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Abstract

The short-term variability in the Indian monsoon is well documented through instrumental records
and paleoclimatic studies of the recent geological past. However, the effect of mid-Pleistocene
transition (MPT) on the Indian monsoon has not been discussed extensively due to the scarcity of
long-term records of changes in monsoon strength. We have used a 1.45 myr record of planktic
foraminifera assemblages from the Site U1446 to understand the effect of the MPT on monsoon and
associated processes. From the variability in the abundance of the summer monsoon assemblage, it is
evident that the Indian summer monsoon (ISM) was stronger during the warm interstadials and
weaker during the stadials, whereas the winter monsoon assemblage suggests a weakened winter
monsoon during the interstadials. From the variation in eutrophic assemblage, it is inferred that,
throughout the studied interval, productivity was controlled by the ISM. We report a large-scale
reorganization of the Indian monsoon system after the onset of the MPT, which resulted in the
strengthening of ISM. We also report that during the post MPT period, the summer monsoon was
influenced by the 23 kyr precession cycle and the 100 kyr eccentricity cycle strongly modulated the
winter monsoon.
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1. Introduction

The Indian monsoon is a unique seasonal reversal of the surface winds driven by the migration of the
intertropical convergence zone (ITCZ) and atmospheric pressure gradients over central Asia (Wyrtki
et al., 1971; Webster, 1986). During the summer monsoon season, the differential heating between
the warmer Indian subcontinent and the cooler Indian Ocean induces southwesterly winds, bringing
heavy precipitation throughout the Peninsular India (Krishnamurti, 1985; Gadgil, 2003). The intense
heating creates a large pressure difference that shifts ITCZ to a large extent. The low pressure is
driven by both the direct heating of the Indian landmass and the latent heating of the atmosphere
(Webster et al., 1998; Fasullo and Webster, 2003). The southern Indian Ocean acts as the source of
the latent heat and moisture caused by intense evaporation. This hot and moisture-rich wind system
originating in the southern Indian Ocean deflects to its right in the Arabian Sea due to the Coriolis
effect and travels to the Indian mainland and precipitates as rainfall in the Himalaya’s slopes, further
strengthening the low pressure (Clemens et al., 1991; Schott and McCreary, 2001; Shankar et al.,
2002; Gadgil et al., 2007). Although the broad mechanism facilitating the Indian monsoon is known,
its temporal variability is still a mystery, hampering robust projections.

Several modelling studies focused on the effect of radiative forcing on the Indian summer
monsoon (Kitoh et al., 1997; May, 2004; Meehl and Arblaster, 2003; Ueda et al., 2006; Turner et al.,
2007; Ashfaq et al., 2009; Sabade et al., 2011). The results vary, with a few projecting a decrease in
the summer monsoonal rainfall due to the weakening of large-scale monsoon circulation (Ashfaq et
al., 2009), while others suggest an increase in precipitation due to the enhanced moisture
convergence resulting from the increase in atmospheric moisture content (Seth et al., 2013; Kitoh et
al., 2013; Lee and Wang, 2014). The Indian Ocean is the primary moisture source for the summer
monsoon precipitation (Meehl, 1997; Wajsowicz and Schopf, 2001). The changes in both the
Northern and Southern Hemisphere insolation affect the Indian monsoon. While the insolation
changes in the Northern Hemisphere have a more local and immediate effect, the Southern
Hemisphere insolation changes have a remote and delayed impact (Liu et al., 2006). The uplift of the
Himalayas and Tibetan plateau has also been associated with the change in Indian monsoon strength
(Zhang et al., 2012; Singh and Gupta, 2014). The differential heating during the summer season
lowers the pressure over the Tibetan Plateau as compared to the Indian subcontinent and strengthens
the monsoon (Webster et al., 1998).

The changes in the solar radiation intensity or insolation caused by the changes in the earth’s
orbit, namely the Milankovitch Cycles (100 kyr eccentricity cycle, 41 kyr obliquity cycle and 23 kyr
precession cycle), primarily modulate the orbital scale climatic changes (Berger and Loutre, 1991;
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Ruddiman, 2001). The Indian monsoon, driven by the large-scale land-sea pressure gradient, is very
sensitive to the earth’s orbital parameters (Anderson and Prell, 1993). Several studies suggest an
orbital scale variability in the Indian monsoon in the geologic past (Prell, 1984; Prell and Van
Campo, 1986; Clemens et al., 1991; Imbrie et al., 1992; Colin et al., 1998; Saraswat et al., 2020).
The 41 kyr obliquity cycle and 23 kyr precession cycle strongly controlled the summer monsoon
variability in the last 350 kyr (Clemens et al., 1991; Colin et al., 1998). The modelling studies have
also confirmed the orbital scale control of the Northern Hemisphere insolation on the summer
monsoon variability (Kutzbach, 1981; Kutzbach and Guetter, 1986; Prell and Kutzbach, 1987; de
Noblet et al., 1996: Bosmans et al., 2018; Tejavath et al., 2021).

The signatures of change in the orbital configuration are widely observed in various
paleoclimate records, including the monsoon. However, interestingly, a major change in
paleoclimatic records is observed during the Pleistocene, without any concomitant reorganization of
the orbital configuration. This change during the Pleistocene, termed as the mid-Pleistocene
Transition (MPT: 1250 ka — 700 ka), is one of the most significant events for paleoclimatologists
regarding global climate change (Maslin et al., 1998). During the MPT, climate signatures shifted
from the dominant 41 kyr glacial-interglacial cycle to the 100 kyr cycle (Clark et al., 2006). The
implications of the MPT are also evident in the global sea level (Rohling et al., 2014), sea surface
temperature (Herbert et al., 2010), ice volume (Lisiecki and Raymo, 2005) and monsoon
(DeMenocal, 1995). A weaker Indian summer monsoon post MPT is inferred based on the changes
in clay mineralogy (Chen et al., 2019; Lee et al., 2020). However, a momentous event such as this

demands more studies using different proxies with better resolution.

Several attempts were made to reconstruct the past monsoon changes from the Bay of Bengal
(e.g., Duplessy, 1982; Kudrass et al., 2001; Govil and Naidu, 2011; Nilsson-Kerr et al., 2019;
Lauterbach et al., 2020; Suokhrie et al., 2018; 2022). But, only a few of them have investigated the
monsoon variability on the orbital time scale (Lee et al., 2020; Mcgrath et al., 2021; Clemens et al.,
2021). Additional long-term studies are required to understand the effect of MPT on the Indian

monsoon.

The monsoon intensity modulates the ocean's primary productivity. The primary productivity
is an important climate modulator as it controls the ocean-atmosphere CO, exchange (Broecker,
1982). The primary productivity depends on many factors, including nutrient availability, turbidity,
and light and wind intensity. The monsoon strongly controls these parameters. Therefore, primary

productivity signatures are often used to assess the changes in monsoon intensity. Thus, the



paleoproductivity records will help understand the past monsoon-induced changes in these

parameters.

The past productivity changes have been constructed by using different proxies (Muller and
Suess, 1979; Berger et al., 1989; Pattan et al., 2003) like planktic foraminifera (Prell and Curry,
1981; Singh et al., 2006; Naik et al., 2017), benthic foraminifera (Herguera and Berger, 1991; Singh
and Gupta, 2005), biogenic opal (Lange, 1993) and carbonate content (Wefer et al., 1999). Planktic
foraminifera have been extensively used for paleoclimatic studies due to their wider availability and
sensitivity towards the environment (Saraswat, 2015; Hollstein et al., 2017). Because of their direct
response to the oceanographic conditions, planktic foraminifera have been considered excellent
paleomonsoon indicators (Cullen and Prell, 1984; Hemleben et al., 2012; Curry et al., 1992; Schiebel
et al., 2004). The effect of the Indian summer monsoon (ISM) on surface water productivity in the
Bay of Bengal is still ambiguous. Some studies have reported reduced productivity during the
summer monsoon season due to strong stratification, increasing turbidity, and light limitation
(Madhupratap et al., 2003). In contrast, others have reported high productivity due to increased
nutrients from riverine flux, upwelling or eddy pumping (Prasanna Kumar et al., 2004).

In this paper, we reconstruct the changes in the relative strength of the Indian summer and
winter monsoon during the last 1.45 myr and the role of MPT in this. The productivity changes in the
western Bay of Bengal with respect to monsoon are also discussed. We use different assemblages of
planktic foraminifera as a proxy for this study. We also explore the implications of orbital

periodicities on the Indian monsoon.
2. Regional Setting

The International Ocean Discovery Program (IODP) Site U1446, drilled during IODP Expedition
353, is located 75 km from the east coast of India, offshore the Mahanadi Basin in the western Bay
of Bengal at a water depth of 1441 m (Figure 1). The strategic location at a northwest-southeast
trending ridge on the lower slope makes the site safe from any turbidite deposits. Dark to light grey
clays dominate the drilled sediments with varying proportions of foraminifera, biosilica and

nannofossils (Clemens et al., 2016). The average lithogenic fraction is 70%.

The northwestern Bay of Bengal is an atypical, unique basin perfect for paleomonsoon

studies owing to its prime location in the core monsoon region, with the high terrestrial influx
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Figure 1: (A) The location (black filled square) of Site U1446 in the core monsoon and riverine influx
region of the western Bay of Bengal. The background contour is sea surface salinity during the summer
monsoon season (July-September). The direction of the East Indian Coastal Current (EICC) during the
summer monsoon season has been obtained from Schott et al. (2009). (B) The surface chlorophyll-a
concentration and the Mixed Layer Depth (MLD) (0-25 m) temperature (°C) and salinity during
different months at the site are also plotted. Source: World Ocean Atlas 2018 and SeaWiFS, accessed by
Live Access Server, CSIR-NIO (Locarnini et al., 2018; Zweng et al., 2019).

and high sedimentation rate. There is a net positive water flux of 152 x 1010 m®y in the Bay of
Bengal caused by the direct rainfall and riverine influx (Varkey et al., 1996). The net freshwater
inflow to the Bay of Bengal peaks in June-October (Sengupta et al., 2006; Papa et al., 2012). The
high riverine influx and a narrow continental shelf help in a huge influx of terrestrial matter up to the
slope and further deeper regions. The higher food availability due to the riverine nutrient flux can
increase the foraminiferal productivity in the region. However, the ensuing low salinity could be
detrimental to some high salinity preferring species like Globigerinoides ruber (Bhadra and
Saraswat, 2021). The surface salinity stays low, creating a shallow halocline at 5-20 m depth during
the summer, autumn and winter (Thadathil et al., 2002; Helber et al., 2012). The springtime (March-
May) salinity is typically high. The summer monsoon winds induce upwelling in the marginal
regions of the western Bay of Bengal (Shetye et al.,, 1991). The upwelling increases nitrate
availability, thereby increasing the primary productivity (Muraleedharan et al., 2007), an important

factor for the planktic foraminiferal abundance, especially for the species like Globigerina bulloides



(Prell and Curry, 1981; Gupta et al., 2003). A major fraction of the riverine influx flows along the
coastal region as East India Coastal Current (EICC) (Shetye et al., 1996; Chaitanya et al., 2014). The
EICC flows southward, carrying low saline water during the peak summer monsoon. Post summer
monsoon, EICC changes direction and flows northward, transporting high saline water (Shetye,
1993). During the winter monsoon, the EICC again changes direction and flows southward (Varkey
etal., 1996).

The monthly temperature and salinity of the mixed layer (0-25 m) and the surface
chlorophyll-a content at the drill site from the year 1986 were plotted to understand the influence of
monsoon on productivity (Figure 1). The temperature and salinity data were obtained from the World
Ocean Atlas-2018 (Locarnini et al., 2018; Zweng et al., 2019), and the chlorophyll-a data was
obtained from the SeaWiFS chlorophyll data by using the Live Access Server of CSIR-National
Institute of Oceanography, Goa, India. The chlorophyll-a concentration is very high during June, the
time for the beginning of summer monsoonal rainfall. The highest salinity is during April, and the
lowest is during December. The temperature is low during the winter (December-February) and

warms during the summer (May-July) (Figure 1).
3. Methodology

A total of 328 samples covering the entire 202 m drilled depth of the primary splice of IODP Site
U1446 have been used for this study (See Appendix). The samples were collected at an interval of
~60 cm, corresponding to an age interval of ~4 kyr. All the samples were processed following the
standard procedure (Saalim et al., 2017). The samples were collected in small, labelled and pre-
weighed glass petri-dishes and frozen (-30°C) for 24 hours. The frozen samples were freeze-dried
using a lyophilizer. The dry sediment samples were weighed and then washed using a 63 pum mesh-
sized sieve. The material retained on the sieve (>63 um, was dried, weighed and transferred to
storage vials. A representative split aliquot of the original dried >63 um fraction was sieved with a
125 um sieve. Both the representative split fraction taken for sieving and the one obtained after
sieving at 125 pm were weighed. From one-quarter of the fraction >125 pum, a minimum of 300
planktic foraminifera were picked using a stereo zoom microscope (Olympus SZX16) and mounted
on a micropaleontological slide. All intact planktic foraminifera were picked from such fractions.
The entire >125 um size fraction was used wherever 300 planktic foraminiferal shells were not
available. The number of individuals of different planktic foraminifera species was counted. The

species were identified following Parker (1962), Schiebel and Hemleben (2017) and other literature.



The chronology of the Site U1446 was developed by Clemens et al. (2021) by using the 53
age tie-points (Figure 2). Of the 53 tie-points, four were accelerator mass spectrometer (AMS)
radiocarbon dates between 1.7 and 6.1 m, one from the base of Toba ash at 15.6 m and the rest (48)
from the comparison of benthic foraminifera oxygen isotopic ratio (5¥0) with the global 580 stack
(Lisiecki and Raymo, 2005). The samples cover a time span of 1.45 myr with an average sample
resolution of ~4 kyr. The sedimentation rate is very high during the late Quaternary (up to 80

cm/kyr). Prior to 250 ka, the sedimentation rate varies between 5 and 20 cm/kyr (Figure 2).

The species were grouped into summer and winter monsoon assemblages for a more robust
reconstruction of the seasonal monsoon changes. Both the modern surface distribution of the planktic
foraminifera in the western Bay of Bengal (Bhadra and Saraswat, 2021) as well as sediment trap
results (Guptha et al., 1997; Stoll et al., 2007) were used to define the characteristic monsoon
assemblages.
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Figure 2: Left panel shows the composite core depth below sea floor (CCSF) against the age of Site
U1446. The red-filled circles are the stable oxygen isotopic ratio (8'0) based tie points used to establish
the chronology (Clemens et al., 2021). The right panel (thick green line) shows the temporal variation in

the sedimentation rate (m/kyr).



Globigerina bulloides, Globigerinella siphonifera, Trilobatus sacculifer and Neogloboquadrina
dutertrei were included in the summer monsoon assemblage (SMA) as their relative abundance
increased during the summer monsoon months. Globorotalia menardii was included in the winter
monsoon assemblage (WMA) as its relative abundance increased only in the winter monsoon season.
Although Globigerinita glutinata was the most abundant species at Site U1446, it was excluded from
the summer and winter monsoon assemblages because it was abundant during both seasons.
Globigerinoides ruber abundance was also not restricted to any particular monsoon season in the
Bay of Bengal (Guptha et al., 1997). However, this species has been extensively used as a winter
monsoon indicator in the Arabian Sea (Caley et al., 2011; Saraswat et al., 2020). Globigerina
falconensis is considered a typical winter monsoon species, and it represents a non-upwelling
condition (Conan and Brummer, 2000; Peeters and Brummer, 2002; Schulz et al., 2002). The
modelling studies suggest that the strong winter conditions shift the faunal assemblage from G.
bulloides to a higher abundance of G. falconensis (Munz et al., 2015). The average and maximum
relative abundance of G. falconensis at Site U1446 are 3.53% and 34.86%, respectively, which is
quite significant. Therefore, G. ruber and G. falconensis have been included in the winter monsoon
assemblage as well.

Different planktic foraminiferal species have been grouped into eutrophic and oligotrophic
assemblages according to their ecological preference. Globigerinita glutinata is often associated with
high phytoplankton productivity (Schiebel and Hemleben 2000; Chapman 2010). Globigerina
falconensis, however, though it prefers eutrophic conditions, is less opportunistic in terms of food
availability than G. glutinata and G. bulloides. The diet of G. bulloides and N. dutertrei consists of
algae, whereas T. sacculifer uses copepods as its food (Schiebel and Hemleben, 2017). Therefore, T.
sacculifer, G. ruber and Globigerinoides conglobatus are considered oligotrophic species because of
their preference to warm low productive waters (Bé and Hutson, 1977; Stoll et al., 2007; Seears et
al.,, 2012). So, these species have been included in the oligotrophic assemblage. Globigerina
bulloides, G. glutinata, G. falconensis and N. dutertrei, though preferring different habitats, have one
thing in common between them, namely preference for a high food availability environment.
Because of their high organic matter preference, all these species have been traditionally termed as
eutrophic species (Singh et al., 2018). Therefore, the combined relative abundance of all these

species was used as a productivity indicator and termed as eutrophic assemblage.

In order to infer any cyclicity in the paleomonsoon and assess the effect of the long-term
periodic global climatic changes on the Indian monsoon, wavelet and spectral analyses were done on

the monsoon and productivity proxies by using the Past 4.03 software (Hammer et al., 2001). The



wavelet plots were generated through wavelet analysis for unequally spaced data. The spectral
analysis was done using the REDFIT algorithm with a Rectangle window. The period between
~1250 ka and ~700 ka is generally considered as MPT (Maslin et al., 1998). As our dataset suggests
a distinct change at MIS 22, we have taken 925 ka as a boundary to see the changes in cyclicity in
the post MPT period. An oversample of 2 and a segment of 3 were taken as sub-parameters for the
dataset between 925 ka and present. Due to fewer data points between 925 ka and 1450 ka, a
segment of 2 was taken for spectral analysis.

4. Results

A total of 33 species belonging to 15 genera constitute the planktic foraminifera assemblage of the
Site U1446. Globigerinita glutinata is the most abundant species. Other abundant species are
Globigerinoides ruber, Globigerina bulloides and Neogloboquadrina dutertrei (Figure 3). The
combined average relative abundance of these four species is ~75% at Site U1446. The average,
maximum and minimum relative abundance of G. glutinata was 37.06%, 81.56% and 10.26%,
respectively, indicating its dominant presence in the assemblage, irrespective of the environmental
condition. The average abundance of G. glutinata increases from Marine Isotopic Stage (MIS) 45 to
MIS 23 and decreases subsequently until the present (Figure 3). The average abundance of G. ruber
is 17.13%, varying from a minimum of 4.05% to a maximum of 47.65%. Overall, the relative
abundance of G. ruber shows a decreasing trend from 1.4 Ma to the present. Distinct short-term
periodic peaks and lows are superimposed on the long-term decreasing abundance of G. ruber. The
highest abundance of G. ruber is in MIS 12. A prominent low relative abundance of G. ruber is
observed between ~650 ka and ~450 ka. Globigerina bulloides is abundant during most of the

warmer interstadials and low during colder stadials.
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Figure 3: The relative abundance of all the major planktic foraminiferal species at Site U1446 along
with the G. ruber §'0 obtained from Clemens et al. (2021) during the last 1.45 myr. The grey bars
represent even-numbered MIS and have been marked by respective MIS numbers at the top. The
intervals prior, during and post mid-Pleistocene Transition (MPT) have also been marked. Almost all
the species show a large variation in the relative abundance during the stadial-interstadials.
Additionally, several species (G. siphonifera, G. glutinata, G. ruber) also show a prominent linear
increase or decrease throughout the last 1.45 myr. The running average (11 point) is plotted as thick
black lines to better represent the long-term increasing or decreasing trend.
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The average abundance of G. bulloides is 11.26%, with a minimum and maximum abundance of 0%
and 26.14%, respectively. A prominent peak in the relative abundance of G. bulloides is observed
between MIS 42 and MIS 36. The relative abundance was low during the early MPT (MIS 36 - MIS
30). However, the relative abundance of G. glutinata was high during this interval.

The stadial-interstadial variability in the relative abundance of G. bulloides increased
significantly during the last ~350 kyr. Most of the peaks in the relative abundance of N. dutertrei are
during warmer intervals, although this relationship is not consistent throughout. Neogloboquadrina
dutertrei has an average abundance of 8.84%, varying from a minimum of 0.42% to a maximum of
27.98%. Trilobatus sacculifer, with an average relative abundance of 4.41%, is also more abundant
during the interstadials. Its relative abundance is low during the MPT and high during both pre and
post-MPT times. The minimum and maximum relative abundances of T. sacculifer are 0.26% and
14.16%, respectively. Interestingly, the relative abundance of T. sacculifer was very low throughout
the MPT, as compared to the interval prior to and post-MPT. Globorotalia menardii does not follow
any consistent trend during the stadial-interstadial. However, after ~350 ka, the stadial-interstadial
variation in its relative abundance is similar to that in G. bulloides. The average relative abundance
of G. menardii is 1.44% varying from being absent to the maximum of 6.59% but increases after
MIS 12. Globigerina falconensis is comparatively more abundant in almost all cold stadials.
Globigerina falconensis shows the most significant stadial-interstadial transition in its relative
abundance among all the species. However, its relative abundance was <5% during the larger part of
the last 1.45 myr. Its average relative abundance was 3.53%, varying from being completely absent
to 34.86%. The average relative abundance of Globigerinella siphonifera is 1.32%, showing a
constant linear increase from 1.45 Ma to the present. Its minimum and maximum relative abundances

are zero and 10.27%, respectively (Figure 3).

The wavelet analysis for SMA shows significant 100 kyr variability during 1050 -700 ka and
500-150 ka. The 41 kyr cyclicity is present during 300-100 ka, and the 23 kyr cyclicity is present
primarily throughout after 1200 ka. In the wavelet plot of WMA, the 100 kyr cyclicity is present in
the entire studied interval, more significantly after 600 ka. The 41 kyr cyclicity is almost absent in
the WMA wavelet plot. The eutrophic assemblage wavelet plot shows a cyclity close to 100 kyr in
the entire period after 1200 ka and the 23 kyr signal after 350 ka (Figure 4).

In the spectral analysis using REDFIT algorithm, the summer monsoon assemblage shows 22
kyr and 115 kyr periodicities after 925 ka with 95% and 90% significance, respectively. It shows a
100 kyr periodicity with 90% significance, between 925-1450 ka. The winter monsoon assemblage

shows 102 kyr and 20 kyr periodicities with 99% and 95% significance after 925 ka, respectively.
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Prior to 925 ka, it shows 26 kyr and 100 kyr periodicities with 95% and 90% significance,
respectively (Figure 5). The eutrophic assemblage shows 102 kyr and 23 kyr periodicity after 925 ka
with a significance of 99% (Figure 5). It shows 100 kyr and 23 kyr periodicities with 95% and 90%

significance, respectively, between 925-1450 ka.

Figure 4: The wavelet analysis of (A) summer and (B) winter monsoon assemblages. The periodicity in
the eutrophic assemblage (C) was also plotted. The y-axis is periodicity, and the x-axis is age (kyr).

Periodicity
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Figure 5: The spectral analysis of summer and winter monsoon assemblage and eutrophic assemblage
in the pre and post-MPT period (925-1450 ka and 0-925 ka, respectively). The blue, green and pink
lines represent 90%, 95% and 99% significance, respectively. The significant periodicities are marked
with the respective age. The y-axis is power, and the x-axis is frequency.

5. Discussion
5.1 Ecological interpretation of the planktic foraminiferal assemblages

Although G. glutinata is the most abundant species throughout the studied interval, its relative
abundance continuously decreases from MIS 22 until the present. At the same time, the relative
abundance of other typical summer monsoon species like G. bulloides, G. siphonifera, N. dutertrei
and T. sacculifer increased post-MPT period (Figure 3). In a recent surface distribution study of the
planktic foraminiferal species, G. glutinata was found to be highly abundant in the Bay of Bengal
and was related to the high nutrient availability from the riverine influx as well as better preservation

of its tests (Bhadra and Saraswat, 2021). Globigerinita glutinata is an opportunistic species and is
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often related to colder conditions (Schiebel et al., 2001; Bhadra and Saraswat, 2021). Schiebel and
Hemleben (2000) linked the high relative abundance of G. glutinata to the mixed layer deepening in
the north Atlantic. However, it should be noted that G. glutinata in this study has been picked from
>125 um size fraction, which can render size-related bias when compared to the studies that used

>150 pum fraction.

Neogloboquadrina dutertrei is essentially thermocline dwelling species (Thunell and
Reynolds, 1984; Schiebel and Hemleben, 2017). Also, its abundance increases with increased
stratification. Therefore, the relative abundance pattern of N. dutertrei indicates a warmer and more
stratified Bay of Bengal post-MPT. The signal, however, is continuous from MIS 22 until the
present, suggesting a strengthening of the summer monsoon. Globigerinoides ruber and T. sacculifer
are considered oligotrophic species because of their preference to warm low productive waters. The
only difference is that G. ruber prefers high saline waters (>36) (Bhadra and Saraswat, 2021),
whereas T. sacculifer is mainly found in comparatively less saline waters (<36) (Bé & Hutson, 1977;
Seears et al., 2012). This would explain the different trends in the relative abundance of both these
species post-MPT. The lower surface salinity in the western Bay of Bengal because of high riverine
influx and precipitation due to a strengthened monsoon was detrimental to G. ruber.

Globigerina bulloides is fairly abundant at Site U1446. Its relative abundance reaches more
than 20% in the post-MPT interstadial periods (Figure 3). Globigerina bulloides has been used as a
robust summer monsoon intensity proxy in the Arabian Sea (Overpeck et al., 1996; Gupta et al.,
2003; Naik et al., 2017). It prefers relatively cold, nutrient-rich high productive water (Curry et al.,
1992; Schiebel et al., 2001) and has been suggested as an upwelling indicator species in the lower
latitudes (Anderson and Prell,1993; Conan and Brummer, 2000; Gupta et al., 2003; Seears et al.,
2012). The high abundance of G. bulloides during interstadials indicates stronger upwelling in the
northwestern Bay of Bengal. Globigerina bulloides (%) shows a good match with 510 of G. ruber
on the glacial-interglacial time scale, more prominently MIS 22 onwards. However, the extent of
variation in both does not show any overall similarity. This means that though there is upwelling
during interstadials, the strength of upwelling is independent of the strength of the interstadial. The
high abundance of G. bulloides during interstadials is similar to that in the Arabian Sea (Gupta et al.,

2003), a highly productive basin with a robust summer upwelling.
5.2. Changes in the strength of the Indian monsoon in the last 1.45 myr

The relative abundance of summer monsoon assemblage was higher in the warmer interstadial stages
(e.g. MIS 3a, 5e, e, 13a, 193, 31, 47) and lower during the colder stadial stages (e.g. MIS 2, 6c, 18e,
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25d, 46) in most of the intervals, throughout the record (Figure 6). The winter monsoon assemblage
shows the opposite trend, increasing during the stadials (e.g. MIS 8a, 12c, 18e, 22, 26, 44) and
decreasing during the interstadials (e.g. MIS 1, 9c, 15e, 27, 47) (Figure 6). However, this trend is less
significant before MIS 22, whereas it is more prominent during the post-MPT period, suggesting a
stronger covariance of the Indian monsoon system with the glacial-interglacial variability post-MPT.
In the western Bay of Bengal, the monsoon winds blow from the south to the north and induce
upwelling along the eastern margin of India. The relative abundance of G. bulloides also peaks
during the interstadial periods. Therefore, it is evident that the summer monsoon was strong during
the interstadials and weak during the stadials throughout the last 1.45 myr in the western Bay of
Bengal. A stronger summer monsoon during interstadials has been reported by several workers based
on long-term records from the Indian Ocean (Kunkelova et al., 2018; Saraswat et al., 2019; Alvarez
Zarikian et al., 2022). The scenario is exactly the opposite when it comes to the winter monsoon. The

winter monsoon was stronger during the stadials as compared to the interstadials.
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Figure 6: The summer and winter monsoon assemblages, as well as the relative abundance of upwelling
indicator G. bulloides, are plotted with the tetra ether index (TEXsgs) sea surface temperature and G.
ruber 80 record of Site U1446 obtained from Clemens et al. (2021). The grey bands indicate stadial
substages marked by the respective MIS number at the top. The sub-stage notations have been taken
from Railsback et al. (2015). The intervals prior, during and post mid-Pleistocene Transition (MPT)
have also been marked. A prominent stadial-interstadial variation is evident in both the summer and
winter monsoon assemblages. Additionally, gradual strengthening of the summer monsoon is also
observed post-MPT. The running average (11 point) is plotted as thick black lines to better represent
the long-term increasing or decreasing trend.

Clemens and Prell (2003) prepared a summer monsoon stack for the last 350 kyr by
combining five different summer monsoon proxies (grain size, barium mass accumulation rate,
Globigerina bulloides (%), opal mass accumulation rate and nitrogen isotopic ratio) from the
northwestern Arabian Sea, by using stacking and principal component analysis. They show an
increase in summer monsoon strength during the interstadials. We compared the SMA with the
summer monsoon stack of Clemens and Prell (2003). The summer monsoon assemblage of U1446

for the last 350 kyr very well matches the stack reconstructed by Clemens and Prell (2003) (Figure
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7). The studies from the Arabian Sea have also reported stronger summer monsoon during the
interstadials (Clemens et al., 1991; Zahn and Pedersen, 1991; Anderson and Prell, 1992; Emeis et al.,
1995; Ivanova et al., 2003; Saraswat et al., 2020).
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Figure 7: A comparison of the Site U1446 summer monsoon assemblage with the summer monsoon
stack from the Arabian Sea prepared by Clemens and Prell (2003). The G. ruber 80 at Site U1446
obtained from Clemens et al. (2021) is plotted for reference. The stadial-interstadial variations in the
Site U1446 summer monsoon assemblage match well with the Arabian Sea summer monsoon stack. The

grey bars represent even-numbered MIS and have been marked by respective MIS numbers at the top.

Lee et al. (2020) reported a decrease in summer monsoon intensity from 1.5 Ma to the
present. They have reported high carbonate percentage and high relative abundance of G. bulloides
in the post-MPT period and related it to the increased convective mixing due to the strengthening of
the winter monsoon. They used the G. bulloides data of Mohan and Gupta (2011) from the southeast
Arabian Sea. A strong winter monsoon wind condition would increase the convective mixing in the
Bay of Bengal, which in turn enhances the nutrient availability in the surface mixed layer and
increases the productivity. However, from the sediment trap studies (Guptha et al. 1997), it is clear

that G. bulloides is much more abundant during the summer monsoon season than in the winter. We
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also see an increase in the G. bulloides (%) after the MPT. In the U1446 record, the summer
monsoon assemblage increases and the winter monsoon assemblage decreases during the post-MPT
period (Figure 6). Thus, the high carbonate percentage reported by Lee et al. (2020) during the post-
MPT period is because of increased upwelling induced by the strengthened summer monsoon and

not due to the convective mixing caused by the enhanced winter monsoon.

Between MIS 32 and MIS 29, the G. bulloides abundance was low and increased afterwards
until the present (Figure 6). There has been a continuous increase in the relative abundance of G.
bulloides from the middle Pleistocene to the present. A similar but more prominent trend is seen in
the summer monsoon assemblage (Figure 6). From this trend, it is clear that the summer monsoon
was weak during MIS 34-36 and has continuously strengthened since then. However, the winter
monsoon assemblage does not show any similar linear trend in the earlier part of the studied interval.
The winter monsoon assemblage shows a more cyclic trend, and its percentage decreases steadily
only after MIS 12. Overall, the average relative abundance of summer and winter monsoon
assemblages are 25.8% and 22.1%, respectively, showing the almost equal impact of both the
monsoons in the western Bay of Bengal, with summer monsoon being marginally dominant.
However, a large change in the relative abundances of both summer and winter monsoon is observed
during the post-MPT period (after 700 ka) with average values of 30.8% and 20.6%, respectively.
The higher relative abundance of the summer monsoon assemblage suggests that the summer
monsoon was dominant during the last ~650 kyr. Further, it is inferred that the winter monsoon
weakened post-MPT as the summer monsoon strengthened. The studies on Chinese and Japanese
loess deposits suggest the strengthening of the East Asian Summer Monsoon in two stages after
1.2/1.1 Ma and 550 ka, in line with the uplift of the Tibetan plateau (An et al., 1990; Xiao and An,
1999). We also report that on a longer time scale, the strength of the winter monsoon is not linearly
correlated with the strength of the summer monsoon, which is in line with the findings from the

equatorial Indian Ocean (Alonso-Garcia et al., 2019).

We suggest that the Indian summer monsoon was very weak during the early MPT period. It
only started strengthening from MIS 22 (Figure 6). The period between MIS 35-31 was a warm
period (McClymont et al., 2013; Teitler et al., 2015; Detlef et al., 2018). The global climate was arid
between 1.2-1.0 Ma, as reported by several studies from different locations throughout the globe
(Tiedemann et al., 1994; Clemens et al., 1996; Martinez-Garcia et al., 2011). Jiang et al. (2019)
related this to a combined effect of low eccentricity and low obliquity, which results in smaller
contrast between summer and winter in the Northern Hemisphere and ice sheet expansion (Zachos et

al., 2001). During MIS 24-22, the temperature dropped globally (Raymo et al., 2006; Prokopenko et
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al., 2006; McClymont et al., 2013), and the Bering Sea was covered by ice (Kender et al., 2018). The
Antarctic ice volume expanded (Elderfield et al., 2012), and the global thermohaline circulation
weakened (Pena & Goldstein, 2014). The ISM intensified because of the increased cross-equatorial
pressure gradient between the southern subtropical Indian Ocean and the Indian subcontinent due to
the expansion of Antarctic ice sheets (Clemens et al., 1996; Elderfield et al., 2012; Farmer et al.,
2019; Chen et al., 2020). This is in line with the increase in moisture variability in the Tibetan
Plateau (Koutsodendris et al., 2018) during MIS 24-22. The stronger ISM-induced rainfall on the
Indian subcontinent resulted in a high riverine influx to the western Bay of Bengal, which increased
the stratification and, thereby, the SST (Shenoi et al., 2002). This explains the increase in average

SST during interstadials in the post-MPT period (Figure 6).

The winter monsoon also weakened from MIS 46 until MIS 23 (Figure 6). It also started
strengthening at MIS 22 and increased in strength along with the summer monsoon until MIS 18.
Only after MIS 17 did the winter monsoon and summer monsoon follow more prominent opposite
variability. Previously, an increase in the contrast between summer and winter monsoon is reported
after the onset of MPT, resulting in colder winters and warmer summers (Clemens et al., 1996; Guo
et al., 2000; Jiang et al., 2019). However, in our record, this change comes much later at MIS 18,
during late MPT. This could be the reason for the larger variability in the ISM strength during the
glacial-interglacial cycle post-MPT.

In the U1446 record, there are five intervals where the summer monsoon assemblage is >50%
of the total abundance. While four of these intervals are within the last 130 kyr, only one interval is
prior to that at ~504 ka in the MIS 13. The MIS 14-13 transition is the least prominent glacial-
interglacial transition in terms of ice volume change post-MPT (Lisiecki and Raymo, 2005). There
are several reports of cooler Antarctic temperature (Jouzel et al., 2007) and lower CO, and CH4
concentrations (Loulergue et al., 2008; Luthi et al., 2008) during the MIS 13, as compared to other
interglacials. Some studies have argued in favour of a moderate variability in the strength of the
Indian monsoon system during the MIS 13-14 because of smaller displacement of the ITCZ due to a
reduced interhemispheric heat transport (Alonso-Garcia et al., 2019). We report a high variability in
the summer and winter monsoon across MIS 13-14 despite a low variability in the ice volume change
visible in the 80 G. ruber record. The winter monsoon strengthened at the onset of MIS 14 to
weaken again afterwards, whereas the summer monsoon reached its peak during the initiation of MIS
13a. In fact, these peaks are two of the most prominent ones in the entire record. The global methane
concentration also increased during the MIS 13a (Spahni et al., 2005), indicating an expansion of

global wetlands (Chappellaz et al., 1993). A few workers have also reported an anomalously high
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East Asian summer monsoon intensity during MIS 13, which otherwise is considered a colder time
(Guo et al., 2000; Sun et al., 2006; Yin and Guo, 2008; Guo et al., 2009; Hao et al., 2015). Oliveira
et al. (2020) also reported increased land biomass in southwestern Europe during this period. We see
a spike in the productivity record of Site U1446 as well during this interstadial (Figure 6). A similar
increase in the productivity in the Arabian Sea during the MIS 13 was earlier attributed to the
increased nutrient availability due to intensified overturning circulation at the end of the MPT
(Ziegler et al., 2010). Any link between this high productivity event and strengthened summer
monsoon intensity was ruled out. Subsequently, no specific reason was provided for this high
productivity event (Caley et al., 2011). Recently, similar high productivity during interstadials in
general, and MIS 13 in particular, has also been reported in the equatorial Indian Ocean, based on the
increased abundance of alkenones at Site U1467 (Alonso-Garcia et al., 2019; Alvarez Zarikian et al.,
2022). However, the light oxygen isotope event reported in the equatorial Indian Ocean (Bassinot et
al., 1994) was attributed to a strengthened summer monsoon caused by a cumulative impact of
obliquity and precession forcing. At Site U1446, however, this change (both in EA and SMA) is very
prominent and atypical. Therefore, this high productivity event is attributed to an anomalous

intensification of the summer monsoon.

MIS 12 presents the highest peak in the WMA during the last 1.45 myr in our record. The
Termination V at the MIS 12-11 transition shows the highest amplitude shift in the 0 G. ruber
record (Figure 6) (Clemens et al., 2021). MIS 12 is considered one of the most severe glacial phases
of the Quaternary, with the global ice volume being 15% more than that of the last glacial maximum,
which resulted in the sea level being 140 m lower than present (Lisiecki and Raymo, 2005; Masson-
Delmotte et al., 2010; Rohling et al., 2014). It was also a very dry period in the Indian Peninsula
(Alonso-Garcia et al., 2019). In contrast, during MIS 11, the sea level rose to 20 m above than
present time (Hearty et al., 1999; Rohling et al., 2014). The WMA decreased, and the SMA increased
at MIS 1le, indicating a shift toward a strengthened summer monsoon and a weakened winter
monsoon (Figure 6). In fact, the winter monsoon gradually weakened MIS 12 onwards until the

present, making it a major turning point.

Gupta et al. (2010) related the abrupt decrease in G. bulloides (%) in the equatorial Indian
Ocean from MIS 8 onwards to a shift towards a weak Indian Ocean Equatorial Westerly wind and
positive Indian Ocean Dipole (I0OD). A positive 10D has been reported to strengthen the Indian
summer monsoon strength. During positive 10D, the western Indian Ocean becomes warmer
(Hastenrath et al., 1993; Saji et al., 1999). The ISM has been suggested to increase in strength post-
Mid Brunhess Event (MBE) (~430 ka) due to the weakening of Indian Ocean Equatorial Westerly
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wind and strengthening of positive 10D. However, in our long-term record, we can see that the ISM
started strengthening much before that and post-MBE strengthening is just a manifestation of the
same (Figure 6). Alonso-Garcia et al. (2019) reported an increase in Cz vegetation from MIS 13 to
MIS 7 in the Indian Peninsula during the interstadial times, indicating a humid period which also

corroborates our record.

Several studies have argued for a strengthened winter monsoon and weakened summer
monsoon after the onset of the 100 kyr cycle owing to the southward shift of ITCZ due to the large
ice cover on the Himalayas (Overpeck et al., 1996; Guo et al., 2012). Kunkelova et al. (2018) also
suggested a strengthened winter monsoon at MBE. However, the U1446 record shows a weakened
winter monsoon at MBE. Although the winter monsoon was strong during the stadials that followed
the MBE, as compared to the interstadials, it saw an overall decline in strength in the last 480 kyr
(Figure 6).

During MIS 1-2 transition, there is a huge shift in all the parameters (Figure 6). The sea
surface salinity decreased, SST increased (Clemens et al., 2021), productivity increased, the summer
monsoon strengthened, and the winter monsoon weakened. Our record corroborates several studies
from the Bay of Bengal (e.g., Ahmad et al., 2008; Govil and Naidu, 2011; Tripathy et al., 2014;
Lauterbach et al., 2020). The summer monsoon in the early Holocene was one of the strongest during

the entire studied period.
5.3. Productivity changes in the western Bay of Bengal during the last 1.45 myr

The eutrophic assemblage shows high abundance during the interstadials (eg. MIS 3, 5e, 11, 21, 35)
and low abundance during the stadials (eg. 2, ,4 6, 8, 10, 12, 14, 22, 26, 30, 38, 46) (Figure 8). The
oligotrophic assemblage (%) was high during colder MIS (eg. 4, 8, 10, 12, 14, 16, 22, 26, 28, 32, 44)
and comparatively low during the warmer MIS (eg. 3, 5, 7, 9, 13, 15, 21, 23, 25, 35) (Figure 8).

21



Post MPT MPT Pre MPT

T U T T T U N T N IS T [N N N T I N N T NN TN N T TN |
2 4 6 8 10 12 14 16 18 20 2224 2628 30 3234 36 38 4042 44 46

.
IS

'
w

R
(Lzoz “1e 3o suaws|))
(°%) 42qns ‘9 0,2

'
-

30 ‘ y |

28 [ Rl

SST (°C) (TEXg)
(Clemens et al., 2021)

@0
o

J
—
=
——_
>
T
| &
=i
o

'y
o

w
o

e
=N\ _
EX
-,
=
 —
~—\
=7
=
q
£
3
(%) abejquassy aiydoiyng

Oligotrophic Assemblage (%)

rrrrrrrrrrrrrrrr1rrr1rr1rr1rr1rrr1rrr11
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Age (kyr)

Figure 8: The eutrophic assemblage and the oligotrophic assemblage at Site U1446 during the last 1.45
myr is plotted with the G. ruber 80 and SST record obtained from Clemens et al. (2021). The grey
bands are even-numbered MIS marked by respective numbers at the top. The running average (11
point) is plotted as thick black lines to better represent the long-term increasing or decreasing trends.

During the interglacials, the strengthened summer monsoon must have caused intense
upwelling and increased productivity in the western Bay of Bengal, creating a suitable environment
for eutrophic species. The phytoplankton abundance in the Bay of Bengal is mainly controlled by the
availability of nutrients (silicate, nitrate and phosphate) (Paul et al., 2008). The summer monsoon
induced riverine influx brings a large amount of nutrients, mostly silicate, to the Bay of Bengal
(Prasanna Kumar et al., 2002; Miranda et al., 2020). The summer monsoon induced upwelling at the
same time also brings nutrients, mainly nitrate, to the surface (Sarma et al., 2016). The increase in
overall nutrient availability in the surface mixed layer during the summer monsoon, therefore,
increased the productivity in the western Bay of Bengal. Interestingly, the eutrophic assemblage also
shows a good match with the SST variation (Figure 8). As all the species used in the oligotrophic
assemblage prefer warm temperatures, it is expected that their abundance should increase with the
increase in temperature. However, this is not the case here. Although the SST signal here is derived

from TEXge which records the temperature of the near-surface to shallow subsurface (0-200 m)
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(Zhang and Liu, 2018), it should be noted that the freshwater induced stratification in the western
Bay of Bengal will warm the subsurface waters as well. This supports our earlier observation of high
productivity during strengthened summer monsoon conditions and suggests that nutrient availability
has greater control over the planktic foraminiferal species abundance than temperature.

During the winter monsoon, the strong temperature inversion in the northwestern Bay of
Bengal creates a thick barrier layer (~50 m), which inhibits convective mixing, thereby decreasing
nutrient availability in the surface waters. Furthermore, the thin barrier layer, along with the low
latent heat flux, does not allow the cool water to come to the surface, causing a shallow mixed layer
and warmer surface temperature compared to the Arabian Sea (Thadathil et al., 2002; Prasad, 2004;
Balachandran et al., 2008). Thus, the bulk of the productivity in the western Bay of Bengal is
controlled by the summer monsoon. Therefore, even though the winter monsoon was stronger during

the stadials, productivity was lower than in the interstadials.

The oligotrophic assemblage decreased, and the eutrophic assemblage increased during the
post-MPT period, especially after MIS 12 (Figure 8). This indicates an increase in productivity after
the MPT in the western Bay of Bengal because of the strengthened summer monsoon, as discussed in
the previous section. Additionally, a large seasonal change in salinity, as well as halocline and
thermocline depths, will also strongly affect the productivity. A detailed reconstruction of the
temporal changes in the upper water column stratification is required to understand its effect on

productivity.
5.4 Periodic changes during the last 1.45 myr

From the spectral analysis, it is evident that there was absence of any precession control on the ISM
prior to the MPT. However, the SMA is more affected by the 23 kyr precession cycle than the
eccentricity cycle during the post-MPT period (Figure 5). Although the ISM is affected by both the
eccentricity and precession cycle to some extent, other internal forcings like CO2 concentration and
ice volume changes also play a major role. Cai et al. (2015) reported dominance of 23 kyr
precessional periodicity in the ISM. The speleothem studies show a predominant control of the
summer insolation, i.e., changes in the external forcing on the ISM (Kathayat et al., 2016; Zhang et
al., 2019), whereas McGrath et al. (2021) and Clemens et al. (2021) found the stronger ISM to be in
phase with ice volume minima and CO, maxima. Colin et al. (1998) reported that the 23 kyr cycle is

dominant during the last 280 kyr.

During the pre-MPT period, the WMA was controlled more by the precession forcing

compared to the eccentricity forcing. The presence of a highly significant 100 kyr periodicity, the
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low significance of the precession signal and the absence of the obliquity signal suggest that the
Indian winter monsoon was greatly affected by the eccentricity cycle during the post-MPT period
(Figure 5). The East Asian Winter Monsoon has also been reported to be strongly affected by the
eccentricity cycle (Ding et al., 1995; Xiao et al., 1995). Yamamoto et al. (2013) suggested that the
East Asian and Indian winter monsoon behaved synchronously in the East Asian and Indian regions.
The winter monsoon induced productivity in the northwest Arabian sea showed a strong 100 kyr

periodicity as well (Almogi-Labin et al., 2000).

The productivity proxy shows a good correlation with both eccentricity and precession cycles
(Figure 5). Many studies from the Arabian Sea have reported the 23 kyr precession cycle to be
dominant in monsoon induced productivity changes (Prell, 1984; Clemens et al., 1991; Murray and
Prell, 1991; Steens et al., 1992; Anderson and Prell, 1993; Beaufort, 1996; Rostek et al., 1997;
Reichart et al., 1998; Almogi-Labin et al., 2000; Prabhu and Shankar, 2005). However, this study
indicates control of both the 23 kyr and 100 kyr periodicity on the productivity, which suggests that
in the long term, the productivity in the Bay of Bengal is affected by both the summer and winter
monsoon. Though, as discussed in the previous section, a bulk of the productivity in the Bay of
Bengal is controlled by the summer monsoon, the winter monsoon also has considerable control

during the stadial periods, specifically when the summer monsoon is weak.

In both the wavelet and spectral analysis, we do not see any distinct transition from 41 kyr
periodicity to the 100 kyr periodicity in either the monsoon or productivity (Figures 4 and 5). The 41
kyr periodicity is entirely absent in the winter monsoon assemblage and only present for a short
interval during the post-MPT period in the summer monsoon assemblage. However, there is an
increase in the significance of 100 kyr periodicity in all the proxies during the post-MPT period. This
along with the presence of 41 kyr periodicity in the SMA during the pre-MPT period, albeit less
significant, indicates a strengthened 100 kyr cycle post-MPT. The presence of 100 kyr periodicity in
all the proxies prior to 925 ka suggests that the 41 kyr to 100 kyr cyclicity change might have a much

earlier effect on the Indian monsoon system.
5.5 Internal and external forcing of the Indian summer monsoon

The U1446 record shows a large change after MIS 22. There is a notable shift in the 5'80 value of G.
ruber. All the productivity indicators show a distinct change (Figure 8). The relative abundance of
the SMA increased, suggesting a stronger summer monsoon (Figure 6). All these proxies align with
intensity and prominence and create a visible boundary in the timeline before and after MIS 22. The

continued global effects associated with the MPT caused a major ice sheet expansion, which
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generated conditions to cross the threshold to establish 100 kyr glacial-interglacial cycles (Gildor and
Tziperman, 2000; Honischet al., 2009; Elderfield et al., 2012; Pena and Goldstein, 2014). The visible
changes in the climatic proxies discussed here give ample evidence that the signatures of the global
change during the MPT are also visible in the Bay of Bengal. These changes in the glacial-
interglacial periodicity, that is, earth’s internal forcing, have significant control over the Indian
monsoon system. The SMA and the G. bulloides (%) show a distinct similarity with the §'20 G.
ruber (Clemens et al., 2021) after MIS 22, which is not present prior to that. This shift suggests that
the global ice volume changes have more control over the ISM in the post-MPT period. The ISM in
the pre-MPT period might have been controlled by many phenomena and not respond linearly to the
ice volume changes. McGrath et al. (2021), from their precipitation isotope record from the same
Site U1446, have reported a strong internal forcing on the ISM in the last 640 kyr, that is, the post
MPT period.

During the last 1.45 myr, a few intervals are unique in view of the large climatic shift, as
compared to other transitions. One such interval was MIS 12, with a consistently strong winter
monsoon. However, there was not a large change in insolation and precession forcing during this
time (Imbrie and Imbrie, 1980; Raymo, 1997). Therefore, the prominent monsoon shift during MIS
12 was driven by the earth’s internal forcing. The high latitudinal processes strongly affect the Indian
monsoon (Borah et al., 2020). During MIS 12, the polar front migrated farther south as compared to
the last glacial maximum due to the large ice volume (Poli et al., 2000; Billups et al., 2006), thus
affecting the global climate (Naafs et al., 2014). The Atlantic Meridional Overturning Circulation
(AMOC) stopped completely (Poli et al., 2000). The AMOC shutdown affected the Hadley cell and
shifted the ITCZ farther south (Mohtadi et al., 2016), resulting in a highly strengthened winter
monsoon. In the late Quaternary records of the Arabian Sea, the shift in winter monsoon intensity has
also been linked to the North Atlantic cooling (Mohtadi et al., 2010; Godad et al., 2021). The
southward shifting of ITCZ and its subsequent weakening will weaken the ISM (Mohtadi et al.,
2014). The lower SST in the Indian Ocean caused by the increased Northern Hemisphere ice volume
also reduces the evaporative moisture content of the ITCZ and causes less rainfall in the Indian
subcontinent (Stager et al., 2011; Pausata et al., 2011; Tierney et al., 2016). Almogi-Labin et al.

(2000) also reported a strong winter monsoon during the MIS 12.
6. Conclusion

The temporal variation in the relative abundance of the planktic foraminifera is used to understand
the shift in the Indian summer and winter monsoon in response to the mid-Pleistocene Transition.

From the relative abundance of G. bulloides, we conclude that although the upwelling intensified
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during the interstadials compared to stadials, its intensity in the Bay of Bengal was independent of
the strength of the interstadials. The planktic foraminiferal assemblage data (G. bulloides, G.
siphonifera, T. sacculifer and N. dutertrei as the summer monsoon assemblage and G. ruber, G.
menardii and G. falconensis as the winter monsoon assemblage) further confirms that the Indian
summer monsoon was stronger during the interstadials. In contrast, the winter monsoon was stronger
during the stadials and vice versa. We also demonstrate that the Indian monsoon strongly responded
to the MPT. During the pre-MPT period, the ISM was weak. The ISM started strengthening during
MIS 24-22 because of the increased cross-equatorial pressure gradient between the southern
subtropical Indian Ocean and the Indian subcontinent due to the expansion of Antarctic ice sheets. A
large-scale re-organization of the Indian monsoon system is observed after the mid-Pleistocene
Transition. Overall, the summer monsoon continued to strengthen after MIS 22 until the present. The
winter monsoon was strong during the pre-MPT period. It followed a similar trend as the summer
monsoon until MIS 18, after which they showed an opposite variability. The southward migration of
the ITCZ due to the shutdown of the AMOC caused a highly strengthened winter monsoon during
MIS 12. However, post-MIS 12, the winter monsoon continued to decrease in strength until the
present. From the variation in the eutrophic (G. glutinata, G. bulloides, G. falconensis and N.
dutertrei) and oligotrophic (G. ruber, T. sacculifer and G. conglobatus) assemblages, we infer that
the productivity increased during the interstadials, due to the increased nutrient availability because
of the strengthened summer monsoon. The productivity in the western Bay of Bengal also increased
during the post MPT period. During the post MPT period, the winter monsoon was mainly controlled
by the eccentricity forcing. However, the summer monsoon was more affected by the precession

cycle.
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