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Abstract  
Paired stable oxygen isotope and Mg/Ca analyses in calcite tests of mixed-layer dwelling planktic 

foraminifer Globigerinoides ruber, has been used to reconstruct equatorial Indian Ocean δ18O of 

seawater (δ18Osw) over the last ~137 kyr. On the basis of ice volume corrected δ18Osw (δ18Osw–ivc), 
relative changes in sea surface salinity (SSS) have been estimated. The SSS estimates suggest three 

episodes of higher SSS (131-113 kyr BP, 62-58 kyr BP, and 30-24 kyr BP) within the last glacial period 

as compared to the present. The SSS comparison between the interglacial episodes reveals that the 

surface seawater over the core site was significantly saltier during penulitmate interglacial than the 

Holocene. We suggest that the evolution of seasonal insolation gradient between the Indian monsoon 

areas and the equator over the investigated time interval was instrumental in shaping the strength of 

Indian winter and summer monsoons that left their imprints on the equatorial Indian Ocean SSS via 

fresh water input and wind-induced mixing. The study shows that the insolation difference between 

northern latitudes and equator during winter time affects the monsoon strength in the Indian region, 

especially during cold intervals. 
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Introduction 

The monsoon in Indian subcontinent comprise of two distinct phases, viz. summer monsoon, which at 

present brings >80% of the total precipitation, and winter monsoon that brings rainfall mainly along the 

southeastern coastal Indian region during winter season. The initiation and establishment of current 

monsoon regime with distinct summer and winter monsoon seasons in the Indian subcontinent has been 

proposed to be a consequence of the collision of the Indian plate with the Eurasian plate and subsequent 

uplift of the Tibetan plateau and northern hemisphere glaciation (Molnar et al. 1993; Prell and Kutzbach 

1997; Gupta and Thomas 2003; Gupta et al. 2004). The relative strengths of summer and winter 

monsoon have varied during the past. On orbital time scales, there is a general consensus that the 

strength of Indian summer monsoon is linked to seasonal insolation changes over the region, with a 

strong (weak) summer (winter) monsoon during the interglacial (glacial) (Naidu and Malmgren 1996; 

Anderson et al. 2002; Gupta and Thomas 2003). In contrast, the winter monsoon is believed to intensify 

during cold interval (Duplessy 1982; Tiwari et al. 2005). However, the mechanism that controls winter 

monsoon precipitation is poorly understood. 

As far as the basic mechanism is concerned, Indian monsoon has been proposed to be a 

manifestation of the giant land-sea breeze which originates due to the large land-sea temperature 

contrast between the Indian landmass and the adjacent oceanic region (Clemens et al. 1991; Webster et 

al. 1998). However, of late, the importance of latitudinal position of inter tropical convergence zone 

(ITCZ) in modulating the Indian monsoon has been realized. The switch from summer to winter 

monsoon is attributed to the shift in the position of inter-tropical convergence zone (ITCZ) from a more 

northerly position (15-25°N) during summer to a near equatorial or a low latitude southern hemispheric 

position (0-5° S) during winter (Fig. 1), which again is influenced by the change in SST of the Indian 

Ocean. A combination of both the heat lows due to land-sea temperature contrast, and latitudinal 

position of ITCZ are thought to be responsible for the rainfall in Indian subcontinent (Gadgil 2003, 

2007).  

According to Gadgil (2003), there are two favorable locations for ITCZ during summer in the 

Indian region, viz. one over the heated subcontinent and another over the warm waters of the equatorial 

Indian Ocean (Fig. 2). These two favorable zones have been termed as tropical convergence zones 

(TCZs, rather than the ITCZ), when referring to the Indian longitudes. It is observed that an abundant 

Indian summer rainfall (ISM) is an outcome of timely and periodic northward migration of cloud bands 
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concentrated over the oceanic TCZ (located in equatorial region) towards the continental TCZ (located 

in 15-25°N latitudinal zone). The migration of cloud bands from the oceanic TCZ to the continental 

TCZ depends on the temperature gradient between these two regions (Sikka and Gadgil 1980). Since the 

rainfall in the Indian summer monsoon zone has been shown to be facilitated by the northward 

movement of oceanic TCZ, convection over the equatorial Indian Ocean can be unfavorable as it may 

lead to a competition between the oceanic and continental TCZ (Gadgil et al. 2004). The periods of no 

rain, or breaks in the monsoon have been observed to occur during the development of low pressure 

system in the equatorial region, which retards the northward migration of cloud bands from equatorial 

region to the continental TCZ (Koteswaram 1950; Krishnan et al. 2000; RameshKumar et al. 2005; 

Rajeevan et al. 2008). Furthermore, it has been noted that the sea surface temperature (SST) of the 

adjacent seas affects the strength and the position of TCZs and thus the Indian monsoon (Gadgil 2003; 

Rao and Goswami 1988; Shukla 1975; He 2009). Further, Meehl (1997) showed that oceanic SST can 

control the inter-annual variation in the monsoon intensity by way of air-sea negative feedback 

mechanism. 

Therefore, it is important to understand the link between the equatorial Indian Ocean SST and 

the Indian monsoon and compare such relationship with the changing latitudinal insolation contrast as it 

controls the latitudinal position and strength of TCZs. The long-term history of the temperature and 

monsoon spanning glacial-interglacial cycles can help understand this link between Indian Summer 

Monsoon (ISM), SST and seasonal latitudinal insolation gradient. Such records have been generated 

from a few parts of the Indian Ocean (Rostek et al. 1993; Dahl and Oppo 2006). More such studies are 

however required to rigorously understand the SST and monsoon relationship. 

In the geologic past, a fairly good estimate of changes in the monsoon precipitation can be 

obtained by reconstructing changes in the seawater stable oxygen isotopic ratio from critical locations. 

The oxygen isotopic composition of the foraminiferal tests is mainly affected by temperature and 

oxygen isotopic composition of the seawater (Spero et al. 1997; Bemis et al. 1998). The oxygen isotopic 

composition of the seawater depends on both the global ice volume changes and local precipitation-

evaporation and fresh water runoff. Thus by correcting the foraminiferal δ18O record for continental ice 

volume (Shackleton 2000; Waelbroeck et al. 2002) and temperature changes, an estimate of past local 

seawater salinity changes can be obtained (Duplessy 1982; Weldeab et al. 2006, 2007a). With the 

development of technique of Mg/Ca-based SST estimate (Nurnberg et al. 1996; Lea 2000), paired 
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Mg/Ca and oxygen isotopic analysis of surface dwelling planktic foraminifera can therefore be used to 

reconstruct past sea surface salinity (Lea et al. 2000, 2006; Weldeab et al. 2006). 

Here, we present ice-volume and temperature corrected surface seawater δ18O (δ18Osw-icv) 

reconstruction (a proxy for past seawater salinity and thus monsoon) over the last ~137 kyr, from the 

EIO, by using paired Mg/Ca and δ18O of planktic foraminiferal species Globigerinoides ruber (white). 

The reconstructed δ18Osw-icv record has been compared with seasonal changes in low latitude insolation 

in the northern hemisphere over the past. 

Oceanographic Setting  

The study area lies in the EIO and the sea surface salinity in this region depends on evaporation-

precipitation and freshwater runoff in both the Arabian Sea and Bay of Bengal (Shankar et al. 2002). 

The dry northeasterly winds along with winter cooling and evaporation, as well as large-scale 

precipitation, heating and freshwater discharge during the southwest monsoon season affect the large-

scale seasonal surface circulation in northeastern Indian Ocean (Schott and McCreary 2001; Shankar et 

al. 2002). A basin-wide anti-cyclonic gyre, with East India Coastal Current (EICC) as its western 

boundary forms in the Bay of Bengal during February to May, and disappears during the summer 

monsoon (Schott and McCreary 2001) (Fig. 3). At the onset of the northeast monsoon season, the EICC 

flows southward from the Bengal shelf and meets the westward flowing northeast monsoon current 

(NMC) in the southern Bay of Bengal and transports 11 Sverdrup (Sv) (1 Sv= 106 m3/s) of relatively less 

saline water from the Bay of Bengal to the eastern Arabian Sea (Schott et al. 1994). However, the 

southwards flowing EICC ceases rapidly during the height of the northeast monsoon season. During the 

inter-monsoon period in March, the EICC flows northward all along the east coast of India, and attains 

its maximum strength during April (Eigenheer and Quadfesel 2000). A strong southwest monsoon 

current (SMC) develops in the EIO during summer monsoon and transports 8.4 Sv water in to the Bay of 

Bengal. The region around southernmost tip of the western coast of India is characterized by an anti-

cyclonic (cyclonic) gyre during winter (summer) monsoon and results in increased SSTs in this region. 

The presence of a gyre around southern tip of the western coast of India, shifts the monsoon currents 

away from the coast (Bruce et al. 1994). The core SK 157-04 lies under the influence of seasonal 

monsoon currents and the eastward equatorial jet (EEJ) (Hastenrath et al. 1993) which is driven by 

strong westerly winds during intermonsoon months (April-May and October-November).  
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The highest SST in the EIO is noted during spring season. During summer season, a band of 

warm water is located in the central EIO, while the region north and south of it remains relatively cool. 

The eastern EIO forms a part of the Indo-Pacific warm pool. In the EIO region, the highest SSS is noted 

in the western EIO, while the eastern EIO remains less saline during all seasons under the influence of 

the huge fresh water discharge into the Bay of Bengal (Levitus and Boyer, 1994). 

The sea surface salinity decreases by ~1.5 psu during early winter season as compared to the 

previous month, indicating that the study area lies in the winter monsoon precipitation belt (Levitus and 

Boyer 1994; Goswami 2005). Above the core site, the lowest sea surface salinity (SSS) (33.55, monthly 

averaged) is reported during the month of November. The highest sea surface temperature (29.6°C) is 

reported during pre southwest monsoon season, while the lowest (28.0°C) during winter monsoon 

season (Levitus and Boyer 1994) (Fig. 4). 

Materials and Methodology  

A total of 132 samples from the top 270 cm section of a core (SK 157-04), collected from the eastern 

flank of the Comorin ridge in the equatorial Indian Ocean (02°40’N, 78°00’E, water depth 3500 m) (Fig. 

3) were used for the study. The Mg/Ca analysis was carried out on the surface dwelling planktic 

foraminiferal species Globigerinoides ruber (white) (250-355 µm size range). The procedure for 

cleaning the foraminiferal test included oxidative and reductive step (Martin and Lea 2002), the removal 

of silicate and pyrites grain under microscope, and centrifugation of sample immediately after weak acid 

dissolution and transfer into new acid cleaned vials (Greaves et al. 2005).  

The chronology for the upper part of the core was established based on monospecific 

(Globorotalia menardii) Accelerator Mass Spectrometer (AMS) and conventional radiocarbon dates. 

The radiocarbon ages were calibrated to calendar years before present (1950) using calibration program 

(Calib Rev 5.0.2) of Stuiver and Reimer (1993). The chronology was extended down to 137 kyr by 

tuning the G. ruber δ18O record to the low latitude isotope record of Bassinot et al (1994). The core top 

sample was dated as ~5 kyr old. The details of Mg/Ca analysis along with the chronology have been 

discussed by Saraswat et al (2005). For isotopic analysis of planktic foraminifera, 15-20 clean specimens 

of Globigerinoides ruber (white) from 250-355 µm size range were transferred to the glass vials. The 

stable isotopic ratio was measured at the Alfred Wegener Institute for Polar and Marine Research 

(Bremerhaven) using “Finnigan MAT 251 isotope ratio gas mass spectrometer” coupled to an automatic 

carbonate preparation device (Kiel I) and calibrated via NBS 19 to the PDB scale. The values are given 
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4.38 - √4.382 - 4 x 0.1 x (16.9 - Temp.) 
2 x 0.1 

δ18Oseawater = δ18Ocalcite + 0.27 - 

in δ-notation versus VPDB (Vienna Pee Dee Belemnite). Precision of oxygen isotope measurements 

based on repeat analyses of a laboratory standard over a one year period was better than 0.09‰.  

Before calculating the δ18Osw, in view of the in-equilibrium of δ18O G. ruber with respect to the 

expected value, the δ18O G. ruber values were corrected by a factor of 0.50‰ (Shackleton et al. 1973; 

Duplessy et al. 1981). The seawater oxygen isotopic composition was then calculated from the Mg/Ca 

based seawater temperature estimates and G. ruber δ18Ocor, by using the paleotemperature equation 

given by Kim and O'Neil (1997), which can be rewritten as 

 

 

The seawater oxygen isotopic composition was also estimated by using the equation given by 

Bemis et al (1998), yielding results very similar to those obtained using Kim and O’Neil (1997) 

equation. Based on the error estimates of analytical reproducibility of SSTs based on triplicate analyses 

of samples and δ18Oc, an overall error estimate (1σ) for reconstructed δ18Osw is ±0.13‰. The 

contribution of continental ice volume changes, as estimated by Waelbroeck et al (2002), was removed 

from the seawater oxygen isotopic composition to estimate the local seawater oxygen isotopic 

composition (δ18Osw-ivc). 

The change in δ18Osw-ivc relative to the present day value (∆δ18Osw-ivc) was then calculated by 

subtracting the modern surface seawater oxygen isotopic composition (0.32) as measured near the core 

location by Bouvier-Soumagnac and Duplessy (1985). However, such an estimate of variation in local 

seawater isotopic composition with respect to present should be seen in context of the potential 

uncertainty due to snap-shot seawater oxygen isotopic measurements, which may differ from the annual 

average oxygen isotopic composition of seawater at the location. The residual δ18Osw-ivc indicates the 

local precipitation-evaporation changes. 

The conversion of local seawater oxygen isotopic changes into salinity depends on the precise 

estimation of relationship between seawater salinity and oxygen isotopic composition. Here we have 

established the relationship between δ18Osw and salinity based on 117 points in the EIO (10°S-10°N, 

50°E-100°E) downloaded from Global Seawater Oxygen-18 Database of the Goddard Institute for Space 

Studies (Schmidt et al. 1999). The salinity obtained by using core top Mg/Ca SST, δ18Osw and δ18Osw-

SSS relationship deduced from the modern measurement (Fig. 5), match very well with the Levitus 
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annual SSS over the core site, showing values of 34.7 and 34.8, respectively. Delaygue et al (2001) also 

developed a seawater oxygen isotope/salinity relationship for the Bay of Bengal based on the oxygen 

isotopic composition of the seawater, and the same has also been used to calculate the paleosalinity in 

the present study. Though estimation of seawater salinity from the coupled stable oxygen isotopic 

composition and Mg/Ca ratio of the foraminifera may involve errors due to uncertain δ18Osw and 

salinity relationship (Schmidt 1999, Rohling 2007), this is the only available technique (except Ba/Ca 

ratio of foraminifera, which works well at locations off large river sytem (Weldeab et al. 2007a, 

Weldeab et al. 2007b)) to reconstruct past salinity changes from the open ocean and has been widely 

used in the northern Indian Ocean (Govil and Naidu 2010; Banakar et al. 2010). 

The winter, represented by the month January, and summer (July) seasonal insolation at the 

equator and different northern latitudes (5°N, 10°N, 15°N, 20°N, 25°N) for the last 150 kyr, was taken 

from Laskar et al (2004). This latitudinal zone was chosen as it is the zone of monsoon buildup and 

precipitation in the Indian subcontinent (Gadgil 2003). The seasonal latitudinal anomaly was calculated 

by subtracting the insolation value at the equator from the value at respective latitudes during particular 

season and time. 

Results 

The core top Mg/Ca SST (28.1°C) matches well with the modern SST (28.5°C) (Levitus and Boyer, 

1994) over the core location and also with the core top Mg/Ca SST values (28.5°C) calculated at another 

nearby site MD 90-0963 (Tachikawa et al. 2008) (Fig. 6). The core top δ18O G. ruber (-1.93‰) is 

depleted than that of the G. ruber collected in plankton tows (-2.69‰) from a station south of the 

present site (Shackleton et al. 1973) and also from the core top δ18O G. ruber of MD 90-0963 

(Tachikawa et al. 2008). The down core Mg/Ca SST variation shows that the EIO was ~2.1°C cooler 

during the Last Glacial Maximum (LGM) as compared to the present. The maximum SST during the 

penultimate interglacial period (stage 5e) was higher (29.9°C) than the maximum SST during the present 

interglacial period (28.8°C). The calculated core top δ18Osw (0.38) matches very well with the modern 

seawater oxygen isotopic composition (0.32) as measured near the core location by Bouvier-Soumagnac 

and Duplessy (1985).  

The δ18Osw-ivc shows a systematically depleting trend during the last ~137 kyr BP. The local 

precipitation-evaporation and fresh water runoff induced changes made the seawater oxygen isotopic 

composition in the equatorial Indian Ocean most enriched during the later part of the oxygen isotopic 
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stage 6 and early part of the oxygen isotopic stage 5. The most depleted δ18Osw-ivc values in the 

equatorial Indian Ocean during the last ~137 kyr are observed during the middle of the isotopic stage 2 

and during the termination of isotopic stage 5 (Fig. 7). 

A ~0.7‰ shift in δ18Osw-ivc is noted during both the penultimate and last glacial-interglacial 

transitions (Fig. 7). Other major δ18Osw-ivc variation (~0.7‰ as compared to core top δ18Osw) is 

observed during isotopic stage 4. The δ18Osw-ivc was more enriched during the peak last interglacial 

(Isotopic stage 5e) as compared to the peak present interglacial. During the onset and termination of 

isotopic stage 5, the δ18Osw-ivc was relatively low. However during middle of the isotopic stage 5, the 

δ18Osw-ivc was depleted. The seawater oxygen isotopic composition was ~0.6‰ lighter during the 

larger part of isotopic stage 4 as compared to the core top. During isotopic stage 3, the δ18Osw-ivc 

shows an enriching trend till the beginning of isotopic stage 2. 

The conversion of δ18Osw-ivc into absolute salinity as discussed above shows that the sea 

surface salinity (SSS) in the EIO was higher than that at present only during 131-113 kyr BP 

(penultimate interglacial), 62-58 kyr BP and 24-30 kyr BP (Fig. 8). During rest of the ~137 kyr BP, 

salinity in the equatorial Indian Ocean region was lower than the modern sea surface salinity. The lowest 

salinity (upto ~3.0‰ lower) than at present is inferred during the last glacial maximum, while the 

highest salinity is reported during the penultimate glacial-interglacial transition, especially during the 

marine isotopic stage 5e. During the later part of the oxygen isotopic stage 5, SSS was lower by as much 

as ~2.3‰ decreasing sharply towards the isotopic stage 5/4 transition, only to increase equally rapidly 

(reaching upto ~0.6‰ higher than at present) during the isotopic stage 4. The SSS was higher than that 

at present during the MIS 4. During MIS4/3 transition, SSS again decreased sharply to a low of ~1.7‰, 

only to increase by ~1.0‰, before again decreasing by ~1.8‰ at 48 kyr BP. During the later part of the 

MIS3, SSS was higher than that present (0.4‰). During early part of the isotopic stage 3, salinity was 

comparable with that at present but increased to ~2.0 psu higher than that at present towards the isotopic 

stage 3/2 transition. The SSS increased sharply during the middle of termination 1, but was still lower 

than that present. From ~9 kyr BP onwards the salinity increased till present, with minor fluctuation in-

between. 

 The comparison of salinity changes at EIO with the variation in latitudinal insolation gradient in 

the northern hemisphere during the last 137 kyr shows a peculiar relationship (Fig. 9). During the MIS, 

2, 3 and 4, January insolation anomalies are significantly positively correlated (0.6) with EIO salinities 
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(Fig. 10). There is however, no correlation between July insolation anomaly and EIO salinities during 

the same period. 

Discussion 

In the modern conditions sea surface salinity decreases by ~1.5 psu due to the winter monsoon rains and 

transport of low salinity water from the eastern EIO to the central EIO by the winter monsoon currents 

(Schott and McCreary 2001). During summer season SST deceases by ~1°C and SSS slightly decreases 

by ~0.3 psu due to wind induced cooling and evaporation. On the basis of the assumption that the 

modern relationship of SSS changes in the EIO and seasonal wind field and fresh water input hold for 

the investigated time interval as well, we discuss changes in the δ18Osw-ivc record in the context of 

variation in the summer monsoon wind strength and winter monsoon precipitation in the equatorial 

region. Because equator and low northern tropical latitudes are mainly responsible for the Indian 

monsoon (Gadgil 2003), we investigate the relationship between seasonal latitudinal insolation gradient 

and the δ18Osw-ivc record to infer mechanisms for past changes in monsoon intensity in this region. 

Throughout the last glacial period, decrease in sea surface salinity at the core site as compared to 

present, coincides with decreased insolation gradient between northern tropical latitudes and the equator 

during January (Fig. 9). We propose that this decreased insolation gradient during January might have 

affected the incursion of moisture from the oceanic TCZ towards the continental TCZ during summer by 

decreasing the build up of heat during pre-summer monsoon months in the northern tropical latitudes 

(Vernekar et al. 1995). The decreased heat buildup in the northern tropical latitudes prior to the summer 

monsoon season will result in weaker continental TCZ and reduced low tropospheric winds. The low 

tropospheirc wind strength will decrease the moisture availability, which is an important component of 

monsoon. It is further supported by the observations that the seasonal latitudinal position of the surface 

trough or the zone responsible for monsoon lags the latitude of solar insolation by a couple of months 

(Gadgil 2007). Rao and Goswami (1988) and Clark et al (2000) also noted a strong positive correlation 

(0.87) between winter SST in the central Indian Ocean and rainfall in the Indian subcontinent. Thus the 

decreased January insolation gradient in the northern tropical latitudes would have weakened the 

strength of the continental TCZ. The weakened continental TCZ would have increased the competition 

between the oceanic and continental TCZs and thus less migration of the cloud bands from the oceanic 

TCZ towards the continental TCZ during summer monsoon season. The relatively decreased migration 

of the cloud bands from the oceanic TCZ towards the continental TCZ would have decreased the 
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summer monsoon strength. Similar views regarding more strong oceanic TCZ and weak continental 

TCZ being unfavorable for summer monsoon were suggested by Sikka and Gadgil (1980), Gadgil 

(2003) and Gadgil et al (2004). It is further supported by the presence of prominent equatorial TCZ 

during the breaks in summer monsoon (Koteswaram 1950, Krishnan et al. 2000).  

Another implication of weakened continental TCZ is that the ITCZ might have been located in 

more southerly position during the last glacial period as compared to present. Therefore, the decreased 

summer monsoon strength is also attributed to the more southerly position of the ITCZ (more towards 

equator) during the last glacial period. The decreased summer monsoon strength due to more southerly 

location of the ITCZ during glacial times has also been reported from other parts of the world (Haug et 

al. 2001; Weldeab et al. 2006; Flietman et al. 2007; Weldeab et al. 2007a, Yancheva et al. 2007).  

The decreased southwest monsoon strength in the Indian Ocean during the last glacial period has 

been reported in previous studies (Cullen 1981; Duplessy 1982; Fontugne and Duplessy 1986; Niitsuma 

et al. 1991; Prell and Kutzbach 1992; Nigam and Khare 1995; 1999; Naidu and Malmgren 1996; 

Anderson et al. 2002; Banakar et al. 2005; Anand et al. 2008). Earlier, it has been suggested that 

increased ice-sheets during glacial periods were a crucial factor in modulating monsoon changes 

(Chakraborty et al. 2002; Gupta and Thomas 2003, Gupta et al. 2004). However, here we propose that 

changes in seasonal latitudinal gradient were also equally crucial in shaping the intensity and areal 

extent of monsoon. 

During the last 137 kyr BP, increased SSS in the EIO coincides with increased January insolation 

gradient in the northern tropical latitudes. It is attributed to strong continental TCZ leading to increased 

migration of cloud bands from oceanic TCZ towards continental TCZ and thus strengthened summer 

monsoon. However, not all the positive January insolation anomalies result in increased southwest 

monsoon strength. It can be attributed to the in-phase or out of phase effect of July insolation gradient, 

which may partially contribute to the heat buildup. But the contribution from the July insolation gradient 

in the northern tropical latitudes will be less due to its small amplitude as compared to the January 

insolation anomalies. 

However, it should be noted that not all of the changes in salinity in the study area can be 

attributed to the changes in seasonal insolation gradient in the northern tropical latitudes, which is 

obvious due to the complex nature of processes leading to monsoon in the Indian subcontinent. A part of 

the changes in the monsoon intensity can also arise due to changing thermal structure of the Indo-Pacific 
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warm pool during the last glacial-interglacial period (Saraswat et al. 2007). A warmer eastern equatorial 

Pacific will result in decreased summer monsoon strength in the Indian subcontinent through decreased 

meridional gradient of tropospheric temperature over the south Asian monsoon region and thus 

shortening the length of rainy season (Goswami and Xavier 2005). 

The increased winter monsoon precipitation during shift of continental TCZ towards more 

southerly latitudes is assigned to the increased availability of moisture for the easterly winds during 

winter monsoon. With a more southerly ITCZ, easterly winds will travel all over the Bay of Bengal to 

pick up increased amount of moisture and will ultimately result in enhanced precipitation during winter 

monsoon. Such changes in monsoon related processes like productivity due to changing insolation have 

also been studied by Beaufort et al (1997) from the EIO. Additionally, a more strong winter monsoon 

will lead to enhanced transport of low saline, cool waters from the eastern EIO to the western EIO by 

winter monsoon and equatorial currents. It will result in cooling in the western Arabian Sea, which is 

further detrimental for the summer monsoon (Shukla 1975). Recently Gadgil et al (2004) also noted that 

the eastern and western equatorial Indian Ocean SST is an important factor in regulating the Indian 

summer monsoon. The significantly reduced salinity during the last glacial maximum at this core site is 

thus assigned to increased winter monsoon strength. 

 The systematically depleting δ18Osw-l trend during the last ~137 kyr BP, though with the slope 

of the regression line being very small (~0.0023), might be part of a longer regional cycle. Similar 

observations were made by Lea et al (2000) from the δ18Osw variations over the late Quaternary in the 

cores collected from the equatorial Pacific Ocean. 

A comparison of Mg/Ca-based estimates of seawater temperature (Saraswat et al. 2005) with the 

salinity, shows that a minor change in the seawater temperature leads to a significant change in the 

seawater salinity which in turn reflects a large-scale variation in the intensity and duration of monsoon 

in the Indian subcontinent and adjacent areas. 

Conclusions 

Based on the paired stable oxygen and Mg/Ca analysis on planktic foraminiferal species G. ruber from a 

core collected from the EIO, covering the last ~137 kyr, we show that during the last two glacial-

interglacial transitions, the δ18Osw changed by ~1.4‰. The study indicates that the δ18Osw-based 

estimate of SSS was lower than that at present almost throughout the last glacial period. Higher than 

modern SSS, is reported only during 131-113 kyr BP (penultimate interglacial), 62-58 kyr BP and 24-30 



 12

kyr BP. The highest salinity as compared to present is inferred during the penultimate glacial-

interglacial transition. A comparison of the seasonal latitudinal insolation gradient in the northern 

hemisphere, shows that the January insolation anomaly at northern latitudes has a significant correlation 

(0.6) with the δ18Osw-ivc during the MIS 2, 3 and 4. The positive January insolation anomaly at 

northern latitudes coincides with increased δ18Osw-ivc. Such high salinity episodes are inferred as 

indicators of strong summer monsoon events that result in high wind intensity, increased evaporation 

and thus higher salinity in the study area. Rest of the period is inferred as strengthened northeast 

monsoon and weaker summer monsoon intervals as the core site lies in the winter monsoon precipitation 

belt. Based on the relationship between January insolation anomaly at northern latitudes and salinity 

changes from the study area we infer that the southwest monsoon was stronger than that at present 

during 131-113 kyr BP (penultimate interglacial), 62-58 kyr BP and 24-30 kyr BP. The summer 

monsoon system was weaker during rest of the last ~137 kyr period, whereas winter monsoon was 

stronger during rest of the last ~137 kyr. The study shows that winter time insolation difference between 

northern latitudes and equator exerts a strong control on the Indian monsoon strength during the glacial 

period.  
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Legend to Figures: 

Figure 1: The latitudinal position of the Inter-tropical convergence zones (ITCZ) during summer 
(July) and winter (January) in the Indian subcontinent. Note that the ITCZ shift in the 
southern hemisphere during the winter is very less with respect to the equator as 
compared to that in the northern hemisphere during the summer (Modified after Gadgil 
2003, 2007). 

Figure 2: The latitudinal position of the oceanic and continental tropical convergence zones (TCZs) 
along 80°E longitude during July and August. Both the TCZs develop in the beginning of 
summer monsoon and are present throughout the summer monsoon months (Modified 
after Gadgil 2003). 

Figure 3: Location of the core and the major surface circulation features in the study area. A. 
Winter monsoon circulation, B. Summer monsoon circulation (EC- Equatorial Current; 
SECC- South equatorial counter current; LH- Lakshadweep High; LL- Lakshadweep 
Low; WICC-West India Coastal Current; EICC- East India Coastal Current; SMC- 
Summer Monsoon Current; NMC- Northeast (Winter) Monsoon Current) (Modified after 
Schott and McCreary 2001). 

Figure 4: Monthly sea surface temperature and salinity at the core site (Levitus and Boyer 1994). 

Figure 5: The relationship between δ18Osw and salinity based on 117 points in the EIO (10°S-10°N 
latitude, 50°E-100°E longitude) downloaded from Global Seawater Oxygen-18 Database 
of the Goddard Institute for Space Studies (Schmidt et al. 1999). 

Figure 6: Temporal variation in the sea surface temperature and δ18O G. ruber over the last ~137 
kyr BP in the equatorial Indian Ocean. 

Figure 7: Temporal variation in the seawater oxygen isotopic composition over the last ~137 kyr 
BP in the equatorial Indian Ocean. The horizontal line shows the modern seawater 
oxygen isotope composition. 

Figure 8: The salinity changes as compared to present over the last ~137 kyr BP in the equatorial 
Indian Ocean based on the relationship established on the basis of modern δ18Osw and 
salinity measurements and the equation given by Delague et al (2001). Both of the 
equations provide a similar salinity estimate. The horizontal line shows the annual 
average sea surface salinity. 

Figure 9: The plot shows salinity changes as compared to present, reconstructed sea surface 
temperature in the equatorial Indian Ocean and seasonal insolation gradient in the tropical 
northern latitudes with respect to the equator. 

Figure 10: Relationship between January insolation gradient in the tropical northern latitudes and the 
salinity changes in the equatorial Indian Ocean during the MIS 2, 3 and 4. 
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