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Abstract 

The unique water column structure and seasonal change in the hydrodynamics make the Bay of Bengal 

an interesting area to understand the effect of monsoon on the water column stratification. We have 

reconstructed a 1.45 Myr record of planktic foraminifera assemblages and a 1.16 Myr (MIS 47- MIS 

8) record of the difference in the stable oxygen isotopic ratio (Δδ18O) between the mixed layer dwelling 

Globigerinoides ruber and thermocline dweller Neogloboquadrina dutertrei from the IODP Site 

U1446 to understand the change in water column stratification and its relationship with the monsoon. 

From the glacial-interglacial shift in Δδ18O and mixed layer and thermocline assemblages, we infer a 

stronger stratification during the warm interstadials and comparatively weaker stratification during the 

cold stadials. The strengthened summer monsoon induced high direct rainfall, and riverine influx 

inhibited mixing in the upper layer and created a shallow thermocline during the interstadials. We 

report a large variability in Δδ18O prior to the mid-Pleistocene transition (MPT). Interestingly, the 

glacial-interglacial shift in Δδ18O significantly decreased post MPT. A stronger upwelling and deeper 

mixed layer during the stadial periods reduced the glacial-interglacial shift in Δδ18O post mid-

Pleistocene transition. The strengthened summer monsoon during the post MPT period increased the 

stratification in the Bay of Bengal.  
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1. Introduction 

The water column structure strongly modulates the ocean's primary productivity, air-sea exchange and 

heat flux (Shanthi et al., 2016). The solar insolation, wind intensity and direction, precipitation and 

freshwater influx control the upper water column structure in the tropical oceans (Murtugudde et al., 

2002; Sobarzo et al., 2007; Kantha et al., 2019). Therefore, the water column stratification records 

from the tropical oceans can provide information about the monsoon wind strength, dynamics of the 

ocean-atmosphere exchange, carbon burial capability and oceanic heat transport. The unique water 

column structure due to seasonal changes in the hydrodynamics make the Bay of Bengal, a part of the 

tropical Indian Ocean, an interesting area to understand the effect of monsoon on the upper ocean 

stratification. The seasonally reversing monsoon winds, direct overhead precipitation, riverine influx, 

eddies and the seawater exchange with the Arabian Sea, mainly control the upper water column 

structure in the Bay of Bengal (Narvekar and Prasanna Kumar, 2006; 2014; Thakur et al., 2019; Amol 

et al., 2020). 

The stable isotopic composition of the planktic foraminifera has been widely used as a proxy 

to reconstruct the upper ocean vertical structure (Whitman and Berger, 1993; Ravelo and Shackleton, 

1995; Mulitza et al., 1998; Rühlemann et al., 2001; Spero et al., 2003; Steph et al., 2006; Cléroux et 

al., 2007). The stable oxygen isotopic ratio (δ18O) of foraminifera primarily records the temperature 

and isotopic composition of the ambient water mass (Urey, 1947; McCrea, 1950; Epstein et al., 1953; 

Emiliani, 1955; Shackleton, 1974). Additionally, the seawater carbonate ion concentration, diagenetic 

changes and species-specific vital effects also affect the isotopic composition of the foraminiferal 

shells (Berger et al., 1978; Shackleton and Vincent, 1978; Spero et al., 1997; Bemis et al., 1998; Bijma 

et al., 1999; Schiebel et al., 2018). Different species of planktic foraminifera living at distinct depths 

in the water column record different δ18O signatures in their calcite shell (Shackleton and Vincent, 

1978; Fairbanks and Wiebe, 1980; Fairbanks et al., 1982; Ravelo and Fairbanks, 1992; Niebler et al., 

1999; Mortyn and Charles, 2003; Lončaríc et al., 2006; Lakhani et al., 2022). The difference between 

the δ18O of planktic foraminifera living at different depths can be used as a proxy for vertical 

temperature and salinity gradient in the water column (Williams and Healy-Williams, 1980; Ravelo 

and Fairbanks, 1992; Mulitza et al., 1997; Patrick and Thunell, 1997; Ravelo and Andreasen, 1999; 

Niebler et al., 1999; Faul et al., 2000; Farmer et al., 2007). Therefore, the difference in the oxygen 

isotopic ratio between thermocline and surface-dwelling planktic foraminifera has been commonly 

used to reconstruct the upper ocean stratification through time (Ravelo and Shackleton, 1995; Tian et 

al., 2005; Steinke et al., 2010). 



The oxygen isotopic ratio of the planktic foraminifera in the Bay of Bengal is mainly influenced 

by the seawater salinity (Saraswat et al., 2023a). The sea surface salinity depends on the monsoon-

induced precipitation-evaporation budget (Cullen, 1981; Duplessy, 1982; Rashid et al., 2007; Govil 

and Naidu, 2011). The water column stratification changes in the past, have been reconstructed from 

several parts of the northern Indian Ocean (Bolton et al., 2013; Gebregiorgis et al., 2016; Kumar et al., 

2018; Ota et al., 2019; Naik and Naidu, 2019; Gautam et al., 2021; Sijinkumar et al., 2021; Nilsson-

Kerr et al., 2022). However, only three of these studies (Ota et al., 2019; Naik and Naidu, 2019; 

Nilsson-Kerr et al., 2022) are from the riverine influx dominated western Bay of Bengal and cover 

only the last 140 kyr. To better understand the effect of the Indian monsoon on the Bay of Bengal 

stratification on an orbital scale, we need longer records covering multiple glacial-interglacial cycles.  

The mid-Pleistocene Transition (MPT) is one of the most significant events in the Quaternary 

considering its large-scale effect on the global climate (Maslin et al., 1998). The implications of the 

MPT have been reported in global sea level (Rohling et al., 2014), ice volume (Lisiecki and Raymo, 

2005) and sea surface temperature (Herbert et al., 2010). The shift from 41 kyr periodicity to 100 kyr 

is a significant phenomenon associated with the MPT (Clark et al., 2006). The Indian monsoon system 

also went through a significant change during this period (Clemens et al., 2021; Bhadra and Saraswat, 

2022). However, it will be interesting to see if this change in the Indian monsoon strength affected the 

upper water column structure in the Bay of Bengal or not.  

In this paper, the effect of varying monsoon intensity on the thermocline and water column 

stratification in the Bay of Bengal, during the last 1.45 Ma is assessed by using the faunal abundance 

and the difference in the stable oxygen isotopic ratio (Δδ18O) between mixed layer dwelling 

Globigerinoides ruber (from Clemens et al., 2021) and thermocline dweller Neogloboquadrina 

dutertrei. We also have tried to understand the effect of the MPT on the monsoon-associated changes 

in the water column structure of the Bay of Bengal.  

2. Regional Setting 

The Bay of Bengal is a semi-enclosed basin surrounded by land masses from three sides. It experiences 

a seasonal reversal of monsoon winds associated with southwest and northeast monsoons during the 

summer and winter seasons (Thadathil et al., 2007). The southwest monsoon brings a huge amount of 

freshwater influx to the Bay of Bengal. Apart from the net positive precipitation over evaporation 

(Prasad, 1997), Bay of Bengal receives a huge amount of riverine influx (~1.85 × 1012 m3/yr) as well 

(Subramanian, 1993). The surplus of freshwater warms the Bay of Bengal surface layer and is also less 

saline, inhibiting vertical mixing and creating strong stratification. The monsoon-induced upwelling 



in the western Bay of Bengal is restricted to a narrow band (Shetye et al., 1993). The restricted 

upwelling does not reach the surface and thus fails to break the stratification in large parts of the bay 

(Shenoi et al., 2002). The salinity has more control over the stratification by creating a barrier layer 

that does not allow mixing (Lucas et al., 2016). Therefore, the mixed layer remains shallow (Narvekar 

and Prasanna Kumar, 2006).  

Site U1446 was drilled during the International Ocean Discovery Program (IODP) expedition 

353. It is located at a water depth of 1441 m in the western Bay of Bengal, 75 km from the coast of 

Odisha, India (19º5.02' N; 85º44.08' E) (Figure 1). The drilled sediments are dominated by clay with 

nannofossils, biosilica and foraminifera. Except for the occasional presence of transported materials, 

the site is free from turbidite deposits (Clemens et al., 2016).  

 

Figure 1: (A) The location of IODP Site U1446 and Site 758. The background contour is the annual 

average mixed layer depth in meters (Goyet et al., 2000). (B) The seasonal upper water column 

temperature and salinity variation at Site U1446. The data were obtained from the World Ocean Atlas-

2018 (Locarnini et al., 2018; Zweng et al., 2019) using the Live Access Server of CSIR-National Institute 

of Oceanography, India. . The different colours represent different seasons. The mixed layer and 

thermocline depths have been shaded with different colours. The location map was prepared by Ocean 

Data View software (Schlitzer, 2022). 

The thermocline and mixed layer depth was demarcated from the temperature data. The upper 

and lower limit of the thermocline was marked at the water depths indicating an abrupt temperature 

change (Figure 1). The annual average depth for the mixed layer and thermocline at Site U1446 ranges 

between 0-40 m and 40-180 m, respectively. The subsurface chlorophyll maxima, which occurs in the 



upper thermocline, depends on the nitrate availability in the water column of the northwestern Bay of 

Bengal (Sarma and Aswanikumar, 1991).  

3. Methodology 

A total of 524 samples covering the entire 202 m drilled depth of the primary splice of Site U1446 

have been used for this study. All the samples were processed following the standard procedure 

(Saraswat et al., 2023b). The sediment samples were freeze-dried. The dried samples were then soaked 

and subsequently wet sieved with water using a 63 µm sieve. The material retained on the sieve was 

dried, weighed and transferred to labelled plastic storage vials. A representative split aliquot of the 

fraction >63 µm was sieved using a 125 µm sieve. Both the original fraction and the one obtained after 

dry sieving with 125 µm sieve, were weighed. A total of 328 samples were used for faunal analysis. A 

minimum of 300 planktic foraminifera were picked from the sieved fraction using an Olympus SZX12, 

stereozoom microscope. Only intact foraminiferal shells were picked. The species were identified by 

following Parker (1962) and Schiebel and Hemleben (2017). The number of different planktic 

foraminiferal species was counted. The relative abundance of the species was calculated in the total 

assemblage. 

A total of 409 samples were used for the stable isotopic analysis. Five to fifteen specimens of 

Neogloboquadrina dutertrei were picked from 250-350 µm size fraction, obtained by sieving a part of 

the fraction >63 µm. The stable oxygen and carbon isotopes were measured using Isotope Ratio Mass 

Spectrometer (MAT 253; ThermoFisher Scientific, Germany) attached to a Kiel Carbonate device. 

Makrana marble (n=38) and NBS 19 (n=11), were used as standards during analysis. The standard 

deviation of Makrana marble over the measurement period was 0.1‰ for δ18O. The standard deviation 

for NBS 19 was 0.08‰ for δ18O. The isotopic values are reported in δ notation versus VPDB. 

The δ18OG. ruber data were obtained from Clemens et al. (2021). The difference between the 

δ18OG. ruber and δ18ON. dutertrei was calculated and termed as Δδ18O (Δδ18O = δ18OG. ruber - δ18ON. dutertrei). As 

δ18OG. ruber and δ18ON. dutertrei records were at different intervals of the same core, the δ18O values were 

splined at a uniform 2 kyr interval to obtain a similar age for both the records. We want to state that 

using the isotopic values from different sections, although close by, may result in some variation. 

Therefore, we plotted the actual data with the splined data to find out if there is any significant 

difference between the two. We found that barring a few points, the splined data follows a trend very 

similar to that of the original data. Additionally, here, we have discussed the major shifts in the water 

column stratification, ignoring the stand alone individual data point peaks and lows. Therefore, we are 



confident that the use of splined data provides a proper estimate of the difference in the mixed layer 

and thermocline signatures. 

The age of the samples was determined by using the tie points provided by Clemens et al. 

(2021). There were 53 tie points, of which four were accelerator mass spectrometer (AMS) radiocarbon 

dates between 1.7 and 6.1 meters below sea floor (mbsf), one from the base of Toba ash at 15.6 m and 

the rest (48) from the comparison of benthic foraminifera oxygen isotopic ratio with the global isostack 

(Lisiecki and Raymo, 2005). The samples cover a time span of 1.183 Myr between ~270 ka and ~1453 

ka. The average sample resolution for the faunal and isotopic analysis is ~4 kyr and ~3 kyr, 

respectively. The sedimentation rate varied between 5 and 20 cm/kyr (Clemens et al., 2021; Bhadra 

and Saraswat, 2022). 

The planktic foraminiferal species were grouped into mixed layer assemblage (MLA) and 

thermocline assemblage (TA) to reconstruct the changes in the water column structure. Seventeen 

species, excluding those in low abundance, were used to prepare assemblages. The species were 

grouped into respective assemblages following their habitat preference described by Schiebel and 

Hemlenben (2017). Globigerinita glutinata, Globigerina bulloides, Globigerina falconensis, 

Globoturborotalita rubescens, Globoturborotalita tenella, Globigerinoides ruber, Trilobus sacculifer, 

Globigerinella calida, Neogloboquadrina incompta and Globoquadrina conglomerata were included 

in the MLA, whereas Pulleniatina obliquiloculata, Neogloboquadrina dutertrei, Globigerinella 

siphonifera, Globorotalia menardii, Globorotalia ungulata, Globorotaloides hexagonus and 

Globigerinoides conglobatus have been included in the TA. 

The wavelet and spectral analyses were done on δ18ON. dutertrei, TA, and Δδ18O to find out 

possible periodicities and assess the effect of the long-term periodic global climatic changes on the 

water column structure of the Bay of Bengal. The wavelet plots were generated through wavelet 

analysis for unequally spaced data. The spectral analysis was done with Past 4.03 (Hammer et al., 

2001). The spectral analysis was done using the REDFIT algorithm with a Rectangle window. The 

dataset was divided into two parts to analyze the cyclicity changes following the MPT. Specifically, 

we focused on the period after MIS 23, which exhibited a noticeable shift in our Δδ18O dataset. 

Therefore, we used 900 ka as a boundary to separate the record into two parts for spectral analysis. An 

oversample of 2 and a segment of 3 were taken as sub-parameters. Only in the case of TA (900 -1450 

ka) a segment of 2 was taken because of the smaller number of data points in that interval.  

 

 



4. Results 

Figure 2: The variation in relative abundances of Mixed Layer Assemblage (MLA) and Thermocline 

Assemblage (TA), difference in the δ18O between N. dutertrei and G. ruber (Δδ18O), δ18O G. ruber and 

δ18O N. dutertrei between MIS 47 and MIS 8. The light blue bands indicate stadials with respective MIS 

numbers marked on the top. The δ18O G. ruber data have been obtained from Clemens et al. (2021). 

The δ18ON. dutertrei record covered 1180 kyr between Marine Isotope Stage (MIS) 46 to MIS 8 

(Figure 2). Neogloboquadrina dutertrei δ18O varied between -3.39‰ and 0.22‰ and showed a clear 

glacial-interglacial pattern. The glacial-interglacial variation in δ18ON. dutertrei was more pronounced 

than the δ18OG. ruber (Clemens et al., 2021), though similar first-order variability can be seen in both 

records. Δδ18O varied between 1.1 and -2.0‰. It was more negative during the warm interstadials (e.g. 

MIS 10b, 13c, 21a, 28a, 31, 43) and moved towards positive during the cold stadials (e.g. MIS 9d, 15b, 

25b, 28c, 40). The low and high peaks in the Δδ18O match well with the low and high peaks in the 

thermocline assemblage, suggesting a similar variability (Figure 2).  



The relative abundance of N. dutertrei varied from a minimum of 0.42% to a maximum of 

27.98% (Figure 3). The average abundance was 8.84%. The abundance increased during the warm 

interstadials as compared to the cold stadials. The relative abundance of MLA (%), varied from 59.92% 

to 96.29% with an average of 80.37%, whereas the TA (%) varied from 3.12% to 36.29% with an 

average of 17.09%. During the interstadials, TA increased, and MLA decreased (e.g. MIS 3a, 9e, 17e, 

31, 35), whereas during the glacial periods, MLA increased and TA decreased (e.g. MIS 2, 10a, 15b, 

21b, 42) (Figure 3).  

The wavelet analysis of δ18ON. dutertrei shows significant change from 41 kyr to 100 kyr cyclicity 

after 900 ka, whereas the 23 kyr cyclicity is intermittently present throughout (Figure 4). In the wavelet 

plot of TA, the 23 kyr cyclicity is more prominently visible during the post MPT period. The 41 kyr 

cyclicity is prominent in the Δδ18O wavelet plot prior to 900 ka (Figure 4). The spectral analysis reveals 

that the δ18ON. dutertrei had a 41 kyr periodicity with a significance of 95% prior to 900 ka, whereas after 

900 ka, it changed to 100 kyr periodicity with 95% significance and a 23 kyr periodicity with 99% 

significance (Figure 5). The 41 kyr periodicity was absent in other proxies. The 23 kyr periodicity was 

present in the thermocline assemblage throughout the studied time period with a significance of 99%. 

It was present in the Δδ18O record after 900 ka with a significance of 90% (Figure 5).  



 

Figure 3: The variation in Mixed Layer Assemblage (MLA), Thermocline Assemblage (TA), the relative 

abundance of N. dutertrei (%), sea surface temperature (SST), δ18O of seawater (δ18Osw) and δ18O G. ruber 

during the last 1.45 Myr. The light blue bands indicate stadials, with each MIS sub-stage marked at the 

top. The δ18O G. ruber, δ18Osw and SST data have been obtained from Clemens et al. (2021). 



 

Figure 4: The wavelet analysis of (A) δ18O N. dutertrei and (C) Δδ18O during 271-1450 ka, and (B) 

Thermocline assemblage during 0-1450 ka. The y-axis is frequency, and the x-axis is age (kyr). 



 

Figure 5: The spectral analysis of (A) δ18O N. dutertrei, and (C) Δδ18O during 271-900 ka and 900-1450 

ka, and (B) Thermocline assemblage during 0-900 ka and 900-1450 ka. The pink and green line represents 

99% and 95% significance, respectively. The y-axis is power, and the x-axis is frequency. 

5. Discussion 

5.1 Applicability of Δδ18O (δ18OG. ruber - δ18ON. dutertrei) as a proxy for stratification in the Bay of 

Bengal 

As mentioned earlier, we have used the difference in the stable oxygen isotopic ratio of G. ruber and 

N. dutertrei in our study and denoted it as Δδ18O. As compared to Ota et al. (2019), where there is 

hardly any notable difference between the glacial-interglacial Δδ18O during the last 80 kyr, we report 

a significant variation at Site U1446 (Figure 2). Globigerinoides ruber (white) is primarily a surface 

dweller and preferentially calcifies its shells within the mixed layer (Fairbanks et al., 1980; 1982; 

Hemleben et al., 1989; Niebler et al., 1999). On the other hand, Neogloboquadrina dutertrei preferably 



lives and calcifies in the well-stratified photic zone within the thermocline, close to the subsurface 

chlorophyll maximum (Bé and Tolderlund, 1971; Fairbanks and Weibe, 1980; Fairbanks et al., 1982; 

Curry et al., 1983). Neogloboquadrina dutertrei calcifies at a colder temperature and has higher δ18O 

than that of G. ruber (Tedesco et al., 2007). Both species are present throughout the year with more 

abundance during the summer monsoon (Guptha et al., 1997; Nilsson-Kerr et al., 2022). Therefore, 

the chances of long-term seasonal biases in δ18O G. ruber, δ18O N. dutertrei and Δδ18O are minimal 

(Gebregiorgis et al., 2016). Moreover, though the depth habitat of N. dutertrei varies widely, it calcifies 

within a narrow range of temperatures (Curry and Matthews, 1981; Curry et al., 1983; Sautter and 

Thunell, 1991; Ravelo and Fairbanks, 1992; Field, 2004). Therefore, the Δδ18O variability can be more 

apparently related to the change in the SST rather than the change in the thermocline temperature 

(Tedesco et al., 2007). The depth habitat of a particular species might not be constant through different 

timescales (Field, 2004; Rohling et al., 2004). However, G. ruber is reported to maintain a near-surface 

depth habitat irrespective of freshwater-induced changes (Schmuker and Schiebel, 2002; Rohling et 

al., 2004). Field (2004) reported only a small-scale response of G. ruber to the change in the 

temperature gradient and covariance of N. dutertrei abundance with the depth of a given isotherm 

within the thermocline. Only sensu stricto (ss) morphotype of G. ruber was used for the δ18O (Clemens 

et al., 2021). As G. ruber ss preferably maintains a shallower and narrow depth habitat than G. ruber 

sensu lato, the Δδ18O gives us a more appropriate stratification signal. Also, N. dutertrei was picked 

from a narrow size range (250-350 µm) following Kroon and Darling (1995) to avoid the 

gametogenesis-related bias. 

The Δδ18O between shallow and deep-dwelling planktic foraminifera has been related to the 

water column stratification, with large difference indicating increased stratification and vice versa 

(Mulitza et al., 1997; Venancio et al., 2018). The Δδ18O is large when the thermocline is shallow, and 

a strong temperature gradient exists in the photic zone (Steph et al., 2009, 2010; Steinke et al., 2010). 

The salinity gradient induced by the changes in evaporation-precipitation can also affect the Δδ18O 

(Rohling et al., 2004; Mohtadi et al., 2009; Steinke et al., 2010). Naik and Naidu (2019) and Sijinkumar 

et al. (2021) also used Δδ18OG. ruber-N. dutertrei as an indicator of salinity difference between the mixed 

layer and thermocline and reported higher stratification and shallower thermocline during the 

strengthening of the summer monsoon. 

5.2 Glacial-interglacial stratification changes in the western Bay of Bengal 

In the western Bay of Bengal, the riverine freshwater input during the summer monsoon season creates 

a shallow mixed layer and strong stratification. A barrier layer exists between the mixed layer and the 

thermocline (~30- 80 m) that resists mixing (Vinayachandran et al., 2002; Thadathil et al., 2007). On 



the longer glacial-interglacial scale, the thermocline assemblage (TA) (%) peaks during the 

interstadials and is low during the stadials, whereas the mixed layer assemblage (MLA) (%) shows the 

opposite trend (Figures 2 and 3). This indicates that the mixed layer was shallow during the interglacial 

times and deep during the glacial period. The Δδ18O was more negative (large difference) during the 

interstadials, suggesting more stratification and less mixing (Figure 2). The strengthened monsoon 

must have contributed to higher freshwater influx during the interstadials. The warm and low saline 

water acted as a cap inhibiting mixing and thereby creating a stronger vertical temperature gradient, 

which helped form a shallow mixed layer. The Δδ18O is also affected by the salinity changes in the 

water column, with lower values indicating increased salinity differences. The vertical δ18O profiles 

suggest a strong salinity gradient in the Bay of Bengal with low saline waters at the surface (Sengupta 

et al., 2013). The mixed layer-thermocline salinity gradient can increase due to the surface salinity 

decrease due to the increased freshwater influx due to strengthened monsoon (Steinke et al., 2010). 

The high SST and low δ18Osw (suggesting low salinity) during interstadials also corroborate the same 

(Clemens et al., 2021). The light limitation can also be a factor in this scenario, but the final 

interpretation will be the same. The increased cloud cover during the strong monsoon period would 

decrease the light availability, shifting the chlorophyll maxima to the upper water column. The 

chlorophyll maxima have been reported to occur at the boundary of the mixed layer and thermocline 

(Prasanna Kumar et al., 2004; Narvekar and Prasanna Kumar, 2006). As N. dutertrei is associated with 

the deep chlorophyll maxima, its habitat will shift and result in lighter oxygen isotopic value.  

 

Figure 6: The schematic of the variation in Δδ18O during the strong and weak summer monsoon and 

strong and weak winter monsoon. The low and high Δδ18O in the figure signifies more and less 

negative Δδ18O values, respectively. 



During the stadial periods, however, the deep mixed layer could be because of the weakened 

summer monsoon, strengthened winter monsoon, or both. A weakened summer monsoon would imply 

less freshwater influx, resulting in a deeper mixed layer due to the absence of a low salinity cap. At 

the same time, a strengthened winter monsoon would induce more convective mixing, which can result 

in a deeper mixed layer (Figure 6). Previous studies from the Indian Ocean have also reported that the 

Indian summer monsoon (ISM) strengthened during the warm interglacials and weakened during the 

cold glacials (Clemens et al., 1991; Ivanova et al., 2003; Saraswat et al., 2014; Saravanan et al., 2020; 

Saraswat et al., 2020; Bhadra and Saraswat, 2022). Stainbank et al. (2021) also reported stronger 

stratification during the interglacial periods and less stratification during the glacials in the Maldives 

inner sea. 

From the above discussion, it is clear and also important to note that whether the change in 

Δδ18O is a result of the change in temperature or salinity in the water column, our conclusions of more 

stratification during the interstadials and less during the stadials don't change. To better assess whether 

the change in the water column stratification was triggered by the surface or subsurface changes, a 

subsurface temperature record is needed, which is limited by the current dataset and is beyond the 

scope of this manuscript.  

5.3 Effect of the mid-Pleistocene transition on the water column stratification in the Bay of 

Bengal 

The ice sheet growth and intensity of glacial periods started to increase around ~910 ka, much before 

the dominance of the 100 kyr cycles (650-725 ka) (Mudelsee and Schulz,1997; Mudelsee and 

Stattegger, 1997). However, there is a notable shift in the δ18ON. dutertrei towards lighter values after MIS 

25d (Figure 2). A major change in Δδ18O is also observed after MIS 26. The variability is very high in 

and prior to MIS 25d, whereas it becomes low after that. The Δδ18O ranged between -0.05‰ and 

2.00‰ after MIS 25d with only one value <0‰ and two values >1.5‰. The presence of most of the 

high and low peaks in Δδ18O prior to MIS 24 indicates that the Bay of Bengal experienced large-scale 

glacial-interglacial stratification changes during the pre MPT period. The 900 kyr event in the MPT 

has been marked as a long-term cooling trend reduction and a climate threshold crossing (McClymont 

et al., 2013). The average Δδ18O stays high (less negative) even during the interstadials between MIS 

25 and MIS 23. The TA also shows a very low value during the MIS 25 (a-c) interstadial (Figure 2). 

It suggests there was reduced stratification in the Bay of Bengal just after the large variability across 

MIS 25-26 transition, which increased afterwards (MIS 22 onwards). MIS 23 was the one interglacial 

which did not see a strengthened Atlantic meridional overturning circulation (AMOC) (Peña and 

Goldstein, 2014; Dausmann et al., 2017). The global temperature dropped during MIS 24-22 (Raymo 



et al., 2006; Prokopenko et al., 2006; McClymont et al., 2013). The SST of the Bay of Bengal also 

decreased (Figure 3). The Antarctic ice volume expanded (Elderfield et al., 2012), and the global 

thermohaline circulation weakened (Pena and Goldstein, 2014). This resulted in an increase in the 

cross‐equatorial pressure gradient between the southern subtropical Indian Ocean and the Indian 

subcontinent paving the way for a strengthened ISM (Clemens et al., 1996; Elderfield et al., 2012; 

Farmer et al., 2019; Chen et al., 2020). The strengthened ISM-induced freshwater influx resulted in a 

stronger stratification 

The period between MIS 22 and MIS 13 saw a variable stadial-interstadial change in the water 

column stratification of the Bay of Bengal. This is visible in the MLA, TA and Δδ18O records (Figure 

2). This period is considered as generally reduced overturning circulation (Schmieder et al., 2000; 

Kemp et al., 2010). Two of the three instances in the entire record where the TA (%) decreases below 

4% are in this period. These stadials (MIS 15b and 18e) also had low peaks (less negative values) of 

Δδ18O. This suggests that MIS 15b and 18e were period of intense mixing indicating weakened 

summer monsoon and/or strengthened winter monsoon.  

The scenario in MIS 13 is interesting. We observed a very small variability in the δ18ON. dutertrei, 

whereas there is a large variation in TA, MLA and Δδ18O across MIS 13 (Figure 2). The post MPT 

glacial-interglacial change in ice volume is the least prominent (Lisiecki and Raymo, 2005), which can 

be in the δ18ON. dutertrei as well. MIS 13 has been reported as a colder period compared to other 

interglacials in terms of lower atmospheric CO2 and CH4 concentrations (Loulergue et al., 2008; Luthi 

et al., 2008) and colder Antarctic temperature (Jouzel et al., 2007). However, our record indicates high 

variability in the water column stratification. There have been reports of strengthened East Asian 

summer monsoon during MIS 13 as well (Guo et al., 2000; Sun et al., 2006; Yin and Guo, 2008; Guo 

et al., 2009; Hao et al., 2015). Therefore, the large variation in the Bay of Bengal water column 

stratification could be a result of the prominent change in the ISM. As the δ18ON. dutertrei is controlled 

by the global ice volume change, temperature and changes in the regional evaporation-precipitation, it 

alone doesn't clearly show the effect of the change in ISM.  

It is interesting to note that the stadial SSTs decreased after MIS 12 (Figure 3). This might be 

because of a possible decrease in winter monsoon, which will result in a cooler SST due to reduced 

freshwater influx as the summer monsoon was weak during the stadials. There has been report of 

strengthened ISM after the mid-Bruhnes event due to a weak Indian Ocean equatorial westerly wind 

and positive Indian Ocean dipole (IOD) (Gupta et al., 2010). However, our records suggest a longer-

term change in the ISM strength. After MIS 25, the glacial-interglacial changes in the upper water 

column stratification have smoothed (Figure 2). There could be two possibilities for this, (1) the 



interglacial stratification decreased or (2) the glacial mixing decreased. However, there is a slow and 

steady shift in Δδ18O towards more negative values from MIS 24 to MIS 8c, and the trend is more 

noticeable for stadial values when compared to the pre MPT period. This trend can be more 

prominently seen in the thermocline assemblage (%), which continuously increases from MIS 24 to 

the present. Therefore, it is clear that the decreased mixing during the post MPT stadial periods resulted 

in limited variation in Δδ18O. The possible explanation for this could be an increased summer 

monsoon, decreased winter monsoon, or the coupled effect of both. The lack of Δδ18O data of the last 

270 ka, precludes a corroboration of the sharp increase in TA after MIS 8 with Δδ18O. However, this 

change is prominent from MIS 12 to MIS 8 in all three records (Δδ18O, MLA and TA), and it is likely 

that the covarying relationship between the three continues till the present. This indicates a continuous 

increase in the stratification in the western Bay of Bengal. We have plotted the δ18ON. dutertrei and 

Δδ18OG. ruber-N. dutertrei record from Site U1446 as an extension of our existing data till 70 ka, and it 

shows a decreasing trend in the Δδ18O (Figure 7) (Nilsson-Kerr et al., 2022). The Δδ18OG. ruber-N. dutertrei 

record of Bolton et al. (2013) from the southern Bay of Bengal also shows a decreasing trend from 

MIS 12 to the present (Figure 7). All these studies corroborate our earlier inference of a continuous 

increase in stratification due to the strengthening of ISM in the post MPT period. The major ice sheet 

expansion caused by the continued global effects associated with the MPT resulted in a change in the 

Indian monsoon system (Bhadra and Saraswat, 2022). A similar strengthening of the East Asian 

summer monsoon has been reported after 550 ka from studies on Chinese and Japanese loess deposits 

in line with the uplift of the Tibetan plateau (An et al., 1990; Xiao and An, 1999). A higher Δδ18O 

during the glacial terminations is reported in the equatorial Indian Ocean (Bolton et al., 2013). It was 

suggested that the inferred strong stratification during the termination events indicates a Southern 

Hemisphere control over the ISM variability on the millennial scale, possibly via modulation of the 

strength of the Southern subtropical Indian Ocean-Asia pressure gradient (An et al., 2011; Caley et al., 

2013). A similar observation is evident in the Site U1446 record. Most of the peaks are during the 

termination events. Recently, Band et al. (2022) also linked the millennial scale ISM variability to a 

similar Southern Hemisphere forcing. 



 

Figure 7: The variation in the δ18O G. ruber (Clemens et al., 2021), δ18O N. dutertrei (this study and 

Nilsson-Kerr et al., 2022), the difference in the δ18O between N. dutertrei and G. ruber (Δδ18O) (this study 

and Nilsson-Kerr et al., 2022), Δδ18O from Bolton et al. (2013) and Thermocline assemblage during the 

last 1.45 Myr. The light blue bands indicate stadials, with each MIS sub-stage marked at the top. 

The relative abundance of N. dutertrei was high during the interglacials and continuously 

increased after MIS 25, which supports our earlier results regarding summer monsoon variability 

(Figure 3). The abundance of N. dutertrei usually increases at the deep chlorophyll maximum within 

the thermocline because of the light availability and high concentration of nutrients (Fairbanks and 

Wiebe, 1980; Peeters et al., 2002; Field, 2004; Lončarić et al., 2006; Triantaphyllou et al., 2010; Birch 

et al., 2013). Recently, the high relative abundance of N. dutertrei in the western Bay of Bengal was 

attributed to the deep chlorophyll maxima in the thermocline (Bhadra and Saraswat, 2021). This deep 

chlorophyll maximum is created by a strong density gradient caused by low salinity in the surface 

waters. Therefore, the high relative abundance of N. dutertrei was suggested as a low surface salinity 



indicator. The relative abundance of N. dutertrei also shows a good correlation with summer monsoon-

induced low salinity in the Bay of Bengal (Cullen, 1981). The high saline and dense water during the 

summer monsoon in the Bay of Bengal entrap the nutrients in the upper thermocline, thereby creating 

a subsurface chlorophyll maximum, a preferred habitat for N. dutertrei.  

The δ18ON. dutertrei clearly shows a shift from 41 kyr periodicity to 100 kyr periodicity after 900 

ka suggesting the effect of the MPT (Figure 5). However, this change isn't visible in any other proxy. 

This indicates that the obliquity and eccentricity forcing have little effect on the upper water column 

stratification of the Bay of Bengal. However, the precession signal is strongly visible in all the records 

indicating its dominant control on the stratification changes in the Bay of Bengal. The δ18ON. dutertrei is 

affected by the global ice volume changes and the local temperature-salinity effect. Therefore, it is 

possible that the 41 kyr and 100 kyr periodicities present in the δ18ON. dutertrei are the signal captured by 

only the global ice volume changes and don't have any contribution from local seawater properties. On 

the other hand, Δδ18O and faunal assemblage reflect the stratification changes in the water column, 

which is controlled by the ISM as inferred from the previous sections. Therefore,  the precession 

forcing has a larger control over the ISM than eccentricity or obliquity. The presence of 23 kyr signal 

in Δδ18O after 900 ka and its absence before that suggests the precession control over the Indian 

monsoon has increased after the MPT. Previous studies have also reported the control of precession 

forcing on the Indian summer monsoon in the quaternary.  

6. Conclusion 

The faunal abundance and difference between δ18O of N. dutertrei and G. ruber show a similar 

variability between MIS 45 and MIS 8. All the indices indicate a stronger stratification during the 

interstadials and comparatively weaker stratification during the stadials. The strengthened summer 

monsoon during the interstadials lowered the salinity of the surface layer in the western Bay of Bengal 

with high direct rainfall and riverine influx. This, in turn, inhibited mixing in the upper layer and 

created a shallow thermocline. The effect of the MPT on surface waters of the Bay of Bengal was large 

enough to change the water column structure. The strengthened monsoon post MPT period resulted in 

more shallowing of the thermocline. There is a strong processional control over the summer monsoon 

induced stratification in the Bay of Bengal.   
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