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Abstract. At present, variations of primary productivity (PP) in the Bay of Bengal (BoB) are responding to salinity-
related-stratification which is controlled by the Indian Summer Monsoon (ISM). The relationships between PP,
ISM, and to a broader scale, North Atlantic climate rapid variability in the past, are not clearly understood. Here,
we present a new record of PP based on the examination of coccolithophore assemblages in a 26,000 years
sedimentary record, retrieved in the northeastern BoB (core MD77-176). Comparisons with published climate and
monsoon records, as well as outputs from the transient climate simulation TraCE-21 and experiments run with the
Earth System Model IPSL-CMS5A-LR, including marine biogeochemical components, helped us interpret our PP
records in the context of ISM and Atlantic Overturning Meridional Circulation (AMOC) changes. We demonstrate
that PP is influenced by vertical stratification in the upper water column over the last 26,000 years (26 kyr BP). It
is controlled by wind-driven mixing from 26 to 19 kyr BP, i.e., when dry climate conditions and reduced freshwater
inputs occurred, and by salinity-related-stratification over the last 19 kyr BP (since the Last Glacial Maximum),
i.e., when humid conditions prevailed. During the deglaciation, salinity and stratification are related to monsoon
precipitation dynamics, which are chiefly forced by both, insolation and the strength of the AMOC. The collapse
(recovery) of the AMOC during Heinrich Stadial 1 (Belling Allerad) weakened (strengthened) ISM and diminished

(increased) stratification, thus enhancing (subduing) productivity.
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1. Introduction

The climatology and oceanography of the South Asia and the North Indian Ocean are dominated by the Indian
Monsoon, which is characterized by strong seasonal contrasts in wind and precipitation patterns (Shankar et al.,
2002; Gadgil et al., 2003). The Indian Monsoon is a subsystem of the large-scale Asian Monsoon, which is paced
by seasonal changes in insolation due to the obliquity of the Earth’s axis and results from variations in the land-sea
thermal contrast caused by differences of heat capacity of the continent and the ocean (Meehl, 1994, 1997; Webster,
1998; Wang et al., 2003). The North Indian Ocean is strongly influenced by the southwesterly winds blowing from
the sea during the northern hemisphere summer season thus carrying large amounts of moisture. The eastern part
of the North Indian Ocean, i.e., the Bay of Bengal (BoB) and the Andaman Sea (ADS), receives heavier annual
precipitation than its western counterpart, i.e. the Arabian Sea (AS). This discrepancy together with differences in
local evaporation result in hydrological and ecological differences between these two areas (e.g. Prasanna Kumar
et al., 2002; Vinayachandran et al., 2002; Shenoi et al., 2002; Shi W et al., 2002; Dey and Singh, 2003; Rao and
Sivakumar, 2003; Prasad, 2004; Currie et al., 2013).

A noteworthy characteristic of modern conditions prevailing in the North Indian Ocean is the low PP in the BoB
and the ADS compared to the AS (Prasanna Kumar et al., 2002). Previous studies revealed that low annual PP in
the BoB results from the important freshwater input by rivers and direct rainfall on the sea, which cause a strong
stratification of the upper water column (Vinayachandran et al., 2002; Madhupratap et al., 2003; Gauns et al., 2005).
In contrast, AS has a high PP which is mainly associated with wind driven mixing and upwelling (Schott, 1983;
Veldhuis et al., 1997; Keen et al., 1997; Prasanna Kumar et al., 2001). Thus, the western and eastern parts of the
North Indian Ocean are remarkable examples of tropical ocean dynamics, which is characterized by limited
seasonal differences of SST, and for which seasonal and interannual changes in PP result chiefly from variations
in the nutricline depth (i.e. variations in nutrient availability in the photic zone) controlled by dynamical processes
such as wind-driven mixing/upwelling, and/or by salinity-related stratification of the upper seawater column in
relation to local evaporation-precipitation balance and river runoff (e.g. Lévy et al., 2001; Vinayachandran et al.,
2002; Chiba et al., 2004; Rao et al., 2011; van de Poll et al., 2013; Behara and Vinayachandran, 2016; Spiro Haeger
and Mahadevan, 2018).

Past changes of PP at both orbital- and millennial-scales in the western and northern AS have been widely studied,
and authors have interpreted PP variations as chiefly reflecting changes in the intensity of Indian Summer Monsoon
(ISM) southwesterly winds (e.g. Schultz et al., 1998; Ivanova et al., 2003; Ivanochko et al., 2005; Singh et al.,
2011). Proxy reconstructions and climate model simulations have also pointed out that the Indian Summer

Monsoon precipitation is sensitive to both the slow orbital forcing and then fast changes of high-latitude processes
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such as the Atlantic meridional overturning circulation (AMOC) and the temperature fluctuations in the North
Atlantic (e.g. Braconnot et al., 2007a, 2007b; Kageyama et al., 2013; Marzin et al., 2013; Contreras-Rosales et al.,
2014). However, the relationship between PP and monsoon precipitation in the past has been given less attention
due to the absence of high time-resolution PP record in the BoB and the ADS (Phillips et al., 2014; Li et al., 2019),
which precludes our complete understanding of how monsoon climate changes impact tropical ocean ecology
through different mechanisms and at different time-scales. To fill this gap, a reliable paleo-PP record is needed for
the BoB/ADS. On the other hand, the PP record can also indicate the variability of Indian Monsoon strength.
Coccolithophores are marine calcifying phytoplankton organisms that constitute one of the most important
“functional groups”, responsible for primary production and export of carbonate particles (i.e. the coccoliths they
produce) to the sedimentary reservoir. The coccoliths preserved in marine sediment are good study material for
paleoenvironmental reconstructions. Particularly, Florisphaera profunda is a lower photic zone dweller and its
relative abundance in marine coccolithophore assemblages obtained from the sediments has been successfully used
to reconstruct past changes of the nutricline depth and PP (Molfino and MclIntyre, 1990a, 1990b; Beaufort et al.,
1997; Zhang et al., 2016; Hernandez-Almeida et al., 2019).

In this study, we provide the first record of coccolith assemblage changes in the BoB. The relative abundance of F.
profunda in the sediment core MD77-176 makes it possible to reconstruct at a high-temporal resolution, paleo-PP
over the last 26 kyr BP in the northeastern BoB. The studied period covers a complete precession cycle and the last
deglaciation. This time interval is characterized by rapid climate changes remotely controlled by north hemispheric
high-latitude climate and disruptions of the AMOC (McManus et al., 2004; Clement and Peterson, 2008; Liu et al.,
2009; Wolff et al., 2010; Clark et al., 2012). In addition, we used the outputs of transient climate simulations run
with the Community Climate System Model version 3 (CCSM3) (He et al., 2008; Collins et al., 2006a), and
paleoclimate experiments run with the “Institut Pierre Simon Laplace” Earth System Model version 5 (IPSL-
CMS5A-LR) (Dufresne et al., 2013), in which marine biogeochemistry is represented, to analyze our PP results in
terms of local evolution of upper seawater stratification, as well as ISM and AMOC dynamics. Based on our paleo-
PP record and modelling results, we can unravel the dynamical relationship between PP in the NE-BoB and the

Indian Monsoon at both orbital- and millennial- timescales.

2. Site description and oceanographic setting

Core MD77-176 (14°30'5"N, 93°07'6"E) was retrieved from the northeastern BoB during the OSIRIS 3 cruise of
the R.V. Marion Dufresne in 1977. The site lies ~200 km southwest of the modern Irrawaddy River mouth and is

close to the limit between the northern BoB and the northern ADS. It is located on the continental slope at a water
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depth of 1375 m, which is above the modern lysocline of the BoB (Fig. 1a; Cullen and Prell, 1984). The lithology
consists of olive grey terrigenous clay and silty clay layers with foraminifera- or nannofossil-bearing oozes (Colin
et al., 2006).

The amplitude of seasonal changes in sea surface temperature (SST) in the BoB and the ADS is relatively small.
The lowest (~26 °C) and highest SST (~28-29 °C) are recorded in winter and summer, respectively (Locarnini et
al., 2010). The oceanic environment surrounding the studied site is under the influence of the Indian Monsoon and
shows strong seasonal variations in evaporation/precipitation (Webster et al., 1998; Schott and McCreary, 2001;
Shankar et al., 2002; Gadgil, 2003). During the summer, moisture-rich southwesterly winds blowing from the
Indian Ocean result in heavy precipitation over South Asia, the BoB and the ADS (Fig. 1b, d; Lau et al., 2000;
Chen et al., 2003; Randel and Park, 2006). During winter, dry and cool northeasterly surface winds, weaker than
the summer winds, blow from Himalayan highlands to the ocean (Fig. lc, e). The summer precipitation rates over
the BoB and the ADS and over the surrounding lands (up to 15 mm/day) are much higher than that in the AS (Fig
1d, k). This heavy precipitation area covers the river catchments on the land surrounding the BoB and ADS, and
thus generates massive freshwater discharge (up to 4050 km® a year) to the ocean (Sengupta et al., 2006). This
input of freshwater generates a tongue of low sea surface salinity (SSS) occupying the northern BoB and ADS,
whose extension is largest in November, several months later than the peak of summer precipitation (Akhil et al.,
2014; Fournier et al., 2017; Fig. 1f, 1). The low SSS tongue together with the direct rainfall on sea surface cause
low SSS in the whole BoB and ADS (Duplessy et al., 1982; Akhil et al., 2014; Fig. 1f, g, 1). Low SSS decreases
sea surface density, thereby increasing the density gradient of the upper water column, and thus leading to a strong
stratification that impedes the transfer of nutrient from the nutrient-rich deep layer into the euphotic zone. Such a
“barrier layer” effect results in generally low annual PP in the BoB and ADS (Prasanna Kumar et al., 2002;
Madhupratap et al., 2003; Fig. 1h, i). By contrast, evaporation is high with lower precipitation over the Arabian
Sea, explaining that SSS than in the BoB (Fig. 1f, g, 1), with subsurface flows of particularly high salinity waters
originating from the Persian Gulf and the Red Sea. This high surface salinity and therefore the absence of a strong
stratification make it possible the development of well-developed, wind-driven upwelling cells along the Somalian,
Arabian and Indian coasts, which result in high PP in the AS (Anderson and Prell, 1992; Prasanna Kumar et al.,
2001, 2009; McCreary et al., 2009). Although PP is generally low in the BoB and the ADS, seasonal variations can
be seen at the studied site, with relatively higher PP during winter (Fig. Im). This increased PP in winter is the
result of increased SSS due to decreased precipitation, and increased mixing due to a secondary maximum in
surface wind intensity (Fig. 1j, 1). The low annual PP at the studied site indicates that this area is not significantly

influenced by river input nutrients, which sustain extreme high PP in the near-shore and river mouth areas (Fig. 1h,
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i). Consequently, changes in the upper seawater column stratification and PP at the studied site are dominated by

changes of SSS and wind-driven mixing.

3. Materials and Methods
3.1 Age model and sampling

The age model of core MD77-176 was established by Marzin et al., (2013) based on 31 Accelerator Mass
Spectrometry "*C ages measured on planktonic foraminifera Globigerinoides ruber. It was then refined by tuning
the seawater oxygen isotope (8'*Osw) anomaly curve with the GISP2 Greenland ice core 5'°O curve (Fig. 2). For
the present study, we sampled the upper 711 cm of core MD77-176, every 3 cm. A total of 212 samples were
analyzed, covering an interval ranging between 26 and 1 kyr BP, with temporal resolution varying from ~50 to 400

years.

3.2 Coccolith analysis and PP reconstruction

Slides for coccolith analysis were prepared using a “settling” technique described in Duchamp-Alphonse et al.,
(2018) after Beaufort et al., (2014). About 0.004 g of dry sediment was diluted in 28 mL Luchon™ water (pH = 8,
bicarbonate = 78.1 mg/L, total dissolved solid = 83 mg/L) within a flat beaker and settled on a 12 x 12 mm coverslip
for 4 h. After pumping the clear liquid out, the coverslip was then dried at 60°C in an oven, and mounted on slide
with NOA74 glue. This technique ensures a homogenous distribution of coccoliths on the coverslip.

Slices were analyzed with a polarized light microscope (Leica DM6000B) at x1000 magnification. For each slice,
at least 500 coccolith specimens were counted by human eyes under at least 3 random fields of view. The relative
abundance of F. profunda (Fp%) were calculated as: Fp% = 100 x (Fp number / total coccolith number). The 95%
confidence interval for Fp% was calculated following the method of Patterson and Fishbein (1984), and
corresponds to a reproducibility smaller than +5 %.

Fp% indicates relative depth of nutricline which is critical for PP (Molfino and McIntyre, 1990a, 1990b). According
to early studies, F. profunda thrives in the tropics and dwells at water depth of ~100—200 m, in the lower photic
zone (Okada and Honjo, 1973). When nutricline gets shallower, more nutrient is brought into the upper euphotic
zone leading to production increase of the upper euphotic zone coccolithophores, and thus lowering the relative
abundance of the deep dwelling F. profunda. By contrast, when nutricline becomes deeper, the relative abundance
of F. profunda increases. This relationship between Fp% and nutricline depth is the base for PP reconstructions via
Fp% in marine sediment. Beaufort et al., (1997) first established a Fp%-PP empirical relationship in the AS based
on the study of surface sediments. In this study, we estimated PP for the last 26 kyr using a recently published

5
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Fp%-PP empirical equation suited for tropical Indian Ocean (Herndndez-Almeida et al., 2019): PP =[10" (3.27 -
0.01 x Fp%)] x 365 / 1000. The unit of estimated PP is gram carbon per meter square per year (gC m™ yr').

3.3 Paleoclimate simulations

3.3.1 TraCE-21 simulation

TraCE-21 is a transient simulation of the global climate evolution over the last 22 kyr run with the CCSM3 model,
designed by the National Center of Atmosphere Research (He et al., 2008; Collins et al., 2006a; Liu et al., 2009).
CCSM3 is a global, coupled ocean-atmosphere-sea ice-land surface climate model, run without flux adjustment
(Collins et al., 2006a). It includes four component models: the Community Atmospheric Model version 3 at T31
resolution (CAM3; Collins et al., 2006b), the Community Land Surface Model version 3 (CLM3; Dickinson et al.,
2006), the Community Sea Ice Model version 5 (CSIMS5; Briegleb et al., 2004), and the Parallel Ocean Program
version 1.4.3 (POP; Smith and Gent, 2002). The forcing of the TraCE-21 simulation comprises changes in
insolation due to the slow variations of astronomical parameters (ORB), changes in atmospheric greenhouse gases
as measured in ice cores (GHG), modification of topography, land surface type and coastlines resulting from the
evolution of the continental ice sheets as reconstructed by Peltier (2004) (ICE-5G), and changes in freshwater
discharge from melting ice sheets which force the AMOC strength to change (MWF; Fig. 3a). In addition to the
full TraCE-21 simulation (termed “TraCE” in the following), there are four single-forcing-sensitivity experiments:
the ORB, GHG, MWF, and ICE, in which only one of the forcing mentioned above is allowed to evolve through
time while all the three others are kept fixed at their 19 kyr BP value. More details about the TraCE can be found
in He (2008). The datasets of TraCE and other experiments were downloaded from the website of Earth System
Grid: https:// earthsystemgrid.org/project/trace.html. Atmosphere decadal-mean seasonal averaged and ocean

decadal-mean annual averaged datasets were used in this study.

3.3.2 Experiments run with IPSL-CMS5A-LR

IPSL-CMS5A-LR (termed “CMS5A” in the following) is an Earth System Model (ESM) developed at the “Institut
Pierre Simon Laplace” (Dufresne et al., 2013) for the Coupled Model Intercomparison Project phase 5 (CMIPS;
Taylor et al., 2012) and the Paleoclimate Modelling Intercomparison Project phase 3 (PMIP3; Braconnot et al.,
2012) exercises. It is composed of the LMDZS5A atmospheric general circulation model (Hourdin et al., 2013), the
ORCHIDEE land-surface model (Krinner et al., 2005) and the NEMO v3.2 ocean model (Madec, 2008) which
includes the OPA9 ocean general circulation model, the LIM-2 sea-ice model, and the PISCES biogeochemical

model (Aumount and Bopp, 2006). The atmospheric grid of this ESM model is regular in the horizontal with 96x95
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points in longitude < latitude (corresponding to a resolution of ~3.75°x1.9°) and 39 irregularly spaced vertical
levels. The oceanic grid is curvilinear with 182x149 points, corresponding to a nominal resolution of 2°, and 31
vertical levels. It is refined close to the equator, where the resolution reaches ~0.5°.

Four experiments, set under different boundary conditions, were exploited in this study. Three of them were run
for the PMIP3 exercise: the pre-industrial experiment (CTRL), the mid-Holocene experiment (MH), and the Last
Glacial Maximum experiment (LGMc). Boundary conditions and more details for these three experiments can be
found in Le Mézo et al. (2017). The fourth experiment (LGMY) is a freshwater “hosing” simulation (as in Kageyama
et al., 2013), which was applied under LGM conditions. Compared to the LGMc experiment, the only difference
is that an additional freshwater flux of 0.2 Sv was added over the North Atlantic and Nordic Seas and Arctic Ocean
in the LGMTf experiment. The freshwater flux causes the AMOC to slow down (Fig. 3b). The monthly outputs
averaged over the last 100 years of each experiment were used in this study. Moreover, we used monthly results
averaged over successive periods of 10 years for the LGMc and LGMf experiments to analyze the transient effects
of the changes of AMOC strength.

4. Results and discussion

4.1 Paleoproductivity record in the northeastern Bay of Bengal

At the studied site, the main coccolith species are Florisphaera profunda, Gephyrocapsa oceanica, small
Gephyrocapsa (Gephyrocapsa spp. <3um) and Emiliania huxleyi. F. profunda varies between 60 % and 95 % and
thus, largely dominates the assemblage over the last 26 kyr (Fig. 2 and S1). The high abundance of F. profunda in
the studied core can be explained by the low surface nutrient concentration caused by strong stratification (section
2). Our results are coherent with high abundances of F. profunda observed in sediment trap records from the
northern BoB (Stoll et al., 2007).

PP varies between 80 and 160 gC m? yr'' (Fig. 2). Remarkably, estimated PP values (~125 gC m” yr'!) of the late
Holocene are very close to the modern annual PP mean (~135 gC m? yr'l) of the studied area (Fig. S2). At orbital-
scale, PP variations appear to be anti-phased with the northern hemisphere August insolation. Relatively high PP
(~120 gC m? yr'l) during the Last Glacial Maximum (LGM; 21-19 kyr BP) and the late Holocene (LH; 2 kyr BP
to present) match low insolation periods. Conversely, relatively low PP (~100 gC m™ yr™") during the early-middle
Holocene (E-MH; 9-6 kyr BP) matches a high insolation period (Fig. 4a, h). Across the Holocene (11 kyr BP to
present), PP first decreases, reaching a minimum between 8 and 6 kyr BP, and then increases upward, therefore
showing an opposite trend compared to insolation (Fig. 4a, h). At millennial-scale, large magnitude PP oscillations,

are observed during the deglaciation (19—11 kyr BP), showing similar features than those found in the Greenland

7
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ice core 8'°0 record, representing the rapid climatic changes in north hemispheric high-latitude areas (Fig. 2;
Stuiver and Grootes, 2000). High PP up to ~150 gC m™ yr' and ~120 gC m™ yr”', are found in the cold periods
Heinrich stadial 1 (HS1, 17.0-14.8 kyr BP) and Younger Dryas (YD, 12.9-11.7 kyr BP) respectively. Low PP
down to ~100 gC m™ yr”', is found in the Bolling-Allered warm period (B-A, 14.8-12.9 kyr BP) (Fig. 4h). In the
time interval before the LGM (from 26 to 19 kyr BP), PP peaks with values higher than 140 gC m” yr'! are observed
at ~25, 23 and 21 kyr BP showing a ~2 kyr cycle in this interval (Fig. 4h).

The PP record of core MD77-176 is negatively correlated with the seawater oxygen isotope (8'*Ogw) anomaly
obtained on the same core before the LGM, while a positive correlation can be seen between these two records
during the deglaciation and the Holocene (19—-1 kyr BP) (Fig. 4g, h). Since this 8% 0gw record is interpreted as
reflecting changes in salinity conditions in surface waters overlying site MD77-176 (Marzin et al., 2013), it appears
that PP peaks are related to low SSS intervals before the LGM, and high SSS intervals over the last 19 kyr. The
latter relationship is particularly obvious during HS1 and BA. From 19 to 14.8 kyr BP, the dramatic increase in PP
(~70 gC m™ yr' in amplitude) is associated with a ~6 psu increase of SSS (estimated using the modern
8'®0Osw/salinity relationship that exists in the Northern Indian Ocean; Singh et al., 2010; Sijinkumar et al., 2016).
On the contrary, the sharp decrease in PP (~40 gC m™” yr’' in amplitude) after 14.8 kyr BP, is accompanied by a
significant drop in SSS (~5 psu in amplitude).

4.2 Influence of North Atlantic climate and Indian Summer Monsoon on PP

4.2.1 Last glacial: 26 to 19 kyr BP

Several pieces of evidence suggest that millennial-scale variations of PP between 26 and 19 kyr (i.e. before the
LGM) chiefly resulted from wind-driven mixing. First, high PP values are reached during intervals of low surface
water salinity. If these PP variations (and upper water column stratification) were primarily driven by precipitation
— evaporation changes, the opposite relationship would be expected, and PP would peak at periods of higher salinity
because of the weaker barrier layer effect. Besides, according to the record of 8'*Ogy difference between surface
and subsurface seawaters obtained in the ADS, which is used as an upper water vertical stratification proxy, it
appears that no significant variations occurred in upper ocean salinity stratification before the LGM (Gebregiorgis
et al., 2016). Second, the speleothem s"*0 signal in North India (Fig. 4c; Dutt et al., 2015), the 8D ,jxanes record in
the N-BoB (Fig. 4d; Contreras-Rosales et al., 2014), as well as the Ba/Cag, ssccuiifer record in the Andaman Sea (Fig.
4f, Gebregiorgis et al., 2016) all document a long-lasting dry phase and heavily reduced river runoff in the area
before the LGM, implying a subdued influence of freshwater inputs within the BoB and the ADS, either directly

(decreased precipitation over the sea) or from reduced river runoff. Third, the relationship between PP and SSS is
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similar to that observed in western and northern Arabian Sea, where PP pattern is primarily controlled by surface
wind strength (Fig. 4i—k; Ivanochko et al., 2005; Schulz et al. 1998; Anand et al., 2008). Indeed, over the last 26
kyr, enrichments of organic carbon and Ba in sediments appear to reflect strong-southwesterly wind-induced
biological productivity, when 8'*0 values document low SSS conditions (Fig.4i-k). At last, this is in line with
overall ISM reconstructions documenting cool and dry conditions in the northern Indian Ocean during the strong
glaciation period (Cullens, 1981; Duplessy, 1982; Kudrass et al., 2001; Contreras-Rosales et al., 2014; Dutt et al.,
2015) due to enhanced snow accumulation and relatively low temperatures in the Tibetan Plateau and Himalaya
(Shi 'Y, 2002; Mark et al., 2005) that cause a weakened meridional thermal land-sea gradient and an equatorward
shift of the ITCZ mean position (Kudrass et al., 2001; Overpeck et al., 1996; Sirocko et al., 1996; Cai et al., 2012).

4.2.2 Last deglaciation to present (19 — 1 kyr BP)

The factors controlling PP on the millennial-scale over the last 19 kyr, appear to differ from those acting before the
LGM. A strong impact of wind-related changes on vertical stratification is unlikely given that river runoff
(Gebregiorgis et al., 2016), together with the precipitation (Dutt et al., 2015; Contreras-Rosales et al., 2014),
gradually strengthened in this area during the last deglaciation up to the mid-Holocene, due to stronger southwest
monsoon circulation (Fig. 4c—g). Since site MD77-176 is directly influenced by river discharges and because PP
positively covaries with SSS during that time interval (Fig. 4g, h), it seems reasonable to propose that those PP
variations are driven by ISM dynamic through changes in upper water column stratification associated to SSS
variations (Govil and Naidu, 2011). In such a scenario, we suggest that the gradual increases of PP during HS1 and
YD reflect the shoaling of the nutricline in response to increased salinity of the mixed layer resulting from a weaker
summer (wet) southwest monsoon and strongly reduced river runoff (Sinha et al., 2005; Govil and Naidu, 2011;
Dutt et al., 2015; Contreras-Rosales et al., 2014, Phillips et al., 2014; Gebregiorgis et al., 2016). On the contrary,
PP minima observed during the B-A and the early to mid-Holocene testify for a stronger stratification and a deeper
nutricline, due to stronger South Asian Monsoon precipitation (Sinha et al., 2005).

Some influence from the North Atlantic climate is also likely, given that, during the last deglaciation, events of
high (low) PP and SSS in the BoB (Rashid et al., 2007; Marzin et al., 2013), i.e. weak (strong) ISM, correspond to
cold HS1 and YD (warm B-A) events in the North Atlantic, as defined by the GISP2 Greenland ice core 8'*0
record on Fig. 2. The abrupt changes in the North Atlantic climate have been widely associated with changes in the
AMOC (Elliot et al., 2002; McManus et al., 2004; Stocker and Johnsen, 2003). A widely held explanation for these
rapid climatic changes involves the supply of fresh water to the northern Atlantic Ocean and its direct effect on the
transport of heat to mid and low latitudes, via a decrease and even a collapse, of the AMOC (Heinrich, 1988). In

such a scenario, the AMOC is usually seen as a conveyor belt involved in interhemispheric transport of heat (e.g.

9
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Liu et al., 2009; Buckley and Marshall, 2016), whose changes have a specific influence on tropical Atlantic rainfall
(Wang et al., 2004; Peterson et al., 2000; Peterson and Haug, 2006; Swingedouw et al., 2009), and ISM (Overpeck
et al., 1996; Barber et al., 1999; Fleitmann et al., 2003; Gupta et al., 2003; Murton et al., 2010; Yu et al., 2010; Cai
et al., 2012; Marzin et al., 2013). Therefore, it is not excluded that our PP record is sensitive to such processes.
However, as anti-phase relationships between our PP record and those in the N- and W-AS are observed, it implies
that the mechanism involving the influence of AMOC on PP in the northeastern BoB, is different from that in the
AS related to wind-induced upwelling and mixing (Schultz et al., 1998; Altabet et al., 2002; Ivanochko et al., 2005).
One plausible explanation is that during HS1 and YD, releases of meltwaters in the northern Atlantic Ocean
subdued or disrupted the AMOC, thus triggering a southward shift of the ITCZ, a large decrease in Indian Monsoon
precipitation (Gupta et al., 2003; Goswami et al., 2006; Li et al., 2008; Pausata et al., 2011), and leading to an
increased PP in the BoB due to saltier surface sea waters. However, even if our record supports the scenario of a
major role of the AMOC in rapid deglacial PP changes, there are still major unresolved issues regarding the
mechanisms at play. In particular, the evidence linking PP changes with upper water column stratification in the

context of past ISM and AMOC variabilities is still incomplete.

4.3 PP dynamics over the last 19 kyr: data-model combined arguments

As mentioned above, PP variations in the northeastern BoB over the last 19 kyr have a close linkage to local SSS
changes related to Indian Monsoon precipitation. In order to better understand the mechanisms behind PP response,
we analyzed climate model outputs (section 3.3). We focused on the Holocene and the deglaciation to investigate
the effect of insolation and AMOC strength on the Indian Monsoon and try and understand how the Indian Monsoon

influences PP in the northeastern BoB during a period of AMOC change.

4.3.1 Impacts of insolation and AMOC on the Indian Summer Monsoon and local hydrological

conditions

During the Holocene, insolation is the main climate forcing factor since other forcing (i.e. greenhouse
gas, ice volume, coastlines, vegetation) are relatively stable after the deglaciation. The mechanisms that
force monsoon climate to change were studied by many modeling works (Kutzbach, 1981; Kutzbach and
Street-Perrott, 1985; Braconnot et al., 2007a, 2007b; Marzin and Braconnot, 2009; Zhao and Harrison,
2012; Kageyama et al., 2013). During the last deglaciation, the AMOC strength showed large fluctuations
(McManus et al., 2004) and modeling studies focused on the impact of AMOC variations on the Asian
Monsoon (e.g. Zhang and Delworth, 2005; Lu et al., 2006; Marzin et al., 2013; Liu et al., 2014; Wen et
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al., 2016). Regarding precipitation changes over South Asia, Marzin et al. (2013) proposed that AMOC
can remotely impact the Indian monsoon via perturbations of the subtropical jet over Africa and Eurasia
triggered by atmospheric and oceanic changes over the tropical Atlantic.

Here, to illustrate the general impacts of insolation on the Indian Monsoon and local hydrological changes,
we studied the differences of summer wind vectors, annual mean precipitation and annual mean SSS
between the MH and the CTRL experiment run with CM5A (Fig. S3c, d), and between the MH (6.5-5.5
kyr BP mean) and LH (1.5—0.5 kyr BP mean) in the TraCE and ORB experiments (section 3.3; Fig. S4).
To test the impact of AMOC variation, we studied the differences of the same parameters between the
LGMc and LGMT (Figs. 3a and S3a, b), between the LGM (21-19 kyr BP mean) and HS1 (17-15.5 kyr
BP mean), and between the B-A (14.8—14 kyr BP mean) and HS1 in the TraCE and MWF experiments
(section 3.3; Figs. 3a, S5 and S6). The results of CM5A show increased South Asia precipitation and
decreased SSS in BoB and ADS in the MH compared to the CTRL, while such trends are less obvious in
the TraCE and ORB experiments (Fig. S4). The experiments involving changes of AMOC conditions
depict similar results. They both show that enhanced (weakened) AMOC conditions observed during the
LGM and the B-A (HS1) are associated with decreased (increased) SSS and increased (decreased)
stratification in the studied area (Fig. 5), while no striking trends may be highlighted for SST during these
time intervals.

In the TraCE simulation, we first investigated the changes in annual mean seawater salinity at Sm (SSS),
seawater temperature at Sm (SST), and upper seawater stratification in the northeastern BoB over the last
19 kyr (Fig. 5 and S7). The density difference between the surface (5 m) and 200 m is a useful measure
of stratification (APD_200-5; Behrenfeld et al., 2006). Such numerical results clearly support our PP
results and previous interpretations and is in good accordance with the modern “barrier effect” associated
to low SSS conditions. Similarly, a good correlation exists between the simulated SSS changes and the
SSS record of MD77-176 during the deglaciation. The oscillations of simulated APD 200-5 and SSS in
the deglaciation are chiefly accounted for by the MWF forcing as shown by the outputs of the MWF
sensitivity experiment (Fig. S8). However, during the Holocene, the simulated APD 200-5 and SSS in
the TraCE simulation fail to reproduce the successive decreasing and then increasing trends observed in
PP and SSS records from core MD77-176 (Fig. 5), which we have attributed to orbital forcing. The
outputs of the ORB sensitivity experiment show limited and even opposite trends to what we observed
(Fig. S8). As mentioned above, the results of IPSL show large differences of SSS between the MH and
the pre-industrial period, which is identical to what the sedimentary reconstruction of SSS shows
(Sijinkumar et al., 2016). This indicates that the CMS5A has probably a higher sensitivity to the orbital
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insolation forcing than the CCSM3. Moreover, the difference of precipitation between MH and CTRL
experiments in the eastern BoB (ADS) is negative, which is opposite to the difference occurring in the
South Asia (Fig. S3¢). However, the SSS decreased in the whole BoB (ADS) during the MH compared
to the CTRL, which means that river runoff is a much larger contributor of freshwater input than direct
rainfall on the sea, and is thus the main driver of SSS changes in the BoB and ADS (Behara and
Vinayachandran, 2016).

4.3.2 PP response to hydrological changes

The largest PP variations occur during the deglaciation. The outputs of MWF experiment also show strong
responses of SSS and APD_200-5 to the changes of AMOC strength forced by meltwater discharge in the North
Atlantic (Fig. S8). Therefore, we analyzed how PP in the northeastern BoB responds to AMOC changes in the
ESM including the marine biogeochemical component PISCES.

We analyzed the LGMc and LGMf experiments (section 3.3.2), and the results shown here are the mean of winter
months, from December to February (DJF) in the northern BoB (Fig. S7 shows the grids from which the results
have been extracted). In the LGM{, the AMOC is progressively getting weaker during the duration of the run (Fig.
3b). Under weakening AMOC conditions, SSS in the northern BoB is getting higher (Fig. 6d). Similar to the results
of TraCE, the change of SSS contributes to the change of stratification in CM5A (Fig. 6d). The smaller APD_200-
5 (weaker stratification) causes the integrated nitrate content of the upper 50 m (NO3_0-50 for short) to increase,
and a negative correlation can be seen between them (Fig. 6b). The increasing upper nitrate content results in an
increase of the integrated PP, and a positive correlation can be seen between them (Fig. 6a). Consequently, the
increased PP is related to weakened stratification caused by higher SSS (Fig. 6¢).

Vertical profiles of the four parameters discussed above (namely: salinity, density, NO3 and PP) were also
investigated (Figs. 7 and 8). They show the contrasted response of nitrate concentration in the upper water column
(above 40 m) and the lower water column (below 60 m) associated to AMOC reduction. While the upper-water
nitrate content increases, the lower-water nitrate content decreases, and the increase is much lower than the decrease
(Fig. 8a). Conversely, the PP increase in the upper layer is larger than the decrease in the subsurface (Fig. 8b). This
is because photosynthesis rate is much higher in the upper euphotic layer than in the lower euphotic layer, but the
upper seawater is nutrient limited. Therefore, PP variations in the NE-BoB driven by changes of AMOC intensity
are linked to the upper nutrient availability, which is controlled by the salinity-related stratification.

The results discussed above are for the DJF mean because modern data show that the highest PP takes place in

winter, which contributes about half of the annual gross PP (Fig. 1m). We propose that this mechanism revealed

12



360

365

370

375

380

https://doi.org/10.5194/cp-2020-27 Climate
Preprint. Discussion started: 6 M'arch 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

by the DJF mean results of the experiments run with CM5A involving the changed AMOC explains the PP changes

in the deglaciation given by our PP record reconstructed by coccoliths assemblages.

5. Conclusion

We have reconstructed a PP record for the northeastern BoB over the last 26 kyr, using an empirical equation
relating Fp% to PP. From 26 to19 kyr BP (including the LGM), data suggest that PP in the northeastern BoB was
probably controlled by upper water wind mixing, while relatively dry climate conditions and reduced freshwater
inputs to the ocean, prevailed. Over the last 19 kyr, the PP variations in the NE-BoB are anti-phased with those
previously reconstructed for the western and northern AS, and with SSS reconstructions obtained on the same core.
Such relationships point that, as for modern setting, the BoB received generally heavier annual precipitations than
the AS, and that salinity-related-stratification controlled PP. Stratification changes are driven by Indian Monsoon
precipitation dynamic, that generates variations in freshwater supplies to the ocean. The analysis of climate model
outputs provides additional evidences for that salinity-stratification mechanism. Together with our PP record and
published paleo-climatological and paleo-hydrological records, it demonstrates that during the deglaciation,
salinity stratification is related to monsoon precipitation dynamics, which is chiefly forced by insolation and the
strength of AMOC. The dramatic decrease of PP in the B-A compare to the HS1 is mainly due to the recovered
AMOC which strengthen ISM and upper seawater stratification.
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Fig. 1. (a) Geographic setting and bathymetric map of Indian Monsoon climate zone including the Arabian Sea
(AS), the Bay of Bengal (BoB) and the Andaman Sea (ADS). The map was created by the Ocean Data View
software (OReiner Schlitzer, Alfred Wegener Institute) with its built-in global high resolution bathymetric data
(GlobHR). Location of the sediment core of the current study is marked by the red circle. Black circles mark the
location of published records shown in Fig. 4. (b) and (c¢) Mean (from 1979 to 2018) surface wind speed and wind
vectors for north hemisphere (NH) summer (June, July, August, JJA) and winter (December, January, February,
DIJF), respectively. Data is from NCEP-DOE Reanalysis 2 (http://
esrl.noaa.bov/psd/data/grided/data.ncep.reanalysis2.html). (d) and (e) Mean (from 1979 to 2018) precipitation rate
for NH winter and summer respectively. Data is from CPC Merged Analysis of Precipitation (http://
esrl.noaa.bov/psd/data/grided/data.ncep.camp.html). (f) and (g) Mean (from 1979 to 2018) surface seawater
salinity (SSS) for NH autumn (September, October, November, SON) and winter respectively. Data is from NCEP
Global Ocean Data Assimilation System (http:// esrl.noaa.bov/psd/data/grided/data.godas.html). (h) and (i) Mean
(from 2003 to 2018) net primary productivity for NH summer and winter respectively. PP data is based on MODIS
chlorophyll-a and calculated using the VGPM model (http:// science.oregonstate.edu/ocean.productivity). (j), (k),
(1) and (m) Regional climatology and oceanography in the western AS, northern AS and northeastern BoB. The

selected regions are marked by color rectangles in (e). Data sources are the same with above.
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710 Fig. 2. (a) GISP2 Greenland ice core 'O signal (Stuiver and Grootes, 2000). (b) Globigerinoides ruber 30
record of core MD77-176 (Marzin et al., 2013). (c) Seawater &'°0 anomaly obtained on core MD77-176 (Marzin
et al., 2013). (d) F. profunda relative abundance (Fp%) of core MD77-176 (this study). The error bars mark the
95% intervals. (e) Primary productivity calculated by MD77-176 Fp% using the tropical Indian Ocean empirical
equation (Hernandez-Almeida et al., 2019).
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Fig. 4. (a) August mean insolation at 30°N. (b) AMOC strength indicated by **'Pa/***Th ratio of marine sediment
from the western subtropical Atlantic Ocean (McManus et al., 2004). (¢) Mawmluh Cave speleothem 880 (Dutt et
al., 2015). (d) Alkane 8D in marine sediment, core SO188-342 (Contreras-Rosales et al., 2016). (¢) Seawater 8'°0
record of core RC12-344 (Rashid et al., 2007). (f) Ba/Ca ratios derived from mixed layer foraminifer species
Globigerinoides sacculifer from core SK 168/GC-1(Gebregiogis et al., 2016). (g) Seawater 5'°0 anomaly record
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of core MD77-176 (Marzin et al., 2013). (h) Estimated PP record of core MD77-176 (this study). The thick red
curve shows the result of a 500-year smoothing. (i) Ba/Al ratio of marine sediment, core 905 (Ivanochko et al.,
2005). (j) Total organic carbon weight percentage of marine sediment, core SO90-111KL (gray) and SO90-136KL
(black) (Schulz et al., 1998). (k) Seawater 'O record of core 905 (Anand et al., 2008). Core locations of all these

records above are marked in Fig. 1a.
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strength indicated by **'Pa/**°Th ratio of marine sediment from the western subtropical Atlantic Ocean (McManus

735 etal., 2004). (g) Maximum flux of the AMOC in the TraCE-21 simulation.

31



740

https://doi.org/10.5194/cp-2020-27 Climate
Preprint. Discussion started: 6 Mgrch 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

134 1 1 1 1 | | 1 1 | 6 1 1 | 1 1 1
1.30 4 o N i i
A © s £ 32 L
:‘U 1.26 * - g 4 i
E - o o8 L £ .
S 122 i E %7 ® o © ® I
a 9 L < A " o F
o * e, ® e
T 118 ° [ 5 L
2 i 0® J%p o 1 g 244 8 » 0 [
[ & T 00 ®° V00 o0
S . 000 oo i 2 4 & Q.Q~ o L
‘E B ",ml‘ 1] e o :
- 7 o &L 08 I g 204 L L
1.10 ®e L =
1(@) I (b)
1.06 T T T T T T T T T 16 T T T T T T
16 20 24 28 32 36 3.2 3.6 4.0 4.4 4.8
Integrated NO,* 0-50m (mmol m?) Potential density gradient 200-5m (kg m-)
154 1 1 | | 1 1 m 1 | 1 | 1 | | 1
4 L 'EE °
i r} Ji
1.30 - 2 ° o
A ° & = C
o ° % 24 LA L
T 1.26 = O. .{
bl < <3 %l
g i b I . ® S 5 r
> 122 e - § oo
B s R i
T 118 a - : -
© 1 il A r 3 e I
g 114 ° oo."‘. e § v AN
= . ® e %o o s
1.10 ® [k g i ° |
1 (c) i e (d)
1.06 T T T T T T T 3.2 T T T T T T T T
3.2 3.6 4.0 44 4.8 33.0 334 338 342 346 35.0
Potential density gradient 200-5m (kg m=) Salinity at 5m (psu)
come I
comt NN
2950 model year 3430

Fig. 6. Correlations between different oceanic parameters computed with the IPSL-CMS5-LR model in experiments
LGMc and LGM{ for the northern BoB (the data grids are marked in Fig. S7). The results are DJF mean and every
dot represents an average of ten model years (section 3.3; Fig. 3b). (a) Integrated nitrate content of the upper 50 m
vs integrated PP of the whole seawater column. (b) Potential density difference between 200 and 5 m vs integrated
nitrate content of the upper 50 m. (c) Potential density difference between 200 and 5 m vs integrated PP of the

whole seawater column. (d) Salinity at 5 m vs potential density difference between 200 and 5 m seawater.
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Fig. 7. Vertical profiles of oceanic parameters of the IPSL-CMS5-LR experiments LGMc and LGMf in the northern

745 BoB (the data grids are marked in Fig. S7). The results are DJF mean and every curve represents an average of ten

model years (section 3.3; Fig. 3b). (a) Primary productivity. (b) Nitrate concentration. (c) Potential density. (d)

Salinity.
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Fig. 8. Vertical profiles of oceanic parameters of the IPSL-CM5-LR experiments LGMc and LGMT in the northern
750 BoB (the data grids are marked in Fig. S7). The results are DJF mean and every curve represents an average of 10

model years (section 3.3; Fig. 3b). (a) Nitrate concentration. (b) Primary productivity.
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