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Recent paleomonsoon data derived from various natural archives, such as tree-rings, speleothems
and deep sea sediments, buttressed by reliable chronology, with high temporal resolution aids to
assess monsoon variability, both spatial and temporal, during the past ∼ 30 ka. While 1000 year
long coniferous chronologies from the Himalaya help to decipher past temperature changes (e.g.,
Little Ice Age), it is the tropical teak trees from peninsular India that hold promise for subseasonal monsoon reconstruction, as shown by oxygen isotopic studies. Likewise oxygen isotopes of
speleothems from central India have provided proxy rainfall data for the last 10,000 years, albeit
with some gaps that need ﬁlling. Good coherence is observed from distant speleothem records.
Oxygen isotopes in foraminifers have helped to understand ocean-atmosphere interactions for the
past ∼ 35 ka, and allowed comparison of monsoon record based on wind proxies and run-oﬀ (rain)
proxies.

1. Introduction
During the past century precipitation has been
estimated to have increased by 0.5–1% per decade
over most of the mid- and high latitudes of the
northern hemisphere continents and 0.2–0.3% over
the tropical (10◦ S to 10◦ N) land areas; in parts
of Asia and Africa, the frequency and intensity
of droughts seem to have increased (IPCC AR4
2007; Houghton et al 2001) during 1900–1995 AD.
Future projections using climate models point
to an increase in the monsoon rainfall in most
parts of India with increasing greenhouse gases
and sulphate aerosols (Rupa Kumar et al 2002).
Many north Indian rivers such as the Ganga,
Yamuna, etc., have shown a sharp decline in the
summer discharge in the recent past, possibly
due the shrinking of the Himalayan glaciers that
feed them (Gosain and Rao 2003). These observations lead us to an important question whether

these are consequences of global warming or only
a part of the low frequency climate variability
inherent in the system. To answer this would
require reliably dated, high-resolution records of
the past climate/monsoonal precipitation for a
duration longer than the spatially and temporally
limited instrumental weather records. Monsoon
is known to exhibit variance over a range of
periods such as annual, decadal and centennial
to millennial timescales (Webster 1987; Gadgil
2003). For studying the monsoon variability in the
latter two timescales, recourse is made to various
ocean- and land-based natural archives such
as marine/lacustrine/riverine/aeolian sediments,
Tibetan/Himalayan glaciers/ice, speleothems, treerings, corals, etc. Here we present our current
understanding of past variations of south Asian
monsoon based on various marine and terrestrial
monsoon proxies, which are well constrained, reliable, chronologies. For a more detailed account of
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Table 1. Table showing a brief account of dendroclimatological investigations carried out in the Indian region.
Abbreviations: Temp – Temperature, ppt – precipitation, E – east, W – west, C – central, S – south.
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qualitative climate proxies omitted here, reference
is made to Jagadheesha et al (1999a), Korisettar
and Ramesh (2002) and Singh et al (2007).
2. Tree-ring based climatic records
Instrumental rainfall data collected by Indian
Meteorological Department (IMD) dates back to
AD 1813 when the ﬁrst rain gauge station was
established at Chennai. By 1871, a fairly good network of rain gauge 312 stations was established. To
study the variations in rainfall prior to 1871, it is
necessary to use climate proxies such as tree-rings.
Dendroclimatological investigations carried out at
the Birbal Sahni Institute of Palaeobotany (BSIP),
Lucknow, Indian Institute of Tropical Meteorology
(IITM), Pune and Physical Research Laboratory
(PRL), Ahmedabad have demonstrated the potential of high altitude as well as tropical trees in
reconstructing past climate. Table 1 summarizes
major dendroclimatological investigations in the
Indian region.
Several aspects of the global climate change
have been revealed by dendroclimatic investigations over Indian region. The prominent feature of
dendroclimatic temperature reconstruction in the
Himalaya is the lack of a pronounced increase in
temperature during the early 20th century, a global
warming trend observed in most places in the
Northern Hemisphere (Mann et al 1999; Crowley
and Lowery 2000; Esper et al 2002). Further, the
Himalayan region, especially Tibet and central
Asia, shows a decreasing trend in temperature in
the late 20th century. Another contrasting feature
observed in western Himalayan temperature record
as compared to the Northern Hemisphere record
is lack of evidence for the Little Ice Age (LIA),
a feature it shares with the record observed at
Tibet and other central Asian regions. These evidences could point to the presence of regional and
temporal diﬀerences in the past climate. However,
hydrogen isotopic measurements clearly show the
evidence for LIA (Ramesh 2000). Also Nijampurkar
et al (2002) found evidence for the LIA in a
central Himalayan glacier. Thus it appears that
the detrending procedure employed for constructing ring-width indices removes the climatic signal
to some extent. More recently, Cook et al (2003)
have reported presence of Little Ice Age and warming trend of the 20th century based on their investigations in Nepal. Yadava et al (2004) demonstrated
presence of the Little Ice Age in western Himalaya.
Although mid-altitude chronologies do not
show any long term trend, some high altitude
and periglacial tree-ring chronologies appear to
oﬀer evidence of global warming. Chronologies
built by Singh and Yadav (2000), Bhattacharyya

et al (2006) and Borgaonkar et al (2007) show
increased tree growth in recent times possibly indicating warming trend over the region. The stable
isotopic ratios are measured using a mass spectrometer and expressed as δ18 O and δ13 C where,
δ18 O = [((18 O/16 O)sample /(18 O/16 O)reference) − 1]×
1000 (per mil) and δ13 C = [((13 C/12 C)sample /
(13 C/12 C)reference) − 1] × 1000. The reference
is either SMOW or V-PDB supplied by IAEA
(International Atomic Energy Agency, Vienna).
Treydte et al (2006) based on oxygen isotope ratios
(δ18 O) of trees from northern Pakistan and Singh
and Yadav (2005) using ring-width variations of
trees from western Himalaya have reported increasing precipitation trend over the area. Decrease in
the pre-monsoon temperature was observed in the
instrumental and tree ring reconstructed records
during the late 20th century, in contrast to high
latitude regions, due likely to increased anthropogenic inﬂuence (Yadav et al 2004).
Dendroclimatological potential of trees in central
and southern India has not been exploited fully
as only a few tropical trees oﬀer reliable growth
rings and are long lived. Teak (Tectona grandis) and toona (Cedrela toona) are two species
with good potential for the reconstruction of past
climate (Pant and Borgaonkar 1983; Ramesh et al
1985) and a few chronologies have been successfully
built for teak. Recent studies (Borgaonkar et al
2007; Shah et al 2007; Ram et al 2008) show that
variations in ring-widths of teak can be used to
reconstruct past monsoon rainfall. Bhattacharyya
et al (2007) have shown mean vessel area of the
early wood in teak from southern India is correlated with the north–east (NE) monsoon rainfall
of the previous year and based on this relation
reconstructed past NE monsoon rainfall. Based
on high resolution δ18 O composition of teak trees
Managave et al (2009a,b) has demonstrated the
possibility of reconstructing sub-annual monsoon
rainfall. In future, more chronologies need to be
developed for peninsular India using isotope and
ring-width studies. Future eﬀorts may concentrate
on comparing the tree-ring δ18 O record with that
of speleothems to understand and document spatial heterogeneity of rainfall.
3. Monsoon record from speleothems
Speleothem refers to minerals precipitated in a
cave environment. It can be used for paleoclimatic
reconstruction through the analysis of the variations in stable oxygen isotopic composition (δ18 O)
of the carbonate (Yadava et al 2004; Yadava and
Ramesh 2005a,b). In the last two decades there
has been growing interest among paleoclimatologists to explore potential of speleothem deposits
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because: (i) these deposits are well protected from
physical damages (erosion) by rain or wind action
(ii) U-Th dating techniques using mass spectrometry were reﬁned and applied to speleothem
dating; it has become possible to date small quantities (∼ 100 mg) of even young speleothems with
reasonable precision.
All speleothems growing in a cave are not
suitable for paleoclimatic reconstruction. When
a cave has several openings through which outside dry air enters and makes rapid evaporation of seepage water possible, the dissolved ionic
species (mainly calcium and bicarbonate) recombine quickly and precipitate carbonate. There is
not enough time left for a complete ion exchange
among diﬀerent species, a condition necessary to
attain isotopic equilibrium. Therefore it becomes
diﬃcult to interpret isotopic data from such
speleothems. Samples with ‘promise for climate
interpretation’ do occur mostly in the interior
of caves where air ventilation is poor, ensuring
both slow carbon dioxide emanation and little
evaporation of water satisfying isotopic equilibrium. The cave environment aﬀects the stable isotope ratios of oxygen (δ18 O) and carbon (δ13 C)
while CaCO3 is precipitated, and we discuss these
separately.
The isotopic composition of seepage water in
caves reﬂects the average isotopic composition of
the meteoric water falling atop the cave (e.g.,
Schwarcz 1986; Ivanovich and Harmon 1995).
Air temperature in the cave is equal to the average
annual surface air temperature outside, because of
the large thermal inertia of land mass (soil and
bedrock).
The fractionation factor αcw for the calcitewater system, known experimentally (Friedman
and O’Neil 1977) is given below:
αcw = (18 O/16 O)calcite/(18 O/16 O)water
Δcw = (2.78 × 106 /T 2 ) − 2.89

(1)

where, T is the temperature during precipitation
of calcite, in K and Δcw = 103 ln αcw . Any shift
in temperature in a karst region aﬀects the
cave temperature, and therefore calcite δ18 Oc .
Higher δ18 Oc values imply lower tempera◦
tures (dΔcw /dT = −0.21 C−1 at 25◦ C, from
equation 1). In addition, there are several
regional factors which inﬂuence the δ18 Oc values.
For example, at high latitudes rain water is
related to the surface air temperature, d(δ18 O)/
dT = 0.69 ◦ C−1 , while at tropical locations
δ18 Ow is dominantly controlled by the amount of
rain and surface temperature dependence is either
very weak or insigniﬁcant (Dansgaard 1964).

Figure 1.
India.
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Locations of diﬀerent caves studied so far in

The isotopic sensitivity of any speleothem to the
ambient climate depends upon several factors but
primarily on cave location and local meteorology.
Therefore, interpretation of speleothem δ18 Oc is
not straightforward and often ambiguous (Yadava
and Ramesh 2006). This calls for the monitoring of
isotopic signatures of rain and seepage water near
the cave.
Speleothem locations studied so far from
India are shown in ﬁgure 1. Speleothems from
limestone caves in Koraput (Orissa), Jagdalpur
(Chhattisgarh), Chitrakoot (Uttar Pradesh),
Uttar Kannada District (Karnataka) and western
Himalaya have been studied until now. Caves which
are least disturbed by human activity are the most
suitable for palaeoclimatic studies as the samples
are in pristine condition. Following are the caves
exploited so far for monsoon reconstruction in
India (ﬁgure 1):
1. Gupteswar cave, Koraput district, Orissa.
An actively growing stalactite was collected in
1996.
2. Dandak cave, Jagdalpur district, Chhattisgarh. This cave lies within ∼ 30 km from
Gupteswar. An active stalagmite was collected
in 1996.
3. Akalagavi cave, Uttar Kannada District,
Karnataka. (AKG) This small cave is located
in a tropical dense forest (C3 type). A stalagmite was collected in 1997 and it was dated by
counting annual laminations and radiocarbon
method.
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Some important observations in the reconstructions are:

Figure 2. Time span covered by speleothems. Radiocarbon dated speleothems are shown by single crossed boxes
and U-Th dated speleothems are shown by double crossed
boxes.

(a) Teak tree ring widths have been reported
(Bhattacharyya and Yadav 1999) from
southern India. Around 1660 AD, they are
broader, coinciding with the highly depleted
δ18 O signal (i.e., higher rain) around 1666 AD
in AKG.
(b) Two other high resolution (comparable with
that of speleothems, i.e., ∼ 1 yr to ∼ 15 yr)
paleomonsoon records from southern Asia,
spanning the last 3400 yrs are available: (i) a
high resolution (∼ 7 yr) record has been reconstructed by von Rad et al (1999), using the
thickness variations in the varved sediments
collected from oﬀ Karachi, Pakistan (northeastern Arabian Sea): precipitation and hence

4. Sota cave, Chitrakoot district, Uttar
Pradesh. This small cave is located in the
Karwi taluk, a tourist place; however, humans
rarely visit this cave. A stalactite from a narrow chamber in the interior part was collected
in 1997.
5. Timta cave, Pithoragarh district, western
Himalya. A stalagmite collected from this cave
was dated by U-Th mass spectrometric method
(Sinha et al 2007).
Further, samples have been collected from
Andaman and Andhra, which are being processed.
Large variations in the δ18 Oc are observed, indicating that the temperature dependence of δ18 Oc is
negligible (Yadava and Ramesh 1999a,b, 2005a,b,
2007; Yadava et al 2004; Yadava et al 2007a,b).
It was found that due to the dominant control of
rainfall it is diﬃcult to recover the small-magnitude
past temperature variations from δ18 Oc , or even
from trace elemental data, for example, Mg/Ca,
Sr/Ca (Yadava and Ramesh 2001).
Although the fractionation of various carbon
isotopic species is mildly temperature dependent
(Hendy 1971), changes in the equilibrium fractionation factors with temperature are compensated by parallel changes in the molar ratios
of carbon species in the solution (Hendy 1971;
Dulinski and Rozanski 1990). Hence, use of
δ13 Cc for climate reconstruction is not successful.
Presently, speleothem δ18 O is being used to address
variations in the past monsoon.
For dating speleothems both radiocarbon and
U-Th methods have been applied. As shown in
ﬁgure 2, time duration covered by these have some
gaps. Figure 3 shows a comprehensive monsoon
scenario now available from Indian speleothems.

Figure 3. Comparison of δ 18 O of the Indian speleothems.
Akalagavi cave has higher resolution (∼ 1 yr). Dandak cave
has two reconstructions (B & C). Before Holocene a reconstruction is available from Timta cave (A).
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the river runoﬀ are assumed to control the
varve thickness. The precipitation at the sampling site (von Rad et al 1999) occurs both
during summer (Jun.–Sep.) and winter monsoons (November–March). These alternatively
dark and light colored sediment sequences form
an annual couplet. The precipitation may have
ﬂuctuated (Lückge et al 2001) due to variations
in the extreme positions of the ITCZ (intertropical convergence zone) and hence, the
variability in varve thickness is interpreted as a
proxy for past rainfall variations. (ii) Another
high resolution (∼ decadal) record is based
on the stable oxygen isotope variations from
stalagmites in southern Oman (Fleitmann et al
2003).
(c) Gupteswar and Oman speleothem records are
well matched. The monsoon was stronger
around 3000 BP as indicated by more depleted
δ18 O values and also by the increased growth
rate (higher sampling density). The increasing trend between 1200 yr BP and 400 yr BP
is seen in both the records. Also during the
extremely low rainfall epochs of 1700 and
2000 yr BP shown by Gupteswar, the Oman
stalagmites did not grow, probably due to the
complete lack of rain. It must be noted that
Oman is more like a desert relative to eastern
India and therefore growth of stalagmites there
is more sensitive to rainfall ﬂuctuations.
(d) The decreasing trend of rainfall from 3400
to 1900 yr BP is reﬂected both in the varve
and Gupteswar record (Lückge et al 2001,
have reported lowest Ti/Al ratio (terrigenous
origin) in the same core around 2000 yr BP).
But the two records diﬀer signiﬁcantly during
the last 1500 yrs. As the speleothem records
separated by a larger distance agree very well,
it is likely that the varve thickness response to
the monsoon is nonlinear.
4. Monsoon and associated oceanographic
eﬀects from marine proxies
During the summer and winter monsoons the surface oceanic circulation in the northern Indian
Ocean (Arabian Sea and Bay of Bengal) experiences changes in direction in consonance with the
changing wind patterns (Wyrtki 1973; Schott and
McCreary Jr 2001). Intense upwelling occurs along
the Somalian and Omanian coasts with a transport
of 1.5–2 Sv in the upper 50 m (Smith and Bottero
1977). The typical temperature of the upwelled
water is 19◦ –24◦ C (Schott and McCreary Jr 2001).
The reasons attributed for such intense coastal
upwelling is the Ekman divergence due to the ﬂow
of strong winds parallel to the coast. The central
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Arabian Sea exhibits a bowl shaped mixed layer
deepening under the eﬀect of Findlater jet windstress forcing and Ekman pumping (McCreary and
Kundu 1989; Rao and Sivakumar 2000). The cold
and dry northeast monsoon winds accompanied by
the Ekman pumping cause subduction of the high
salinity surface waters in the northern Arabian Sea
(Morrison 1997; Schott and Fischer 2000).
The upwelling zones along the Somalian and
Oman coasts cause intense biological and geochemical changes in this region with sea surface
temperature (SST) falling by ∼ 4◦ C as nutrient rich
deeper water surfaces that enhance the sea surface biological productivity considerably (Wyrtki
1973; Nair et al 1989; Haake et al 1993). Weak
upwelling also occurs along coastal southwest India
(Wyrtki 1973; Shetye 1984). During the Northeast
monsoon, minor upwelling is observed in the
northeastern Arabian Sea (Wyrtki 1973). The cold
and dry NE monsoon winds causes the deepening of
the mixed layer to a depth of 100–125 m due to convective mixing in the northern Arabian Sea, which
leads to nutrient injection and hence high productivity during winter monsoon in this region (Banse
and McClain 1986; Madhupratap et al 1996).
The typical productivity values for the western
2
Arabian Sea are 2.0, 1.0 and 0.5 g C/m /day for
the SW monsoon, NE monsoon and the intermonsoon periods, respectively (Codispoti 1991; Barber
et al 2001). Similarly for the eastern Arabian Sea,
the typical productivity values are 0.6, 0.3 and
2
0.2 g C/m /day for the SW monsoon, NE monsoon and the intermonsoon periods, respectively
(Bhattathiri et al 1996). As the moisture laden SW
monsoon winds approach the Western Ghats they
are forced to ascend resulting in copious precipitation and runoﬀ into the coastal Arabian Sea, reducing the sea surface salinity considerably (Sarkar
et al 2000). Denitriﬁcation takes place due to the
very low concentration of oxygen in the entire
Arabian Sea from 250 m to 1250 m water depths
(Naqvi 1987; Olson et al 1993). This oxygen minimum zone (OMZ) is due to the high oxygen consumption below the thermocline for the oxidation
of organic matter supplied by the high overhead
surface productivity. Furthermore the sluggish ﬂow
of the oxygen poor intermediate water (Olson
et al 1993; You and Tomczak 1993) along with
a strong tropical thermocline (due to relatively
high SST that prevents mixing of the oxygen
rich surface waters with the deeper waters) maintains the OMZ (Spencer et al 1982; Qasim 1982).
Thus OMZ and denitriﬁcation are the interplay
of monsoon winds and the ensuing productivity
along with other climatically controlled factors
such as ocean ventilation rate (Reichart et al
1997, 1998, 2002a; Schulz et al 1998; Altabet et al
2002).
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Figure 4.

Core locations discussed in the text.

Such pronounced changes in the seawater characteristics make the Arabian Sea ideal for deciphering
the past changes in monsoon intensity. The surface
productivity that manifests itself in many forms
such as organic, calcareous and siliceous productivity, also aﬀects the carbon isotopic composition
of the seawater, which is preserved in the calcitic
shells of various foraminifera. Similarly the SST
and sea surface salinity alter the oxygen isotopic
composition of these shells and they get recorded
in the sea sediments. The nitrogen isotopic composition of sedimentary organic matter can indicate
the denitriﬁcation intensity relatable to productivity variations. Thus the downcore variations of
such proxies could help document the past variations in monsoon intensity and the related climatic
changes.
Locations of some recent marine paleoclimate
studies are shown in ﬁgure 4 and some results are
summarized in ﬁgure 5.
4.1 Western/northern Arabian Sea
The western Arabian Sea has received the maximum scientiﬁc attention for deciphering the past
monsoon ﬂuctuations as it experiences the most
intense biogeochemical changes during the monsoon season. The earliest and very comprehensive studies were carried out by Prell et al (1980),
Prell (1984), Prell and Van Campo (1986) in which
they found that SW monsoon was weaker during the glacial periods and stronger during interglacials. They showed that much of the 103 to
105 year variability in the monsoon is linked to
solar radiative forcing and the associated feedback
eﬀects.
Prell and Kutzbach (1987) proposed that glacial
boundary conditions such as SST, earth’s albedo,
sea level, extent and elevation of large ice masses
play equally important roles in modifying monsoon patterns. Later Clemens et al (1991), Clemens

and Prell (1991) argued that monsoon is mainly
governed by the precession induced insolation
changes and not by the changing glacial boundary
conditions. Several authors such as Anderson and
Prell (1992), Sirocko et al (1993), Overpeck et al
(1996) refuted this hypothesis and maintained
that glacial boundary conditions indeed are instrumental in modifying monsoon intensities. Sirocko
et al (1993) measured dolomite content in the
core 74 KL oﬀ the Oman margin (ﬁgure 4), an
indicator of aridity (when SW monsoon winds
weaken, the dolomite content of the core increases,
as north-westerlies carrying dolomite from the
Arabian peninsula reach the core site). Based
on this high resolution, centennial scale study,
they reported that monsoonal climate changed
in abrupt steps and not in a gradual manner
with increase in its intensity observed at ∼ 15.5 ka
and a maximum at ∼ 8.5 ka (ﬁgure 5C), which
they attributed to albedo changes during the periods of deglaciation. Sirocko et al (1996) proposed that SW monsoon intensiﬁed at 11.4 ka,
coinciding with the climate transition observed
in polar ice cores; thus monsoon exhibits correlation with the high latitude climatic changes.
Naidu and Malmgren (1996) analyzed the cores
from the western Arabian Sea and concluded that
SW monsoon was relatively stronger during 22–
18 ka than ∼ 18–13.8 ka with a major intensiﬁcation at 13 ka BP and a maximum between 10 and
5 ka BP, after which it declined with the weakest phase at 3.5 ka BP. They also observed a subMilankovitch periodicity of 2,200 years exhibited
by the SW monsoon induced upwelling indices from
which they inferred that SW monsoon is inﬂuenced by oceanic circulation changes that controls the ∼ 2,300 year periodicity also observed
in atmospheric 14 C. They concluded that lower
CaCO3 in the western Arabian Sea during interglacials along with higher δ13 C is due to higher
non-carbonate productivity and higher dissolution
of CaCO3 due to enhanced Antarctic bottom water
ventilation in the equatorial Indian Ocean (Naidu
et al 1993; Naidu and Malmgren 1999). Altabet
et al (1995) and Ganeshram et al (2000) have
shown that denitriﬁcation intensity is controlled by
SW monsoon induced productivity changes, which
was weaker during the glacials and stronger during
interglacial periods. Reichart and coworkers have
carried out extensive work regarding the monsoon
and oxygen minimum zone (OMZ) variability for
the late Quarternary (covering the past ∼ 225 ka)
in the northern Arabian Sea. Reichart et al (1997)
studied productivity and dust input records in a
core from Murray Ridge (Northern Arabian Sea)
and concluded that productivity in this region is
mainly controlled by the SW monsoon and the
intensity of OMZ is governed by the sea surface
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Figure 5. Records of SW monsoon variations for the past 35 ka from the Arabian Sea (Panel A-J) & Bay of Bengal
(Panel K); the last panel represents temperature record from the Greenland Ice Sheet Project (GISP2) with Arabic numerals
(1–6) indicating Dansgaard/Oeschger interstadials (LGM & YD refer to the Last Glacial Maximum & Younger Dryas,
respectively); Shaded areas highlight the climatically important periods.

productivity, which was lower during the weak
SW monsoon during glacial periods. Reichart et al
(1998, 2002a) showed that OMZ and SW monsoon strength varied synchronously with polar ice
records. The stadials as deciphered by the polar

records are characterized by light colored, bioturbated sediments with low Corg implying weak
OMZ due to reduced productivity that in turn is
because of weaker SW monsoon. Reichart et al
(1998, 2002b) showed that during stadials the OMZ
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was destroyed because of deep convective overturning due to intensiﬁed cool and dry winter
monsoon winds that led to surface water cooling and enhanced the salinity due to evaporation. Reichart et al (2004) further showed that
just after strong stadials at stadial-interstadial
boundaries, a brief episode of hyperstratiﬁcation
takes place due to weakened winter monsoon
(and hence less cooling due to evaporation) that
facilitates the formation of strong OMZ during
interstadials.
Schulz et al (1998) studied the monsoon induced
OMZ variability by analyzing the TOC (total
organic carbon) content in cores from the northern
Arabian Sea (136 KL, ﬁgure 4). They found a
strong correlation between laminated, organiccarbon-rich bands, reﬂecting strong monsooninduced biological productivity, and warm
interstadials (Dansgaard–Oeschger events) from
Greenland ice core records (GISP2, ﬁgure 5G).
The fact that SW monsoon and high-latitude
temperature records exhibit similar variability led
them to propose common forcing agents such as
atmospheric moisture and other greenhouse gases.
Similarly, Altabet et al (2002) studied denitriﬁcation intensity in cores from the Oman margin
(RC7-23, ﬁgure 4), which is strongly coupled with
SW monsoon wind strength. They showed that
monsoon intensity is closely related with the polar
(Greenland as well as Antarctic) ice core records
even on short timescales with enhanced/reduced
monsoon during the warmer/cooler periods
(ﬁgure 5F) and concluded that high latitude and
tropical climates are most probably linked via
rapid atmospheric forcing. Leuschner and Sirocko
(2003) studied three cores from the northern
Arabian Sea analyzing the aeolian dust content
that reﬂects arid continental climate and found
that it exhibits good correlation with the GISP2
and Vostok ice records with humid periods coinciding with the temperature maxima. Zonneveld et al
(1997) obtained a core from the Somalian upwelling
region and studied the relative dominance of
dinoﬂagellates cysts of the (SW) monsoon-induced
upwelling and non-upwelling species. They found
that broadly, monsoon follows the insolation forcing, which is nonlinear due to the eﬀect of snow
cover over the central Asia and Tibetan plateau.
The other forcing factors they identiﬁed include
glacial–interglacial boundary conditions (varying
thermohaline circulation) and tropical land cover
forcing (that inﬂuences albedo). Von Rad et al
(1999) and Lückge et al (2001) analyzed varve
sequences in cores from the northern Arabian
Sea raised from OMZ and studied monsoon variations for the past 5000 years. They deduced
that precipitation decreased after ∼ 4 ka BP with

minima centered at ∼ 2 ka BP and ∼ 500 ka BP
with higher precipitation during the intervening
periods. Almogi-Labin et al (2000) studied a core
from the Gulf of Aden, spanning last 530 ky,
and found that the productivity is controlled by
Northeast (NE) monsoon. They reported two long
periods of NE monsoon intensiﬁcation lasting from
460–430 ky and ∼ 60–13 ky and concluded that
glacial boundary conditions appear to control the
major portion of the NE monsoon variability. Jung
et al (2002) have interpreted the high frequency
decadal to centennial scale oxygen isotopic variations in a core oﬀ Somalia as due to solar insolation
induced SST variations. Staubwasser et al (2002,
2003) reconstructed, using δ18 O of G. ruber, the
Indus river discharge that depends on SW monsoon precipitation from a core (63 ka, ﬁgure 4)
oﬀ the Pakistan coast (ﬁgure 5H). They reported
reduced SW monsoon during the Younger Dryas
and a major drought event at ∼ 4.2 ka, which they
proposed as the cause of the termination of the
urban Harappan civilization. Ivanova et al (2003)
estimated primary productivity from three different regions of the Arabian Sea for the past
135 ky and concluded that variation in paleoproductivity is most pronounced in the northern and
eastern Arabian Sea, and comparatively weak in
the western Arabian Sea. Ivanochko et al (2005)
studied productivity proxies in a core from the
Somali margin (ﬁgure 4) and found excellent
correlation with the Greenland ice core record
(ﬁgure 5I) with higher productivity/wind strength
during interstadials (DO events). This led them to
hypothesize that global scale millennial climatic
variability is in part driven by modulations in
the tropical hydrological cycle and tropical emissions of the greenhouse gases such as CH4 and
N2 O. Anderson et al (2002), based on percentage
of G. bulloides, proposed that monsoon strength
has been increasing for the past 400 years due to
northern hemisphere warming and will continue
to do so as the greenhouse gases concentration
increases. G. bulloides is a temperate foraminiferal
species and occurs in tropics where water is cooler
due to upwelling. Thus their abundance, i.e.,
percentage of total planktic foraminifera, is an
excellent indicator of upwelling, controlled by the
wind strength. Gupta et al (2003, 2005) compared
the abundance of G. bulloides (ﬁgure 5J) in cores
from oﬀ-Oman (ﬁgure 4) with North Atlantic
sediment records and concluded that SW monsoon exhibits excellent correlation with the high
latitude climate on centennial timescales (weaker
monsoon during colder periods). Based on this
single proxy, they proposed that monsoon broadly
follows the insolation curve at 65◦ N with a monsoon maximum at ∼ 8.5 ka and declining since
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then to ∼ 1.5 ka. A recent, multi-proxy study by
Tiwari et al (2009) in a well-dated core has shown
that the SW monsoon did not decline until later
than 5.5 ka, consistent with phase-lag analysis
of longer time series data of monsoon proxies.
Thus considering the overall trend during the
Holocene, SW monsoon did not follow insolation,
which corroborates that monsoon lagged summer insolation maxima by several thousand years
(Clemens et al 1991, 1996; Clemens and Prell
2003) and highlights the importance of internal
feedbacks.
Recently, several attempts have been made to
reconstruct the SST from this region that yielded
higher Last Glacial Maximum (LGM) values (e.g.,
Dahl and Oppo 2006) than originally reconstructed
by the CLIMAP study (CLIMAP Project Members
1981). Naidu and Malmgren (2005) have reconstructed annual, summer, and winter SST through
the last 22 ky using artiﬁcial neural networks
(ANNs) based on quantitative analyses of planktic foraminifera. They reported that annual, summer, and winter SST were 2, 1.2, and 2.6◦ C
cooler, respectively, during the last glacial period
than in the Holocene. Huguet et al (2006) determined SST variations over the last 23 ky using two
organic molecular proxies, viz., alkenone unsaturation index and a newly proposed TEX86 derived
from the membrane lipids of crenarchaeota. The
alkenone SST record shows a ∼ 2◦ C increase since
the LGM. They observe a cold phase between 14.5
and 12 ka that may correspond to the Antarctic
cold reversal, which implies a Southern Hemisphere control on tropical SST reconstructed by
the TEX86 . Saher et al (2007) have reconstructed
the integrated SST of the SW and NE monsoon
seasons based on Mg/Ca ratio in G. ruber, which
show a glacial-interglacial SST diﬀerence of ∼ 2◦ C,
matching with the earlier studies. Recently, Anand
et al (2008) attempted to reconstruct seasonal SST
for the past 35 ky from western and eastern Arabian Sea using Mg/Ca ratio in G. ruber and G.
bulloides and reported an annual SST diﬀerence of
3–4◦ C between the LGM and the Holocene in both
regions. In the eastern Arabian Sea, increased seasonal contrast was found during LGM (∼ 4◦ C) than
the present (∼ 1◦ C), indicating enhanced deep convective mixing (causing lowered SST) during the
NE monsoon. In the western Arabian Sea, warming
occurred, that is, upwelling decreased, during the
stadial periods (Northern Hemisphere cold events).
Gupta et al (2008) studied faunal and TOC data
that indicated an early Holocene characterized by
a relatively well oxygenated OMZ where the inﬂuence of intense monsoon-related production was
reduced by increased Circumpolar Deep Water
incursion.
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4.2 Eastern Arabian Sea
Duplessy (1982) reconstructed the Holocene and
LGM sea surface conditions such as salinity and
temperature based on δ18 O of G. ruber from
the cores spread over the Bay of Bengal and
the Arabian Sea. He concluded that SW monsoon was weaker during the LGM and NE monsoon
was stronger than present with more precipitation
south of 10◦ N. Sarkar et al (1990) analyzed a core
from the eastern Arabian Sea and proposed that
winter monsoon was stronger during LGM as evident by enhanced NE monsoon current then. They
based their conclusion on the negative excursion
shown by oxygen isotope in four diﬀerent species
of foraminifera, which they attributed to inﬂux of
enhanced low salinity water via the NE monsoon
current and SST increase due to vanishing of SW
monsoon induced mixed layer deepening. Sarkar
et al (2000) carried out oxygen and carbon isotopic
analysis on the planktic foraminifera, G. sacculifer
and G. menardii, in cores oﬀ the west coast of India
(3268G5, ﬁgure 4). They inferred that excess of
evaporation over precipitation (E–P) has decreased
steadily from the 10 ka to ∼ 2 ka (ﬁgure 5E) implying a steady increase in the SW monsoon precipitation during the Holocene. Thamban et al
(2001) measured the oxygen and carbon isotopes
in planktic and benthic foraminifera along with
CaCO3 and Corg content from near Cochin (GC-5,
ﬁgure 4). They reported an glacial-interglacial
δ18 O diﬀerence of ∼ 2.1 (ﬁgure 5D) and signiﬁcant ﬂuctuation in δ18 O during Holocene due to
changes in sea surface characteristics relatable to
variations in SW monsoon over land. They concluded that major increase in SW monsoon precipitation occurred after ∼ 9 ka and in contrast to
western Arabian Sea records the productivity in
this region was lower during 13–6 ka and was maximum between ∼ 18–15 ka, attributable to increased
winter monsoon that led to greater nutrient injection by enhanced convective mixing. Bhushan et al
(2001) calculated the paleoproductivity using the
burial ﬂux of CaCO3 and Corg in 11 cores from
the continental margin of eastern Arabian Sea and
inferred that SW monsoon intensity increased from
∼ 10 ka to ∼ 2 ka. Agnihotri et al (2003a) studied
various sedimentary proxies regarding productivity
such as CaCO3 , Corg , nitrogen, Sr and Ba, etc., in
the cores from eastern Arabian Sea and concluded
that surface productivity was lower during the last
glacial-interglacial transition and higher during the
Holocene. Agnihotri et al (2003b) found increasing denitriﬁcation intensity in a core from the
eastern Arabian Sea from ∼ 10–2 ka that implies
increasing SW monsoon intensity during Holocene.
Tiwari et al (2005a, 2006a) studied a core oﬀ
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the Mangalore coast that yielded sub-centennial
scale resolution, which helped them reconstruct
SW monsoon precipitation proxies, in contrast to
many studies from western Arabian Sea that report
SW monsoon wind strength. Periods of aridity were
observed at ∼ 2 ka, 1.5 ka, 1.1 ka, 0.85 ka, and 0.5 ka;
these appear to be widespread and are reﬂected
in diverse proxies from diﬀerent geographical locations surrounding it. Also, precipitation signals
from the eastern Arabian Sea exhibit a good coherence with the wind speed indicators from the
western Arabian Sea on centennial timescale, during the past to ∼ 3 ka. High resolution data for more
remote past are yet to be obtained. The precipitation record also exhibit strong correlation with the
TSI (total solar irradiance) variability and spectral analysis of precipitation proxies yield signiﬁcant period of ∼ 200 yr, which matches with the
∼ 200 yr Suess solar cycle indicating that SW monsoon is governed by solar variability on centennial
timescales (Tiwari and Ramesh 2007).
4.3 Equatorial Arabian Sea
Studies from the equatorial Arabian Sea are very
sparse compared to other parts of the Arabian Sea.
A giant piston core MD900963 has been obtained
east of the Maldives covering the past 910 ka.
Rostek et al (1993) measured the oxygen isotopes
in the G. ruber in this core and inferred that glacial
stages were characterized by increased evaporation and/or decreased precipitation, which they
attributed to enhanced dry NE monsoon and/or
reduced SW monsoon. Various other studies such
as Beaufort et al (1997), Rostek et al (1997),
Schulte et al (1999), Pailler et al (2002) were carried out on the core MD900963. They inferred that
primary productivity in this region was enhanced
during the glacial periods and was lower during the interglacial periods in contrast to other
productivity records from the Arabian Sea. They
attributed it to increased convective overturning
due to stronger NE monsoon winds that led to
nutrient injection in the surface layer and hence
increasing the productivity. In all the studies, the
productivity proxies exhibit a ∼ 23 ky precession
cyclicity induced by insolation variations. Furthermore, they maintain that deep water at this site
remained oxygenated for the past 350 ka. Saraswat
et al (2005) reconstructed the SST for the past
137 ky from this region using Mg/Ca ratio of
G. ruber. They observed that, during LGM, equatorial Indian Ocean SST was lower than present by
∼ 2.1◦ C comparable to cooling observed in other
parts of the Arabian Sea and during last interglacial (isotopic stage 5e), SST were higher by
∼ 1.5◦ C than present. Tiwari et al (2005b, 2006b,c)
studied a core, SS3827G (ﬁgure 4) from this region

for various isotopic (δ18 O, δ13 C, δ15 N) and chemical proxies (CaCO3 and Organic carbon content,
C/N ratio) spanning the past ∼ 35 ka. Based on
improved chronology (AMS radiocarbon dating
on selected planktic foraminiferal species), Tiwari
et al (2005b) noted that during the early deglacial
period (∼ 19 to ∼ 17 ka BP), δ18 O values decreased
by about 1% in the surface dwelling G. ruber and
G. sacculifer (ﬁgure 5A,B) due to inﬂux of isotopically lighter, low salinity water from the southwestern Bay of Bengal via the strengthened North
East Monsoon Current. This indicates that the
northeast monsoon intensiﬁcation occurred during
the early deglacial period (∼ 19 to ∼ 17 ka BP)
and not during LGM as proposed earlier based on
bulk 14 C dates (Sarkar et al 1990). Results further
show that at the core site, minimum SW monsoon
precipitation occurred at the Last Glacial Maximum, with a subsequent increase at Termination
IA. During the Holocene, SWM precipitation either
intensiﬁed or stayed uniform up to the core top
(∼ 2.2 ka), as revealed by generally decreasing δ18 O
values (ﬁgure 5A,B). Variations in precipitation are
consistent with climate changes recorded in polar
ice sheets. Although the diﬀerent resolutions of the
two records preclude a rigorous comparison, abrupt
cooling/warming events appear to be accompanied by sudden reduction/enhancement in (SWM)
rainfall. Thus mechanisms other than changes
in the thermohaline circulation, with timescale
much shorter than a millennium, for example,
natural greenhouse warming (e.g., CH4 concentration), modulated by emissions from the tropics,
could have played a major role in high-latitude
climate change (Tiwari et al 2006b). The productivity in this region is governed by the variations in the Indian Ocean Equatorial Westerlies
(IEW). The IEW in turn is positively correlated
to the southern oscillation index (SOI), related to
El Niño, SW monsoon, and east African rainfall
(EAR). The productivity data show that Indian
and east African rainfalls declined from ∼ 35 ka up
to the LGM, with the maximum El Niño frequency
during the last glacial period. From ∼ 14.5 ka to
∼ 2 ka (i.e., core top), strengthening SW monsoon
and EAR is observed as is also declining El Niño
frequency (Tiwari et al 2006c).
4.4 Bay of Bengal
This region records a strong signal of Indian monsoon in the form of huge river discharge through
the Ganges–Brahmaputra rivers (the peak summer
discharge is 50,000 m3 /s) with an average δ18 O
content of −8 (Feng et al 1999) that reduces
the mean salinity by about 7% in its northernmost region (Laviolette 1967). But very few studies
have been carried out in this region as compared
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to Arabian Sea, possibly because of the fact that
huge sediment load (2000 million ton per year) is
brought along with the river discharge with great
force (forms the Bengal Fan, the world’s largest
one, spreading for 3000 km) that intermingles the
sediments of diﬀerent ages and makes it very difﬁcult to obtain a undisturbed, turbidity-free sediment core. Nevertheless a few, rare successful
attempts have been made starting with Duplessy
(1982) and Fontugne and Duplessy (1986) who
studied cores from the northern Indian Ocean
for diﬀerent time slabs. Recently, Chauhan and
Suneethi (2001), Chauhan (2003) and Chauhan
and Vogelsang (2006) have carried out studies
from diﬀerent locations of the Bay of Bengal
covering eastern, central and western regions. They
report arid climate at 18–15, 12.5, 11.5, ∼ 4.8
and 2.2 14 C ka based on δ18 O of G. sacculifer
and clay mineral assemblage. Kudrass et al (2001)
studied a core (126 KL) from the northernmost
part of the Bay of Bengal (ﬁgure 4) and reconstructed SW monsoon history for the last 80 ka
based on salinity ﬂuctuations derived from δ18 O
of G. ruber and alkenone SST data. As evident
from ﬁgure 5K, they observed a strong correlation
between the Indian summer monsoon variability and Greenland temperature record; interstadials (warmer, D-O events) and stadials (colder
episodes) correspond respectively to stronger and
weaker monsoon. This observed correlation along
with other such studies, led them to hypothesize
that the feedback processes involving snow and
dust of the Tibetan plateau vary the summer monsoon capacity to transport moisture into central
South Asia and into the atmosphere, which initiates, ampliﬁes, and terminates climatic cycles in
the Northern Hemisphere. Ahmad et al (2008) analyzed a core from the southern Bay of Bengal for
δ18 O and δ13 C of G. ruber and benthic foraminifera
(C. wuellerstorfi) spanning the past ∼ 60 ky. They
noted two prominent negative δ18 O excursions at
∼ 8–7 and ∼ 18–20 ka and attributed to the sudden
inﬂux of freshwater as a result of intensiﬁed monsoonal precipitation, while large ﬂuctuations in
δ18 O during the Holocene suggest variability in
riverine input. They attributed δ13 C variations to
changes in deep ocean circulation and postulated
that during the glacial period, this region received
lesser of the North Atlantic deep water (NADW)
while contribution from the southern ocean deep
water may have increased.
5. Conclusions
Several studies discussed above have shown strong
correlation between the North Atlantic climate
and the SW monsoon on centennial to millennial
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timescales. Abrupt climate changes (Dansgaard–
Oeschger (D/O) oscillations and the Heinrich
events) documented in Greenland ice core records
(Dansgaard et al 1993; Grootes et al 1993) are
clearly reﬂected in the tropical SW monsoon
records. But the exact mechanism linking the climate of these far oﬀ regions is still not clear: several
mediums, such as thermohaline circulation changes
(e.g., Broecker 1994) point to the North Atlantic
as the driver of the global climate. The natural
greenhouse gas concentrations modulated by climate conditions in the tropics (Manabe et al 1991;
Schulz et al 1998; Tiwari et al 2006b), and the
atmospheric water vapor governed by SW monsoon strength (Kudrass et al 2001) are suggested to
be the principal factors governing the world’s climate. Recently, Goswami et al (2006) have identiﬁed a coupled ocean-atmosphere phenomenon that
provides a new teleconnection between the North
Atlantic climate and the SW monsoon on interdecadal timescale and is suggested to be eﬀective
on longer timescales as well. It involves the Atlantic
Multidecadal Oscillations (AMO), a basin wide
phenomenon of oscillating sea surface temperatures
(SST) with period of 65–80 years (Kerr 2000), and
the North Atlantic Oscillation (NAO), a sea level
pressure ﬂuctuation between the Icelandic Low
and the Azores High (essentially wind strength)
with strong annual and weak inter-decadal periodicities (Wallace 2000). AMO modulates the NAO
in such a way that the strong negative NAO
events inﬂuence the winds and storm tracks
that lead to tropospheric temperature anomalies
over Eurasia. These anomalies decrease (increase)
the meridional gradient of tropospheric temperature resulting in below (above) normal monsoon
rainfall.
On a glacial-interglacial timescale, the broad
picture regarding the paleomonsoon variation that
emerges out of the above discussion is that SW
monsoon was stronger during interglacials and
weaker during glacial periods with the NE monsoon exhibiting the opposite behavior. A ﬁrst-order
understanding is that the snow cover increased over
the Tibetan plateau/central Asia during LGM that
reduced the land-ocean temperature contrast during summer and enhanced it during winter that led
to weakened SW monsoon and strengthened winter
monsoon. On exploring further, during LGM,
we ﬁnd that NE monsoon strengthened during
the early deglacial/late glacial period (∼ 19–17 ka;
Tiwari et al 2005b). During winter, the sea in
the southern tropical Indian Ocean is warmer
(low-pressure region) than the cooler Asian landmass (high-pressure region) resulting in NE monsoon. Earlier studies proposed that during glacial
periods, such as LGM, land was cooler than
present (due to permanent ice cover) in the vicinity
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of a warmer (than land) ocean resulting in the
relatively strong NE monsoon. But during LGM,
the SSTs also fell by ∼ 2◦ C in the tropical regions
(Rostek et al 1993; Saraswat et al 2005), that is,
oceans were not much warmer than the land. The
outcome was that NE monsoon was not as strong
as it could be. But during the early deglacial period
(∼ 19–17 ka), the SSTs in the equatorial Indian
Ocean rose by 1◦ C (Rostek et al 1993; Saraswat
et al 2005; Anand et al 2008), which accounts
for about 50% of the total LGM to Holocene
temperature change, resulting in warmer oceans
and strengthening of the NE monsoon. On longer
timescales (orbital), the intensity of monsoon is
basically controlled by the sun-earth geometry;
mainly by precessional cycle of the earth. It has
been veriﬁed using the paleoclimate models that
the tropical climate is aﬀected more by the precession of the earth’s perihelion, while high latitudes
are more aﬀected by the changes in earth’s obliquity (Kutzbach 1981; Jagadheesha et al 1999b).
During the early Holocene, the SW monsoon
intensiﬁed with a maximum at ∼ 8–9 ka and has
exhibited centennial/millennial scale ﬂuctuations.
On centennial timescale, a study has shown that
past ﬂuctuations in SW monsoon precipitation
over the Indian subcontinent followed the wind
intensity records from the western Arabian Sea
on (Tiwari et al 2006a). But if we consider
the long-term trend throughout the Holocene,
as inferred from the upwelling proxies from the
western Arabian Sea, which are manifestation
of SW monsoon wind alone, the SW monsoon
appear to decline in accordance with the decreasing summer insolation. On the contrary, precipitation proxies from the eastern Arabian Sea and
other studies from Arabian Sea/Bay of Bengal indicate that SW monsoon has consistently increased
from 10 ka to ∼ 2 ka or has shown decline only
after ∼ 5.5 ka; in the Holocene SWM did not
follow insolation, highlighting the importance of
internal feedbacks. Thus more well dated, highresolution cores are needed to answer the question that how good is the correlation between the
wind and rain proxies from the western and eastern
Arabian Sea on diﬀerent timescales and whether
increasing wind intensity in the west (sea) always
favours enhanced precipitation in the east (land)
or not.
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