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Abstract Sea surface temperatures (SST) and primary
productivities have been reconstructed for the north-
eastern Arabian Sea during the past 65,000 years, using
C;7-alkenones. Comparison of this SST record with

0'*0 from Greenland ice core GISP2 shows striking
similarities, indicating an apparent linkage between the
climate of the Arabian Sea with that of the northern
North Atlantic, most probably via atmospheric and/or
oceanic circulation. These rapid SST changes are in the
long term overlain by insolation changes at 30°N.

Introduction

During the past 100,000 years, Heinrich events (HEs)
and Dansgaard-Oeschger (D-O) cycles have been the
dominant signal of climate variability over Greenland
and the northern North Atlantic (Heinrich 1988;
Johnsen et al. 1992; Bond et al. 1993; Dansgaard et al.
1993). Time equivalents of these cycles and events have
been reported in a variety of records (marine, lacustrine,
terrestrial) in both hemispheres all over the world (e.g.,
Bender et al. 1994; Thouveny et al. 1994; Porter and An
1995; Behl and Kennett 1996; Schulz et al. 1998; Cacho
et al. 1999; Riithlemann et al. 1999; Schulte et al. 1999;
Wang and Sarnthein 1999; Leuschner and Sirocko 2000;
Bard et al. 2000).

A close coupling between the North Atlantic and
monsoon climates was suggested by several studies from
the Arabian Sea (e.g., von Rad et al. 1995; Sirocko et al.
1996; Reichart et al. 1998; Schulz et al. 1998; Schulte
et al. 1999; Leuschner and Sirocko 2000) and China
(Porter and An 1995; Wang and Sarnthein 1999; Fang
et al. 1999; Lin et al. 1999; Zhou et al. 1999). Most of
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these studies dealt with parameters coupled somehow to
the monsoon (e.g., organic carbon, biomarkers, grain
size, cadmium, barium, Sr/Ca ratio, carbonate), the
main climatic feature of this region. However, the
mechanisms coupling the climates of both these regions
are still poorly understood.

Sea surface temperature (SST) is a good and easily
determined measure of modern climatic conditions. SST
is probably the most important parameter for describing
the conditions of past oceans, and is essential for climate
modeling. For this reason, estimation of past SST in the
northeastern Arabian Sea is crucial to better understand
how the low-latitude monsoonal climate is coupled to
that of the high northern latitudes. Recently, a high-
resolution temperature record for the northeastern
Arabian Sea during the late Holocene was published
(Doose-Rolinski et al. 2001). Here, we present the first
late-Quaternary SST record from the northeastern
Arabian Sea, using the alkenone method (see Bard 2001
for a detailed comparison of alkenone estimates with
other paleotemperature proxies) with sufficient temporal
resolution permitting comparison with the millennial-
scale events recorded in Greenland ice cores.

Atmospheric and oceanographic setting

The modern Arabian Sea is characterized by the sea-
sonal variability of the monsoon wind system, with a
strong and humid southwest (SW) monsoon during the
summer (June—September) which is driven by a strong
pressure gradient between the Tibetan low-pressure
cell and a belt of high pressure over the Southern
Ocean. The modern SW monsoon is driven mainly by
differential ocean-land heating and tropospheric latent
heating (Clemens et al. 1991). The winter season
(December—February) is characterized by the moderate
and dry northeast (NE) monsoon which blows from a
strong high-pressure cell above central Asia to the region
of low pressure associated with the intertropical con-
vergence zone at ~10°S.



The SW monsoon causes an intense upwelling off
Oman and Somalia resulting in high primary produc-
tivity (Wyrtki 1973; Pickard and Emery 1982; Bearman
1991; Brock et al. 1992). By contrast, the NE monsoon
causes no upwelling, but sets up the stage for convective
mixing due to surface water cooling (Madhupratap et al.
1996).

An important feature of the Arabian Sea is the
exceptionally broad and stable mid-water oxygen mini-
mum zone (OMZ) between 200 and ~1,100 m water
depths (Wyrtki 1973; von Rad et al. 1995), maintained
by various factors including oxygen consumption by
organic matter decay and supply of oxygen-depleted
intermediate waters from the south (for a detailed
description of the hydrography see Swallow 1984; Olson
et al. 1993; Schulte et al. 1999; and references therein).
Recently, it has been demonstrated that the stability of
the OMZ varied in concert with the D-O cycles and HEs
in Greenland ice cores (Reichart et al. 1998; Schulz et al.
1998; Schulte et al. 1999).

The high primary productivity observed in the
northeastern Arabian Sea is most likely caused by the
northeastward drift (Fig. 1) of nutrient-rich surface
waters, with a high standing stock of biomass, from
Oman to the Pakistan margin, forced by the strong SW
monsoonal winds (Schulz et al. 1996, 1998; Andruleit
et al. 2000). The slight enhancement of productivity at
the end of the NE monsoon, which coincides with a
decrease of SST, could be explained by wind-induced
deepening of the mixed layer which injects nutrients to
the surface (Fig. 2d; Madhupratap et al. 1996). This
explanation is consistent with the results of Prahl et al.
(2000) who observed a simultaneous enhancement of
alkenone flux and deepening of the mixed layer in the
central Arabian Sea.
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Fig. 1 Map of the Arabian Sea showing the location of core
136 KL and that of sediment trap AS4 (Prahl et al. 2000). Arrows
indicate the oceanic surface circulation during the SW monsoon.
SW-M.C. Southwest monsoon current; S.E.C. south equatorial
current
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Study site

Piston core 136 KL was obtained during the SONNE 90
cruise in 1993 (23°7.34’N, 66°29.83’E, 568 m water
depth, Fig. I; von Rad et al. 1995) from within the
modern OMZ on the continental slope off Pakistan. At
the location of core 136 KL, highest primary produc-
tivity is observed in July when wind speed reaches its
maximum during the SW monsoon, as indicated by
satellite observations (Antoine et al. 1996; Fig. 2a). The
constantly high SST (27-29 °C, Fig. 2¢) during the SW
monsoon points to the absence of upwelling in this area,
as suggested by Schulz et al. (1996, 1998). A supply of
nutrients due to wind-induced vertical mixing can also
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Fig. 2 (modified after Schulte et al. 1999). a Annual variability of
primary productivity (PP) at site 136 KL (after Antoine et al.
1996). b Monthly mean alkenone flux at sediment trap AS4 (after
Prahl et al. 2000). ¢ Annual variability of total wind speed at site
136 KL (COADS Atlas). d Annual variability of mixed layer depth
at site 136 KL (IGOSS Atlas). e Annual variability of sea surface
temperature (SST) at site 136 KL (23°7.34'N, 66°29.83'E; Levitus
Atlas). The COADS Atlas, IGOSS Atlas and Levitus Atlas data
were extracted from the web site http://ingrid.ldgo.columbia.edu.
The resolution of the IGOSS Atlas is rather coarse (2° latitude,
5° longitude) Therefore, we averaged the four nearest values
available (22°N, 65°E; 22°N, 70°E; 24°N, 65°E; 24°N, 70°E)
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be excluded at site 136 KL because no deepening of the
mixed-layer depth is observed (Fig. 2d; Banse 1984), in
contrast to the central Arabian Sea where deepening of
the mixed layer also takes place during the SW monsoon
(Prahl et al. 2000). The lowest SST occurs in February
(24 °C, Fig. 2e), induced by the NE monsoon which
originates from the snow-covered Asian mountains and
strongly cools the northern Arabian Sea (Wyrtki 1973).

Materials and methods

Sediment samples were collected from piston core
136 KL immediately after recovery or from a subcore
which was stored at 4 °C. A detailed description of the
extraction method can be found elsewhere (Benthien and
Miiller 2000; Budziak et al. 2000). Briefly, alkenones
were extracted from 1- to 3-g aliquots of freeze-dried
and homogenized sediments, using UP 200H ultrasonic
disrupter probes (200 W, amplitude 0.5, pulse 0.5) and
successively less polar mixtures of methanol and
dichloromethane (CH;OH, CH;OH:CH,Cl, (1:1),
CH,Cl,), each for 3 min. The three extracts were com-
bined, washed with demineralized water to remove sea
salt and methanol, dried over NaSQ,, and concentrated
under N,. The concentrated extracts were purified by
passing them over a silica gel cartridge (Varian Bond
Elut; 1 cm® 100 mg '), and then saponified. For sapo-
nification 0.3 ml of 0.1 M KOH in methanol:water
(90:10) was added to the extract and heated at 80 °Cin a
capped vial for 2 h. After cooling the alkenone-
containing fraction was obtained by partitioning into
n-hexane and then concentrated.

The analytical conditions of gas chromatography are
described elsewhere (Benthien and Miiller 2000). Ana-
lytical precision was better than 0.01 UL units
(£0.3 °C), based on replicate extractions and injections
of selected samples and laboratory internal reference
sediments. SSTs were estimated from the relative com-
position of Csz; unsaturated alkenones (Uf;-index;
Brassell et al. 1986), using the global core top calibration
of Miiller et al. (1998; U% =0.033T+0.044). This
equation relates Uf, to mean annual SST between 0 and
28 °C.

Results
Sea surface temperatures

A detailed %0 stratigraphy was established using the
surface-dwelling planktonic Foraminifera Globigerino-
ides ruber and by AMS '*C dating of the 16.5-m-long
piston core, spanning the last 65,000 years (Schulz et al.
1998; H. Schulz, personal communication). Schulz et al.
(1998) reported a remarkable similarity between the
TOC record, or more precisely a crude approximation
based on the sediment color (gray scale) of core 136 KL
and 0'®0 of the Greenland ice core GISP2 (Fig. 3b). The

alkenone record studied here has a lower resolution than
the continuous gray scale of Schulz et al. (1998), but
previously measured and reported TOC values match
very closely with the gray-scale-based TOC record, so
that most climatic events could be identified (Schulte
et al. 1999).

Temperature fluctuations of up to 4 °C are observed
during the last 65,000 years in core 136 KL (Fig. 3c).
The Holocene is characterized by temperatures between
27 and 28 °C, consistent with Holocene temperatures
reported in a variety of cores from the tropical Indian
Ocean (25.2-28.3 °C; Sonzogni et al. 1998). Between the
last glacial maximum and the Holocene a SST difference
of about 3.5 °C is observed, which is greater than the
values reported by Sonzogni et al. (1998; 1.5-2.5 °C).

The last deglaciation is characterized by an abrupt
2.5 °C warming at about 15 ka B.p., followed by a
temperature plateau lasting approximately 3,000 years.
At about 12 ka B.P., a cooling event is observed which is
correlated with the Younger Dryas (YD). However, the
temperature reversal does not correspond to a return to
full glacial conditions as in the case of Greenland
records (Fig. 3a). The second part of the deglaciation is
more gradual, exhibiting a warming of 2 °C from
12 ka B.p. up to a present-day value of 27.5 °C. The
glacial period between 65 and 15 ka B.p. is characterized
by rapid temperature variations between 23.5 and about
26 °C.

Alkenone enrichment and mass accumulation rates

To evaluate qualitative changes in primary productivity
during the last 65,000 years in the northeastern Arabian
Sea, we used Csy-alkenone abundance which has been
suggested to be a reliable qualitative proxy for paleo-
productivity (Rostek et al. 1997; Schubert et al. 1998;
Villanueva et al. 1998; Schulte et al. 1999; Budziak et al.
2000). The usefulness of Cs;-alkenone abundance as a
productivity proxy was recently confirmed by a sedi-
ment trap study (Fig. 2b; Prahl et al. 2000). The long-
chain alkenones are produced by coccolithophorides of
the class Haptophytes (Conte and Eglinton 1993;
Volkman et al. 1995), one of the most important con-
tributors to primary productivity in the study area
(Banse 1994). To account for a possible effect of mineral
dilution we also estimated the mass accumulation rate
(MAR) of the alkenones, which is equal to the product
of sedimentation rate, alkenone content and dry bulk
density (0.75 g cm >, assumed to be constant). In core
136 KL total Css-alkenone contents vary between 0.4
and about 30 pg g ' dry sediment, and the MAR
between 100 and about 600 pg cm > 1,000 year ', in
general with higher values during the interstadials of the
D-O cycles (Fig. 3d). By contrast, cold periods of D-O
cycles and HEs are characterized by lower abundance of
alkenones. One exception to this pattern is observed
during HES, when abundance is the highest of the whole
record.



Fig. 3a—d Alkenone levels for
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core 136 KL, compared to the
6'%0 record for the GISP2 ice
core (Grootes et al. 1993) and
the gray-scale-based TOC re-
cord for core 136 KL (Schulz
et al. 1998). a 6'%0 record for
the GISP2 ice core. b Calculat-
ed gray-scale-based TOC record
for core 136 KL. ¢ Sea surface
temperatures for core 136 KL
(closed circles), estimated from
Uk -values of Cs;-alkenones.
The line without circles repre-
sents the insolation at 30°N
(calculated after Berger 1978).
d Contents of Cs7-alkenones
versus age (thin line), and mass
accumulation rate (M AR) of
alkenones (ug cm 2 1,000 year ;
thick line). The chronology of
core 136 KL is based on 430
and AMS '#C (Schulz et al.
1998 and personal communica-
tion). Numbers Dansgaard-
Oescher events. HI-H6
Heinrich events 1-6. YD
Younger Dryas
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Discussion
Sea surface temperatures

The observed temperature oscillations in core 136 KL
are in good agreement with data derived from the
Greenland 6'%0 ice record in core GISP2 (Grootes et al.
1993; Fig. 3). Higher SSTs coincide with higher air
temperature over Greenland during the interstadials of
the D-O cycles. By contrast, stadials of the D-O cycles
and Heinrich events (HE1-HES) are characterized by
lower SSTs in the Arabian Sea and cooler air tempera-
tures over Greenland (Fig. 3a, ¢). The cooling during
HEI-HES contradicts the results of numerical models,
which simulated small positive SST anomalies in the
Indian Ocean during comparative meltwater/control
experiments (Manabe and Stouffer 1997; Schiller et al.
1997).

T T ¥ T W = T
10 15 20 25 30 35 70
Age (kyr)

In the modern northeastern Arabian Sea lowest SSTs
occur during the winter monsoon (Fig. 2¢), and the
magnitude of this surface water cooling seems to depend
on wind speed (Almogi-Labin et al. 2000). In general
SSTs reconstructed from alkenones in sediments repre-
sent annual mean temperatures of the surface mixed layer
of the water column (e.g., Rostek et al. 1997; Miiller et al.
1998). However, if the cold NE monsoon were to be
stronger and/or longer than the warm SW monsoon, the
annual mean temperature would decrease. We thus sug-
gest that the lower temperatures (23-24 °C) recorded in
core 136 KL during the cold periods of the D-O cycles
and HEs may reflect an increase in the intensity and/or
seasonal duration of the NE monsoon. This interpreta-
tion is consistent with the hypothesis of Porter and An
(1995) who suggested (on the basis of grain-size varia-
tions) a stronger East Asian winter monsoon (which is
coupled to the Indian Monsoon) during stadials of D-O
cycles. Extreme deep winter mixing during HEs, as
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invoked by Reichart et al. (1998), is also compatible with
an enhancement of the NE monsoon. By contrast, during
warm periods of the D-O cycles the annual mean SST
may have been more influenced by the SW monsoon,
comparable to modern conditions.

Long-term changes in insolation at 30°N seem to be
superimposed on the millennial-scale SST fluctuations in
the northeastern Arabian Sea during the last
65,000 years (Fig. 3c). This may explain the differences
observed between the Greenland ice core and the SST
record of core 136 KL. The YD in core 136 KL does not
return to full glacial conditions, which is probably due to
the insolation maximum at 30°N observed at the same
time, which most likely counteracts the cooling of the
YD. A similar mechanism could explain the relatively
cold temperature observed during HES in core 136 KL,
which coincides with an insolation minimum at 30°N.
Such a surface water cooling at around 45 ka B.P. (so-
called stage 3 event) was also observed in various cores
from the western Arabian Sea (Zahn and Pedersen 1991;
Caulet et al. 1992; Hermelin and Shimmield 1995),
where it was interpreted as intensified, local, wind-
induced upwelling (Hermelin and Shimmield 1995).
Since there is no evidence for upwelling at location
136 KL, neither today nor in the past (Schulz et al. 1996,
1998; H. Schulz, personal communication), the observed
temperature decrease can not be explained by enhanced
upwelling. This extreme cooling is probably rather the
result of the combination of enhanced NE monsoon and
insolation minimum.

Paleoproductivity

Modern primary productivity at the location of core
136 KL is clearly coupled to the SW monsoon, as indi-
cated by satellite observations (Antoine et al. 1996;
Fig. 2). More recently it was further demonstrated that
highest fluxes of alkenones occur in the Arabian Sea
during the SW monsoon (Prahl et al. 2000; Fig. 2).
Hence, Cs7-alkenone abundance may be used as a proxy
for the SW-monsoon intensity, with higher values indi-
cating a stronger SW monsoon. This would imply that
the SW monsoon was stronger during the interstadials
of the D-O cycles, and weaker during the stadials of the
D-O cycles and HEs. This interpretation is consistent
with the results of marine records from the South China
Sea, the Japan Sea and the Indian Ocean, evidently
showing a weaker monsoon during the YD and HI1
(Fang et al. 1999 and references therein). The interpre-
tation of a stronger SW monsoon during the warm
phases of the D-O cycles is in excellent agreement with
the results from the western Chinese Loess Plateau
(Fang et al. 1999), which also suggest stronger summer
monsoons during the interstadials of the D-O cycles and
weaker summer monsoons during the stadials of the
D-O cycles and HEs (Fang et al. 1999). Evidently, al-
kenone enrichment can be used to evaluate the past
SW-monsoon strength in the study area.

Accordingly, the high C;;-alkenone content observed
in core 136 KL during HES implies that the SW mon-
soon was strengthened during this event, in contrast to
all other HEs when the SW monsoon was weakened. At
the China Loess location three different proxies (sus-
ceptibility, carbonate and soil color), which can be
highly correlated with each other, were used by Fang
et al. (1999) to evaluate summer-monsoon intensity.
During HES a decoupling of susceptibility, carbonate
and soil color was observed. The low carbonate content
documented in the loess during HE5 (cf. Fang et al.
1999) indicates a strong summer monsoon with corre-
sponding increase in precipitation. A stronger SW
monsoon with enhanced primary productivity was also
suggested by Hermelin and Shimmield (1995) in the
northwestern Arabian Sea at around 45 ka B.p. (‘“‘stage
3 event). In a sediment core obtained from the upwel-
ling system of Socotra (NW Indian Ocean), a maximum
of “fertile” Foraminifera was observed between 45 and
38 ka B.P., and was interpreted as an increase in paleo-
productivity reflecting stronger upwelling activity
(Vénec-Peyré and Caulet 2000). Enhanced alkenone and
organic carbon levels around 45 ka B.p. in a sediment
core of the upwelling area in the western Arabian Sea
also point to an elevated primary productivity (Budziak
et al. 2000). Thus, it seems likely that the maximum
alkenone enrichment observed during HS5 in core
136 KL indeed reflects a stronger SW monsoon in the
study area at that time.

Teleconnection to North Atlantic climate

The good agreement between different geochemical
records of cores 136 KL and GISP2 (Schulz et al. 1998;
Schulte et al. 1999; this study) suggests that climatic
changes in the Arabian Sea are phase locked with the
rapid climatic changes recorded in Greenland ice cores.
A coupling between North Atlantic and Arabian Sea
climates has been suggested by several authors
(e.g., Sirocko et al. 1996; Reichart et al. 1998), but the
mechanism of coupling is still poorly understood.

A weakening of thermohaline circulation during the
YD and HEs was demonstrated by several studies (e.g.,
Schiller et al. 1997; Vidal et al. 1997; Blunier et al. 1998).
In the Arabian Sea, this in turn led to a further north-
wards expansion of oxygenated Antarctic intermediate
water during the YD and HEs than is the case today. In
contrast to the HEs, the thermohaline circulation during
the warm periods of the D-O cycles was probably in its
strong mode, with an intermediate-depth hydrography
comparable to modern conditions (Schulte et al. 1999).
Apparently, the development of the OMZ in the Ara-
bian Sea is coupled to the North Atlantic climate via
thermohaline circulation.

Our results clearly indicate that winter/summer-
monsoon strength changed in concert with high-
frequency and large-amplitude fluctuations of the North
Atlantic climate, which is in good agreement with other



studies (Porter and An 1995; Sirocko et al. 1996; Fang
et al. 1999). Changes in continental surface and air
conditions, and thus in atmospheric circulation, would
be the most likely mechanism to explain this telecon-
nection.

The Tibet Plateau has played a major role in
adjusting Asian and Northern Hemisphere atmospheric
circulation (Ruddiman and Kutzbach 1989; Kutzbach
et al. 1989). Numerical modeling demonstrates that
uplift of the Tibet Plateau in the late Cenozoic not only
generated the monsoon (Ruddiman and Kutzbach 1989)
but also strengthened the Westerlies, which act as a
“wall” to hinder heat exchange between the Equator and
high latitudes (Kutzbach et al. 1989). It was shown that
the Tibet low, which develops in summer, considerably
changes the strength of the summer monsoon, and that
changes in position and strength of the Westerlies also
greatly affect the summer monsoon (Ruddiman and
Kutzbach 1989; Kutzbach et al. 1989). A Westerlies-
swinging model was proposed by Fang et al. (1999) to
explain the enhanced summer monsoon during the
interglacials and interstadials of the D-O cycles, caused
by a strong Tibet low and a shifting of the Westerlies
towards the north. By contrast, weakened summer
monsoons during glacials and HEs were explained by a
reduced Tibet low and southward-moving Westerlies
(Fang et al. 1999). Westerlies are intensified and may
shift south of the Tibet Plateau even in summer during
times when polar and North Atlantic cold air surges
cause an expansion of the winter monsoon and a fast
drop of the summer monsoon. Such a scenario would be
consistent with the results of an ocean-atmosphere
general circulation model which simulated stronger
Westerlies during a meltwater experiment (Schiller et al.
1997). Hence, weakening of the thermohaline circulation
and degree of heat supply in the North Atlantic sub-
stantially influences the monsoon through the Westerlies
(Fang et al. 1999). Evidently, the Arabian Sea is tele-
connected to the North Atlantic climate via not only
oceanic but also atmospheric circulation.

Conclusions

The SST record of core 136 KL shows striking similar-
ities with the 6'%0 record of Greenland ice core GISP2.
Apparently, variations of SST in the northeastern Ara-
bian Sea reflect changes in NE-monsoon strength.
During the cold periods of the D-O cycles and Heinrich
events, the NE monsoon was strengthened which
resulted in lower SSTs. By contrast, the warm periods of
the D-O cycles are characterized by higher SSTs and
weakened NE monsoons.

Primary productivity was high during the intersta-
dials of D-O cycles, implying stronger SW monsoons. By
contrast, the stadials of D-O cycles and HEs are char-
acterized by lower productivity, indicating a weaker SW
monsoon during these intervals. HE-5 is an exception to
this pattern, exhibiting high productivity pointing to a
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stronger SW monsoon. This productivity event at
around 45 ka B.p. was also reported in other sediment
cores from the western Arabian Sea, and may be a local
phenomenon (Hermelin and Shimmield 1995; Vénec-
Peyré and Caulet 2000; Budziak et al. 2000).

The North Atlantic climate signal is connected to the
Arabian Sea by the Westerlies, which in turn are influ-
enced by heat transport to the high latitudes driven by
the thermohaline circulation. Thus, the two regions are
teleconnected by both oceanic and atmospheric circula-
tion.
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