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Abstract 

Hydrography of the Bay of Bengal is highly influenced by the river runoff and rainfall during the 

southwest monsoon. We have reconstructed δ18Osw, sea surface salinity and sea surface temperature 

(SST) changes in the Bay of Bengal by using paired measurements of δ18O and Mg/Ca in a planktonic 

foraminifera species Globigerinoides ruber from core SK218/1 in the western Bay of Bengal in order to 

understand the rainfall variability associated with southwest monsoon over the past 32 kyr.  Our SST 

reconstructions reveal that Bay of Bengal was ~3.2°C cooler during the LGM as compared to present 

day temperature and a ~3.5°C rise in SST is documented from 17 to 10 ka. Both SST and δ18Osw exhibit 

greater amplitude fluctuations during MIS 2 which is attributable to the variability of NE monsoon 

rainfall and associated river discharge into the Bay of Bengal in association with strong seasonal 

temperature contrast. On set of strengthening phase of SW monsoon was started during Bølling/Allerød 

as evidenced by the low δ18Osw values ~14.7 ka. δ18Osw show consistently lower values during 

Holocene (with an exception around 5 ka), which suggests that the freshening of Bay of Bengal due to 

heavy precipitation and river discharge caused by strong SW monsoon. Results of this study signify that 

the maximum fluctuations of the NE monsoon rainfall during MIS 2 appear to be controlled by the 

strong seasonality and boundary conditions.  
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1. Introduction 
The Indian Ocean monsoon is an important component of global climate that transports heat and 

moisture from the warmest part of the tropical ocean across the equator to higher latitudes. The seasonal 

reversal of monsoon winds and associated monsoon rainfall over the Asia has a direct effect on the 

socio-economic and agricultural development in the densely populated Asian region. Hence, reliable 

forecasting of monsoon rainfall is an important issue in the Asian sub-continent. To increase the 

accuracy of monsoon forecasting one need to understand the variability of monsoon rainfall at different 

time scales from decadal, centennial and millennial time scales.   

Several researchers have studied the variability of SW monsoon mainly based on upwelling 

indices (Prell, 1984; Anderson and Prell, 1993; Naidu and Malmgren, 1996; Overpeck et al., 1996) from 

the western Arabian Sea where the upwelling occurs during the SW monsoon season. Attempts have 

also been made to reconstruct monsoon variability and/or precipitation by using the oxygen isotope 

ratios in foraminifera species from the western Arabian Sea (Sirocko et al., 1991), eastern Arabian Sea 

(Sarkar et al., 2002; Banakar et al., 2005; Tiwari et al., 2005), the Pakistan Margin (Schulz et al., 1998), 

and the northern Bay of Bengal (BOB) (Kudrass et al., 2001). More recently, monsoon rainfall has been 

reconstructed by using Mg/Ca and δ18O values in selected planktonic foraminifer species from the 

Andaman Sea (Rashid et al., 2007) and Eastern Arabian Sea (Anand et al., 2008; Govil and Naidu, 

2010).  

As indicated above, one commonly used proxy of past monsoon variations in the eastern Arabian 

Sea is δ18O of planktonic foraminifera. It is influenced by temperature and the δ18O of seawater 

(δ18Osw), where the latter co-varies with salinity and, on millennial time scales, global ice volume. 

Existing reconstructions assume minor (<0.5°C; Sonzogni et al., 1998) temperature variations during the 

Holocene in the Arabian Sea, and foraminiferal δ18O is interpreted to reflect salinity. While the ice effect 

can be corrected for by subtracting global δ18O anomalies (Shackleton, 2000), any true temperature 

changes go unnoticed and would be interpreted as salinity signals instead. Furthermore, SST changes 

become potentially significant on pre-Holocene times.  

These problems are circumvented by combining foraminiferal δ18O with Mg/Ca. Temperature is 

derived from Mg/Ca, which allows the calculation of δ18Osw (Mashiotta et al., 1999). A minor influence 

of salinity has been suggested to exist for Mg/Ca as well (Nürnberg et al., 1996; Lea et al., 1999; 
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Kisakürek et al., 2008), but the magnitude is small (Mg/Ca increases by 5-10% per salinity unit). While 

some uncertainty is added to salinity reconstructions, the general pattern of past salinity changes is not 

affected.  

The four major rivers Irrawaddy, Brahmaputra, Ganges and Godavari discharge annually 

approximately 1.5x1012m3 of fresh water into the BOB (Martin et al., 1981) and are largely responsible 

for its low salinity (Yaremchuk et al., 2005). Annual rainfall over the BOB  varies between 1 m off the 

east coast of India to more than 3 m over the Andaman Islands (Baumgartner and Reichel, 1975). The 

peak discharge of rivers and rainfall over the BOB occurs during the SW monsoon season during June to 

September, which leads to a strongly stratified near-surface layer and a drop in surface salinity in the 

order of 4 psu in the northern BOB (Wyrtki, 1973). Therefore, BOB is highly suitable basin to 

reconstruct the rainfall variation through δ18Osw variations in the past. Therefore, we aim at 

reconstructing variations of the Indian summer monsoon rainfall and concurrent temperature changes in 

the BOB. Globigerinoides ruber (white) is a surface-dwelling species, lives throughout the year and 

highest fluxes were noticed during the SW monsoon in the BOB (Guptha et al., 1997). Hence, combined 

measurements of Mg/Ca and δ18O from G. ruber were used to reconstruct SST and SSS over the past 32 

kyr. This study will provide a high resolution (~500 years) marine perspective of the Indian monsoon in 

a sparsely studied region. 

2. Surface hydrography of the Bay of Bengal 

The Northern Indian Ocean has two different surface water masses. A low salinity water mass is 

formed in the BOB by excess precipitation and abundant river runoff. A high salinity water mass is 

formed in the Arabian Sea due to excess evaporation and the subsurface flow of Persian Gulf and Red 

Sea water (Wyrtki, 1973). During the SW monsoon high precipitation in the BOB and fresh water 

discharge from the Ganges, Bramhaputra, Irrawadi and Godavari form a salinity gradient in the BOB, 

ranging from 26 in the north to 34 psu in the south (Fig. 1a) (Levitus, 1994). Low salinity surface water 

of BOB moves westward of the south equatorial current during the NE monsoon. Recent studies from 

BOB have shown a north to south gradient in δ18Osw that resembles the salinity gradient, with lowest 

values in the north (-0.5) and highest values in the south (0.5) (Fig. 1b).  

 During winter SST in the BOB varies from 25.7°C in the north to 28.7°C in the south (Fig. 2a), 

whereas, during summer SST varies from 280C in the east to 28.60C in the west (Levitus and Boyer, 

1994) (Fig. 2b).   
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3. Material and Methods 

3.1 Core and chronology 

Core SK218/1 was collected at a water depth of 3307 m from the BOB (14°02’06” lat; 

82°00’12” long) (Fig. 1a; b). The age model of this core was established based on 8 AMS 14C dates 

between 0.6 and 36.8 kyr (Fig. 3). AMS 14C dating was performed on mono-specific samples of the 

planktonic foraminifera G. ruber using the Tandem Accelerator at Leibniz Labor für Altersbestimmung 

und Isotopenforschung, Christian-Albrechts-Universität, Kiel, Germany and Arizona AMS Facility, 

Arizona University, Arizona. Radio carbon ages were calibrated to calendar  years using the calibration 

program (CALIB 6.0)  of Stuiver and Reimer, (1993). Before calibration, radiocarbon dates were 

corrected for a reservoir effect (400 years) based on observations from the Indian Ocean (Southon et al., 

2002). An age reversal in the uppermost 66 cm suggests the presence of slumped material from the 

slope, and this part of the core was discarded for further analyses. From 68cm downwards no reworked 

sediment was deposited at this site as evident from the chronology; therefore, we have developed 

chronology from the age corresponding to 68 cm depth of the core. Sedimentation rate varies from 7.08 

to 21.66 cm/kyr at this core location and sedimentation rates between age control points are shown in 

figure 3.  

3.2 Mg/Ca analyses and estimation of temperature 

For determination of Mg/Ca, 30 to 40 individuals of planktonic foraminiferal species G. ruber 

(white variety) with a size range of 250 to 350µm were picked and gently crushed while viewed with a 

binocular microscope. Care was taken not to pulverize broken shell fragments. Clay lumps and shell 

fragments containing clays were removed manually. Crushed samples were cleaned and dissolved 

following the protocol described in Barker et al. (2003). Mg and Ca analyses were carried out on a 

Thermo Finnigan Element2 sector field inductively coupled plasma mass spectrometer. Elemental 

concentrations were derived from the isotopes 25Mg and 43Ca; 89Y served as internal standard. 27Al, and 
55Mn were also routinely measured simultaneously to monitor the effectiveness of the cleaning protocol. 

The analytical error for Mg/Ca was better than 0.7%. 40 sample solutions were measured in replicate on 

different days with repeatability for Mg/Ca of +0.1mmol/mol (1σ).  

SST was estimated using a relationship obtained from core-tops from the North Atlantic (Dekens 

et al., 2002): Mg/Ca = 0.38exp(0.09 (SST)), where Mg/Ca is in mmol/mol and SST is in °C. This 

calibration equation was selected because derived temperatures of the core tops were close to modern 
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values at the core location, which is within error estimate of +0.3°C. We took utmost care in picking the 

pristine specimens of G. ruber for Mg/Ca analysis, furthermore, our microscopic examination many 

other planktonic foraminiferal species which are susceptible to dissolution do not shown any sign of 

dissolution in this core. Therefore, one can rule out the effect of dissolution on the Mg/Ca ratios of G. 

ruber in this core. 

3.3 Oxygen isotope analyses  

For the δ18O analyses, new splits of cleaned G. ruber specimens (250 to 350µm size range) were 

analysed using a Finnigan MAT 252 mass spectrometer equipped with an automatic carbonate 

preparation device at the Universität Bremen, Germany. The mean external error and reproducibility (1σ) 

of carbonate standard is better than +0.07‰ and +0.05‰ for δ18O and δ13C, respectively. Oxygen and 

carbon isotopic values are calibrated against the NBS 18, 19 and 20 standards and are expressed as per 

mil (‰) versus the Vienna Pee Dee belemnite (VPDB) standard.  

3.4 Estimation of δ18Osw from Mg/Ca and δ18Oc 

δ18Osw was constructed from δ18Oc using temperatures estimated by Mg/Ca by applying the 

following equation of Bemis et al. (1998): δ18Osw =0.27+ ((T-16.5+4.8*δ18O)/4.8). The derived δ18Osw 

estimates were corrected for continental ice volume using Shackleton (2000) data set. Since no 

millennial time scale ice volume data is available, to achieve a common time scale both data sets were 

interpolated to 0.5 ka intervals using a spline interpolation and found no significant difference between 

splined and original data sets. Based on the analytical errors for Mg/Ca and δ18Oc, an overall error 

estimate (1σ) for the reconstructed δ18Osw is +0.1‰. δ18Osw values were converted to salinity by using 

the equation given by Rostek et al. (1993): S = (δ18Osw + 15.2)/ 0.45. Reconstructing salinity from 

δ18Osw assumes that the isotopic composition and source of precipitation have remained the same over 

time. Therefore, salinity values should be considered semi-quantitative estimates.  

4.0 Results 

 4.1 Oxygen Isotopes 

 

The δ18Oc values range from -3.18 to -0.67‰ over the last 32 kyr at this core location. In MIS 3, 

δ18Oc values vary from -1.71 to -1.06‰ with an average value of -1.26‰. During MIS 2, δ18Oc values 
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ranges from -1.97 to -0.67‰ with an average value of -1.10‰ (Fig. 4). δ18Oc values document two step 

depleting trend at 16 ka and 11.5 ka with enriched values during YD (Fig. 4).  

4.2 Sea Surface Temperature   

SST reconstructions based on Mg/Ca show a temperature range of 29.50C to 25.20C over the last 

32 kyr in the western BOB (Fig. 5). The Western BOB was ~3.20C cooler during the LGM than the 

present day.  A temperature range of 26.7 to 28.10C, 25.2 to 28.20C and 27.1 to 29.50C was noticed 

during MIS 3, 2 and 1 respectively. SST reconstructions show a gradual decrease of 30C from 26 to 17 

ka and gradual increase of 3.50C from 17 to 10ka at this core location (Fig. 5). During MIS 2 SST varies 

from 25.2 to 28.20C with two brief warm excursions centered at ~20 and ~17 ka. These anomalies are 

based on several data points and we exclude the possibility of individual outliers in the Mg/Ca record.  

4.3 Oxygen Isotope Ratios of Surface Waters (δ18Osw) and salinity  

δ18Osw values range from 0.7 to 0.02‰, and 1.05 to -0.23‰ during MIS 3 and MIS 2 

respectively. The δ18Osw variability was higher during MIS 2 as compared to MIS 3 (Fig. 5). Within 

MIS 2 δ18Osw shows significant fluctuations with enriched values around 20 ka and 17 ka, which 

coincides with timing of warm events (ASW1 and ASW2), reported earlier in the Arabian Sea (Saher et 

al., 2007; Govil and Naidu, 2010). Between 16.6 and 14.6 ka strikingly a steep excursion of δ18Osw with 

1.4‰ depleted values are documented at this site. During MIS1, δ18Osw is generally low, but extremely 

variable over the past 4 ka, with values ranging from 0.95‰ to -0.42‰ (Fig. 5). 

5.0 Discussion 

 Planktonic foraminifer fluxes from sediment trap time series from the BOB document that G. 

ruber lives throughout the year (Guptha et al., 1997). Hence, shell Mg/Ca and δ18O of G. ruber is 

expected to provide annual mean SST changes in the BOB. This is reflected in our data, where 

reconstructed SST is 28.5°C on average for the late Holocene (0 to 5.1 kyr), compared with the 

instrumental annual mean of 28.4°C (Boyer et al., 2006) at the core location. 

5.1 Sea surface temperature changes 

 SST reconstructions show a temperature range of 29.50C to 25.20C over the last 32 ka in the 

western BOB with a rise of 3.50C from 17 to 10 ka (Fig. 5). During the LGM SST were 3.2 °C lower 

than the present day.  SST variations of SK218/1 were compared with other published SST records of 

RC12-344 (12.46oN; 96.04oW) from the eastern BOB (Rashid et al., 2007) (Fig. 5), which shows similar 
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cooling during the LGM based on Mg/Ca thermometry. In contrast, the foraminiferal transfer function 

technique yielded no changes in the BOB SST throughout interglacial and glacial times (Cullen, 1981). 

However, the present study and other published SST records from the tropical Indian Ocean (Bard et al., 

1997; Sonzogni et al., 1998; Naidu and Malmgren, 2005; Rashid et al., 2007) and maps of LGM SST 

compilations (Barrows and Juggins, 2005) document up to 3 to 4oC cooling during the LGM as 

compared to the Holocene, which strongly supports the growing body of evidence that tropical SST 

were cooler than originally estimated by CLIMAP (1981) based on transfer function techniques. The 

compilation of SST estimates based on alkenones show a temperature difference of 0.2 to 2.9oC between 

the present day and LGM in the Indian Ocean (Sonzogni et al., 1998) and suggests that LGM cooling 

has varied in different regions of the Indian Ocean depending on the local hydrographic changes. 

Comparison of SST differences between modern day and LGM in the Indian Ocean (Present study, 

Rashid et al., 2007; Naidu and Malmgren, 2005; Dahl and Oppo, 2006; Anand et al., 2008; Saher et al., 

2009; Naidu and Govil, 2010) and Pacific Ocean (CLIMAP, 1981; Prell, 1985; Anderson et al., 1989; 

Lea et al., 2006) indicates that during the LGM the tropical Pacific Ocean did not cool as much as the 

tropical Indian Ocean. About 4oC cooling of the tropical Indian Ocean during the LGM would have 

implications on the Intertropical Convergence Zone propagation in the northern hemisphere and 

associated monsoon rainfall in the southeast Asian region. 

 The BOB is warmer than the Arabian Sea throughout the year (Wyrtki, 1973), in spite of greater 

SST in BOB than in the Arabian Sea similar range of cooling has been noticed during LGM in the BOB 

and the Arabian Sea, suggesting that irrespective of the modern SST trend in general the tropical Indian 

Ocean was 3 to 4°C cooler during LGM as compared to modern day. Both eastern BOB (Andaman Sea) 

(Rashid et al., 2007) and western BOB exhibit SST of ~25oC during the LGM suggesting the absence of 

a zonal SST gradient within the BOB which is similar to present day.  

 The last deglacial warming was initiated between 18 and 19 ka in the BOB (Fig. 4) consistent 

with other deglacial SST records in the tropical Indian Ocean (Naidu and Govil, 2010) and 

contemporaneous with Antarctic deglaciation (EPICA, 2006).  Two conspicuous excursions of SST 

between 19 and 20 ka with rise of 1.3°C and between 17 and 15 ka  with a rise of 2°C was noticed 

during MIS 2 (Fig. 5). A 1.4°C rise in SST was noticed during the Bølling/Allerød at 14.7 ka. A drop in 

SST (0.8°C) during the onset of YD event is noticed at this site, however after YD a rise of 1.40C SST is 

documented between 11.3 to 10.3 ka, which is a very significant warming within 1ka. Likewise, RC12-

344 SST record (Rashid et al., 2007) from Andaman Sea also shows coherent drop and rise in SST 
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during onset and termination of YD (Fig. 5). Both SK218/1 and RC12-344 from BOB and Andaman Sea 

document ~2.50C fluctuations within in Holocene. Therefore, it is suggested here that without 

accounting temperature contribution to δ18Oc it would be difficult to interpret the δ18Oc values in terms 

of rainfall variability in the BOB.  

5.2 Variability of the Indian Ocean Monsoon  

Seasonal δ18Osw and salinity changes at the SK218/1 location (Fig. 4) are strongly controlled by 

the SW monsoon precipitation and associated river discharge to the BOB. Therefore, reconstructed 

δ18Osw variations of SK218/1 reflect rainfall variations of the SW monsoon. δ18Osw shows higher 

values (0.1 to 1‰) from 32 to 16 ka as compared to modern at this site indicating reduced SW monsoon 

rainfall (Figure 5). A conspicuous δ18Osw excursion (1.2‰) between 15.8 to 12.8 ka represents highest 

rainfall and river discharge for the duration of 3ka after the initiation of deglaciation in the BOB, which 

is consistent with the rainfall maximum in north India from 15 to 13 ka as documented in the speleothem 

δ18O record from Timta Cave (Sinha et al., 2010). Similarly, speleotherm records from Hulu (Wang et 

al., 2001), Donge (Yuan et al., 2004) caves in China also document heavy rainfall during this time. The 

coincidence of increase rainfall and rise of insolation after the last glaciation suggest that the primary 

trigger to initiate the Indian monsoon was the summer solar insolation changes, therefore, δ18Osw from 

the BOB also render a support to the link between Indian monsoon and solar insolation. However, solar 

insolation changes may not account the Indian monsoon rainfall variations at millennial time scale, 

therefore, coupled ocean and atmospheric process may play main role in forcing the Indian Monsoon 

behavior at millennial time scale.   

δ18Osw document a decrease of 0.5‰ during the YD at this location suggesting that SW 

monsoon rainfall was reduced. Similarly, δ18Osw records from cores RC12-344 from the Andaman Sea 

(Rashid et al., 2007) and SK17 from the eastern Arabian Sea (Anand et al., 2008) and δ18Oc of KL126 

from the northern BOB (Kudrass et al., 2001) reveal weaker SW monsoon rainfall during YD. 

Speleotherm records from India (Sinha et al., 2005) and China (Wang et al., 2001) also document 

reduced SW monsoon rainfall during YD. However, the upwelling indices records from the western 

Arabian Sea do not show reduced upwelling strength during YD (Gupta et al., 2003; Overpeck et al., 

1996; Naidu and Malmgren, 1996).  

Increased rainfall after 12 kyr is in agreement with previous studies that show strengthening of 

the SW monsoon commenced between 12 and 11 ka (Sirocko et al., 1993; Naidu and Malmgren, 1996; 
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Overpeck et al., 1996; Gasse, 2000; Sinha et al., 2005; Rashid et al., 2007). A somewhat later onset at 

10.5 kyr has been inferred from a speleothem record from Oman (Fleitmann et al., 2003). From 12 to 2 

ka δ18Osw indicates maximum rainfall than the modern value, consistent with reconstructed δ18Osw 

from the eastern Arabian Sea (Govil and Naidu, 2010). In contrast, upwelling reconstructions based on 

G. bulloides records from the western Arabian Sea show maximum SW monsoon winds from 10  to 5  

ka (Naidu and Malmgren, 1996; Overpeck et al., 1996) with an overall decrease from 8 to 2 ka (Gupta et 

al., 2003)  reflects that SW monsoon wind strength has been in descending phase from 8 ka, however, 

the δ18Osw variations in the present studied core from BOB and another core from the eastern Arabian 

Sea (Govil and Naidu, 2010) show persistently depleted values from 12 to 3 ka revealing that SW 

monsoon rain fall was highest during this period, which is in agreement with multi proxies record 

(Ramesh et al., 2010).  

Apparently, there are striking differences at times between the upwelling indices records from 

the western Arabian Sea and δ18Osw records from the eastern Arabian Sea and BOB. For example, the 

greater amplitude fluctuations of δ18Osw during MIS 2 and reduced rainfall during YD as evident from 

δ18Osw records from the eastern Arabian Sea (Anand et al., 2008; Govil and Naidu, 2010) and BOB 

(Rashid et al., 2007) were not documented in the upwelling indices records from the western Arabian 

Sea (Naidu and Malmgren, 1996; Overpeck et al., 1996)..  Hence, we argue that SW monsoon wind 

strength and associated upwelling in the western Arabian Sea do not necessarily correspond to the 

monsoon rainfall over the Indian subcontinent.  

5.3 Abrupt excursions of δ18Osw during MIS 2 

 In general, δ18Osw displays greater amplitude fluctuations during MIS 2 compared with 

MIS 3 and MIS 1 (except for the most recent ~2 kyr) with more prominent abrupt excursions of about 

0.4‰ and 1.2‰ between 18.6 and 17 ka and 15.8 and 12.8 ka, respectively (Fig. 5). Similarly, δ18Osw 

record of core RC12-344 from the Andaman Sea (Rashid et al., 2007) and δ18Oc record of 126KL from 

the northern BOB (Kudrass et al., 2001) also displays significant excursions between 16 and 14 ka.   

Greater amplitude δ18Osw fluctuations during MIS 2 reflect high variability of evaporation and 

precipitation in the BOB. Though evaporation was higher during MIS2 than in MIS 1 (Rostek et al., 

1993),  evaporation  alone may not account the δ18Osw fluctuations noticed during MIS 2 at this site, 

therefore we attribute the observed δ18Osw fluctuations to regional freshening from enhanced 
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precipitation driven by NE monsoon. In the same way, south China Sea the region dominated by NE 

winter monsoon also exhibit high amplitude fluctuations of sea surface salinity during MIS 2 (Wang et 

al., 1999) and wet climate (Sun and Li, 1999). Not only the marine records but also continental based 

δ18O record of stalagmites from China inferred high rainfall during MIS2 caused due to strong East 

Asian Monsoon (Wang et al., 2001). Thus, the observed δ18Osw fluctuations in MIS 2 are primarily 

driven by freshening of the BOB during episodes of enhanced NE monsoon rainfall. Further, greater 

amplitude fluctuations of δ18Osw (Fig. 5) during MIS 2 reflect significant variability of NE monsoon 

which probably controlled by glacial boundary conditions in the Tibet Plateau.  

5.4 SST and δ18Osw relationship over the last 32 kyr in the BOB  

It has been proposed that convection process of the Indian Ocean is controlled by a threshold 

SST of about 27.5°C, above which convection increases as a result, the co-variation between SST and 

precipitation in the tropical Indian Ocean increased (Gadgil, 2003). In the present study also during MIS 

3 and 2 whenever SST are <27.5°C, SST peaks coincides with enriched δ18Osw indicating weak 

monsoon rainfall. Whereas, during MIS 1 when SST are >27.5°C, overall depleted δ18Osw are noticed 

which reveals strong monsoon rainfall. Therefore, we speculate that a threshold SST of 27.5°C holds a 

key to trigger convection process in the BOB. Thus, if the SST of the BOB exceeds 27.5°C, as a result, 

the co-variation between SST and precipitation in the tropical Indian Ocean increases. Therefore, a 

contraction and expansion of the tropical convection region can decrease and increase temperature, 

respectively in the tropics (Pierrehumbert, 2000). Furthermore, a decrease in Asian monsoon activity 

during stadials was related to less convective activity in the monsoon regions (Wang et al., 2001), which 

supports the concept that tropical convection and monsoon strength are related and threshold SST plays 

an important role. However, more robust millennial δ18Osw and SST records from different regions of 

BOB are needed to test this hypothesis. 

Recently, Saher et al. (2007) have discovered two warm events in the Arabian Sea within MIS 2 

based on Mg/Ca thermometry and termed them Arabian Sea Warm Event 1 (ASW1) and Arabian Sea 

Warm Event 2 (ASW2). Contemporaneous warm events (termed W1 and W2 by us) are also evident in 

SK218/1 SST record, where SST was 1 to 2°C higher as compared to the MIS 2 minimum. Generally, 

salinity and SST are inversely correlated, but we observe the opposite pattern for W1 and W2, where 

salinity is among the highest of the entire record (Fig. 5). Saher et al. (2007) suggested that ASW1 and 

ASW2 were driven by reduced upwelling in the Arabian Sea. This can be excluded in our record, as the 
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core location in the BOB (Fig. 1) is not influenced by upwelling. The mechanism proposed by Saher et 

al. (2007) involves the exchange of heat through advection by the South Equatorial Current (SEC) and 

Northeast Madagascar Current (NEMC). An increase in the heat flux, possibly related to the trade wind 

strength, would have caused the SST rises in the Arabian Sea. The abrupt warming events W1 and W2 

occurred not only in the western Arabian Sea, but also documented in the eastern Arabian Sea (Govil 

and Naidu, 2010) where upwelling does not occur and the influences of SEC and NEMC are minimal. 

Hence, NEMC and SEC are unlikely to trigger W1 and W2 in the BOB. Here, warming is accompanied 

by high salinities, suggesting a significantly reduced SW and NE monsoonal rainfall instead. We 

speculate that a weakening of the SW monsoon winds may have been responsible for the reduction of 

both rain fall over the BOB and India, and upwelling in the Arabian Sea.  

6. Conclusions 

SST records based on shell Mg/Ca records of G. ruber show that the BOB was ~3.20C cooler 

during LGM than the today. About 3 to 4oC cooling of tropical Indian Ocean during LGM would have 

implication on the Intertropical Convergence Zone propagation in the northern hemisphere and 

associated monsoon rainfall in the southeast Asian region. Two abrupt warm SST excursions from 20 to 

19 ka and 17 to 15 ka were noticed during last glacial period, which would have caused due to variations 

of strong NE winter monsoon winds in the BOB. 

Variability of δ18Osw at this site reveals three points: i. High amplitude fluctuations during MIS 

2 were due to freshening of BOB from enhanced precipitation driven by NE monsoon which was 

controlled by strong seasonality and glacial boundary conditions, ii. A striking increase in SW monsoon 

rainfall during Bolling/Allerado and decrease in SW monsoon rainfall during YD, and iii. Overall, 

Holocene document high SW monsoon rainfall with an exception of low rainfall around 5ka.   
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 Table 1. Details of Accelerator Mass Spectrometry (AMS) Radiocarbon Ages for the Core SK 218/1 
 

S.No. Lab Reference No. Depth (cm) 14C Ages (Years BP) Calibrated 
Calendar Age 
(Years) 

1 KIA2845-5 68 1,055+30  300 
2 AA93880 150 3,840+100 3,311 
3 KIA2844-8 266 10,400+60 10,976 
4 KIA2844-7 322 13,940+90 15,948 
5 AAS93881 350 16,410+100 18,772 
6 AAS93883 498 22,100+410 25,478 
7 AAS93884 550 29,300+330 32,822 
8 KIA2844-6 638 33060+780 36,884 
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Figure 1. Cores location and sea surface salinity (a) and δ18O of sea water (b) during SW monsoon. 
Salinity and δ18Osw data is from Delaygue et al., (2001).  
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Figure 2. Average sea surface temperature in the Bay of Bengal (a) during the SW monsoon (June-
September) and (b) during NE monsoon  (November – February) (Levitus, and Boyer,  1994).  
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Figure 3. Depth (cm) versus age (kyr BP) and variations of sedimentation rate in the core SK-218/1. 

AMS14C ages are calibrated to calendar years. Though the Core SK218/1 is covered a time span of last 

36.8 ka, Mg/Ca based SST was reconstructed up to 32 ka, hence we limit our discussions on SST and 

δ18Osw up to 32 ka. 
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Figure 4: The Oxygen isotope profile of G. ruber (δ18Oc), SST and  δ18Osw from core SK218/1. δ18Osw 
was calculated using δ18Oc and SST derived from Mg/Ca and corrected for global ice volume using 
Shackleton, (2000) data.  Arrows pointing to X axis represent tie points of ages derived from C14 AMS 
dates (one14C  AMS date 36.8 ka falls beyond the scale of the above plot hence it is not shown here).  
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Figure 5.  Profiles of δ18OSW, salinity and SST in core SK218/1. MIS 2 is shown on grey shade and 
Younger Dryas (YD) and W1 and W2 are marked with dark bands to show a negative relationship 
between SST and rainfall (as evident from δ18OSW and salinity)  at this site during MIS 2. δ18OSW and 
SST in cores SK-218/1 are compared with another core (RC12-344) from the Andaman Sea (Rashid et 
al., 2007).  Arrows pointing to X axis represent tie points of ages derived from C14 AMS dates (one 14C  
AMS date 36.8 ka falls beyond the scale of the above plot hence it is not shown here).  


