2. Sea Surface Temperature
Reconstruction

[9] Sea surface temperature (SST) was derived
from Mg/Ca measurements on G. ruber (white)
in core MD98-2165 and from planktonic forami-
nifera abundances in core MD79-257.

Figure 1. Regression map of NINO3 index (NCEP-NCAR SST anomaly averaged over 150–90�Wand 5�S–5�N)
versus precipitation minus evaporation (GPCP-NASA data) for the 1979–2001 interval, and location of the studied
cores.

1Auxiliary material are available at ftp://ftp.agu.org/apend/gc/
2006gc001514.

Figure 2. Age-depth relationships for cores MD98-
2165 and MD79-257. Solid symbols indicate 14C ages
converted in calendar age with associated error bars.
Gray lines depict the age model chosen, i.e., sixth-order
polynomial fit for core MD79-257 and linear interpola-
tion for core MD98-2165.
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[10] Mg/Ca analyses were performed on adjacent
2-cm samples from 580 to 900 cm (2 cm thick-
ness), and every 10-cm interval (1 cm thickness)
from 0 to 580 cm. Samples of 20 specimens of
G. ruber were cleaned following the method
described by Barker and colleagues [Barker et
al., 2003] to eliminate contamination from clays
and organic matter. Analyses were performed on a
Varian Vista Pro Inductively Coupled Plasma Op-
tical Emission Spectrometer (ICP-OES) following
the procedure of de Villiers et al. [2002]. Precision
for measured Mg/Ca ratios determined from
replicate runs of a standard solution of Mg/Ca =
5.23 mmol/mol is 0.4% (relative standard deviation
(RSD)). Precision for G. ruber samples is 4.0%
(pooled RSD). Part of the measurements were
performed in Cambridge with a slightly less ag-
gressive cleaning method [Levi, 2003]. A system-
atic correction of �0.3 mmol/mol has been applied
for alignment with the measurements made at
LSCE. Intercalibration between Cambridge and
LSCE allows us to exclude problems related to
standards.

[11] Derivation of SST from Mg/Ca ratio may be
biased if foraminiferal shells have undergone par-
tial dissolution [Brown and Elderfield, 1996;
Dekens et al., 2002; Rosenthal and Lohmann,
2002]. Core MD98-2165 is located above modern
and glacial lysocline depth [Martinez et al., 1998]
and good calcite preservation is attested by the
presence of aragonite throughout the core. Absence
of silicate contamination was controlled by measur-
ing Fe, Al andMn content, with amaximum allowed
Fe/Mg ratio of 0.1 mol.mol-1 for high Mg/Ca
samples. No sample was rejected. Plotting Mg/Ca
against Al/Ca (or Fe/Ca) does not show any outlier
that would indicate detrital contamination. Maxi-
mum contribution ofMg fromMn-Fe-oxide is about
1% (given the Mg/Mn ratio of about 0.1 mol/mol in
nodules and micro nodules [see Barker et al., 2003,
and references therein]. Mg/Ca values were con-
verted into SST following [Dekens et al., 2002]:
Mg/Ca(mmol/mol) = 0.38 * exp (0.09*SST(�C)).

[12] Core MD79-257 planktonic foraminifera were
counted every 10 cm following the methodology
and species classification of CLIMAP [CLIMAP
Project Members, 1981] (except for the class p.d.
intergrade which was lumped with Neogloboqua-
drina pachyderma right coiling), with a minimum
of 350 individual shells counted in the >150 mm
size range at each level. SST was reconstructed
from planktonic foraminifera species distribution
using the Modern Analog Technique [Prell, 1985]

and a database of 245 core tops from the south
hemisphere [Salvignac, 1998]. Reliability of the
reconstruction is high as the computed dissimilarity
coefficient remains low (mean value = 0.012, 1
sigma = 0.005), average uncertainty on recon-
structed winter and summer SST is 1.5�C and
0.7 �C, respectively.

2.3. Sea Surface Salinity Estimate

[13] Sea surface salinity (SSS) is expressed as the
local seawater d18O anomaly, Dd18Osw. Seawater
d18O (d18Osw) depends on changes in local seawa-
ter d18O and in mean ocean d18O resulting from
changes in continental ice volume. We extract
d18Osw from the paleotemperature equation of
Shackleton [1974]. Local Dd18Osw changes are
then obtained by subtraction of the effect of con-
tinental ice melting on global seawater d18O. The
latter is assumed to be equal to the deglacial sea
level curve of Lambeck and Chappell [2001]
multiplied by a constant coefficient of 1.1%/
130 m [Waelbroeck et al., 2002]. Local Dd18Osw

is directly related to salinity [Duplessy et al.,
1992], with a change in Dd18Osw = 0.2 % approx-
imately corresponding to 1 psu change in salinity at
low latitudes, but we prefer not to convertDd18Osw

into salinity units in order to avoid introducing an
additional source of uncertainty resulting from
possible changes in the d18Osw/salinity relationship
in response to ocean circulation and climate
changes.

3. Results

3.1. Planktonic d18O and SST

[14] The G. ruber d18O deglaciation signal presents
two steps like other planktonic d18O deglaciation
records from the tropical Indian Ocean [Duplessy
et al., 1981; Stott et al., 2002; Visser et al., 2003]
(Figure 3). Mozambique Channel core MD79-257
G. ruber d18O signal lags that of eastern tropical
core MD98-2165 (Figure 3).

[15] The isotopic shift recorded in core MD98-
2165 between the Last Glacial Maximum (LGM)
and Holocene is about 1.7%. Attributing 1.05 ±
0.1% to changes in global ice volume [Duplessy et
al., 2002; Schrag et al., 2002] leaves 0.65% for
temperature and/or salinity variations. The calcu-
lated Mg/Ca-SST of the most recent samples is
equivalent to observed annual mean SST in this
region (�28�C) [Conkright et al., 1998]. Mean
Holocene Mg/Ca-SST is 27�C, that is 3�C higher
than LGM SSTs (Figure 3). This temperature shift
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between LGM and Holocene is similar to those
found by other authors around Indonesia based on
Mg/Ca paleo-thermometry [de Garidel-Thoron et
al., 2005; Lea et al., 2000; Visser et al., 2003],
but of larger amplitude than the CLIMAP
values obtained using foraminifer transfer function
[CLIMAP Project Members, 1981].

[16] As noted previously in the Indo-Pacific region
[Lea et al., 2000; Rosenthal et al., 2003; Visser et
al., 2003], SST increase starts around 18.5 ka,
synchronously, within the age model resolution,
with the warming in Antarctica [Blunier and
Brook, 2001; Parrenin et al., 2004]. The period
17.5 to 14.5 ka coincides with the cold period
associated with Heinrich event 1 in the North
Atlantic [Bond et al., 1992, 1993; Labeyrie et al.,
1999]. Core MD98-2165 SST increases again dur-
ing the northern hemisphere cold spell of the

Younger Dryas (�13 to 11.6 ka). Between 15
and 13 ka, our SST record documents a slight
cooling, at about the time of the Antarctic cold
reversal period [Jouzel et al., 1995]. In summary,
SST variations between 18.5 and 10 ka seem to be
synchronous with central Antarctic ice core tem-
perature changes, as observed in other equatorial
western Pacific and Indo-Pacific marine cores [Lea
et al., 2000; Rosenthal et al., 2003], as well as in
many sites of the eastern equatorial Pacific
[Koutavas et al., 2002], Arabian Sea [Huguet et
al., 2006], and tropical Atlantic sites [Rühlemann
et al., 1999; Schmidt et al., 2004; Weldeab et al.,
2006].

[17] SST clearly leads planktonic d18O changes,
both at �18 ka and �12.5 ka (Figure 3). This lead
is comforted by observed lead of Uk37- andMg/Ca-
SSTover planktonic d18O in other equatorial records

Figure 3. (a) Core MD98-2165 G. ruber (white) d18O and Mg/Ca records versus calendar age. (b) Core MD79-257
G. ruber (white) d18O and foraminiferal summer and winter SST records (obtained using the Modern Analog
Technique) versus calendar age. Dots indicate measurement replicates. Lines are drawn through mean values. Empty
triangles at the top and bottom of the figure indicate dated levels.
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from equatorial Pacific [Koutavas et al., 2002; Lea
et al., 2000], Indo-Pacific area [Rosenthal et al.,
2003; Visser et al., 2003], tropical West Indian
Ocean [Bard et al., 1997; Sonzogni et al., 1998],
and tropical Atlantic [Rühlemann et al., 1999;
Schmidt et al., 2004].

[18] Core MD79-257 SST record seems somewhat
different from that of core MD98-2165, although
the amplitude of the LGM to Holocene warming is
similar (Figure 3). It is difficult to precisely com-
pare the two records prior to about 13 ka, as
resolution is much lower in core MD79-257.
Warming however clearly starts at about 18 ka in
both cores. The present foraminiferal SST record is
markedly different from the alkenone SST record
obtained in the same core [Bard et al., 1997]. First,
the deglacial warming starts around 18 ka in our
record, whereas it starts around 15.5 ka in the
alkenone record. Second, foraminiferal SSTs reach
Holocene values by 14 ka, whereas alkenone SSTs
slowly increase until 7 ka. Finally, the present
record exhibits a clear cooling at the end of the
Younger Dryas time interval, from about 11.5 to

10 ka (Figure 3), whereas alkenones indicate a
stepwise warming at 11.5 ka [Bard et al., 1997].
However, because alkenones carriers are very light
(coccoliths), they are prone to travel long distances
and alkenones have been shown to better record
transport than SST in areas characterized by vig-
orous surface currents, such as the Aghulas current
[Sicre et al., 2005]. This is why we prefer to use
foraminiferal SSTs in the present study, although
the time resolution of this record is lower.

3.2. Salinity

[19] Core MD98-2165 and MD79-257 Dd18Osw

records are displayed in Figure 4. The most striking
feature is the narrow correspondence between
MD98-2165 Dd18Osw and GISP2 d18O between
about 18.5 and 10 ka. Heavier Dd18Osw values
correspond to colder temperatures over Greenland,
indicating that SSS increases at core MD98-2165
site in phase with temperature decreases over
Greenland, and conversely. MD98-2165 SSS is
thus relatively high during Heinrich 1 (H1) and
the Younger Dryas (YD) and low during the

Figure 4. (a) Greenland GISP2 ice d18O record [Alley et al., 1993; Meese et al., 1997]. (b) Core MD98-2165
Dd18Osw computed according to G. ruber d18O and Mg/Ca sampling. (c) Core MD79-257 Dd18Osw computed
according to G. ruber d18O and foraminiferal SST sampling.
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Bolling-Allerod (B-A) warm event. Moreover,
there is no detectable phase lag between MD98-
2165 Dd18Osw and GISP2 d18O.

[20] The general pattern of core MD79-257 and
MD98-2165Dd18Osw signals are similar (Figure 4),
although sampling resolution of core MD79-257
SST and G. ruber d18O records prior to �13 ka is
much lower than in core MD98-2165, impeding a
detailed comparison of the SSS signals prior to
the YD. Also, the end of the salinity increase
corresponding to the YD seems to lag the end
of the YD recorded in the Greenland ice core by
about 300 y. This time lag is however not signif-
icant since 300 y is the uncertainty associated with
the age model of core MD79-257 at 11.2 ka
(Figure 2 and Table S2). A marked Dd18Osw

increase during the YD is clearly visible in core
MD79-257, as well as a moderate increase from
about 18 to 14.5 ka. SSS thus increased in the
Mozambique Channel during H1 and the YD,
simultaneously with the SSS increase recorded at
core MD98-2165 site.

[21] Within the age models uncertainties, the SSS
increases observed in core MD98-2165 and MD79-
257 (Figure 4) appear to be synchronous with SSS
increases recorded in the tropical western Atlantic,
e.g., in Caribbean core VM28-122 [Schmidt et al.,
2004].

4. Discussion

4.1. Teleconnections Between Low and
High Latitudes

[22] Our SST reconstructions suggest that, com-
pared to the last glacial maximum, a stronger
latitudinal temperature gradient may have prevailed
during the two stadial periods H1 and YD, with
very cold SST at northern high latitudes while we
document a warming of 2–3�C in the Indo-Pacific
area. An increase of the low- to high-latitude
surface temperature gradient acts to enhance the
northward transport of moisture by the atmosphere
through an intensification of the Hadley circulation
cell [Khodri et al., 2001; Rind, 2000]. As observed
in our cores for H1 and YD, warm SSTs at low
latitudes at times of large ice sheets result in more
evaporation and could thus induce accelerated
growth of the ice sheets [Kukla et al., 2002;
Labeyrie, 2000], as long as low latitudes warmth
lasts. In this scenario, maximum warmth in the
tropics would be in phase with increasing ice sheet

size and decreasing temperatures at northern high
latitudes.

[23] Recent modeling experiments with a coupled
atmospheric general circulation and slab ocean
model have shown that northern hemisphere ice
sheet buildup impacts on atmospheric circulation
so as to induce a southward displacement of the
Intertropical Convergence Zone (ITCZ) position
[Chiang et al., 2003]. This result is consistent with
another modeling study using a coupled ocean-
atmosphere model showing that a weakening of the
Atlantic thermohaline circulation (THC) results in
a southward shift of the ITCZ [Zhang and
Delworth, 2005], and with paleoclimatic data
indicating a southward shift of the ITCZ during
D-O stadials [Peterson et al., 2000; Wang et al.,
2004]. Also, a decrease of East Asian summer
monsoon activity is observed in Chinese caves
speleothems records during D-O stadials [Wang
et al., 2001], which may be explained by a south-
ward shift of the ITCZ associated with the cooling
of the Europe-Asia continent. More specifically,
there are two categories of SST signals recorded in
tropical ocean cores [Labeyrie et al., 2004]: SST
records that exhibit the same pattern and timing as
Antarctic surface temperature signals [Rosenthal et
al., 2003; Rühlemann et al., 1999; Schmidt et al.,
2004; Weldeab et al., 2006; this study], and SST
records that present the same oscillations as the
North Atlantic and Greenland surface temperature
signals [Kienast et al., 2001; Lea et al., 2003].
Labeyrie et al. [2004] suggest that apparently
antagonist changes in tropical Indo-Pacific and
Atlantic Ocean cores may reflect regional
responses to global, N-S shifts of the ITCZ and
associated zonal wind and evaporation/precipita-
tion anomalies.

4.2. Mechanisms at the Origin of
Deglaciations and Poststadial Warming at
High Northern Latitudes

[24] Results from a three dimensional ocean circu-
lation model show that a gradual warming in the
Southern Ocean during deglaciation induces an
abrupt resumption of the interglacial mode of the
THC, triggered by increased mass transport into
the Atlantic Ocean via the warm (Indian Ocean)
and cold (Pacific Ocean) water routes [Knorr and
Lohmann, 2003]. The SSS data from our two
Indian Ocean cores further suggest that during
the period preceding the B-A, there was an increase
in salt transport from the Indian to the Atlantic
Ocean, that contributed to the observed accumula-
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tion of salt in the tropical Atlantic Ocean [Schmidt
et al., 2004].

[25] Accumulated salt in the tropical Atlantic
Ocean has been described as a capacitor that could
discharge, once the salt quantity is sufficient to
counter the influence of meltwater at higher
latitudes, inducing an abrupt resumption of the
THC [Paillard and Labeyrie, 1994; Schmidt et
al., 2004]. We postulate here, in agreement with
the above modeling results, that, while low salinity
polar water and cooling expanded at high northern
latitudes during H1, the increase in salinity we
observe in the Indian Ocean created favorable
conditions for an abrupt resumption of the THC
and abrupt northern hemisphere warming at
14.5 ka, i.e., 3 to 4 ky later than the beginning of
the gradual warming in the southern hemisphere
and global sea level rise.

4.3. Tropical Hydrology

[26] Figure 1 shows that the two studied cores are
located in areas (namely the Indonesian archipela-
go and the Mozambique Channel, off southeastern
Africa) which experience sea surface salinity
increases during El Niño events. The increase in
salinity that we observe during H1 and YD in the
two Indian Ocean cores could thus reflect a shift
toward an El Niño-like state during stadials, in
good agreement with results from Stott et al.
[2002], who suggested that stadials could corre-
spond to a ‘‘super El Niño’’ mode. Such an El
Niño-like state could be either sustained El Niño
conditions or an increased frequency of El Niño
events resulting in a change in the mean climatic
state.

[27] However, it is still unclear why and how the
present-day ENSO oscillations would present
mode shifts on millennial timescales. A modeling
study using a coupled ocean-atmosphere model of
the tropical Pacific showed that millennial variabil-
ity can be generated within the tropics, with or
without orbital forcing [Clement and Cane, 1999].
Cane and Clement [1999] have proposed that
global scale millennial variability may be initiated
from the tropical Pacific, arguing that the global
consequences of changes in the tropical Pacific,
which depend on relatively fast atmospheric phys-
ics, also operate at longer timescales but did not
specify how the climate system would be main-
tained in an El Niño-like or La Niña-like mode for
several centuries.

[28] Here, we suggest that the expansion and decay
of northern hemisphere ice sheets over YD, H1 and
more generally Dansgaard-Oeschger (D-O) events
interacted with ENSO variability through changes
in the ITCZ position, hence creating ENSO-like
oscillations at millennial timescales. The build up
of northern hemisphere ice sheets would be rein-
forced by dominant El Niño conditions in the
tropics as a result of intensified water vapor trans-
port to the high latitudes [Labeyrie, 2000; Rind,
2000]. Larger northern hemisphere ice sheet extent
during northern hemisphere cold events would in
turn induce a southward displacement of the ITCZ
[Chiang et al., 2003] and a weakening of the
Indian and Asian summer monsoons. As summa-
rized in section 4.1, YD, H1 and D-O stadials are
characterized by warm conditions in the tropics and
reduced Atlantic THC. This situation leads to an
accumulation of salt in the tropical Atlantic which
acts as a capacitor eventually yielding to an abrupt
resumption of the THC [Paillard and Labeyrie,
1994; Schmidt et al., 2004] accompanied by a
return to La Niña-like conditions in the tropics
and warmer temperatures at high northern latitudes.
Here, we hypothesize that this also leads to a
reduction of the northern hemisphere ice sheets
extent, as logically implied by the observed north-
ward movement of the ITCZ. During the glacial,
insolation and ice volume are such that northern ice
sheet extent tends to increase again, so that the
system moves toward a dominant El Niño-like
climatic state again, resulting in millennial oscil-
lations. In contrast, during the last deglaciation, the
increase in northern summer insolation finally
impedes the growth of northern ice sheets and the
system reaches Holocene relatively stable climatic
conditions, corresponding to a dominant La Niña-
like climatic state.

[29] In summary, we suggest that the combination
of rapid changes in atmospheric circulation and
water vapor transport induced by SST anomalies in
the tropical Pacific on one hand, and of growth of
northern hemisphere ice sheets and associated
changes in THC over several centuries on the other
hand, created an oscillator with millennial time
response that operated during the last glacial and
deglaciation.

5. Conclusion

[30] SST and Dd18Osw records from two well-
dated Indian Ocean cores covering the last degla-
ciation period show that salinity increased in the
eastern tropical Indian Ocean and Mozambique
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Channel area during the H1 (�18 to 14.5 ka) and
YD (�13 to 11.5 ka) time intervals. There was thus
an increase in salinity along the route of warm
surface water transport from the Indian to the
Atlantic Ocean during these time periods. As
modeling results indicate that progressive warming
of the Southern Ocean and gradual retreat of the
maximum sea ice extent resulted in an increased
mass transport into the Atlantic Ocean after about
18 ka, we conclude that salt transport from the
Indian Ocean to the tropical Atlantic Ocean con-
tributed to create the observed accumulation of salt
in the tropical Atlantic Ocean during H1. This
accumulation of salt and heat in the tropical At-
lantic Ocean during H1 and the YD created favor-
able conditions for an abrupt resumption of the
THC and abrupt northern hemisphere warming,
when the salt quantity in low-latitude surface and
sub-surface waters became sufficient to overcome
the antagonist effect of low salinity polar waters at
high northern latitudes [Paillard and Labeyrie,
1994; Schmidt et al., 2004], as observed at the
transition from H1 to the B-A and from the YD to
the Holocene.

[31] Moreover, accounting for records of glacial
millennial climate variability at high and low
latitudes and recent modeling studies, we suggest
that the observed pattern of millennial climate
variability during the last glacial and deglaciation
resulted from the interaction between the relatively
slow expansion and decay of northern hemisphere
ice sheets, and ENSO variability, through changes
in the ITCZ position. This interaction generated an
oscillator with millennial time response that oper-
ated during glacials and deglaciations only, as its
long time response depends on the presence of
northern ice sheets and their variable extent.
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